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Abstract. This work is an extension of the Jinja semantics for Java and the JVM by Klein
and Nipkow to include static fields and methods and dynamic class initialization. In Java,
class initialization methods are run dynamically, called when classes are first used. Such
calls are handled by the running of an initialization procedure, which interrupts execution
and determines which initialization methods must be run before execution continues. This
interrupting is modeled here in a couple of ways. In the Java semantics, evaluation is performed
via expressions that are manipulated through evaluation until a final value is reached. In
JinjaDCI, we have added two types of initialization expressions whose evaluations produce
the steps of the initialization procedure. These expressions can occur during evaluation and
store the calling expression away to continue being evaluated once the procedure is complete.
In the JVM semantics, since programs are static sequences of instructions, the initialization
procedure is run instead by the execution function. This function performs steps of the
procedure rather than calling instructions when the initialization procedure has been called.

This extension includes the necessary updates to all major proofs from the original Jinja,
including type safety and correctness of compilation from the Java semantics to the JVM
semantics.

This work is partially described in [1].
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Chapter 1

Jinja Source Language

1.1 Auxiliary Definitions
theory Auxiliary imports Main begin

lemma nat-add-maz-le[simp]:
((nznat) + mazij<m)=(n+i<mAn+j<m)

lemma Suc-add-maz-le[simp):
(Suc(n + maz i j) < m) = (Suc(n + i) < m A Suc(n + j) < m)

notation Some (¢(|-])»)

1.1.1  distinct-fst

definition distinct-fst :: (‘a x 'b) list = bool
where
distinct-fst = distinct o map fst

lemma distinct-fst-Nil [simp:
distinct-fst ||

lemma distinct-fst-Cons [simp]:

distinct-fst ((k,z)#kzs) = (distinct-fst kzs A (Vy. (ky) ¢ set kzs))
lemma distinct-fst-appendD:

distinct-fst(kzs Q kxs') = distinct-fst kxs N distinct-fst ks’
lemma map-of-Somel:

[ distinct-fst kxs; (k,x) € set kxs | = map-of kxs k = Some x

1.1.2 Using list-all2 for relations

definition fun-of :: (Ya x 'b) set = ‘a = 'b = bool
where
fun-of S = Xz y. (z,y) € S

Convenience lemmas

lemma rel-list-all2-Cons [iff]:
list-all2 (fun-of S) (x#txs) (y#ys) =
((z,y) € S A list-all2 (fun-of S) zs ys)



lemma rel-list-all2-Cons1:
list-all2 (fun-of S) (x#xs) ys =
(Fz zs. ys = z#zs N (z,2) € S A list-all2 (fun-of S) zs zs)

lemma rel-list-all2-Cons2:
list-all2 (fun-of S) xs (y#ys) =
(2 zs. xs = z#25 A (z,y) € S A list-all2 (fun-of S) zs ys)

lemma rel-list-all2-refi:
(Az. (z,2) € S) = list-all2 (fun-of S) zs xs

lemma rel-list-all2-antisym:

[ (Azy. [(z.y) € S; (y2) € T] = z = y);
list-all2 (fun-of S) xs ys; list-all2 (fun-of T) ys xs | = zs = ys

lemma rel-list-all2-trans:
[ Aabc. [(a,b) € R; (byc) € S] = (a,c) € T;
list-all2 (fun-of R) as bs; list-all2 (fun-of S) bs cs]
= list-all2 (fun-of T') as cs

lemma rel-list-all2-update-cong:
[ i<size zs; list-all2 (fun-of S) s ys; (z,y) € S']
= list-all2 (fun-of S) (xs[i:=x]) (ys[z =y])

lemma rel-list-all2-nthD:
[ list-all2 (fun-of S) xzs ys; p < size xs | = (aslp,yslp) € S

lemma rel-list-all2l:
[ length a = length b; An. n < length a = (aln,bln) € S | = list-all2 (fun-of S) a b

1.1.3 Auxiliary properties of map-of function

lemma map-of-set-pcs-notin: C' ¢ (At. snd (fst t)) ‘ set FDTs = map-of FDTs (F, C) = None
lemma map-of-insertmap-SomeD":

map-of fs F = Some y = map-of (map (\(F, y). (F, D, y)) fs) F = Some(D,y)
lemma map-of-reinsert-neq-None:

Ca # D = map-of (map (A(F, y). (F, Ca), y)) f5) (F, D) = None
lemma map-of-remap-insertmap:

map-of (map (A((F, D), b, T). (F, D, b, T)) o (M(F, y). (F, D), y))) fs)

— map-of (map (NF, ). (F, D, )) f5

lemma map-of-reinsert-SomeD:
map-of (map (A(F, y). (F, D), y)) fs) (F, D) = Some T = map-of fs F = Some T
lemma map-of-filtered-SomeD:
map-of fs (F,D) = Some (a, T) = Q ((F,D),a,T) =
map—of (map ()‘((FvD)v b’ T) ((FaD)a )) (ﬁlter Qfs))
(F,D) = Some (P T)

lemma map-of-remove-filtered-SomeD:

map-of fs (F,C) = Some (a, T) = Q ((F,C),a,T) =
map-of (map (A((F,D), b, T). (F, P T)) [((F, D), b, T)«fs . Q@ ((F, D), b, T) A D = C1)
F = Some (P T)
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lemma map-of-Some-None-split:

assumes t = map (A(F, y). (F, C), y)) fs Q ¢t map-of t’ (F, C) = None map-of t (F, C) = Some y
shows map-of (map (A\((F, D), b, T). (F, D, b, T)) t) F = Some (C, y)

end

1.2 Jinja types
theory Type imports Auziliary begin

type-synonym cname = string — class names
type-synonym mname = string — method name
type-synonym vname = string — names for local/field variables

definition Object :: cname
where
Object = ""Object”’

definition this :: vname
where
this = "'this"’

definition clinit :: string where clinit = ""<clinit>"'
definition init :: string where init = ""<init>"

definition start-m :: string where start-m = "'<start>"
definition Start :: string where Start = ""<Start>"

lemma start-m-neg-clinit [simp]: start-m # clinit by(simp add: start-m-def clinit-def)
lemma Object-neq-Start [simp]: Object # Start by(simp add: Object-def Start-def)
lemma Start-neg-Object [simp]: Start # Object by(simp add: Object-def Start-def)

— field/method static flag

datatype staticb = Static | NonStatic

— types
datatype ty
= Void — type of statements
| Boolean
| Integer
| NT — null type
| Class cname — class type

definition is-refT :: ty = bool
where
isstefTT = T =NTV (3C. T = Class C)

lemma [iff]: is-refT NT
lemma [iff]: is-refT(Class C')
lemma refTE:
lis-refT T; T = NT = P; N\C. T = Class C = P ]| = P
lemma not-refTE:



[ —is-refT T; T = Void V T = Boolean V T = Integer = P | = P
end

1.3 Class Declarations and Programs
theory Decl imports Type begin

type-synonym

fdecl = vname x statich x ty — field declaration
type-synonym
'm mdecl = mname x staticb x ty list x ty x 'm — method = name, static flag, arg. types,

return type, body
type-synonym
'm class = cname X fdecl list x 'm mdecl list — class = superclass, fields, methods
type-synonym
'm cdecl = cname x 'm class — class declaration
type-synonym
'm prog = 'm cdecl list ~— program

definition class :: 'm prog = cname — 'm class
where
class = map-of

lemma class-cons: | C # fst x| = class (x # P) C = class P C
by (simp add: class-def)

definition is-class :: 'm prog = cname = bool
where
is-class P C = class P C # None

lemma finite-is-class: finite {C. is-class P C}

definition is-type :: 'm prog = ty = bool

where
is-type P T =
(case T of Void = True | Boolean = True | Integer = True | NT = True
| Class C = is-class P C)

lemma is-type-simps [simp):
is-type P Void A is-type P Boolean A is-type P Integer A
is-type P NT A is-type P (Class C) = is-class P C

abbreviation
types P == Collect (is-type P)

lemma class-exists-equiv:

(Fz. fst x = en Az € set P) = (class P cn # None)

proof (rule iffI)

assume Jz. fst £ = cn A x € set P then show class P cn # None
by (metis class-def image-eql map-of-eq-None-iff)

next

assume class P ¢n # None then show 3z. fst x = ¢cn A z € set P
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by (metis class-def fst-conv map-of-SomeD option.exhaust)
qed

lemma class-exists-equiv2:
(Fz. fstx = en A x € set (P1 @Q P2)) = (class P1 cn # None V class P2 cn # None)
by (simp only: class-exists-equiv [where P = P1QP2], simp add: class-def)

end

1.4 Relations between Jinja Types

theory TypeRel imports
HOL—- Library. Transitive- Closure- Table
Decl

begin

1.4.1 The subclass relations

inductive-set
subclsl :: 'm prog = (cname X cname) set
and subcls1’ :: 'm prog = [cname, cname] = bool (- + - <! - [71,71,71] 70)
for P :: 'm prog
where
PF C <! D= (C,D) € subcls1 P
| subclsil: [class P C = Some (D,rest); C # Object] = P+ C <' D

abbreviation
subcls :: 'm prog = [cname, cname] = bool («-+ - <* - [71,71,71] 70)
where P+ C <* D= (C,D) € (subclsl P)*

lemma subclsiD: P+ C <! D = C # Object A (3 fs ms. class P C = Some (D,fs,ms))
lemma [iff]: = P + Object <* C
lemma [iff]: (P Object =* C) = (C = Object)
lemma subcls1-def2:
subclsl P =
(SIGMA C:{C. is-class P C}. {D. C#Object A fst (the (class P C))=D})
lemma finite-subcls!: finite (subclsl P)
primrec supercls-lst :: 'm prog = cname list = bool where
supercls-lst P (C#Cs) = (VC' € set Cs. P+ C' =* C) A supercls-lst P Cs) |
supercls-lst P [| = True

lemma supercls-Ist-app:

[ supercls-lst P (C#Cs); P+ C =<* C'] = supercls-lst P (C'# C#Cs)
by auto

1.4.2 The subtype relations

inductive
widen :: 'm prog = ty = ty = bool («-+ - < - [71,71,71] 70)
for P :: 'm prog

where

widen-refl[iff: P+ T < T
| widen-subcls: P+ C <* D = P+ Class C < Class D
| widen-null[iff]: P+ NT < Class C
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abbreviation
widens :: 'm prog = ty list = ty list = bool
(«-F - [<] - [71,71,71] 70) where
widens P Ts Ts' = list-all2 (widen P) Ts Ts’

lemma [iff
lemma [iff
lemma [iff

[iff): < Void) = (T = Void)
[iff):
[iff ]:
lemma [iff]:
[iff]:
[iff]:

(PHT
(PHT < Boolean) = (T = Boolean)
(Pt T < Integer) = (T = Integer)
(PF Void < T) = (T = Void)

(P + Boolean < T) = (T = Boolean)
(P + Integer < T) = (T = Integer)

lemma [iff
lemma [iff

lemma Class-widen: P+ Class C < T — 3D. T = Class D

lemma [iff]: (P+ T < NT) = (T = NT)

lemma Class-widen-Class [iff]: (P + Class C < Class D) = (P + C =2* D)

lemma widen-Class: (P + T < Class C) = (T = NT V (3D. T = Class D A P+ D =<* ())

lemma widen-trans[trans]: [P+ S < U; PFr U< T]= P+ ST
lemma widens-trans [trans]: [P F Ss [<] Ts; P+ Ts [<] Us] = P+ Ss [<] Us

1.4.3 Method lookup

inductive
Methods :: ['m prog, cname, mname — (statich x ty list x ty x 'm) x cname] = bool
(¢- b - sees’-methods - [51,51,51] 50)
for P :: 'm prog
where
sees-methods-Object:
[ class P Object = Some(D,fs,ms); Mm = map-option (Am. (m,Object)) o map-of ms |
= P I Object sees-methods Mm
| sees-methods-rec:
[ class P C = Some(D,fs,ms); C # Object; P - D sees-methods Mm;
Mm' = Mm ++ (map-option (Am. (m,C)) o map-of ms) |
= P I C sees-methods Mm'

lemma sees-methods-fun:
assumes I1: P F C sees-methods Mm
shows AMm'. P+ C sees-methods Mm' = Mm' = Mm

lemma visible-methods-exist:
P+ C sees-methods Mm =—> Mm M = Some(m,D) =
(3D’ fs ms. class P D = Some(D’,fs,ms) A map-of ms M = Some m)

lemma sees-methods-decl-above:
assumes Csees: P = C sees-methods Mm
shows Mm M = Some(m,D) = P+ C <* D

lemma sees-methods-idemp:
assumes Cmethods: P = C sees-methods Mm
shows Am D. Mm M = Some(m,D) =
IMm'. (Pt D sees-methods Mm') A Mm’ M = Some(m,D)
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lemma sees-methods-decl-mono:
assumes sub: P+ C' <* C
shows P + C sees-methods Mm —>
IMm' Mmsy. P F C’ sees-methods Mm' A Mm' = Mm ++ Mms A
(VM m D. Mmg M = Some(m,D) — P+ D =<* C)
lemma sees-methods-is-class-Object:
P + D sees-methods Mm —> is-class P Object
by (induct rule: Methods.induct; simp add: is-class-def)

lemma sees-methods-sub-Obj: P+ C sees-methods Mm =—> P + C =<* Object
proof (induct rule: Methods.induct)

case (sees-methods-rec C D fs ms Mm Mm') show ?case

using subcls1I[OF sees-methods-rec.hyps(1,2)] sees-methods-rec.hyps(4)

by (rule converse-rtrancl-into-rtrancl)
qged(simp)

definition Method :: 'm prog = cname = mname = statichb = ty list = ty = 'm = cname = bool
(¢-F - sees -, -1 -—-=-in - [51,51,51,51,51,51,51,51] 50)
where
PF Csees M, b: Ts—T =minD =
IMm. P F C sees-methods Mm N Mm M = Some((b,Ts,T,m),D)

definition has-method :: 'm prog = cname = mname = staticb = bool
(- F - has -, - [51,0,0,51] 50)
where
PFChas M, b=3Ts Tm D. P+ Csees M,b:Ts—T = m in D

lemma sees-method-fun:
[P+ Csees M,b:TS—T = min D; Pt C sees M, TS'=T'=m'in D]
= b=bATS'=TSAT'=TAm'=mAD =D

lemma sees-method-decl-above:
PF Csees Mb:Ts—T =minD— P+ C <*D

lemma visible-method-exists:
PF Csees Mb: Ts—T = min D —
3D’ fs ms. class P D = Some(D’,fs,ms) N map-of ms M = Some(b,Ts,T,m)

lemma sees-method-idemp:
Pt Csees M,b:Ts—T=min D = P+ D sees M,b:Ts—T=m in D

lemma sees-method-decl-mono:
assumes sub: P+ C’' <* C and
C-sees: P+ C sees M,b:Ts—T=m in D and
C'-sees: P+ C' sees M,b":Ts'—T'=m’ in D'
shows P+ D' =<*D

lemma sees-methods-is-class: P = C sees-methods Mm —> is-class P C
lemma sees-method-is-class:

[ PF Csees M,b:Ts—T=m in D | = is-class P C
lemma sees-method-is-class”:

[ PE Csees Mb:Ts—T=m in D] = is-class P D
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lemma sees-method-sub-Obj: P = C sees M,b: Ts—T = min D = P+ C <* Object
by (auto simp: Method-def sees-methods-sub-0by)

1.4.4 Field lookup

inductive
Fields :: ['m prog, cname, ((vname x cname) x statich x ty) list] = bool
(¢- & - has'-fields - [51,51,51] 50)
for P :: 'm prog
where
has-fields-rec:
[ class P C = Some(D,fs,ms); C # Object; P+ D has-fields FDTs;
FDTs' = map (M(F,b,T). (F,C),b,T)) fs @ FDT5s |
= P+ C has-fields FDTs'
| has-fields-Object:
[ class P Object = Some(D,fs,ms); FDTs = map (A(F,b,T). ((F,Object),b,T)) fs ]
—> P I Object has-fields FDTs

lemma has-fields-is-class:

P+ C has-fields FDTs = is-class P C

lemma has-fields-fun:

assumes I: P+ C has-fields FDTs

shows AFDTs'. P+ C has-fields FDTs' = FDTs' = FDTs

lemma all-fields-in-has-fields:

assumes sub: P = C has-fields FDTs

shows [ P+ C =<* D; class P D = Some(D’,fs,ms); (F,b,T) € set fs ]
= ((F,D),b,T) € set FDTs

lemma has-fields-decl-above:

assumes fields: P = C has-fields FDTs

shows ((F,D),b,T) € set FDTs —= P+ C <* D

lemma subcls-notin-has-fields:
assumes fields: P = C has-fields FDTs
shows ((F,D),b,T) € set FDTs — (D,C) ¢ (subcls1 P)*
lemma subcls-notin-has-fields2:
assumes fields: P = C has-fields FDTs
shows [ C' # Object; P+ C <! D] = (D,C) ¢ (subclsl P)*
using fields proof (induct arbitrary: D)
case has-fields-rec
have VC C’' P. (C, C’) ¢ subcls1 P N C # Object A (3 fs ms. class P C = |[(C’, fs, ms)])
using subcls1D by blast
then have (D, D) ¢ (subcls1 P)*
by (metis (no-types) Pair-inject has-fields-rec.hyps(1) has-fields-rec.hyps(4)
has-fields-rec.prems(2) option.inject tranclD)
then show ?case
by (meson has-fields-rec.prems(2) rtrancl-into-trancll)
qed(fastforce dest: tranclD)

lemma has-fields-mono-lem:
assumes sub: P+ D <* C
shows P+ C has-fields FDTs
= dpre. P+ D has-fields preQFDTs A dom(map-of pre) N dom(map-of FDTs) = {}
lemma has-fields-declaring-classes:
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shows P = C has-fields FDTs
= dpre FDTs'. FDTs = preQFDTs’
A (C # Object — (3D fs ms. class P C = |(D,fs,ms)] A P+ D has-fields FDTs'))
A set(map (At. snd(fst t)) pre) C {C}
A set(map (At. snd(fst t)) FDTs') C {C'. C'# CANPF C=<*C'}
proof (induct rule: Fields.induct)
case (has-fields-rec C D fs ms FDTs FDTs')
have supl: P+ C <! D using has-fields-rec.hyps(1,2) by (simp add: subcls1.subcls1l)
have P + C has-fields FDTs'
using Fields.has-fields-rec[OF has-fields-rec.hyps(1—3)] has-fields-rec by auto
then have nsup: (D, C) ¢ (subcls! P)* using subcls-notin-has-fields2 supl by auto
show ?Zcase using has-fields-rec supl nsup
by (rule-tac x = map (A(F, y). (F, C), y)) fs in exI, clarsimp) auto
next
case has-fields-Object then show ?case by fastforce
qed

lemma has-fields-mono-lem?2:
assumes hf: P C has-fields FDTs
and cls: class P C = Some(D,fs,ms) and map-of: map-of FDTs (F,C) = [(b,T)]
shows 3 FDTs’. FDTs = (map (A(F,b,T). ((F,C),b,T)) fs) @ FDTs’" A map-of FDTs' (F,C) = None
using assms
proof(cases C = Object)
case Fulse
let ?pre = map (A\(F,b,T). ((F,C),b,T)) fs
have sub: P+ C <* D using cls False by (simp add: r-into-rtrancl subcls! .subcls1T)
obtain FDTs' where fdts”: P & D has-fields FDTs' FDTs = ?pre @ FDTs'
using Fulse assms(1,2) Fields.simps[of P C FDTs| by clarsimp
then have int: dom (map-of ?pre) N dom (map-of FDTs') = {}
using has-fields-mono-lem|[OF sub, of FDTs'] has-fields-fun|OF hf] by fastforce
have C' ¢ (At. snd (fst t)) ‘ set FDTs'
using has-fields-declaring-classes|OF hf] cls False
has-fields-fun|OF fdts'(1)] fdts'(2)
by clarify auto
then have map-of FDTs' (F,C) = None by(rule map-of-set-pcs-notin)
then show ?thesis using fdts’ int by simp
ged(auto dest: has-fields-Object has-fields-fun)

lemma has-fields-is-class-Object:
P D has-fields FDTs = is-class P Object
by (induct rule: Fields.induct; simp add: is-class-def)

lemma Object-fields:
[ P+ Object has-fields FDTs; C # Object | = map-of FDTs (F,C) = None
by (drule Fields.cases, auto simp: map-of-reinsert-neq-None)

definition has-field :: 'm prog = cname = vname = staticb = ty = cname = bool
(¢- F - has -,-:- in - [51,51,51,51,51,51] 50)
where
Pt Chas F,b:Tin D =
IFDTs. P+ C has-fields FDTs A map-of FDTs (F,D) = Some (b,T)
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lemma has-field-mono:
assumes has: P+ C has F.,b:T in D and sub: P+ C' <* C
shows P+ C’ has F,b:T in D
lemma has-field-fun:
[P+ Chas F;b:Tin D; P+ Chas Fb'"T'"in D] = b=b'ANT'=T

lemma has-field-idemp:
assumes has: P+ C has F,b:T in D
shows P+ D has F,b:T in D
lemma visible-fields-exist:
assumes fields: P = C has-fields FDTs and
FDTs: map-of FDTs (F,D) = Some (b, T)
shows 3D’ fs ms. class P D = Some(D’,fs,ms) A map-of fs F = Some(b,T)
proof —
have map-of FDTs (F,D) = Some (b, T) —
(3D’ fs ms. class P D = Some(D',fs,ms) N\ map-of fs F = Some(b,T))
using fields proof induct
case (has-fields-rec C' D' fs ms FDTs’)
with assms map-of-reinsert-SomeD map-of-reinsert-neq-None[where D=D and F=F and fs=fs]
show ?Zcase proof(cases C' = D) qged auto
next
case (has-fields-Object D' fs ms FDT5)
with assms map-of-reinsert-SomeD map-of-reinsert-neq-Nonelwhere D=D and F=F and fs=fs]
show ?case proof(cases Object = D) qed auto
qed
then show ?thesis using FDTs by simp
qed

lemma map-of-remap-SomeD:

map-of (map (AN((k,k"),z). (k,(k',x))) t) k = Some (k',.x) = map-of t (k, k') = Some x
lemma map-of-remap-SomeD2:

map-of (map (AN((k,k"),z,z"). (k,(k';z,x"))) t) k = Some (k',z,2") = map-of t (k, k') = Some (z, z')
lemma has-field-decl-above:

P+ Chas F;b:Tin D= P+ C =*D
definition sees-field :: 'm prog = cname = vname = statich = ty = cname = bool

(- F - sees -,-:- in - [51,51,51,51,51,51] 50)

where

PF Csees F.bo:Tin D =

JFDTs. P+ C has-fields FDTs N

map-of (map (A((F,D),b,T). (F,(D,b,T))) FDTs) F = Some(D,b,T)

lemma has-visible-field:

PF Csees F.o:Tin D = P+ C has F.b:T in D
lemma sees-field-fun:

[P+ Csees F.b:T in D; P+ Csees F.b"T'in D] = b=b'ANT'=TAND' =D
lemma sees-field-decl-above:

PF Csees Fo.TinD— PFC <*D

lemma sees-field-idemp:

assumes sees: P = C sees F b:T in D

shows P F D sees F,b:T in D

lemma has-field-sees-aux:

assumes hf: P+ C has-fields FDTs and map: map-of FDTs (F, C) = |(b, T)]
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shows map-of (map (A\((F, D), b, T). (F, D, b, T)) FDTs) F = |(C, b, T)]|
proof —
obtain D fs ms where fs: class P C = Some(D,fs,ms)
using visible-fields-exist[OF assms] by clarsimp
then obtain FDTs’ where
FDTs = map (AM(F, b, T). (F, C), b, T)) fs @ FDTs' A map-of FDTs' (F, C') = None
using has-fields-mono-lem2[OF hf fs map] by clarsimp
then show %thesis using map-of-Some-None-split|OF - - map] by auto
qed

lemma has-field-sees: P+ C has F;b:T in C = P+ (C sees F,b:T in C
by (auto simp:has-field-def sees-field-def has-field-sees-aur)

lemma has-field-is-class:
PtF Chas F,0:T in D = is-class P C
lemma has-field-is-class”:
PF Chas F.b:T in D —> is-class P D

1.4.5 Functional lookup

definition method :: 'm prog = cname = mname = cname X statich x ty list X ty X 'm
where
method P C M = THE (D,b,Ts,T,m). P+ C sees M,b:Ts — T = m in D

definition field :: 'm prog = cname = vname = cname x statich x ty
where
field P CF = THE (D,b,T). P+ C sees F,b:T in D

definition fields :: 'm prog = cname = ((vname X cname) X staticb x ty) list
where
fields P C = THE FDTs. P+ C has-fields FDTs

lemma fields-def2 [simp]: P+ C has-fields FDTs = fields P C = FDTs
lemma field-def2 [simp]: P+ C sees F,b:T in D = field P C F = (D,b,T)
lemma method-def2 [simp]: P+ C sees M,b: Ts—T = m in D = method P C M = (D,b,Ts,T,m)

The following are the fields for initializing an object (non-static fields) and a class (just
that class’s static fields), respectively.

definition ifields :: ‘'m prog = cname = ((vname X cname) X staticb x ty) list
where
ifields P C = filter (\(F,D),b,T). b = NonStatic) (fields P C)

definition isfields :: 'm prog = cname = ((vname X cname) X statich x ty) list
where
isfields P C = filter (A(F,D),b,T). b = Static N D = C) (fields P C)

lemma ifields-def2[simp]: [ P = C has-fields FDTs | = ifields P C = filter (A((F,D),b,T). b =
NonStatic) FDTs
by (simp add: ifields-def)

lemma isfields-def2[simp|: [ P + C has-fields FDTs | = isfields P C = filter (A((F,D),b,T). b
Static N D = C') FDTs
by (simp add: isfields-def)



16

lemma ifields-def3: | P+ C sees F,b:T in D; b = NonStatic | = (((F,D),b,T) € set (ifields P C))
lemma isfields-def3: [ P+ C sees F,b:T in D; b = Static; D = C | = (((F,D),b,T) € set (isfields
P (0))

definition seeing-class :: 'm prog = cname = mname = cname option where
seeing-class P C M =
(if 3Ts Tm D. P+ C sees M,Static:Ts—T = m in D
then Some (fst(method P C M))
else None)
lemma seeing-class-def2|simp]:

P F C sees M,Static:Ts—T = m in D = seeing-class P C M = Some D
by (fastforce simp: seeing-class-def)

1.5 Jinja Values
theory Value imports TypeRel begin
type-synonym addr = nat

datatype val

= Unit — dummy result value of void expressions
| Null — null reference

| Bool bool — Boolean value

| Intg int — integer value

| Addr addr — addresses of objects in the heap

primrec the-Intg :: val = int where
the-Intg (Intg i) = i

primrec the-Addr :: val = addr where
the-Addr (Addr a) = a

primrec default-val :: ty = val — default value for all types where
default-val Void = Unit

| default-val Boolean = Bool False

| default-val Integer = Intg 0

| default-val NT = Null

| default-val (Class C) = Null

end

1.6 Objects and the Heap

theory Objects imports TypeRel Value begin

1.6.1 Objects

type-synonym

fields = vname x cname — val — field name, defining class, value
type-synonym

obj = cname X fields — class instance with class name and fields
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type-synonym
sfields = vname — wval — field name to value

definition obj-ty :: obj = ty
where
obj-ty obj = Class (fst obj)

— initializes a given list of fields
definition init-fields :: ((vname x cname) x statich x ty) list = fields
where
init-fields FDTs = (map-of o map (A((F,D),b,T). ((F,D),default-val T))) FDTs

definition init-sfields :: ((vname x cname) X statich x ty) list = sfields
where
init-sfields FDTs = (map-of o map (A((F,D),b,T). (F,default-val T))) FDTs

— a new, blank object with default values for instance fields:
definition blank :: 'm prog = cname = obj
where

blank P C = (C,init-fields (ifields P C))

— a new, blank object with default values for static fields:
definition sblank :: 'm prog = cname = sfields
where

sblank P C = init-sfields (isfields P C)

lemma [simp]: obj-ty (C,fs) = Class C

translations
(type) fields <= (type) char list x char list = val option
(type) obj <= (type) char list x fields
(type) sfields <= (type) char list = wval option

1.6.2 Heap

type-synonym heap = addr — obj

translations
(type) heap <= (type) nat = obj option

abbreviation
cname-of :: heap = addr = cname where
cname-of hp a == fst (the (hp a))

definition new-Addr :: heap = addr option
where
new-Addr h = if Fa. h a = None then Some(LEAST a. h a = None) else None

definition cast-ok :: 'm prog = cname = heap = val = bool
where

cast-ok P Chv = v = Null V P+ cname-of h (the-Addr v) <* C

definition hezt :: heap = heap = bool (x- < - [51,51] 50)

17
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where
h<<h' = VaCfs. ha= Some(C,fs) — (Ifs’. h' a = Some(C,fs"))

primrec typeof-h :: heap = val = ty option (<typeof-»)
where
typeofy, Unit = Some Void
| typeofy, Null = Some NT
| typeofy, (Bool b) = Some Boolean
| typeofy, (Intg i) = Some Integer
| typeofy, (Addr a) = (case h a of None = None | Some(C,fs) = Some(Class C))

lemma new-Addr-SomeD:
new-Addr h = Some a = h a = None

lemma [simp]: (typeof;, v = Some Boolean) = (3b. v = Bool b)

lemma [simp]: (typeofs, v = Some Integer) = (i. v = Intg i)
lemma [simp]: (typeofs, v = Some NT) = (v = Null)

lemma [simp]: (typeof}, v = Some(Class C')) = (a fs. v= Addr a N h a = Some(Cfs))

lemma [simp]: h a = Some(C,fs) = typeof(h(m_)(c ) V= typeofy, v

For literal values the first parameter of typeof can be set to {} because they do not contain
addresses:

abbreviation
typeof :: val = ty option where
typeof v == typeof-h Map.empty v

lemma typeof-lit-typeof:
typeof v = Some T = typeof; v = Some T

lemma typeof-lit-is-type:
typeof v = Some T = is-type P T

1.6.3 Heap extension <

lemma hextl: Va C fs. h a = Some(C,fs) — (3fs’. h' a = Some(C,fs")) = h < b’
lemma hext-objD: [ h < h'; h a = Some(C.fs) | = I fs". b’ a = Some(C,fs’)
lemma hext-refl [iff]: h < h

lemma hezt-new [simp]: h a = None = h < h(a—x)

lemma hext-trans: [ h < h'; b/ Qb ] = h < h”

lemma hezt-upd-obj: h a = Some (C.fs) = h < h(a—(C,fs"))

lemma hext-typeof-mono: [ h < h'; typeofy, v = Some T | = typeof, v = Some T

1.6.4 Static field information function

datatype init-state = Done | Processing | Prepared | Error

— Done = initialized

— Processing = currently being initialized

— Prepared = uninitialized and not currently being initialized

— FError = previous initialization attempt resulted in erroneous state
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inductive iprog :: init-state = init-state = bool (- <; -» [51,51] 50)
where
[simp]: Prepared <; @

| [simp]: Processing <, Done
| [simp]: Processing <, Error
| [simpl: i < i

lemma iprog-Done[simp|: (Done <; i) = (¢ = Done)
by (simp only: iprog.simps, simp)

lemma iprog-Error[simp: (Error <; i) = (i = Error)
by (simp only: iprog.simps, simp)

lemma iprog-Processing[simp|: (Processing <; i) = (i = Done V i = Error V i = Processing)
by (simp only: iprog.simps, simp)

lemma iprog-trans: [ i <; i, i’ <; "] = i <; i

1.6.5 Static Heap

The static heap (sheap) is used for storing information about static field values and initializa-
tion status for classes.

type-synonym
sheap = cname — sfields x init-state

translations
(type) sheap <= (type) char list = (sfields x init-state) option

definition shext :: sheap = sheap = bool («- 15 -» [51,51] 50)
where
sh <5 sh’ = VY C sfsi. sh C = Some(sfs,i) — (Isfs’ i’. sh’ C = Some(sfs’,i’) N i <; i)

lemma shextl: V C sfs i. sh C = Some(sfs,i) — (Fsfs’ i’. sh’ C = Some(sfs';i") N i <; i) = sh
<, sh’

lemma shext-obiD: [ sh <4 sh'; sh C = Some(sfs,i) | = Tsfs’ i’. sh’ C = Some(sfs’, i') N i <; i’
lemma shext-refl [iff]: sh <s sh

lemma shext-new [simp]: sh C = None = sh <5 sh(C—x)

lemma shext-trans: | sh s sh’; sh’ <5 sh” | = sh <4 sh”’

lemma shext-upd-obj: [ sh C = Some (sfs,i); i <; i’ | = sh s sh(C—(sfs’,i’))

end

1.7 Exceptions

theory FExceptions imports Objects begin

definition ErrorCl :: string where ErrorCl = ""Error'’
definition ThrowCl :: string where ThrowCl = ""Throwable’

definition NullPointer :: cname
where
NullPointer = ""NullPointer'
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definition ClassCast :: cname
where
ClassCast = ""ClassCast"’

definition OutOfMemory :: cname
where
OutOfMemory = " OutOfMemory"’

definition NoClassDefFoundError :: cname
where
NoClassDefFoundError = '"NoClassDefFoundError'’

definition IncompatibleClassChangeFError :: cname
where
Incompatible ClassChangeError = ''IncompatibleClassChangeError'

definition NoSuchFieldError :: cname
where
NoSuchFieldError = ""NoSuchFieldError'

definition NoSuchMethodError :: cname
where
NoSuchMethodError = ""NoSuchMethodError'’

definition sys-zcpts :: cname set
where
sys-zepts = {NullPointer, ClassCast, OutOfMemory, NoClassDefFoundError,
IncompatibleClassChangeError,
NoSuchFieldError, NoSuchMethodError}

definition addr-of-sys-zcpt :: cname = addr
where
addr-of-sys-zcept s = if s = NullPointer then 0 else

if s = ClassCast then 1 else
if s = OutOfMemory then 2 else
if s = NoClassDefFoundError then 3 else
if s = Incompatible ClassChangeError then /4 else
if s = NoSuchFieldError then 5 else
if s = NoSuchMethodError then 6 else undefined

lemmas sys-zcpts-defs = NullPointer-def ClassCast-def OutOfMemory-def NoClassDefFoundError-def
Incompatible ClassChangeError-def NoSuchFieldError-def NoSuchMethodError-def

lemma Start-nsys-zepts: Start ¢ sys-zepts
by (simp add: Start-def sys-zepts-def sys-zcpts-defs)

lemma Start-nsys-zcptsl [simp]: Start # NullPointer Start # ClassCast
Start # OutOfMemory Start # NoClassDefFoundFError

Start # IncompatibleClassChangeError Start # NoSuchFieldError
Start # NoSuchMethodError

using Start-nsys-zcpts by (auto simp: sys-zepts-def)
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lemma Start-nsys-zcpts2 [simp): NullPointer # Start ClassCast # Start
OutOfMemory # Start NoClassDefFoundError # Start

Incompatible ClassChangeError # Start NoSuchFieldError # Start
NoSuchMethodFError # Start

using Start-nsys-xzcpts by (auto simp: sys-zepts-def dest: sym)

definition start-heap :: 'c prog = heap
where
start-heap G = Map.empty (addr-of-sys-zcpt NullPointer — blank G NullPointer,
addr-of-sys-zept ClassCast — blank G ClassCast,
addr-of-sys-rept OutOfMemory — blank G OutOfMemory,
addr-of-sys-zcpt NoClassDefFoundError — blank G NoClassDefFoundError,
addr-of-sys-zept IncompatibleClassChangeError — blank G Incompatible Class-
ChangeFError,
addr-of-sys-xcpt NoSuchFieldError — blank G NoSuchFieldError,
addr-of-sys-rept NoSuchMethodError — blank G NoSuchMethodError)

definition preallocated :: heap = bool
where
preallocated h =V C € sys-zepts. I fs. h(addr-of-sys-zept C) = Some (C,fs)

1.7.1 System exceptions

lemma sys-zcpts-incl [simp]: NullPointer € sys-zepts A OutOfMemory € sys-xzcpts
A ClassCast € sys-zcpts A NoClassDefFoundError € sys-zcpts
A Incompatible ClassChangeError € sys-zcpts A NoSuchFieldError € sys-zcpts
A NoSuchMethodError € sys-zcpts
lemma sys-zcpts-cases [consumes 1, cases set]:
[ C € sys-zepts; P NullPointer; P OutOfMemory; P ClassCast; P NoClassDefFoundError,
P Incompatible ClassChangeError; P NoSuchFieldError,
P NoSuchMethodError | = P C

1.7.2 Starting heap

lemma start-heap-sys-xcpts:
assumes C € sys-zcpts
shows start-heap P (addr-of-sys-zept C) = Some(blank P C)
by (rule sys-zcpts-cases|OF assms])
(auto simp add: start-heap-def sys-zcpts-def addr-of-sys-zept-def sys-zepts-defs)

lemma start-heap-classes:
start-heap P a = Some(C,fs) = C € sys-zcpts
by (simp add: start-heap-def blank-def split: if-split-asm)

lemma start-heap-nStart: start-heap P a = Some obj = fst(obj) # Start
by (cases obj, auto dest!: start-heap-classes simp: Start-nsys-zcpts)

1.7.3 preallocated

lemma preallocated-dom [simp]:
[ preallocated h; C € sys-zcpts | = addr-of-sys-zcpt C € dom h

lemma preallocatedD:
[ preallocated h; C € sys-zcpts | = I fs. h(addr-of-sys-zept C) = Some (C, fs)
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lemma preallocatedE [elim?):
[ preallocated h; C € sys-zepts; N\fs. h(addr-of-sys-zept C) = Some(C.,fs) = P h (]
= PhC

lemma cname-of-xcp [simp]:
[ preallocated h; C € sys-zepts | = cname-of h (addr-of-sys-zcpt C) = C

lemma typeof-ClassCast [simp]:
preallocated h = typeof, (Addr(addr-of-sys-zept ClassCast)) = Some(Class ClassCast)

lemma typeof-OutOfMemory [simp]:
preallocated h = typeof;, (Addr(addr-of-sys-zept OutOfMemory)) = Some(Class OutOfMemory)

lemma typeof-NullPointer [simp]:

preallocated h = typeof, (Addr(addr-of-sys-zept NullPointer)) = Some(Class NullPointer)
lemma typeof-NoClassDefFoundError [simp:

preallocated h = typeofy, (Addr(addr-of-sys-zept NoClassDefFoundError)) = Some(Class NoClass-
DefFoundError)
lemma typeof-Incompatible ClassChangeError [simp]:

preallocated h = typeof, (Addr(addr-of-sys-zept IncompatibleClassChangeError)) = Some(Class
Incompatible ClassChangeError)
lemma typeof-NoSuchFieldError [simp]:

preallocated h = typeof, (Addr(addr-of-sys-zcpt NoSuchFieldError)) = Some(Class NoSuchField-
Error)
lemma typeof-NoSuchMethodError [simp]:

preallocated h = typeof j, (Addr(addr-of-sys-zept NoSuchMethodError)) = Some(Class NoSuchMeth-
odError)
lemma preallocated-hext:

[ preallocated h; h < h' ] = preallocated h'
lemma preallocated-start:

preallocated (start-heap P)

by (auto simp: start-heap-sys-zepts blank-def preallocated-def)

end

1.8 Expressions

theory Ezpr

imports ../ Common/Exceptions

begin

datatype bop = Eq | Add — names of binary operations

datatype ’a exp

= new cname — class instance creation

| Cast cname ('a exp) — type cast

| Val val — value

| BinOp (‘a exp) bop ('a exp) (- «-» - [80,0,81] 80) — binary operation
| Var 'a — local variable (incl. parameter)

| LAss 'a ("a exp) (==~ [90,90]90) — local assignment

| FAce ('a exp) vname cname  (<---{-}» [10,90,99]90) — field access

| SEAcc cname vname cname — (<-5-{-}> [10,90,99]90) — static field access

| FAss ('a exp) vname cname (‘a exp)  (<---{-} := - [10,90,99,90]90) — field assignment
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| SFAss cname vname cname (‘a exp)  (<--5-{-} := - [10,90,99,90]190)  — static field assignment
| Call ('a exp) mname ('a exp list) (<-+-"(-")» [90,99,0] 90) — method call

| SCall cname mname (‘a exp list)  (<--5-(-")» [90,99,0] 90) — static method call

| Block 'a ty ('a exp)  (<'{-- -P)

| Seq (Ya exp) ('a exp)  (¢-5;/ - [61,60]60)

| Cond (‘a exp) ('a exp) ('a exp)  («if () -/ else - [80,79,79]70)

| While ("a exp) ('a exp)  (<while '(-') - [80,79]70)

| throw ('a exp)

| TryCatch ('a exp) cname 'a ('a exp)  (<try -/ catch'(- =) - [0,99,80,79] 70)

| INIT cname cname list bool (‘a exp) (<INIT - '(-,-") < - [60,60,60,60] 60) — internal initialization
command: class, list of superclasses to initialize, preparation flag; command on hold

| RI cname ('a exp) cname list (‘a exp) (<RI '(-,-") ; - « -» [60,60,60,60] 60) — running of the
initialization procedure for class with expression, classes still to initialize command on hold

type-synonym

expr = vname erp — Jinja expression
type-synonym

J-mb = vname list x expr — Jinja method body: parameter names and expression
type-synonym

J-prog = J-mb prog — Jinja program

type-synonym
init-stack = expr list X bool — Stack of expressions waiting on initialization in small step; indicator
boolean True if current expression has been init checked

The semantics of binary operators:

fun binop :: bop x wval x val = wval option where
binop(Eq,v1,v2) = Some(Bool (v1 = v3))

| binop(Add,Intg i1,Intg i) = Some(Intg(i1+iz))

| binop(bop,v1,v2) = None

lemma [simp]:
(binop(Add,vi,v9) = Some v) = (i1 ia. v1 = Intg iy N vo = Intg is N v = Intg(i1+iz))

lemma map- Val-throw-eq:

map Val vs Q throw ex # es = map Val vs’ Q throw ex’ # es’ = ex = ez’
lemma map- Val-nthrow-neq:

map Val vs = map Val vs’ Q throw ex’ # es’ = Fulse

lemma map- Val-eq:

map Val vs = map Val vs' = vs = vs’

lemma init-rhs-neq [simp]: e # INIT C (Cs,b) < e
proof —
have size e # size (INIT C (Cs,b) < e) by auto
then show ?thesis by fastforce
qed

lemma init-rhs-neq’ [simp): INIT C (Cs,b) < e # e
proof —
have size e # size (INIT C (Cs,b) < e) by auto
then show ?thesis by fastforce
qed

lemma ri-rhs-neq [simp]: e # RI(C,e');Cs < ¢
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proof —
have size e # size (RI(C,e);Cs < €) by auto
then show ?thesis by fastforce

qed

lemma ri-rhs-neq’ [simp]: RI(C,e’);Cs < e # e
proof —
have size e # size (RI(C,e);Cs < €) by auto
then show ?thesis by fastforce
qed

1.8.1 Syntactic sugar

abbreviation (input)
InitBlock:: 'a = ty = 'a exp = 'a exp = 'a exp («(1'{-:-:= -/ -})») where
InitBlock V T el e2 == {V:T; V := el;; e2}

abbreviation unit where unit == Val Unit
abbreviation null where null == Val Null
abbreviation addr a == Val(Addr a)
abbreviation true == Val(Bool True)
abbreviation false == Val(Bool False)

abbreviation
Throw :: addr = 'a exp where
Throw a == throw( Val(Addr a))

abbreviation
THROW :: cname = 'a exp where
THROW zc == Throw(addr-of-sys-zcpt xc)

1.8.2 Free Variables

primrec fv :: ezpr = wvname set and fus :: expr list = vname set where
fo(new C) = {}

fo(Cast Ce) = fve

(Valv) = {}

(e1 «bop» e2) = fver U fu eq
(Var V) ={V}

(LAss Ve)={V} U fve
(e-F{D}) = fue

(C- F{D}) = {}
(e1+F{D}:=e3) = fvegr U fv ey
(C F{D} —62) fU €2
(e:M(es)) = fveU fus es
(

(

(

(if

(

(

(

(

(RI

2T

C-sM(es)) = fus es
(VT e}) = foe — {V}
61,,62) fuer U fues
(b) e1 else ea) = fub U fuer U fu ey
while (b) €) = fob U fue
throw e) = fv e
try ey catch(C V) ex) = foeg U (fo e — {V})
INIT C (Cs,b) <€) = fue
(Cie);Cs <— ey =foeU foe

ST eSS

(

x\xx\x\xgﬁxx\xxxx\

<
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| fos([) = {}
| fus(eftes) = fv e U fus es

lemma [simp]: fus(esy @ esy) = fus es1 U fus eso
lemma [simp]: fos(map Val vs) = {}

1.8.3 Accessing expression constructor arguments

fun val-of :: ‘a exp = wval option where
val-of (Val v) = Some v |

val-of - = None

lemma val-of-spec: val-of e = Some v = e = Val v
proof(cases e) qed(auto)

fun lass-val-of :: 'a exp = ('a x wal) option where
lass-val-of (V:=Val v) = Some (V, v) |
lass-val-of - = None

lemma lass-val-of-spec:
assumes lass-val-of e = |a]
shows e = (fst a:=Val (snd a))
using assms proof(cases e)
case (LAss V e’) then show ?thesis using assms proof (cases e’)qed(auto)
qged(auto)

fun map-vals-of :: 'a exp list = wval list option where
map-vals-of (e#es) = (case val-of e of Some v = (case map-vals-of es of Some vs = Some (v#vs)
| - = None)
| - = None) |
map-vals-of [| = Some ||

lemma map-vals-of-spec: map-vals-of es = Some vs = es = map Val vs
proof (induct es arbitrary: vs) qed(auto simp: val-of-spec)

lemma map-vals-of-Vals[simp]: map-vals-of (map Val vs) = |vs] by(induct vs, auto)

lemma map-vals-of-throw[simp]:
map-vals-of (map Val vs @ throw e # es’) = None
by (induct vs, auto)

fun bool-of :: 'a exp = bool option where
bool-of true = Some True |

bool-of false = Some False |

bool-of - = None

lemma bool-of-specT:
assumes bool-of e = Some True shows e = true
proof —
have bool-of e = Some True by fact
then show ?thesis
proof(cases e)
case (Val z3) with assms show ?thesis
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proof(cases x3)
case (Bool x) with assms Val show ?thesis
proof(cases x)ged(auto)
qed(simp-all)
qged(auto)
qged

lemma bool-of-specF"
assumes bool-of e = Some Fualse shows e = false
proof —
have bool-of e = Some Fulse by fact
then show ?thesis
proof (cases e)
case (Val z3) with assms show ?thesis
proof(cases x3)
case (Bool x) with assms Val show ?thesis
proof(cases x)qged(auto)
qed(simp-all)
ged(auto)
qed

fun throw-of :: 'a exp = 'a exp option where
throw-of (throw e’) = Some e’ |
throw-of - = None

lemma throw-of-spec: throw-of e = Some ¢/ = e = throw e’
proof(cases e) ged(auto)

fun init-exp-of :: 'a exp = 'a exp option where
init-exp-of (INIT C (Cs,b) < e) = Some e |
init-exp-of (RI(C,e');Cs < e) = Some e |
init-exp-of - = None

lemma init-exp-of-neq [simp|: init-exp-of e = |e'| = e’ # e by(cases e, auto)
lemma init-exp-of-neq’[simp): init-exp-of e = |e'| => e # e’ by(cases e, auto)

1.8.4 Class initialization

This section defines a few functions that return information about an expression’s current
initialization status.

primrec sub-RI :: 'a exp = bool and sub-RIs :: 'a exp list = bool where
sub-RI(new C) = False

| sub-RI(Cast C e) = sub-RI e

| sub-RI(Val v) = False

| sub-RI(ey «bop» ez) = (sub-RI e; V sub-RI e3)

| sub-RI(Var V) = False

| sub-RI(LAss V e) = sub-RI e

| sub-RI(e-F{D}) = sub-RI e

| sub-RI(C-sF{D}) = False

| sub-RI(e1-F{D}:=e3) = (sub-RI €1 V sub-RI e3)

| sub-RI(C-sF{D}:=e3) = sub-RI es

| sub-RI(e-M(es)) = (sub-RI e V sub-RlIs es)

| sub-RI(C-sM(es)) = (M = clinit V sub-RlIs es)
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| sub-RI({V:T; e}) = sub-Rl e

| sub—RI(el,,eg) = (sub-RI e; V sub-RI e3)

| sub-RI(if (b) ey else ez) = (sub-RI bV sub-RI e; V sub-RI e3)
| sub-RI(while (b) €) = (sub-RI bV sub-RI e)

| sub-RI(throw e) = sub-RI e

| sub-RI(try ey catch(C V) ea) = (sub-RI e1 V sub-RI e3)

| sub-RI(INIT C (Cs,b) + e) = True

| sub-RI(RI (C,e);Cs < e') = True

| sub-RIs([]) = False

| sub-RIs(e#tes) = (sub-RI e V sub-Rls es)

lemmas sub-RI-sub-RIs-induct = sub-RI.induct sub-RIs.induct

lemma nsub-RIs-def[simp]:
—sub-RIs es = Ve € set es. ~sub-RI e
by (induct es, auto)

lemma sub-RI-base:
e=INIT C (Cs, b) + e’V e = RI(C,e);Cs < e/ = sub-Rl e
by (cases e, auto)

lemma nsub-RI-Vals[simp]: —~sub-RIs (map Val vs)
by (induct vs, auto)

lemma lass-val-of-nsub-RI: lass-val-of e = |a| = —sub-RI e

by (drule lass-val-of-spec, simp)

— is not currently initializing class C’ (point past checking flag)
primrec not-init :: cname = 'a exp = bool and not-inits :: cname = 'a exp list = bool where

not-init C' (new C) = True
| not-init C' (Cast C e) = not-init C' e
| not-init C' (Val v) = True
| not-init C' (ex «bop» e3) = (not-init C' ey A not-init C' e3)
| not-init C' (Var V) = True
| not-init C' (LAss V e) = not-init C’ e
| not-init C' (e-F{D}) = not-init C' e
| not-init C' (C-sF{D}) = True
| not-init C' (e1-F{D}:=e3) = (not-init C’ e; A not-init C’ e3)
| not-init C' (C-sF{D}:=e2) = not-init C' ey
| not-init C' (e-M(es)) = (not-init C' e A not-inits C' es)
| not-init C' (C-sM(es)) = not-inits C' es
| not-init C' ({V:T; e}) = not-init C' e
| not-init C' (61,,62) = (not-init C’ e; A not-init C' e3)
| not-init C' (if (b) ey else ea) = (not-init C' b A not-init C' e; A not-init C’ eq)
| not-init C' (while (b) e) = (not-init C' b A not-init C' e)
| not-init C' (throw e) = not-init C’ e
| not-init C' (try e1 catch(C V) e2) = (not-init C' e; A not-init C’ e3)
(

| not-init C’
C'e)

| not-init C' (RI (C,e);Cs + e') = (C' ¢ set (C#Cs) A not-init C' e A not-init C” e’)
| not-inits C' ([]) = True

| not-inits C' (e#tes) = (not-init C' e A not-inits C' es)

INIT C (Cs,b) <€) = ((b — Cs = Nil v C" # hd Cs) N C' ¢ set(tl Cs) A not-init
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lemma not-inits-def [ simp]:
not-inits C es = Ve € set es. not-init C' e
by (induct es, auto)

lemma nsub-RIs-not-inits-aux: ¥V e € set es. —sub-RI e — not-init C e
— —sub-RIs es = not-inits C es
by (induct es, auto)

lemma nsub-RI-not-init: —sub-RI e = not-init C e
proof (induct e) qed(auto intro: nsub-RIs-not-inits-aux)

lemma nsub-RIs-not-inits: —sub-RIs es = not-inits C es
by (rule nsub-RIs-not-inits-auz) (simp-all add: nsub-RI-not-init)

1.8.5 Subexpressions

primrec subexp :: ‘a exp = 'a exp set and subexps :: 'a exp list = 'a exp set where
subexp(new C) = {}

| subexp(Cast C e) = {e} U subexp e

| subexp(Val v) = {}

| subexp(er «bopy» es) = {e1, ea} U subexp e; U subexp es

| subexp(Var V) = {}

| subexp(LAss V e) = {e} U subexp e

| subexp(e-F{D}) = {e} U subexp e

| subexp(C-sF{D}) = {}

| subexp(er-F{D}:=eq) = {e1, ea} U subexp e1 U subezp ey

| subexp(C-sF{D}:=e3) = {ea} Usubexp ey

| subexp(e-M(es)) = {e} U set es U subexp e U subexps es

| subexp(C-sM(es)) = set es U subexps es

| subexp({V:T; e}) = {e} U subexp e

| subexp(el,,eQ) = {e1, e2} U subexp e; U subezp es

| subexp(if (b) e1 else ea) = {b, e1, ea} U subexp b U subexp e; U subexp es

| subexp(while (b) €) = {b, e} U subexp b U subexp e

| subexp(throw e) = {e} U subexp e

| subexp(try ey catch(C V) ea) = {e1, ea} U subexp e; U subexp es

| subexp(INIT C (Cs,b) + e) = {e} U subexp e

| subexp(RI (C,e);Cs < e') = {e, '} U subexp e U subexp e’

| subeaps([) = {1

| subexps(e#es) = {e} U subexp e U subexps es

lemmas subexp-subexps-induct = subexp.induct subexps.induct

abbreviation subexp-of :: 'a exp = 'a exp = bool where

subexp-of e ¢/ = e € subexp e’

lemma subexp-size-le:

(e’ € subexp e —> size e’ < size e) N (e’ € subexps es — size e’ < size-list size es)
proof (induct rule: subexp-subezps.induct)

case (Call:11 then show ?case using not-less-eq size-list-estimation by fastforce
next

case SCall:12 then show ?Zcase using not-less-eq size-list-estimation by fastforce
qed(auto)
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lemma subexps-def2: subexps es = set es U (|J e € set es. subexp e) by(induct es, auto)

— strong induction
lemma shows subezp-induct[consumes 1]:
(Ne. subexp e = {} = R e) = (\e. (\e'. ¢’ € subexp e = R e') = R e)
= (Aes. (\e'. e’ € subexps es = R e') = Rs es) = (Ve'. ¢/ € subezp e — Re') AR e
and subexps-induct[consumes 1]:
(Aes. subexps es = {} = Rs es) = (\e. (A\e'. ¢’ € subezp e = R e’) = R e)
= (Aes. (Ae'. e’ € subezps es = R e’) = Rs es) = (Ve'. e/ € subexps es — R ¢') A Rs es
proof (induct rule: subexp-subexps-induct)
case (Cast z1 z2)
then have (Ve'. subexp-of ¢’ 2 — R ¢’) A R 22 by fast
then have (Ve'. subezp-of ¢’ (Cast 1 z2) — R €’) by auto
then show %case using Cast.prems(2) by fast
next
case (BinOp x1 z2 z3)
then have (Ve subexp-of ¢’ 21 — R e’) A R z1 and (Ve'. subexp-of ¢’ 3 — R ¢’) A R z3
by fast+
then have (Ve'. subezp-of e’ (z1 «x2» 23) — R e’) by auto
then show ?Zcase using BinOp.prems(2) by fast
next
case (LAss x1 z2)
then have (Ve'. subezp-of ¢’ 2 — R e’) A R 22 by fast
then have (Ve'. subezp-of e’ (LAss 21 22) — R e') by auto
then show ?Zcase using LAss.prems(2) by fast
next
case (FAcc z1 22 z53)
then have (Ve'. subexp-of ¢’ t1 — R ¢’) A R z1 by fast
then have (Ve'. subexp-of e’ (z1-22{z3}) — R ¢’) by auto
then show %case using FAcc.prems(2) by fast
next
case (FAss z1 12 28 ©4)
then have (Ve subexp-of ¢’ 21 — R e’) A R z1 and (Ve'. subexp-of ¢’ £4 — R e’) A R x4
by fast+
then have (Ve'. subexp-of e’ (z1-22{z3} := z{) — R ¢’) by auto
then show ?Zcase using FAss.prems(2) by fast
next
case (SFAss x1 x2 x8 ©4)
then have (Ve'. subexp-of ¢’ 4 — R e’) A R z4 by fast
then have (Ve'. subezp-of ¢’ (z1-522{z3} := z{) — R ¢’) by auto
then show ?Zcase using SFAss.prems(2) by fast
next
case (Call z1 22 z3)
then have (Ve'. subezp-of ¢/ x1 — R e’) A R z1 and (Ve'. e’ € subexps t3 — R e’) A Rs x3
by fast+
then have (Ve'. subexp-of e’ (z1-22(23)) — R e') using subexps-def2 by auto
then show ?Zcase using Call.prems(2) by fast
next
case (SCall z1 22 z3)
then have (Ve' e’ € subexps 83 — R e') A Rs 28 by fast
then have (Ve'. subezp-of e’ (z1-,22(z3)) — R e') using suberps-def2 by auto
then show ?case using SCall.prems(2) by fast
next
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case (Block x1 x2 z3)
then have (Ve'. subezp-of ¢’ 3 — R e’) A R 23 by fast
then have (Ve'. subexp-of e’ {x1:22; 3} — R ¢’) by auto
then show ?case using Block.prems(2) by fast
next
case (Seq z1 z2)
then have (Ve' subexp-of ¢’ z1 — R ¢’) A R z1 and (Ve'. subexp-of ¢/ 22 — R e’) A R 22
by fast+
then have (Ve'. subexp-of ¢’ (21;; 2) — R ¢’) by auto
then show ?case using Seq.prems(2) by fast
next
case (Cond z1 22 z3)
then have (Ve' subexp-of ¢’ z1 — R e’) A R z1 and (Ve'. subexp-of ¢’ 22 — R e’) A R 22
and (Ve' subexp-of e’ 13 — R €’) A R z3 by fast+
then have (Ve'. subezp-of ¢’ (if (x1) 22 else x3) — R ¢’) by auto
then show ?case using Cond.prems(2) by fast
next
case (While z1 z2)
then have (Ve'. subexp-of ¢’ 21 — R e’) A R z1 and (Ve'. subexp-of e/ 22 — R e’) AN R z2
by fast+
then have (Ve'. subexp-of e’ (while (1) z2) — R e’) by auto
then show ?Zcase using While.prems(2) by fast
next
case (throw )
then have (Ve'. subezp-of e’ x — R €’) A R z by fast
then have (Ve'. subexp-of e’ (throw z) — R €’) by auto
then show ?Zcase using throw.prems(2) by fast
next
case (TryCatch x1 z2 x3 x4)
then have (Ve'. subezp-of e’ x1 — R e’) A R z1 and (Ve'. subexp-of e’ 24 — R e’) AN R z/
by fast+
then have (Ve'. subexp-of e’ (try x1 catch(z2 z3) 24) — R e’) by auto
then show ?Zcase using TryCatch.prems(2) by fast
next
case (INIT z1 z2 23 z4)
then have (Ve'. subezp-of e’ x4 — R e’) A R z4 by fast
then have (Ve'. subexp-of e’ (INIT z1 (22,23) < x4) — R ') by auto
then show ?case using INIT.prems(2) by fast
next
case (RI z1 z2 23 x4)
then have (Ve'. subezp-of e’ 22 — R e’) A R 22 and (Ve'. subexp-of e’ 24 — R e’) AN R z/
by fast+
then have (Ve'. subexp-of e’ (RI (z1,22) ; 28 < z4) — R €’) by auto
then show ?case using RI.prems(2) by fast
next
case (Cons-exp z1 ©2)
then have (Ve'. subexp-of ¢’ x1 — R e’) A Rzl and (Ve'. e’ € subexps 22 — R e') A Rs x2
by fast+
then have (Ve' e’ € subexps (z1 # z2) — R ¢’) using subexps-def2 by auto
then show ?case using Cons-exp.prems(3) by fast
qed(auto)
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1.8.6 Final expressions

definition final :: 'a exp = bool
where
finale = (3v. e= Valv) vV (Fa. e = Throw a)

definition finals:: ‘a exp list = bool
where
finals es = (Jvs. es = map Val vs) V (Jvs a es’. es = map Val vs @ Throw a # es’)

lemma [simp]: final( Val v)

lemma [simp]: final(throw e) = (a. e = addr a)

lemma finalE: | final e; Av. e = Valv = R; Aa. e = Throwa — R] = R
lemma final-fu[iff]: final e = fv e = {}

by (auto simp: final-def)

lemma finalsE:

[ finals es; Avs. es = map Val vs = R; Awvs a es’. es = map Val vs @ Throw a # es' = R ]| =
R

lemma [iff]: finals ||

lemma [iff]: finals (Val v # es) = finals es

lemma finals-app-mapliff]: finals (map Val vs Q es) = finals es

lemma [iff]: finals (map Val vs)

lemma [iff]: finals (throw e # es) = (Fa. e = addr a)

lemma not-finals-Consl: = final e = = finals(e#es)

lemma not-finals-ConsI2: e = Val v = — finals es => — finals(eftes)

end

1.9 Well-typedness of Jinja expressions

theory WellType
imports ../ Common/Objects Expr
begin

type-synonym
env = vname — ty

inductive
WT :: [J-prog,env, expr |ty | = bool
(- F -0 [51,51,51]50)
and WTs :: [J-prog,env, expr list, ty list] = bool
(¢--F =[] - [51,51,51]50)
for P :: J-prog
where
WTNew:

is-class P C —
P EF new C :: Class C

| WT'Cast:
[ P,EF e:: Class D; is-classPC; P C X*DV PF D =*(C]
= P,EF Cast C e : Class C
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| WTVal:
typeof v = Some T —>
PEF Valv: T

| WT'Var:
EV = Some T =
PEF VarV:T

| WT'BinOpEq:
[P,EF-e = Ty; PEF ey Ty; PET <ToVPETy<T:]
= P,E e «Eq» es :: Boolean

| WTI'BinOpAdd:
[ P,E+ ey :: Integer; P,E b ey :: Integer |
= P,E I ey «Add» ey :: Integer

| WTLAss:
[EV =SomeT;, PEFe:T;, PET' <T;V # this ]
— P,EF V:i=e:: Void

| WTFAce:
[ P,EF e:: Class C; Pt C sees F,NonStatic:T in D |
= PEt eF{D}: T

| WTSFAcc:
[ PE C sees F,Static:T in D ]
— P.EF C-,F{D} = T

| WTFAss:
[ P,E+ e :: Class C; Pt C sees F,NonStatic:T in D; P,EF ey T; PHT' < T]
= P,EF e1-F{D}:=ey :: Void

| WT'SFAss:
[ Pt Csees F,Static:Tin D; PEF ea:: T, PET'< T]
= P,EF C-sF{D}:=e; :: Void

| WTCall:
[ P,EF e:: Class C; Pt C sees M,NonStatic:Ts — T = (pns,body) in D;
PEF es[:] Ts';, PF Ts' [<] Ts]
= P,EF eM(es):=: T

| WTSCall:
[ PE Csees M,Static:Ts — T = (pns,body) in D;
PEVF es[:] Ts", PF Ts'[<] Ts; M # clinit ]
= P,EF C:sM(es) = T

| WT'Block:
[ is-type PT; PE(V— T)Fe: T']
= PEF{V:T;e} T

| WTSeq:
[ P,EF e;::Ty; PEF e::To]
= P,EF eeq 2 To
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| WTCond:
[ P,EF e:: Boolean; P,Et\ e1:T1; P,EF eg::To;

PFT1§T2\/PFT2§T1, PFTlgTQ*)T:TQ, PFT2§T1—>T:T1]]
= PEF if (e) ej else eg = T

| WTWhile:
[ P,EF e:: Boolean; P,Et\ c::T ]
= P,E + while (€) ¢ :: Void

| WT'Throw:
PEF e:: Class C =
P.E + throw e :: Void

| WI'Try:
[P, EFe = T; PE(V— Class C) F ey :: T; is-class P C'|
= P,EF try ey catch(C V) eg 2 T

— well-typed expression lists

| WTNil:
P.EF([-]1]

| WTCons:
[P,Ete: T; PEF es[:] Ts]
= P,E+ efes ] T#Ts

lemma init-nwt [simp|:—P,E = INIT C (Cs,b) < e :: T
by (auto elim: WT.cases)

lemma ri-nwt [simp]:=P,E - RI(C,e);Cs < e’ :: T

by (auto elim: WT.cases)

lemma [if}: (P2 + [| [-] T5) = (75 = [}
lemma [iff]: (P,E & e#es ] T#Ts) = (P,EF e T AN PEF es[:x] Ts)
lemma [iff]: (P,E F (e#es) [:] Ts) =

(BUUs. Ts=U#Us N P,EF e:: UN P,EF es[:] Us)
lemma [iff]: ATs. (P,EF es; @ esy [:] Ts) =

(3Tsy Tsy. Ts = Tsy Q Tsg A P,E & esy [::] Tsy A P,E b esa]::] Tsa)
lemma [iff]: P,E+ Valv:: T = (typeof v = Some T)
lemma [iff]: PEF Var V. T = (EV = Some T)
lemma [iff]: P,E & ej5eq :: To = (3Ty. P,EF e1:T1 AN P,EF e3::T3)
lemma [iff]: (P,EF {V:T; e} :: T') = (is-type P T AN PE(V=T) b e T)

lemma wt-env-mono:
PEre:T= (ANE.EC, E'= P,E'F-e: T)and
PEFes[:] Ts= (NE.EC,, E'!= P,E'F es[:] T5)

lemma WT-fo: PEF e T = fove C dom E

and P,E + es [:)] Ts = fus es C dom E

lemma WT-nsub-RI: P E+ e¢:: T — —sub-Rl e
and WTs-nsub-Rls: P,E & es [::]] Ts = —sub-Rls es

33
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1.10 Runtime Well-typedness

theory WellTypeRT
imports WellType
begin

inductive
WTrt :: J-prog = heap = sheap = env = expr = ty = bool
and WTrts :: J-prog = heap = sheap = env = expr list = ty list = bool
and WTrt2 :: [J-prog,env,heap,sheap,expr,ty] = bool
(¢=ymymy- F -0 o [51,51,51,51150)
and WTrts2 :: [J-prog,env,heap,sheap,expr list, ty list] = bool
(¢=y=y-- - [}] - [51,51,51,51]50)
for P :: J-prog and h :: heap and sh :: sheap
where

PEhshte: T=WTITrtPhshEeT
| P,E,h,sh t es[:]|Ts = WTrts P h sh E es Ts

| WTrtNew:
is-class P C —>
P E.h,sh - new C : Class C

| WTrtCast:
[ P,E,h,sh - e: T; is-refT T; is-class P C']
—> P,E,h,sh - Cast C e : Class C

| WTrtVal:
typeof, v = Some T =
P.E.h,sht Valv: T

| WTrtVar:
EV = Some T —
P Ehsht Var V. T

| WTrtBinOpEgq:
[ P,E,h,sht e : Ty; P,Ehsht ex: To]
=—> P,E h,sh - e; «Eq» ez : Boolean

| WTrtBinOpAdd:
[ P,E,h,sh & e : Integer; P,E h,sht es : Integer |
— P,E h,sh b ey «Add» es : Integer

WTrtLAss:
[ EV = Some T; P,Ehshte:T; PET' < T]
= P,E,h,sh + V:=e: Void

WTrtFAcc:
[ P,Eh,sht e: Class C; P+ C has F,NonStatic:T in D | =
P,Ehsh - e F{D}: T

WTrtFAceNT:
P FEhshte: NT =
P,Eh,sht+ eF{D}: T
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| WTrtSFAcc:
[ P+ C has F,Static:T in D | =
P.Ehsh C-sF{D} : T

| WTrtFAss:

[ P,E,h,sh e : Class C; P& C has F,NonStatic:T in D; P,E,h,sh '+ es : To; PF To < T

= P,E.h,sh F e;-F{D}:=e5 : Void

| WTrtFAssNT:
[ P,E,h,sht e:NT; P,Eh,sh - ez : To ]
= P,E.h,sh b e1-F{D}:=ey : Void

| WTrtSFAss:
[ P,E,hsht ey : Tqy; P+ C has F,Static:T in D; P+ Ty < T ]
= P,E.h,sh b C-;F{D}:=ey : Void

| WTrtCall:
[ P,Eh,sht e: Class C; P+ C sees M,NonStatic:Ts — T = (pns,body) in D;
P,Eh,shtes[:] Ts'; P+ Ts' [<] Ts ]
= P,E.h,sht e-M(es): T

| WTrtCallNT:
[ P,Eh,sht e: NT; P Ehsht es[] Ts]
= P,E.h,sht eM(es): T

| WTrtSCall:
[ Pt Csees M,Static:Ts — T = (pns,body) in D
P.E.hshtes[] Ts"; PF Ts' [<] Ts;
M = clinit — sh D = |(sfs,Processing)| N es = map Val vs |
= P,E.h,sh = C-sM(es): T

| WTrtBlock:
PE(Ve=T)hshte: TN =
P,Eh,sh = {V:T;e}: T’

| WTrtSeq:
[ P,E,h,sht e:Ty; P,Ehsht e:Ts]
= P,E h,sht- ey;;e0 1 To

| WTrtCond:
[ P,E,h,sh b e: Boolean; P,E,h,sh + e;:Ty; P,E,h,sht eq:Ta;

P|_T1ST2\/P|‘T2§Tl,P}_TlgTQ—)T:TQ,PFT2§T1—>T:T1]]

= P,E.h,sh - if (e) ey else eg : T

| WTrtWhile:
[ P,E,h,sh - e: Boolean; P,E,h,;sht ¢:T ]
= P,E,h,sh - while(e) ¢ : Void

| WTrtThrow:
[ P,Ehshte: T isrefT T, | =
P,E h,sh & throwe: T

| WTrtTry:
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[ P,E,h,sht e : Ty; P,E(V — Class C)h,sht ey : To; PE T < Ty ]
= P,E,h,sh - try ey catch(C V) eg : To

| WTrtInit:
[ P,E,hyshte: T;VC' € set (C#Cs). is-class P C'; —sub-RI e;
V C' e set (tl Cs). Isfs. sh C' = |(sfs,Processing)]|;
b — (VC' € set Cs. sfs. sh C' = |(sfs,Processing)|);
distinct Cs; supercls-lst P Cs |
— P,Ehsht INIT C (Cs, b) +¢: T

| WTrtRI:
[ P,E,hyshte: T; PEhsht e : T,V C' e set (C#Cs). is-class P C'; =sub-RI ¢’
VvV C' e set (C#Cs). not-init C' ¢
vV C' € set Cs. Asfs. sh C' = |(sfs,Processing) |;
sfs. sh C' = |(sfs, Processing)| V (sh C = |(sfs, Error)] A e = THROW NoClassDefFoundError);
distinct (C#Cs); supercls-lst P (C#Cs) |
= P,E,h,sh = RI(C, ¢);Cs + ¢’ : T'

— well-typed expression lists

| WTrNil:
P.EhshE ][] 1]

| WTrtCons:
[ P,E,hysht+e: T; P,Ehsht es|[] Ts]
= P,E,h,sh - e#es [[]| T#Ts

1.10.1 Easy consequences

lemma [iff]: (P,E,h,sh F[] [}] Ts) = (Ts = [))
lemma [iff]: (P,E,h,sh b e#tes ] T#Ts) = (P,E.h,sht e: T N P,Eh,sht es[] Ts)
lemma [iff]: (P,E h,sh b (e#es) [}] Ts) =

(U Us. Ts = U#Us AN P,E,h,sh=e: U A P,E h,sht es[:] Us)
lemma [simp]: V Ts. (P,E,h,sh b es; @Q esy [:] T5) =

(3Tsy Tsy. Ts = Tsy @ Ts9 A P,E,h,sh b= esy [:] Ty & P,E h,sh - ess[:] Ts2)
lemma [iff]: P,E h,sh = Valv: T = (typeofy, v = Some T)
lemma [iff]: P,E,h,sh = Varv: T = (E v = Some T)
lemma [iff]: P,Eh,sh - e15e0 : To = (3 T1. P,Ehsh - e1: Ty A P,E h,sh b ex:T5)
lemma [iff]: P,E,h,sh = {V:T; e} : T' = (P,E(V—~T),hsht e: T

1.10.2 Some interesting lemmas

lemma WTrts-Val[simp]:

NTs. (P,E,h,sh = map Val vs [:] Ts) = (map (typeofy,) vs = map Some Ts)
lemma WTrts-same-length: \Ts. P,E,h,sh F es [:] Ts = length es = length Ts

lemma WTrt-env-mono:
PEhshte: T= (NE. EC,, E'!= P,E'hsht e: T) and
P.E.hshtes[] Ts = (AE'. E C,, E' = P,E’h,sht es[] Ts)

lemma WTrt-hext-mono: P,Eh,shte: T = h<h' = P Eh/shte: T
and WTrts-hext-mono: P,E h,sht es[] Ts = h < h' = P,Eh/sht es[] Ts
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lemma WTrt-shext-mono: P,E,h,sht+ e: T = sh <4 sh’ = —sub-RI ¢ = P,E.h,sh’'+-¢e: T
and WTrts-shext-mono: P,E.h sht es [:] Ts = sh <; sh’ = —sub-RIs es = P,E h,sh’ - es [:] Ts
lemma WTrt-hext-shext-mono: P,E h;sht e: T

= h < h = sh <, sh’ = —sub-RI e = P,E.h'sh’'¢e: T
by (auto intro: WTrt-hext-mono WTrt-shext-mono)

lemma WTrts-hext-shext-mono: P,E h,sh = es [;] Ts
= h < h/ = sh <5 sh’ = —sub-Rls es = P,E,h/;sh’ es [:] Ts
by (auto intro: WTrts-hext-mono WTrts-shext-mono)

lemma WT-implies-WTrt: PE+F e:: T =— P,Ehshte: T
and WTs-implies-WTrts: P,E & es [::] Ts = P,E,h,sh - es [:] Ts
end

1.11 Program State

theory State imports ../ Common/ Ezceptions begin

type-synonym

locals = vname — wval — local vars, incl. params and “this”
type-synonym

state = heap X locals X sheap

definition hp :: state = heap
where

hp = fst
definition lcl :: state = locals
where

lel = fst o snd
definition shp :: state = sheap
where

shp = snd o snd

end

1.12 System Classes

theory SystemClasses
imports Decl Exceptions
begin

This theory provides definitions for the Object class, and the system exceptions.

definition ObjectC :: 'm cdecl
where
ObjectC = (Object, (undefined,[],[]))

definition NullPointerC :: 'm cdecl
where
NullPointerC = (NullPointer, (Object,[],[]))

definition ClassCastC :: 'm cdecl
where
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ClassCastC = (ClassCast, (Object,[],[]))

definition OutOfMemoryC :: 'm cdecl
where
OutOfMemoryC = (OutOfMemory, (Object,[],]]))

definition NoClassDefFoundC :: 'm cdecl
where
NoClassDefFoundC = (NoClassDefFoundError, (Object,[],[]))

definition IncompatibleClassChangeC' :: 'm cdecl
where
IncompatibleClassChangeC = (IncompatibleClassChangeError, (Object,[],[]))

definition NoSuchFieldC :: 'm cdecl
where
NoSuchFieldC = (NoSuchFieldError, (Object,][],[]))

definition NoSuchMethodC' :: 'm cdecl
where
NoSuchMethodC' = (NoSuchMethodError, (Object,[],[]))

definition SystemClasses :: 'm cdecl list

where
SystemClasses = [ObjectC, NullPointerC, ClassCastC, OutOfMemoryC, NoClassDefFoundC,
IncompatibleClassChangeC, NoSuchFieldC, NoSuchMethodC

end

1.13 Generic Well-formedness of programs

theory WellForm imports TypeRel SystemClasses begin

This theory defines global well-formedness conditions for programs but does not look inside
method bodies. Hence it works for both Jinja and JVM programs. Well-typing of expressions
is defined elsewhere (in theory WellType).

Because Jinja does not have method overloading, its policy for method overriding is the
classical one: covariant in the result type but contravariant in the argument types. This means
the result type of the overriding method becomes more specific, the argument types become
more general.

type-synonym 'm wf-mdecl-test = 'm prog = cname = 'm mdecl = bool

definition wf-fdecl :: 'm prog = fdecl = bool
where
wf-fdecl P = \(F,b,T). is-type P T

definition wf-mdecl :: 'm wf-mdecl-test = 'm wf-mdecl-test
where
wf-mdecl wf-md P C = XN M,b,Ts,T,m).
(VY Teset Ts. is-type P T) A is-type P T N wf-md P C (M,b,Ts,T,m)

definition wf-clinit :: 'm mdecl list = bool where
wf-clinit ms = (Im. (clinit,Static,[], Void,m)€Eset ms)
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definition wf-cdecl :: 'm wf-mdecl-test = 'm prog = 'm cdecl = bool
where

wf-cdecl wf-md P = A(C,(D,fs,ms)).

(Vfeset fs. wf-fdecl P f) A distinct-fst fs A

(V meset ms. wf-mdecl wf-md P C m) A distinct-fst ms A

(C # Object —

is-class PD AN = P+ D <* C A

(V(M,b,Ts,T,m)€eset ms.

vD'b' Ts' T'm’. P+ D sees M,b":Ts' — T'=m' in D' —
b=0ANPFTS[<]TsANPET<T))A
wf-clinit ms

definition wf-syscls :: 'm prog = bool
where
wf-syscls P = {Object} U sys-zepts C set(map fst P)

definition wf-prog :: 'm wf-mdecl-test = 'm prog = bool
where
wf-prog wf-md P = wf-syscls P N (Y ¢ € set P. wf-cdecl wf-md P c) A distinct-fst P

1.13.1 Well-formedness lemmas

lemma class-wf:
[class P C' = Some c; wf-prog wf-md P] = wf-cdecl wf-md P (C,c)

lemma class-Object [simp]:
wf-prog wf-md P = 3 C fs ms. class P Object = Some (C,fs,ms)

lemma is-class-Object [simp]:
wf-prog wf-md P => is-class P Object
lemma is-class-supclass:
assumes wf: wf-prog wf-md P and sub: P+ C <X* D
shows is-class P C = is-class P D
lemma is-class-zept:
[ C € sys-zepts; wf-prog wf-md P | = is-class P C

lemma subcls1-wfD:
assumes subl: P C <! D and wf: wf-prog wf-md P
shows D # C A (D,C) ¢ (subcls1 P)*+

lemma wf-cdecl-supD:
[wf-cdecl wf-md P (C,D,r); C # Object] = is-class P D

lemma subcls-asym:
[ wf-prog wf-md P; (C,D) € (subcls1 P)* | = (D,C) ¢ (subcls1 P)*

lemma subcls-irrefi:
[ wf-prog wf-md P; (C,D) € (subcls1 P)* | = C # D

lemma acyclic-subclsi:
wf-prog wf-md P = acyclic (subclsl P)

lemma wf-subcls?:
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wf-prog wf-md P = wf ((subcls1 P)~1)

lemma single-valued-subclsi:
wf-prog wf-md G = single-valued (subcls! G)

lemma subcls-induct:
[ wf-prog wf-md P; NC.V D. (C,D) € (subclsi P)* — QD= QC] = QC

lemma subclsI-induct-aux:
assumes is-class P C and wf: wf-prog wf-md P and QObj: Q Object
shows
[ AC D fs ms.
[ C # Object; is-class P C; class P C = Some (D,fs,ms) A
wf-cdecl wf-md P (C,D,fs,;ms) A P+ C <! D A is-class P D N Q D] = Q C']
= Q C

lemma subclsi-induct [consumes 2, case-names Object Subcls|:
[ wf-prog wf-md P; is-class P C; @ Object;
NC D. [C # Object; P+ C <' D; is-class P D; Q D] = Q C']
= QC

lemma subcls-C-Object:
assumes class: is-class P C and wf: wf-prog wf-md P
shows P I C =X* Object

lemma is-type-pTs:
assumes wf-prog wf-md P and (C,S,fs,ms) € set P and (M,b,Ts,T,m) € set ms
shows set Ts C types P
lemma wf-supercls-distinct-app:
assumes wf:wf-prog wf-md P
and nObj: C # Object and cls: class P C = (D, fs, ms)]
and super: supercls-lst P (C#Cs) and dist: distinct (C#Cs)
shows distinct (D# C#Cs)
proof —
have = P D =<* C using subcls1-wfD[OF subcls1I[OF cls nObj] wf]
by (simp add: rtrancl-eg-or-trancl)
then show ?thesis using assms by auto
qged

1.13.2 Well-formedness and method lookup

lemma sees-wf-mdecl:
assumes wf: wf-prog wf-md P and sees: P - C sees M,b:Ts—T = m in D
shows wf-mdecl wf~-md P D (M,b,Ts, T ,m)
lemma sees-method-mono [rule-format (no-asm)]:
assumes sub: P+ C’' <* C and wf: wf-prog wf-md P
shows VD b Ts Tm. PF C sees M,b:Ts—T = min D —
(3D T’ T'm'. P+ C'sees Mb:Ts'-T'=m'in D' NP+ Ts [<] TS N\PF T'<T)

lemma sees-method-mono2:
[ PE C'=<* C; wf-prog wf-md P;
PF Csees Myb:Ts—T = min D; P+ C’' sees Mb":T'=T' = m' in D]
— b=bAPFTs[<] TS APFT <T
lemma mdecls-visible:
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assumes wf: wf-prog wf~-md P and class: is-class P C
shows AD fs ms. class P C = Some(D,fs,ms)

= I Mm. P+ C sees-methods Mm A (¥ (M,b,Ts,T,m) € set ms. Mm M = Some((b,Ts,T,m),C))
lemma mdecl-visible:
assumes uwf: wf-prog wf~md P and C: (C,S,fs,ms) € set P and m: (M,b,Ts,T,m) € set ms
shows P + C sees M,b:Ts—T = m in C

lemma Call-lemma:
assumes sces: P = C sees M,b:Ts—T = m in D and sub: P+ C’' <* C and wf: wf-prog wf-md P
shows 3D’ Ts' T' m/'.

PE C'sees Mb:Ts'»T ' =m’in D'ANPF Ts [<] TS N\P-T'< TANPF C'=<*D’

A is-type P T' N (Y T€set Ts'. is-type P T) N wf-md P D' (M,b,Ts', T’ ;m")

lemma wf-prog-lift:
assumes wf: wf-prog (AP C bd. A P C bd) P
and rule:
Nwf-md C M b Ts C T m bd.
wf-prog wf-md P —>
PF Csees Mb:Ts—T = min C =
set Ts C types P —=
bd = (M,b,Ts,T,m) =
APCb =
BPCb
shows wf-prog (AP C bd. B P C bd) P
lemma wjf-sees-clinit:
assumes wf:wf-prog wf-md P and ex: class P C = Some a
shows dm. P F C sees clinit,Static:[| — Void = m in C
proof —
from ez obtain D fs ms where a = (D,fs,ms) by(cases a)
then have sP: (C, D, fs, ms) € set P using ex map-of-SomeD|[of P C a] by(simp add: class-def)
then have wf-clinit ms using assms by (unfold wf-prog-def wf-cdecl-def, auto)
then obtain m where sm: (clinit, Static, [|, Void, m) € set ms by (meson wf-clinit-def)
then have P C sees clinit,Static:[] — Void = m in C
using mdecl-visible]OF wf sP sm] by simp
then show ?%thesis by (rule exl)
qed

lemma wf-sees-clinit1:
assumes wf:wf-prog wf-md P and ex: class P C' = Some a
and P+ C sees clinit,b:Ts — T = m in D
shows b = Static N Ts =[] AN T = Void N D= C
proof —
obtain m’ where sees: P = C sees clinit,Static:[] — Void = m’ in C
using wf-sees-clinit[OF wf ex] by clarify
then show ?thesis using sees wf by (meson assms(3) sees-method-fun)
qed

lemma wf-NonStatic-nclinit:
assumes wf: wf-prog wf-md P and meth: P & C sees M,NonStatic: Ts— T=(mzs,mal,ins,at) in D
shows M # clinit
proof —
from sees-method-is-class|OF meth] obtain a where cls: class P C = Some a
by (clarsimp simp: is-class-def)
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with wf wf-sees-clinit[OF wf cls)
obtain m where P F C sees clinit,Static:[|— Void=m in C by clarsimp
with meth show ?thesis by(auto dest: sees-method-fun)

qed

1.13.3 Well-formedness and field lookup

lemma wf-Fields-Fx:
assumes wf: wf-prog wf-md P and is-class P C
shows 3 FDTs. P = C has-fields FDTs

lemma has-fields-types:

[ Pt C has-fields FDTs; (FD,b,T) € set FDTs; wf-prog wf-md P | = is-type P T
lemma sees-field-is-type:

[ PE Csees Fb:T in D; wf-prog wf-md P | = is-type P T

lemma wf-syscls:
set SystemClasses C set P = wf-syscls P

1.13.4 Well-formedness and subclassing

lemma wf-subcls-nCls:
assumes wf: wf-prog wf-md P and ns: - is-class P C
shows [PFD=<*D'D#C]=D'#C
proof (induct rule: rtrancl.induct)
case (rtrancl-into-rtrancl a b c)
with ns show ?case by(clarsimp dest!: subcls1D wf-cdecl-supD[OF class-wf[OF - wf]])
qed(simp)

lemma wf-subcls-nCls":
assumes wf: wf-prog wf-md P and ns: —is-class P Cg
shows Acd D’. ¢d € set P = =P+ fst ed 3* Cy
proof —
fix cd D’ assume cd: cd € set P
then have cls: is-class P (fst c¢d) using class-exists-equiv is-class-def by blast
with wf-subcls-nCls|OF wf ns] ns show —P b fst cd <* Cy by(cases fst ¢d = D', auto)
qed

lemma wf-nclass-nsub:
[ wf-prog wf~-md P; is-class P C; —is-class P C' ] = —-P + C =* ('
by (rule notl, auto dest: wf-subcls-nCls[where C=C"'and D=C))

lemma wf-sys-zcpt-nsub-Start:
assumes wf: wf-prog wf-md P and ns: —is-class P Start and sz: C € sys-zcpts
shows —-P + C =<* Start
proof —
have Cns: C # Start using Start-nsys-xzcpts sz by clarsimp
show ?thesis using wf-subcls-nCls|OF wf ns - Cns] by auto
qed

end
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1.14 Weak well-formedness of Jinja programs

theory WWellForm imports ../ Common/ WellForm Ezpr begin

definition wwf-J-mdecl :: J-prog = cname = J-mb mdecl = bool
where
wwf-J-mdecl P C = \(M,b,Ts,T,(pns,body)).
length Ts = length pns N\ distinct pns A —sub-RI body A
(case b of
NonStatic = this ¢ set pns A fv body C {this} U set pns
| Static = fv body C set pns)

lemma wwf-J-mdecl-NonStatic[simp):

wwf-J-mdecl P C (M ,NonStatic,Ts,T ,pns,body) =

(length Ts = length pns A distinct pns A —sub-RI body A this & set pns A fo body C {this} U set pns)
lemma wwf-J-mdecl-Static[simp]:

wwf-J-mdecl P C (M,Static, Ts, T,pns,body) =

(length Ts = length pns N\ distinct pns A —sub-RI body N fv body C set pns)
abbreviation

wwf-J-prog :: J-prog = bool where

wwf-J-prog = wf-prog wwf-J-mdecl

lemma sees-wwf-nsub-RI:
[ wwf-J-prog P; P+ C sees M,b : Ts—T = (pns, body) in D | = —sub-RI body
end

1.15 Big Step Semantics

theory BigStep imports Ezpr State WWellForm begin

inductive
eval :: J-prog = expr = state = expr = state = bool
(- F((1(-/) =/ (1(-/-)) [61,0,0,0,0] 81)
and evals :: J-prog = expr list = state = expr list = state = bool
(= F ((£(/)) 21/ (1)) 151,0,0,0,0] 81)
for P :: J-prog
where

New:

[ sh C = Some (sfs, Done); new-Addr h = Some a;
P & C has-fields FDTs; h' = h(a—blank P C) |

= P+ (new C,(h,,sh)) = (addr a,(h’,l,sh))

| NewFail:
[ sh C = Some (sfs, Done); new-Addr h = None; is-class P C | =
Pt (new C, (h,,sh)) = (THROW OutOfMemory,(h,l,sh))

| Newlnit:
[ sfs. sh C = Some (sfs, Done); P = (INIT C ([C],False) + unit,(h,l,sh)) = (Val v’ ,(h",l';sh"));
new-Addr h' = Some a; P & C has-fields FDTs; h'" = h'(a—blank P C) |
= P+ (new C,(h,l,sh)) = (addr a,(h"l’;sh"))

| NewInitOOM:
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[ #sfs. sh C = Some (sfs, Done); P = (INIT C ([C],False) < unit,(h,l,sh)) = (Val v',(h",l",sh"));
new-Addr h' = None; is-class P C' |
= P F (new C,(h,l,sh)) = (THROW OutOfMemory,(h',l’;sh"))

| NewInitThrow:
[ #sfs. sh C = Some (sfs, Done); P = (INIT C ([C],False) < unit,(h,l,sh)) = (throw a,s");
is-class P C']
= P (new C,(h,l,sh)) = (throw a,s’)

| Cast:
[ PF {eso) = (addr a,(h,l,sh)); h a = Some(D,fs); P+ D =<* C']
= P+ (Cast C e,s0) = (addr a,(h,l,sh))

| CastNull:
P (es0) = (null,s1) =
P F (Cast C e,sp) = (null,s1)

| CastFail:
[ PF {eso)= (addr a,(h,l,sh)); h a = Some(D,fs); -~ P+ D =<* C']
= P (Cast C e,s9) = (THROW ClassCast,(h,l,sh))

| CastThrow:
P+ (e,s0) = (throw e';s1) =
P+ (Cast C e,sg) = (throw e’,s1)

| Val:
P F (Val v,s) = (Val v,s)

| BinOp:
[ PF {e1,50) = (Val v1,81); Pt {ea,81) = (Val va,82); binop(bop,v1,v2) = Some v |
= P {e; «bop» e3,80) = (Val v,s2)

| BinOpThrowl:
P+ (e1,80) = (throw e,s1) =
P F (e1 «bopy» ez, so) = (throw e,s1)

| BinOp Throw?2:
[ PFE {e1,80) = (Val v1,51); P F {ea,81) = (throw e,s2) |
= Pt {e; «bop» e3,80) = (throw e,ss)

| Var:
IV = Some v =
P E (Var V (h,,sh)) = (Val v,(h,l,sh))

| LAss:
[ P+ {eso) = (Val v,(h,l,sh)); I'=1(Vv) ]
= PF (V:i=e,s0) = (unit,(h,l’,sh))

| LAssThrow:
P F (e,s0) = (throw e';s1) =
P F (V:=e,s0) = (throw €’,s1)

| FAce:
[ PtE{eso) = (addr a,(h,l,sh)); h a = Some(C,fs);
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P+ C has F,NonStatic:t in D;
fs(F,D) = Some v |
= P (e:F{D},s0) = (Val v,(h,l,sh))

| FAceNull:
PF (es0) = (null,s1) =
P+ (e:F{D},s0) = (THROW NullPointer,sy)

| FAccThrow:
P+ (e,s0) = (throw e',s1) =
P+ {e-F{D},s9) = (throw e’,s1)

| FAccNone:
[ Pt {eso) = (addr a,(h,l,sh)); h a = Some(C,fs);
~(3bt. P+ Chas F,b:t in D) |
= P+ (e-F{D},s0) = (THROW NoSuchFieldError,(h,l,sh))

| FAccStatic:
[ Pt (eso) = (addr a,(h,l,sh)); h a = Some(C,fs);
P+ C has F,Static:t in D |
= Pt (e-F{D},s0) = (THROW IncompatibleClassChangeError,(h,l,sh))

| SFAce:
[ P+ C has F,Static:t in D;
sh D = Some (sfs,Done);
sfs F = Some v |
= P+ (C-sF{D},(h,l,sh)) = (Val v,(h,l,sh))

| SEAccInit:
[ P+ C has F,Static:t in D;
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B sfs. sh D = Some (sfs,Done); P\ (INIT D ([D],False) < unit,(h,l,sh)) = (Val v',(h',l;sh));

sh’ D = Some (sfs,i);
sfs F = Some v |
= P+ (C-sF{D},(h,l,sh)) = (Val v,(h',l’,sh"))

| SEAccInit Throw:
[ Pt C has F,Static:t in D;

B sfs. sh D = Some (sfs,Done); P = (INIT D ([D],False) < unit,(h,l,sh)) = (throw a,s’) ]

= P+ (C-sF{D},(h,,sh)) = (throw a,s")

| SEAccNone:
[~(3bt. P+ Chas F,b:it in D) |
= P+ (C-sF{D},s) = (THROW NoSuchF'ieldError,s)

| SEAccNonStatic:
[ P+ C has F,NonStatic:t in D |
= P+ (C-sF{D},s) = (THROW IncompatibleClassChangeError,s)

| FAss:
[ PtF {e1,50) = (addr a,s1); Pt (ea,81) = (Val v,(ha,l2,sh2));
ho a = Some(C,fs); P+ C has F,NonStatic:t in D;
fs' = fs((F,D)—v); hy! = ha(a—(C,fs")) ]
— P+ <€1'F{D}Z:€2,80> = (unit,(hg’,lg,sh2)>
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| FAssNull:
[ PF {e1,80) = (null,s1); Pt (ez,81) = (Val v,s2) | =
Pt {e1-F{D}:=eq,50) = (THROW NullPointer,ss)

| FAssThrow! :
P F {e1,80) = (throw e',s;) =
P+ (e;-F{D}:=e2,50) = (throw e’s1)

| FAssThrow?2:
[ PFE {e1,80) = (Val v,s1); P+ (e2,s1) = (throw e’,s3) |
= Pt (e;-F{D}:=eq,59) = (throw e’,s3)

| FAssNone:
[ Pt {(e1,5) = (addr a,s1); P F (ea,s1) = (Val v,(ha,la,sh2));
hy a = Some(C,fs); =(3b t. P+ C has F,b:t in D) |
= Pt (e;-F{D}:=ea,50) = (THROW NoSuchFieldError,(ha,l2,sha))

| FAssStatic:
[ PE({er,s0) = (addr a,s1); P+ (e2,51) = (Val v,(ha,l2,5h2));
ha a = Some(C.fs); P+ C has F,Static:t in D |
= Pt (e;-F{D}:=eq,50) = (THROW IncompatibleClassChangeError,(ha,la,sh2))

| SFAss:
[ P {e2s0) = (Val v,(h1,l1,sh1));
P+ C has F,Static:t in D;
shy D = Some(sfs,Done); sfs’ = sfs(Fr—v); sh1’ = shi(D—(sfs’,Done)) ]
= P+ (C-sF{D}:=ea,50) = (unit,(hy,l1,sh1"))

| SEAssInit:
[ P+ (e2,5) = (Val v,(h1,l1,5h1));
P+ C has F,Static:t in D;
P sfs. shy D = Some(sfs,Done); P = (INIT D ([D],False) < unit,(hy,l1,sh1)) = (Val v',(h',l’;sh"));
sh’ D = Some(sfs,i);
sfs’ = sfs(Fr—wv); sh’ = sh'(D—(sfs',i)) ]
= P (C-sF{D}:=eq,50) = (unit,(h’,l’;sh"))

| SEAssInit Throw:
[ PF {ea,50) = (Val v,(h1,l1,8h1));
P+ C has F,Static:t in D;
B sfs. shy D = Some(sfs,Done); P+ (INIT D ([D],False) < unit,(hq,l1,sh1)) = (throw a,s’) ]
= PF (C-sF{D}:=eq,50) = (throw a,s’)

| SEAssThrow:
Pt {ea,80) = (throw €’ sq)
= P+ (C-sF{D}:=e2,50) = (throw e’ s3)

| SEAssNone:
[ PtE {e3,5) = (Val v,(ha,la,sh2));
=(3bt. P+ C has F,b:t in D) |
= P+ (C-sF{D}:=e3,50) = (THROW NoSuchFieldError,(ha,la,sha))

| SEAssNonStatic:
[[ PE <62,80> = <VCl,l U,(h2712,8h2)>;
P+ C has F,NonStatic:t in D |
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= P+ (C-sF{D}:=ea,80) = (THROW IncompatibleClassChangeError,(ha,la,shs))

| CallObjThrow:
P (e,50) = (throw e’;s1) =
P {e-M(ps),s9) = (throw e’ s1)

| CallParamsThrow:
[ Pt {(eso) = (Val v,51); P+ (es,s1) [=] (map Val vs Q throw ex # es’,sa) |
= P (e:M(es),s0) = (throw ex,ss)

| CallNull:
[ PtE {eso) = (null,s1); PF (ps,s1) [=] (map Val vs,s2) |
= Pt (e:M(ps),s0) = (THROW NullPointer,ss)

| CallNone:
[ PtE{eso) = (addr a,s1); PF (ps,s1) [=] (map Val vs,(ha,l2,sha));
hy a = Some(C.fs); =(3b Ts Tm D. P+ C sees M,b:Ts—T = m in D) ]
= Pt (e:M(ps),s0) = (THROW NoSuchMethodError,(hg,ls,shs2))

| CallStatic:
[ PtE{eso) = (addr a,s1); PF (ps,s1) [=] (map Val vs,(ha,l2,sha));
hy a = Some(C.fs); P+ C sees M,Static:Ts—T = m in D ]
= P+ (e:M(ps),s0) = (THROW IncompatibleClassChangeError,(hs,la,shs))

| Call:
[ PtE{eso) = (addr a,s1); PF (ps,s1) [=] (map Val vs,(ha,l2,shs));
hy a = Some(C,fs); P+ C sees M,NonStatic: Ts— T = (pns,body) in D;
length vs = length pns; lo' = [this—Addr a, pns[—]vs];
P+ <b0dy,(h2,lgl75h2)> = <€/,(h37l375h3)> ]]
= P+ (e:M(ps),s0) = (e’,(h3,l2,8h3))

| SCallParamsThrow:
[ Pt {es,s0) [=] (map Val vs Q throw ex # es’,s2) |
= P+ (C-sM(es),s0) = (throw ex,ss)

| SCallNone:
[ Pt (ps,s0) [=] (map Val vs,s2);
=(3b Ts Tm D. P+ C sees M,b:Ts—T = m in D) |
= P+ (C-sM(ps),s0) = (THROW NoSuchMethodError,ss)

| SCallNonStatic:
[ Pt (ps,s0) [=] (map Val vs,s2);
P F C sees M,NonStatic:Ts—T = m in D |
= P+ (C-sM(ps),s0) = (THROW IncompatibleClassChangeError,ss)

| SCalllnit Throw:
[ P+ (ps,s0) [=] (map Val vs,(hy,l1,sh1));
P F C sees M,Static:Ts—T = (pns,body) in D;
B sfs. shy D = Some(sfs,Done); M # clinit;
P & (INIT D (|D],False) < unit,(h1,l1,8h1)) = (throw a,s’) ]
= P (C-sM(ps),s0) = (throw a,s’)

| SCalllnit:
[ PtF (ps,s0) [=] (map Val vs,(h1,l1,sh1));
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P+ C sees M,Static:Ts— T = (pns,body) in D;
B sfs. shy D = Some(sfs,Done); M # clinit;
P & (INIT D ([D],False) < unit,(hy,l1,sh1)) = (Val v',(ha,l2,sh2));
length vs = length pns; Iy’ = [pns[—]vs];
P+ (body,(ha,l2",sha)) = (€',(hs,l3,5h3)) ]
= P+ (C-sM(ps),s0) = (e',(hs,la,sh3))

| SCall:
[ P+ (ps,s0) [=] (map Val vs,(ha,l2,sh2));
P F C sees M,Static:Ts—T = (pns,body) in D;
sha D = Some(sfs,Done) V (M = clinit A sha D = Some(sfs,Processing));
length vs = length pns; Iy’ = [pns[—]vs];
P+ (body,(ha,l5",sh2)) = (€',(hs,l3,sh3)) |
= PF (C-sM(ps),s0) = (e',(hs,l2,sh3))

| Block:
P+ {eg,(ho,lo(V:=None),

sho)) = (e1,(h1,li,5h1)) =
P = {V:T; eo},(ho,lo,sho))

= (e1,(h1,l1(Vi=lo V),8h1))

| Seq:
[ PF {eg,80) = (Val v,s1); P+ (e1,51) = (e2,82) |
= P I (ep;;e1,80) = (e2,82)

| SeqThrow:
P+ {ep,s0) = (throw e,s1) =
P+ {ep;e1,80) = (throw e,s1)

| CondT:
[ PF {eso) = (true,si1); P {e1,81) = (e',82) |
= P (if (e) e1 else ez,80) = (e’,52

| CondF:
[ PFE {eso) = (false,s1); Pt {ea,81) = (e',82) |
= P+ (if (e) e else ea,50) = (e’,s9)

| CondThrow:
P E {e,s0) = (throw e';s1) =
P E (if (e) e1 else ea, s9) = (throw e’,s1)

| WhileF:
P F {e,s0) = (false,s1) =
P (while (e) ¢,s0) = (unit,s1)

| WhileT:
[ PF {eso) = (true,s1); P+ (c,s1) = (Val vi,s2); P+ (while (€) ¢,52) = (es3,83) |
= P I (while (e) c,s0) = (es,s3)

| WhileCondThrow:
P F {e,s0) = (throw e';s1) =
P+ (while (e) ¢,s9) = (throw e’ s1)

| WhileBodyThrow:
[ P+ (es0) = (true,s1); P F (¢,81) = (throw e’,s2)]
= P I (while (e) ¢,s0) = (throw e’,s2)
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| Throw:
P {(e,s0) = (addr a,s1) =
P+ (throw e,s0) = (Throw a,s1)

| ThrowNull:
P+ {e,s0) = (null,s;) =
P+ (throw e,s0) = (THROW NullPointer,s;)

| ThrowThrow:
P {e,s0) = (throw e',s1) =
P+ (throw e,sp) = (throw e’,s1)

| Try:
P+ (e1,5) = (Val v1,81) =
Pt {try e; catch(C V) ea,s0) = (Val vy1,s1)

| TryCatch:

[ PF (e1,50) = (Throw a,(hi,l1,sh1)); h1 a = Some(D.fs); P+ D <* C,

<€2 /7(h271273h2)> ﬂ
<€2 /,(hg,lg( VZ:ll V),8h2)>

P+ <62,(h1,11(v0—>Add’f' a),sh1)>

=
= Pt (try e; catch(C V) ea,s0) =

| TryThrow:

[ PF (e1,50) = (Throw a,(hi,l1,sh1)); h1 a = Some(D,fs); = P+ D =<* C]
= P (try e; catch(C V) ea,s0) = (Throw a,(hy,l1,5h1))

| NVil:
Pl [=] ({9

| Cons:

[ PE {es0) = (Val v,81); P {es;s1) [=] (es’,s2) ]

= P (e#es,s0) [=] (Val v # es’,s2)
| ConsThrow:

Pt (e, so) = (throw €', s1) =

P+ (ettes, so) [=] (throw e’ # es, s1)

— init rules

| InitFinal:

Pt (es) = (e s’y = Pk (INIT C (Nil,b) + e,s) = (e',s')

| InitNone:
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[ sh C = None; P& (INIT C' (C#Cs,False) < e,(h,l,sh(C + (sblank P C, Prepared)))) = (e';s") ]

= P (INIT C’ (C#Cs,False) < e,(h,l,sh)) = (e’,s")

| InitDone:

[ sh C = Some(sfs,Done); P+ (INIT C’ (Cs,True) < e,(h,l,sh)) = (e’,s") ]
= P+ (INIT C’ (C#Cs,False) < e,(h,l,sh)) = (e',s’

| InitProcessing:

[ sh C = Some(sfs,Processing); P+ (INIT C' (Cs,True) + e,(h,l,sh)) = (e’,;s") ]
= P+ (INIT C’ (C#Cs,False) < e,(h,l,sh)) = (e’,s")
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— note that RI will mark all classes in the list Cs with the Error flag
| InitError:
[ sh C = Some(sfs,Error);
F (RI (C, THROW NoClassDefFoundError);Cs < e,(h,l,sh)) = (e’,s") ]
= P+ (INIT C' (C#Cs,False) « e,(h,l,sh)) = (e',s")

| InitObject:
[ sh C = Some(sfs,Prepared);
C = Object;
sh’ = sh(C s (sfs,Processing));
P F (INIT C' (C#Cs,True) < e,(h,l,sh’)) = (e',s") ]
= P+ (INIT C’ (C#Cs,False) < e,(h,l,sh)) = (e’,s")

| InitNonObject:
[ sh C = Some(sfs,Prepared);
C # Object,;
class P C = Some (D,r);
sh’ = sh(C +— (sfs,Processing));
P+ (INIT C' (D#C#Cs,False) < e,(h,l,sh")) = (e',;s") ]
= P F (INIT C’' (C#Cs,False) < e,(h,l,sh)) = (e,s)

| InitRInit:
P F (RI (C,C-4clinit([]));Cs < e,(h,l,sh)) = (e',s")
= P+ (INIT C' (C#Cs,True) < e,(h,l,sh)) = (e’,s")

| RInit:
[ PFE(es) = (Val v, (bl ;sh"));
sh’ C = Some(sfs, i); sh” = sh'(C — (sfs, Done));
C' = last(C#Cs);
P+ (INIT C' (Cs,True) < e, (h',l';sh")) = (e1,81) ]
= P+ (RI (C,e));Cs < e,8) = (e1,81)

| RInitInitFail:
[ PFE(es)= (throw a, (h',l';sh"));
sh’ C = Some(sfs, i); sh' = sh'(C — (sfs, Error));
P+ (RI (D,throw a);Cs < e, (h',l';sh")) = (e1,51) ]
= P+ (RI (C,e);D#Cs + e,s) = {(e1,51)

| RInitFailFinal:
[ P+ (es) = (throw a, (h'l';sh"));
sh' C = Some(sfs, i); sh' = sh'/(C — (sfs, Error)) ]
= P+ (RI (C,e);Nil + e,s) = (throw a, (h',l’;sh”))

1.15.1 Final expressions

lemma eval-final: P+ (e,s) = (e',s") = final e’
and evals-final: P (es,s) [=] (es’,s") = finals es’

Only used later, in the small to big translation, but is already a good sanity check:

lemma eval-finalld: final e = P F (e,s) = (e,s)

lemma eval-final-same: [ P & {e,s) = (e',s); finale] = e=¢e' A s=3s'
lemma eval-finalsld:

assumes finals: finals es shows P = (es,s) [=] (es,s)
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lemma evals-finals-same:
assumes finals: finals es
shows P | (es,s) [=] (es',s) = es =es' As=s’
using finals
proof (induct es arbitrary: es’ type: list)
case Nil then show ?case using evals-cases(1) by blast
next
case (Cons e es)
have IH: A\es'. P F (es,s) [=] (es',s") = finals es = es = es’ A s = s’
and step: P b (e # es,s) [=] (es’,s’y and finals: finals (e # es) by fact+
then obtain e’ es” where es”: es’ = e'#es’ by (meson Cons.prems(1) evals-cases(2))
have fe: final e using finals not-finals-Consl by auto
show ?Zcase
proof(rule evals-cases(2)[OF step))
fix v s; esl assume esl: es’ = Val v # esl
and estep: P+ (e,s) = (Val v,s1) and esstep: P+ (es,s1) [=] (esl,s’)
then have e = Vul v using eval-final-same fe by auto
then have finals es using es’ not-finals-ConsI2 finals by blast
then show ?thesis using es’ IH estep esstep esl eval-final-same fe by blast
next
fix e’ assume esl: es’ = throw e’ # es and estep: P & (e,s) = (throw e’,s’)
then have e = throw e’ using eval-final-same fe by auto
then show ?thesis using es’ estep esl eval-final-same fe by blast
qed
qed

1.15.2 Property preservation

lemma evals-length: P+ (es,s) [=] (es’,s'y = length es = length es’
by (induct es arbitrary:es’ s s', auto elim: evals-cases)

corollary evals-empty: P+ {(es,s) [=] (es’;sy = (es = []) = (es’ = [])
by (drule evals-length, fastforce)

theorem eval-hext: P - (e,(h,l,sh)) = (e, (h',l';sh")) = h < b’
and evals-hext: P & (es,(h,l,sh)) [=] (es’,(h",l';sh")) = h < b’

lemma eval-lcl-incr: P+ (e,(ho,lo,sho)) = (€’,(h1,l1,8h1)) = dom ly C dom Iy
and evals-lcl-incr: P+ (es,(ho,lo,sho)) [=] (es’,(h1,l1,8h1)) = dom ly C dom Iy
lemma
shows init-ri-same-loc: P & (e,(h,l,sh)y = (e’,(h',l’,sh"))
= (AC CsbMa. e=INIT C (Cs,b) < unit V e= C-sM([]) V e = RI (C,Throw a) ; Cs < unit
V e = RI (C,C-sclinit(]])) ; Cs + unit
= 1=1
and P F (es,(h,l,sh)) [=] (es’,(h',l';sh")) = True
proof (induct rule: eval-evals-inducts)

case (RInitInitFail e h 1 sh o)

then show ?Zcase using eval-final[of - - - throw o]
by (fastforce dest: eval-final-same[of - Throw a))
next

case RInitFailFinal then show ?case by(auto dest: eval-final-same)
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qed(auto dest: evals-cases eval-cases(17) eval-final-same)

lemma init-same-loc: P = (INIT C (Cs,b) < unit,(h,l,sh)) = (e/,(h"l';sh")) = 1 =1
by (simp add: init-ri-same-loc)

lemma assumes wf: wwf-J-prog P

shows eval-proc-pres”s P = {e,(h,l,sh)) = (e’,(h",l';sh"))
= not-init C e = Jsfs. sh C = |(sfs, Processing)| = Jsfs’. sh’ C = |(sfs’, Processing)]
and evals-proc-pres”. P & (es,(h,l,sh)) [=] (es’,(h',l';sh"))
= not-inits C es = T sfs. sh C = |(sfs, Processing)| = I sfs’. sh’ C = |(sfs’, Processing)]

1.16 Definite assignment

theory DefAss imports BigStep begin

1.16.1 Hypersets

type-synonym ’a hyperset = 'a set option

definition hyperUn :: 'a hyperset = 'a hyperset = 'a hyperset (infixl <Ly 65)
where
AU B = case A of None = None
| |A] = (case B of None = None | |B] = |A U B])

definition hyperInt :: 'a hyperset = 'a hyperset = 'a hyperset (infixl <7 70)
where
AN B = case A of None = B
| |lA] = (case B of None = |A] | |B] = |A N B))

definition hyperDiff1 :: 'a hyperset = 'a = 'a hyperset (infixl (&) 65)
where
A6 a = case A of None = None | |A] = |A — {a}]

definition hyper-isin :: ‘a = 'a hyperset = bool (infix <€€) 50)
where
a €€ A = case A of None = True | |[A] = a€ A

definition hyper-subset :: ‘a hyperset = 'a hyperset = bool (infix <) 50)
where

A C B = case B of None = True

| | B] = (case A of None = Fualse | |A] = A C B)

lemmas hyperset-defs =

hyperUn-def hyperInt-def hyperDiff1-def hyper-isin-def hyper-subset-def
lemma [simp]: [{}] UA=A AN AU |{}] =4
lemma [simp]: |A] U |B| = |[AU B| A |A] © a= |4 — {a}]
lemma [simp]: None U A = None A A U None = None
lemma [simp]: a €€ None A None & a = None
lemma hyper-isin-union: x €€ |A| = z €€ |A| U B

by (case-tac B, auto simp: hyper-isin-def)
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lemma hyperUn-assoc: (AU B)U C =AU (BUCQ)
lemma hyper-insert-comm: A U |{a}| = |{a}] U AN AU (|[{a}] U B) =
lemma hyper-comm: AUB=BUAANAUBUC=BUAUC

1.16.2 Definite assignment

primrec

A ::'a exp = 'a hyperset

and As :: 'a exp list = ’a hyperset
where

A (new C) = [{}]
(Cast Ce) = Ae
(Val v) = [{}]
(61 «bop» 62) =Ae UA e
(Var V) = [{}]
(LAss Ve)=|{V}]UAe
(e.F{D})=Ae
(C-F{D}) = {})
(61 F{D} —62) Ael UA e
(C-sF{D}:=e3) = A e9
(eM(es)) = A el Ases
(C-sM(es)) = As es
{V:T;e})=Aes V
(61,,62) Ae UA e
(if (e) e1 else ea) = Ael (Aer M A eg)
(while (b) ) = A b
(throw €) = None
(try e1 catch(C V) es) = Aei N (Aex s V)
(INIT € (C5b) = o) = I{})
(RI (Cie);Cs + e)=Ae

o 1111111111111111111

vV

() = {3
s (e#es) = A el As es

primrec
D :: 'a exp = 'a hyperset = bool
and Ds :: 'a exp list = 'a hyperset = bool
where
D (new C) A = True
Cast Ce) A=De A
Val v) A = True
e1 «bopy e2) A= (D eyt AND ex (AU A e1))
Var V) A = (V €€ A)
LAss Ve)A=DeA
eeF{D}) A=DeA
C-sF{D}) A = True
61-F{D}Z=€2) A= (D e1r AND ey (A A 61))
C-sF{D}:=e3) A=D e A
eM(es)) A= (D eAANDses (AU Ae))
C-sM(es)) A =Dses A
{V:T;e}) A=De(AB V)
e1e2) A=(D et AND es (AU A 7))
if (e) ey else ex) A=
eANDe (AUAe)ADex (AU Ae)

SOUNDUUDYYN YYD

{a}] U

(AU B)
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| D (while (e) ¢) A= (D eAANDc(AUAe)

| D (throwe) A=D e A

| D (try e1 catch(C V) ea) A= (D eg AND ex (AU [{V}]))
|D(INITO(Csb) e)A=DeA

| D (RI (Che);Cs<e)A=(DeANDe A

| Ds ([]) A = True

| Ds (e#tes) A= (D eANDses (AU Ae))

lemma As-map-Val[simp]: As (map Val vs) = [{}]
lemma D-append[iff]: NA. Ds (es Q es”) A = (Dses AN Dses’ (AU As es))

lemma A-fu: N A. Ae=|A] = AC fve
and AA. Ases=|[A] = A C fuses

lemma sqUn-lem: AC A'’=— AU BLC A'UB
lemma diff-lem: AC A= Ao bC A'S b

lemma D-mono: NA A AC A'= D e A= D (e::'a exp) A’
and Ds-mono: NA A" AC A’ = Ds es A = Ds (es::'a exp list) A’

lemma D-mono: D e A= AC A’ = Dec A’
and Ds-mono” Ds es A = AC A’ => Dses A’

lemma Ds-Vals: Ds (map Val vs) A by(induct vs, auto)

end

1.17 Conformance Relations for Type Soundness Proofs

theory Conform
imports Fxceptions
begin

definition conf :: 'm prog = heap = val = ty = bool (s-,-F -:< - [51,51,51,51] 50)
where

Phtov<T =

3T’ typeof, v = Some T"N P+ T'< T

definition oconf :: 'm prog = heap = obj = bool (¢-,-+ - /> [51,51,51] 50)
where

P.htobj =

let (C,fs) = objin VF D T. P+ C has F,NonStatic:T in D —

(Fwv. fs(F,D) = Some v A P,h - v:<T)

definition soconf :: 'm prog = heap = cname = sfields = bool («-,-,- b4 - /> [51,51,51,51] 50)
where

P.h,C ks sfs/ =

VFT. PF Chas F,Static:T in C —

(Fv. sfs F = Somev A Phtkv:<T)

definition hconf :: 'm prog = heap = bool («-+ - /> [51,51] 50)
where
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PHhy =
(Va obj. h a = Some obj — P,h = obj /) A preallocated h

definition shconf :: 'm prog = heap = sheap = bool («-,- 5 -+/> [51,51,51] 50)
where

Phtsshy =

(V C sfs i. sh C = Some(sfs,i) — P,h,C g sfs /)
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definition lconf :: 'm prog = heap = (vname — wal) = (vname — ty) = bool (¢-,-F -'(:<') -

(51,51,51,51] 50)

where
Phtl(:L)FE =
VVolV=8Smev— (3T.EV =Some T A Phtv:<T)

abbreviation
confs :: 'm prog = heap = wal list = ty list = bool
(¢-- F - [:<] - [51,51,51,51] 50) where
P.ht vs [:<] Ts = list-all2 (conf P h) vs Ts

1.17.1 Value conformance :<

lemma conf-Null [simp]: P,h = Null . < T = P NT < T
lemma typeof-conf[simpl: typeofy, v = Some T = P,h - v:< T
lemma typeof-lit-conf[simp]: typeof v = Some T — Pht v:< T
lemma defval-conf[simp]: P,h + default-val T :< T

lemma conf-upd-obj: h a = Some(C,fs) = (P,h(a—(C,fs"))
lemma conf-widen: Pht v:< T = P+ T < T' = Pht
lemma conf-hext: h <h' = Phtv:< T = Ph'F0v:<T
lemma conf-ClassD: P,h F v :< Class C =

z:<T)=(Phtz:<T)
v:< T/

v=NullV (3aobj T.v= Addr a A h a = Some obj A obj-ty obj = T AN P+ T < Class C)

lemma conf-NT [iff]: P,h b v :< NT = (v = Null)
lemma non-npD: [ v # Null; P,h - v :< Class C' ]
= Ja C' fs.v=Addr a A h a = Some(C',fs) NP+ C'=<* C

1.17.2 Value list conformance [:<]

lemma confs-widens [trans]: [P,h F vs ;<] Ts; P+ Ts [<] Ts'] = P,h b vs [:<] Ts'
lemma confs-rev: P,h b revs (<] t = (P,hF s [:<] rev t)
lemma confs-conv-map:

NTs’. P,h = vs [:<] Ts" = (3 Ts. map typeof, vs = map Some Ts AN P+ Ts [<] Ts')
lemma confs-hext: Phtb vs (<] Ts = h < h' = P,h'+ vs [:<] Ts

lemma confs-Cons2: P.h b xs [:<] y#ys = (3z zs. 2s = z#2s N P,h b 2:< y A Ph b zs [:<] ys)

1.17.3 Object conformance

lemma oconf-hext: P,h + obj / = h < b/ = P,h'F obj v/
lemma oconf-blank:
P+ C has-fields FDTs = P,h & blank P C +/
lemma oconf-fupd [intro?):
[ P+ C has F,NonStatic:T in D; P.h = v :< T; P,h+ (C.fs) /]
= P,ht (C, fs((F,D)—v)) /

1.17.4 Static object conformance
lemma soconf-hext: P,h,C t5 obj v/ = h I h/ = P,L',C 5 obj v/
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lemma soconf-sblank:

P+ C has-fields FDTs = P,h,C 4 sblank P C /

lemma soconf-fupd [intro?):
[ PE C has F,Static:T in C; P,h - v :< T; Ph,C b sfs /]
= P,h,C F; sfs(F—wv) /

1.17.5 Heap conformance

lemma hconfD: [ P+ h \/; h a = Some obj | = P,h I obj /
lemma hconf-new: [ P+ h \/; h a = None; P,h + obj /] = P+ h(a—o0bj) v/
lemma hconf-upd-obj: [ P+ hy/; h a = Some(C,fs); P,h b (C,fs")/ ] = P F h(a—(C,fs")/

1.17.6 Class statics conformance

lemma shconfD: [ P,h b4 sh /; sh C = Some(sfs,i) | = P,h,C bs sfs /

lemma shconf-upd-obj: [ P,h b sh «/; P,h,C b4 sfs’ v/ ]

= P,h by sh(C—(sfs',i")y/

lemma shconf-hnew: [ P,h by sh v/; h a = None | = P,h(a—obj) k5 sh /

lemma shconf-hupd-obj: [ P,h ts sh /; b a = Some(C.fs) | = P,h(a—(C,fs") Fs sh y/

1.17.7 Local variable conformance

lemma lconf-hext: [ Pht1(:<) E; h Qb ] = PA'FI(L)E
lemma Iconf-upd:
[PhFI(L)E; PhFv:<T,EV =8meT]= Pht (Vv (L<)E
lemma lconf-empty[iff]: P,h = Map.empty (:<) E
lemma lconf-upd2: [P,h b1 (:<) E; Phtv:< T] = PhFk (Vo) (L) E(V—T)

end

1.18 Small Step Semantics

theory SmallStep
imports Ezpr State WWellForm
begin

fun blocks :: vname list x ty list x val list x expr = expr

where

blocks(V# Vs, T#Ts, vtvs, e) = {V:T := Val v; blocks( Vs, Ts,vs,e)}
|bl00k8([]7[]7[]ﬂe) =€

lemmas blocks-induct = blocks.induct[split-format (complete))

lemma [simp]:
[ size vs = size Vs; size Ts = size Vs | = fu(blocks(Vs, Ts,vs,e)) = fv e — set Vs

lemma sub-RI-blocks-bodyliff]: length vs = length pns = length Ts = length pns
= sub-RI (blocks (pns, Ts, vs, body)) +— sub-RI body
proof (induct pns arbitrary: Ts vs)
case Nil then show ?case by simp
next
case Cons then show ?Zcase by(cases vs; cases Ts) auto
qed
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definition assigned :: ‘a = 'a exp = bool
where
assigned Ve = Fve'. e= (V := Val v;; €)

— expression is okay to go the right side of INIT or RI + or to have indicator Boolean be True (in
latter case, given that class is also verified initialized)

fun icheck :: 'm prog = cname = 'a exp = bool where

icheck P C' (new C) = (C' = () |

icheck P D' (C-sF{D}) = (D'=D) A (3T. P+ C has F,Static:T in D)) |

icheck P D' (C-sF{D}:=(Val v)) = (D'= D) A (3T. Pt C has F,Static:T in D)) |

icheck P D (C-sM(es)) = ((Fvs. es = map Val vs) A (3Ts T m. P+ C sees M,Static:Ts—T = m in

D)) |
icheck P - - = Fualse

lemma nicheck-SFAss-nonVal: val-of ea = None = —icheck P C' (C-sF{D} := (ea::'a exp))
by (rule notl, cases es, auto)

inductive-set
red :: J-prog = ((expr x state X bool) x (expr x state x bool)) set
and reds :: J-prog = ((expr list X state x bool) x (expr list X state x bool)) set
and red’ :: J-prog = expr = state = bool = expr = state = bool = bool
(<' + ((1 <'v/'7/'>) _>/ (1<_7/_’/_>))) [51’07070’07070] 81)
and reds’ :: J-prog = expr list = state = bool = expr list = state = bool = bool
(- B ((1(-/-/-) [=1) (1(-/-/-)» 151,0,0,0,0,0,0] 81)
for P :: J-prog
where

P {es,b) — (e's"b") = ((e,s,b), €',s",b") € red P
| P {(es,s,b) [—] (es’,s',b") = ((es,s,b), es’;s’,b") € reds P

| RedNew:
[ new-Addr h = Some a; P & C has-fields FDTs; h' = h(a—blank P C) |
= P+ (new C, (h,l,sh), True) — (addr a, (h’,l,sh), False)

| RedNewFuail:
[ new-Addr h = None; is-class P C' | =
Pt (new C, (h,,sh), True) — (THROW OutOfMemory, (h,l,sh), False)

| NewlInitDoneRed:
sh C = Some (sfs, Done) =
Pt {new C, (h,,sh), False) — (new C, (h,l,sh), True)

| NewlInitRed:
[ sfs. sh C = Some (sfs, Done); is-class P C'|
= P (new C,(h,l,sh),False) — (INIT C ([C],False) < new C,(h,l,sh),False)

| CastRed:
Pt (es,b) — (e';s ’,b'
F (Cast C e, s, b) — (Cast C ¢’, s', b')

| RedCastNull:
F (Cast C null, s, b) — {(null,s,b)
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| RedCast:
[ ha = Some(D,fs); P+ D =<* C]
= P (Cast C (addr a), (h,l,sh), b) — (addr a, (h,l,sh), b)

| RedCastFuail:
[ ha = Some(D,fs); -~ P+ D =* C]
= P+ (Cast C (addr a), (h,l,sh), b) — (THROW ClassCast, (h,l,sh), b)

| BinOpRed1:
P (es,b) — (e/,s",by =
P E (e «bop» ea, s, b) — (e’ «bop» ea, s', b’)

| BinOpRed?2:
P (es,b) — (e/,s",b)y =
P E {((Val v1) «bopy» e, s, b) — ((Val vy) «bop» e’, s’, b

| RedBinOp:
binop(bop,v1,v2) = Some v =>
P F {(Val v1) «bop» (Val va), s, b) — (Val v,s,b)

| RedVar:
LV = Some v =
P+ (Var V (h,l,sh),b) — (Val v,(h,l,sh),b)

| LAssRed:
Pk (es,b) — (e/,s",by =
PE{(Vi=es,b) = (Vi=e/,s'b")

| RedLAss:
P (V:=(Val v), (h,l,sh), by — (unit, (h,l(V>v),sh), b)

| FAccRed:
P {es,b)y = (e's"0)y =
Pt (eF{D}, s, b) = (e"-F{D}, s', b')

| RedFAcc:
[ ha = Some(C,fs); fs(F,D) = Some v;
P+ C has F,NonStatic:t in D |
= P {((addr a)-F{D}, (h,l,sh), b) — (Val v,(h,l,sh),b)

| RedFAccNull:
P b (null-F{D}, s, b) — (THROW NullPointer, s, b)

| RedFAccNone:
[ ha= Some(C.fs); =(3bt. P+ C has F,b:t in D) |
= P ((addr a)-F{D},(h,l,sh),b) — (THROW NoSuchFieldError,(h,l,sh),b)

| RedFAccStatic:
[ ha = Some(C.fs); P+ C has F,Static:t in D ]
= P+ {((addr a)-F{D},(h,l,sh),b) — (THROW IncompatibleClassChangeError,(h,l,sh),b)

| RedSFAcc:
[ Pt C has F,Static:t in D;
sh D = Some (sfs,i);
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sfs F = Some v |
= P+ (C-sF{D},(h,l,sh), True) — (Val v,(h,l,sh),False)

| SFAccInitDoneRed:
[ Pt C has F,Static:t in D;
sh D = Some (sfs,Done) |
= P+ (C-sF{D},(h,l,sh),False) — (C-sF{D},(h,l,sh), True)

| SFAccInitRed:
[ Pt C has F,Static:t in D;
B sfs. sh D = Some (sfs,Done) |
= P+ (C-sF{D},(h,l,sh),False) — (INIT D ([D],False) < C-sF{D},(h,l,sh),False)

| RedSFAccNone:
~@3bt. PF C has Fb:t in D)
= P+ (C-sF{D},(h,,sh),b) = (THROW NoSuchFieldError,(h,l,sh),False)

| RedSFAccNonStatic:
P+ C has F,NonStatic:t in D
= P+ (C-sF{D},(h,,sh),b) — (THROW IncompatibleClassChangeError,(h,l,sh),False)

| FAssRed1:
P+ (es,b) — (e's'b) =
PF (eF{D}:=eq, s, b) — (e"F{D}:=ey, s', b")

| FAssRed2:
P {es,b) = (e',s0) =
P+ (Val v-F{D}:=e, s, b) — (Val v-F{D}:=¢’, s, b')

| RedFAss:
[ P+ C has F,NonStatic:t in D; h a = Some(C.fs) | =
P+ {(addr a)-F{D}:=(Val v), (h,l,sh), by — (unit, (h(a — (C,fs((F,D) — v))),l,sh), b)

| RedFAssNull:
P+ (null-F{D}:=Val v, s, by — (THROW NullPointer, s, b)

| RedFAssNone:
[ ha= Some(C,fs); =(3bt. P+ C has F,b:t in D) ]
= P+ {((addr a)-F{D}:=(Val v),(h,l,sh),b) — (THROW NoSuchFieldError,(h,l,sh),b)

| RedFAssStatic:
[ ha = Some(C.fs); P+ C has F,Static:t in D |
= P+ ((addr a)-F{D}:=(Val v),(h,l,sh),b) — (THROW IncompatibleClassChangeError,(h,l,sh),b)

| SEAssRed:
P+ (es,b) — (e/;s'b)y =
P+ (C-sF{D}:=e, s, b) — (C-sF{D}:=¢’, s/, b’)

| RedSFAss:
[ P+ C has F,Static:t in D;
sh D = Some(sfs,7);
sfs’ = sfs(F—wv); sh’ = sh(D—(sfs’,i)) ]
= P+ (C-sF{D}:=(Val v),(h,l,sh), True) — (unit,(h,l,sh’),False)
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| SEAssInitDoneRed:
[ P+ C has F,Static:t in D;
sh D = Some(sfs,Done) |
= P F (C-sF{D}:=(Val v),(h,l,sh),False) — (C-sF{D}:=(Val v),(h,l,sh), True)

| SEAssInitRed:
[ P+ C has F,Static:t in D;
B sfs. sh D = Some(sfs,Done) |
= P+ (C-sF{D}:=(Valv),(h,l,sh),False) — (INIT D ([D],False)<— C-sF{D}:=(Val v),(h,l,sh),False)

| RedSFAssNone:
=(3bt. P+ C has F,b:t in D)
= P+ (C-sF{D}:=(Val v),s,b) - (THROW NoSuchFieldError,s,False)

| RedSFAssNonStatic:
P+ C has F,NonStatic:t in D
= P+ (C-sF{D}:=(Val v),s,b) — (THROW IncompatibleClassChangeError,s,False)

| CallObj:
P (es,b) — (e/,s",by =
P F {(e-M(es),s,b) — (e’~M(es),s’,b")

| CallParams:
P F (es,s,b) [—] (es’;s' by =
P+ {((Val v)-M(es),s,b) — ((Val v)-M(es’),s’,b’)

| RedCall:

[ ha= Some(C,fs); P+ C sees M,NonStatic:Ts— T = (pns,body) in D; size vs = size pns; size Ts
= size pns |

= P+ ((addr a)-M(map Val vs), (h,l,sh), b) — (blocks(this#pns, Class D#Ts, Addr a#vs, body),
(h,l,sh), b)

| RedCallNull:
P+ (null-M(map Val vs),s,b) — (THROW NullPointer,s,b)

| RedCallNone:
[ ha= Some(C.fs); =(3b Ts Tm D. Pt C sees M,b:Ts—T = m in D) ]
= P+ {((addr a)-M(map Val vs),(h,l,sh),b) — (THROW NoSuchMethodError,(h,l,sh),b)

| RedCallStatic:
[ ha = Some(C,fs); P+ C sees M,Static:Ts—T = m in D ]
= P+ ((addr a)-M(map Val vs),(h,l,sh),b) — (THROW IncompatibleClassChangeError,(h,l,sh),b)

| SCallParams:
P F (es,s,b) [—] {es’;s' by =
P (C-sM(es),s,b) — (C-sM(es’),s’,b")

| RedSCall:
[ PE C sees M,Static:Ts—T = (pns,body) in D;
length vs = length pns; size Ts = size pns |
= P+ (C-sM(map Val vs),s,True) — (blocks(pns, Ts, vs, body), s, False)

| SCalllnitDoneRed:
[ PE C sees M,Static:Ts—T = (pns,body) in D;
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sh D = Some(sfs,Done) V (M = clinit A sh D = Some(sfs,Processing)) |
= P+ (C-sM(map Val vs),(h,l,sh), False) — (C-sM(map Val vs),(h,l,sh), True)

| SCalllnitRed:
[ Pt C sees M,Static:Ts—T = (pns,body) in D;
B sfs. sh D = Some(sfs,Done); M # clinit ]
= P+ (C-sM(map Val vs),(h,l,sh), False) — (INIT D ([D],False) < C-sM(map Val vs),(h,l,sh),False)

| RedSCallNone:
[ ~(3bTs TmD. P+ C sees M,b:Ts—T = m in D) |
= P+ (C-sM(map Val vs),s,b) — (THROW NoSuchMethodError,s,False)

| RedSCallNonStatic:
[ P+ C sees M,NonStatic:Ts—T = m in D |
= P+ (C-sM(map Val vs),s,b) — (THROW IncompatibleClassChangeError,s,False)

| BlockRedNone:
[ Pt (e (hI(V:=None),sh), by — (e, (h',l';sh’), b"); I V = None; = assigned V e ]
= P+ ({V:T; e}, (hd,sh), b) = {V:T; e}, (W, I(V :=1V),sh’), b’

| BlockRedSome:
[ Pt {e (hI(V:=None),sh), by = (e, (h',l';sh’), b"); I’ V = Some v;— assigned V e ]
= P+ ({V:T; e}, (hdssh), b) = {V:T := Val v; €'}, (W, I'(V :=1V),sh’), b

| InitBlockRed:
[ PtE{e (hI(Viv),sh), b) — (e, (hl';sh’), b"); I' V = Some v’ ]
= P+ ({V:T := Valv; e}, (hl,sh), b) — {V:T := Val v’y '}, (W, I(V :=1V),sh"), b')

| RedBlock:
P {V:T; Val u}, s, b) — (Val u, s, b)

| RedInitBlock:
PE {V:T := Val v; Val u}, s, by — (Val u, s, b)

| SeqRed:
P+ (es,b) — (e/,s',b) =
PE (eea, 5, b) = (€62, s/, b)

| RedSeq:
P F {(Val v);;eq, s, b) — (ea, s, b)

| CondRed:
P {es,b) = (¢80 =
P E (if (e) e1 else ea, s, b) — (if (e') ey else eq, s, b

| RedCondT:
P F (if (true) ey else ez, s, by — (e1, s, b)

| RedCondF:
P+ (if (false) ey else ea, s, b) — (ea, s, b)

| Red While:
P+ (while(d) ¢, s, by — (if (b) (c;;while(db) ¢) else unit, s, b’)
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| ThrowRed:
PF (es,b) — (e/,8",0) =
P+ (throw e, s, b) — (throw €', s’, b')

| RedThrowNull:
P b {(throw null, s, b) — (THROW NullPointer, s, b)

| TryRed:
P (es,b) — (e/,s",b)y =
P E {try e catch(C V) eq, s, b) — (try e’ catch(C V) eq, s', b')

| RedTry:
P F {try (Val v) catch(C V) eq, s, by — (Val v, s, b)

| RedTryCatch:
[ hp s a = Some(D,fs); P+ D <* C']
= Pt (try (Throw a) catch(C V) ez, s, b) — ({V:Class C := addr a; e}, s, b)

| RedTryFail:
[ hp s a = Some(D,fs); = P+ D <* C]
= P (try (Throw a) catch(C V) eq, s, b) — (Throw a, s, b)

| ListRed?:
PF (es,b) — (e',s"0) =
P b (eftes,s,b) [—] (e'#es,s’,b)

| ListRed2:
P F {(es,s,b) [=] (es’,s",b)) =
PF (Val v # es,s,b) [—=] (Val v # es’,s’,b’)

— Initialization procedure

| RedInit:
—sub-RI e = P+ (INIT C (Nil,b) < e,s,b") — (e,s,icheck P C e)

| InitNoneRed:

sh C'= None

= P (INIT C' (C#Cs,False) + e,(h,l,sh),b) — (INIT C' (C#Cs,False) < e,(h,l,sh(C — (sblank
P C, Prepared))),b)

| RedInitDone:
sh C' = Some(sfs,Done)
= P+ (INIT C' (C#Cs,False) < e,(h,l,sh),by — (INIT C' (Cs,True) + e,(h,l,sh),b)

| RedInitProcessing:
sh C = Some(sfs,Processing)
= P F (INIT C' (C#Cs,Fulse) < e,(h,l,sh),by — (INIT C' (Cs,True) < e,(h,l,sh),b)

| RedInitError:

sh C = Some(sfs,Error)

= P+ (INIT C’ (C#Cs,False) < e,(h,l,sh),b) — (RI (C,THROW NoClassDefFoundError);Cs
« e,(h,l,sh),b)

| InitObjectRed:
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[ sh C = Some(sfs,Prepared);
C = Object;
sh’ = sh(C > (sfs,Processing)) |
= P F (INIT C' (C#Cs,False) < e,(h,l,sh),b) — (INIT C' (C#Cs,True) < e,(h,l,sh’),b)

| InitNonObjectSuperRed:
[ sh C = Some(sfs,Prepared);
C # Object;
class P C = Some (D,r);
sh’ = sh(C +— (sfs,Processing)) |
= P+ (INIT C’ (C#Cs,False) < e,(h,l,sh),b) — (INIT C' (D#C+#Cs,False) < e,(h,l,sh’),b)

| RedInitRInit:
P+ (INIT C' (C#Cs,True) < e,(h,l,sh),b) — (RI (C,C-sclinit(]]));Cs < e,(h,l,sh),b)

| RInitRed:
Pt (es,b) — (e,s"b) =
P+ (RI (C,e);Cs « eq, s, by = (RI (C,e);Cs + eq, s, b')

| RedRInit:
[ sh C = Some (sfs, i);
sh’ = sh(C — (sfs,Done));
C' = last(C#Cs) | =
PHF(RI (C, Val v);Cs + e, (h,l,sh), by — (INIT C’ (Cs,True) < e, (h,l,sh’), b)

— Exception propagation

| CastThrow: P & (Cast C (throw e), s, b) — (throw e, s, b)
| BinOpThrowl: P {(throw e) «bop» ez, s, b) — (throw e, s, b)
| BinOpThrow2: Pt ((Val vi) «bop» (throw e), s, b) — (throw e, s, b)
| LAssThrow: P+ (V:=(throw e), s, b) — (throw e, s, b)
| FAccThrow: P+ ((throw e)-F{D}, s, b) — (throw e, s, b)
| FAssThrowl: P & {((throw e)-F{D}:=e3, s, b) — (throw e, s, b)
| FAssThrow2: P+ (Val v-F{D}:=(throw e), s, b) — (throw e, s, b)
| SEAssThrow: P = (C-sF{D}:=(throw e), s, b) — (throw e, s, b)
| CallThrowObj: P & {(throw e)-M(es), s, b) — (throw e, s, b)
| CallThrowParams: [ es = map Val vs Q throw e # es’ | = P F ((Val v)-M(es), s, b) — (throw e,
s, b)
| SCallThrowParams: [ es = map Val vs Q throw e # es’] = P+ (C-sM(es), s, b) — (throw e, s,
)
| BlockThrow: P+ ({V:T; Throw a}, s, b) — (Throw a, s, b)
| InitBlockThrow: P+ ({V:T := Val v; Throw a}, s, b) — (Throw a, s, b)
| SeqThrow: P {(throw e);;ea, s, by — (throw e, s, b)
| CondThrow: P+ (if (throw e) ey else ea, s, b) — (throw e, s, b)
| ThrowThrow: P+ (throw(throw e), s, b) — (throw e, s, b)
| RInitInitThrow: [ sh C = Some(sfs,i); sh’ = sh(C > (sfs,Error)) | =
F (RI (C,Throw a);D#Cs + e,(h,l,sh),b) — (RI (D,Throw a);Cs < e,(h,l,sh’),b)

| RInitThrow: | sh C' = Some(sfs, ©); sh’ = sh(C — (sfs,Error)) | =

P+ (RI (C,Throw a);Nil < e,(h,l,sh),by — (Throw a,(h,l,sh’),b)

1.18.1 The reflexive transitive closure

abbreviation
Step :: J-prog = expr = state = bool = expr = state = bool = bool
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(- ((2(-

/=) =
where P (e,s,b) —x (e’

/ (1{~,/~/-))) [51,0,0,0,0,0,0] 81)
— s’ ((e,s

,b), e’,s",b") € (red P)*

abbreviation
Steps :: J-prog = expr list = state = = expr list = state = bool = bool
/-

bool =
(<' = ((1<'7/'7/'>) [ } / ( < ’ ’/ >)) [51’0,0707070’0] 81)
where P+ (es,s,b) [—]x (es’;s’,b) = ((es,s,b), es’;s’.b’) € (reds P)*

lemmas converse-rtrancl-inductd =
converse-rtrancl-induct [of (az, ay, az) (bx, by, bz), split-format (complete),
consumes 1, case-names refl step)

lemma converse-rtrancl-induct-red[consumes 1]:
assumes P b (e,(h,l,sh),b) == (e’,(h',l’;sh’),b")
and Aehlshb. Rehlshbehlshbd
and /\60 ho lo Sho bo el h1 ll Shl bl e’ 'l sh’' b
[[P F <60,(h0,lo,8h0),b0> — <61,(h17l175h1),b1>; R €1 h1 ll Shl b1 8’ h'l’ Sh/ b/]]
= R ey hg ly sho b e’ h' 1" sh’ b’
shows Rehlshbe h'l' sh’b'

1.18.2 Some easy lemmas

lemma [iff]: = P F ([],s,b) [=] {es’,s’,b)

lemma [iff]: = P F (Val v,8,b) — (e’,s,b)

lemma val-no-step: val-of e = |v] = = P F (e,s,b) — (e',s,b)
lemma [iff]: = P+ (Throw a,s,b) — (e’,s’,b")

lemma map-Vals-no-step [iff]: = P & (map Val vs,s,b) [—=] (es’;s’,b")
lemma vals-no-step: map-vals-of es = |vs| = = P F (es,s,b) [—] (es’,s',b")
lemma vals-throw-no-step [iff]: = P F (map Val vs Q@ Throw a # es,s,b) [—] (es’,s’,b")
lemma lass-val-of-red:
[ lass-val-of e = |a]; P+ {e,(h, I, sh),b) — (e',(h’, I, sh),b") ]
= e/ =unit ANh'=h Al =I(fst a—snd a) AN sh' = sh A b=1'

lemma final-no-step [iff]: final e = = P F (e,s,b) — (e’,s",b")
lemma finals-no-step [iff]: finals es = = P F (es,s,b) [—] (es’,s',b")
lemma reds-final-same:
PF (es,b) —x (e/s'b) = finale = e=€e' ANs=s"ANb=1b
proof (induct rule:converse-rtrancl-induct3)
case refl show ?case by simp
next
case (step e0 s0 b0 el s1 bl) show ?case
proof (rule finalE[OF step.prems(1)])
fix v assume e = Val v then show ?thesis using step by simp
next
fix a assume e0 = Throw a then show ?thesis using step by simp
qed
qed

lemma reds-throw:
P F (es,b) = (es" by = (\er. throw-of e = |e;] = T e'. throw-of e’ = |e;’])
proof (induct rule:converse-rtrancl-induct3)

case refl then show ?case by simp
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next

case (step e0 s0 b0 el s1 b1)

then show Zcase by(auto elim: red.cases)
qed

lemma red-hext-incr: P+ (e,(h,l,sh),b) — (e’ ,(h',l';sh’),b") =— h < K’
and reds-hext-incr: P = (es,(h,l,sh),b) [—] (es’,(h',l';sh"),b") = h < K’

lemma red-lcl-incr: P+ (e,(ho,lo,sho),b) —
and reds-lcl-incr: P & {es,(hg,lo,sho),b) [—]
lemma red-icl-add: P+ {e,(h,l,sh),b) — (e',(
and reds-lcl-add: P & (es,(h,l,sh),b) [—=] (es
(es’,(h',lo++1",sh"),b"))

< (hl,ll,shl) b/> = dom lo C dom Iy

(es’,(h1,l1,8h1),b") = dom 1y C dom Iy

HLsh).6) = (Alo- P (e (hlo-+-+1,sh).B) = (€' (" lo+-+1'sh').b)
es'\ (W 1Lsh)),b) —> (Nlo. P b (es,(hlo+t1,5h),b) [=]

lemma Red-lcl-add:
assumes P F (e,(h,l,sh), b) —x (e/,(h',l';sh’), b") shows P F (e,(h,lo++1,sh),b) —x* (e’,(h'lg++1',sh"),b")
lemma assumes wf: wwf-J-prog P
shows red-proc-pres: P & {e,(h,l,sh),b) — (e’,(h’,l’,sh"),b")

= not-init C e => sh C = |(sfs, Processing)| = not-init C e’ A (I sfs’. sh’ C = |(sfs’, Process-
ing)))

and reds-proc-pres: P+ (es,(h,l,sh),b) [—=] (es’,(h',l’,sh’),b")

= not-inits C es = sh C' = |(sfs, Processing)] = not-inits C es’ A (Fsfs’. sh’ C = |(sfs’,
Processing) |)

1.19 Expression conformance properties

theory EConform
imports SmallStep BigStep
begin

lemma cons-to-append: list # [| — (Fls. a # list = Is Q [last list])
by (metis append-butlast-last-id last-ConsR list.simps(3))

1.19.1 Initialization conformance

fun init-class :: 'm prog = 'a exp = cname option where
ingt-class P (new C) = Some C' |

init-class P (C-sF{D}) = Some D |

init-class P (C-sF{D}:=e3) = Some D |

ingt-class P (C-sM(es)) = seeing-class P C' M |

init-class - - = None

lemma icheck-init-class: icheck P C e = init-class P e = | C|
proof (induct e)

case (SFAss xl1 22 18 €')

then show Zcase by(case-tac e’) auto
qed auto

— exp to take next small step (in particular, subexp that may contain initialization)

fun ss-exp :: 'a exp = 'a exp and ss-exps :: 'a exp list = 'a exp option where
ss-exp (new C) = new C

| ss-exp (Cast C e) = (case val-of e of Some v = Cast C e | - = ss-exp e)

| ss-exp (Val v) = Val v
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| ss-exp (e1 «bopy» ez) = (case val-of e; of Some v = (case val-of es of Some v = e1 «bop» ez | - =
ss-exp es)

| - = ss-exp eq)
| ss-exp (Var V) = Var V
| ss-exp (LAss V e) = (case val-of e of Some v = LAss Ve | -= ss-exp e)
| ss-exp (e-F{D}) = (case val-of e of Some v = e-F{D} | - = ss-exp e)
| ss-eap (C-oF{D}) = C-,P{D}
| ss-exp (e1-F{D}:=e3) = (case val-of e1 of Some v = (case val-of e2 of Some v = e1-F{D}:=eq | -
= $s-exp e2)

| - = ss-exp e;)
| ss-exp (C-sF{D}:=e3) = (case val-of ex of Some v = C-sF{D}:=es | - = ss-exp e3)
| ss-exp (e-M(es)) = (case val-of e of Some v = (case map-vals-of es of Some t = e-M(es) | - =
the(ss-exps es))

| - = ss-exp e)
| ss-exp (C-sM(es)) = (case map-vals-of es of Some t = C-sM(es) | - = the(ss-exps es))
| ss-exp ({V:T; e}) = ss-exp e
| ss-exp (e1;;e2) = (case val-of e; of Some v = ss-exp eo

| None = (case lass-val-of e; of Some p = ss-exp ey
| None = ss-exp e1))
| ss-exp (if (b) e1 else ez) = (case bool-of b of Some True = if (b) e1 else ey
| Some False = if (b) e1 else ey
| - = ss-exp b)
| ss-exp (while (b) e) = while (b) e
| ss-exp (throw e) = (case val-of e of Some v = throw e | - = ss-exp €)
| ss-exp (try ex catch(C V) e2) = (case val-of e of Some v = try ey catch(C V) ey
| - = ss-exp eq)

| ss-exp (INIT C (Cs,b) < e) = INIT C (Cs,b) « e
| ss-exp (RI (C,e);Cs < e’) = (case val-of e of Some v = RI (C,e);Cs + e | - = ss-exp e€)
| ss-exps([]) = None
| ss-exps(e#es) = (case val-of e of Some v = ss-exps es | - = Some (ss-exp €))

lemma icheck-ss-exp:

assumes icheck P C' e shows ss-exp e = ¢

using assms

proof(cases e)
case (SFAss C F' D e) then show ?thesis using assms
proof(cases e)ged(auto)

ged(auto)

lemma ss-exps- Vals-None[simp]:
ss-exps (map Val vs) = None
by (induct vs) (auto)

lemma ss-exps-Vals-Nonel:
ss-exps es = None =—> Jwvs. es = map Val vs
using wval-of-spec by (induct es) (auto)

lemma ss-exps-throw-nVal:

[ val-of e = None; ss-exps (map Val vs Q throw e # es’) = |e’]| |
— ¢/ = ss-exp e

by (induct vs) (auto)

lemma ss-exps-throw-Val:
[ val-of e = |a]; ss-exps (map Val vs @ throw e # es’) = |e'] ]
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= ¢/ = throw e
by (induct vs) (auto)

abbreviation curr-init :: 'm prog = 'a exp = cname option where
curr-init P e = init-class P (ss-exp e)

abbreviation curr-inits :: 'm prog = ’a exp list = cname option where
curr-inits P es = case ss-exps es of Some e = init-class P e | - = None

lemma icheck-curr-init”. N\e'. ss-exp e = ¢/ = icheck P C' ¢/ = curr-init P e = | C|
and icheck-curr-inits”. \e. ss-exps es = |e] = icheck P C e = curr-inits P es = | C|
proof (induct rule: ss-exp-ss-exps-induct)

qed(simp-all add: icheck-init-class)

lemma icheck-curr-init: icheck P C ¢/ = ss-exp e = ¢/ = curr-init P e = | C|
by (rule icheck-curr-init’)

lemma icheck-curr-inits: icheck P C e = ss-exps es = | e] = curr-inits P es = | C|
by (rule icheck-curr-inits’)

definition nitPD :: sheap = cname = bool where
initPD sh C = Jsfs i. sh C = Some (sfs, i) A (i = Done V i = Processing)

— checks that INIT and RI conform and are only in the main computation
fun iconf :: sheap = 'a exp = bool and iconfs :: sheap = 'a exp list = bool where

iconf sh (new C) = True
| iconf sh (Cast C'e) = iconf sh e
| iconf sh (Val v) = True
| iconf sh (e1 «bop» e3) = (case val-of e; of Some v = iconf sh ey | - = iconf sh ey A —sub-RI e3)
| iconf sh (Var V) = True
| iconf sh (LAss V e) = iconf sh e
| iconf sh (e-F{D}) = iconf sh e
| iconf sh (C-sF{D}) = True
| iconf sh (e1-F{D}:=e3) = (case val-of ey of Some v = iconf sh ey | - = iconf sh ey A —sub-RI e3)
| iconf sh (C-sF{D}:=e3) = iconf sh ey
| iconf sh (e:M(es)) = (case val-of e of Some v = iconfs sh es | - = iconf sh e A —sub-Rls es)
| iconf sh (C-sM(es)) = iconfs sh es
| iconf sh ({V:T; e}) = iconf sh e
| iconf sh (e1;;e2) = (case val-of e1 of Some v = iconf sh eg

| None = (case lass-val-of e1 of Some p = iconf sh es
| None = iconf sh e; A —sub-RI e3))

| iconf sh (if (b) ey else ex) = (iconf sh b A —sub-RI e; A —sub-RI es)
| iconf sh (while (b) e) = (—sub-RI b A —sub-RI e)
| iconf sh (throw e) = iconf sh e
| iconf sh (try e1 catch(C V) e2) = (iconf sh ey A —sub-RI e3)
| iconf sh (INIT C (Cs,b) < €) = ((case Cs of Nil = initPD sh C | C'#Cs' = last Cs = C) A
—sub-RI e)
| iconf sh (RI (C,e);Cs + €') = (iconf sh e N\ —sub-RI e’)
| iconfs sh ([]) = True
| iconfs sh (eftes) = (case val-of e of Some v = iconfs sh es | - = iconf sh e A —sub-Rls es)

lemma iconfs-map-throw: iconfs sh (map Val vs Q throw e # es’) = iconf sh e
by (induct vs,auto)
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lemma nsub-RI-iconf-auz:

(—sub-RI (e::'a exp) — (Ve'. e’ € subexp e — —sub-RI ¢/ — iconf sh e’) — iconf sh e)

A (—sub-RIs (es::'a exp list) — (Ve'. e’ € subexps es —> —sub-RI e’ — iconf sh e’) — iconfs sh
es)

proof (induct rule: sub-RI-sub-RIs.induct) qed(auto)

lemma nsub-RI-iconf-auz’:
(A\e'. subexp-of e/ e = —sub-RI ¢/ — iconf sh ¢') => (—sub-RI e => iconf sh e)
by (simp add: nsub-RI-iconf-auzx)

lemma nsub-RI-iconf: —sub-RI e = iconf sh e
and nsub-RIs-iconfs: —sub-RIs es = iconfs sh es
proof —
let R = Xe. =sub-RI e —> iconf sh e
let ?Rs = Aes. —sub-RIs es — iconfs sh es
have (Ve'. subexp-of e’ e — 7R e’) A ?R e
by (rule subexp-inductjwhere ?Rs = ?Rs]; clarsimp simp: nsub-RI-iconf-aux)
moreover have (Ve'. e’ € subexps es — ?R e’) A ?Rs es
by (rule subexps-induct; clarsimp simp: nsub-RI-iconf-aur)
ultimately show —sub-RI e = iconf sh e
and —sub-RIs es = iconfs sh es by simp+
qged

lemma lass-val-of-iconf: lass-val-of e = |a| = iconf sh e
by (drule lass-val-of-nsub-RI, erule nsub-RI-iconf)

lemma icheck-iconf:

assumes icheck P C e shows iconf sh e

using assms

proof(cases e)
case (SFAss C F' D e) then show ?thesis using assms
proof(cases e)qed(auto)

next
case (SCall C M es) then show ?thesis using assms

by (auto simp: nsub-RIs-iconfs)
next
ged(auto)

1.19.2 Indicator boolean conformance

definition bconf :: 'm prog = sheap = 'a exp = bool = bool (¢-,- by (-,-) /) [51,51,0,0] 50)
where
P,sh by (e,b) v/ = b — (3C. icheck P C (ss-exp e) A initPD sh C)

definition bconfs :: 'm prog = sheap = 'a exp list = bool = bool (¢-,- by '(-,-") /> [51,51,0,0] 50)
where
P,sh t (es,b) v/ = b — (3C. (icheck P C (the(ss-exps es))
A (curr-inits P es = Some C) A initPD sh C))

— bconf helper lemmas

lemma beonf-nonVal[simp]:
P,sh - (e,True) / = val-of e = None
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by (cases €) (auto simp: beonf-def)

lemma bconfs-non Vals[simp]:
P.sh -y (es,True) / = map-vals-of es = None
by (induct es) (auto simp: bconfs-def)

lemma bconf-Cast[iff]:
P.sh Fy (Cast C e,b) \/ <— P,sh Fy (e,b) /
by (cases b) (auto simp: beconf-def dest: val-of-spec)

lemma beonf-BinOpliff]:
P.sh Fy (el «bopy e2,b) \/

< (case val-of el of Some v = P,sh -y (e2,b) v/ | - = P,sh tp (el,b) /)
by (cases b) (auto simp: beconf-def dest: val-of-spec)

lemma beonf-LAss[iff]:
P.sh by (LAss Veb) / <— P,sh by (e,d) /
by (cases b) (auto simp: beconf-def dest: val-of-spec)

lemma beonf-FAccliff]:
P,sh by (e-F{D},b) / «— P,sh ty (e,b) v/
by (cases b) (auto simp: beonf-def dest: val-of-spec)

lemma bconf-FAss[iff]:
P.sh -y (FAss el F'D e2.,b) /

+— (case val-of el of Some v = P,sh by (e2,b) /| - = P,sh b4 (el,b) /)
by (cases b) (auto simp: beonf-def dest: val-of-spec)

lemma beonf-SFAssiff]:
val-of e2 = None = P,sh \y, (SFAss C F' D e2,b) «/ <— P,sh Fy (€2,b) /
by (cases b) (auto simp: beconf-def)

lemma bconfs- Vals|iff]:
P.,sh by (map Val vs, b) \/ +— = b
by (unfold beconfs-def) simp

lemma beonf-Call[iff]:
P,sh by (e-M(es),b) v/
+— (case val-of e of Some v = P.sh by, (es,b) v/ | - = P,sh by (e,b) /)
proof (cases b)
case True
then show ?thesis
proof(cases ss-exps es)
case None
then obtain vs where es = map Val vs using ss-exps-Vals-Nonel by auto
then have mv: map-vals-of es = |vs| by simp
then show %thesis by (auto simp: beonf-def) (simp add: bconfs-def)
next
case (Some a)

then show %thesis by (auto simp: beonf-def) (auto simp: beonfs-def icheck-init-class)

qed
qed(simp add: beonf-def bconfs-def)

lemma beonf-SCallliff]:
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assumes mun: map-vals-of es = None
shows P sh -, (C-sM(es),b) \/ <— P,sh by (es,b) /
proof(cases b)
case True
then show ?thesis
proof(cases ss-exps es)
case None
then have Jvs. es = map Val vs using ss-exps-Vals-Nonel by auto
then show ?thesis using muwn finals-def by clarsimp
next
case (Some a)
then show %thesis by (auto simp: beonf-def) (auto simp: beonfs-def icheck-init-class)
qed
qed(simp add: beconf-def beonfs-def)

lemma beonf-Cons[iff):
P.sh by (e#es,b) v/
+— (case val-of € of Some v = P,sh Fy (es,b) /| - = P,sh Fy (e,0) /)
proof (cases b)
case True
then show ?thesis
proof(cases ss-exps es)
case None
then have Jvs. es = map Val vs using ss-exps-Vals-Nonel by auto
then show %thesis using None by(auto simp: bconf-def beconfs-def icheck-init-class)
next
case (Some a)
then show %thesis by (auto simp: beconf-def beonfs-def icheck-init-class)
qged
qed(simp add: beconf-def beonfs-def)

lemma beonf-InitBlock[iff]:
P,shty {V:T; Vi=Val v;; ea},b) / «— P,sh by (e2,0) +/
by (cases b) (auto simp: beonf-def assigned-def)

lemma bconf-Block[iff]:
P,shty ({V:T; e},b) / «— P,sh by (e,b) v/
by(cases b) (auto simp: beonf-def)

lemma beonf-Seqliff]:
P,sh - (el;;€2,0) /
< (case val-of el of Some v = P, sh by (e2,b) /
| - = (case lass-val-of el of Some p = P,sh Fy (e2,
| None = P.sh ty (el,b) +/)
by (cases b) (auto simp: beonf-def dest: val-of-spec lass-val-of-spec)

b) v
)

lemma beonf-Cond|[iff]:
P,sh 4y (if (b) eq else ea,b’) / +— P,sh F (b,0) /
proof (cases bool-of b)
case None
then show ?thesis by (auto simp: beonf-def)
next
case (Some a)
then show ?thesis by(case-tac a) (auto simp: beonf-def dest: bool-of-specT bool-of-specF')
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qed

lemma bconf- While[iff]:
P,sh t (while (b) e,b’) \/ +— —b’
by(cases b) (auto simp: beonf-def)

lemma beonf- Throw[iff]:
P.sh by, (throw e,b) v/ «— P,sh y, (e,b) /
by (cases b) (auto simp: beconf-def dest: val-of-spec)

lemma beonf-Try[iff]:
P.sh by (try ey catch(C V) eq,b) \/ <— P,sh ky (e1,b) v/
by (cases b) (auto simp: beonf-def dest: val-of-spec)

lemma beonf-INIT[iff]:
P,sh by (INIT C (Cs,b’) « eb) / «— —b
by (cases b) (auto simp: beconf-def)

lemma bconf-RI[iff]:
P sh by (RI(CLe);Cs < €',b) \/ <— P,sh Fy (e,b) /
by (cases b) (auto simp: beonf-def dest: val-of-spec)

lemma bconfs-map-throw[iff]:
P.sh -y (map Val vs @ throw e # es’,b) / «— P,sh - (e,b) /
by (induct vs) auto

end

1.20 Progress of Small Step Semantics

theory Progress
imports WellTypeRT DefAss ../ Common/Conform EConform
begin

lemma final-addrE:
[ P,E,h,sh F e: Class C; final e;
Na. e = addr a = R;
Na. e = Throwa = R] = R

lemma finalRefE:

[ P,E,hsht e: T;is-refT T; final e;
e = null = R;
Na C. [ e=addra; T = Class C | = R;
Na. e = Throwa = R] = R

Derivation of new induction scheme for well typing:

inductive

WTrt’ :: [J-prog,heap,sheap,env,expr,ty] = bool

and WTrts' :: [J-prog,heap,sheap,env,expr list, ty list] = bool

and WTrt2' :: [J-prog,env,heap,sheap,expr,ty] = bool
(tcymmm =2 o [51,51,51,51]50)

and WTrts2' :: [J-prog,env,heap,sheap,expr list, ty list] = bool
(4=ymymy- E =[] - [51,51,51,51]50)

for P :: J-prog and h :: heap and sh :: sheap
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where
PEhshte:!'T= WIrt' PhshEeT
| P,E h,sh+ es[:'] Ts = WTrts' P h sh E es Ts

| is-class P C = P,E,h,sh t new C :' Class C
| [ P,E,h,sht e’ T;is-refT T; is-class P C']
= P,Eh,sh+ Cast Ce:’ Class C
| typeofy, v = Some T == P,E,h,sh+ Valv:' T
| Ev= Some T = P,Ehsht Varv:' T
| [ P,E,hyshF e1 :' T1; P.Ehsht es:' Ts ]
= P,E,h,sh - e1 «Eq» es :' Boolean
| [ P,E,h,sh = ey " Integer; P,E.h,sht e :" Integer ]
= P,E.h,sh - e; «Add» ey :’ Integer
\ [ P,E,hysht Var V :' T; P.Ehshte: T, PrT <T]
— P.Ehsh b Vi=e :' Void
| [ P,E,h,sht e:’ Class C; P& C has F,NonStatic:T in D | = P,E h,sh -+ e:F{D}:' T
| P,E,hysh+ e:" NT = P,E.h,sh+ e.F{D}:' T
| [ P+ C has F,Static:T in D | = P,E,h,sh+ C-;F{D}:' T
| [ P,E,h,sh e1:’ Class C; Pt C has F,NonStatic:T in D;
PEysht es:' To; PFTo<T]
— P,E,h,sh b e;-F{D}:=ey :" Void
| [ P,E,h,sht e1:’"NT; P,Eh,sht ey’ Ty | = P,E,h,sh F e;-F{D}:=ey :’ Void
| [ P+ C has F,Static:T in D;
P.Ehsht e :' To; PF Ty < T]
— P,E.hshF C-sF{D}:=e; :' Void
| [ P,E,h,sh = e:’ Class C; P& C sees M,NonStatic:Ts — T = (pns,body) in D;
P.E.hshtes[] T8, PF Ts' [<] Ts ]
= P,E.h,sht e-M(es) :' T
| [ P,E,h,shte:" NT; P,Eh,sht es|['] Ts] = P,E,h,sht eM(es) " T
| [ P+ C sees M,Static:Ts — T = (pns,body) in D;
P,E.hsh b es ] T8, P+ Ts' [<] Ts;
M = clinit — sh D = |(sfs,Processing)| N es = map Val vs |
— P,E,h,sh + C-sM(es) " T
| PE sk [ [
| [ P,E,h,sht e:"T; P,Ehsht es['] Ts] = P,Ehsht e#es ] T#Ts
| [ typeofy, v= Some T1; P+ Ty < T; P,E(V=T),hsht e :' Ty ]
= P,Ehsh = {V:T := Valv; ea} ' Ty
| [ P,E(V—=T),h,shte:" T'; - assigned Ve]| = P,Ehsht{V:T;e}:" T’
| [ P,E,h,sht ei:’ Ty; P,E.hsht ex:’To | = P,E,h,shF erj;ea i’ To
| [ P,E,h,sh = e:’ Boolean; P,E h,sht e;:’ Ty; P,Eh,sht ey’ To;
P"Tlng\/P}_TQSTl;
PHT1<Ty —T=Ty; PFTy3<T) —T=T]
= P,E,h,sh b if (e) e; else e :' T
| [ P,E,h,sh = e:’ Boolean; P,E h,sht ¢’ T]
= P,E h,sh b while(e) ¢ :" Void
| [ P,E,h,shte: Ty isrefT T, ]| = P,E,h,sht throwe: T
| [ P.E,hsh v e ' Ti; P.E(V v Class C)hysh - e :' To; P+ Ty < Ty ]
= P,E,h,sh b try e; catch(C V) es :' Ty
| [ P,E,hshte: T;¥C' e set (C#Cs). is-class P C'; —~sub-RI ¢;
VvV C' e set (tl Cs). Tsfs. sh C' = |(sfs,Processing) |;
b — (VC' € set Cs. Isfs. sh C' = |(sfs,Processing)|);
distinct Cs; supercls-lst P Cs | = P,E,h,sh = INIT C (Cs, b) < e:' T
| [ P,E,hshte:" T; P,Ehsht e " T,V C' e set (C#Cs). is-class P C'; =sub-RI ¢’
V C' e set (C#Cs). not-init C' e
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YV C' € set Cs. Isfs. sh C' = |(sfs,Processing) |;
sfs. sh C = | (sfs, Processing)| V (sh C = |(sfs, Error)] A e = THROW NoClassDefFoundError);
distinct (C# Cs); supercls-lst P (C#Cs) |

= P,E,h,sh  RI(C, €);Cs + e’ " T’

lemma [iff]: P,E,h,sh  e1;;e0 ;" To = (3T1. P,E,h,sh t e’ Ty A P,E,h,sh b ex:’ Ts)
lemma [iff]: P,E,h,sh = Val v:" T = (typeofp, v = Some T)
lemma [iff]: P,E,h,sh = Varv:' T = (E v = Some T)

lemma wt-wt”: P,E,h,sh+e¢: T = P, Ehshte:' T
and wts-wts”: P,E h,sh - es [:] Ts = P,E,h,sh - es [] Ts

lemma wt’-wt: P,E.h,shte:" T = P, Eh,shte: T
and wts’-wts: P,E,h,sh - es /] Ts = P,E,h,sh - es [:] Ts

corollary wt’-iff-wt: (P,E,h,sht+e:" T) = (P,Ehsht e: T)

corollary wts’-iff-wts: (P,E,h,sh & es [:] Ts) = (P,E,h,sh = es [;] Ts)

theorem assumes wf: wwf-J-prog P and hconf: P + h +/ and shconf: P,h b4 sh \/

shows progress: P,E.h,sht+e: T —

(AL [ D e |doml]; P,shby (e,b) \/; - finale] = Fe’ s" b'. P+ (e(h,l,sh),by — (e's"b))

and P,E h,sh - es [[]| Ts =

(AL [ Ds es |dom 1]; P,sh - (es,b) \/; — finals es ]| = Jes’ s’ b". P+ {es,(h,l,sh),b) [=] (es’,s,b"))
end

1.21 Well-formedness Constraints

theory JWellForm
imports ../ Common/ WellForm WWellForm WellType DefAss
begin

definition wf-J-mdecl :: J-prog = cname = J-mb mdecl = bool
where
wf-J-mdecl P C = A(M,b,Ts,T,(pns,body)).
length Ts = length pns A
distinct pns A
—sub-RI body N
(case b of
NonStatic = this ¢ set pns A
(3 T'. P,[this— Class C,pns[—]Ts] F body :: T"N P+ T' < T) A
D body |{this} U set pns|
| Static = (3T'. P,[pns[—=]Ts] = body :: T'"NPF T'< T) A
D body |set pns|)

lemma wf-J-mdecl-NonStatic[simpl:
wf-J-mdecl P C (M,NonStatic,Ts, T ,pns,body) =
(length Ts = length pns A
distinct pns N
—sub-RI body A
this ¢ set pns A
(3T'. P,[this— Class C,pns[—]|Ts] F body :: T"N P+ T' < T) A
D body |{this} U set pns|)
lemma wf-J-mdecl-Static[simp]:
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wf-J-mdecl P C (M ,Static, Ts, T ,pns,body) =
(length Ts = length pns N

distinct pns N

—sub-RI body A

(3T". P,[pns|—]T8] F body = T' AP+ T'< T) A
D body |set pns])

abbreviation
wf-J-prog :: J-prog = bool where
wf-J-prog == wf-prog wf-J-mdecl

lemma wf-J-prog-wf-J-mdecl:

[ wf-J-prog P; (C, D, fds, mths) € set P; jmdcl € set mths |

= wf-J-mdecl P C jmdcl
lemma wf-mdecl-wwf-mdecl: wf-J-mdecl P C Md = wuwf-J-mdecl P C Md
lemma wf-prog-wwf-prog: wf-J-prog P = wwf-J-prog P

end

1.22 Type Safety Proof

theory TypeSafe
imports Progress BigStep SmallStep JWellForm
begin

lemma red-shext-incr: P+ (e,(h,l,sh),by — (e’,(h',l’;sh"),b")
= (ANET. P,E,h,sht e: T = sh < sh')
and reds-shext-incr: P & (es,(h,l,sh),b) [=] (es’,(h’,l’,sh"),b")
= (AE Ts. P,E,h,sh - es [:] Ts = sh <4 sh’)
lemma wf-types-clinit:
assumes wf:wf-prog wf-md P and ez: class P C' = Some a and proc: sh C = [(sfs, Processing)]
shows P.FE.h,sh b C-sclinit(]]) : Void
proof —
from ez obtain D fs ms where a = (D,fs,ms) by(cases a)
then have sP: (C, D, fs, ms) € set P using ex map-of-SomeD|[of P C a] by(simp add: class-def)
then have wf-clinit ms using assms by (unfold wf-prog-def wf-cdecl-def, auto)
then obtain pns body where sm: (clinit, Static, [|, Void, pns, body) € set ms
by (unfold wf-clinit-def) auto
then have P = C sees clinit,Static:[] — Void = (pns,body) in C
using mdecl-visible]OF wf sP sm| by simp
then show ?thesis using WTrtSCall proc by simp
qed

1.22.1 Basic preservation lemmas

First some easy preservation lemmas.

theorem red-preserves-hconf:

P+ {e,(h,l,sh),b) — (e',(h")l';sh"),b"y = (AT E. [ P,E,h,shte: T; P-h+] = P+ h'Y)
and reds-preserves-hconf:

P+ {(es,(h,l,sh),b) [—] (es’,(h',l';sh"),b"y = (ANTs E. | P,E,h,sht es[:] Ts; PFh /] = P+ b’
V)
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theorem red-preserves-lconf:

P+ {e,(h,l,sh),b) — (e',(h')l';sh"),b") =

(NTE.[ P,Ehssht eT; Pht1(:<)E]= PhF1I(:<)E)
and reds-preserves-lconf:

P+ (es,(h,l,sh),b) [—=] (es’,(h'",l';sh"),b") =

(ANTs E. [ P,E,h,sht es[:]Ts; PhtE1(:<) E] = Ph'F U (<) E)

theorem red-preserves-shconf:
P+ {e,(h,l,sh),b) — (e',(h'l'sh"),by = (AT E. [ P,E,h,sht e: T; Phts sh /] = P+,
sh' \/)
and reds-preserves-shconf:
P+ (es,(h,l,sh),b) [—] (es’,(hl';sh"),b"y = (ANTs E. [ P,E,h,sh t es[:] Ts; P,h by sh /] = P,h’
Fs sh' /)
theorem assumes wf: wwf-J-prog P
shows red-preserves-iconf:
P+ {e,(h,l,sh),b) — (e’,(h",l';sh"),b") = iconf sh e => iconf sh’ e’
and reds-preserves-iconf:
P+ (es,(h,l,sh),b) [—=] (es’,(h',l';sh’),b"Yy = iconfs sh es = iconfs sh’ es’

lemma Seg-bconf-preserve-auz:
assumes P F (e,(h, I, sh),by — (e’,(h', I/, sh"),b") and P,sh by (e;; e2,b) v/
and P,sh by (e:expr,b) o/ — P,sh’ by (e':expr,b’) /
shows P sh'ty (e';;e9,b") /
proof (cases val-of e)
case None show ?thesis
proof(cases lass-val-of e)
case [None: None show ?thesis
proof(cases lass-val-of e’)
case [None’: None
then show ?thesis using None assms [None
by (auto dest: val-of-spec simp: beonf-def option.distinct(1))
next
case (Some a)
then show ?thesis using None assms INone by(auto dest: lass-val-of-spec simp: beonf-def)
qed
next
case (Some a)
then show ?thesis using None assms by (auto dest: lass-val-of-spec)
qged
next
case (Some a)
then show %thesis using assms by (auto dest: val-of-spec)
qed

theorem red-preserves-bconf:

P+ (e, (h,l,sh),by — (e/,(h',l';sh’),b") = iconf sh e = P,sh Fy (e,b) / = P,sh’F (e',b') /
and reds-preserves-bconf:

P+ {es,(h,l,sh),b) [—=] (es’,(h',l';sh’),b") => iconfs sh es => P,sh by (es,b) / = P,sh’ Fy (es’,b’)

Preservation of definite assignment more complex and requires a few lemmas first.

lemma [iff]: AA. [ length Vs = length Ts; length vs = length Ts] =
D (blocks (Vs,Ts,vus,e)) A =D e (A U |set Vs])
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lemma red-l1A-incr: P+ (e,(h,l,sh),by — (e’,(h',l’;sh"),b")
= |dom | UAeC |[doml'|UAe’

and reds-lA-incr: P & (es,(h,l,sh),b) [—] (es’,(h',l’;sh’),b")
= |dom | U As es T |dom 1’| U As es’

Now preservation of definite assignment.

lemma assumes wf: wf-J-prog P
shows red-preserves-defass:
P+ (e,(h,l,sh),by — (e',(h',l';sh"),b") = D e |dom l] = D e’ |[dom l|
and P F (es,(h,l,sh),b) [=] (es,(h,l';sh"),b") = Ds es |dom || = Ds es’ |dom ']

Combining conformance of heap, static heap, and local variables:

definition sconf :: J-prog = env = state = bool («-,-F -/ [51,51,51]50)
where
PEF sy = let (hissh)=sinPth/ANPhEI(EL)EANPhAE; shy

lemma red-preserves-sconf:

[ PFE {esb) — (es"b")y; PE.hp s;shp ste: T; PEF s/ ] = PEF s’/
lemma reds-preserves-sconf:

[ Pt {es,s,b)y [=] (es’,s’,b"); P,E,hp s,shp st es[;] Ts; PLEF s/ ] = P,EF s’/

1.22.2 Subject reduction

lemma wt-blocks:
NE. [ length Vs = length TS; length vs = length Ts | =
(P,E,h,sh \ blocks( Vs, Ts,vs,e) : T) =
(P,E(Vs[—]Ts),h,sh = e:T A (3 Ts'. map (typeofy,) vs = map Some Ts' A P+ Ts' [<] Ts))
theorem assumes wf: wf-J-prog P
shows subject-reduction2: P & (e,(h,l,sh),b) — (e’ ,(h',l';sh’),b") =
(ANET.[ P,Et (hlsh) «/; iconf sh e; P,E,h,sh - e:T ]
— 3T, PEW,sh'F e -T'ANPF T'<T)
and subjects-reduction2: P = (es,(h,l,sh),b) [—] (es’,(h',l';sh’),b") =
(NE Ts. | P,E + (h,l,sh) \/; iconfs sh es; P,E.h,sh t es [:] Ts ]
= 3718 P,E.h/;sh’'Fes'[}] Ts' AN P+ Ts' [<] Ts)

corollary subject-reduction:
[ wf-J-prog P; P+ (e,s,b) — (e;s",b"); P,E + s +/; iconf (shp s) e; P,E.hp s,shp s - e:T |
= AT P,Ehp s’ shp s’ e " T'"NPHT'<T
corollary subjects-reduction:
[ wf-J-prog P; P+ (es,s,b) [—] (es’,s",b"); P,E & s \/; iconfs (shp s) es; P,E hp s,shp s b es[:]Ts |
= 3 Ts'. P,E,hp s';shp s’ b es’[:]Ts' AN P+ Ts' [<] Ts

1.22.3 Lifting to —x

Now all these preservation lemmas are first lifted to the transitive closure ...

lemma Red-preserves-sconf:

assumes wf: wf-J-prog P and Red: P+ (e,s,b) —x (e’,s",b")

shows AT. [ P,E,hp s,shp st e: T; iconf (shp s) e PEF s+ ] = P,EF s’/
lemma Red-preserves-iconf:

assumes wf: wwf-J-prog P and Red: P b (e,s,b) —x* (e’ s’

shows iconf (shp s) e = iconf (shp s’) e’

lemma Reds-preserves-iconf:

assumes uwf: wwf-J-prog P and Red: P F (es,s,b) [—]* (es’,s’,b")

shows iconfs (shp s) es = iconfs (shp s') es’
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lemma Red-preserves-bconf:

assumes wf: wwf-J-prog P and Red: P  (e,s,b) == (e’;s",b")

shows iconf (shp s) e = P,(shp s) Fy (e,b) / => P,(shp s') by (e’:expr,b’) /
lemma Reds-preserves-bconf:

assumes wf: wwf-J-prog P and Red: P + (es,s,b) [—=]* (es’,s’,b")
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shows iconfs (shp s) es = P,(shp s) by (es,b) / = P,(shp s’) Fy (es’::expr list,b’) /

lemma Red-preserves-defass:
assumes wf: wf-J-prog P and reds: P (e,s,b) —x (e’,s",b’)
shows D e |dom(lcl s)] = D e’ |dom(lcl s")]
using reds
proof (induct rule:converse-rtrancl-induct3)

case refl thus ?case .
next

case (step e s b e’ s’ b’) thus ?case

by (cases s,cases s')(auto dest:red-preserves-defass|OF wf])

qed

lemma Red-preserves-type:

assumes wf: wf-J-prog P and Red: P\ (e,s,b) —x (e’;s",b")

shows !!T. [ P,E b sy/; iconf (shp s) e; P,E,hp s,shp s b e:T ]
= 3T . P+T'< T AN P,Ehp s',shp s' - e"T'

1.22.4 The final polish
The above preservation lemmas are now combined and packed nicely.

definition wf-config :: J-prog = env = state = expr = ty = bool (¢-,--F -: -1/
where
PEsteT = P,EF s+/ Adconf (shp s) e N P,Ehp s,shp s+ eT

theorem Subject-reduction: assumes wf: wf-J-prog P
shows P F (e,s5,b) — (e',s',b") = P, E;ste: T/
= 3T PEs'ke: T J/ANPHT' ST

theorem Subject-reductions:
assumes wf: wf-J-prog P and reds: P {e,s,b) —x (e’,s",b")
shows AT. P,Est eT /= 3T PEs'F-eT'\/APHT'<T

corollary Progress: assumes wf: wf-J-prog P
shows [ P,E,s Fe: T /; D e |[dom(lcl s)]; P,shp sty (e,b) \/; = final €]
= Je’' s’ b PF (es,b) — (e',s",b")
corollary TypeSafety:
fixes s::state and e::expr
assumes wf: wf-J-prog P and sconf: P,E + s/ and wt: P,E + e:T
and D: D e | dom(lcl s)|
and iconf: iconf (shp s) e and beonf: P,(shp s) by (e,b) /
and steps: P+ (e,s,b) —x (e’,s",b)
and nstep: =(Fe” 8" b”. P+ (e;s"b) — (e"s"b"))
shows (3v. e’ = Valv A Php s’ v :< T)V
(Fa. e’ = Throw a A\ a € dom(hp s’))

end

(51,0,0,0,0)50)
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1.23 Equivalence of Big Step and Small Step Semantics

theory FEquivalence imports TypeSafe WWellForm begin

1.23.1 Small steps simulate big step
Init

The reduction of initialization expressions doesn’t touch or use their on-hold expressions (the
subexpression to the right of <) until the initialization operation completes. This function is
used to prove this and related properties. It is then used for general reduction of initialization
expressions separately from their on-hold expressions by using the on-hold expression unit,
then putting the real on-hold expression back in at the end.

fun init-switch :: 'a exp = 'a exp = 'a exp where
ingt-switch (INIT C (Cs,b) < e;) e = (INIT C (Cs,b) < e) |
init-switch (RI(C,e");Cs < ¢;) e = (RI(C,e');Cs + e) |

init-switch e’ e = e’

fun INIT-class :: 'a exp = cname option where

INIT-class (INIT C (Cs,b) + €) = (if C = last (C#Cs) then Some C else None) |
INIT-class (RI(C,ep);Cs < ¢) = Some (last (C#Cs)) |

INIT-class - = None

lemma init-red-init:

[ init-exp-of e = |e]; P+ (eo,80,b0) — (e1,81,01) ]
= (init-exp-of e1 = |e| A (INIT-class eg = | C'| —> INIT-class e = | C]))
V (e1 = e A by = icheck P (the(INIT-class €g)) €) V (Fa. e; = throw a)

by (erule red.cases, auto)

lemma init-exp-switch|simpl:
init-exp-of e = |e] = init-exp-of (init-switch ey e’) = | €|
by (cases eg, simp-all)

lemma init-red-sync:
[ P (eo,50,b0) = (e1,81,b1); init-ezp-of eg = |e]; e1 # €]

= (A\e'. P (init-switch ey e’,s0,b0) — (init-switch ey e’,s1,b1))
proof (induct rule: red.cases) qed(simp-all add: red-reds.intros)

lemma init-red-sync-end:
[ PF {eo,s0,b0) — (€1,81,b1); init-exp-of eg = |e]; e1 = e; throw-of e = None |

= (A\e’. ~sub-RI ¢/ = P F (init-switch ey e’,80,b0) — (e',s1,icheck P (the(INIT-class ey)) €'))
proof (induct rule: red.cases) qed(simp-all add: red-reds.intros)

lemma init-reds-sync-unit”:

[ P+ {eo,s0,b0) == (Val v',81,b1); init-exp-of eg = |unit|; INIT-class eg = [ C] ]

= (A\e’. ~sub-RI ¢/ = P\ (init-switch ey e’,80,b0) —* {e’,s1,icheck P (the(INIT-class eg)) €'})
proof (induct rule:converse-rtrancl-induct3)
case refl then show ?case by simp
next

case (step e0 s0 b0 el s1 bl)

have (init-exp-of el = |unit] A (INIT-class e0 = |C| — INIT-class el = |C]))

V (el = unit A b1 = icheck P (the(INIT-class e0)) unit) V (Ja. el = throw a)
using init-red-init|OF step.prems(1) step.hyps(1)] by simp
then show ?case
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proof(rule disjE)
assume assm: init-exp-of el = |unit| A (INIT-class e0 = |C| — INIT-class el = |C])
then have red: P = (init-switch e0 e',s0,b0) — (init-switch el e’,s1,b1)
using init-red-sync[OF step.hyps(1) step.prems(1)] by simp
have reds: P b (init-switch el e’,s1,b1) —* (e',s1,icheck P (the (INIT-class e0)) e’)
using step.hyps(3)[OF - - step.prems(3)] assm step.prems(2) by simp
show ?thesis by(rule converse-rtrancl-into-rtrancl|OF red reds])
next
assume (el = unit A bl = icheck P (the(INIT-class e0)) unit) V (Ja. el = throw a)
then show ?thesis
proof (rule disjE)
assume assm: el = unit A bl = icheck P (the(INIT-class e0)) unit then have el: el = unit
by simp
have sb: s1 = s; bl = by using reds-final-same[OF step.hyps(2)] assm
by (simp-all add: final-def)
then have step”: P b (init-switch e0 e',s0,b0) — (e',s1,icheck P (the (INIT-class e0)) e’)
using init-red-sync-end|[OF step.hyps(1) step.prems(1) el - step.prems(3)] by auto
then have P b (init-switch e0 e’,s0,b0) —x (e’ s1,icheck P (the (INIT-class e0)) e’)
using r-into-rtrancl by auto
then show ?thesis using step assm sb by simp
next
assume Ja. el = throw a then obtain a where el = throw a by clarsimp
then have tof: throw-of el = |a] by simp
then show ?thesis using reds-throw[OF step.hyps(2) tof] by simp
qed
qed
qed

lemma init-reds-sync-unit-throw":
[ Pt {eo,s0,b0) —* (throw a,s1,b1); init-exp-of ey = |unit] |
= (A\e’. Pt (init-switch ey e’,s9,by) —* (throw a,s1,b1))
proof (induct rule:converse-rtrancl-induct3)
case refl then show ?case by simp
next
case (step e0 s0 b0 el s1 b1)
have init-exp-of el = [unit] A (¥ C. INIT-class e0 = |C| — INIT-class el = |C]) V
el = unit A\ bl = icheck P (the (INIT-class e0)) unit V (Ja. el = throw a)
using init-red-init|OF step.prems(1) step.hyps(1)] by auto
then show Zcase
proof(rule disjE)
assume assm: init-exp-of el = |unit| A (V C. INIT-class e0 = |C| — INIT-class el = |C])
then have P b (init-switch e0 e’,s0,b0) — (init-switch el e’,s1,b1)
using step init-red-sync[OF step.hyps(1) step.prems] by simp
then show %thesis using step assm by (meson converse-rtrancl-into-rtrancl)
next
assume el = unit A bl = icheck P (the (INIT-class e0)) unit V (Fa. el = throw a)
then show ?thesis
proof (rule disjE)
assume el = unit A bl = icheck P (the (INIT-class e0)) unit
then show ?thesis using step using final-def reds-final-same by blast
next
assume assm: 3a. el = throw a
then have P  (init-switch e0 e',s0,b0) — (el,s1,b1)
using init-red-sync[OF step.hyps(1) step.prems] by clarsimp
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then show ?thesis using step by simp
qged
qed
qed

lemma init-reds-sync-unit:

assumes P F (eq,s0,b0) —* (Val v';s1,b1) and init-exp-of e = |unit] and INIT-class eg = | C|
and —sub-RI e’

shows P & (init-switch eq €’,80,bg) —* (e’,s1,icheck P (the(INIT-class ep)) e’)

using init-reds-sync-unit’|OF assms] by clarsimp

lemma init-reds-sync-unit-throw:

assumes P F {eg,s0,bg) —* (throw a,s1,b1) and init-exp-of ey = |unit|
shows P + (init-switch eg e',s0,bp) —* (throw a,s1,b1)

using init-reds-sync-unit-throw’|OF assms] by clarsimp

— init reds lemmas

lemma InitSeqReds:

assumes P F (INIT C ([C],b) < unit,so,bo) —* (Val v',s1,b1)
and P F (e,s1,icheck P C e) —x (e3,82,b2) and —sub-RI e
shows P (INIT C ([C],b) + e,80,bg) —>* (e2,82,ba)

using assms

proof —
have P + (init-switch (INIT C ([C],b) < unit) e,s0,bo) —* (e,s1,icheck P C e)
using init-reds-sync-unit|OF assms(1) - - assms(3)] by simp
then show ?thesis using assms(2) by simp
qed

lemma [nitSeqThrowReds:
assumes P F (INIT C ([C],b) < unit,so,bp) —* (throw a,s1,b1)
shows P F (INIT C ([C],b) + e,80,b0) —* (throw a,s1,b1)
using assms
proof —
have P + (init-switch (INIT C ([C],b) < unit) e,50,b0) —* (throw a,s1,b1)
using init-reds-sync-unit-throw| OF assms(1)] by simp
then show Zthesis by simp
qged

lemma InitNoneReds:

[ sh C = None;

P+ (INIT C' (C # Cs,False) < e,(h, I, sh(C > (sblank P C, Prepared))),by —x (e’,s",0") ]

= P (INIT C' (C#Cs,False) < e,(h,l,sh),b) == (e',s’b")
lemma InitDoneReds:

[ sh C = Some(sfs,Done); P+ (INIT C’ (Cs,True) < e,(h,l,sh),b) —* (e’,s",b") ]
= P F (INIT C' (C#Cs,False) < e,(h,l,sh),b) —x (e’,s",b")
lemma InitProcessingReds:

[ sh C = Some(sfs,Processing); P & (INIT C' (Cs,True) < e,(h,l,sh),b) —x* (e’,s",b") ]
= P (INIT C' (C#Cs,False) < e,(h,l,sh),b) —= (e',s',b")
lemma InitErrorReds:

[ sh C = Some(sfs,Error); P+ (RI (C,THROW NoClassDefFoundError);Cs < e,(h,l,sh),b) —*
(e'sb) |
= P (INIT C' (C#Cs,False) < e,(h,l,sh),b) == (e',s'b")
lemma InitObjectReds:
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[ sh C = Some(sfs,Prepared); C = Object; sh’ = sh(C > (sfs,Processing));
P& (INIT C' (C#Cs,True) < e,(h,l,sh’),b) —x (e',s",b") ]

= P F (INIT C' (C#Cs,False) <+ e,(h,l,sh),b) —x (e’,s",b")

lemma InitNonObjectReds:

[ sh C = Some(sfs,Prepared); C # Object; class P C = Some (D,r);
sh’ = sh(C — (sfs,Processing));
P & (INIT C' (D#C#Cs,False) + e,(h,l,sh"),b) —x (e’,s",b") ]

— P+ (INIT C' (C#Cs,False) < e,(h,l,sh),b) —x (¢,s", >

lemma RedsInitRInit:

P E(RI (C,C-sclinit([]));Cs < e,(h,l,sh),b) —= (e',s’, b’)

= P (INIT C' (C#Cs,True) < e,(h,l,sh),b) —* (e’,s",b")

lemmas rtrancl-induct3 =

rtrancl-induct[of (az,ay,az) (bz,by,bz), split-format (complete), consumes 1, case-names refl step)

lemma RInitReds:

P E {e,s,b) —x* (e’s"b")

= P+ (RI (C,e);Cs + e, s, by = (RI (C,e’);Cs < eq, s', b')

lemma RedsRInit:

[ P {eo,50,b0) —x (Val v,(hy,l1,5h1),b1);
shy C = Some (sfs, i); sha = sh1(C +— (sfs,Done)); C' = last(C#Cs);
P+ (INIT C’ (Cs,True) < e,(h1,l1,sha),b1) —* (e’,s",b") ]

= P+ (RI (C, ey);Cs + €,80,b0) —* (e’,s",b)

lemma RInitInitThrowReds:
[ Pt {es,b) =% (Throw a,(h’,l’;sh’),b");
sh’ C = Some (sfs, i); sh” = sh'(C — (sfs,Error));
P+ (RI (D,Throw a);Cs < eg, (h',l’;sh’’),b") —x (e1,s1,b1) ]
= P+ (RI (C, €);D#Cs + ep,s,b) —* (e1,51,b1)
lemma RInitThrowReds:
[ Pt {esb) =+ (Throw a, (h',l';sh’),b");
sh! C = Some(sfs, i); sh' = sh/(C — (sfs, Error)) |
= P+ (RI (C,e);Nil < eq,s,b) —* (Throw a, (h',l';sh’"),b")

New

lemma NewlnitDoneReds:
[ sh C = Some (sfs, Done); new-Addr h = Some a;
P & C has-fields FDTs; h' = h(a—blank P C) |
= P+ (new C,(h,l,sh),False) —x (addr a,(h’,l,sh),False)
lemma NewlnitDoneReds2:
[ sh C = Some (sfs, Done); new-Addr h = None; is-class P C'|
= P+ (new C,(h,l,sh),False) —x (THROW OutOfMemory, (h,l,sh), False)
lemma NewlnitReds:
assumes nDone: P sfs. shp s C = Some (sfs, Done)
and INIT-steps: P & (INIT C ([C),False) < unit,s,False) —* (Val v',(h',l’,sh’),b")
and Addr: new-Addr h' = Some a and has: P & C has-fields FDTs
and h’”: h'' = h'(a—blank P C) and cls-C: is-class P C
shows P  (new C,s,False) —x* {addr a,(h’,l’,sh’),False)
lemma NewInitOOMReds:
assumes nDone: P sfs. shp s C = Some (sfs, Done)
and INIT-steps: P & (INIT C ([C],False) <+ unit,s,False) —* (Val v',(h’,l’;sh’),b")
and Addr: new-Addr h' = None and cls-C: is-class P C
shows P + (new C,s,False) — (THROW OutOfMemory,(h',l’;sh’),False)
lemma NewlnitThrowReds:
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assumes nDone: P sfs. shp s C = Some (sfs, Done)

and cls-C: is-class P C

and INIT-steps: P+ (INIT C ([C],False) < unit,s,False) —* (throw a,s’,b’)
shows P F (new C,s,False) —x (throw a,s’,b’)

Cast

lemma CastReds:
P {e,s,b) —x* (es"by = P+ (Cast C e,s,b) —x (Cast C e',s',b’)
lemma CastRedsNull:
P (es,b) =« (null,s’,b')y = P F (Cast C e,s,b) —x (null,s’,b")
lemma CastRedsAddr:
[ PFE {esby = (addr a,s’,b); hp s' a = Some(D,fs); P+ D =* C | =
P+ (Cast C e,s,b) == (addr a,s’,b")
lemma CastRedsFail:
[ PF (es,b) =« (addr a,s",b"); hp s’ a = Some(D,fs); - P+ D <* C ]| =
P+ (Cast C e,s,b) =+ (THROW ClassCast,s’,b")
lemma CastRedsThrow:
[ PF {esb) = (throw a,s",b") | = P F (Cast C e,s,b) —x (throw a,s’,b")

LAss

lemma LAssReds:

P {e,s,b) —x* (e,s"0"y = P+ ( Vi=e,s5,b) —x ( Vi=e';s",b)
lemma LAssRedsVal:

[ PtE {esby = (Val v,(h',l';sh"),b") | = P F ( Vi=e,s,b) —x* (unit,(h’,l'(Viv),sh’),b")
lemma LAssRedsThrow:

[ PF {esby = (throw a,s",b") | = P F ( V:=e,s,b) —x* (throw a,s’,b)

BinOp

lemma BinOp1Reds:

PE (e,s,b) = (e's"by = P+ ( e «bop» es, s,b) == (e’ «bop» eq, s',b)
lemma BinOp2Reds:

P F {e,s,b) = (e s"by = P+ ((Val v) «bop» e, s,b) —x ((Val v) «bop» e’, s’,b")
lemma BinOpRedsVal:
assumes e;-steps: P F (e1,80,b0) == (Val vq,s1,b1)

and eqg-steps: P (ea,s1,b1) —* (Val va,52,b2)

and op: binop(bop,v1,v2) = Some v
shows P F (e; «bop» ez, so,bo) —* (Val v,39,b2)
lemma BinOpRedsThrowl:

P F {e,s,b) —x (throw e’,s’,b"y = P F (e «bop» ea, s,b) —x* (throw e’, s’,b")
lemma BinOpRedsThrow2:
assumes e;-steps: P F (e1,80,b0) —* (Val v1,51,b1)

and ey-steps: P F (e2,51,b1) —* (throw e,s2,bs)
shows P (e; «bop» ea, s9,bg) —* (throw e,s2,b2)

FAcc

lemma FAccReds:
P (es,b) =« (e',s",by = P I (e-F{D}, s,b) = (e"-F{D}, s',b)
lemma FAccRedsVal:
[ PFE {esb) = (addr a,s’,b); hp s' a = Some(C,fs); fs(F,D) = Some v;
P+ C has F,NonStatic:t in D |
= P+ (e:F{D},s,b) = (Val v,s",b)
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lemma FAccRedsNull:
P+ (e,8,b) —* (null,s"b"y = P+ (e-F{D},s,b) —* (THROW NullPointer,s’,b")
lemma FAccRedsNone:
[ Pt {esb) = (addr a,s’,b’);
hp s’ a = Some(C,fs);
—(3bt. P+ C has F,b:tin D) |
= P+ (e:F{D},s,b) =+ (THROW NoSuchFieldError,s’ b’
lemma FAccRedsStatic:
[ Pt {esb) = (addr a,s’,b’);
hp s’ a = Some(C,fs);
P+ C has F,Static:t in D |
= P+ (e-F{D},s,b) =« (THROW IncompatibleClassChangeError,s’,b’)
lemma FAccRedsThrow:
P+ (e,s,b) =% (throw a,s,b") = P & (e-F{D},s,b) —* (throw a,s’,b’)

SFAcc

lemma SFAccReds:
[ P+ C has F,Static:t in D;
shp s D = Some(sfs,Done); sfs F = Some v |
= P+ (C-sF{D},s,True) —* (Val v,s,False)
lemma SFAccRedsNone:
—(3bt. P+ C has F,b:t in D)
= P+ (C-sF{D},s,b) =+ (THROW NoSuchFieldError,s,False)
lemma SFAccRedsNonStatic:
P+ C has F,NonStatic:t in D
= P+ (C-sF{D},s,b) — (THROW IncompatibleClassChangeError,s,False)
lemma SFAccInitDoneReds:
assumes cl': P+ C has F,Static:t in D
and shp: shp s D = Some (sfs,Done) and sfs: sfs F' = Some v
shows P+ (C-sF{D}, s, b) —x (Val v, s, False)
lemma SFAccInitReds:
assumes cF: P+ C has F,Static:t in D
and nDone: B sfs. shp s D = Some (sfs,Done)
and INIT-steps: P & (INIT D ([D],False) + unit,s,False) —x (Val v’;s’,b")
and shp”: shp s’ D = Some (sfs,i) and sfs: sfs F = Some v
shows P + (C-sF{D},s,False) —x* (Val v,s',False)
lemma SFAccInitThrowReds:
[ P+ C has F,Static:t in D;
B sfs. shp s D = Some (sfs,Done);
P+ (INIT D ([D),Fulse) < unit,s,False) —+ (throw a,s',b") ]
= P+ (C-sF{D},s,False) —x (throw a,s’,b’)

FAss

lemma FAssReds1:

P {es,b) = (e,s"b"y = P F (e-F{D}:=ea, 5,b) —x (e-F{D}:=e3, s',b")
lemma FAssReds2:

P (e,s,b) —x* (e',s",b"y = P+ (Val v-F{D}:=e, s,b) —* (Val v-F{D}:=e’, s',b")
lemma FAssRedsVal:
assumes e;-steps: P F (e1,80,b0) =+ (addr a,s1,by)

and ey-steps: P F (eg,s1,b1) =% (Val v,(ha,l2,sha),ba)

and cF: P+ C has F,NonStatic:t in D and hC: Some(C,fs) = hy a
shows P (e;-F{D}:=ea, so, bo) —x (unit, (ha(a—(C,fs((F,D)—v))),l2,sha),b2)



84

lemma FAssRedsNull:
assumes e;-steps: P F (e1,80,b0) —* (null,s1,b1)
and eqg-steps: P+ (ea,81,b1) —* (Val v,s9,b9)
shows P b (e;-F{D}:=es, sg, bg) —* (THROW NullPointer, s, bs)
lemma FAssRedsThrowl :
P F {e,s,b) = (throw e';s',b")y = P+ (e-F{D}:=eq, s,b) —x* (throw e’, s',b")
lemma FAssRedsThrow2:
assumes e;-steps: P F (e1,80,b0) —* (Val v,s1,b1)
and eqg-steps: P (ea,s1,b1) —x (throw e,s2,ba)
shows P F (e1-F{D}:=eq,50,b0) —=* (throw e,sa,bs)
lemma FAssRedsNone:
assumes e;-steps: P F (e1,s0,bp) —* (addr a,s1,b1)
and eg-steps: P (ea,81,b1) —x (Val v,(he,la,shs),b2)
and hC: hy a = Some(C,fs) and ncF: =(3bt. P+ C has F,b:t in D)
shows P b (e;-F{D}:=eq, sg, bg) —* (THROW NoSuchFieldError, (ha,la,shs), ba)
lemma FAssRedsStatic:
assumes e;-steps: P F (e1,80,bp) —* (addr a,s1,b1)
and eg-steps: P+ (ea,81,b1) —x (Val v,(he,la,shs),b2)
and hC: hy a = Some(C,fs) and cF-Static: P & C has F,Static:t in D
shows P b (e1-F{D}:=ea, sg, bg) —* (THROW IncompatibleClassChangeError, (ha,la,sha), ba)

SFAss

lemma SFAssReds:

P E {es,b) = (e's"by = P+ (C-sF{D}:=e,8,b) —x (C-sF{D}:=e’,s",b’)
lemma SFAssRedsVal:
assumes ey-steps: P (ea,80,b0) —* (Val v,(ha,l2,8h2),b2)

and cF: P+ C has F,Static:t in D

and shD: shy D = |(sfs,Done) ]
shows P b (C-sF{D}:=ea, so, bg) —* (unit, (ha,l2,sha(D—(sfs(F—v), Done))),False)
lemma SFAssRedsThrow:

[ Pt {ez,80,b0) —* (throw e,s2,b2) |

= P (C-sF{D}:=e2,50,b0) —* (throw e,s2,ba)
lemma SFAssRedsNone:

[[ P <€2,80,b0> —>k (Val U,(h2,12,8h2)7b2>;

-(3bt. PF Chas F)b:t in D) | =

P F (C-sF{D}:=e3,50,b0) —* (THROW NoSuchFieldError, (ha,l2,she),False)
lemma SFAssRedsNonStatic:

[[ P+ <€2,50,b0> —rk <Val U,(hg,lg,shg),bg>;

P+ C has F,NonStatic:t in D | =

P F {(C-sF{D}:=e3,80,b0) —* (THROW IncompatibleClassChangeError,(ha,la,shs),False)
lemma SFAssInitReds:
assumes ey-steps: P F (eq,80,b0) —* (Val v,(ha,la,shs),False)

and cF: P+ C has F,Static:t in D

and nDone: B sfs. shy D = Some (sfs, Done)

and INIT-steps: P & (INIT D (|D],False) < unit,(ha,la,sh2),False) —x (Val v’,(h’,l’;sh’),b")

and sh'D: sh’ D = Some(sfs,i)

and sfs”: sfs’ = sfs(F—v) and sh'": sh’ = sh'(D—(sfs’,i))
shows P+ (C-sF{D}:=e3,50,b0) —* (unit,(h’,l’;sh""),False)
lemma SFAssInitThrowReds:
assumes es-steps: P F (ea,50,b0) —x (Val v,(ha,la,shs),False)

and cF: P+ C has F,Static:t in D

and nDone: A sfs. shy D = Some (sfs, Done)

and INIT-steps: P+ (INIT D ([D],False) < unit,(ha,la,shy),False) —x (throw a,s’,b")
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shows P + (C-sF{D}:=e2,80,b0) —* (throw a,s’,b’)

99
lemma SeqReds:
P (es8,b) —x (e;s",by = Pt (e;;ea, 8,b) —x (e';;ea, s',b")
lemma SeqRedsThrow:
P+ (e,s,b) =« (throw e',s",b") = P F (e;;eq, s,b) —x (throw e’, s',b’)
lemma SeqReds?2:
assumes e;-steps: P F (e1,50,b0) =+ (Val v1,81,b1)
and ey-steps: P F (e2,51,b1) —* (€2',52,b2)
shows P I (e1;;e2, So,b0) —* (e2',52,b9)

If

lemma CondReds:
P+ {es,b) —x (e s"b") = Pt (if (e) e1 else eg,s,b) —x (if (e’) e1 else eq,8',b")
lemma CondRedsThrow:
P+ (e,s,b) =% (throw a,s,b") = P F (if (e) e1 else ea, $,b) == (throw a,s’,b’)
lemma CondReds2T:
assumes e-steps: P F (e,s0,b0) —* (true,s1,b1)
and e;-steps: P F (eq, s1,b1) —* (€,82,b2)
shows P  (if (e) ey else e, s9,bg) —* (€,82,b2)
lemma CondReds2F:
assumes e-steps: P F (e,s0,bg) —* (false,s1,b1)
and ey-steps: P F (eq, s1,b1) —* (e’,52,b2)
shows Pt (if (e) ey else ea, s9,bg) —>* (e’,52,b2)

While

lemma WhileF'Reds:

assumes b-steps: P F (b,s,bg) —* (false,s’,b’)

shows P + (while (b) ¢,s,bg) —* (unit,s’,b’)

lemma WhileRedsThrow:

assumes b-steps: P (b,s,bg) —* (throw e,s’,b)

shows P F (while (b) c,s,bg) —x (throw e,s’,b’)

lemma WhileTReds:

assumes b-steps: P F (b,s0,bg) —* (true,sy,by)
and c-steps: P+ {(¢,s1,b1) —* (Val v1,82,b9)
and while-steps: P F (while (b) c¢,s9,b2) —* (e,83,b3)

shows P t (while (b) ¢,s0,bp) —+ (e,s3,b3)

lemma WhileTRedsThrow:

assumes b-steps: P F (b,s9,bg) —* (true,sy,by)
and c-steps: P & {(c,81,b1) =% (throw e,sq,bs)

shows P + (while (b) ¢,s0,bo) =% (throw e,sa,ba)

Throw

lemma ThrowReds:

P+ (es,b) =« (e/;s",b") = P F (throw e,s,b) —x (throw e’,s’,b")
lemma ThrowRedsNull:

P {e;s,b) = (null,s’,b"y = P F (throw e,s,b) —x (THROW NullPointer,s’,b’)
lemma ThrowReds Throw:

P {(e,s,b) —x* (throw a,s',by = P + (throw e,s,b) —= (throw a,s’,b")
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InitBlock

lemma InitBlockReds-aux:

P E {es,b) = (e's"b"y =

Vhilshh'l sh’v.s= (hI(V—wv),sh) — s = (h',l';sh') —

PE{V:T = Val v; e},(h,0,sh),b) == ({V:T := Val(the(l’ V)); e}, (A, 1(V:=(1 V)),sh’),b")
lemma InitBlockReds:

PF (e, (hI(Visv),sh),b) —x (e, (h,1',sh'),b"

Pr({V:T = Val v; e}, (hlsh),b) —x ({V:T := Val(the(I' V)); €'}, (K, 1(V:=(1 V)),sh"),b")
lemma InitBlockRedsFinal:

[ Pt {e(hl(Vv),sh),b) —x (e, (h',l,sh"),b"); final ' | =

PE {V:T = Val v; e},(h,l,sh),b) —x (e',(h', I'(V :=1V),sh’),b")

Block

lemmas converse-rtranclE3 = converse-rtranclE [of (za,zb,xc) (za,zb,zc), split-rule]

lemma BlockRedsFinal:

assumes reds: P b {(eg,s0,b0) —* (ea,(ha,l2,sha),b2) and fin: final eq

shows Ahg lo sho. so = (ho,lo(V:=None),shg) = P F ({V:T; eo},(ho,lo,sho),bo) —* {ea,(ha,la(V:=ly
V)v5h2)7b2>

try-catch

lemma TryReds:

P (es,b) —x (e/,s",b) = P I (try e catch(C V) eq,s,b) —x (try e’ catch(C V) e2,s’,b)
lemma TryRedsVal:

P F {e,s,b) =* (Val v,s";b") = P+ (try e catch(C V) eq,s,b) == (Val v,s",b")
lemma TryCatchRedsFinal:
assumes e;-steps: P F (e1,80,b0) =+ (Throw a,(hq,l1,sh1),b1)

and hja: hy a = Some(D,fs) and sub: P+ D <* C

and ey-steps: P F (e, (hy, 1(V — Addr a),sh1),b1) —* (es’, (ha,l2,sha), ba)

and final: final ey’
shows P+ (try ey catch(C V) ea, so, bo) —>* (e, (ha, (Ia::locals)(V := 1 V),shs),bs)
lemma TryRedsFuail:

[ Pt {e1,8b) —* (Throw a,(h,l,sh),b"); h a = Some(D,fs); = P+ D <* C]

= Pt (try e; catch(C' V) es,s,b) —x (Throw a,(h,l,sh),b")

List

lemma ListReds1:

P F (e,s,b) —x (e s"by = Pt (e#es,s,b) [=]x (e # es,s',b")
lemma ListReds2:

P (es,s,b) [=]* (es’,s,b") = P F (Val v # es,s,b) [=]* (Val v # es’,s,b’)
lemma ListRedsVal:

[ PF {es0,bo) =+ (Val v,s1,b1); P F (es,s1,b1) [—=]* (es’,82,b2) ]

= P I (e#es,80,b0) [=]* (Val v # es’,s2,b2)

Call

First a few lemmas on what happens to free variables during redction.
lemma assumes wf: wwf-J-prog P
shows Red-fv: P & (e,(h,l,sh),b) — (e’,(h",l';sh’),b")y = fo e’ C fve

and P+ (es,(h,l,sh),b) [—=] (es’,(h',l/;sh"),b") = fus es’ C fus es
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lemma Red-dom-lcl:
P+ (e, (h,l,sh),b) — (e’ ,(h"l';sh’),b")y = dom I’ C dom [ U fv e and
P+ (es,(h,l,sh),b) [—=] (es’,(h",l';sh"),b") = dom I’ C dom I U fus es
lemma Reds-dom-Icl:
assumes wf: wwf-J-prog P
shows P + (e,(h,l,sh),b) —x (e/,(h",l';sh"),b") = dom I’ C dom Il U fv e

Now a few lemmas on the behaviour of blocks during reduction.

lemma override-on-upd-lemma:
(override-on f (g(a—b)) A)(a := g a) = override-on f g (insert a A)

lemma blocksReds:
AL [ length Vs = length Ts; length vs = length Ts; distinct Vs;
P+ (e, (hI(Vs [—] vs),sh),by —x (e, (h',l';sh"),b") ]
= P I (blocks( Vs, Ts,vs,e), (h,l,sh),b) —x* (blocks(Vs, Ts,map (the o ') Vs,e’), (h',override-on
11 (set Vs),sh'),b")

lemma blocksFinal:
AL [ length Vs = length Ts; length vs = length Ts; final e | =
P b (blocks( Vs, Ts,vs,e), (h,l,sh),b) —* (e, (h,l,sh),b)

lemma blocksRedsFinal:

assumes wf: length Vs = length Ts length vs = length Ts distinct Vs
and reds: P+ (e, (h,l(Vs [—] vs),sh),b) —= (e’, (h',l';sh"),b")
and fin: final ¢’ and 1": 1" = override-on I' I (set Vs)

shows P + (blocks( Vs, Ts,vs,e), (h,l,sh),b) —* (e’, (1" sh’),b")

An now the actual method call reduction lemmas.

lemma CallRedsObj:
P {e,s,b) = (e's"b"y = P F (e-M(es),s,b) —x (e’-M(es),s’,b")

lemma CallRedsParams:
P {(es,s,b) [=]* (es’;s",b"y = P F ((Val v)-M(es),s,b) —* ((Val v)-M(es’),s’,b")

lemma CallRedsFinal:

assumes wwf: wwf-J-prog P

and P F (e,s0,b0) —* (addr a,s1,b1)
P F (es,s1,b1) [=]* (map Val vs,(hg,la,sh2),b2)
ho a = Some(C,fs) P+ C sees M,NonStatic:Ts—T = (pns,body) in D
size v§ = Size pns

and ly" Iy = [this — Addr a, pns[—]vs]

and body: P b (body,(ha,la’,sha),ba) —* (ef,(hs,l3,sh3),b3)

and final ef

shows P (e-M(es), so,bo) —* (ef,(hs,la,shs),b3)

lemma CallRedsThrowParams:
assumes e-steps: P F (e,s0,b0) —* (Val v,s1,b1)

and es-steps: P F (es,s1,b1) [—=]* (map Val vsy Q throw a # esa,s2,b2)
shows P (e-M(es),s0,bp) —+* (throw a,s2,bs)

lemma CallRedsThrowObj:
P+ {e;s0,bg) == (throw a,s1,b1) = P F {e-M(es),s0,bg) —* (throw a,s1,b1)

lemma CallRedsNull:
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assumes e-steps: P F (e,s0,b0) —* (null,s1,b1)

and es-steps: P b (es,s1,b1) [—]*x {(map Val vs,s2,bs)
shows P + (e-M(es),s0,b0) —* (THROW NullPointer,ss,bs)
lemma CallRedsNone:
assumes e-steps: P F (e,s,b) —* (addr a,s1,b1)

and es-steps: P+ (es,s1,b1) [—=]* (map Val vs,s2,b2)

and hpsa: hp so a = Some(C,fs)

and ncM: =(3b Ts Tm D. P+ C sees M,b:Ts—T = m in D)
shows P + (e-M(es),s,b) =+ (THROW NoSuchMethodError,ss,bs)
lemma CallRedsStatic:
assumes e-steps: P F (e,s,b) —* (addr a,s1,b1)

and es-steps: P+ (es,s1,b1) [—=]* (map Val vs,s2,b2)

and hpsa: hp so a = Some(C,fs)

and cM-Static: P - C sees M ,Static:Ts—T = m in D
shows P F (e-M(es),s,b) —* (THROW IncompatibleClassChangeError,sa,ba)

1.23.2 SCall

lemma SCallRedsParams:
P F (es,s,b) [=]* (es’,s,b') = P F (C-sM(es),s,b) —* (C-sM(es’),s’,b")
lemma SCallRedsFinal:
assumes wwf: wwf-J-prog P
and P+ (es,sg,bp) [—]* (map Val vs,(ha,la,shs),bs)
P+ C sees M,Static:Ts—T = (pns,body) in D
sha D = Some(sfs,Done) V (M = clinit A sha D = |(sfs, Processing)])
size vs = Size pns
and Iy ly' = [pns[—]vs]
and body: Pt (body,(he,ly’,shs),False) —x (ef,(hs,l3,sh3),b3)
and final ef
shows Pt (C-sM(es), so,bo) —* (ef,(hs,l2,sh3),bs)
lemma SCallRedsThrowParams:
[ P {es,s0,b0) [=]* (map Val vsy @ throw a # es2,82,b2) |
= P+ (C-sM(es),s0,bg) —* (throw a,s,bs)
lemma SCallRedsNone:
[ Pt {es,s,b) [=]* (map Val vs,sa,False);
=(3b Ts Tm D. P+ Csees M,b:Ts—T = m in D) ]
= P+ (C-sM(es),s,b) —* (THROW NoSuchMethodError,ss,False)
lemma SCallRedsNonStatic:
[ Pt {es,s,b) [=]* (map Val vs,sqs,False);
P+ C sees M,NonStatic:Ts—T = m in D |
= P+ (C-sM(es),s,b) =+ (THROW IncompatibleClassChangeError, s, False)
lemma SCalllnitThrowReds:
assumes wwf: wwf-J-prog P
and P+ (es,sg,bo) [—]* (map Val vs,(h1,l1,sh1),False)
P+ C sees M,Static:Ts—T = (pns,body) in D
B sfs. shy D = Some(sfs,Done)
M # clinit
and P + (INIT D ([D],False) < unit,(h1,l1,sh1),False) == (throw a,(hz,l2,sha),ba)
shows P+ (C-sM(es), sp,bo) —* (throw a,(hg,la,shs2),bs)
lemma SCalllnitReds:
assumes wwf: wwf-J-prog P
and P F (es,s0,b0) [—]* (map Val vs,(hy,l1,sh1),False)
P+ C sees M,Static:Ts— T = (pns,body) in D
B sfs. shy D = Some(sfs,Done)
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M # clinit
and P + (INIT D ([D],False) < unit,(hyi,l1,sh1),False) —x (Val v’,(ha,la,sh2),b2)
and size vs = size pns
and " Iy’ = [pns[—]vs]
and body: P (body,(he,la’,sha),False) —x (ef,(hs,l3,sh3),b3)
and final ef
shows P+ (C-sM(es),s0,bp) —+ (ef,(hs,l2,sh3),b3)
lemma SCalllnitProcessingReds:
assumes wwf: wwf-J-prog P
and P F (es,s0,bo) [—]* (map Val vs,(ha,l2,sha),ba)
P F C sees M,Static:Ts—T = (pns,body) in D
she D = Some(sfs, Processing)
and size vs = size pns
and " I/ = [pns[—]vs]
and body: P+ (body,(he,la’,sha),False) —x (ef,(hs,l3,sh3),bs3)
and final ef
shows P+ (C-sM(es),s0,bg) —+ (ef,(hs,l2,8h3),b3)

The main Theorem

lemma assumes wwf: wwf-J-prog P
shows big-by-small: P+ (e,s) = (e',s")
= (Ab. iconf (shp s) e = P,shp sty (e,b) / = P F {(e,s,b) —x (e,s',Fulse))
and bigs-by-smalls: P F (es,s) [=] (es',s")
= (A\b. iconfs (shp s) es = P,shp s by (es,b) / = P F (es,s,b) [—]* (es’,s’,False))

1.23.3 Big steps simulates small step

This direction was carried out by Norbert Schirmer and Daniel Wasserrab (and modified to
include statics and DCI by Susannah Mansky).

The big step equivalent of Red While:

lemma unfold-while:
P+ {while(d) ¢,s) = (e',s") = P+ (if(b) (c;;while(d) ¢) else (unit),s) = (e’,s")

lemma blocksEval:
NTs vs L. [size ps = size Ts; size ps = size vs; P & (blocks(ps, Ts,vs,e),(h,l,sh)) = (e',(h',l';sh")} ]

= 3 I". P+ (e,(h,l(ps[—]vs),sh)) = (e’,(h",l" sh’))

lemma

assumes wf: wwf-J-prog P

shows eval-restrict-lcl:
F (e,(h,l,sh)) = (e/,(h"l';sh))) = (AW. fue C W = PF (e,(hI|'W,s h)> = (e/,(hl'| ‘W, sh")))

and P F (es,(h,,sh)) [=] (es’,(h'l/;sh’)) = (AW. fvs es C W = P F (es,(h,l|* Wsh)) =]

(es', (W1 W, 5h))

lemma eval-notfree-unchanged:
F (e, (h,l,sh)y = (e (B lI';sh)) = (ANV. V& foe= 1"V =1V)
and P F (es,(h,l,sh)) [=] (es,(hl/;sh")) = (AV. V ¢ fuses= 1"V =17V)

lemma eval-closed-lcl-unchanged:
[ P+ (e(hlsh)) = (e (bl sh)); foe={}] = 1'=1

lemma list-eval- Throw:
assumes cval-e: P F (throw z,s) = (e’,s")
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shows P F (map Val vs Q throw © # es’,s) [=] (map Val vs Q e’ # es’,s’)
— separate evaluation of first subexp of a sequence
lemma seq-ext:
assumes [H: N\e’ s'. PF (e',s") = (e/;s') = P I (e,s) = (e,s")
and seq: P F (e ;; eg,s") = (e/,s))
shows P + (e ;; eg,s) = (e',s')
proof (rule eval-cases(14)[OF seq]) — Seq
fix v’ s; assume e’: P I (e',s") = (Val v',s1) and estep: P = (eg,s1) = (e’,s")
have P I (e,s) = (Val v';s1) using e’ IH by simp
then show ?thesis using estep Seq by simp
next
fix e; assume e’: P (e',s") = (throw e;,s’y and e’: ¢/ = throw e,
have P F (e,s) = (throw e;,s’) using e’’ IH by simp
then show ?thesis using eval-evals.SeqThrow e’ by simp
qed

— separate evaluation of RI subexp, val case
lemma rinit- Val-ext:
assumes ri: P = (RI (C,e") ; Cs < eg,s") = (Val v',s1)
and IH: N\e' s". P (e”s") = (e;s") = P F (e,5) = (e/,s")
shows P F (RI (C,e) ; Cs « ep,s) = (Val v',s1)
proof (rule eval-cases(20)[OF ri]) — RI
fix v’ h' 1’ sh’ sfs i
assume e''step: P F (e",s"") = (Val v",(h', I’, sh’))
and shC: sh’ C = |(sfs, )]
and init: P+ (INIT (if Cs =[] then C else last Cs) (Cs, True) < eq,(h’, l'; sh’(C +— (sfs, Done))))
=
(Val v',s1)
have P+ (e,s) = (Val v”,(h’, I, sh’)) using IH[OF e"step] by simp
then show ?thesis using RlInit init shC by auto
next
fix a h' 1’ sh’ sfs i D Cs’
assume e''step: P F (e",s"") = (throw a,(h’, ', sh’))
and riD: P+ (RI (D,throw a) ; Cs’ < eo,(h’, I', sh'(C > (sfs, Error)))) = (Val v’,s1)
have P F (e,s) = (throw a,(h’, I/, sh")) using ITH[OF e'’step] by simp
then show ?thesis using riD rinit-throwE by blast
qed(simp)

— separate evaluation of RI subexp, throw case
lemma rinit-throw-ext:
assumes ri: P F (RI (C,e”) ; Cs < e,s") = (throw e,s’)
and IH: N\e' s". P (e”s") = (e;s") = P F (e,5) = (e/,s')
shows P F (RI (Ce) ; Cs < eg,s) = (throw e;,s’)
proof (rule eval-cases(20)[OF ri]) — RI
fix v h' 1’ sh’ sfsi
assume e’'step: P+ (e”,s") = (Val v,(h', I, sh'))
and shC: sh’ C = |(sfs, )]
and init: P+ (INIT (if Cs =[] then C else last Cs) (Cs,True) + eq,(h’, l', sh’(C — (sfs, Done))))
=
(throw ey,s")
have P + (e,s) = (Val v,(h', l', sh')) using IH[OF e''step] by simp
then show ?thesis using RlInit init shC by auto
next
fix a h' 1’ sh’ sfs i D Cs’
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assume e'’step: P+ (e'|s") = (throw a,(h’, ', sh’))
and shC: sh’ C = [(sfs, 7)]
and riD: P+ (RI (D,throw a) ; Cs' < eg,(h', I, sh’(C + (sfs, Error)))) = (throw e,s”)
and cons: Cs = D # Cs’
have estep” P & (e,s) = (throw a,(h’, ', sh’)) using IH[OF e''step] by simp
then show ?thesis using RlInitInitFail cons riD shC by simp
next
fix a h' I’ sh’ sfs i
assume throw e; = throw a
and s’ = (h/, I, sh’(C — (sfs, Error)))
and P F (e”,s") = (throw a,(h', I, sh"))
and sh' C = [(sfs, )]
and Cs = ||
then show ?thesis using RInitFailFinal IH by auto
qed

— separate evaluation of RI subexp
lemma rinit-ext:
assumes [H: \e' s". P+ (e”,s")y = (e';s"y = P F (e,s) = (e',s")
shows Ae’s’. P+ (RI (C,e'") ; Cs + ep,s") = (e',s)
= P+ (RI (C,e) ; Cs « ep,s) = (e',s')
proof —
fix ¢’ s’ assume ri’: P F (RI (C,e”) ; Cs + ep,8") = (e,s")
then have final ¢’ using eval-final by simp
then show P F (RI (C,e) ; Cs « ep,s) = (e',s)
proof (rule finalE)
fix v assume e’ = Val v then show ?thesis using rinit- Val-ext[OF - IH| ri’’ by simp
next
fix a assume e’ = throw a then show ?thesis using rinit-throw-ext[OF - IH| ri’’ by simp
qed
qed

— INIT and RI return either Val with Done or Processing flag or Throw with Error flag
lemma
shows eval-init-return: P+ (e,s) = (e’,s")
= iconf (shp s) e
= (3Cs b. e = INIT C' (Cs,b) < unit) V (3C ey Cs e;. e = RI(C,ey);CsQ[C’] + unit)
V (Feg. e = RI(C',eq);Nil + unit)
= (val-of ¢’ = Some v — (I sfs i. shp s’ C' = |(sfs,i)] A (i = Done V i = Processing)))
A (throw-of e’ = Some a — (I sfs i. shp s’ C' = |(sfs,Error)]))
and P I (es,s) [=] (es’;s") = True
proof (induct rule: eval-evals.inducts)
case (InitFinal e s e’ s’ C' b) then show ?case
by (fastforce simp: initPD-def dest: eval-final-same)
next
case (InitDone sh C sfs C' Cs e hle' s’
then have final ¢’ using eval-final by simp
then show “case
proof (rule finalE)
fix v assume e”: ¢/ = Val v then show ?thesis using InitDone initPD-def
proof(cases Cs) qed(auto)
next
fix a assume ¢”: ¢/ = throw a then show ?thesis using InitDone initPD-def
proof(cases Cs) qed(auto)
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qed
next
case (InitProcessing sh C sfs C' Cs e hle's’)
then have final ¢’ using eval-final by simp
then show ?case
proof (rule finalE)
fix v assume e”: ¢/ = Val v then show ?thesis using InitProcessing initPD-def
proof(cases Cs) qed(auto)
next
fix a assume ¢”: ¢/ = throw a then show ?thesis using InitProcessing initPD-def
proof(cases Cs) qed(auto)
qed
next
case (InitError sh C sfs Cs e hl e’ s’ C') show Zcase
proof(cases Cs)
case Nil then show ?thesis using InitError by simp
next
case (Cons C2 list)
then have final ¢’ using InitError eval-final by simp
then show ?thesis
proof(rule finalE)
fix v assume e’ ¢/’ = Val v then show ?thesis
using InitError
proof —
obtain ccss :: char list list and bb :: bool where
INIT C' (C # Cs,False) < e = INIT C’ (ccss,bb) + unit
using InitError.prems(2) by blast
then show ?thesis using InitError.hyps(2) e’ by(auto dest!: rinit-throwE)
qed
next
fix a assume e’ ¢/ = throw a
then show ?thesis using Cons InitError cons-to-append|of list] by clarsimp
qged
qed
next
case (InitRInit C Cs h [ sh e’ s’ C’) show ?Zcase
proof(cases Cs)
case Nil then show ?thesis using InitRInit by simp
next
case (Cons C' list) then show ?thesis
using InitRInit Cons cons-to-append|of list] by clarsimp
qed
next
case (RInit e sv h'l' sh’ C sfs i sh' C' Cs e’ ey s1)
then have final: final e; using eval-final by simp
then show ?case
proof(cases Cs)
case Nil show ?thesis using final
proof(rule finalE)
fix v assume ¢”: ¢; = Val v show Zthesis
using RInit Nil by(auto simp: fun-upd-same initPD-def)
next
fix a assume ¢’ e; = throw a show ?thesis
using RInit Nil by(auto simp: fun-upd-same initPD-def)
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qed
next
case (Cons a list) show ?thesis
proof (rule finalE[OF final])
fix v assume ¢’ e; = Val v then show ?thesis
using RInit Cons by clarsimp (metis last.simps last-appendR list.distinct(1))
next
fix a assume ¢’ e; = throw a then show ?thesis
using RInit Cons by clarsimp (metis last.simps last-appendR list.distinct(1))
qed
ged
next
case (RInitInitFail e s a h' I’ sh’ C sfs i sh’ D Cs e’ ey s1)
then have final: final e; using eval-final by simp
then show ?case
proof(rule finalE)
fix v assume ¢’: ¢; = Val v then show ?thesis
using RInitInitFail by clarsimp (meson exp.distinct(101) rinit-throwE)
next
fix o’ assume e”: e; = Throw a’
then have iconf (sh'(C — (sfs, Error))) a
using RInitInitFail.hyps(1) eval-final by fastforce
then show ?thesis using RInitInitFail e’
by clarsimp (meson Cons-eq-append-conv list.inject)
qed
qed(auto simp: fun-upd-same)

lemma init-Val-PD: P (INIT C' (Cs,b) < unit,s) = (Val v,s")
= iconf (shp s) (INIT C' (Cs,b) < unit)
= Fsfsi. shp s’ C' = [(sfs,i)| A (i = Done V i = Processing)
by (drule-tac v = v in eval-init-return, simp+)

lemma init-throw-PD: P & (INIT C' (Cs,b) < unit,s) = (throw a,s’)
= iconf (shp s) (INIT C' (Cs,b) < unit)
= Jsfs i. shp s’ C' = |(sfs,Error)]

by (drule-tac a = a in eval-init-return, simp+)

lemma rinit-Val-PD: P+ (RI(C,eg);Cs + unit,s) = (Val v,s")
= iconf (shp s) (RI(C,ep);Cs + unit) = last(C#Cs) = C’
= Jsfs i. shp s’ C' = |(sfs,i)] A (i = Done V i = Processing)

by (auto dest!: eval-init-return [where C'=C"|

append-butlast-last-id[ THEN sym)])

lemma rinit-throw-PD: P (RI(C,ep);Cs < unit,s) = (throw a,s’)
= iconf (shp s) (RI(C,ep);Cs < unit) = last(C#Cs) = C’
= Fsfsi. shp s’ C' = [(sfs,Error)]

by (auto dest!: eval-init-return [where C'=C"|

append-butlast-last-id[ THEN sym)])

— combining the above to get evaluation of INIT in a sequence

lemma eval-init-seq”: P+ (e,s) = (e’,s’

= (3C Cs b e. e =INIT C (Cs,b) ei) V(3Cey Cse. e =RI(Ce);Cs + e;)
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= (3C Cs b e;. e = INIT C (Cs,b) < e; N P+ ((INIT C (Cs,b) « unit);; e;,s) = (e,s"))
V (3Ce Cse. e =RIC,e);Cs + e; AN P {((RI(C,e);Cs < unit);; e;,8) = (e’,s"))
and P+ (es,s) [=] (es',s") = True
proof (induct rule: eval-evals.inducts)
case InitFinal then show ?case by (auto simp: Seq[OF eval-evals.InitFinal| OF Val[where v=Unit]]])
next
case (InitNone sh) then show ?Zcase
using seg-ext| OF eval-evals.InitNone[where sh=sh and e=unit, OF InitNone.hyps(1)]] by fastforce
next
case (InitDone sh) then show ?Zcase
using seg-ext| OF eval-evals. InitDone[where sh=sh and e=unit, OF InitDone.hyps(1)]] by fastforce
next
case (InitProcessing sh) then show ?case
using seq-ext| OF eval-evals.InitProcessing[where sh=sh and e=unit, OF InitProcessing.hyps(1)]]
by fastforce
next
case (InitError sh) then show ?Zcase
using seg-ext|OF eval-evals.InitError[where sh=sh and e=unit, OF InitError.hyps(1)]] by fast-
force
next
case (InitObject sh) then show ?case
using seg-ext[OF eval-evals.InitObject[where sh=sh and e=unit, OF InitObject.hyps(1)]]
by fastforce
next
case (InitNonObject sh) then show ?case
using seg-ext[OF eval-evals.InitNonObject[where sh=sh and e=unit, OF InitNonObject.hyps(1)]]
by fastforce
next
case (InitRInit C Cs e h l sh e’ s’ C'’) then show ?case
using seq-ext|OF eval-evals. InitRInit[where e=unit]] by fastforce
next
case RInit then show ?case
using seg-ext[OF eval-evals. RInit[where e=unit, OF RInit.hyps(1)]] by fastforce
next
case RInitInitFail then show ?case
using seg-ext[OF eval-evals. RInitInitFail[where e=unit, OF RInitInitFail.hyps(1)]] by fastforce
next
case RInitFailFinal
then show ?case using eval-evals. RInitFailFinal eval-evals.SeqThrow by auto
qed(auto)

lemma eval-init-seq: P+ (INIT C (Cs,b) < e,(h, I, sh)) = (e',s")
= P+ ((INIT C (Cs,b) « unit);; e,(h, I, sh)) = (e’,s")
by (auto dest: eval-init-seq’)

The key lemma:

lemma

assumes wf: wwf-J-prog P

shows extend-1-eval: P & (e,s,b) — (e,s",b"") = P shp s by (e,b) v/
= (As’ e. PFE (e"s") = (e/;s') = PF (es) = (e/,s")

and extend-1-evals: P (es,s,b) [—=] (es”,s"",b"") = P,shp s by (es,b) /
= (As’ es’. P F {(es”s") [=] (es',;s"y = P F (es,s) [=] (es’,s"))

proof (induct rule: red-reds.inducts)
case (RedNew h a C FDTs h' I sh)
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then have e’:¢’ = addr a and s"s’' = (h(a — blank P C), I, sh)
using eval-cases(3) by fastforce+
obtain sfs ¢ where shC: sh C = |(sfs, i)] and ¢ = Done V i = Processing
using RedNew by (clarsimp simp: bconf-def initPD-def)
then show ?case
proof(cases i)
case Done then show ?thesis using RedNew shC e’ s’ New by simp
next
case Processing
then have shC": fsfs. sh C = Some(sfs,Done) and shP: sh C = Some(sfs,Processing)
using shC by simp+
then have init: P + (INIT C ([C),False) < unit,(h,l,sh)) = (unit,(h,l,sh))
by (simp add: InitFinal InitProcessing Val)
have P+ (new C,(h, I, sh)) = (addr a,(h(a — blank P C),l,sh))
using RedNew shC' by (auto intro: NewInit[OF - init])
then show ?thesis using e’ s’ by simp
qed(auto)
next
case (RedNewFail h C'1 sh)
then have e.e’ = THROW OutOfMemory and s":s’ = (h, I, sh)
using eval-final-same final-def by fastforce+
obtain sfs ¢ where shC: sh C' = |(sfs, i)] and ¢ = Done V i = Processing
using RedNewFuail by (clarsimp simp: beconf-def initPD-def)
then show ?case
proof (cases 7)
case Done then show ?thesis using RedNewFuail shC e’ s’ NewFail by simp
next
case Processing
then have shC": fsfs. sh C = Some(sfs,Done) and shP: sh C = Some(sfs,Processing)
using shC by simp+
then have init: P+ (INIT C ([C],False) < unit,(h,l,sh)) = (unit,(h,l,sh))
by (simp add: InitFinal InitProcessing Val)
have P+ (new C,(h, I, sh)) = (THROW OutOfMemory,(h,l,sh))
using RedNewFuail shC' by(auto intro: NewInitOOM[OF - init])
then show ?thesis using ¢’ s’ by simp
qed(auto)
next
case (NewlnitRed sh C h )
then have seq: P+ ((INIT C ([C],False) < unit);; new C,(h, I, sh)) = (e’,s)
using eval-init-seq by simp
then show ?case
proof (rule eval-cases(14)) — Seq
fix v s; assume init: P = (INIT C ([C],False) + unit,(h, I, sh)) = (Val v,s1)
and new: P F (new C,s1) = (e,s)
obtain h; Iy shy where s1: s1 = (hy,l1,5h1) by(cases s1)

then obtain sfs ¢ where shC: shy C = [(sfs, ©)| and iDP: ¢ = Done V { = Processing

using init- Val-PD[OF init] by auto
show %thesis
proof (rule eval-cases(1)[OF new]) — New
fix sha ha a FDTs la
assume sja: 51 = (ha, la, sha) and e”: ¢’ = addr a
and s s = (ha(a — blank P C), la, sha)
and addr: new-Addr ha = |a] and fields: P & C has-fields FDTs
then show ?thesis using Newlnit|OF - - addr fields] NewInitRed.hyps init by simp
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next
fix sha ha la
assume s; = (ha, la, sha) and ¢’ = THROW OutOfMemory
and s’ = (ha, la, sha) and new-Addr ha = None
then show ?thesis using NewInitOOM NewlnitRed.hyps init by simp
next
fix sha ha la v' h' 1’ sh’ a FDTs
assume sya: s1 = (ha, la, sha) and e’ ¢/ = addr a
and s" s’ = (h'(a — blank P C), l’, sh")
and shaC: V sfs. sha C # [(sfs, Done)]
and init". P+ (INIT C ([C],False) < unit,(ha, la, sha)) = (Val v’,(h’, ', sh’))
and addr: new-Addr h' = |a| and fields: P & C has-fields FDTs
then have i: i = Processing using iDP shC s; by simp
then have (h', I/, sh') = (ha, la, sha) using init’ init-ProcessingE s1 s1a shC by blast
then show ?thesis using Newlnit NewInitRed.hyps s1a addr fields init shaC e’ s’ by auto
next
fix sha ha la v’ b’ 1" sh’
assume sja: s1 = (ha, la, sha) and e”: ¢/ = THROW OutOfMemory
and s s’ = (h', l', sh’) and V sfs. sha C # |(sfs, Done)]
and init". P+ (INIT C ([C],False) < unit,(ha, la, sha)) = (Val v',(h’, I', sh"))
and addr: new-Addr h’ = None
then have i: i = Processing using iDP shC s; by simp
then have (h', I, sh’) = (ha, la, sha) using init’ init-ProcessingE s1 s1a shC by blast
then show ?thesis
using NewInitOOM NewlnitRed.hyps e’ addr s’ sya init by auto
next
fix sha ha la a
assume sja: s1 = (ha, la, sha)
and V sfs. sha C # |(sfs, Done)]
and init". P+ (INIT C ([C],False) < unit,(ha, la, sha)) = (throw a,s’)
then have i: { = Processing using iDP shC s; by simp
then show ?thesis using init’ init-ProcessingE s1 s1a shC by blast
qged
next
fix e assume e’ e/ = throw e
and init: P+ (INIT C ([C),False) < unit,(h, I, sh)) = (throw e,s’)
obtain &'’ sh’ where s s’ = (h/,l’;sh’) by(cases s’)
then obtain sfs ¢ where shC: sh’ C = |(sfs, ¢)| and iDP: i = Error
using init-throw-PD][OF init] by auto
then show %thesis by (simp add: NewInitRed.hyps NewInitThrow e’ init)
qed
next
case CastRed then show ?case
by (fastforce elim!: eval-cases intro: eval-evals.intros intro!: CastFail)
next
case RedCastNull
then show ?case
by simp (iprover elim: eval-cases intro: eval-evals.intros)
next
case RedCast
then show ?case
by (auto elim: eval-cases intro: eval-evals.intros)
next
case RedCastFail
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then show ?case
by (auto elim!: eval-cases intro: eval-evals.intros)
next
case BinOpRed! then show ?Zcase
by (fastforce elim!: eval-cases intro: eval-evals.intros simp: val-no-step)
next
case BinOpRed?2
thus ?case
by (fastforce elim!: eval-cases intro: eval-evals.intros eval-finalld)
next
case RedBinOp
thus ?case
by simp (iprover elim: eval-cases intro: eval-evals.intros)
next
case RedVar
thus ?case
by (fastforce elim: eval-cases intro: eval-evals.intros)
next
case LAssRed thus ?case
by (fastforce elim: eval-cases intro: eval-evals.intros)
next
case RedLAss
thus ?case
by (fastforce elim: eval-cases intro: eval-evals.intros)
next
case FAccRed thus ?case
by (fastforce elim: eval-cases intro: eval-evals.intros)
next
case RedFAcc then show ?case
by (fastforce elim: eval-cases intro: eval-evals.intros)
next
case RedFAccNull then show ?Zcase
by (fastforce elim!: eval-cases intro: eval-evals.intros)
next
case RedFAccNone thus ?case
by (fastforce elim: eval-cases intro: eval-evals.intros)
next
case RedFAccStatic thus ?case
by (fastforce elim: eval-cases intro: eval-evals.intros)
next
case (RedSFAcc C Ft D sh sfsivhl)
then have e’.e’ = Val v and s’:s’ = (h, [, sh)
using eval-cases(3) by fastforce+
have i = Done V i = Processing using RedSFAcc by (clarsimp simp: beonf-def initPD-def)
then show ?case
proof(cases 7)
case Done then show ?thesis using RedSFAcc e’ s’ SFAcc by simp
next
case Processing
then have shC’": sfs. sh D = Some(sfs,Done) and shP: sh D = Some(sfs,Processing)
using RedSFAcc by simp+
then have init: P+ (INIT D ([D],False) < unit,(h,l,sh)) = (unit,(h,l,sh))
by (simp add: InitFinal InitProcessing Val)
have P+ (C-sF{D},(h, I, sh)) = (Val v,(h,l,sh))
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by (rule SFAccInit|OF RedSFAcc.hyps(1) shC’ init shP RedSFAcc.hyps(3)])
then show ?thesis using ¢’ s’ by simp
ged(auto)
next
case (SFAccInitRed C F t D sh hl)
then have seq: P - ((INIT D ([D],False) + unit);; C-sF{D},(h, I, sh)) = (e’,s)
using eval-init-seq by simp
then show ?case
proof (rule eval-cases(14)) — Seq
fix v s; assume init: P = (INIT D ([D],False) < unit,(h, I, sh)) = (Val v,s1)
and acc: P+ (C-sF{D},s1) = (e/,s))
obtain h; l; shy where s1: s1 = (hy,l1,sh1) by(cases s1)
then obtain sfs ¢ where shD: shy D = [(sfs, ©)| and ¢(DP: ¢ = Done V { = Processing
using init- Val-PD[OF init] by auto
show ?thesis
proof (rule eval-cases(8)[OF acc]) — SFAcc
fix t sha sfs v ha la
assume s; = (ha, la, sha) and e’ = Val v
and s’ = (ha, la, sha) and P + C has F,Static:t in D
and sha D = [(sfs, Done)| and sfs F = |v]
then show ?thesis using SFAccInit SFAccInitRed.hyps(2) init by auto
next
fix t sha ha la v’ h' 1’ sh’ sfs i’ v
assume sja: s1 = (ha, la, sha) and e” ¢’ = Val v
and s" s' = (h', ', sh’) and field: P - C has F,Static:t in D
and V sfs. sha D # |(sfs, Done)|
and init". P+ (INIT D ([D],False) + unit,(ha, la, sha)) = (Val v’,(h', I, sh’))
and shD": sh’ D = |(sfs, i')| and sfsF: sfs F = |v]
then have i: i = Processing using iDP shD s; by simp
then have (h', I/, sh’) = (ha, la, sha) using init’ init-ProcessingFE s1 sja shD by blast
then show ?thesis using SFAccInit SFAccInitRed.hyps(2) e’ s’ field init sya sfsF shD’ by auto
next
fix ¢ sha ha la a
assume sja: s; = (ha, la, sha) and e’ = throw a
and P+ C has F,Static:t in D and V sfs. sha D # [(sfs, Done) ]
and init". P+ (INIT D ([D],False) + unit,(ha, la, sha)) = (throw a,s’)
then have i: i = Processing using ¢DP shD s; by simp
then show ?thesis using init’ init-ProcessingF s1 sia shD by blast
next
assume Vb t. = P+ C has F,b:tin D
then show %thesis using SFAccInitRed.hyps(1) by blast
next
fix ¢t assume field: P = C has F,NonStatic:t in D
then show ?thesis using has-field-fun[OF SFAccInitRed.hyps(1) field] by simp
qged
next
fix e assume ¢’ ¢/ = throw e
and init: P+ (INIT D ([D],False) + unit,(h, I, sh)) = (throw e,s’)
obtain A’ !’ sh’ where s”: s" = (h',l’;sh’) by(cases s)
then obtain sfs i where shC: sh’ D = |(sfs, ©)| and iDP: i = Error
using init-throw-PD][OF init] by auto
then show ?thesis
using SFAccInitRed.hyps(1) SFAccInitRed.hyps(2) SFAccInitThrow e’ init by auto
qed
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next
case RedSFAccNone thus ?case
by (fastforce elim: eval-cases intro: eval-evals.intros)
next
case RedSFAccNonStatic thus ?case
by (fastforce elim: eval-cases intro: eval-evals.intros)
next
case (FAssRedl e s b el s1 b1 F D e3)
obtain A’ !’ sh’ where s'=(h',l’;sh’) by(cases s')
with FAssRedl show ?case
by (fastforce elim!: eval-cases(9)[where ej=el] intro: eval-evals.intros simp: val-no-step
intro!: FAss FAssNull FAssNone FAssStatic FAssThrow2)
next
case FAssRed2
obtain A’ !’ sh’ where s'=(h',l’;sh’) by(cases s')
with FAssRed2 show ?case
by (auto elim!: eval-cases intro: eval-evals.intros
introl: FAss FAssNull FAssNone FAssStatic FAssThrow2 Val)
next
case RedFAss
thus ?case
by (fastforce elim!: eval-cases intro: eval-evals.intros)
next
case RedFAssNull
thus ?case
by (fastforce elim!: eval-cases intro: eval-evals.intros)
next
case RedFAssNone
then show ?case
by (auto elim!: eval-cases intro: eval-evals.intros eval-finalld)
next
case RedFAssStatic
then show ?case
by (auto elim!: eval-cases intro: eval-evals.intros eval-finalld)
next
case (SFAssRed e s b e’ s" b C' F D)
obtain & [ sh where [simp]: s = (h,l,sh) by(cases s)
obtain &’ I’ sh’ where [simp]: s'=(h’,l’;sh’) by(cases s’)
have val-of e = None using val-no-step SFAssRed.hyps(1) by(meson option.exhaust)
then have bconf: P,sh by (e,b) / using SFAssRed by simp
show ?case using SFAssRed.prems(2) SFAssRed bconf
proof cases
case 2 with SFAssRed beconf show ?thesis by(auto introl: SFAssInit)
next
case 8 with SFAssRed beconf show ?thesis by(auto introl: SFAssInitThrow)
qed(auto intro: eval-evals.intros introl: SFAss SFAssInit SFAssNone SFAssNonStatic)
next
case (RedSFAss C F t D sh sfs i sfs’ v sh’ hl)
let ?sfs’ = sfs(F +— v)
have e”e’ = unit and s":s’ = (h, I, sh(D — (%sfs’, 7))
using RedSFAss eval-cases(3) by fastforce+
have ¢ = Done V i = Processing using RedSFAss by(clarsimp simp: beonf-def initPD-def)
then show ?case
proof(cases i)
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case Done then show ?thesis using RedSFAss e’ s’ SFAss Val by auto
next
case Processing
then have shC’: fisfs. sh D = Some(sfs,Done) and shP: sh D = Some(sfs, Processing)
using RedSFAss by simp+
then have init: P = (INIT D ([D],False) < unit,(h,l,sh)) = (unit,(h,l,sh))
by (simp add: InitFinal InitProcessing Val)
have P - (C-;F{D} := Val v,(h, I, sh)) = (unit,(h,l,sh(D — (?sfs’, i))))
using Processing by (auto intro: SFAssInit{OF Val RedSFAss.hyps(1) shC' init shP])
then show ?thesis using e’ s’ by simp
ged(auto)
next
case (SFAssInitRed C F't D sh v hl)
then have seq: P = ((INIT D ([D],False) < unit);; C-sF{D} := Val v,(h, I, sh)) = (e’,s’)
using eval-init-seq by simp
then show ?case
proof (rule eval-cases(14)) — Seq
fix v’ s; assume init: P+ (INIT D ([D],False) < unit,(h, I, sh)) = (Val v’,s1)
and acc: P (C-sF{D} := Val v,s1) = (e’,s")
obtain h; l; shy where s1: s1 = (h1,l1,5h1) by(cases s1)
then obtain sfs ¢ where shD: shy D = [(sfs, ©)| and iDP: i = Done V i = Processing
using init- Val-PD[OF init] by auto
show ?thesis
proof(rule eval-cases(10)[OF acc]) — SFAss
fix va hy 11 shy t sfs
assume e’ ¢/ = unit and s s’ = (hy, Iy, shi(D — (sfs(F — wva), Done)))
and val: P+ (Val v,s1) = (Val va,(hq, 11, shy))
and field: P+ C has F,Static:t in D and shD": shy D = |(sfs, Done)]
have v = va and s; = (hy, 11, shy) using eval-final-same[OF val] by auto
then show ?thesis using SFAssInit field SFAssInitRed.hyps(2) shD’ e’ s’ init val
by (metis eval-final eval-finalld)
next
fix va hy 1y shy tv' h' 1" sh' sfs i’
assume e’ ¢/ = unit and s s' = (h', l', sh'(D — (sfs(F — va), i')))
and val: P (Val v,s1) = (Val va,(hy, 11, sh1))
and field: P+ C has F,Static:t in D and nDone: V sfs. shy D # |(sfs, Done)|
and init". P & (INIT D ([D],False) < unit,(h1, l1, sh1)) = (Val v’,(h’, I/, sh'))
and shD": sh' D = [(sfs, i)]
have v: v = va and sya: s1 = (h1, l1, sh1) using eval-final-same[OF val] by auto
then have i: i = Processing using iDP shD s; nDone by simp
then have (hq, Iy, shy) = (h/, l', sh’) using init’ init-ProcessingE s1 sya shD by blast
then show ?thesis using SFAssInit SFAssInitRed.hyps(2) e’ s’ field init v sya shD’ val
by (metis eval-final eval-finalld)
next
fix va hy 11 shy t a
assume e’ = throw a and val: P b (Val v,s1) = (Val va,(h1, l1, sh1))
and P+ C has F,Static:t in D and nDone: V sfs. shy D # |(sfs, Done)|
and init". P+ (INIT D ([D],False) + unit,(h1, Iy, sh1)) = (throw a,s’)
have v: v = va and sja: s; = (h1, l1, sh1) using eval-final-same[OF val] by auto
then have i: i = Processing using ¢{DP shD s; nDone by simp
then have (h1, l1, shy) = s’ using init’ init-ProcessingE s1 s1a shD by blast
then show ?thesis using init’ init-ProcessingE s1 s1a shD i by blast
next
fix e’ assume val: P + (Val v,s1) = (throw e',s’)
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then show ?thesis using eval-final-same[OF val] by simp
next
assume Vb t. - P+ C has F,b:t in D
then show ?thesis using SFAssInitRed.hyps(1) by blast
next
fix ¢t assume field: P = C has F,NonStatic:t in D
then show ?thesis using has-field-fun[OF SFAssInitRed.hyps(1) field] by simp
qed
next
fix ¢ assume ¢’ ¢/ = throw e
and init: P+ (INIT D ([D],False) + unit,(h, I, sh)) = (throw e,s’)
obtain A’ 1’ sh’ where s" s" = (h',l’;sh’) by(cases s)
then obtain sfs ¢ where shC: sh’ D = |(sfs, ©)| and ¢(DP: i = Error
using init-throw-PD][OF init] by auto
then show %thesis using SFAssInitRed.hyps(1) SFAssInitRed.hyps(2) SFAssInitThrow Val
by (metis e’ init)
qged
next
case (RedSFAssNone C' F' D v s b) then show Zcase
by (cases s) (auto elim!: eval-cases intro: eval-evals.intros eval-finalld)
next
case (RedSFAssNonStatic C F t D v s b) then show ?case
by (cases s) (auto elim!: eval-cases intro: eval-evals.intros eval-finalld)
next
case CallObj
note val-no-step[simp]
from CallObj.prems(2) CallObj show ?Zcase
proof cases
case 2 with CallObj show ?thesis by(fastforce intro!: CallParamsThrow)
next
case 3 with CallObj show ?thesis by(fastforce introl: CallNull)
next
case 4 with CallObj show ?thesis by(fastforce intro!: CallNone)
next
case 5 with CallObj show ?thesis by (fastforce intro!: CallStatic)
qed(fastforce intro!: CallObjThrow Call)+
next
case (CallParams es s b es” s" b" v M s')
then obtain h’ [’ sh’ where s’ = (h',l’;sh’) by(cases s’)
with CallParams show ?case
by (auto elim!: eval-cases introl: CallNone eval-finalld CallStatic Val)
(auto intro!: CallParamsThrow CallNull Call Val)
next
case (RedCall h a C fs M Ts T pns body D vs | sh b)
have P + (addr a,(h,l,sh)) = (addr a,(h,l,sh)) by (rule eval-evals.intros)
moreover
have finals: finals(map Val vs) by simp
with finals have P = (map Val vs,(h,l,sh)) [=] (map Val vs,(h,l,sh))
by (iprover intro: eval-finalsld)
moreover have h a = Some (C, fs) using RedCall by simp
moreover have method: P+ C sees M,NonStatic: Ts—T = (pns, body) in D by fact
moreover have same-leni: length Ts = length pns
and this-distinct: this ¢ set pns and fu: fu (body) C {this} U set pns
using method wf by (fastforce dest!:sees-wf-mdecl simp:wf-mdecl-def)+
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have same-len: length vs = length pns by fact
moreover
obtain Iy’ where Iy": Iy = [this— Addr a,pns[—]vs] by simp
moreover
obtain hj3 I3 shy where s”: s’ = (hs,l3,shs) by (cases s’)
have eval-blocks:
P+ ((blocks (this # pns, Class D # Ts, Addr a # wvs, body)),(h,l,sh)) = (e’,s") by fact
hence id: I3 = [ using fv s’ same-len; same-len
by (fastforce elim: eval-closed-lcl-unchanged)
from eval-blocks obtain I3’ where P F (body,(h,l3’,sh)) = (e’,(hs,l3',sh3))
proof —
from same-len, have length(this#£pns) = length(Class D#Ts) by simp
moreover from same-len; same-len
have same-lensy: length (this#pns) = length (Addr a#tvs) by simp
moreover from eval-blocks
have P F (blocks (this#pns,Class D# Ts,Addr a#tvs,body),(h,l,sh))
=(e’,(h3,l3,sh3)) using s’ same-leny same-lens by simp
ultimately obtain [”’
where P & (body,(h,l(this # pns|—]Addr a # vs),sh))=(e’,(hs, 1”,sh3))
by (blast dest:blocksEval)
from eval-restrict-lcl|OF wf this fv] this-distinct same-leny same-len
have P F (body,(h,[this # pns[—]Addr a # wvs],sh)) =
(e',(hs, 1" (set(this#pns)),shs)) using wf method
by (simp add:subset-insert-iff insert-Diff-if )
thus ?thesis by(fastforce introl:that simp add: l3")
qed
ultimately
have P + ((addr a)-M(map Val vs),(h,l,sh)) = (€’,(hs,l,sh3)) by (rule Call)
with s’ id show ?case by simp
next
case RedCallNull
thus ?case
by (fastforce elim: eval-cases intro: eval-evals.intros eval-finalsld)
next
case (RedCallNone h a C fs M vs [ sh b)
then have tes: THROW NoSuchMethodError = e’ A (h,l,sh) = s’
using eval-final-same by simp
have P + (addr a,(h,,sh)) = (addr a,(h,l,sh)) and P + (map Val vs,(h,l,sh)) [=] (map Val
vs,(h,l,sh))
using eval-finalld eval-finalsld by auto
then show ?case using RedCallNone CallNone tes by auto
next
case (RedCallStatic h a C fs M Ts T m D vs | sh b)
then have tes: THROW IncompatibleClassChangeError = e’ A (h,l,sh) = s’
using eval-final-same by simp
have P + (addr a,(h,l,sh)) = (addr a,(h,l,sh)) and P t+ (map Val vs,(h,l,sh)) [=] (map Val
vs,(h,l,sh))
using eval-finalld eval-finalsld by auto
then show ?case using RedCallStatic CallStatic tes by fastforce
next
case (SCallParams es s b es’ s" b' C M s')
obtain A’ I’ sh’ where s'[simp]: s’ = (h',l’,sh’) by(cases s’)
obtain & | sh where s[simp]: s = (h,l,sh) by(cases s)
have es: map-vals-of es = None using vals-no-step SCallParams.hyps(1) by (meson not-Some-eq)
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have beconf: P,sh by (es,b) v/ using s SCallParams.prems(1) by (simp add: bconf-SCall[OF es))

from SCallParams.prems(2) SCallParams beconf show ?case
proof cases
case 2 with SCallParams beonf show ?thesis by (auto intro!: SCallNone)
next
case 3 with SCallParams beconf show ?thesis by(auto intro!: SCallNonStatic)
next
case 4 with SCallParams bconf show ?thesis by(auto intro!: SCalllnit Throw)
next
case 5 with SCallParams bconf show ?thesis by(auto introl: SCalllnit)
qed(auto intro!: SCallParamsThrow SCall)
next
case (RedSCall C M Ts T pns body D vs s)
then obtain h [ sh where s:s = (h,l,sh) by(cases s)
then obtain sfs i where shC: sh D = [(sfs, i)| and ¢ = Done V i = Processing
using RedSCall by (auto simp: beonf-def initPD-def dest: sees-method-fun)
have finals: finals(map Val vs) by simp
with finals have mVs: P & (map Val vs,(h,l,sh)) [=] (map Val vs,(h,l,sh))
by (iprover intro: eval-finalsId)
obtain sfs ¢ where shC: sh D = |(sfs, )]
using RedSCall s by (auto simp: beonf-def initPD-def dest: sees-method-fun)
then have iDP: i = Done V i = Processing using RedSCall s
by (auto simp: beonf-def initPD-def dest: sees-method-fun|OF RedSCall.hyps(1)])
have method: P+ C sees M,Static: Ts—T = (pns, body) in D by fact
have same-leny: length Ts = length pns and fv: fv (body) C set pns
using method wf by (fastforce dest!:sees-wf-mdecl simp:wf-mdecl-def)+
have same-len: length vs = length pns by fact
obtain Iy’ where ly": I3/ = [pns[—]vs] by simp
obtain hs I3 shy where s”: s" = (hs,l3,sh3) by (cases s”)
have eval-blocks:
P+ ((blocks (pns, Ts, vs, body)),(h,l,sh)) = (e’,s") using RedSCall.prems(2) s by simp
hence id: I3 = [ using fv s’ same-len; same-len
by (fastforce elim: eval-closed-lcl-unchanged)
from eval-blocks obtain l3" where body: P = (body,(h,lz’,sh)) = (e’,(hs,l3',shs))
proof —
from eval-blocks
have P + (blocks (pns,Ts,vs,body),(h,l,sh))
=(e’,(hs,l3,sh3)) using s’ same-len same-leny by simp
then obtain [”’
where P + (body,(h,l(pns[—]vs),sh)) = (e’,(hs, 1", sh3))
by (blast dest:blocksEval|OF same-leni[THEN sym| same-len| THEN syml]])
from eval-restrict-lcl|OF wf this fv] same-leny same-len
have P + (body,(h,[pns[—]vs],sh)) = (e’,(hs, ”|(set(pns)),shs)) using wf method
by (simp add:subset-insert-iff insert-Diff-if )
thus ?thesis by(fastforce introl:that simp add: l3')
qed
show ?case using iDP
proof(cases i)
case Done
then have shC’: sh D = [(sfs, Done)| V M = clinit A\ sh D = |(sfs, Processing)]|
using shC by simp
have P (C-;M(map Val vs),(h,l,sh)) = (e',(hs,l,shs3))
by (rule SCall|OF mVs method shC' same-len ly’ body))
with s s’ id show ?thesis by simp
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next
case Processing
then have shC’: #sfs. sh D = Some(sfs,Done) and shP: sh D = Some(sfs, Processing)
using shC by simp+
then have init: P = (INIT D ([D],False) < unit,(h,l,sh)) = (unit,(h,l,sh))
by (simp add: InitFinal InitProcessing Val)
have P+ (C-sM(map Val vs),(h,l,sh)) = (e’,(hs,l,sh3))
proof(cases M = clinit)
case Fualse show ?thesis by(rule SCalllnit|OF mVs method shC' False init same-len la" body])
next
case True
then have shC’: sh D = |(sfs, Done)| V M = clinit A\ sh D = |(sfs, Processing)|
using shC Processing by simp
have P (C-;M(map Val vs),(h,l,sh)) = (e',(hs,l,shs3))
by (rule SCall|OF mVs method shC'’ same-len I3’ body])
with s s’ id show ?thesis by simp
qged
with s s’ id show ?thesis by simp
ged(auto)
next
case (SCalllnitRed C M Ts T pns body D sh vs h 1)
then have seq: P - ((INIT D ([D],False) + unit);; C-sM(map Val vs),(h, I, sh)) = (e’,s")
using eval-init-seq by simp
then show ?case
proof (rule eval-cases(14)) — Seq
fix v’ s; assume ingt: P+ (INIT D ([D],False) < unit,(h, 1, sh)) = (Val v’,s1)
and call: P+ (C-sM(map Val vs),s1) = (e,s")
obtain h; l; shy where s1: s1 = (hy,l1,sh1) by(cases s1)
then obtain sfs ¢ where shD: shy D = [(sfs, ©)| and ¢(DP: ¢ = Done \V { = Processing
using init- Val-PD[OF init] by auto
show ?thesis
proof(rule eval-cases(12)[OF call]) — SCall
fix vsa ex es’ assume P F (map Val vs,s1) [=] (map Val vsa Q throw ex # es’,s’)
then show %thesis using evals-finals-same by (meson finals-def map-Val-nthrow-neq)
next
assume Vb Ts Tabax. -~ PF Csees M, b: Ts—T = (a, ba) in x
then show ?thesis using SCalllnitRed.hyps(1) by auto
next
fix Ts T m D assume P - C sees M, NonStatic : Ts—T = m in D
then show %thesis using sees-method-fun|OF SCalllnitRed.hyps(1)] by blast
next
fix vsa h1 11 shl1 Ts T pns body D’ a
assume e’ = throw a and vals: P = (map Val vs,s1) [=] (map Val vsa,(hl, l1, shl))
and method: P+ C sees M, Static : Ts—T = (pns, body) in D’
and nDone: V sfs. sh1 D' # |(sfs, Done)]
and init". P & (INIT D' ([D],False) < unit,(h1, I1, shl)) = (throw a,s’)
have vs: vs = vsa and syja: s = (h1, U1, shl)
using evals-finals-same[OF - vals] map-Val-eq by auto
have D: D = D’ using sees-method-fun[OF SCalllnitRed.hyps(1) method] by simp
then have i: i = Processing using i{DP shD s; sya nDone by simp
then show ?thesis using D init’ init-ProcessingE s s1a shD by blast
next
fix vsa h1 11 sh1 Ts T pns’ body’ D' v’ hy ly sho hs I3 shs
assume s s’ = (hg, la, shs)
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and vals: P F (map Val vs,s1) [=] (map Val vsa,(h1, 1, shl))
and method: P+ C sees M, Static : Ts—T = (pns’, body’) in D’
and nDone: V sfs. sh1 D' # |(sfs, Done)]
and init". P+ (INIT D' ([D'],False) < unit,(h1, 11, sh1)) = (Val v',(h2, l2, sha))
and len: length vsa = length pns’
and bstep: P & (body’,(ha, [pns’ [—] vsal, sha)) = (e’,(hs, I3, shs))
have vs: vs = vsa and sja: s1 = (h1, 11, shl)
using evals-finals-same[OF - vals] map-Val-eq by auto
have D: D = D’ and pns: pns = pns’ and body: body = body’
using sees-method-fun[OF SCalllnitRed.hyps(1) method] by auto
then have i: i = Processing using iDP shD s; sya nDone by simp
then have s2: (ho, lo, she) = s1 using D init’ init-ProcessingE s1 s1a shD by blast
then show ?thesis
using eval-finalld SCalllnit[OF eval-finalsld[of map Val vs P (h,l,sh)]
SCalllnitRed.hyps(1)] init init’ len bstep nDone D pns body s’ s1 s1a shD wvals vs
SCalllnitRed.hyps(2—3) s2 by auto
next
fix vsa hy ls sho Ts T pns’ body’ D’ sfs hg I3 shs
assume s” s’ = (hg, lz, shs) and vals: P = (map Val vs,s1) [=] (map Val vsa,(hg, l2, sha))
and method: P F C sees M, Static : Ts—T = (pns’, body’) in D’
and she D’ = |(sfs, Done)| V M = clinit A\ sho D' = [(sfs, Processing)]
and len: length vsa = length pns’
and bstep: P & (body’,(ha, [pns’ [—] vsa], sha)) = (e’,(hs, I3, shs))
have vs: vs = vsa and sya: s1 = (ha, l2, sho)
using evals-finals-same[OF - vals] map-Val-eq by auto
have D: D = D’ and pns: pns = pns’ and body: body = body’
using sees-method-fun[OF SCalllnitRed.hyps(1) method] by auto
then show ?2thesis using SCalllnit|OF eval-finalsId[of map Val vs P (h,l,sh)]
SCalllnitRed.hyps(1)] bstep SCalllnitRed.hyps(2—3) len s’ s1a vals vs init by auto
qed
next
fix ¢ assume ¢’ ¢/ = throw e
and init: P+ (INIT D ([D],False) + unit,(h, I, sh)) = (throw e,s’)
obtain A’ l’ sh’ where s": s' = (h',l’;sh’) by(cases s)
then obtain sfs ¢ where shC: sh’ D = |(sfs, ©)| and ¢{DP: i = Error
using init-throw-PD[OF init] by auto
then show ?thesis using SCalllnitRed.hyps(2—3) init e’
SCallInit Throw|OF eval-finalsId[of map Val vs -] SCalllnitRed.hyps(1)]
by auto
qed
next
case (RedSCallNone C M vs s b)
then have tes: THROW NoSuchMethodError = ¢’ A s = s’
using eval-final-same by simp
have Pt (map Val vs,s) [=] (map Val vs,s) using eval-finalsld by simp
then show ?case using RedSCallNone eval-evals.SCallNone tes by auto
next
case (RedSCallNonStatic C M Ts T m D vs s b)
then have tes: THROW IncompatibleClassChangeError = e/ N s = s’
using eval-final-same by simp
have P F (map Val vs,s) [=] (map Val vs,s) using eval-finalsld by simp
then show ?case using RedSCallNonStatic eval-evals.SCallNonStatic tes by auto
next
case InitBlockRed
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thus ?case
by (fastforce elim!: eval-cases intro: eval-evals.intros eval-finalld
simp: assigned-def map-upd-triv fun-upd-same)
next
case (RedInitBlock VT v u s b)
then have P  (Val u,s) = (e’,s’) by simp
then obtain s”: s'=s and e”: ¢’=Val u by cases simp
obtain h | sh where s: s=(h,l,sh) by (cases s)
have P - ({V:T :=Val v; Val u},(h,l,sh)) = (Val u,(h, (I(Vi=v))(V:=I V), sh))
by (fastforce introl: eval-evals.intros)
then have P+ ({V:T := Val v; Val u},s) = (e’,s’) using s s’ ¢/ by simp
then show ?Zcase by simp
next
case BlockRedNone
thus ?case
by (fastforce elim!: eval-cases intro: eval-evals.intros
simp add: fun-upd-same fun-upd-idem)
next
case BlockRedSome
thus ?case
by (fastforce elim!: eval-cases intro: eval-evals.intros
simp add:  fun-upd-same fun-upd-idem)
next
case (RedBlock V T v s b)
then have P+ (Val v,s) = (e’,s) by simp
then obtain s”: s'=s and e”: e’=Val v
by cases simp
obtain h | sh where s: s=(h,l,sh) by (cases s)
have P + (Val v,(h,l(V:=None),sh)) = (Val v,(h,l(V:=None),sh))
by (rule eval-evals.intros)
hence P - ({V:T;Val v},(h,l,sh)) = (Val v,(h,(I(V:=None))(V:=l V),sh))
by (rule eval-evals. Block)
then have P+ ({V:T; Val v},s) = (e’,s") using s s’ ¢’ by simp
then show ?case by simp
next
case (SeqRed € s b el s1 bl e3) show Zcase
proof (cases val-of e)
case None show ?thesis
proof(cases lass-val-of e)
case [None:None
then have bconf: P shp s by (e,b) y/ using SeqRed.prems(1) None by simp
then show f?thesis using SeqRed using seq-ext by fastforce
next
case (Some p)
obtain V' v/ where p: p = (V' ,v’) and e: e = V"=Val v’
using lass-val-of-spec| OF Some] by (cases p, auto)
obtain h [l sh b’ I’ sh’ where s: s = (h,l,sh) and s1: sI = (h',l/;sh") by(cases s, cases sl)
then have red: P+ {(e,(h,l,sh),b) — (el,(h’,l’;sh’),b1) using SeqRed.hyps(1) by simp
then have s1 el = unit A =h AU =1V v') A sh' = sh
using lass-val-of-red[OF Some red] p e by simp
then have eval: P - (e,s) = (el,sl) using e s sI LAss Val by auto
then show ?thesis
by (metis SeqRed.prems(2) eval-final eval-final-same seq-ext)
qged
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next

case (Some a) then show ?thesis using SeqRed.hyps(1) val-no-step by blast

qed
next
case RedSeq
thus ?case
by (fastforce elim: eval-cases intro: eval-evals.intros)
next
case CondRed
thus ?case
by (fastforce elim: eval-cases intro: eval-evals.intros simp: val-no-step)
next
case RedCondT
thus ?case
by (fastforce elim: eval-cases intro: eval-evals.intros)
next
case RedCondF
thus ?case
by (fastforce elim: eval-cases intro: eval-evals.intros)
next
case RedWhile
thus ?case
by (auto simp add: unfold-while intro:eval-evals.intros elim:eval-cases)
next

case ThrowRed then show ?case by(fastforce elim: eval-cases simp: eval-evals.intros)

next
case RedThrowNull
thus ?case
by (fastforce elim: eval-cases intro: eval-evals.intros)
next
case TryRed thus ?case
by (fastforce elim: eval-cases intro: eval-evals.intros)
next
case RedTryCatch
thus ?case
by (fastforce elim: eval-cases intro: eval-evals.intros)
next
case (RedTryFail s a D fs C' 'V ey b)
thus ?case
by (cases s)(auto elim!: eval-cases intro: eval-evals.intros)
next
case ListRedl
thus “case
by (fastforce elim: evals-cases intro: eval-evals.intros simp: val-no-step)
next
case ListRed?2
thus ?case
by (fastforce elim!: evals-cases eval-cases
intro: eval-evals.intros eval-finalld)
next
case (RedInit el C'b s1 b’) then show ?case using InitFinal by simp
next
case (InitNoneRed sh C C' Cs e h l'b)

show ?case using InitNone InitNoneRed.hyps InitNoneRed.prems(2) by auto
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next
case (RedInitDone sh C sfs C' Cs e h 1 b)
show ?case using InitDone RedInitDone.hyps RedInitDone.prems(2) by auto
next
case (RedInitProcessing sh C sfs C’' Cs e h 1 b)
show ?case using InitProcessing RedInitProcessing.hyps RedInitProcessing.prems(2) by auto
next
case (RedInitError sh C sfs C' Cs e h 1 b)
show ?case using InitError RedInitError.hyps RedInitError.prems(2) by auto
next
case (InitObjectRed sh C sfs sh’ C' Cs e h 1 b) show ?Zcase using InitObject InitObjectRed by auto
next
case (InitNonObjectSuperRed sh C sfs D r sh’ C' Cs e h 1 b)
show ?case using InitNonObject InitNonObjectSuperRed by auto
next
case (RedInitRInit C' C Cs e h 1 sh b)
show ?case using InitRInit RedInitRInit by auto
next
case (RInitRed e s b e’ s" b" C Cs ep)
then have IH: A\e's’. P+ (e"s") = (e/;s’y = P I (e,5) = (e',s") by simp
show ?case using RInitRed rinit-ext|OF IH| by simp
next
case (RedRInit sh C sfs i sh’ C' Csvehlbs’e)
then have init: P = ((INIT C' (Cs,True) < ¢), (h, I, sh(C > (sfs, Done)))) = (e’,s")
using RedRInit by simp
then show ?case using RInit RedRInit.hyps(1) RedRInit.hyps(3) Val by fastforce
next
case BinOpThrow?2
thus ?case
by (fastforce elim: eval-cases intro: eval-evals.intros)
next
case FAssThrow?2
thus ?Zcase
by (fastforce elim: eval-cases intro: eval-evals.intros)
next
case SFAssThrow
then show ?case
by (fastforce elim: eval-cases intro: eval-evals.intros)
next
case (CallThrowParams es vs e es’ v M s b)
have val: P = (Val v,s) = (Val v,s) by (rule eval-evals.intros)
have eval-e: P b (throw (e),s) = (e’,s’) using CallThrowParams by simp
then obtain za where e’ e/ = Throw za by (cases) (auto dest!: eval-final)
with list-eval-Throw [OF eval-e]
have vals: P+ (es,s) [=] (map Val vs @ Throw za # es’,s’)
using CallThrowParams.hyps(1) eval-e list-eval-Throw by blast
then have P+ (Val v-M(es),s) = (Throw za,s’)
using eval-evals. CallParamsThrow[OF val vals] by simp
thus ?case using e’ by simp
next
case (SCallThrowParams es vs e es’ C' M s b)
have eval-e: P (throw (e),s) = (e’,s”) using SCallThrowParams by simp
then obtain za where e”: e/ = Throw za by (cases) (auto dest!: eval-final)
then have P (es,s) [=] (map Val vs @ Throw za # es',s’)



Theory Equivalence 109

using SCallThrowParams.hyps(1) eval-e list-eval-Throw by blast
then have P - (C-sM(es),s) = (Throw za,s’)
by (rule eval-evals.SCallParamsThrow)
thus ?case using ¢’ by simp
next
case (BlockThrow V' T a s b)
then have P b (Throw a, s) = (e’,s’) by simp
then obtain s s’ = s and e”: ¢/ = Throw a
by cases (auto elim!:eval-cases)
obtain & [ sh where s: s=(h,l,sh) by (cases s)
have P + (Throw a, (h,l(V:=None),sh)) = (Throw a, (h,l(V:=None),sh))
by (simp add:eval-evals.intros eval-finalld)
hence P-{{V:T;Throw a},(h,l,sh)) = (Throw a, (h,(I(V:=None))(V:=l V),sh))
by (rule eval-evals. Block)
then have P = ({V:T; Throw a},s) = (e’,s’) using s s’ e’ by simp
then show ?Zcase by simp
next
case (InitBlockThrow V T v a s b)
then have P - (Throw a,s) = (e’,s’) by simp
then obtain s" s’ = s and e ¢/ = Throw a
by cases (auto elim!:eval-cases)
obtain & [ sh where s: s = (h,l,sh) by (cases s)
have P - ({V:T :=Val v; Throw a},(h,l,sh)) = (Throw a, (h, (I(V—v))(V:=l V),sh))
by (fastforce intro:eval-evals.intros)
then have P - ({V:T := Val v; Throw a},s) = (e’,s’) using s s’ ¢/ by simp
then show ?Zcase by simp
next
case (RInitInitThrow sh C sfs i sh’ a D Cs e h lb)
have [H: Ne' s'. P+ (RI (D,Throw a) ; Cs < e,(h, I, sh(C — (sfs, Error)))) = (e',s") =
F (RI (C,Throw a) ; D # Cs + e,(h, I, sh)) = (e',s')
using RInitInitFail|OF eval-finalld] RInitInitThrow by simp
then show ?Zcase using RInitInit Throw.hyps(2) RInitInit Throw.prems(2) by auto
next
case (RInitThrow sh C sfs i sh’ a e h 1 D)
then have e’ ¢/ = Throw a and s”: s’ = (h,l,sh’)
using eval-final-same final-def by fastforce+
show ?case using RInitFailFinal RInitThrow.hyps(1) RInitThrow.hyps(2) e’ eval-finalld s’ by auto
qged(auto elim: eval-cases simp: eval-evals.intros)

Its extension to —*:

lemma extend-eval:
assumes wf: wwf-J-prog P
shows [ P F (e,s,b) —x (e',s"0"); P+ (e”,s"y = (e',s');
iconf (shp s) e; P,shp s by (e:expr,b) v/ |
= PF (es) = (e,s)

lemma extend-evals:
assumes wf: wwf-J-prog P
shows [ P F (es,s,b) [—]* (es”,s”,b"); P F (es” s") [=] (es',s');
iconfs (shp s) es; P,shp s by (es:expr list,b) /]
= P F (es,s) [=] (es’,s))

Finally, small step semantics can be simulated by big step semantics:
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theorem

assumes wf: wwf-J-prog P

shows small-by-big:

[P+ (es,b) —x (e;s",b"); iconf (shp s) e; P,shp s by (e,b) \/; final €]
= Pt {(es) = (e,s)

and [P F (es,s,b) [—=]* (es’,s’,b"); iconfs (shp s) es; P,shp s by (€s,b) +/; finals es’]
= P I (es,s) [=] (es’,s”)

1.23.4 Equivalence

And now, the crowning achievement:

corollary big-iff-small:
[ wwf-J-prog P; iconf (shp s) e; P,shp s by (eexpr,b) /]
= Pt (es) = (es") = (Pl (esb) == (e s’ False) A final e’)
corollary big-iff-small-WT:
wwf-J-prog P = P,EF e::T = P,shp s by (e,b) v/ =
PF(es) = (es") = (Pt {(es,b) == (e,s' False) A final e)

1.23.5 Lifting type safety to =

...and now to the big step semantics, just for fun.

lemma eval-preserves-sconf:

fixes s:state and s':state

assumes wf-J-prog P and P F (e,s) = (e’,s’) and iconf (shp s) e
and P,E+ e:T and P,E | s/

shows P F + s'\/

lemma eval-preserves-type:

fixes s::state

assumes wf: wf-J-prog P

and P F (e,5) = (¢',s) and P,E \- s/ and iconf (shp s) e and P,E F e:T
shows 3T P+ T'< T A P,E,hp s’ ,shp s'+ e T’

end

1.24 Program annotation

theory Annotate imports WellType begin

inductive
Anno :: [J-prog,env, expr , expr] = bool
(o F -~ o [51,0,0,51]50)
and Annos :: [J-prog,env, expr list, expr list] = bool
(o F - [~] - [51,0,0,51]50)
for P :: J-prog
where

AnnoNew: P,E + new C ~ new C
| AnnoCast: P,E+ e~ ¢’ = P,EF Cast C e ~ Cast C e’
| AnnoVal: P,E + Val v~ Val v
| AnnoVarVar: EV = |T| = P,EF Var V~ Var V
| AnnoVarField: [ E'V = None; E this = | Class C|; P & C sees V,NonStatic:T in D ]
= P,EF Var V ~ Var this-V{D}



Theory JVMState 111

| AnnoBinOp:
[PEF el ~el'; PEF €2~ e2']
=> P,E I el «bop» €2 ~» el’ «bop» e2’
| AnnoLAssVar:
[EV=|T]; P, EFe~¢e'] = PEF Vi=e~ Vi=e'
| AnnoLAssField:
[ EV = None; E this = | Class C|; P+ C sees V,NonStatic:T in D; P,E+ e~ €]
= P,EF Vi=e~ Var this-V{D} := e’
| AnnoFAcc:
[ P,EF e~ es PEF e :: Class C; PF C sees F,NonStatic:T in D |
= P,E+ eF{[]} ~ e"-F{D}
| AnnoSFAcc:
[ Pt C sees F,Static:T in D |
= P,E+ C-;F{[]} ~ C-sF{D}
| AnnoFAss: | P,EF el ~ el’; P, EF e2~ e2/
P,E+ el’:: Class C; P+ C sees F,NonStatic:T in D |
= P,EF el-F{]]} := e2 ~ el F{D} := e2’
| AnnoSFAss: [ P,E F e2 ~ e2'; P+ C sees F,Static:T in D |
= P, EF C- F{[]} == e2 ~ C-,F{D} := €2’
| AnnoCall:
[P,EFe~e; PEF es|v]es']
= P,E+ Call e M es ~ Call ¢’ M es’
| AnnoSCall:
[ P,EF es|~]es']
= P,E+ SCall C M es ~ SCall C M es’
| AnnoBlock:
PEV—T)Fe~e = PEF{V:T; e} ~{V:T; e}
| AnnoComp: [ P,E & el ~ el’; P,EF €2 ~ e2']
= P,El el;;e2 ~ el’;;e2’
| AnnoCond: [ P,EF e~ ¢’y PEF el ~ el’; PEF e2~ e2']
= P, EF if (e) el else e2 ~ if (e') el else e2’
| AnnoLoop: | P,EF e~ €y P EF c~ ¢']
= P,E b while (e) ¢ ~ while (') ¢’
| AnnoThrow: P.E+ e~ ¢’ = P,E t throw e ~ throw e’
| AnnoTry: [ P,EF el ~ el’; P,E(V + Class C) I e2 ~ e2']
= P,EF try el catch(C V) e2 ~ try el’ catch(C V) e2’

| AnnoNil: P,E &[] [~] []
| AnnoCons: [ P,E+ e~ e’y P EF es|[~]es']
= P,E I eftes [~] e'#es’

end
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Chapter 2

Jinja Virtual Machine

2.1 State of the JVM

theory JVMState imports ../ Common/Objects begin

type-synonym
pc = nat

abbreviation start-sheap :: sheap
where start-sheap = (Az. None)(Start — (Map.empty,Done))

definition start-sheap-preloaded :: 'm prog = sheap
where
start-sheap-preloaded P = fold (\(C,cl) f. f(C := Some (sblank P C, Prepared))) P (Az. None)

2.1.1 Frame Stack

datatype init-call-status = No-ics | Calling cname cname list
| Called cname list | Throwing cname list addr

— No-ics = not currently calling or waiting for the result of an initialization procedure call

— Calling C' Cs = current instruction is calling for initialization of classes C#Cs (last class is the
original) — still collecting classes to be initialized, C' most recently collected

— Called Cs = current instruction called initialization and is waiting for the result — now initializing
classes in the list

— Throwing Cs a = frame threw or was thrown an error causing erroneous end of initialization
procedure for classes Cs

type-synonym
frame = wval list x wval list X cname X mname X pc X init-call-status
— operand stack
— registers (including this pointer, method parameters, and local variables)
— name of class where current method is defined
— current method
— program counter within frame
— indicates frame’s initialization call status

translations
(type) frame <= (type) val list x wval list x char list X char list X nat X init-call-status
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fun curr-stk :: frame = wval list where
curr-stk (stk, loc, C, M, pc, ics) = stk

fun curr-class :: frame = cname where
curr-class (stk, loc, C, M, pc, ics) = C

fun curr-method :: frame = mname where
curr-method (stk, loc, C, M, pe, ics) = M

fun curr-pc :: frame = nat where
curr-pe (stk, loc, C; M, pc, ics) = pc

fun init-status :: frame = init-call-status where
init-status (stk, loc, C, M, pc, ics) = ics

fun ics-of :: frame = init-call-status where

ics-of fr = snd(snd(snd(snd(snd fr))))

2.1.2 Runtime State

type-synonym
jum-state = addr option X heap X frame list x sheap
— exception flag, heap, frames, static heap

translations
(type) jum-state <= (type) nat option X heap X frame list X sheap

fun frames-of :: jum-state = frame list where
frames-of (xzp, h, frs, sh) = frs

abbreviation sheap :: jvm-state = sheap where
sheap js = snd (snd (snd js))

end

2.2 Instructions of the JVM

theory JVMInstructions imports JVMState begin

datatype

instr = Load nat — load from local variable
| Store nat — store into local variable
| Push val — push a value (constant)
| New cname — create object
| Getfield vname cname — Fetch field from object
| Getstatic cname vname cname — — Fetch static field from class
| Putfield vname cname — Set field in object
| Putstatic cname vname cname — — Set static field in class
| Checkcast cname — Check whether object is of given type
| Invoke mname nat — inv. instance meth of an object
| Invokestatic cname mname nat — inv. static method of a class
| Return — return from method

| Pop — pop top element from opstack
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| TAdd — integer addition

| Goto int — goto relative address

| CmpEq — equality comparison

| IfFalse int — branch if top of stack false

| Throw — throw top of stack as exception

type-synonym
bytecode = instr list

type-synonym
ex-entry = pc X pc X cname X pc X nat
— start-pc, end-pc, exception type, handler-pc, remaining stack depth

type-synonym
er-table = ex-entry list

type-synonym
jom-method = nat x nat x bytecode x ex-table
— max stacksize
— number of local variables. Add 1 + no. of parameters to get no. of registers
— instruction sequence
— exception handler table

type-synonym
jum-prog = jum-method prog

end

2.3 Exception handling in the JVM

theory JVMExceptions imports ../ Common/Exceptions JVMInstructions
begin

definition matches-ex-entry :: 'm prog = cname = pc = ex-entry = bool
where
matches-ex-entry P C pc zcp =
let (s, e, C', h, d) = xcp in
s<pcAhpc<eNPkEC=*C’

primrec match-ex-table :: 'm prog = cname = pc = ex-table = (pc X nat) option
where
match-ex-table P C'pc [| = None
| match-ex-table P C pc (eftes) = (if matches-ex-entry P C pc e
then Some (snd(snd(snd e)))
else match-ex-table P C pc es)

abbreviation

ex-table-of :: jom-prog = cname = mname = ex-table where
ex-table-of P C M == snd (snd (snd (snd (snd (snd (snd (method P C M)))))))

fun find-handler :: jum-prog = addr = heap = frame list = sheap = jum-state
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where
find-handler P a h [] sh = (Some a, h, [], sh)
| find-handler P a h (frtfrs) sh =
(let (stk,loc,C,M,pc,ics) = frin
case match-ex-table P (cname-of h a) pe (ex-table-of P C M) of
None =
(case M = clinit of
True = (case frs of (stk’Jloc’,C’',M’ pc’ ics"\#frs’
= (case ics’ of Called Cs = (None, h, (stk’Jloc’,C' M’ pc', Throwing
(C#Cs) a)#frs', sh)
| - = (None, h, (stk’Jloc’,C’",M’ pc’jics")#frs’, sh) — this won’t
happen in wf code

)
| | = (Some a, h, [], sh)

)
| - = find-handler P a h frs sh

)
| Some pc-d = (None, h, (Addr a # drop (size stk — snd pc-d) stk, loc, C, M, fst pc-d,
No-ics)#frs, sh))

lemma find-handler-cases:

find-handler P a h frs sh = js

= (3frs’. frs' £ [] A js = (None, h, frs', sh)) V (js = (Some a, h, [|, sh))
proof(induct P a h frs sh rule: find-handler.induct)

case ! then show ?case by clarsimp
next

case (2 P a h fr frs sh) then show ?Zcase

by (cases fr, auto split: bool.splits list.splits init-call-status. splits)

qed

lemma find-handler-heap|simpl:
find-handler P a h frs sh = (zp’,h',frs';sh’) = h' = h
by (auto dest: find-handler-cases)

lemma find-handler-sheap[simpl:
find-handler P a h frs sh = (ap’,h’,frs';sh’) = sh’ = sh
by (auto dest: find-handler-cases)

lemma find-handler-frames[simp):
find-handler P a h frs sh = (zp’,h',frs’,sh’) = length frs’ < length frs
proof (induct frs)

case Nil then show ?case by simp
next

case (Cons a frs) then show Zcase

by (auto simp: split-beta split: bool.splits list.splits init-call-status.splits)

qed

lemma find-handler-None:
find-handler P a h frs sh = (None, h, frs’, sh’) = frs' # |]
by (drule find-handler-cases, clarsimp)

lemma find-handler-Some:
find-handler P a h frs sh = (Some x, h, frs’, sh’) = frs’ = |]
by (drule find-handler-cases, clarsimp)
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lemma find-handler-Some-same-error-same-heap[simp):
find-handler P a h frs sh = (Some z, h', frs’, sh’) =z =a A h=h' A sh = sh’
by (auto dest: find-handler-cases)

lemma find-handler-prealloc-pres:

assumes preallocated h

and fh: find-handler P a h frs sh = (zp’,h',frs’,sh’)
shows preallocated h'

using assms find-handler-heap| OF fh] by simp

lemma find-handler-frs-tl-neq:
ics-of f # No-ics
= (zp, h, f#frs, sh) # find-handler P za h' (f' # frs) sh’
proof (induct frs arbitrary: f f')
case Nil then show ?case by(auto simp: split-beta split: bool.splits)
next
case (Cons a frs)
obtain zp! hi frs1 sh1 where fh: find-handler P za b’ (a # frs) sh’ = (zp1,hl,frsl,shl)
by(cases find-handler P za h' (a # frs) sh’)
then have length frs1 < length (a#frs)
by (rule find-handler-framesjwhere P=P and a=za and h=h’ and frs=a#frs and sh=sh'])
then have neq: f#a#tfrs # frsl by(clarsimp dest: impossible-Cons)
then show ?case
proof(cases find-handler P za h' (f' # a # frs) sh’ = find-handler P za h' (a # frs) sh’)
case True then show ?thesis using neq fh by simp
next
case False then show ?thesis using Cons.prems
by (fastforce simp: split-beta split: bool.splits init-call-status.splits list.splits)
qed
qed

end

2.4 Program Execution in the JVM

theory JVMEzecInstr
imports JVMlInstructions JVMFExceptions
begin

— frame calling the class initialization method for the given class in the given program
fun create-init-frame :: [jum-prog, cname] = frame where
create-init-frame P C' =

(let (D,b,Ts,T,(maxs,maly,ins,at)) = method P C clinit

in ([],(replicate maly undefined),D,clinit,0,No-ics)

primrec exec-instr :: [instr, jum-prog, heap, val list, val list,
cname, mname, pc, init-call-status, frame list, sheap] = juvm-state
where
ezec-instr-Load:
exec-instr (Load n) P h stk loc Co Mg pc ics frs sh =
(None, h, ((loc ! n) # stk, loc, Co, Mo, Suc pec, ics)#frs, sh)
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| exec-instr-Store:
exec-instr (Store n) P h stk loc Co Mg pc ics frs sh =
(None, h, (tl stk, loc[n:=hd stk], Co, Mo, Suc pc, ics)#frs, sh)

| exec-instr-Push:
exec-instr (Push v) P h stk loc Co My pc ics frs sh =
(None, h, (v # stk, loc, Co, Mo, Suc pc, ics)#frs, sh)

| exec-instr-New:
exec-instr (New C) P h stk loc Coy My pc ics frs sh =
(case (ics, sh C) of
(Called Cs, -) =
(case new-Addr h of
None = (| addr-of-sys-zept OutOfMemory|, h, (stk, loc, Co, Mg, pc, No-ics)#frs, sh)
| Some a = (None, h(a—blank P C), (Addr a#stk, loc, Cy, My, Suc pc, No-ics)#frs, sh)
)
| (-, Some(obj, Done)) =
(case new-Addr h of
None = (| addr-of-sys-zcpt OutOfMemory|, h, (stk, loc, Co, My, pc, ics)#frs, sh)
| Some a = (None, h(a—blank P C), (Addr a#tstk, loc, Co, Mg, Suc pe, ics)#frs, sh)

)
| - = (None, h, (stk, loc, Co, Mo, pc, Calling C [])#frs, sh)
)

| exec-instr-Getfield:
exec-instr (Getfield F C) P h stk loc Cy Mg pc ics frs sh =
(let v = hd stk;
(D,fs) = the(h(the-Addr v));
(D',b,t) = field P C F;
zp’ = if v=Null then | addr-of-sys-zcpt NullPointer |
else if =(3t b. P+ D has F,b:t in C)
then | addr-of-sys-zcpt NoSuchFieldError|
else case b of Static = | addr-of-sys-zept Incompatible ClassChangeError |
| NonStatic = None
in case zp’ of None = (zp’, h, (the(fs(F,C))#(tl stk), loc, Co, My, pc+1, ics)#frs, sh)
| Some z = (ap’, h, (stk, loc, Co, My, pe, ics)#frs, sh))

| exec-instr-Getstatic:
exec-instr (Getstatic C F' D) P h stk loc Coy My pc ics frs sh =
(let (D',b,t) = field P D F;
zp’  =if =(3¢tb. P+ C has F,b:t in D)
then | addr-of-sys-zcpt NoSuchFieldError |
else case b of NonStatic = | addr-of-sys-zcpt IncompatibleClassChangeError |
| Static = None
in (case (zp’, ics, sh D') of
(Some a, -) = (zp’, h, (stk, loc, Co, My, pc, ics)#frs, sh)
| (-, Called Cs, -) = let (sfs, i) = the(sh D’);
v = the(sfs F)
in (zp’, h, (vitstk, loc, Co, Mo, Suc pc, No-ics)#frs, sh)
| (-, -, Some (sfs, Done)) = let v = the (sfs F')
in (zp’, h, (vitstk, loc, Co, My, Suc pe, ics)#frs, sh)
| - = (ap’, h, (stk, loc, Co, Mg, pe, Calling D' [])#frs, sh)
)
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)

| exec-instr-Putfield:
exec-instr (Putfield F C) P h stk loc Cy My pc ics frs sh =
(let v = hd stk;
r = hd (H stk);
a = the-Addr r;
(D,fs) = the (h a);
(D',b,t) = field P C F;
ap’ = if r=Null then |addr-of-sys-zcept NullPointer |
else if =(3tb. P+ D has F,b:t in C)
then |addr-of-sys-zcpt NoSuchFieldError |
else case b of Static = | addr-of-sys-zept Incompatible ClassChangeError |
| NonStatic = None;
h' = h(a— (D, fs((F,C) — v)))
in case xp’ of None = (xp’, h', (tl (¢l stk), loc, Co, My, pc+1, ics)#frs, sh)
| Some © = (ap’, h, (stk, loc, Co, Mo, pc, ics)F#frs, sh)
)

| exec-instr-Putstatic:
exec-instr (Putstatic C F D) P h stk loc Co My pc ics frs sh =
(let (D',b,t) = field P D F;
xp’  =d4f =(3tb. P+ C has F,b:t in D)
then | addr-of-sys-zcpt NoSuchFieldError |
else case b of NonStatic = | addr-of-sys-zcpt Incompatible ClassChangeError |
| Static = None
in (case (zp’, ics, sh D') of
(Some a, -) = (xp’, h, (stk, loc, Co, My, pc, ics)#frs, sh)
| (-, Called Cs, -)
= let (sfs, i) = the(sh D’)
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in (zp’, h, (t stk, loc, Co, Mo, Suc pc, No-ics)#frs, sh(D"=Some ((sfs(F — hd stk)), i)))

| (-, -, Some (sfs, Done))

= (zp’, h, (8 stk, loc, Coy, My, Suc pe, ics)#frs, sh(D"=Some ((sfs(F — hd stk)), Done)))

| - = (zp’, h, (stk, loc, Co, My, pc, Calling D' []|)#/frs, sh)
)
)

| exec-instr-Checkcast:
exec-instr (Checkcast C) P h stk loc Coy Mg pc ics frs sh =
(if cast-ok P C h (hd stk)
then (None, h, (stk, loc, Coy, Mg, Suc pc, ics)#frs, sh)
else (| addr-of-sys-zept ClassCast|, h, (stk, loc, Co, My, pc, ics)#frs, sh)
)

| exec-instr-Invoke:
exec-instr (Invoke M n) P h stk loc Co Mg pc ics frs sh =
(let ps = take n stk;
r = stkln;
C = fst(the(h(the-Addr r)));
(D,b, Ts, T ,mxs,mxly,ins,xt)= method P C M;
ap’ = if r=Null then |addr-of-sys-zcpt NullPointer|
else if “(3Ts Tm D b. P+ Csees M,b:Ts - T = m in D)
then | addr-of-sys-zept NoSuchMethodError |
else case b of Static = | addr-of-sys-xcpt IncompatibleClassChangeError
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| NonStatic = None;
17 = ([I.Ir]Q(rev ps)Q(replicate mzly undefined),D,M,0,No-ics)
in case zp’ of None = (zp’, h, f'#(stk, loc, Co, My, pc, ics)#frs, sh)
| Some a = (ap’, h, (stk, loc, Co, Mg, pec, ics)#frs, sh)
)

| exec-instr-Invokestatic:
exec-instr (Invokestatic C M n) P h stk loc Coy Mg pc ics frs sh =
(let ps = take n stk;
(D,b, Ts, T ,mzs,mzly,ins,zt)= method P C M;
ap’'=if ~(3Ts Tm Db. Pt C sees M,b:Ts - T = m in D)
then | addr-of-sys-zcpt NoSuchMethodError |
else case b of NonStatic = | addr-of-sys-zcpt IncompatibleClassChangeError |
| Static = None;
1 = ([],(rev ps)Q(replicate mzly undefined),D,M,0,No-ics)
in (case (zp’, ics, sh D) of
(Some a, -) = (zp’, h, (stk, loc, Co, My, pc, ics)#frs, sh)
| (-, Called Cs, -) = (xzp’, h, f'#(stk, loc, Co, Mg, pc, No-ics)#frs, sh)
| (-, -, Some (sfs, Done)) = (zp’, h, f'#(stk, loc, Co, My, pc, ics)#frs, sh)
| - = (ap’, h, (stk, loc, Co, Mg, pc, Calling D [])#frs, sh)
)

)

| exec-instr-Return:
exec-instr Return P h stko loco Co Mg pc ics frs sh =
(case frs of
[| = let sh’ = (case My = clinit of True = sh(Co:=Some(fst(the(sh Cy)), Done))
| - = sh
)

in (None, h, [|, sh")
| (stk',loc’,C";m’ pc’ ics”)#frs’
= let (D,b,Ts, T,(maxs,maly,ins,at)) = method P Cy My;
offset = case b of NonStatic = 1 | Static = 0;
(sh”, stk pc') = (case My = clinit of True = (sh(Co:=Some(fst(the(sh Cy)), Done)),
stk’, pc’)
| - = (sh, (hd stko)#(drop (length Ts + offset) stk’), Suc pc’)

in (None, h, (stk",loc’,C’ m' pc" ics"\#frs’, sh’)
)

| exec-instr-Pop:
exec-instr Pop P h stk loc Co My pc ics frs sh = (None, h, (tl stk, loc, Co, Mg, Suc pe, ics)#frs, sh)

| exec-instr-TAdd:
exec-instr IAdd P h stk loc Cy Mg pc ics frs sh =

(None, h, (Intg (the-Intg (hd (tl stk)) + the-Intg (hd stk))#(tl (¢ stk)), loc, Co, Mo, Suc pec,
ics)#frs, sh)

| exec-instr-IfFalse:

exec-instr (IfFalse i) P h stk loc Coy Mg pc ics frs sh =
(let pc’ = if hd stk = Bool False then nat(int pc+i) else pc+1
in (None, h, (tl stk, loc, Co, Mg, pc', ics)#frs, sh))

| exec-instr-CmpEq:
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exec-instr CmpEq P h stk loc Co Mg pc ics frs sh =
(None, h, (Bool (hd (tl stk) = hd stk) # tl (tl stk), loc, Co, Mo, Suc pc, ics)#frs, sh)

| exec-instr-Goto:
exec-instr (Goto ©) P h stk loc Coy Mg pc ics frs sh =
(None, h, (stk, loc, Co, My, nat(int pc+i), ics)#frs, sh)

| exec-instr- Throw:
exec-instr Throw P h stk loc Cy Mg pc ics frs sh =
(let zp’ = if hd stk = Null then |addr-of-sys-zept NullPointer |
else | the-Addr(hd stk)]
in (zp’, h, (stk, loc, Co, My, pc, ics)#frs, sh))

Given a preallocated heap, a thrown exception is either a system exception or thrown
directly by Throw.

lemma exec-instr-rcpts:
assumes o’ = exec-instr i P h stk loc C M pc ics’ frs sh
and fst o’ = Some a
shows i = (JVMInstructions. Throw) V a € {a. 3z € sys-xzcpts. a = addr-of-sys-xzcpt x}
using assms
proof (cases i)
case (New C1) then show ?thesis using assms
proof(cases sh C1)
case (Some a)
then obtain sfs ¢ where sfsi: a = (sfs,i) by(cases a)
then show ?thesis using Some New assms
proof(cases ©) qed(cases ics’, auto)+
qed(cases ics’, auto)
next
case (Getfield F1 C1)
obtain D’ b t where field: field P C1 F1 = (D’,b,t) by(cases field P C1 F1)
obtain D fs where addr: the (h (the-Addr (hd stk))) = (D,fs) by(cases the (h (the-Addr (hd stk))))
show ?thesis using addr field Getfield assms
proof(cases hd stk = Null)
case nlNull:False then show ?thesis using addr field Getfield assms
proof(cases At b. P = (cname-of h (the-Addr (hd stk))) has F1,b:t in C1)
case exists:False show ?thesis
proof (cases fst(snd(field P C1 F1)))
case Static
then show ?thesis using exists nNull addr field Getfield assms
by (auto simp: sys-xcpts-def split-beta split: statich.splits)
next
case NonStatic
then show ?thesis using exists nNull addr field Getfield assms
by (auto simp: sys-zcpts-def split-beta split: statich.splits)
qed
qged(auto)
qed(auto)
next
case (Getstatic C1 F1 D1)
obtain D’ b t where field: field P D1 F1 = (D',b,t) by(cases field P D1 F1)
show ?thesis using field Getstatic assms
proof(cases At b. P+ C1 has F1,b:t in D1)
case exists:False then show ?thesis using field Getstatic assms
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proof(cases fst(snd(field P D1 F1)))
case Static
then obtain sfs i where the(sh D) = (sfs, i) by(cases the(sh D'))
then show ?thesis using exists field Static Getstatic assms by(cases ics'; cases i, auto)
qed(auto)
qged(auto)
next
case (Putfield F1 C1)
let ¢r = hd(tl stk)
obtain D’ b t where field: field P C1 F1 = (D’/b,t) by(cases field P C1 F1)
obtain D fs where addr: the (h (the-Addr ?r)) = (D.,fs)
by (cases the (h (the-Addr ?r)))
show ?thesis using addr field Putfield assms
proof(cases ?r = Null)
case nlNull:False then show ?thesis using addr field Putfield assms
proof(cases At b. P = (cname-of h (the-Addr ?r)) has F1,b:t in C1)
case exists:False show ?thesis
proof(cases b)
case Static
then show ?thesis using exists nNull addr field Putfield assms
by (auto simp: sys-zcpts-def split-beta split: staticb.splits)
next
case NonStatic
then show ?thesis using exists nNull addr field Putfield assms
by (auto simp: sys-zcpts-def split-beta split: statich.splits)
qed
qed(auto)
qged(auto)
next
case (Putstatic C1 F'1 DI)
obtain D’ b t where field: field P D1 F1 = (D’,b,t) by(cases field P D1 F1)
show ?thesis using field Putstatic assms
proof(cases t b. P = C1 has F1,b:t in D1)
case exists:False then show ?thesis using field Putstatic assms
proof(cases b)
case Static
then obtain sfs ¢ where the(sh D) = (sfs, i) by(cases the(sh D"))
then show ?thesis using exists field Static Putstatic assms by(cases ics’; cases i, auto)
qed(auto)
ged(auto)
next
case (Checkcast C1) then show ?thesis using assms by(cases cast-ok P C1 h (hd stk), auto)
next
case (Invoke M n)
let 9r = stkln
let ?C = cname-of h (the-Addr ?r)
show ?thesis using Invoke assms
proof(cases ?r = Null)
case nNull:False then show ?thesis using Invoke assms
proof(cases =(3Ts T m D b. P+ 2C sees M,b:Ts — T = m in D))
case ezists:False then show ?thesis using nNull Invoke assms
proof(cases fst(snd(method P ?C M)))
case Static
then show ?thesis using exists nNull Invoke assms
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by (auto simp: sys-zcpts-def split-beta split: statich.splits)
next
case NonStatic
then show ?thesis using exists nNull Invoke assms
by (auto simp: sys-xzcpts-def split-beta split: statich.splits)
qed
qed(auto)
qed(auto)
next
case (Invokestatic C1 M n)
show ?thesis using Invokestatic assms
proof(cases ~(3Ts Tm D b. P+ C1 sees M,b:Ts — T = m in D))
case ezists:False then show ?thesis using Invokestatic assms
proof(cases fst(snd(method P C1 M)))
case Static
then obtain sfs ¢ where the(sh (fst(method P C1 M))) = (sfs, 1)
by (cases the(sh (fst(method P C1 M))))
then show ?thesis using exists Static Invokestatic assms
by (auto split: init-call-status.splits init-state.splits)
qed(auto)
qed(auto)
next
case Return then show ?thesis using assms
proof(cases frs)
case (Cons f frs’) then show ?thesis using Return assms
by(cases f, cases method P C M, cases M=clinit, auto)
qed(auto)
next
case (IfFalse x17) then show ?thesis using assms
proof(cases hd stk)
case (Bool b) then show ?thesis using IfFalse assms by(cases b, auto)
qed(auto)
ged(auto)

lemma exec-instr-prealloc-pres:
assumes preallocated h

and ezec-instr i P h stk loc Co My pc ics frs sh = (zp’,h’,frs’,sh’)
shows preallocated h'
using assms
proof (cases i)

case (New C1)

then obtain sfs ¢ where sfsi: the(sh C1) = (sfs,i) by(cases the(sh C1))

then show ?thesis using preallocated-new[of h] New assms

by (cases blank P C1, auto dest: new-Addr-SomeD split: init-call-status.splits init-state.splits)

next

case (Getfield F1 C1) then show ?thesis using assms

by (cases the (h (the-Addr (hd stk))), cases field P C1 F1, auto)

next

case (Getstatic C1 F1 D1)

then obtain sfs { where sfsi: the(sh (fst (field P D1 F1))) = (sfs, ©)

by (cases the(sh (fst (field P D1 F1))))

then show ?thesis using Getstatic assms

by(cases field P D1 F1, auto split: init-call-status.splits init-state.splits)
next
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case (Putfield F1 C1) then show ?thesis using preallocated-new preallocated-upd-obj assms
by (cases the (h (the-Addr (hd (tl stk)))), cases field P C1 F1, auto, metis option.collapse)
next
case (Putstatic C1 F'1 DI)
then obtain sfs ¢ where sfsi: the(sh (fst (field P D1 F1))) = (sfs, 1)
by (cases the(sh (fst (field P D1 F1))))
then show ?thesis using Putstatic assms
by (cases field P D1 F1, auto split: init-call-status.splits init-state.splits)
next
case (Checkcast C1)
then show ?thesis using assms
proof (cases hd stk = Null)
case Fulse then show ?thesis
using Checkcast assms
by(cases P = cname-of h (the-Addr (hd stk)) =* C1, auto simp: cast-ok-def)
qed(simp add: cast-ok-def)
next
case (Invoke M n)
then show %thesis using assms by(cases method P (cname-of h (the-Addr (stk! n))) M, auto)
next
case (Invokestatic C1 M n)
show ?thesis
proof (cases sh (fst (method P C1 M)))
case None then show ?thesis using Invokestatic assms
by (cases method P C1 M, auto split: init-call-status.splits)
next
case (Some a)
then obtain sfs i where sfsi: a = (sfs, 7) by(cases a)
then show ?thesis using Some Invokestatic assms
proof(cases i) qed(cases method P C1 M, auto split: init-call-status.splits)+
qed
next
case Return
then show ?thesis using assms by(cases method P Co My, auto simp: split-beta split: list.splits)
next
case (IfFalse £17) then show ?thesis using assms by (auto split: val.splits bool.splits)
next
case Throw then show ?thesis using assms by(auto split: val.splits)
qed(auto)

end

2.5 Program Execution in the JVM in full small step style

theory JVMEzec
imports JVMExecInstr
begin

abbreviation
instrs-of :: jum-prog = cname = mname = instr list where

instrs-of P C M == fst(snd(snd(snd(snd(snd(snd(method P C M)))))))

fun curr-instr :: jum-prog = frame = instr where
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curr-instr P (stk,loc,C,M ,pc,ics) = instrs-of P C M | pc

— execution of single step of the initialization procedure
fun ezec-Calling :: [cname, cname list, jum-prog, heap, val list, val list,
cname, mname, pc, frame list, sheap] = jum-state
where
exec-Calling C Cs P h stk loc Cy My pc frs sh =
(case sh C of
None = (None, h, (stk, loc, Co, My, pc, Calling C Cs)#frs, sh(C := Some (sblank P C,
Prepared)))
| Some (obj, iflag) =
(case iflag of
Done = (None, h, (stk, loc, Co, Mo, pc, Called Cs)#frs, sh)
| Processing = (Nomne, h, (stk, loc, Co, Mo, pc, Called Cs)#frs, sh)
| Error = (None, h, (stk, loc, Cy, My, pc,
Throwing Cs (addr-of-sys-zept NoClassDefFoundError))#frs, sh)
| Prepared =
let sh’ = sh(C:=Some(fst(the(sh C)), Processing));
D = fst(the(class P C))
in if C = Object
then (None, h, (stk, loc, Co, Mo, pc, Called (C#Cs))#frs, sh’)
else (None, h, (stk, loc, Co, Mo, pe, Calling D (C#Cs))#frs, sh’)

)

— single step of execution without error handling
fun ezec-step :: [jum-prog, heap, val list, val list,
cname, mname, pc, init-call-status, frame list, sheap] = jum-state

where
exec-step P h stk loc C M pc (Calling C' Cs) frs sh

= exec-Calling C' Cs P h stk loc C M pc frs sh |
exec-step P h stk loc C M pc (Called (C'#Cs)) frs sh

= (None, h, create-init-frame P C'#(stk, loc, C, M, pc, Called Cs)#frs, sh) |
exec-step P h stk loc C M pc (Throwing (C'#Cs) a) frs sh

= (None, h, (stk,loc,C,M,pc, Throwing Cs a)#frs, sh(C"=Some(fst(the(sh C")), Error))) |
exec-step P h stk loc C M pc (Throwing [| a) frs sh

= (la], h, (stk,loc,C,M,pc,No-ics)#frs, sh) |
exec-step P h stk loc C M pc ics frs sh

= exec-instr (instrs-of P C M ! pc) P h stk loc C' M pc ics frs sh

— execution including error handling
fun exec :: jum-prog X jum-state = juom-state option — single step execution where
exec (P, None, h, (stk,loc,C, M pc,ics)#frs, sh) =

(let (zp’, b', frs’, sh’) = exec-step P h stk loc C M pc ics frs sh

in case zp’ of
None = Some (None,h',frs’,sh’)
| Some © = Some (find-handler P z h ((stk,loc,C,M,pc,ics)#frs) sh)
)

| exec - = None

— relational view
inductive-set
exec-1 :: jum-prog = (jum-state x jum-state) set
and exec-1':: jum-prog = jum-state = jum-state = bool
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(t-F/ - —jom—1/ - [61,61,61] 60)
for P :: jum-prog
where
Pt o —jum— o' = (0,0') € exec-1 P
| exec-11: exec (P,o0) = Some 0’ = P F o —jum— o’

— reflexive transitive closure:
definition ezec-all :: jum-prog = jum-state = jum-state = bool
(«(-F/ - —jum—/ -)» [61,61,61]60) where
exec-all-defl: P+ o —jum— o' <— (0,0') € (exec-1 P)*

notation (ASCII)
exec-all («- |—/ - —jvm—>/ - [61,61,61]60)

lemma ezec-1-¢eq:
exec-1 P = {(0,0'). exec (P,0) = Some o'}
lemma exec-1-iff:
Pt o —jum— o' = (exec (P,0) = Some o’)
lemma exec-all-def:
Pro —jym— o' = ((0,0') € {(0,0). exec (P,0) = Some c'}*)
lemma jum-refi[iff]: P+ o —jum— o
lemma jum-trans[trans]:
[PFo —jym— o PFo' —jum— 0" ] = P+ o —jom— o”
lemma jum-one-step! [trans]:
[PFo—jum— ¢’y PFo’ —jom— 0" ] = P+ o —jum— o
lemma jum-one-step2|[trans:
[PFo—jum— o PF o' —jum— 0" ] = P+ o —jom— o
lemma exec-all-conf:
[PFo —jum— o PF o —jum— o’ ]
= Pro' —jym— "V Pk o —jom— o’
lemma exec-1-exec-all-conf:
[ exec (P, o) = Some o'y P+ o —jum— ", 0 # ']
= Pt o —jom— o
by (auto elim: converse-rtranclE simp: exec-1-eq exec-all-def)

lemma ezec-all-finalD: P & (z, h, [], sh) —jum— 0 = o = (z, h, ||, sh)
lemma exec-all-deterministic:
[ P+ o —jum— (z,h),sh); P+ o —jom— ¢’ ] = P+ o’ —jum— (z,h,[],sh)

2.5.1 Preservation of preallocated

lemma exec-Calling-prealloc-pres:
assumes preallocated h
and ezxec-Calling C Cs P h stk loc Co My pc frs sh = (zp’,h’,frs’,sh")
shows preallocated h'
using assms
proof(cases sh C)
case (Some a)
then obtain sfs { where sfsi:a = (sfs, ) by(cases a)
then show ?thesis using Some assms
proof (cases i)
case Prepared
then show %thesis using sfsi Some assms by(cases method P C clinit, auto split: if-split-asm)
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next
case Error
then show %thesis using sfsi Some assms by(cases method P C clinit, auto)
qed(auto)
qged(auto)

lemma exec-step-prealloc-pres:
assumes pre: preallocated h

and ezec-step P h stk loc C M pc ics frs sh = (zp’,h’,frs’,sh’)
shows preallocated h'
proof (cases ics)

case No-ics

then show ?thesis using exec-instr-prealloc-pres assms by auto
next

case Calling

then show ?thesis using exec-Calling-prealloc-pres assms by auto
next

case (Called Cs)

then show %thesis using exec-instr-prealloc-pres assms by(cases Cs, auto)
next

case (Throwing Cs a)

then show ?thesis using assms by(cases Cs, auto)
qed

lemma exec-prealloc-pres:
assumes pre: preallocated h
and ezxec (P, zp, h, frs, sh) = Some(ap’,h',frs’ sh’)
shows preallocated h'
using assms
proof(cases Iz. xp = [z]| V frs = [])
case Fulse
then obtain f1 frs1 where frs: frs = f1#frsl by(cases frs, simp+)
then obtain stk loc1 C1 M1 pcl ics! where f1: f1 = (stk1,loc1,C1,M1,pcl,icsl) by(cases fI)
let ?i = instrs-of P C1 M1 | pcl
obtain zp2 h2 frs2 sh2
where exec-step: exec-step P h stkl locl1 C1 M1 pcl icsl frs1 sh = (xp2,h2,frs2,sh2)
by (cases exec-step P h stk1 loc1 C1 M1 pcl icsl frsl sh)
then show ?thesis using exec-step-prealloc-pres|OF pre exec-step] f1 frs False assms
proof(cases xp2)
case (Some a)
show ?thesis
using find-handler-prealloc-pres| OF pre, where a=a]
exec-step-prealloc-pres|OF pre]
exec-step f1 frs Some False assms
by (auto split: bool.splits init-call-status.splits list.splits)
qed(auto split: init-call-status.splits)
ged(auto)

2.5.2 Start state

The Start class is defined based on a given initial class and method. It has two methods: one
that calls the initial method in the initial class, which is called by the starting program, and
clinit, as required for the class to be well-formed.
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definition start-method :: cname = mname = jvm-method mdecl where
start-method C' M = (start-m, Static, [|, Void, (1,0,[Invokestatic C M 0,Return],[]))
abbreviation start-clinit :: jym-method mdecl where

start-clinit = (clinit, Static, [, Void, (1,0,[Push Unit,Return],[]))

definition start-class :: cname = mname = jum-method cdecl where

start-class C M = (Start, Object, [|, [start-method C M, start-clinit])

The start configuration of the JVM in program P: in the start heap, we call the “start”
method of the “Start”; this method performs Invokestatic on the class and method given to
create the start program’s Start class. This allows the initialization procedure to be called
on the initial class in a natural way before the initial method is performed. There is no
this pointer of the frame as start is Static. The start sheap has every class pre-prepared; this
decision is not necessary. The starting program includes the added Start class, given a method
M of class C, added to program P.

definition start-state :: jum-prog = jvm-state where

start-state P = (None, start-heap P, [([], [], Start, start-m, 0, No-ics)], start-sheap)
abbreviation start-prog :: jvm-prog = cname = mname = jvm-prog where
start-prog P C M = start-class C M # P

end

2.6 A Defensive JVM

theory JVMDefensive
imports JVMEzec ../ Common/ Conform
begin

Extend the state space by one element indicating a type error (or other abnormal termi-
nation)

datatype ‘a type-error = TypeError | Normal 'a

fun is-Addr :: val = bool where
is-Addr (Addr a) <— True
| is-Addr v +— False

fun is-Intg :: val = bool where
is-Intg (Intg i) «— True
| is-Intg v «— False

fun is-Bool :: val = bool where
is-Bool (Bool b) «+— True
| is-Bool v «— False

definition is-Ref :: val = bool where
is-Ref v «+— v = Null V is-Addr v

primrec check-instr :: [instr, jum-prog, heap, val list, val list,
cname, mname, pc, frame list, sheap] = bool where
check-instr-Load:
check-instr (Load n) P h stk loc C Mg pc frs sh =
(n < length loc)

| check-instr-Store:
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check-instr (Store n) P h stk loc Co Mg pc frs sh =
(0 < length stk N n < length loc)

| check-instr-Push:
check-instr (Push v) P h stk loc Co My pc frs sh =
(—is-Addr v)

| check-instr-New:
check-instr (New C) P h stk loc Co Mg pc frs sh =
is-class P C

| check-instr-Getfield:
check-instr (Getfield F C) P h stk loc Co My pc frs sh =
(0 < length stk A (3C' T. P+ C sees F,NonStatic:T in C") A
(let (C', b, T) = field P C F; ref = hd stk in
C’' = C A is-Ref ref N (ref # Null —
h (the-Addr ref) # None A
(let (D,vs) = the (h (the-Addr ref)) in

P+ D =* C Aws (F,C) # None A P,ht the (vs (F,C)) :< T))))

| check-instr-Getstatic:
check-instr (Getstatic C F D) P h stk loc Coy My pec frs sh =
((3T. PF C sees F,Static:T in D) A
(let (C', b, T) = field P C F in
C’'= D A (sh D # None —
(let (sfs,i) = the (sh D) in
sfs F # None A P,h F the (sfs F) :< T))))

| check-instr-Putfield:
check-instr (Putfield F' C) P h stk loc Co My pc frs sh =
(1 < length stk A (3C' T. P+ C sees F,NonStatic:T in C') A
(let (C', b, T) = field P C' F; v = hd stk; ref = hd (tl stk) in
C’' = C A is-Ref ref A (ref # Null —
h (the-Addr ref) # None A
(let D = fst (the (h (the-Addr ref))) in
PED=*CAPhEv:<T))))

| check-instr-Putstatic:
check-instr (Putstatic C F D) P h stk loc Co Mg pc frs sh =
(0 < length stk A (3T. P& C sees F,Static:T in D) A
(let (C', b, T) = field P C F; v = hd stk in
C'=DAPhFv:<T))

| check-instr-Checkcast:
check-instr (Checkcast C) P h stk loc Co My pec frs sh =
(0 < length stk A is-class P C' A is-Ref (hd stk))

| check-instr-Invoke:
check-instr (Invoke M n) P h stk loc Coy Mg pe frs sh =
(n < length stk A is-Ref (stk!n) A
(stkln # Null —
(let a = the-Addr (stk!n);
C = cname-of h a;
Ts = fst (snd (snd (method P C M)))
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in h a # None AN P+ C has M,NonStatic N
P.h F rev (take n stk) [:<] Ts)))

| check-instr-Invokestatic:
check-instr (Invokestatic C M n) P h stk loc Co Mg pc frs sh =
(n < length stk A
(let Ts = fst (snd (snd (method P C M)))
in P+ C has M,Static A
P.h = rev (take n stk) [:<] Ts))

| check-instr-Return:

check-instr Return P h stk loc Cy My pc frs sh =
(case (Mo = clinit) of False = (0 < length stk A\ ((0 < length frs) —

(3b. P+ Co has Mo,b) A

(let v = hd stk;

T = fst (snd (snd (snd (method P Cy My))))
in P,hv:< T)))
| True = P+ Cqo has My,Static)

| check-instr-Pop:
check-instr Pop P h stk loc Cy My pc frs sh =
(0 < length stk)

| check-instr-TIAdd:
check-instr TAdd P h stk loc Co Mgy pc frs sh =
(1 < length stk A is-Intg (hd stk) A is-Intg (hd (H stk)))

| check-instr-IfFalse:
check-instr (IfFalse b) P h stk loc Cy My pc frs sh =
(0 < length stk A is-Bool (hd stk) A 0 < int pc+Db)

| check-instr-CmpEq:
check-instr CmpEq P h stk loc Cy Mg pc frs sh =
(1 < length stk)

| check-instr-Goto:
check-instr (Goto b) P h stk loc Co Mg pc frs sh =
(0 < int pc+d)

| check-instr-Throw:
check-instr Throw P h stk loc Co My pc frs sh =
(0 < length stk A is-Ref (hd stk))

definition check :: jum-prog = juvm-state = bool where
check P o = (let (xcpt, h, frs, sh) = o in
(case frs of [| = True | (stk,loc,C,M,pc,ics)#frs’ =
3b. PE Chas M, b A
(let (C',b,Ts, T mas,mxly,ins,xt) = method P C M; i = inslpc in
pe < size ins N\ size stk < mxs A
check-instr i P h stk loc C M pc frs' sh)))

definition exec-d :: jum-prog = jum-state = jom-state option type-error where
exec-d P o = (if check P o then Normal (exec (P, o)) else TypeError)
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inductive-set
exec-1-d :: jum-prog = (jum-state type-error x jum-state type-error) set
and ezec-1-d’ :: jum-prog = jum-state type-error = jum-state type-error = bool
(- F - —jumd— - [61,61,61]60)
for P :: jum-prog
where
Pt o —jumd—, o' = (0,0') € exec-1-d P
| exec-1-d-Errorl: exec-d P 0 = TypeError = P + Normal o —jomd—1 TypeError
| exec-1-d-Normall: exec-d P o = Normal (Some 0') = P + Normal ¢ —jvmd—1 Normal o’

— reflexive transitive closure:
definition ezec-all-d :: jum-prog = jum-state type-error = jum-state type-error = bool
(<-F - —jvmd— - [61,61,61]60) where
exec-all-d-defl: P+ o —jvmd— o’ +— (0,0') € (exec-1-d P)*

notation (ASCII)
exec-all-d («- |— - —jomd—> -» [61,61,61]60)

lemma exec-1-d-eq:
exec-1-d P = {(s,t). Jo. s = Normal o N t = TypeError A exec-d P o = TypeError} U

{(s,t). 3o 0’. s = Normal o A t = Normal o’ A\ exec-d P 0 = Normal (Some ¢')}

by (auto elim!: exec-1-d.cases introl: exec-1-d.intros)

declare split-paired-All [simp del]
declare split-paired-Ez [simp del]

lemma if-neq [dest!]:
(if P then A else B) # B = P
by (cases P, auto)

lemma ezec-d-no-errorl [intro]:
check P 0 = exec-d P o # TypeError
by (unfold exec-d-def) simp

theorem no-type-error-commutes:
exec-d P o # TypeError = exec-d P o = Normal (exec (P, o))
by (unfold exec-d-def, auto)

lemma defensive-imp-aggressive:
P + (Normal o) —jvmd— (Normal ¢') = P + o —jum— o’
end

2.7 The Jinja Type System as a Semilattice
theory SemiType
imports ../ Common/ WellForm Jinja.Semilattices

begin

definition super :: 'a prog = cname = cname
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where super P C = fst (the (class P C))

lemma superl:
(C,D) € subclst P = super P C = D
by (unfold super-def) (auto dest: subcls1D)

primrec the-Class :: ty = cname
where
the-Class (Class C) = C

definition sup :: 'c prog = ty = ty = ty err
where
sup PT1 Ty =
if is-refT T1 N is-refT T4 then
OK (if Ty = NT then Ts else
if To = NT then T, else
(Class (exec-lub (subclsl P) (super P) (the-Class T1) (the-Class T5))))
else
(if T1 = T4 then OK T else Err)

lemma sup-def":
sup P = ATy Ts.
if is-refT T1 N is-refT T4y then
OK (if T1 = NT then Ty else
if To = NT then T, else
(Class (exec-lub (subclsl P) (super P) (the-Class T1) (the-Class T2))))
else
(if Ty = T4 then OK Ty else Err))
by (simp add: sup-def fun-eq-iff)

abbreviation
subtype :: 'c prog = ty = ty = bool
where subtype P = widen P

definition esl :: 'c prog = ty esl
where
esl P = (types P, subtype P, sup P)

lemma is-class-is-subcls:
wf-prog m P = is-class P C = P+ C =* Object

lemma subcls-antisym:
[wf-progm P; P+ C <* D; P+ D <* C] = C =D

lemma widen-antisym:

[ wf-progm P, P+ T<U;PFU<T]=T=U
lemma order-widen [intro,simp]:

wf-prog m P = order (subtype P) (types P)
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lemma NT-widen:
PHNT <T=(T=NTvV 3C.T= Class C))

lemma Class-widen2: P+ Class C < T = (3D. T = Class D AN P+ C <* D)
lemma wf-converse-subcls1-impl-acc-subtype:
wf ((subcls! P)"—1) = acc (subtype P)
lemma wf-subtype-acc [intro, simp):
wf-prog wf-mb P = acc (subtype P)
lemma exec-lub-refl [simp|: exec-lub r f T T =T
lemma closed-err-types:
wf-prog wf-mb P = closed (err (types P)) (lift2 (sup P))

lemma sup-subtype-greater:
[ wf-prog wf-mb P; is-type P t1; is-type P t2; sup P t1 t2 = OK s |
= subtype P t1 s N\ subtype P t2 s
lemma sup-subtype-smallest:
[ wf-prog wf-mb P; is-type P a; is-type P b; is-type P c;
subtype P a c; subtype P b c; sup Pab= OK d ]
= subtype P d ¢
lemma sup-exists:
[ subtype P a c; subtype Pbc¢] = 3T. sup Pab=OK T
lemma err-semilat-J Type-esl:
wf-prog wf-mb P = err-semilat (esl P)

end

2.8 The JVM Type System as Semilattice

theory JVM-SemiType imports SemiType begin

type-synonym ty; = ty err list
type-synonym ty, = ty list

type-synonym ty; = tys X ty;
type-synonym ty;’ = ty; option
type-synonym ty,, = ty;’ list

type-synonym typ = mname = cname = Y,

definition stk-esl :: 'c prog = nat = tys esl
where
stk-esl P mzs = upto-esl mxs (SemiType.esl P)

definition loc-sl :: 'c prog = nat = ty; sl
where
loc-sl P mzl = Listn.sl mal (Err.sl (SemiType.esl P))

definition sl :: 'c prog = nat = nat = ty;’ err sl
where
sl P mas mal =
Err.sl(Opt.esl(Product.esl (stk-esl P mas) (Err.esl(loc-sl P mal))))

definition states :: 'c prog = nat = nat = ty;’ err set
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where states P mxs mxl = fst(sl P mxzs mal)

definition le :: 'c prog = nat = nat = ty;’ err ord
where
le P mxzs mal = fst(snd(sl P maxs mal))

definition sup :: 'c prog = nat = nat = ty;’ err binop
where
sup P mas mal = snd(snd(sl P mas mal))

definition sup-ty-opt :: ['c prog,ty err,ty err] = bool
(- F - <7 - [71,71,71] 70)
where
sup-ty-opt P = Err.le (subtype P)

definition sup-state :: ['c prog,ty;,ty;] = bool
(- F - < - [71,71,71] 70)
where
sup-state P = Product.le (Listn.le (subtype P)) (Listn.le (sup-ty-opt P))

definition sup-state-opt :: ['c prog,ty;’,ty;'] = bool
(- - <" 5 [71,71,71] 70)
where
sup-state-opt P = Opt.le (sup-state P)

abbreviation
sup-loc :: ['c prog,tyi,ty)] = bool («-F - [<t] - [71,71,71] 70)
where P + LT [<7] LT' = list-all2 (sup-ty-opt P) LT LT’

notation (ASCII)

sup-ty-opt («- |— - <=T -~ [71,71,71] 70) and
sup-state («- |— - <=i- [71,71,71] 70) and
sup-state-opt («- |— - <='"- [71,71,71] 70) and
sup-loc (¢- |— - [<=T] - [71,71,71] 70)

2.8.1 Unfolding

lemma JVM-states-unfold:

states P mas mzl = err(opt(( Union {nlists n (types P) |n. n <= mxs}) x

nlists mal (err(types P))))

lemma JVM-le-unfold:

le Pmn=

Err.le(Opt.le(Product.le( Listn.le(subtype P))(Listn.le( Err.le(subtype P)))))
lemma sl-def2:

JVM-SemiType.sl P mxs mxl =

(states P mxs mal, JVM-SemiType.le P mxs mal, JVM-SemiType.sup P maxs mzl)

lemma JVM-le-conv:

lePmn (OK t1) (OK t2) = P+ t1 <' {2
lemma JVM-le-Err-conv:

le Pm n = Err.le (sup-state-opt P)
lemma err-le-unfold [iff]:

Errlder (OK a) (OKb) =rab
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2.8.2 Semilattice

lemma order-sup-state-opt’ [intro, simp):
wf-prog wf-mb P —>
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order (sup-state-opt P) (opt (U {nlists n (types P) |n. n < mas} ) x nlists (Suc (length Ts +

maly)) (err (types P))))

2.9 Effect of Instructions on the State Type

theory Effect
imports JVM-SemiType ../ JVM | JVMEzceptions
begin

— FIXME
locale prog =
fixes P :: 'a prog

locale jvm-method = prog +
fixes mxs :: nat
fixes mxly :: nat
fixes Ts :: ty list
fixes T, :: ty
fixes is :: instr list
fixes xt :: ex-table

fixes mzl :: nat
defines mzl-def: mzl = 14size Ts+maxly

Program counter of successor instructions:

primrec succs :: instr = ty; = pc = pc list where
suces (Load idz) T pc = [pc+1]

| suces (Store idx) T pc = [pct+1]

| succs (Push v) T pe = [pc+1]

| succs (Getfield F C) T pc = [pc+1]

| suces (Getstatic C F D) T pc = [pe+1]

| succs (Putfield F C) T pc = [pe+1]

| suces (Putstatic C F D) T pc = [pc+1]

(

| suces (New C) 7 pe = [pe+1]
| succs (Checkcast C) T pc = [pc+1]
| suces Pop T pc = [pe+1]
| suces TAdd T pe = [pc+1]
| succs CmpEq T pc = [pc+1]
| succs-IfFalse:
succs (IfFalse b) T pc = [pc+1, nat (int pc + b))
| suces-Goto:
suces (Goto b) T pe = [nat (int pc + b)]

| succs-Return:
succs Return T pc =
| succs-Invoke:
suces (Invoke M n) 7 pc = (if (fst 7)!n = NT then || else [pc+1])
| succs-Invokestatic:
suces (Invokestatic C M n) T pc = [pe+1]
| succs-Throw:
suces Throw T pe =
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Effect of instruction on the state type:

fun the-class:: ty = cname where
the-class (Class C) = C

fun eff; :: instr x 'm prog x ty; = ty; where

effi:-Load:
effi (Load n, P, (ST, LT)) = (ok-val (LT ' n) # ST, LT)
| effi-Store:
effi (Store n, P, (T#ST, LT)) = (ST, LT[n:= OK T))
| effi-Push:
eff; (Push v, P, (ST, LT)) = (the (typeof v) # ST, LT)

| effi-Getfield:

effi (Getfield F C, P, (T#ST, LT)) = (snd (snd (field P C F)) # ST, LT)
| effi-Getstatic:

eff: (Getstatic C F D, P, (ST, LT)) = (snd (snd (field P C F)) # ST, LT)
| effi-Putfield:

eff; (Putfield F C, P, (T1#To#ST, LT)) = (ST,LT)
| effi-Putstatic:

eff; (Putstatic C F D, P, (T#ST, LT)) = (ST,LT)

| eff:-New:
eff; (New C, P, (ST,LT)) = (Class C # ST, LT)
| effi-Checkcast:
effi (Checkcast C, P, (T#ST,LT)) = (Class C # ST,LT)
| effi-Pop:
eff: (Pop, P, (T#ST,LT)) — (ST,LT)
| eff;-IAdd:
eff; (IAdd, P,(T1#T2#ST,LT)) = (Integer#ST,LT)
| effi-CmpEq:
effi (CmpEq, P, (T1# T2#ST,LT)) = (Boolean#ST,LT)
| eff:-IfFalse:
effi (IfFalse b, P, (T1#ST,LT)) = (ST,LT)
| effi-Invoke:

effi (Invoke M n, P, (ST,LT)) =
(let C = the-class (ST'n); (D,b,Ts,Ty,m) = method P C M
in (Ty # drop (n+1) ST, LT))
| effi-Invokestatic:
effi (Invokestatic C M n, P, (ST,LT)) =
(let (D,b,Ts,T,,m) = method P C M
in (Ty # drop n ST, LT))
| effi-Goto:
effi (Goto n, P, s) =3

fun is-relevant-class :: instr = 'm prog = cname = bool where
rel-Getfield:
is-relevant-class (Getfield F' D)
= (AP C. P+ NullPointer <* C' vV P F NoSuchFieldError <* C
V' P+ Incompatible ClassChangeError <* C)
| rel-Getstatic:
is-relevant-class (Getstatic C F D)
= (AP C. True)
| rel-Putfield:
is-relevant-class (Putfield F D)
= (AP C. P + NullPointer <* C' V P F NoSuchFieldError <* C
V' P+ IncompatibleClassChangeError <* C)
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| rel-Putstatic:
is-relevant-class (Putstatic C' F D)
= (AP C. True)
| rel-Checkcast:
is-relevant-class (Checkcast D) = (AP C. P + ClassCast <* C)

| rel-New:

is-relevant-class (New D) = (AP C. True)
| rel-Throw:

is-relevant-class Throw = (AP C. True)
| rel-Invoke:

is-relevant-class (Invoke M n) = (AP C. True)
| rel-Invokestatic:

is-relevant-class (Invokestatic C M n) = (AP C. True)
| rel-default:

is-relevant-class © = (AP C. Fulse)

definition is-relevant-entry :: 'm prog = instr = pc = ez-entry = bool where
is-relevant-entry P i pc e <— (let (f,t,C,h,d) = e in is-relevant-class i P C A pc € {f..<t})

definition relevant-entries :: 'm prog = instr = pc = ex-table = ex-table where
relevant-entries P i pc = filter (is-relevant-entry P i pc)

definition zcpt-eff :: instr = 'm prog = pc = ty;
= ex-table = (pc x ty;") list where
xept-eff i P pe T et = (let (ST,LT) = 7 in
map (A(f,t,C,h,d). (h, Some (Class C#drop (size ST — d) ST, LT))) (relevant-entries P i pc et))

definition norm-eff :: instr = 'm prog = nat = ty;, = (pc x ty;’) list where
norm-eff i P pc T = map (Apc’. (pc’,.Some (eff; (i,P,7)))) (succs i T pc)

definition eff :: instr = 'm prog = pc = ex-table = ty;’ = (pc x ty;’) list where
eff i P pc et t = (caset of
None =[]
| Some T = (norm-eff i P pc 7) @ (zept-eff i P pc T et))

lemma eff-None:
eff i P pc at None = ||
by (simp add: eff-def)

lemma eff-Some:
eff i P pc at (Some 1) = norm-eff i P pc T Q acpt-eff i P pc T at
by (simp add: eff-def)

Conditions under which eff is applicable:

fun app; :: instr x 'm prog X pc X nat X ty x ty; = bool where
app;-Load:
app; (Load n, P, pc, mxs, Ty, (ST,LT)) =
(n < length LT A LT ! n # Err A length ST < mas)
| app;-Store:
app; (Store n, P, pc, mzs, T, (T#ST, LT)) =
(n < length LT)
| app;-Push:
app; (Push v, P, pc, mxs, T, (ST,LT)) =



138

(length ST < mas A typeof v # None)
| app;-Getfield:
app; (Getfield F C, P, pc, mas, T, (T#ST, LT)) =
(3Ty. P+ C sees F\NonStatic:Ty in C A P+ T < Class C)
| app;-Getstatic:
app; (Getstatic C F D, P, pc, mzs, Ty, (ST, LT)) =
(length ST < mas A (3Ty. P+ C sees F,Static:Ty in D))
| app;-Putfield:
app; (Putfield F C, P, pc, mxs, T, (T1#To#ST, LT)) =
(3T¢. P+ C sees F,NonStatic:Ty in C N P+ Ty < (Class C) N P+ Ty < Ty)
| app;-Putstatic:
app; (Putstatic C F D, P, pc, mxs, T\, (T#ST, LT)) =
(3Ty. PF C sees F,Static:Ty in DA PF T < Ty)
| app;-New:
app; (New C, P, pc, mzs, T, (ST,LT)) =
(is-class P C' A length ST < mas)
| app;-Checkcast:
app; (Checkcast C, P, pc, mzs, T.., (T#ST,LT)) =
(is-class P C' A is-refT T)
| appi-Pop:
app; (Pop, P, pc, mas, T, (T#ST,LT)) =
True
| app;-TAdd:
app; (IAdd, P, pc, mzs, T, (T1#To#ST,LT)) = (T1 = T2 A T1 = Integer)
| appi-CmpEq:
app; (CmpEq, P, pc, mas, Ty, (T1#T2#ST,LT)) =
(T1 = Ty V is-refT T1 A is-refT Ts)
| app;-IfFalse:
app; (IfFalse b, P, pc, mzs, T,., (Boolean#ST,LT)) =
(0 < int pc + b)
| app;-Goto:
app; (Goto b, P, pc, mas, Ty, s) =
(0 < int pc + b)
| app;-Return:
app; (Return, P, pc, mas, T, (T#ST,LT)) =
(PFT<T,)
| app;-Throw:
app; (Throw, P, pc, mas, Tp, (T#ST,LT)) =
is-refT T
| app;-Invoke:
app; (Invoke M n, P, pc, mas, Ty, (ST,LT)) =
(n < length ST A
(STln # NT —
(3CD Ts T m. ST'n = Class C AN P+ C sees M,NonStatic:Ts — T = m in D A
P F rev (take n ST) [<] T%)))
| app;-Invokestatic:
app; (Invokestatic C M n, P, pc, mzs, T,, (ST,LT)) =
(length ST — n < mxzs A n < length ST N M # clinit A
(3D Ts T m. P+ C sees M,Static:Ts — T = m in D A
P F rev (take n ST) [<] Ts))

| app;-default:
app; (i,P, pc,mzs,T,,s) = False



Theory Effect 139

definition zcpt-app :: instr = 'm prog = pc = nat = ez-table = ty; = bool where
xept-app i P pc mxs zt 7 +— (Y (f,t,C,h,d) € set (relevant-entries P i pc zt). is-class P C N d <
size (fst T) A d < mas)

definition app :: instr = 'm prog = nat = ty = nat = nat = ex-table = ty;’ = bool where
app i P mxs T, pc mpc xt t = (case t of None = True | Some 7 =
app; (i,P,pc,mzs, Ty,7) N xcpt-app i P pc mas xt 7 A
(V(pc';t") € set (eff i P pe at t). pc’ < mpe))

lemma app-Some:
app i P mxs T, pc mpc xt (Some 7) =
(app; (¢,P,pc,mzs,T,,7) N\ xcpt-app i P pc mas xt 7 N\
(V(pc',s") € set (eff i P pc at (Some 7)). pc’ < mpc))
by (simp add: app-def)

locale eff = jom-method +
fixes eff; and app; and eff and app
fixes norm-eff and zcpt-app and zcpt-eff

fixes mpc
defines mpc = size is

defines eff; i T = Effect.eff; (i,P,7)
notes eff;-simps [simp] = Effect.eff;.simps [where P = P, folded eff;-def]

defines app; i pc T = Effect.app; (i, P, pc, mxs, T, T)
notes app;-simps [simp] = Effect.app;.simps [where P=P and mzs=mzs and T,=T,, folded
app; -def]

defines zcpt-eff ¢ pc T = Effect.xcpt-eff ¢ P pc T xt
notes xcpt-eff = Effect.zcpt-eff-def [of - P - - at, folded zcpt-eff-def]

defines norm-eff i pc = = Effect.norm-eff i P pc T
notes norm-eff = Effect.norm-eff-def [of - P, folded norm-eff-def eff ;-def]

defines eff ¢ pc = Effect.eff i P pc xt
notes eff = Effect.eff-def [of - P - at, folded eff-def norm-eff-def zcpt-eff-def)

defines zcpt-app i pc T = Effect.xcpt-app ¢ P pc mxs xt T
notes zcpt-app = Effect.zcpt-app-def [of - P - mxs at, folded zcpt-app-def]

defines app i pc = Effect.app i P mxs T, pc mpc xt
notes app = Effect.app-def [of - P mxs T, - mpc zt, folded app-def zcpt-app-def app;-def eff-def]

lemma length-cases2:
assumes ALT. P ([],LT)
assumes A\l ST LT. P (I#ST,LT)
shows P s
by (cases s, cases fst s) (auto intro!: assms)
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lemma length-cases3:
assumes A\LT. P ([|,LT)
assumes A\I LT. P ([I],LT)
assumes A\l ST LT. P (I#ST,LT)
shows P s

lemma length-cases4:
assumes A\LT. P ([],LT)
assumes A\I LT. P ([I],LT)
assumes A\l !’ LT. P ([L,I],LT)
assumes A\l !’ ST LT. P (I#U'#ST,LT)
shows P s

simp rules for app

lemma appNone[simp|: app i P mzs T, pc mpc et None = True
by (simp add: app-def)

lemma appLoad[simp:
app; (Load idx, P, T, mzs, pc, s) = (3ST LT. s = (ST,LT) A idx < length LT N LT'idx # Err A
length ST < mas)

by (cases s, simp)

lemma appStore[simp]:
app; (Store idz,P,pc,mxs, Ty,s) = (3ts ST LT. s = (ts#ST,LT) A idx < length LT)
by (rule length-cases2, auto)

lemma appPush[simp]:

app; (Push v,P,pc,;mxs, T,.,s) =

(3ST LT. s = (ST,LT) A length ST < mas A typeof v # None)
by (cases s, simp)

lemma appGetField[simp]:

app; (Getfield F C,P,pc,mzs, T,.,s) =

(3 oT vT ST LT. s = (oT#ST, LT) A
P+ C sees F,NonStatic:vT in C N P+ oT < (Class C))
by (rule length-cases2 [of - s]) auto

lemma appGetStatic[simp]:

app; (Getstatic C F D,P,pc,mzs,T,,s) =

(3 vT ST LT. s = (ST, LT) A length ST < mas A P F C sees F,Static:vT in D)
by (rule length-cases2 [of - s]) auto

lemma appPutField[simp]:

app; (Putfield F C,P,pc,mxs, T,s) =

(3 vT vT’ oT ST LT. s = (vTH#oTH#ST, LT) A
P b C sees F,NonStatic:oT' in C A P+ oT < (Class C) A P+ oT < vT)
by (rule length-cases4 [of - s], auto)

lemma appPutstatic[simp]:

app; (Putstatic C F D,P,pc,mzs,T,,s) =

(3 wT vT' ST LT. s = (vT#ST, LT) A
P F C sees F,Static:vT' in D AN P+ oT < oT)
by (rule length-cases4 [of - s], auto)
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lemma appNew[simp]:
app; (New C,P,pc,mzs,T,.,s) =
(38T LT. s=(ST,LT) A is-class P C A length ST < maxs)
by (cases s, simp)

lemma appCheckcast]simp):
app; (Checkcast C,P,pc,mzs,T;,s) =
(3T ST LT. s = (T#ST,LT) A is-class P C A is-refT T)
by (cases s, cases fst s, simp add: app-def) (cases hd (fst s), auto)

lemma app; Pop[simp):
app; (Pop,P,pc,mzs, T,.,s) = (Its ST LT. s = (ts#ST,LT))
by (rule length-cases2, auto)

lemma applAdd[simp):
app; (IAdd,P,pc,mxs, Ty,8) = (ST LT. s = (Integer#Integer#ST,LT))

lemma applfFalse [simp]:

app; (IfFalse b,P,pc,mzs,T;,s) =
(38T LT. s = (Boolean#ST,LT) N 0 < int pc + b)

lemma appCmpEq[simp:

app; (CmpEq,P,pc,mzs,T,.,s) =
(3Ty To STLT. s = (T1#To#ST,LT) A (mis-refT T1 AN To = Ty V is-refT T1 A is-refT T3))
by (rule length-casess, auto)

lemma appReturn|simp]:
app; (Return,P,pc,mzs,Ty,s) = (3T ST LT. s = (T#ST,LT) NP+ T < T,)
by (rule length-cases2, auto)

lemma app Throw[simp]:
app; (Throw,P.pc,mzs,Ty,s) = (3T ST LT. s=(T#ST,LT) A is-refT T)
by (rule length-cases2, auto)

lemma effNone:
(pc’, s') € set (eff i P pc et None) = s’ = None
by (auto simp add: eff-def zcpt-eff-def norm-eff-def)

some helpers to make the specification directly executable:

lemma relevant-entries-append [simp]:
relevant-entries P i pc (at Q zt") = relevant-entries P i pc at @ relevant-entries P i pc xt’
by (unfold relevant-entries-def) simp

lemma zcpt-app-append [iff]:
xept-app © P pc mas (xtQat’) 7 = (axcpt-app i P pc mas xt 7 N\ xcpt-app i P pc mas xt’ 7)
by (unfold xcpt-app-def) fastforce

lemma zcpt-eff-append [simp]:
xept-eff © P pe 7 (xtQut’) = zept-eff @ P pc T xt Q zept-eff @ P pc 7 xt’
by (unfold xcpt-eff-def, cases T) simp

lemma app-append [simp]:
app © P pc T mxs mpc (xtQut") 7 = (app @ P pc T mas mpe at 7 A app i P pc T mas mpc at’ 1)
by (unfold app-def eff-def) auto
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end

2.10 Monotonicity of eff and app

theory EffectMono imports Effect begin
declare not-Err-eq [iff]

lemma app;-mono:
assumes wf: wf-prog p P
assumes less: P -1 <; 7/
shows app; (i,P,mzs,mpc,rT,7") = app; (i,P,mzs,mpc,rT,T)
lemma succs-mono:
assumes wf: wf-prog p P and app;: app; (i,P,mzs,mpe,rT,77)
shows P+ 17 <; 7/ = set (succs i 7 pc) C set (succs i 7/ pc)

lemma app-mono:
assumes wf: wf-prog p P
assumes less:” P+ 1 <’ 7/
shows app ¢ P m rT pc mpc zt 7' = app i P m rT pc mpc ot T

lemma eff;-mono:
assumes wf: wf-prog p P
assumes less: P71 <; 7/
assumes app;: app ¢ P m rT pc mpc at (Some 1)
assumes succs: succs i T pc # [| suces i 7' pc # ]
shows P + eff; (i,P,7) <; eff; (i,P,7')

end

2.11 The Bytecode Verifier

theory BVSpec
imports Effect
begin

This theory contains a specification of the BV. The specification describes correct typings
of method bodies; it corresponds to type checking.

definition
— The method type only contains declared classes:
check-types :: 'm prog = nat = nat = ty;’ err list = bool
where
check-types P mzs mzl 7s = set 7s C states P mxs mal

— An instruction is welltyped if it is applicable and its effect
— is compatible with the type at all successor instructions:

definition
wt-instr :: ['m prog,ty,nat,pc,ex-table,instr,pe,ty,,] = bool
((eymmympm b == 32 > [60,0,0,0,0,0,0,61] 60)

where

P, T mxs,mpc,at = i,pc :: Ts =
app © P mazs T pc mpe at (1s!pe) A
(Y (pc’,7") € set (eff i P pc at (tslpe)). P+ 7" <’ 7slpc’)
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— The type at pc=0 conforms to the method calling convention:
definition wi-start :: ['m prog,cname,statich,ty list,nat,ty,,] = bool
where
wt-start P C b Ts mxly 7s =
case b of NonStatic = P + Some ([],OK (Class C)#map OK TsQreplicate maly Err) <’ 7510
| Static = P+ Some ([],map OK TsQreplicate mzly Err) <’ 7s!0

— A method is welltyped if the body is not empty,
— if the method type covers all instructions and mentions
— declared classes only, if the method calling convention is respected, and
— if all instructions are welltyped.
definition wi-method :: ['m prog,cname,statich,ty list,ty,nat,nat,instr list,
ex-table,ty,] = bool
where
wt-method P C'b Ts T, mzs mzly is ot 7s = (b = Static V b = NonStatic) N
0 < size is N\ size TS = size is N\
check-types P mxs ((case b of Static = 0 | NonStatic = 1)+size Ts+mxly) (map OK 78) A
wt-start P C'b Ts mxly 7s A
(Vpc < size is. P,T,,mas,size is,zt & islpc,pc 2 78)

— A program is welltyped if it is wellformed and all methods are welltyped
definition wf-jum-prog-phi :: typ = juom-prog = bool (<wf’-jum’-prog-»)
where

wf-jum-progy =

wf-prog (AP C (M ,b,Ts,T,.,(maxs,mzly,is,xt)).
wt-method P C'b Ts T, maxs maly is at (& C M))

definition wf-jvm-prog :: jum-prog = bool
where
wf-jvm-prog P = 3®. wf-jum-progy P

lemma wt-jum-progD:
wf-jum-progey P = Jwt. wf-prog wt P
lemma wt-jvm-prog-impl-wt-instr:
assumes wf: wf-jum-proge P and
sees: P C sees M,b:Ts — T = (mas,maly,ins,at) in C and
pc: pe < size ins
shows P,T,mzs,size ins,xt & inslpc,pc :: ® C M
lemma wt-jum-prog-impl-wt-start:
assumes wf: wf-jum-proge P and
sees: P+ C sees M,b:Ts — T = (mas,mzly,ins,xt) in C
shows 0 < size ins A wi-start P C'b Ts mzly (2 C M)
lemma wf-jum-prog-nclinit:
assumes witp: wf-jum-proge P
and meth: Pt Csees M, b: Ts—T = (mas, maly, ins, at) in D
and wt:  P,T,mazs,size ins,zt - inslpe,pc :: @ C M
and pc:  pe < length ins and ®: ® C M ! pc = Some(ST,LT)
and ins: ins ! pc = Invokestatic Cy My n
shows My # clinit
using assms by (simp add: wf-jvm-prog-phi-def wt-instr-def app-def)

end
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2.12 The Typing Framework for the JVM

theory TF-JVM
imports Jinja. Typing-Framework-err EffectMono BVSpec
begin

definition ezxec :: jum-prog = nat = ty = ex-table = instr list = ty;’ err step-type
where
exec G mazxs rT et bs =
err-step (size bs) (Apc. app (bs!pe) G maxs rT pe (size bs) et)
(Apc. eff (bslpe) G pc et)

locale JVM-sl =
fixes P :: jum-prog and mzs and mzly and n
fixes b and T5s :: ty list and is and 2t and T,

fixes mzl and A and r and f and app and eff and step

defines [simp]: mal = (case b of Static = 0 | NonStatic = 1)+size Ts+mazl
defines [simp]: A = states P maxs mal

defines [simp]: r = JVM-SemiType.le P mzs mzl

defines [simp]: f = JVM-SemiType.sup P mxs mzl

defines [simp]: app = Apc. Effect.app (is'pc) P mas T, pc (size is) at
defines [simp]: eff = Apc. Effect.eff (islpc) P pc xt

defines [simp]: step = err-step (size is) app eff

defines [simp]: n = size is
assumes staticb: b = Static V b = NonStatic

locale start-context = JVM-sl +
fixes p and C

assumes wf: wf-prog p P
assumes C: is-class P C
assumes Ts: set Ts C types P

fixes first :: ty;’ and start

defines [simp):

first = Some ([],(case b of Static = [| | NonStatic = [OK (Class C)]) @ map OK Ts Q replicate
maly Err)

defines [simp]:

start = (OK first) # replicate (size is — 1) (OK None)
thm start-context.intro

lemma start-context-intro-auzi:

fixes PbTsp C

assumes b = Static V b = NonStatic
and wf-prog p P
and is-class P C
and set Ts C types P

shows start-context P b Ts p C
using start-context.introlOF JVM-sl.intro] start-context-azioms-def assms by auto
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2.12.1 Connecting JVM and Framework

lemma (in start-context) semi: semilat (A, r, f)
apply (insert semilat-JVM[OF wf])
apply (unfold A-def r-def f-def JVM-SemiType.le-def JVM-SemiType.sup-def states-def)
apply auto
done

lemma (in JVM-sl) step-def-exec: step = exec P mas T, xt is
by (simp add: exec-def)

lemma special-ex-swap-lemma [iff]:
(?X. (n.X=An&Pn)& QX)=(?n QAn) & Pn)
by blast

lemma ez-in-list [iff]:
(In. ST € nlistsn A A n < mas) = (set ST C A A size ST < mas)
by (unfold nlists-def) auto

lemma singleton-nlists:
(3 n. [Class C] € nlists n (types P) A n < mas) = (is-class P C A 0 < mas)
by auto

lemma set-drop-subset:
set s C A = set (drop n xzs) C A
by (auto dest: in-set-dropD)

lemma Suc-minus-minus-le:
n < mzs => Suc (n — (n — b)) < mas
by arith

lemma in-nlistskE:
[ zs € nlists n A; [size s = n; set zs C A] = P ] = P
by (unfold nlists-def) blast

declare is-relevant-entry-def [simp]
declare set-drop-subset [simp]

theorem (in start-context) exec-pres-type:
pres-type step (size is) A

declare is-relevant-entry-def [simp del]

declare set-drop-subset [simp del]

lemma lesubstep-type-simple:
25 [C product.le (=) A ys = set xs {Er} set ys
declare is-relevant-entry-def [simp del]

lemma conjl2: [ A; A= B] = A A B by blast
lemma (in JVM-sl) eff-mono:

assumes wf: wf-prog p P and pc < length is and
lesub: s E sup-state-opt P t and app: app pc t
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shows set (eff pc s) {Esup-state-opt p} set (eff pc t)
lemma (in JVM-sl) bounded-step: bounded step (size is)
theorem (in JVM-sl) step-mono:

wf-prog wf-mb P = mono r step (size is) A

lemma (in start-context) first-in-A [iff]: OK first € A
using Ts C by (cases b; force intro!: nlists-appendl simp add: JVM-states-unfold)

lemma (in JVM-sl) wt-method-def2:
wt-method P C' b Ts T, mazs mzly is at 75 =
(is # [ A
(b = Static V b = NonStatic) A
size TS = Size 1S N\
OK ‘¢ set Ts C states P mxzs mzl N
wt-start P C' b Ts mzly 75 A

wt-app-eff (sup-state-opt P) app eff 7s)

end

2.13 Kildall for the JVM

theory BVEzec
imports Jinja.Abstract-BV TF-JVM Jinja. Typing-Framework-2
begin

definition kiljum :: jum-prog = nat = nat = ty =
instr list = ex-table = ty;’ err list = ty;’ err list
where
kiljom P mxs mzl T, is xt =
kildall (JVM-SemiType.le P maxs mal) (JVM-SemiType.sup P mzs mal)
(exec P mxs T, xt is)

definition wt-kildall :: jum-prog = cname = statich = ty list = ty = nat = nat =
instr list = ex-table = bool
where
wi-kildall P C' b Ts T, mxs mzly is xt = (b = Static V b = NonStatic) A
0 < size is N
(let first = Some ([],(case b of Static = [| | NonStatic = [OK (Class C")])
Q(map OK Ts)Q(replicate maly Err));
start = (OK first)# (replicate (size is — 1) (OK None));
result = kiljum P mazs
((case b of Static = 0 | NonStatic = 1)+size Ts+mly)
T, is xt start
inVn < size is. result!n # Err)

definition wf-jvm-progy, :: jum-prog = bool
where
wf-jvm-progy, P =
wf-prog (AP C' (M,b,Ts,T,,(maxs,maly,is,zt)). wt-kildall P C' b Ts T, mas mzly is xt) P

context start-contexrt
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begin

lemma Cons-less-Conss3 [simp]:
zHas [Cr] y#Hys = (c Cry A as [Tyl ys Vo =y A xs [Ty] ys)
unfolding lesssub-def
by (metis Cons-le-Cons JVM-le-Err-conv lesub-def list.inject r-def sup-state-opt-err)

lemma acc-le-listI3 [introl]:
acc r => acc (Listn.le r)
unfolding acc-def
apply (subgoal-tac
wf(UN n. {(ys,zs). size xzs = n A size ys = n A xs <-(Listn.le r) ys}))
apply (erule wf-subset)
apply (blast intro: lesssub-lengthD)
apply (rule wf-UN)
prefer 2
apply force
apply (rename-tac n)
apply (induct-tac n)
apply (simp add: lesssub-def cong: conj-cong)
apply (rename-tac k)
apply (simp add: wf-eg-minimal del: r-def f-def step-def A-def)

apply (simp (no-asm) add: length-Suc-conv cong: conj-cong del: r-def f-def step-def A-def)

apply clarify

apply (rename-tac M m)

apply (case-tac Iz xs. size xs = k N z#1zs € M)

prefer 2

apply blast

apply (erule-tac © = {a. Jxs. size xs = k A a#zs:M} in allE)
apply (erule impFE)

apply blast

apply (thin-tac Iz xs. P x xs for P)

apply clarify

apply (rename-tac mazA xs)

apply (erule-tac x = {ys. size ys = size xs N mazA#ys € M} in allE)
apply (erule impFE)

apply blast

apply clarify

using Cons-less-Conss3 by blast

lemma wf-jum: wf {(ss’, ss). ss [Cy] ss}
using acc-le-listl3 acc-JVM [OF wf] by (simp add: acc-def r-def)

lemma iter-properties-bv[rule-format]:

shows [ Vpewl. p < n; ss0 € nlists n A; Vp<n. p ¢ w) —> stable r step ss0 p | =
iter f step ss0 w0 = (ss’\w') —
ss' € nlists n A N stables r step ss’ A ss0 [E,] ss’ A
(Vtsenlists n A. ssO [C,] ts A stables r step ts — ss’ [C,] ts)

lemma Fkildall-properties-bu:

shows [ ss0 € nlists n A | =
kildall v f step ssO € nlists n A A
stables r step (kildall r f step ss0) A

147
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ss0 [E,] kildall r f step ssO A
(Vtsenlists n A. ssO [C,] ts A stables r step ts —
kildall v f step ssO [C,] ts)

2.14 LBV for the JVM

theory LBVJVM
imports Jinja.Abstract-BV TF-JVM
begin

type-synonym prog-cert = cname = mname = ty;’ err list

definition check-cert :: jum-prog = nat = nat = nat = ty;’ err list = bool
where
check-cert P mxs mxl n cert = check-types P mxs mxl cert A size cert = n+1 N
(Vi<n. certli # Err) A certln = OK None

definition lbyjvm :: jum-prog = nat = nat = ty = ex-table =
ty;" err list = instr list = ty;’ err = ty;’ err
where
lbvjym P maxs maxr T, et cert bs =
wtl-inst-list bs cert (JVM-SemiType.sup P mxs mazr) (JVM-SemiType.le P mxzs maxr) Err (OK
None) (exec P mxs T, et bs) 0

definition wt-lbv :: jum-prog = cname = staticb = ty list = ty = nat = nat =
ez-table = ty;’ err list = instr list = bool

where

wt-lbv P C' b Ts T, mas mzly et cert ins = (b = Static V b = NonStatic) N

check-cert P mas ((case b of Static = 0 | NonStatic = 1)+size Ts+maly) (size ins) cert A

0 < size ins N\

(let start = Some ([],(case b of Static = [ | NonStatic = [OK (Class C)])

Q((map OK T5))Q(replicate mzly Err));
result = lbyjum P mas ((case b of Static = 0 | NonStatic = 1)+size Ts+maly) T, et cert ins
(OK start)
in result # Err)

definition wt-jum-prog-lbv :: jum-prog = prog-cert = bool
where
wt-juvm-prog-lbv P cert =
wf-prog (AP C (mn,b, TS, T,.,(mas,maly,ins,et)). wt-lbv P C'b Ts T, mxs mzly et (cert C mn) ins) P

definition mk-cert :: jum-prog = nat = ty = ex-table = instr list
= tym = ty;’ err list
where
mk-cert P maxs T, et bs phi = make-cert (exec P mas T, et bs) (map OK phi) (OK None)

definition prg-cert :: jom-prog = typ = prog-cert
where
prg-cert P phi C mn = let (C,b,Ts, T,.,(maxs,mzly,ins,et)) = method P C mn
in mk-cert P mzs T, et ins (phi C mn)

lemma check-certD [intro?):
check-cert P maxs mal n cert = cert-ok cert n Err (OK None) (states P mxs mal)
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by (unfold cert-ok-def check-cert-def check-types-def) auto

lemma (in start-context) wt-lbv-wi-step:
assumes lbv: wit-lbv P C b Ts T, mxs maxly ot cert is
shows 375 € nlists (size is) A. wt-step v Err step s A OK first T, 7510

lemma (in start-context) wt-lbv-wt-method:
assumes bv: wt-lbv P C b Ts T, mxs mxly xt cert is
shows d7s. wt-method P C'b Ts T, mxs mxly is 2t 78

lemma (in start-context) wt-method-wt-lbv:
assumes wt: wi-method P C' b Ts T, mzxs mxly is ot Ts
defines [simp]: cert = mk-cert P mxs T, xt is Ts

shows wt-lbv P C b Ts T, mxs mxly xt cert is

theorem jum-lbv-correct:

wt-jom-prog-lbv P Cert = wf-jum-prog P
theorem jum-lbv-complete:

assumes wt: wf-jum-proggy P

shows wt-jum-prog-lbv P (prg-cert P @)
end

2.15 BYV Type Safety Invariant

theory BVConform
imports BVSpec ../JVM /JVMEzec ../ Common/Conform
begin

2.15.1 correct-state definitions

definition confT :: 'c prog = heap = wval = ty err = bool
(¢-- F - <7 - [51,51,51,51] 50)
where
Phtwv:<t E=case Eof Err = True | OK T = Phtv:< T

notation (ASCII)
confT (4-,- |— -:<=T - [51,51,51,51] 50)

abbreviation
confTs :: 'c prog = heap = wval list = ty;, = bool
(¢-- F - [:<7] - [51,51,51,51] 50) where
P.hF vs [:<+] Ts = list-all2 (confT P h) vs Ts

notation (ASCII)
confTs (s-,- |— - [[<=T] - [51,51,51,51] 50)

fun Called-context :: jum-prog = cname = instr = bool where

Called-context P Cy (New C') = (Co=C") |

Called-context P Cy (Getstatic C F D) ((Co A (3¢t. P+ C has F,Static:t in D)) |
Called-context P Cy (Putstatic C F D) = ((Cq ) (3t. P+ C has F,Static:t in D)) |
Called-context P Cy (Invokestatic C M n)
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=(3Ts TmD. (Co=D) A P+ C sees M,Static:Ts — T = m in D) |
Called-context P - - = Fulse

abbreviation Called-set :: instr set where
Called-set = {i. 3C. i = New C} U {i. 3C M n. i = Invokestatic C M n}
U{i. 3CF D. i = Getstatic C F D} U {i. 3C F D. { = Putstatic C F D}

lemma Called-context-Called-set:
Called-context P D i = i € Called-set by(cases i, auto)

fun valid-ics :: jum-prog = heap = sheap = cname X mname X pc X init-call-status = bool
(-~ F4 = [51,51,51,51] 50) where
valid-ics P h sh (C,M,pc,Calling C' Cs)
= (let ins = instrs-of P C M in Called-context P (last (C'#Cs)) (ins!pc)
A is-class P C") |
valid-ics P h sh (C,M,pc, Throwing Cs a)
=(let ins = instrs-of P C M in 3 C1. Called-context P C1 (ins!pc)
A (Fobj. h a = Some 0bj)) |
valid-ics P h sh (C,M,pc,Called Cs)
= (let ins = instrs-of P C M
in 3 C1 sobj. Called-context P C1 (inslpc) A sh C1 = Some sobj) |
valid-ics P - - - = True

definition conf-f :: jum-prog = heap = sheap = ty; = bytecode = frame = bool
where

conf-f P h sh = X(ST,LT) is (stk,loc,C,M,pc,ics).

P.hF stk <] ST A P,hE loc <] LT A pc < size is A P,h,sh F; (C,M,pc,ics)

lemma conf-f-def2:
conf-f P h sh (ST,LT) is (stk,loc,C,M,pc,ics) =
P.ht stk <] ST A P,hEloc [:<t] LT A pc < size is A P,h,sh =; (C,M,pc,ics)
by (simp add: conf-f-def)

primrec conf-fs :: [jum-prog,heap,sheap,ty p,cname,mname,nat,ty,frame list] = bool
where
conf-fs P h sh ® Co Mg ng Tg [| = True
| conf-fs P h sh ® Co My ng To (f#frs) =
(let (stk,loc,C,M,pc,ics) = fin
(3ST LT b Ts T maxs mzly is at.
® CM! pc= Some (ST,LT) A
(Pt Csees M,b:Ts — T = (mas,maly,is,xt) in C) A
(3D Ts' T' m D'. My # clinit A ics = No-ics A
islpc = Invoke Mg ng N ST!ng = Class D A
P+ D sees Mo,NonStatic:Ts' — T'=min D'’ NPF Co =* D’APF Ty < TV
(3D Ts" T'm. My # clinit A ics = No-ics A
islpc = Invokestatic D My ng A
P F D sees My,Static:Ts’ — T'=min Co NPF Tog < TV
(Mo = clinit A (3 Cs. ics = Called Cs))) A
conf-f P h sh (ST, LT) is f N conf-fs P h sh ® C M (size Ts) T frs))

fun ics-classes :: init-call-status = cname list where
ics-classes (Calling C Cs) = Cs |

ics-classes (Throwing Cs a) = Cs |

ics-classes (Called Cs) = Cs |
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ics-classes - = ||

fun frame-clinit-classes :: frame = cname list where
frame-clinit-classes (stk,loc,C,M ,pc,ics) = (if M=clinit then [C] else []) @ ics-classes ics

abbreviation clinit-classes :: frame list = cname list where
clinit-classes frs = concat (map frame-clinit-classes frs)

definition distinct-clinit :: frame list = bool where
distinct-clinit frs = distinct (clinit-classes frs)

definition conf-clinit :: jum-prog = sheap = frame list = bool where
conf-clinit P sh frs
= distinct-clinit frs N
(V C € set(clinit-classes frs). is-class P C' A (3 sfs. sh C = Some(sfs, Processing)))

definition correct-state :: [jum-prog,typ,jum-state] = bool («-,-+ - /> [61,0,0] 61)
where
correct-state P ® = \(zp,h,frs,sh).
case xp of
None = (case frs of
[ = True
| (f#fs) = P+ hy/ A P,hk5 shy/ A conf-clinit P sh frs A
(let (stk,loc,C,M,pc,ics) = f
tn Ab Ts T mas maly is xt 7.
(P F Csees M,b:Ts—T = (mxs,maly,is,at) in C) A
® CM! pc= SomeT A
conf-f P h sh T is f N\ conf-fs P h sh ® C M (size Ts) T fs))
| Some z = frs =[]

notation
correct-state (¢-,- |— - [ok]y [61,0,0] 61)

2.15.2 Values and T

lemma confT-Err [iff]: P,h b z <t Err
by (simp add: confT-def)

lemma confT-OK [iff]: Pht z:<t OKT = (Pht z:<7T)
by (simp add: confT-def)

lemma confT-cases:
Phtro: <t X=X=FrVvV@E3T.X=0KTANPhtz:<T))
by (cases X) auto

lemma confT-hext [intro?, trans]:
[Phtz:<t T;h<h]= Ph'ta:<s+ T
by (cases T') (blast intro: conf-hext)+

lemma confT-widen [intro?, trans]:
[Phtao: <t T;P+-T <+ T']= Phtaz: <t T
by (cases T, auto intro: conf-widen)
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2.15.3 Stack and Registers
lemmas confTs-Consl [iff] = list-all2-Cons! [of confT P h] for P h

lemma confTs-confT-sup:
assumes confTs: P,h t= loc :<7] LT and n: n < size LT and
LTn: LT!'n = OK T and subtype: P+ T < T’
shows P.h + (locln) :< T
lemma confTs-hext [intro?):
P.htloc [<7] LT = h < h' = P,h'F loc [:<+7] LT
by (fast elim: list-all2-mono confT-hext)

lemma confTs-widen [intro?, trans]:
Phtloc [<7] LT = PF LT [<7] LT' = P,h t loc [:<7] LT’
by (rule list-all2-trans, rule confT-widen)

lemma confTs-map [iff]:
Nvs. (P,h F vs :<t] map OK Ts) = (P,h F vs [:<] Ts)
by (induct Ts) (auto simp: list-all2-Cons?2)

lemma reg-widen-Err [iff]:
NALT. (P + replicate n Err [<t] LT) = (LT = replicate n Err)
by (induct n) (auto simp: list-all2-Consl)

lemma confTs-Err [iff]:
P.h F replicate n v [:<T] replicate n Err
by (induct n) auto

2.15.4 wvalid init-call-status

lemma valid-ics-shupd:

assumes P,h,sh b; (C, M, pc, ics) and distinct (C'#ics-classes ics)
shows P h,sh(C'— (sfs, i")) b; (C, M, pc, ics)

using assms by(cases ics; clarsimp simp: fun-upd-apply) fastforce

2.15.5 correct-frame

lemma conf-f-Throwing:
assumes conf-f P h sh (ST, LT) is (stk, loc, C, M, pc, Called Cs)

and is-class P C' and h zcp = Some obj and sh C’ = Some(sfs,Processing)
shows conf-f P h sh (ST, LT) is (stk, loc, C, M, pc, Throwing (C' # Cs) xcp)
using assms by(auto simp: conf-f-def2)

lemma conf-f-shupd:
assumes conf-f P h sh (ST,LT) ins f
and ¢ = Processing
V (distinct (CHtics-classes (ics-of f)) A (curr-method f = clinit — C # curr-class f))
shows conf-f P h (sh(C +— (sfs, ©))) (ST,LT) ins f
using assms
by (cases f, cases ics-of f; clarsimp simp: conf-f-def2 fun-upd-apply) fastforce+

lemma conf-f-shupd’:

assumes conf-f P h sh (ST,LT) ins f

and sh C = Some(sfs,i)

shows conf-f P h (sh(C w— (sfs’, i))) (ST,LT) ins f
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using assms
by (cases f, cases ics-of f; clarsimp simp: conf-f-def2 fun-upd-apply) fastforce+

2.15.6 correct-frames

lemmas [simp del] = fun-upd-apply

lemma conf-fs-hext:
ANCMn T,.
[ conf-fs Phsh® CMn T, frs; h < h'] = conf-fs Ph! sh ® C Mn T, frs

lemma conf-fs-shupd:
assumes conf-fs P h sh ® Cqo M n T frs
and dist: distinct (C#clinit-classes frs)
shows conf-fs P h (sh(C +— (sfs, ©))) ® Co M n T frs
using assms proof (induct frs arbitrary: Co C M n T)
case (Cons f' frs’)
then obtain stk’ loc’ C' M’ pc’ ics’ where [’ f' = (stk’,loc’,C’, M’ pc’ ics’) by(cases )
with assms Cons obtain ST LT b Ts T1 mxzs mzly ins vt where
ty: ® C' M'! pc’ = Some (ST,LT) and
meth: P+ C' sees M',b:Ts — T1 = (maxs,mzly,ins,at) in C’ and
conf: conf-f P h sh (ST, LT) ins f' and
confs: conf-fs P h sh ® C' M’ (size Ts) T1 frs’ by clarsimp

from f’ Cons.prems(2) have

distinct (CH#tics-classes (ics-of f))) N (curr-method f' = clinit — C # curr-class )
by fastforce

with conf-f-shupd|where C=C, OF conf] have
conf’s conf-f P h (sh(C — (sfs, ©))) (ST, LT) ins f' by simp

from Cons.prems(2) have dist”. distinct (C' # clinit-classes frs”)
by (auto simp: distinct-length-2-or-more)
from Cons.hyps|OF confs dist’] have
confs”: conf-fs P h (sh(C — (sfs, 7))) ® C’ M’ (length Ts) T1 frs' by simp

from conf’ confs’ ty meth f' Cons.prems show ?case by(fastforce dest: sees-method-fun)
qed(simp)

lemma conf-fs-shupd’:
assumes conf-fs P h sh ® Co M n T frs
and shC: sh C = Some(sfs,i)
shows conf-fs P h (sh(C +— (sfs’, i))) ® Co M n T frs
using assms proof (induct frs arbitrary: Co C M n T sfs i sfs’)
case (Cons f' frs’)
then obtain stk’ loc’ C' M’ pc’ ics’ where [’ f' = (stk’,loc’,C’, M’ pc’ ics’) by(cases )
with assms Cons obtain ST LT b Ts T1 mxs mzly ins vt where
ty: ® C' M'"! pc’ = Some (ST,LT) and
meth: P+ C' sees M',b:Ts — T1 = (maxs,mzly,ins,at) in C’ and
conf: conf-f P h sh (ST, LT) ins f' and
confs: conf-fs P h sh ® C’' M’ (size Ts) T1 frs’ and
shC": sh C = Some(sfs,i) by clarsimp

have conf’: conf-f P h (sh(C > (sfs’, i))) (ST, LT) ins f' by(rule conf-f-shupd’|OF conf shC'])
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from Cons.hyps|OF confs shC'] have
confs” conf-fs P h (sh(C — (sfs’, ©))) ® C' M’ (length Ts) T1 frs' by simp

from conf’ confs’ ty meth f' Cons.prems show ?case by(fastforce dest: sees-method-fun)
qged(simp)

2.15.7 correctness wrt clinit use

lemma conf-clinit-Cons:
assumes conf-clinit P sh (f#frs)
shows conf-clinit P sh frs
proof —
from assms have dist: distinct-clinit (f#frs)
by(cases curr-method f = clinit, auto simp: conf-clinit-def)
then have dist”: distinct-clinit frs by (simp add: distinct-clinit-def)

with assms show ?thesis by(cases frs; fastforce simp: conf-clinit-def)
qed

lemma conf-clinit-Cons-Cons:
conf-clinit P sh (f'#f#frs) = conf-clinit P sh (f'#frs)
by (auto simp: conf-clinit-def distinct-clinit-def)

lemma conf-clinit-diff:

assumes conf-clinit P sh ((stk,loc,C,M,pc,ics)#frs)

shows conf-clinit P sh ((stk’,loc’,C, M pc’ ics)#frs)

using assms by (cases M = clinit, simp-all add: conf-clinit-def distinct-clinit-def)

lemma conf-clinit-diff -

assumes conf-clinit P sh ((stk,loc,C,M,pc,ics)#frs)

shows conf-clinit P sh ((stk’,loc’,C,M,pc’,No-ics)#frs)

using assms by (cases M = clinit, simp-all add: conf-clinit-def distinct-clinit-def)

lemma conf-clinit-Called- Throwing:

conf-clinit P sh ((stk’, loc’, C', clinit, pc’, ics") # (stk, loc, C, M, pe, Called Cs) # fs)
= conf-clinit P sh ((stk, loc, C, M, pc, Throwing (C’ # Cs) xcp) # fs)

by (simp add: conf-clinit-def distinct-clinit-def)

lemma conf-clinit- Throwing:

conf-clinit P sh ((stk, loc, C, M, pc, Throwing (C'#Cs) zcp) # fs)
= conf-clinit P sh ((stk, loc, C, M, pc, Throwing Cs zcp) # fs)
by (simp add: conf-clinit-def distinct-clinit-def)

lemma conf-clinit-Called:
[ conf-clinit P sh ((stk, loc, C';, M, pe, Called (C'#Cs)) # frs);
Pt C7 sees clinit,Static: [| — Void=(mas’;mzl’ ins’,xt’) in C']
= conf-clinit P sh (create-init-frame P C' # (stk, loc, C, M, pc, Called Cs) # frs)
by (simp add: conf-clinit-def distinct-clinit-def)

lemma conf-clinit-Cons-nclinit:
assumes conf-clinit P sh frs and nclinit: M # clinit
shows conf-clinit P sh ((stk, loc, C, M, pc, No-ics) # frs)
proof —

from nclinit
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have clinit-classes ((stk, loc, C, M, pc, No-ics) # frs) = clinit-classes frs by simp
with assms show ?thesis by(simp add: conf-clinit-def distinct-clinit-def)
qed

lemma conf-clinit-Invoke:

assumes conf-clinit P sh ((stk, loc, C, M, pc, ics) # frs) and M’ # clinit

shows conf-clinit P sh ((stk’, loc’, C', M', pc’, No-ics) # (stk, loc, C, M, pc, No-ics) # frs)
using assms conf-clinit-Cons-nclinit conf-clinit-diff ' by auto

lemma conf-clinit-nProc-dist:
assumes conf-clinit P sh frs
and V sfs. sh C # Some(sfs,Processing)
shows distinct (C # clinit-classes frs)
using assms by (auto simp: conf-clinit-def distinct-clinit-def)

lemma conf-clinit-shupd:

assumes conf-clinit P sh frs

and dist: distinct (C#clinit-classes frs)

shows conf-clinit P (sh(C — (sfs, ©))) frs

using assms by (simp add: conf-clinit-def fun-upd-apply)

lemma conf-clinit-shupd’:

assumes conf-clinit P sh frs

and sh C = Some(sfs,7)

shows conf-clinit P (sh(C — (sfs’, ©))) frs

using assms by (fastforce simp: conf-clinit-def fun-upd-apply)

lemma conf-clinit-shupd-Called:

assumes conf-clinit P sh ((stk,loc,C,M,pc,Calling C' Cs)#frs)

and dist: distinct (C'#clinit-classes ((stk,loc,C,M,pc,Calling C' Cs)#frs))

and cls: is-class P C'

shows conf-clinit P (sh(C’ — (sfs, Processing))) ((stk,loc,C,M,pc,Called (C'# Cs))#frs)
using assms by (clarsimp simp: conf-clinit-def fun-upd-apply distinct-clinit-def)

lemma conf-clinit-shupd-Calling:
assumes conf-clinit P sh ((stk,loc,C,M,pc,Calling C' Cs)#frs)
and dist: distinct (C'#clinit-classes ((stk,loc,C,M,pc,Calling C' Cs)#frs))
and cls: is-class P C'
shows conf-clinit P (sh(C’ — (sfs, Processing)))
((stk,loc,C, M ,pc,Calling (fst(the(class P C"))) (C'#Cs))#frs)
using assms by(clarsimp simp: conf-clinit-def fun-upd-apply distinct-clinit-def)

2.15.8 correct state

lemma correct-state-Cons:
assumes cr: P,® |— (xp,h,f#frs,sh) [ok]
shows P.® |— (zp,h,frs,sh) [ok]
proof —
from cr have dist: conf-clinit P sh (f#/frs)
by (simp add: correct-state-def)
then have conf-clinit P sh frs by(rule conf-clinit-Cons)

with cr show ?thesis by(cases frs; fastforce simp: correct-state-def)
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qed

lemma correct-state-shupd:
assumes cs: P,® |— (ap,h,frs,sh) [ok] and shC: sh C = Some(sfs,i)
and dist: distinct (C#-clinit-classes frs)
shows P, ® |— (zp,h,frs,sh(C — (sfs, i'))) [0k]
using assms
proof (cases xp)
case None with assms show ?thesis
proof (cases frs)
case (Cons f' frs’)
let ?sh = sh(C — (sfs, i'))

obtain stk’ loc’ C' M’ pc’ ics’ where [’ f' = (stk’loc’,C’,M’ pc’ ics’) by(cases f)
with ¢s Cons None obtain b Ts T maxs mxly ins at ST LT where
meth: P+ C' sees M',b:Ts—T = (mxs,mzly,ins,zt) in C’
and ty: ® C' M'! pc’ = Some (ST,LT) and conf: conf-f P h sh (ST,LT) ins [’
and confs: conf-fs P h sh ® C' M’ (size Ts) T frs’
and confc: conf-clinit P sh frs
and h-ok: PF hy/ and sh-ok: P,h k4 sh /
by (auto simp: correct-state-def)

from Cons dist have dist: distinct (C+#clinit-classes frs’)
by (auto simp: distinct-length-2-or-more)

from shconf-upd-obj|OF sh-ok shconfD|OF sh-ok shC|| have sh-ok’ P,h s %sh \/
by simp

from conf f’ valid-ics-shupd Cons dist have conf’: conf-f P h ?sh (ST,LT) ins f'
by (auto simp: conf-f-def2 fun-upd-apply)
have confs’: conf-fs P h %sh ® C’' M’ (size Ts) T frs’ by(rule conf-fs-shupd|OF confs dist])

have confc”. conf-clinit P ?sh frs by (rule conf-clinit-shupd[OF confc dist))

with h-ok sh-ok’ meth ty conf’ confs’ f’ Cons None show ?thesis
by (fastforce simp: correct-state-def)
qed(simp add: correct-state-def)
qged(simp add: correct-state-def)

lemma correct-state- Throwing-ex:

assumes correct: P,® & (ap,h,(stk,loc,C, M pc,ics)#frs,sh)/
shows ACs a. ics = Throwing Cs a = Jobj. h a = Some obj
using correct by(clarsimp simp: correct-state-def conf-f-def)

end

2.16 Property preservation under class-add

theory ClassAdd
imports BVConform
begin
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lemma err-mono: A C B=— err A C err B
by (unfold err-def) auto

lemma opt-mono: A C B = opt A C opt B
by (unfold opt-def) auto

— adding a class in the simplest way
abbreviation class-add :: jym-prog = jum-method cdecl = juvm-prog where
class-add P cd = cd#P

2.16.1 Fields

lemma class-add-has-fields:
assumes fs: P = D has-fields FDTs and nc: —is-class P C
shows class-add P (C, cdec) & D has-fields FDTs
using assms
proof (induct rule: Fields.induct)
case (has-fields-Object D fs ms FDTs)
from has-fields-is-class-Object[OF fs] nc have C # Object by fast
with has-fields-Object show ?case
by (auto simp: class-def fun-upd-apply intro!: TypeRel.has-fields-Object)
next
case rec: (has-fields-rec C1 D fs ms FDTs FDTs’)
with has-fields-is-class have [simp]: D # C by auto
with rec have C1 # C by(clarsimp simp: is-class-def)
with rec show ?case
by (auto simp: class-def fun-upd-apply intro: TypeRel.has-fields-rec)
qed

lemma class-add-has-fields-rev:
[ class-add P (C, cdec) & D has-fields FDTs; =P + D <* C']
= P+ D has-fields FDTs
proof (induct rule: Fields.induct)
case (has-fields-Object D fs ms FDTs)
then show ?case by(auto simp: class-def fun-upd-apply intro!: TypeRel.has-fields-Object)
next
case rec: (has-fields-rec C1 D fs ms FDTs FDTs')
then have subl: P+ C1 <' D
by (auto simp: class-def fun-upd-apply intro: subcls1I split: if-split-asm)
with rec.prems have cls: = P+ D =<* C by (meson converse-rtrancl-into-rtrancl)
with cls rec show ?case
by (auto simp: class-def fun-upd-apply
intro: TypeRel.has-fields-rec split: if-split-asm)
qed

lemma class-add-has-field:

assumes P+ Cy has F,b:T in D and — is-class P C

shows class-add P (C, cdec) = Co has F,b:T in D

using assms by(auto simp: has-field-def dest!: class-add-has-fields[of P Cy))

lemma class-add-has-field-rev:
assumes has: class-add P (C, cdec) = Co has F,b:T in D

157
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and nep: AD'. PF Cy =* D'= D' # C
shows P+ Cy has F,b:T in D
using assms by (auto simp: has-field-def dest!: class-add-has-fields-rev)

lemma class-add-sees-field:

assumes P - Cy sees F,b:T in D and — is-class P C'

shows class-add P (C, cdec) = Cqo sees F,b:T in D

using assms by (auto simp: sees-field-def dest!: class-add-has-fields[of P Cjy))

lemma class-add-sees-field-rev:

assumes has: class-add P (C, cdec) b Cqy sees F,b:T in D

and nep: AD'. PF Cy =* D'= D' # C

shows P+ Cy sees F,b:T in D

using assms by (auto simp: sees-field-def dest!: class-add-has-fields-rev)

lemma class-add-field:

assumes fd: P+ Cg sees F.b:T in D and — is-class P C
shows field P Cy F = field (class-add P (C, cdec)) Cy F
using class-add-sees-field|OF assms, of cdec] fd by simp

2.16.2 Methods

lemma class-add-sees-methods:
assumes ms: P+ D sees-methods Mm and nc: —is-class P C
shows class-add P (C, cdec) b D sees-methods Mm
using assms
proof (induct rule: Methods.induct)
case (sees-methods-Object D fs ms Mm)
from sees-methods-is-class-Object| OF ms] nc have C # Object by fast
with sees-methods-Object show ?case
by (auto simp: class-def fun-upd-apply intro!: TypeRel.sees-methods-Object)
next
case rec: (sees-methods-rec C1 D fs ms Mm Mm')
with sees-methods-is-class have [simp]: D # C by auto
with rec have C1 # C by(clarsimp simp: is-class-def)
with rec show ?case
by (auto simp: class-def fun-upd-apply intro: TypeRel.sees-methods-rec)
qed

lemma class-add-sees-methods-rev:
[ class-add P (C, cdec) b D sees-methods Mm;
AD'. P+ D =<*D'= D'# C]
= Pt D sees-methods Mm
proof (induct rule: Methods.induct)
case (sees-methods-Object D fs ms Mm)
then show ?case
by (auto simp: class-def fun-upd-apply intro!: TypeRel.sees-methods-Object)
next
case rec: (sees-methods-rec C1 D fs ms Mm Mm')
then have subl: P+ C1 <! D
by (auto simp: class-def fun-upd-apply introl: subclsil)
have cls: AD. P+ D =X* D' = D' # C
proof —
fix D' assume P+ D <* D’/
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with subl have P+ C1 <* D’ by simp
with rec.prems show D’ # C by simp
qed
with cls rec show ?case
by (auto simp: class-def fun-upd-apply intro: TypeRel.sees-methods-rec)
qed

lemma class-add-sees-methods-Obj:
assumes P + Object sees-methods Mm and nObj: C # Object
shows class-add P (C, cdec) = Object sees-methods Mm
proof —
from assms obtain C’ fs ms where cls: class P Object = Some(C’,fs,ms)
by (auto elim!: Methods.cases)
with nObj have cls": class (class-add P (C, cdec)) Object = Some(C',fs,ms)
by (simp add: class-def fun-upd-apply)
from assms cls have Mm = map-option (Am. (m, Object)) o map-of ms by(auto elim!: Meth-
ods.cases)
with assms cls’ show ?thesis
by (auto simp: is-class-def fun-upd-apply intro!: sees-methods-Object)
qed

lemma class-add-sees-methods-rev-Obj:
assumes class-add P (C, cdec) = Object sees-methods Mm and nObj: C # Object
shows P - Object sees-methods Mm
proof —
from assms obtain C' fs ms where cls: class (class-add P (C, cdec)) Object = Some(C’, fs,ms)
by (auto elim!: Methods.cases)
with nObj have cls” class P Object = Some(C’,fs,ms)
by(simp add: class-def fun-upd-apply)
from assms cls have Mm = map-option (Am. (m, Object)) o map-of ms by(auto elim!: Meth-
ods.cases)
with assms cls’ show ?thesis
by (auto simp: is-class-def fun-upd-apply intro!: sees-methods-Object)
qed

lemma class-add-sees-method:

assumes P+ Cy sees My, b : Ts—T = m in D and — is-class P C

shows class-add P (C, cdec) - Cqo sees Mg, b : Ts—T = m in D

using assms by(auto simp: Method-def dest!: class-add-sees-methods[of P Cy))

lemma class-add-method:

assumes md: P+ Cg sees Mg, b: Ts—T = m in D and - is-class P C
shows method P Cy My = method (class-add P (C, cdec)) Cy My
using class-add-sees-method|OF assms, of cdec] md by simp

lemma class-add-sees-method-rev:
[ class-add P (C, cdec) = Cy sees Mo, b: Ts—T = m in D;
- PFCy=*C]
— PF Cysees Mg, b: Ts—T =min D
by (auto simp: Method-def dest!: class-add-sees-methods-rev)

lemma class-add-sees-method-Obj:
[ P+ Object sees Mo, b : Ts—T = m in D; C # Object |
= class-add P (C, cdec) + Object sees Mg, b : Ts—T = m in D
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by (auto simp: Method-def dest!: class-add-sees-methods-Objwhere P=P])

lemma class-add-sees-method-rev-Obj:

[ class-add P (C, cdec) b Object sees Mo, b : Ts—T = m in D; C # Object |
= P F Object sees My, b: Ts—T = m in D

by (auto simp: Method-def dest!: class-add-sees-methods-rev-Obj[where P=P])

2.16.3 Types and states

lemma class-add-is-type:
is-type P T = is-type (class-add P (C, cdec)) T
by (cases cdec, simp add: is-type-def is-class-def class-def fun-upd-apply split: ty.splits)

lemma class-add-types:
types P C types (class-add P (C, cdec))
using class-add-is-type by (cases cdec, clarsimp)

lemma class-add-states:
states P mxs mal C states (class-add P (C, cdec)) maxs mal
proof —
let A = types P and ?B = types (class-add P (C, cdec))
have ab: ?A C ?B by(rule class-add-types)
moreover have An. nlists n A C nlists n ?B using ab by(rule nlists-mono)
moreover have nlists mzl (err ?A) C nlists mal (err ?B) using err-mono| OF ab] by (rule nlists-mono)
ultimately show ?thesis by (auto simp: JVM-states-unfold intro!: err-mono opt-mono)
qed

lemma class-add-check-types:
check-types P mxs mzl 7s = check-types (class-add P (C, cdec)) mas mal 75
using class-add-states by (fastforce simp: check-types-def)

2.16.4 Subclasses and subtypes

lemma class-add-subcls:
[ PE D =<* D’ = is-class P C']
= class-add P (C, cdec) - D <* D’
proof (induct rule: rtrancl.induct)
case (rtrancl-into-rtrancl a b ¢)
then have b # C by(clarsimp simp: is-class-def dest!: subcls1D)
with rtrancl-into-rtrancl show ?case
by (fastforce dest!: subcls1D simp: class-def fun-upd-apply
introl: rtrancl-trans[of a b] subcls1l)
qed(simp)

lemma class-add-subcls-rev:
[ class-add P (C, edec) v D =* D', =P+ D =* C]
= P+ D=*D’
proof (induct rule: rtrancl.induct)
case (rtrancl-into-rtrancl a b c)
then have b # C by(clarsimp simp: is-class-def dest!: subcls1D)
with rtrancl-into-rtrancl show ?case
by (fastforce dest!: subcls1D simp: class-def fun-upd-apply
introl: rtrancl-trans[of a b] subcls1l)
qed(simp)
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lemma class-add-subtype:
[ subtype P x y; — is-class P C']
= subtype (class-add P (C, cdec)) =y
proof (induct rule: widen.induct)
case (widen-subcls C' D)
then show ?case using class-add-subcls by simp
qed(simp+)

lemma class-add-widens:

[ P+ Ts[<] Ts"; = is-class P C']

= (class-add P (C, cdec)) - Ts [<] Ts'

using class-add-subtype by (metis (no-types) list-all2-mono)

lemma class-add-sup-ty-opt:
[ PE 11 <t 12; = is-class P C']
= class-add P (C, cdec) - 11 <+ 12
using class-add-subtype by (auto simp: sup-ty-opt-def Err.le-def lesub-def split: err.splits)

lemma class-add-sup-loc:

[ PE LT [<7] LT'; = is-class P C']

= class-add P (C, cdec) - LT [<7] LT’

using class-add-sup-ty-optjwhere P=P and C=C]| by (simp add: list.rel-mono-strong)

lemma class-add-sup-state:
[ PET7 < 7% = is-class P C'|
= class-add P (C, cdec) - 7 <; 7/
using class-add-subtype class-add-sup-ty-opt
by (auto simp: sup-state-def Listn.le-def Product.le-def lesub-def class-add-widens
class-add-sup-ty-opt list-all2-mono)

lemma class-add-sup-state-opt:

[PE7 <7 = is-class P C']

= class-add P (C, cdec) -7 <' 7'

by (auto simp: sup-state-opt-def Opt.le-def lesub-def class-add-widens
class-add-sup-ty-opt list-all2-mono)

2.16.5 Effect

lemma class-add-is-relevant-class:

[ is-relevant-class i P Cy; — is-class P C']
= is-relevant-class i (class-add P (C, cdec)) Cy
by (cases i, auto simp: class-add-subcls)

lemma class-add-is-relevant-class-rev:
assumes irc: is-relevant-class © (class-add P (C, cdec)) Co
and ncp: Aed D'. ed € set P = =P | fst cd <* C
and wfzp: wf-syscls P
shows is-relevant-class i P Cy
using assms
proof (cases i)
case (Getfield F' D) with assms
show ?thesis by(fastforce simp: wf-syscls-def sys-zcpts-def dest!: class-add-subcls-rev)
next
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case (Putfield F D) with assms

show ?thesis by (fastforce simp: wf-syscls-def sys-zcpts-def dest!: class-add-subcls-rev)
next

case (Checkcast D) with assms

show ?thesis by(fastforce simp: wf-syscls-def sys-zepts-def dest!: class-add-subcls-rev)
ged(simp-all)

lemma class-add-is-relevant-entry:
[ is-relevant-entry P i pc e; = is-class P C' ]
= is-relevant-entry (class-add P (C, cdec)) i pc e
by (clarsimp simp: is-relevant-entry-def class-add-is-relevant-class)

lemma class-add-is-relevant-entry-rev:
[ is-relevant-entry (class-add P (C, cdec)) i pc e;
Ned D'. ed € set P = =P | fst cd <* C;
wf-syscls P ]
= is-relevant-entry P i pc e
by (auto simp: is-relevant-entry-def dest!: class-add-is-relevant-class-rev)

lemma class-add-relevant-entries:

= is-class P C

= set (relevant-entries P i pc xt) C set (relevant-entries (class-add P (C, cdec)) i pc at)
by (clarsimp simp: relevant-entries-def class-add-is-relevant-entry)

lemma class-add-relevant-entries-eq:
assumes wf: wf-prog wf-md P and nclass: = is-class P C
shows relevant-entries P i pc xt = relevant-entries (class-add P (C, cdec)) i pc at
proof —
have ncp: N\ed D'. ed € set P = =P+ fst ¢d =* C
by (rule wf-subcls-nCls’|OF assms])
moreover from wf have wfsys: wf-syscls P by (simp add: wf-prog-def)
moreover
note class-add-is-relevant-entry|OF - nclass, of i pc - cdec]
class-add-is-relevant-entry-rev|OF - ncp wfsys, of cdec i pc]
ultimately show ?thesis by (metis filter-cong relevant-entries-def)
qed

lemma class-add-norm-eff-pc:

assumes ne: V (pc',7’) € set (norm-eff i P pc 7). pc’ < mpc

shows V (pc’,7') € set (norm-eff i (class-add P (C, cdec)) pc 7). pc’ < mpc
using assms by(cases i, auto simp: norm-eff-def)

lemma class-add-norm-eff-sup-state-opt:
assumes ne: V(pc',7’) € set (norm-eff i P pc 7). P+ 7' <’ 7slpc’
and nclass: — is-class P C and app: app; (i, P, pc, mas, T, T)
shows V (pc',7) € set (norm-eff i (class-add P (C, cdec)) pe 7). (class-add P (C, cdec)) F 7/ <’ 7slpc’
proof —
obtain ST LT where 7 = (ST,LT) by(cases T)
with assms show ?thesis proof(cases i)
qed(fastforce simp: norm-eff-def
dest!: class-add-field|where cdec=cdec] class-add-method[where cdec=cdec]
class-add-sup-loc|OF - nclass] class-add-subtype| OF - nclass]
class-add-widens|OF - nclass] class-add-sup-state-opt| OF - nclass])+
qed
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lemma class-add-zcpt-eff-eq:

assumes wf: wf-prog wf-md P and nclass: - is-class P C

shows zcpt-eff ¢ P pc T xt = zept-eff i (class-add P (C, cdec)) pc T xt

using class-add-relevant-entries-eq| OF assms, of i pc at cdec] by(cases T, simp add: xcpt-eff-def)

lemma class-add-eff-pc:
assumes eff: V (pc';7’) € set (eff i P pc xt (Some 7)). pc’ < mpc
and wf: wf-prog wf-md P and nclass: = is-class P C
shows V (pc',7’) € set (eff i (class-add P (C, cdec)) pe xt (Some 7)). pc’ < mpe
using eff class-add-norm-eff-pc class-add-zept-eff-eq| OF wf nclass]
by (auto simp: norm-eff-def eff-def)

lemma class-add-eff-sup-state-opt:
assumes eff: YV (pc',7’) € set (eff i P pc at (Some 7)). P+ 7/ <’ 7slpc’
and wf: wf-prog wf-md Pand nclass: — is-class P C
and app: app; (i, P, pc, mzxs, T, T)
shows V (pc',7") € set (eff i (class-add P (C, cdec)) pc xt (Some 1)).
(class-add P (C, cdec)) - 1" <’ 7slpc’
proof —
from eff have ne: V(pc’, 7")e€set (norm-eff i Ppc 7). P+ 7' <'7s ! pc’
by (simp add: norm-eff-def eff-def)
from eff have V (pc’, 7/)e€set (zept-eff i P pc T xt). PH 1/ <' 75! pc’
by (simp add: zcpt-eff-def eff-def)
with class-add-norm-eff-sup-state-opt| OF ne nclass app)
class-add-zept-eff-eq| OF wf nclass]class-add-sup-state-opt| OF - nclass]
show ?thesis by(cases cdec, auto simp: eff-def norm-eff-def zcpt-app-def)
qed

lemma class-add-app;:
assumes app; (i, P, pc, mazs, T, ST, LT) and — is-class P C
shows app; (i, class-add P (C, cdec), pc, mxs, T, ST, LT)
using assms
proof (cases i)

case New then show ?thesis using assms by (fastforce simp: is-class-def class-def fun-upd-apply)
next

case Getfield then show ?thesis using assms

by (auto simp: class-add-subtype dest!: class-add-sees-field|[where P=P])
next

case Getstatic then show ?thesis using assms by (auto dest!: class-add-sees-field[where P=DP])
next

case Pultfield then show ?thesis using assms

by (auto dest!: class-add-subtype[where P=P] class-add-sees-field[where P=P])
next

case Putstatic then show ?thesis using assms

by (auto dest!: class-add-subtype[where P=P] class-add-sees-field[where P=P])
next

case Checkcast then show ?thesis using assms

by (clarsimp simp: is-class-def class-def fun-upd-apply)
next

case Invoke then show ?thesis using assms

by (fastforce dest!: class-add-widens[where P=P] class-add-sees-method[where P=P])

next
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case Invokestatic then show ?thesis using assms
by (fastforce dest!: class-add-widens[where P=P] class-add-sees-method[where P=P])
next
case Return then show ?Zthesis using assms by(clarsimp simp: class-add-subtype)
qged(simp+)

lemma class-add-zcpt-app:

assumes za: rcpt-app © P pc mas ot T

and wf: wf-prog wf-md P and nclass: — is-class P C

shows zcpt-app i (class-add P (C, cdec)) pc mas zt T

using za class-add-relevant-entries-eq| OF wf nclass] nclass

by (auto simp: zcpt-app-def is-class-def class-def fun-upd-apply) auto

lemma class-add-app:
assumes app: app © P mxs T pc mpc xt t
and wf: wf-prog wf-md P and nclass: — is-class P C
shows app i (class-add P (C, cdec)) mxzs T pc mpe xt t
proof (cases t)
case (Some T)
let ?P = class-add P (C, cdec)
from assms Some have eff: V (pc’, 7')€set (eff i P pc xt |7]). pc’ < mpc by(simp add: app-def)
from assms Some have app;: app; (i,P,pc,mzs,T,7) by(simp add: app-def)
with class-add-app;[OF - nclass] Some have app; (i,?P,pc,mxs, T,7) by(cases T,simp)
moreover
from app class-add-zept-app[OF - wf nclass| Some
have zcpt-app © 7P pc mas xt T by (simp add: app-def del: zcpt-app-def)
moreover
from app class-add-eff-pc|OF eff wf nclass] Some
have V (pc’,7') € set (eff i P pc xt t). pc’ < mpe by auto
moreover note app Some
ultimately show ?thesis by (simp add: app-def)
qged(simp)

2.16.6 Well-formedness and well-typedness

lemma class-add-wf-mdecl:
[ wf-mdecl wf-md P Cy md;
NCo md. wf-md P Cy md = wf-md (class-add P (C, cdec)) Co md ]
= wf-mdecl wf-md (class-add P (C, cdec)) Co md
by (clarsimp simp: wf-mdecl-def class-add-is-type)

lemma class-add-wf-mdecl”:
assumes wfd: wf-mdecl wf-md P Cy md
and ms: (Cy,S,fs,ms) € set P and md: md € set ms
and wf-md”" NCo S fs ms m.[(Co,S,fs,ms) € set P; m € set ms] = wf-md’ (class-add P (C, cdec))
CO m
shows wf-mdecl wf-md’ (class-add P (C, cdec)) Cy md
using assms by (clarsimp simp: wf-mdecl-def class-add-is-type)

lemma class-add-wf-cdecl:

assumes wfcd: wf-cdecl wf-md P c¢d and cdP: cd € set P

and ncp: = P F fst cd <* C and dist: distinct-fst P

and wfmd: \Co md. wf-md P Cy md = wf-md (class-add P (C, cdec)) Co md

and nclass: — is-class P C
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shows wf-cdecl wf-md (class-add P (C, cdec)) cd
proof —
let ?P = class-add P (C, cdec)
obtain CI D fs ms where [simp]: ¢d = (C1,(D,fs,ms)) by(cases cd)
from wfed
have V feset fs. wf-fdecl ?P f by(auto simp: wf-cdecl-def wf-fdecl-def class-add-is-type)
moreover
from wfed wfmd class-add-wf-mdecl
have V meset ms. wf-mdecl wf-md P C1 m by(auto simp: wf-cdecl-def)
moreover
have C1 # Object = is-class P D A = ?P+ D <* C1
A (V(M,b,Ts, T ,m)Eset ms.
VYD'b Ts" T'm’ ?P+ D sees M,b"-Ts' — T'=m'in D' —
b=0b'APPF Ts'[<] Ts A P+ T < T')
proof —
assume nObj[simp]: C1 # Object
with cdP dist have subl: P = C1 <! D by(auto simp: class-def intro!: subcls1I map-of-Somel)
with ncp have nep: = P+ D <* C by(auto simp: converse-rtrancl-into-rtrancl)
with wfed
have clsD: is-class ?P D
by (auto simp: wf-cdecl-def is-class-def class-def fun-upd-apply)
moreover
from wfed subl
have — ?P + D =<* C1 by(auto simp: wf-cdecl-def dest!: class-add-subcls-rev[OF - ncp])
moreover
have AM b Ts T m D' b" Ts'" T' m'. (M,b,Ts,T,m) € set ms
= 2P+ D sees M,b":Ts' — T'=m'in D’
— b=b'APPFTs'[<] TsAPFT<T'
proof —
fix MbTs Tm D' b Ts'" T'm’
assume ms: (M,b,Ts,T,m) € set ms and meth”: ?P + D sees M,b:Ts' — T'=m’ in D’
with subl
have P+ D sees M,b":Ts' — T' = m' in D’
by (fastforce dest!: class-add-sees-method-rev]OF - nep'])
moreover
with wfed ms meth’
have b=V AP+ T [<] TsNPF T < T’
by (cases m’, fastforce simp: wf-cdecl-def elim!: ballE[where x=(M,b,Ts,T,m)])
ultimately show b = b’ A 9P T5' [<] Ts A 9P+ T < T’
by (auto dest!: class-add-subtype| OF - nclass] class-add-widens[OF - nclass])
qed
ultimately show ?thesis by clarsimp
qged
moreover note wfcd
ultimately show ?thesis by (simp add: wf-cdecl-def)
qed

lemma class-add-wf-cdecl’:

assumes wfcd: wf-cdecl wf~-md P c¢d and cdP: cd € set P

and ncp: =P F fst cd <* C and dist: distinct-fst P

and wfmd: NCo S fs ms m.[(Co,S,fs,ms) € set P; m € set ms] = wf-md’ (class-add P (C, cdec))
Co m

and nclass: - is-class P C

shows wf-cdecl wf-md’ (class-add P (C, cdec)) cd
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proof —
let P = class-add P (C, cdec)
obtain C1 D fs ms where [simp]: c¢d = (C1,(D,fs,ms)) by(cases cd)
from wfed
have V feset fs. wf-fdecl ?P f by(auto simp: wf-cdecl-def wf-fdecl-def class-add-is-type)
moreover
from cdP wfed wfmd
have V meset ms. wf-mdecl wf-md’ 2P C1 m
by (auto simp: wf-cdecl-def wf-mdecl-def class-add-is-type)
moreover
have C1 # Object = is-class P D A = ?P+ D <* C1
A (V(M,b,Ts, T ,m)Eset ms.
VD' Ts" T'm' P+ D sees M,b":Ts' — T'=m’in D' —
b=b/'APPF Ts'[<] Ts A P+ T < T
proof —
assume nObj[simpl: C1 # Object
with cdP dist have subl: P - C1 <! D by(auto simp: class-def intro!: subcls1I map-of-Somel)
with ncp have nep: = P+ D <* C by(auto simp: converse-rtrancl-into-rtrancl)
with wfed
have clsD: is-class ?P D
by (auto simp: wf-cdecl-def is-class-def class-def fun-upd-apply)
moreover
from wfed subi
have - ?P + D <* C1 by(auto simp: wf-cdecl-def dest!: class-add-subcls-rev[OF - ncp'])
moreover
have AM b Ts Tm D' b" T8 T' m’. (M,b,Ts,T,m) € set ms
= 2P+ D sees M,b":Ts' — T' = m’'in D’
= b=bAPHTS[K]TsN?PFT<T
proof —
fix MbTs Tm D' b Ts' T' m’
assume ms: (M,b,Ts,T,m) € set ms and meth”. ?P + D sees M,;b:Ts' — T'=m' in D’
with subl
have P+ D sees M,b":Ts' — T' = m' in D'
by (fastforce dest!: class-add-sees-method-rev]OF - ncp'))
moreover
with wfed ms meth’
have b=V AP+ T [<] TsANPHT < T’
by (cases m', fastforce simp: wf-cdecl-def elim!: ballE[where x=(M,b,Ts,T,m)])
ultimately show b = b’ A 9P Ts' [<] Ts AN 9P+ T < T’
by (auto dest!: class-add-subtype[OF - nclass] class-add-widens[OF - nclass])
qed
ultimately show ?thesis by clarsimp
qed
moreover note wfcd
ultimately show ¢thesis by (simp add: wf-cdecl-def)
qed

lemma class-add-wt-start:

[ wt-start P Co b Ts mal 7s; — is-class P C'|

= wi-start (class-add P (C, cdec)) Co b Ts mal s

using class-add-sup-state-opt by(clarsimp simp: wt-start-def split: staticb.splits)

lemma class-add-wt-instr:
assumes wti: P,T,mzs,mpc,xt = i,pc :: 75
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and wf: wf-prog wf-md P and nclass: - is-class P C
shows class-add P (C, cdec),T,mxs,mpe,at & i,pc :: 75
proof —
let ?P = class-add P (C, cdec)
from wti have eff: V (pc’, 7/)€set (eff i P pc xt (s ! pe)). P+ 1/ <' 75! pc’
by (simp add: wt-instr-def)
from wti have app;: 7slpc # None = app; (i,P,pc,mzs, T, the (Ts!pc))
by (simp add: wit-instr-def app-def)
from wti class-add-app|OF - wf nclass]
have app i ?P mas T pc mpc xt (7s!pe) by(simp add: wi-instr-def)
moreover
have V (pc',7") € set (eff i P pc at (tslpc)). 7P = 17/ </ 7slpc’
proof(cases 7s!pc)
case Some with eff class-add-eff-sup-state-opt[OF - wf nclass app;] show ?thesis by auto
qed(simp add: eff-def)
moreover note wt;
ultimately show ?thesis by(clarsimp simp: wt-instr-def)
qed

lemma class-add-wt-method:
assumes wtm: wt-method P Cy b Ts T, mas mxly is xt (P Cy M)
and wf: wf-prog wf-md P and nclass: — is-class P C
shows wt-method (class-add P (C, cdec)) Co b Ts T, mas mzly is xt (& Co Mo)
proof —
let ?P = class-add P (C, cdec)
let 76 = ® C() Mo
from witm class-add-check-types
have check-types 2P mxs ((case b of Static = 0 | NonStatic = 1)+size Ts+mazly) (map OK ?75s)
by (simp add: wt-method-def)
moreover
from wtm class-add-wt-start nclass
have wt-start ?P Co b Ts maly ?7s by(simp add: wt-method-def)
moreover
from wim class-add-wt-instr[OF - wf nclass)
have V pc < size is. 2P, T, ,mxs,size is,at - islpc,pc :: ?7s by(clarsimp simp: wt-method-def)
moreover note wim
ultimately
show ?thesis by(clarsimp simp: wi-method-def)
qed

lemma class-add-wt-method’:
[ (AP C (M,b,Ts,T,,(mas,maly,is,zt)). wt-method P C' b Ts T, maxs mzaly is at (& C M)) P Cy md;
wf-prog wf-md P; = is-class P C']
= (AP C (M,b,Ts,T,,(mzs,mxly,is,zt)). wt-method P C b Ts T, mxs mzly is xt (P C M))
(class-add P (C, cdec)) Co md
by (clarsimp simp: class-add-wt-method)

2.16.7 distinct-fst

lemma class-add-distinct-fst:
[ distinct-fst P; = is-class P C']
= distinct-fst (class-add P (C, cdec))
by (clarsimp simp: distinct-fst-def is-class-def class-def)
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2.16.8 Conformance

lemma class-add-conf:

[ Phbv:< T; = is-class P C']

= class-add P (C, cdec),h - v :< T

by (clarsimp simp: conf-def class-add-subtype)

lemma class-add-oconf:
fixes obj::0bj
assumes oc: P,h F obj \/ and ns: = is-class P C
and ncp: AD'. P & fst(obj) <* D'= D' # C
shows (class-add P (C, cdec)),h & obj /
proof —
obtain Cy fs where [simp]: 0bj=(Cl,fs) by(cases obj)
from oc have
oc" N\F D T.PF Cy has F,NonStatic:T in D = (3v. fs (F, D) = |v] AN P,hFv:<T)
by (simp add: oconf-def)
have A\F D T. class-add P (C, cdec) = Co has F,NonStatic:T in D
= Jwu. fs(F,D) = Some v A class-add P (C, cdec),h - v :< T
proof —
fix F D T assume class-add P (C, cdec) = Cqy has F,NonStatic:T in D
with class-add-has-field-rev[OF - ncp] have meth: P & Cy has F,NonStatic:T in D by simp
then show Jv. fs(F,D) = Some v A class-add P (C, cdec),h - v :< T
using oc/|OF meth| class-add-conf[OF - ns| by(fastforce simp: oconf-def)
qed
then show ?thesis by (simp add: oconf-def)
qed

lemma class-add-soconf:
assumes soc: P,h,Cy b sfs / and ns: - is-class P C
and nep: AD. P+ Cy =* D)= D' # C
shows (class-add P (C, cdec)),h,Co b sfs y/
proof —
from soc have
oc NF T. Pt Cy has F,Static:T in Co = (3v. sfs F = [v] AN P,htv:<T)
by (simp add: soconf-def)
have AF T. class-add P (C, cdec) = Cq has F,Static:T in C
= Jw. sfs F = Some v A class-add P (C, cdec),h b v :< T
proof —
fix I' T assume class-add P (C, cdec) = Co has F,Static:T in Cq
with class-add-has-field-rev]|OF - ncp] have meth: P = Cy has F,Static: T in Cy by simp
then show Jv. sfs F = Some v A class-add P (C, edec),h b v :< T
using oc’|OF meth] class-add-conf[OF - ns| by(fastforce simp: soconf-def)
qed
then show %thesis by (simp add: soconf-def)
qed

lemma class-add-hconf:

assumes P + h / and - is-class P C

and Aa obj D'. h a = Some obj = P\ fst(obj) <* D' = D' # C
shows class-add P (C, cdec) = h +/

using assms by(auto simp: hconf-def introl: class-add-oconf)

lemma class-add-hconf-wf:
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assumes wf: wf-prog wf-md P and P + h / and - is-class P C

and Aa obj. h a = Some obj = fst(obj) # C

shows class-add P (C, cdec) &= h /

using wf-subcls-nCls|OF wf] assms by (fastforce simp: hconf-def intro!: class-add-oconf)

lemma class-add-shconf:

assumes P.h 5 sh / and ns: - is-class P C

and AC sobj D'. sh C = Some sobj = P+ C =* D' = D' # C
shows class-add P (C, cdec),h 5 sh v/

using assms by (fastforce simp: shconf-def)

lemma class-add-shconf-wf:

assumes wf: wf-prog wf~-md P and P.,h b4 sh y/ and — is-class P C
and AC sobj. sh C = Some sobj = C # C

shows class-add P (C, cdec),h -5 sh +/

using wf-subcls-nCIs|OF wf] assms by (fastforce simp: shconf-def)

end

2.17 Properties and types of the starting program

theory StartProg
imports ClassAdd
begin

lemmas wt-defs = correct-state-def conf-f-def wt-instr-def eff-def norm-eff-def app-def xcpt-app-def

declare wi-defs [simp] — removed from simp at the end of file
declare start-class-def [simp]

2.17.1 Types

abbreviation start-p,, :: ty,, where
start-pn, = [Some([],[]),Some([ Void],[])]

fun ®-start :: typ = typ where
O-start © C M = (if C=Start A (M=start-m V M=clinit) then start-p,, else & C M)

lemma ®-start: \NC. C # Start = ®-start @ C = @ C
b-start ® Start start-m = start-p,, ®-start ® Start clinit = start-p.,
by auto

lemma check-types-op,: check-types (start-prog P C M) 1 0 (map OK start-p,,)
by (auto simp: check-types-def JVM-states-unfold)

2.17.2 Some simple properties

lemma preallocated-start-state: start-state P = o = preallocated (fst(snd o))
using preallocated-start[of P] by(auto simp: start-state-def split-beta)

lemma start-prog-Start-super: start-prog P C M + Start < Object
by (auto intro!: subcls1l simp: class-def fun-upd-apply)
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lemma start-prog-Start-fields:
start-prog P C M + Start has-fields FDTs = map-of FDTs (F, Start) = None
by (drule Fields.cases, auto simp: class-def fun-upd-apply Object-fields)

lemma start-prog-Start-soconf:
(start-prog P C M),h,Start -5 Map.empty +/
by (simp add: soconf-def has-field-def start-prog-Start-fields)

lemma start-prog-start-shconf:
start-prog P C' M ,start-heap P+ start-sheap /

2.17.3 Well-typed and well-formed

lemma start-wt-method:
assumes P+ C sees M, Static : [|[— Void = m in D and M # clinit and - is-class P Start
shows wt-method (start-prog P C M) Start Static || Void 1 0 [Invokestatic C' M 0, Return] [| start-om,
(is wt-method 7P ?2C 2b ?Ts 2T, ?maxs ?maly %is ?at 975)
proof —
let ?cdec = (Object, [], [start-method C M, start-clinit])
obtain mazs mal ins at where m: m = (mas,mal,ins,zt) by(cases m)
have ca-sees: class-add P (Start, ?cdec) - C sees M, Static : [|— Void = m in D
by (rule class-add-sees-method[OF assms(1,3)])
have Apc. pc < size %is = ¢P,?T,,%mas,size ?is, %zt & ?islpe,pc @ 915
proof —
fix pc assume pc: pc < size ?is
then show ?P.?T,. ?mzs,size ?is,?xt = ?islpc,pc :: 715
proof(cases pc = 0)
case True with assms m ca-sees show ?thesis
by (fastforce simp: wt-method-def wt-start-def relevant-entries-def
is-relevant-entry-def zcpt-eff-def)
next
case Fulse with pc show ?thesis
by (simp add: wt-method-def wt-start-def relevant-entries-def
is-relevant-entry-def xcpt-eff-def)
qed
qed
with assms check-types-o,, show Zthesis by (simp add: wi-method-def wit-start-def)
qed

lemma start-clinit-wt-method:
assumes P C sees M, Static : [|[—Void = m in D and M # clinit and - is-class P Start
shows wt-method (start-prog P C M) Start Static [ Void 1 0 [Push Unit,Return] [| start-opm,
(is wt-method ?P ¢C ?b ?2Ts ¢T, ?mas ¢maly %is 2zt 978)
proof —
let ?cdec = (Object, [], [start-method C M, start-clinit))
obtain mazs mal ins at where m: m = (mas,mal,ins,zt) by(cases m)
have ca-sees: class-add P (Start, ?cdec) - C sees M, Static : [|— Void = m in D
by (rule class-add-sees-method[OF assms(1,3)])
have Apc. pc < size %is = ¢P,?T,,?mas,size ?is, %zt b ?islpe,pc @ 915
proof —
fix pc assume pc: pc < size ?is
then show ?P,?T,, ?mzxs,size ?is,?xt & Zislpe,pc i ?1s
proof(cases pc = 0)
case True with assms m ca-sees show ?thesis
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by (fastforce simp: wt-method-def wt-start-def relevant-entries-def
is-relevant-entry-def xcpt-eff-def)
next
case Fulse with pc show ?thesis
by (simp add: wt-method-def wt-start-def relevant-entries-def
is-relevant-entry-def xcpt-eff-def)
qed
qed
with assms check-types-,, show Zthesis by (simp add: wt-method-def wt-start-def)
qed

lemma start-class-wf:
assumes P F C sees M, Static : [|—Void = m in D
and M # clinit and — is-class P Start
and ® Start start-m = start-p,,, and ® Start clinit = start-pp,
and is-class P Object
and A\b' Ts’ T’ m’ D'. P+ Object sees start-m, b’ : Ts'=T'=m' in D’
= b’ = Static N Ts' =[] A T' = Void
and Ab' Ts’ T’ m’ D'. P &+ Object sees clinit, b': Ts'-»T'= m’in D’
= b/ = Static N Ts' = [| AN T' = Void
shows wf-cdecl (AP C (M,b,Ts,T,,(mxs,mzly,is,at)). wt-method P C b Ts T, mas maly is at (& C
M)
(start-prog P C M) (start-class C M)
proof —
from assms start-wt-method start-clinit-wt-method class-add-sees-method-rev-Objwhere P=P and
C=Start]
show ?thesis
by (auto simp: start-method-def wf-cdecl-def wf-fdecl-def wf-mdecl-def
is-class-def class-def fun-upd-apply wf-clinit-def) fast+
qed

lemma start-prog-wf-juvm-prog-phi:

assumes wtp: wf-jum-progy P

and nstart: - is-class P Start

and meth: P+ C sees M, Static : [|— Void = m in D and nclinit: M # clinit

and : AC. C # Start = &' C = C

and ®" @’ Start start-m = start-p,, ®' Start clinit = start-ppm,

and Obj-start-m: \b’ Ts" T’ m’ D'. P + Object sees start-m, b’ : Ts'=T' = m’in D’
= b’ = Static N Ts' =[] A T' = Void

shows wf-jum-progg (start-prog P C' M)

proof —

let 2wf-md = (AP C (M,b,Ts,T,,(mas,maly,is,zt)). wt-method P C b Ts T, mxs mzly is zt ( C
M))

let 2wf-md’ = (AP C (M,b,Ts,T,,(mzs,mxly,is,at)). wt-method P C'b Ts T, mxs maly is zt (@' C
M))

from wip have wf: wf-prog ?wf-md P by(simp add: wf-jvm-prog-phi-def)
from wf-subcls-nCls'|OF wf nstart]
have nsp: Aed D'. cd € set P = =P F fst cd =* Start by simp
have wf-md”:
NCo S fs ms m. (Co, S, fs, ms) € set P = m € set ms = 2wf-md’ (start-prog P C M) Co m
proof —
fix Co S fs ms m assume asms: (Co, S, fs, ms) € set P m € set ms
with nstart have ns: Cy # Start by(auto simp: is-class-def class-def dest: weak-map-of-Somel)
from wf asms have ?wf-md P Cy m by(auto simp: wf-prog-def wf-cdecl-def wf-mdecl-def)
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with ®[OF ns] class-add-wt-method|OF - wf nstart]

show ?wf-md’ (start-prog P C M) Cy m by fastforce
qed
from witp have al: is-class P Object by (simp add: wf-jum-prog-phi-def)
with wf-sees-clinitfwhere P=P and C=Object] wtp
have a2: Ab' Ts' T' m’ D'. P = Object sees clinit, b’ : Ts'-T' = m’in D’

= b’ = Static N T' =[] N T' = Void

by (fastforce simp: wf-jum-prog-phi-def is-class-def dest: sees-method-fun)
from wf have dist: distinct-fst P by (simp add: wf-prog-def)
with class-add-distinct-fst[OF - nstart] have distinct-fst (start-prog P C M) by simp
moreover from wf have wf-syscls (start-prog P C M) by(simp add: wf-prog-def wf-syscls-def)
moreover
from class-add-wf-cdecl’[where wf-md'=?wf-md’, OF - - nsp dist] wf-md’ nstart wf
have Ac. ¢ € set P = wf-cdecl ?wf-md’ (start-prog P C M) ¢ by(fastforce simp: wf-prog-def)
moreover from start-class-wf[OF meth] nclinit nstart ®’ al Obj-start-m a2
have wf-cdecl ?wf-md’ (start-prog P C M) (start-class C M) by simp
ultimately show ?thesis by (simp add: wf-jum-prog-phi-def wf-prog-def)

qed

lemma start-prog-wf-jum-prog:
assumes wf: wf-jum-prog P
and nstart: — is-class P Start
and meth: P+ C sees M, Static : [|— Void = m in D and nclinit: M # clinit
and Obj-start-m: \b’ Ts" T' m’ D'. P - Object sees start-m, b’ : Ts'=T' = m’in D’
= b/ = Static N Ts' = [| N T' = Void
shows wf-jum-prog (start-prog P C M)
proof —
from wf obtain ® where wip: wf-jvm-proge P by(clarsimp simp: wf-jum-prog-def)

let 20’ = \C f. if C = Start A\ (f = start-m V [ = clinit) then start-p,, else ® C f

from start-prog-wf-jum-prog-phi| OF wtp nstart meth nclinit - - - Obj-start-m] have
wf-jum-prog oq,1 (start-prog P C' M) by simp
then show %thesis by (auto simp: wf-jum-prog-def)
qed

2.17.4 Methods and instructions

lemma start-prog-Start-sees-methods:
P F Object sees-methods Mm
= start-prog P C M F
Start sees-methods Mm ++ (map-option (Am. (m,Start)) o map-of [start-method C M, start-clinit])
by (auto simp: class-def fun-upd-apply
dest!: class-add-sees-methods-Objwhere P=P and C=Start] intro: sees-methods-rec)

lemma start-prog-Start-sees-start-method:
P F Object sees-methods Mm
= start-prog P C M +
Start sees start-m, Static : [|[— Void = (1, 0, [Invokestatic C M 0,Return], []) in Start
by (auto simp: start-method-def Method-def fun-upd-apply
dest!: start-prog-Start-sees-methods)

lemma wf-start-prog-Start-sees-start-method:
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assumes wf: wf-prog wf-md P
shows start-prog P C M +
Start sees start-m, Static : [|[— Void = (1, 0, [Invokestatic C M 0,Return], []) in Start

proof —

from wf have is-class P Object by simp

with sees-methods-Object obtain Mm where P = Object sees-methods Mm

by (fastforce simp: is-class-def dest: sees-methods-Object)

then show %thesis by (rule start-prog-Start-sees-start-method)
qed

lemma start-prog-start-m-instrs:
assumes wf: wf-prog wf-md P
shows (instrs-of (start-prog P C M) Start start-m) = [Invokestatic C M 0, Return)]
proof —

from wf-start-prog-Start-sees-start-method| OF wf]

have start-prog P C M + Start sees start-m, Static :

[|— Void = (1,0,[Invokestatic C M 0,Return],[]) in Start by simp

then show ?thesis by simp

qed

declare wi-defs [simp del]

end

2.18 BV Type Safety Proof

theory BVSpecTypeSafe
imports BVConform StartProg
begin

This theory contains proof that the specification of the bytecode verifier only admits type
safe programs.

2.18.1 Preliminaries
Simp and intro setup for the type safety proof:

lemmas defs!] = correct-state-def conf-f-def wt-instr-def eff-def norm-eff-def app-def zcpt-app-def

lemmas widen-rules [intro] = conf-widen confT-widen confs-widens confTs-widen

2.18.2 Exception Handling

For the Invoke instruction the BV has checked all handlers that guard the current pc.

lemma Invoke-handlers:
match-ex-table P C pc xt = Some (pc’,d’) =
3(f,t,D,h,d) € set (relevant-entries P (Invoke n M) pc at).
PHC=2*DApce{f.<t}Apd=hANd =4d
by (induct xt) (auto simp: relevant-entries-def matches-ez-entry-def
is-relevant-entry-def split: if-split-asm,)
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For the Invokestatic instruction the BV has checked all handlers that guard the current
pe.

lemma Invokestatic-handlers:
match-ex-table P C pc xt = Some (pc’,d") =
3(f,t,D,h,d) € set (relevant-entries P (Invokestatic Co n M) pc xt).
PHC=*DApce{f.<t}Apd’=hANd =4d
by (induct at) (auto simp: relevant-entries-def matches-ex-entry-def
is-relevant-entry-def split: if-split-asm)

For the instrs in Called-set the BV has checked all handlers that guard the current pc.

lemma Called-set-handlers:
match-ex-table P C pc xt = Some (pc’,d") = i € Called-set =
3(f,t,D,h,d) € set (relevant-entries P i pc xt).
PHC=*DApce{f.<t}Apd’=hANd =4d
by (induct at) (auto simp: relevant-entries-def matches-ex-entry-def
is-relevant-entry-def split: if-split-asm)

We can prove separately that the recursive search for exception handlers (find-handler) in
the frame stack results in a conforming state (if there was no matching exception handler in
the current frame). We require that the exception is a valid heap address, and that the state
before the exception occurred conforms.

lemma uncaught-zcpt-correct:
assumes wt: wf-jom-progy P
assumes h: h zcp = Some obj
shows Af. P,® - (None, h, f#frs, sh)\/
= curr-method [ # clinit = P,® & find-handler P zcp h frs sh \/
(is A\f. correct (None, h, f#frs, sh) = %prem f = %correct (?find frs))

The requirement of lemma uncaught-zept-correct (that the exception is a valid reference
on the heap) is always met for welltyped instructions and conformant states:

lemma ezec-instr-zcept-h:
[ fst (exec-instr (inslpc) P h stk vars C' M pc ics frs sh) = Some xcp;
P, T ,mzs,size ins,zt - inslpc,pc :: ® C M,
P,® + (None, h, (stk,loc,C,M,pc,ics)#frs, sh)/ ]
= Jobj. h xzcp = Some obj
(is [ Zzept; 2wt; Pcorrect | = ?thesis)
lemma exec-step-zcpt-h:
assumes zcpt: fst (exec-step P h stk vars C M pc ics frs sh) = Some zcp
and ins: instrs-of P C M = ins
and wti: P,T,mzs,size ins,xt - inslpc,pc :: & C M
and correct: P,® = (None, h, (stk,loc,C,M,pc,ics)#frs, sh)y/
shows Jobj. h xzcp = Some obj
proof —
from correct have pre: preallocated h by(simp add: defs1 hconf-def)
{ fix C' Cs assume ics[simp]: ics = Calling C’ Cs
with zcpt have zcp = addr-of-sys-zept NoClassDefFoundError
by (cases ics, auto simp: split-beta split: init-state.splits if-split-asm)
with pre have ?thesis using preallocated-def by force
}
moreover
{ fix Cs a assume [simp|: ics = Throwing Cs a
with zcpt have eq: a = zcp by(cases Cs; simp)
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from correct have P h,sh b; (C,M pc,ics) by (auto simp: defsl)
with eq have ?thesis by simp
}
moreover
{ fix Cs assume ics: ics = No-ics V ics = Called Cs
with ezec-instr-xept-h[OF - wti correct] xcpt ins have ?thesis by(cases Cs, auto)
}
ultimately show ?thesis by(cases ics, auto)
qed

lemma conf-sys-zcpt:
[preallocated h; C € sys-zepts] = P,h b Addr (addr-of-sys-zept C) :< Class C
by (auto elim: preallocatedE)

lemma match-ex-table-SomeD:
match-ex-table P C pc xt = Some (pc’,d') =
3(f,t,D,h,d) € set at. matches-ex-entry P C pc (f,t,D,h,d) A h = pc’ A d=d’
by (induct xt) (auto split: if-split-asm)

Finally we can state that, whenever an exception occurs, the next state always conforms:

lemma xcpt-correct:
fixes o’ :: jum-state
assumes witp: wf-jvm-proge P
assumes meth: P b C sees M,b: Ts— T=(mas,mzly,ins,xt) in C
assumes wt: P, T mas,size ins,at & inslpc,pc :: & C M
assumes zp: fst (exec-step P h stk loc C M pc ics frs sh) = Some zcp
assumes s Some o’ = exec (P, None, h, (stk,loc,C,M,pc,ics)#frs, sh)
assumes correct: P,® = (None, h, (stk,loc,C,M,pc,ics)#frs, sh)\/
shows P,® F o'y/

declare defs1 [simp]

2.18.3 Initialization procedure steps

In this section we prove that, for states that result in a step of the initialization procedure
rather than an instruction execution, the state after execution of the step still conforms.

lemma Calling-correct:
fixes o’ :: jum-state
assumes wiprog: wf-jvm-proge P
assumes mC: P+ C sees M,b: Ts— T=(mas,mzly,ins,xt) in C
assumes s”: Some o’ = exec (P, None, h, (stk,loc,C,M pc,ics)#frs, sh)
assumes c¢f: P.® + (None, h, (stk,loc,C,M,pc,ics)#frs, sh)/
assumes xc: fst (exec-step P h stk loc C M pe ics frs sh) = None
assumes ics: ics = Calling C' Cs

shows P,® | ¢'y/
proof —
from witprog obtain wfmb where wf: wf-prog wfmb P
by (simp add: wf-jum-prog-phi-def)

from mC c¢f obtain ST LT where
h-ok: P+ h / and
sh-ok: P,h ¢ sh 4/ and
O:® CM! pc = Some (ST,LT) and
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stk: P.h t= stk [:<] ST and loc: P,h - loc [:<t] LT and

pc: pe < size ins and

frame: conf-f P h sh (ST, LT) ins (stk,loc,C,M,pc,ics) and
fs: conf-fs P h sh ® C M (size Ts) T frs and

confe: conf-clinit P sh ((stk,loc,C,M pc,ics)#frs) and

vics: P h,sh by (C, M pc,ics)

by (fastforce dest: sees-method-fun)

with ics have confcy: conf-clinit P sh ((stk,loc,C,M ,pc,Calling C' Cs)#frs) by simp
from vics ics have cls”: is-class P C' by auto
{ assume None: sh C’' = None

let ?sh = sh(C’ — (sblank P C', Prepared))

obtain FDTs where
flds: P+ C' has-fields FDTs using wf-Fields-Ex[OF wf cls’] by clarsimp

from shconf-upd-obj[where C=C"', OF sh-ok soconf-sblank|OF flds|
have sh-ok”: P,h b4 ?sh / by simp

from None have V sfs. sh C' # Some(sfs,Processing) by simp

with conf-clinit-nProc-dist|OF confc] have

dist”: distinct (C' # clinit-classes ((stk, loc, C', M, pe, ics) # frs)) by simp
then have dist”: distinct (C' # clinit-classes frs) by simp

have confc”: conf-clinit P ?sh ((stk, loc, C, M, pe, ics) # frs)

by (rule conf-clinit-shupd[OF confc dist’])

have fs”: conf-fs P h ?sh ® C M (size Ts) T frs by(rule conf-fs-shupd|OF fs dist"])
from vics ics have vics”: P,h,?%sh b; (C, M, pc, ics) by auto

from s’ ics None have o’ = (None, h, (stk, loc, C, M, pe, ics)#frs, ?sh) by auto

with mC h-ok sh-ok’ ® stk loc pc fs’ confc vics’ confc’ frame None
have ?thesis by fastforce

}

moreover
{ fix a assume sh C' = Some a
then obtain sfs i where shC'[simp]: sh C'' = Some(sfs,i) by(cases a, simp)

from confc ics have last: 3 sobj. sh (last(C'#Cs)) = Some sobj
by (fastforce simp: conf-clinit-def)

let 2f = Xics'. (stk, loc, C, M, pe, ics’:init-call-status)

{ assume i: i = Done V i = Processing
let %ics = Called Cs

from last vics ics have vics: P h,sh ; (C, M, pc, ?ics) by auto
from confc ics have confc’: conf-clinit P sh (?f %ics#tfrs)

by (cases M=clinit; clarsimp simp: conf-clinit-def distinct-clinit-def)

from ¢ s’ ics have o’ = (None, h, ?f Zics#tfrs, sh) by auto



Theory BVSpecTypeSafe 177

with mC h-ok sh-ok ® stk loc pc fs confc’ vics' frame ics
have ?thesis by fastforce
}
moreover
{ assume i[simp]: ¢ = Error
let %a = addr-of-sys-zcpt NoClassDefFoundError
let %ics = Throwing Cs %a

from h-ok have preh: preallocated h by (simp add: hconf-def)
then obtain obj where ha: h ?a = Some obj by(clarsimp simp: preallocated-def sys-zcpts-def)
with wvics ics have vics: P h,sh ; (C, M, pe, ?ics) by auto

from confc ics have confc’’: conf-clinit P sh (?f Zics#frs)
by (cases M=clinit; clarsimp simp: conf-clinit-def distinct-clinit-def)

from s’ ics have o’ o' = (None, h, ?f %ics#frs, sh) by auto

from mC h-ok sh-ok ® stk loc pc fs confc'’ vics o’ ics ha
have ?thesis by fastforce
}
moreover
{ assume i[simp]: { = Prepared
let ?sh = sh(C' — (sfs,Processing))
let ?D = fst(the(class P C))
let %ics = if C' = Object then Called (C'#Cs) else Calling ?D (C'#Cs)

from shconf-upd-obj[where C=C’, OF sh-ok shconfD[OF sh-ok shC|]
have sh-ok”: P,h ¢ ?sh \/ by simp

from cls’ have C’ # Object = P + C’ <* ?D by(auto simp: is-class-def introl: subclsil)
with is-class-supclass|OF wf - cls’] have D: C' # Object = is-class P ?D by simp

from ¢ have V sfs. sh C' # Some(sfs, Processing) by simp

with conf-clinit-nProc-dist|OF confcg] have

dist’: distinct (C' # clinit-classes ((stk, loc, C, M, pe, Calling C’ Cs) # frs)) by fast
then have dist”: distinct (C' # clinit-classes frs) by simp

from conf-clinit-shupd-Calling[OF confcy dist’ cls]
conf-clinit-shupd-Called[ OF confcqy dist’ cls’]
have confc’: conf-clinit P ?sh (?f ?ics#frs) by clarsimp
with last ics have 3 sobj. ?sh (last(C'#Cs)) = Some sobj
by (auto simp: conf-clinit-def fun-upd-apply)
with D wvics ics have vics” P,h,?sh b; (C, M, pc, %ics) by auto

have fs” conf-fs P h ?sh ® C M (size Ts) T frs by(rule conf-fs-shupd[OF fs dist"])
from frame vics' have frame': conf-f P h ?sh (ST, LT) ins (?f %ics) by simp
from i s’ ics have o’ = (None, h, ?f Zics#frs, ?sh) by(auto simp: if-split-asm)

with mC h-ok sh-ok’ ® stk loc pc fs' confc’ frame’ ics
have ?thesis by fastforce
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ultimately have ?thesis by(cases i, auto)
}
ultimately show ?thesis by(cases sh C’, auto)
qed

lemma Throwing-correct:
fixes o’ :: jum-state
assumes wiprog: wf-jvm-progy P
assumes mC: P+ C sees M ,b: Ts— T=(mas,mzly,ins,xt) in C
assumes s”: Some o’ = exec (P, None, h, (stk,loc,C,M pc,ics)#frs, sh)
assumes cf: P.® + (None, h, (stk,loc,C,M,pc,ics)#frs, sh)/
assumes xc: fst (exec-step P h stk loc C M pc ics frs sh) = None
assumes ics: ics = Throwing (C'#Cs) a

shows P® | ¢'y/
proof —
from witprog obtain wfmb where wf: wf-prog wfmb P
by (simp add: wf-jvm-prog-phi-def)

from mC c¢f obtain ST LT where
h-ok: P+ h / and
sh-ok: P,h 4 sh / and
®:d CM! pc = Some (ST,LT) and
stk: P.h F stk [:<] ST and loc: P,h & loc [:<t] LT and
pc: pe < size ins and
frame: conf-f P h sh (ST, LT) ins (stk,loc,C,M,pc,ics) and
fs: conf-fs P h sh ® C M (size Ts) T frs and
confc: conf-clinit P sh ((stk,loc,C,M ,pc,ics)#frs) and
vics: P,h,sh b, (C,M,pe,ics)
by (fastforce dest: sees-method-fun)

with ics have confey: conf-clinit P sh ((stk,loc,C,M pc, Throwing (C'#Cs) a)#frs) by simp

from frame ics mC have
cc: 3C1. Called-context P C1 (ins ! pc) by(clarsimp simp: conf-f-def2)

from frame ics obtain obj where ha: h a = Some obj by (auto simp: conf-f-def2)

from confc ics obtain sfs i where shC’”: sh C’ = Some(sfs,i) by(clarsimp simp: conf-clinit-def)
then have sfs: P,h,C' b sfs / by(rule shconfD[OF sh-ok])

from s’ ics

have ¢: ¢’ = (None, h, (stk,loc,C,M,pc, Throwing Cs a)#frs, sh(C’ — (fst(the(sh C”)), Error)))
(is o’ = (None, h, ?2f'#frs, ?sh’))

by simp

from confc ics have dist: distinct (C' # clinit-classes (?f' # frs))
by (simp add: conf-clinit-def distinct-clinit-def)
then have dist”: distinct (C' # clinit-classes frs) by simp

from conf-clinit-Throwing confc ics have confc’: conf-clinit P sh (2f' # frs) by simp

from shconf-upd-obj[OF sh-ok sfs] shC'’ have P,h t¢ ?sh’ \/ by simp

moreover
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have conf-fs P h ?sh’ ® C M (length Ts) T frs by(rule conf-fs-shupd[OF fs dist’])
moreover
have conf-clinit P ?sh’ (?f' # frs) by(rule conf-clinit-shupd|OF confc’ dist])
moreover note o’ h-ok mC ® pc stk loc ha cc
ultimately show P,® F ¢’/ by fastforce

qed

lemma Called-correct:
fixes o’ :: jum-state
assumes wiprog: wf-jvm-progg P
assumes mC: P b C sees M,b: Ts— T=(mas,mzly,ins,at) in C
assumes s”: Some o’ = exec (P, None, h, (stk,loc,C,M pc,ics)#frs, sh)
assumes cf: P,® - (None, h, (stk,loc,C,M,pc,ics)#frs, sh)\/
assumes zc: fst (exec-step P h stk loc C M pc ics frs sh) = None
assumes ics[simp|: ics = Called (C'#Cs)

shows P,® F o'y/
proof —
from witprog obtain wfmb where wf: wf-prog wfmb P
by (simp add: wf-jvm-prog-phi-def)

from mC c¢f obtain ST LT where
h-ok: P+ h / and
sh-ok: P,h ¢ sh y/ and
®:® CM! pc = Some (ST,LT) and
stk: P,h b stk [:<] ST and loc: P,h t loc [:<t] LT and
pc: pe < size ins and
frame: conf-f P h sh (ST, LT) ins (stk,loc,C,M,pc,ics) and
fs: conf-fs P h sh ® C M (size Ts) T frs and
confc: conf-clinit P sh ((stk,loc,C,M,pc,ics)#frs) and
vies: Pyhysh F; (C,M,pe,ics)
by (fastforce dest: sees-method-fun)

then have confcy: conf-clinit P sh ((stk,loc,C,M,pc,Called (C'# Cs))#frs) by simp

from frame mC obtain C1 sobj where
ss: Called-context P C1 (ins ! pc) and
shC1: sh C1 = Some sobj by(clarsimp simp: conf-f-def2)

from confc wf-sees-clinit[OF wf] obtain mas’ mal’ ins’ zt’ where
clinit: P & C' sees clinit,Static: || — Void=(mas';mal’jins’,zt") in C’
by (fastforce simp: conf-clinit-def is-class-def)

let ?loc’ = replicate mzl’ undefined

from s’ clinit

have . ¢/ = (None, h, ([],?loc’,C’, clinit,0,No-ics)#(stk,loc,C,M ,pc,Called Cs)#frs, sh)
(is o' = (None, h, ?if # 2f '#frs, sh))

by simp

with wiprog clinit

obtain start: wi-start P C' Static [| mal’ (& C’ clinit) and ins” ins’ # ]
by (auto dest: wt-jum-prog-impl-wt-start)

then obtain LT, where LTy: ® C’ clinit | 0 = Some ([], LTy)
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by (clarsimp simp: wit-start-def defs1 sup-state-opt-any-Some split: staticb.splits)
moreover
have conf-f P h sh ([], LTy) ins’ %if
proof —
let LT = replicate mzl’ Err
have P.h = ?loc’ [:<+] ?LT by simp
also from start LT have P\ ... [<7] LT by (simp add: wt-start-def)
finally have P.h t ?loc’ [:<7] LTy .
thus ?thesis using ins’ by simp
qed
moreover
from conf-clinit-Called confc clinit have conf-clinit P sh (2if # ?f' # frs) by simp
moreover note o’ h-ok sh-ok mC ® pc stk loc clinit ss shC1 fs
ultimately show P,® + ¢’ \/ by fastforce
qed

2.18.4 Single Instructions

In this section we prove for each single (welltyped) instruction that the state after execution
of the instruction still conforms. Since we have already handled exceptions above, we can now
assume that no exception occurs in this step. For instructions that may call the initialization
procedure, we cover the calling and non-calling cases separately.

lemma Invoke-correct:
fixes o’ :: jum-state
assumes wtprog: wf-jom-progg P
assumes meth-C: P+ C sees M,b: Ts— T=(maxs,mzly,ins,at) in C
assumes ins:  ins ! pc = Invoke M’ n
assumes wti: P, T,maxs,size ins,xt = inslpc,pc :: @ C M
assumes ¢”: Some o’ = exec (P, None, h, (stk,loc,C,M,pc,ics)#frs, sh)
assumes approx: P,® F (None, h, (stk,loc,C,M,pc,ics)#frs, sh)y/
assumes no-zcp: fst (exec-step P h stk loc C M pc ics frs sh) = None
shows P, ® + o'/

lemma Invokestatic-niInit-correct:
fixes o’ :: jum-state
assumes wiprog: wf-jvm-progg P
assumes meth-C: P+ C sees M,b: Ts— T=(maxs,mzly,ins,at) in C
assumes ins:  ins | pc = Invokestatic D M’ n and nclinit: M’ # clinit
assumes wti: P, T,mzs,size ins,xt = inslpc,pc :: & C M
assumes o”: Some o’ = exec (P, None, h, (stk,loc,C,M ,pc,ics)#frs, sh)
assumes approx: P,® b (None, h, (stk,loc,C,M,pc,ics)#frs, sh)y/
assumes no-zcp: fst (exec-step P h stk loc C M pc ics frs sh) = None
assumes cs: ics = Called [| V (ics = No-ics A (3 sfs. sh (fst(method P D M")) = Some(sfs, Done)))
shows P, + o'/

lemma Invokestatic-Init-correct:
fixes o’ :: jum-state
assumes wiprog: wf-jvm-progg P
assumes meth-C: P+ C sees M,b: Ts— T=(maxs,mzly,ins,at) in C
assumes ins:  ins | pc = Invokestatic D M’ n and nclinit: M’ # clinit
assumes wti: P, T ,mazs,size ins,xt = inslpe,pc :: @ C M
assumes ¢”: Some o’ = exec (P, None, h, (stk,loc,C,M ,pc,No-ics)#frs, sh)
assumes approx: P,® b (None, h, (stk,loc,C,M,pc,No-ics)#frs, sh)y/
assumes no-zcp: fst (exec-step P h stk loc C M pc No-ics frs sh) = None
assumes nDone: V sfs. sh (fst(method P D M')) # Some(sfs, Done)
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shows P® + o'y/
declare list-all2-Cons?2 [iff]

lemma Return-correct:
fixes o’ :: jum-state
assumes wi-prog: wf-jum-progy P
assumes meth: P b C sees M,b: Ts— T=(mas,mzly,ins,xt) in C
assumes ins: ins | pc = Return
assumes wt: P, T mazs,size ins,zt - inslpc,pc :: @ C M
assumes s’z Some o’ = exec (P, None, h, (stk,loc,C,M pc,ics)#frs, sh)
assumes correct: P,® = (None, h, (stk,loc,C,M,pc,ics)#frs, sh)\/

shows P® + o'y/
declare sup-state-opt-any-Some [iff]
declare not-Err-eq [iff]

lemma Load-correct:
assumes wf-prog wt P and
mC: P+ C sees M,b: Ts— T=(mxs,mzly,ins,at) in C and
1: ins!pc = Load idz and
P, T mzs,size ins,xt = inslpc,pc :: & C M and
Some o’ = exec (P, None, h, (stk,loc,C,M,pc,ics)#frs, sh) and
¢f: P,® b (None, h, (stk,loc,C ,M,pc,ics)#frs, sh)\/
shows P,® |— o' [0ok]
declare [[simproc del: list-to-set-comprehension]|

lemma Store-correct:
assumes wf-prog wt P and
mC: P+ C sees M,b: Ts— T=(mxs,mxly,ins,xt) in C and
i: inslpc = Store idz and
P, T mzs,size ins,xt = inslpc,pc :: & C M and
Some o’ = exec (P, None, h, (stk,loc,C,M,pc,ics)#frs, sh) and
cf: P,® F (None, h, (stk,loc,C,M,pc,ics)#frs, sh)\/
shows P,® |— o’ [ok]

lemma Push-correct:
assumes wf-prog wt P and
mC: P+ C sees M,b: Ts— T=(mxs,mzly,ins,zt) in C and
i: ins'pc = Push v and
P, T mzs,size ins,zt - inslpc,pc :: @ C M and
Some o’ = exec (P, None, h, (stk,loc,C,M,pc,ics)#frs, sh) and
cf: P,® F (None, h, (stk,loc,C,M,pc,ics)#frs, sh)\/
shows P, ® |— o’ [ok]

2.19 Welltyped Programs produce no Type Errors

theory BVNoTypeError
imports ../JVM /JVMDefensive BV SpecTypeSafe
begin

lemma has-methodl:
PF Csees M\b:Ts—T = min D = P+ C has M,b
by (unfold has-method-def) blast
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Some simple lemmas about the type testing functions of the defensive JVM:

lemma typeof-NoneD [simp,dest]: typeof v = Some ¥ = —is-Addr v
by (cases v) auto

lemma is-Ref-def2:
is-Ref v = (v = Null V (3a. v = Addr a))
by (cases v) (auto simp add: is-Ref-def)

lemma [iff]: is-Ref Null by (simp add: is-Ref-def2)

lemma is-Refl [intro, simp]: P,h b v :< T = is-refT T = is-Ref v
lemma is-Intgl [intro, simp]: P,h b v :< Integer = is-Intg v
lemma is-Booll [intro, simp]: P,h b v :< Boolean = is-Bool v
declare defs1 [simp del]

lemma wi-jvm-prog-states-NonStatic:

assumes wf: wf-jum-progy P
and mC: P+ C sees M,NonStatic: Ts—T = (mas, mal, ins, et) in C
and ¢: & C M ! pc = 7 and pc: pc < size ins

shows OK 7 € states P mzs (1+size Ts+mal)

lemma wt-jum-prog-states-Static:

assumes wf: wf-jum-progy P
and mC: P+ C sees M,Static: Ts—T = (maxs, mzl, ins, et) in C
and ®: ® C M ! pc = 7 and pc: pc < size ins

shows OK 7 € states P mus (size Ts+mal)

The main theorem: welltyped programs do not produce type errors if they are started in
a conformant state.

theorem no-type-error:
fixes o :: jum-state
assumes welltyped: wf-jom-proge P and conforms: P,® F o /
shows exec-d P o # TypeError

The theorem above tells us that, in welltyped programs, the defensive machine reaches the
same result as the aggressive one (after arbitrarily many steps).

theorem welltyped-aggressive-imp-defensive:
wf-jum-progp P — PP+ o/ = PF o —jum— o’
= P+ (Normal o) —jvmd— (Normal o)

As corollary we get that the aggressive and the defensive machine are equivalent for well-
typed programs (if started in a conformant state or in the canonical start state)

corollary welltyped-commutes:
fixes o :: jum-state
assumes wf: wf-jum-progg P and conforms: P,.® F o +/
shows P + (Normal o) —jvmd— (Normal ') = P F o —jum— o’
proof (rule iffT)
assume P + Normal ¢ —jumd— Normal o’ then show P o —jom— o’
by (rule defensive-imp-aggressive)
next
assume P + o —jvm— o’ then show P F Normal o —jvmd— Normal o’
by (rule welltyped-aggressive-imp-defensive [OF wf conforms])
qed
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corollary welltyped-initial-commutes:

assumes wf: wf-jom-prog P

assumes nstart: — is-class P Start

assumes meth: P = C sees M,Static:[|— Void = b in C

assumes nclinit: M # clinit

assumes Obj-start-m:

(Ab' Ts" T m' D'. P Object sees start-m, b’ : Ts'-T' = m’in D’
= b’ = Static N Ts' =[] A T' = Void)

defines start: ¢ = start-state P

shows start-prog P C M + (Normal o) —jumd— (Normal ¢') = start-prog P C M + o —jum— o
proof —

from wf obtain ® where wf” wf-jvm-progg P by (auto simp: wf-jum-prog-def)

let 70 = &-start ®

from start-prog-wf-jum-prog-phi[where ®'=2®, OF wf’ nstart meth nclinit ®-start Obj-start-m|

have wf-jom-prog ¢q (start-prog P C M) by simp

moreover

from wf’ nstart meth nclinit ®-start(2) have start-prog P C M,?® F o /

unfolding start by (rule BV-correct-initial)

ultimately show ?thesis by (rule welltyped-commutes)

qed

!

lemma not-TypeError-eq [iff]:
x # TypeError = (3t. x = Normal t)
by (cases z) auto

locale cnf =
fixes P and ® and o
assumes wf: wf-jom-proggy P
assumes cnf: correct-state P ® o

theorem (in cnf) no-type-errors:
P+ (Normal o) —jumd— o' = o’ # TypeError
proof —
assume P + (Normal o) —jumd— o’
then have (Normal o, 0') € (exec-1-d P)* by (unfold exec-all-d-defl) simp
then show ?thesis proof (induct rule: rtrancl-induct)
case (step y 2)
then obtain y,, where [simp]: y = Normal y,, by clarsimp
have noy: P+ Normal o —jumd— Normal y,, using step.hyps(1)
by (fold exec-all-d-defl) simp
have oy: P F 0 —juom— y, using defensive-imp-aggressive|OF noy| by simp
show ?case using step no-type-error|OF wf BV-correct|OF wf oy cnf]]
by (auto simp add: exec-1-d-eq)
qed simp
qed

locale start =
fixes P and C and M and ¢ and T and b and Py
assumes wf: wf-jom-prog P
assumes nstart: — is-class P Start
assumes sees: P F C sees M,Static:[|— Void = b in C
assumes nclinit: M # clinit
assumes Obj-start-m: (Ab’" Ts’ T' m' D’. P b Object sees start-m, b': Ts'=T' = m’'in D'
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= b’ = Static N Ts' =[] A T' = Void)
defines 0 = Normal (start-state P)
defines [simp|: Py = start-prog P C M

corollary (in start) bv-no-type-error:
shows Py - 0 —jumd— ¢’ = o' # TypeError
proof —
from wf obtain ® where wf” wf-juom-proggy P by (auto simp: wf-jum-prog-def)
let ?& = &-start ¢
from start-prog-wf-juom-prog-phi[where ®'=2®, OF wf’ nstart sees nclinit ®-start Obj-start-m)
have wf-jvm-prog oq Py by simp
moreover
from BV-correct-initial[where ®'=2®, OF wf' nstart sees nclinit ®-start(2)]
have correct-state Py ?® (start-state P) by simp
ultimately have cnf Py ¢® (start-state P) by (rule cnf.intro)
moreover assume Py - o —jvmd— o’
ultimately show ?thesis by (unfold o-def) (rule cnf.no-type-errors)
qed

end



Chapter 3

Compilation

3.1 An Intermediate Language
theory J! imports ../J/BigStep begin
type-synonym expr; = nat erp

type-synonym J-prog = expry prog

type-synonym state; = heap x (val list) X sheap

definition hp; :: state; = heap

where

hp1 = fst
definition lcly :: state; = wval list
where

lely = fst o snd
definition shp, :: state; = sheap
where

shpy = snd o snd

primrec
maz-vars :: 'a exp = nat
and maz-varss :: 'a exp list = nat
where
maz-vars(new C) = 0
| maz-vars(Cast C' e) = maz-vars e
| maz-vars(Val v) = 0
| maz-vars(e; «bop» 62) = maz (maz-vars e1) (maz-vars es)
| maz-vars(Var V) =
| maz-vars(V:=e) = maz-vars e
| maz-vars(e- F{D}) = maz-vars e
| maz-vars(C-sF{D}) = 0
| maz-vars(FAss ey F D e3) = maz (max-vars ey) (maz-vars es)
| maz-vars(SFAss C F' D e3) = max-vars ez
| maz-vars(e-M(es)) = maz (maz-vars e) (maz-varss es)
| maz-vars(C-sM(es)) = max-varss es
| maz-vars({V:T; e}) = maz-vars e + 1
| max-vars(el,762) = max (maz-vars e1) (maz-vars es)
| maz-vars(if (e) ey else e3) =
maz (maz-vars e) (maz (max-vars e1) (maz-vars ez))
| maz-vars(while (b) e) = maz (maz-vars b) (maz-vars e)

185
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throw €) = max-vars e

try ey catch(C V) ex) = maz (maz-vars e1) (maz-vars ea + 1)
INIT C (Cs,b) < €) = maz-vars e

RI(C,e);Cs + e') = max (maz-vars e) (maz-vars e’)

| maz-vars
| maz-vars
| maz-vars
| maz-vars

A~~~ A~

| maz-varss || = 0
| maz-varss (etes) = mazx (maz-vars €) (maz-varss es)

inductive
evaly :: J1-prog = expry = statey = expr; = state; = bool
(- F1 ((1(-/) =/ (1(-/-) [51,0,0,0,0] 81)
and evalsy :: J1-prog = expry list = state; = expry list = state; = bool
(- 1 ((1(~/2) [21/ (1(~/) 151,0,0,0,0] 81)
for P :: Jy-prog
where

Newq:
[ sh C = Some (sfs, Done); new-Addr h = Some a;
P & C has-fields FDTs; h' = h(a—blank P C) ]
= Pty (new C,(h,,sh)) = (addr a,(h',l,sh))
| NewFaily:
[ sh C = Some (sfs, Done); new-Addr h = None | =
P+ (new C, (h,,sh)) = (THROW OutOfMemory,(h,l,sh))
| Newlnit:
[ sfs. sh C = Some (sfs, Done); P = (INIT C ([C],False) <+ unit,(h,l,sh)) = (Val v’,(h',l';sh"));
new-Addr b’ = Some a; P & C has-fields FDTs; h'' = h'(a—blank P C) |
= Pty (new C,(h,l,sh)) = {(addr a,(h"”,l’;sh’))
| NewInitOOM,:
[ A sfs. sh C = Some (sfs, Done); P = (INIT C ([C],False) < unit,(h,l,sh)) = (Val v’ ,(h',l";sh"));
new-Addr h' = None; is-class P C']
= Pty (new C,(h,l,sh)) = (THROW OutOfMemory,(h',l’,sh’))
| NewlInitThrows :
[ Asfs. sh C = Some (sfs, Done); P =y (INIT C ([C],False) < unit,(h,l,sh)) = (throw a,s");
is-class P C']
= P 1 (new C,(h,l,sh)) = (throw a,s’)

| Casty:
[ Pty (es0) = (addr a,(h,,sh)); h a = Some(D,fs); P+ D =<* C']
= Pty (Cast C e,s0) = (addr a,(h,l,sh))
| CastNully:
P k4 (e,50) = (null,s1) =
P 1 (Cast C e,s9) = (null,s1)
| CastFaily:
[ Pt1(eso) = (addr a,(h,,sh)); h a = Some(D,fs); = P+ D =<* C']
= Pty (Cast C e,s0) = (THROW ClassCast,(h,l,sh))
| CastThrows:
P 1 (e,s0) = (throw e';s1) =
P by (Cast C e,s0) = (throw e’,s1)

| V(llll
Pty (Val v,sy = (Val v,s)

| BZTLOpl
[ Pty (er,80) = (Val vi,s1); P 1 (ea,81) = (Val va,82); binop(bop,v1,v2) = Some v |
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= Py (e1 «bop» e2,s0) = (Val v,82)
| BinOp Throw1:
P 1 (e1,50) = (throw e,s1) =
P 1 (e1 «bopy ea, so) = (throw e,s1)
| BinOp Throws;:
[ Pty {er,s0) = (Val vi,s1); Py (e2,81) = (throw e,s2) |
= Pt (e1 «bopy» ea,50) = (throw e,ss)

| Vary:
[lsli=wv; i< sizels] =
Pty (Var i,(hls,sh)) = (Val v,(h,ls,sh))

| LAss;:
[ Pti1eso0) = (Val v,(hs,sh)); i < sizels; Is' = Is[i := ] |
= Pty (i:= e,s0) = (unit,(h,ls’,sh))
| LAssThrows:
Pty (e,s0) = (throw e',s1) =
Pty (i:= e,s0) = (throw e’ s1)

| FAceq:
[ Pt (es0) = (addr a,(h,ls,sh)); h a = Some(C.fs);
P+ C has F,NonStatic:t in D;
fs(F,D) = Some v |
= Pty (e-F{D},s0) = (Val v,(h,ls,sh))
| FAceNully:
P 1 (e,50) = (null,s1) =
Pty (e-F{D},s0) = (THROW NullPointer,s;)
| FAccThrow:
P 1 (e,50) = (throw e',s1) =
P 1 (e:F{D},s0) = (throw e’,s1)
| FAccNones:
[ Pty (eso) = (addr a,(h,ls,sh)); b a = Some(C,fs);
—(3bt. P+ C has F,b:tin D) |
= P+ (e-F{D},s9) = (THROW NoSuchFieldError,(h,ls,sh))
| FAccStaticy:
[ Pt (es0) = (addr a,(h,ls,sh)); h a = Some(C,fs);
P+ C has F,Static:t in D |
= Py (e-F{D},s0) = (THROW IncompatibleClassChangeError,(h,ls,sh))

| SEAceq:
[ P+ C has F,Static:t in D;
sh D = Some (sfs,Done);
sfs F = Some v |
= Pty (C-sF{D},(h,ls,sh)) = (Val v,(h,ls,sh))
| SEAccInit:
[ P+ C has F,Static:t in D;
B sfs. sh D = Some (sfs,Done); P =1 (INIT D ([D],False) < unit,(h,ls,sh)) = (Val v’,(h’,ls",sh"));
sh’ D = Some (sfs,i);
sfs F = Some v |
= Pty (C-sF{D},(h,ls,sh)) = (Val v,(h',ls’;sh’))
| SEAccInitThrows:
[ P+ C has F,Static:t in D;
B sfs. sh D = Some (sfs,Done); P =1 (INIT D ([D],False) < unit,(h,ls,sh)) = (throw a,s’) |
= Py (C-sF{D},(h,ls,sh)) = (throw a,s’)
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| SFAceNoney:
[~(3bt. PF Chas F,b:t in D) ]
= Pty (C-sF{D},s) = (THROW NoSuchFieldError,s)
| SEAccNonStatic:
[ PE C has F,NonStatic:t in D |
— Pty (C- F{D},s) = (THROW IncompatibleClassChangeError,s)

| FAssq:
[ Pty (e1,8) = (addr a,s1); P 1 (ea2,81) = (Val v,(ha,l2,8h2));
ha a = Some(C,fs); P+ C has F,NonStatic:t in D;
fs' = [s((F,D)—v); hy" = ha(a—~(C.fs") ]
— P H <61'F{D}Z:82,80> = <um’t,(h2’,l2,5h2)>
| FAssNully:
[ Pt (e1,80) = (null,s1); Pt {e2,81) = (Val v,89) | =
Pty (e1-F{D}:=e3,50) = (THROW NullPointer,ss)
| FAssThrowy:
P k4 (e1,80) = (throw e',s1) =
Py (e1-F{D}:=eq,50) = (throw e’,s1)
| FAssThrowsy:
[ Pty (er,80) = (Val v,s1); P by (ea,81) = (throw e’,s5) |
= Pty (e1-F{D}:=ea,80) = (throw e’,s3)
| FAssNoney:
[ P 1 {e1,s0) = (addr a,s1); P 1 (ea,s1) = (Val v,(ha,l2,sh2));
ha a = Some(C.,fs); =(3bt. P+ C has F,b:t in D) |
= Pty (e1-F{D}:=eq,50) = (THROW NoSuchF'ieldError,(ha,l2,sh2))
| FAssStaticy:
[ Pty (e1,8) = {(addr a,s1); P 1 (e2,81) = (Val v,(ha,l2,sh2));
ha a = Some(C.fs); P+ C has F,Static:t in D ]
= Pty (e1-F{D}:=e3,50) = (THROW IncompatibleClassChangeError,(ha,l2,sha))

| SFAssq:
[ Pty (e2,8) = (Val v,(hy,l1,5h1));
P+ C has F,Static:t in D;
shi D = Some(sfs,Done); sfs’ = sfs(Fr—v); sh1’ = shi(D—(sfs’,Done)) ]
= PH <C'5F{D}Z:627SO> = <unit,(h1,ll,sh1 /)>
| SEAssInity:
[ Pty (e2,80) = (Val v,(hy,l1,5h1));
P+ C has F,Static:t in D;
B sfs. shy D = Some(sfs,Done); Pty (INIT D ([D],False) < unit,(hy,l1,sh1)) = (Val v',(h",l',sh"));
sh’ D = Some(sfs,i);
sfs’ = sfs(Fr—wv); sh’ = sh/(D—(sfs')i)) ]
= Pty (C-sF{D}:=e3,50) = (unit,(h’,l’;sh"))
| SFAssInitThrows:
[[ Pty <€2,80> = (Val U,(hhll,shl»;
P+ C has F,Static:t in D;
B sfs. shy D = Some(sfs,Done); P\ (INIT D ([D],False) < unit,(hy,l1,sh1)) = (throw a,s’) ]
= Pty (C-sF{D}:=e3,80) = (throw a,s’)
| SEAssThrows:
P Fq (e2,50) = (throw e’ sq)
= Pty (C-sF{D}:=e2,50) = (throw e’,s2)
| SEAssNone;:
[[ Py <€2,80> = (Val U,(h27l2,5h2)>;
=(3bt. P+ C has F,b:t in D) |
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= Pty (C-sF{D}:=e3,50) = (THROW NoSuchFieldError,(ha,la,sha))
| SEAssNonStaticy:
[ PFy(e2,50) = (Val v,(ha,l2,sh2));
P+ C has F,NonStatic:t in D ]
= Pty (C-sF{D}:=e3,50) = (THROW Incompatible ClassChangeError,(hg,la,sh2))

| CallObjThrows:
P 1 (e,50) = (throw e',s1) =
Pty (e-M(es),s0) = (throw e’,s1)
| CallNully:
[ Pty (eso) = (null,s1); Pty (es,s1) [=] (map Val vs,s2) |
= Pty (e-M(es),s0) = (THROW NullPointer,ss)
| Cally:
[ Py (eso) = (addr a,s1); Pty (es,s1) [=] (map Val vs,(ha,lsz,sh2));
ho a = Some(C\fs); P+ C sees M,NonStatic: Ts—T = body in D;
size vs = size Ts; lsy’ = (Addr a) # vs Q replicate (max-vars body) undefined;
P <b0dy,(h2,l82/,sh2)> = <6/,(h37183,8h3)> ]]
= Pty (e-M(es),s0) = (e',(hs3,ls2,sh3))
| CallParamsThrow;:
[ PFi(eso) = (Valv,s1); Py (es,s1) [=] (es’,s2);
es’ = map Val vs Q throw ex # ess |
= Py (e-M(es),s0) = (throw ex,ss)
| CallNones:
[ PF1(es0) = (addra,s1); Py (ps,s1) [=] (map Val vs,(ha,ls2,5h2));
ha a = Some(C,fs); =(3b Ts T body D. P+ C sees M,b:Ts— T = body in D) ]
= Pty (e-M(ps),s0) = (THROW NoSuchMethodError,(hz,lsa,sha))
| CallStaticy:
[ Pty {eso) = (addr a,s1); P 1 (ps,s1) [=] (map Val vs,(ha,lsa,shs2));
ha a = Some(C.fs); P+ C sees M,Static: Ts—T = body in D |
= P Iy (e-M(ps),s0) = (THROW IncompatibleClassChangeError,(hz,ls,sh2))

| SCallParamsThrows :
[ Pty (es,s0) [=] (es',s2); es’ = map Val vs Q throw ex # ess |
= P Fq (C-sM(es),s0) = (throw ex,ss)
| SCallNoney:
[ Pt1(ps,so) [=] (map Val vs,s2);
—(3b Ts T body D. P+ C sees M,b: Ts—T = body in D) |
= Pty (C-sM(ps),s0) = (THROW NoSuchMethodError,ss)
| SCallNonStatic,:
[ Pty (ps,so) [=] (map Val vs,sa);
P+ C sees M,NonStatic:Ts— T = body in D |
= Pty (C-sM(ps),s0) = (THROW IncompatibleClassChangeError,sa)
| SCalllnit Throws :
[ Pty (ps,so) [=] (map Val vs,(hy,ls1,5h1));
P F C sees M,Static: Ts— T = body in D;
B sfs. shy D = Some(sfs,Done); M # clinit;
Pty (INIT D ([D),False) < unit,(h1,ls1,sh1)) = (throw a,s’) ]
= Pty (C-sM(ps),s0) = (throw a,s’)
| SCalllnity:
[ Pty (ps,so) [=] (map Val vs,(hy,ls1,5h1));
P F C sees M,Static:Ts—T = body in D;
B sfs. shy D = Some(sfs,Done); M # clinit;
P 1 (INIT D ([D],False) < unit,(h,ls1,sh1)) = (Val v’,(ha,ls2,sh2));
size vs = size Ts; lsy’ = vs Q replicate (maz-vars body) undefined;
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P <b0dy,(h2,l82/78h2)> = <6/,(h3,l83,8h3)> ]]

— P <C°3M(p8),80> = 6’,(h3,l$2,5h3)>

| SCalll:

[ PEy(ps,so) [=] (map Val vs,(ha,lsa,sha));
P F C sees M,Static: Ts— T = body in D;
sha D = Some(sfs,Done) V (M = clinit A sha D = [(sfs, Processing)]);
size vs = size Ts; lsy’ = vs Q replicate (maz-vars body) undefined;
P by (body,(ha,lsz’,sh2)) = (e',(hs,lss,shs)) |

= Pty (C-sM(ps),s0) = (e',(hs,ls2,sh3))

| Block;:
Pty (e50) = (e/;s1) = P b1 (Block i T e,sp) = (€’,s1)

| Seqy:
[ P Fi1(eo,s0) = (Val v,s1); Py (er,s1) = (ez,s2) ]
= P 1 (ep;;€1,5) = (€2,52)
| SeqThrow:
Py (eg,80) = (throw e,s1) =
P 1 (eosier,s0) = (throw e,s1)

| CondTh:
[ Pty (eso) = (true,s1); PFy {e1,81) = (e',82) ]
= Pt (if (e) ey else ea,s0) = (e',52)

| CondFy:
[ Pt (es0) = (false,s1); P 1 (e2,81) = (e',s2) ]
= Pty (if (e) e1 else eq,50) = (e',82)

| CondThrow;:
P+ (e,80) = (throw e’,s1) =
Pty (if (e) e else ea, so) = (throw €’,s1)

| WhileF:
Pty (e,50) = (false,s1) =
P by (while (€) ¢,s0) = (unit,s1)
| WthBTl
[ Pt (eso) = (true,si); P 1 (c,81) = (Val vi,s2);
P 11 (while (e) ¢,s2) = (es,s3) |
= P b (while (e) ¢,80) = (es,s3)
| WhileCondThrow:
P+ (e,80) = (throw e’,s1) =
Pty (while (€) ¢,s0) = (throw €’,s1)
| WhileBodyThrow;:
[ Pty (eso) = (true,s1); P Ey {c,s1) = (throw e’,s9)]
= P b1 (while (e) ¢,80) = (throw e’ s3)

| Throws:

P k4 (e,50) = (addr a,s1) =

Pty (throw e,so) = (Throw a,s1)
| ThrowNully:

Pty (e,50) = (null,s1) =

Py (throw e,sg) = (THROW NullPointer,sy)
| ThrowThrow;:

P 1 (e,s0) = (throw e';s1) =

P 1 (throw e,so) = (throw e’,s1)
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| Try::
P <61750> = (Val ’01,81> —
Pty (try ey catch(C i) ea,s0) = (Val v1,51)
| TryCatch:
[ Pty {e1,5) = (Throw a,(hy,ls1,sh1));
h1 a = Some(D,fs); P D <* C; i < length lsy;
P by (ea,(hy,lsi[i:=Addr a],sh1)) = (e2’,(ha,ls2,sh2)) ]
— PH <t7‘y €1 catch(Cz’) 62,50> = <62/,(h27152,8h2)>
| TryThrows:
[ Pty (e1,5) = (Throw a,(hy,ls1,sh1)); b1 a = Some(D,fs); - P+ D <* C]
= Pty (try ey catch(C i) ea,80) = (Throw a,(hq,ls1,sh1))

| Nlll
P ([Ls) =] s

| Cons;:
[ Pty1{eso) = (Val v,s1); PF1 (es,s1) [=] (es’,s2) ]
= Pt (e#es,s0) [=] (Val v # es’,s2)
| ConsThrow;:
P 1 {(e,s0) = (throw e’;s1) =
P by (e#es,sg) [=] (throw e’ # es, s1)

— init rules
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| InitFinaly:
Pt (es) = (e;s'y = Pty (INIT C (Nil,b) < e,s) = (e',s’)
| InitNoney:
[ sh C = None; Pty (INIT C' (C#Cs,False) < e,(h,l,sh(C + (sblank P C, Prepared)))) = (e’,s")
]
= Pty (INIT C' (C#Cs,False) < e,(h,l,sh)) = (e',s')
| InitDoney:

[ sh C = Some(sfs,Done); Pty (INIT C’ (Cs,True) < e,(h,l,sh)) = (e',;s) ]
= Pty (INIT C' (C#Cs,False) + e,(h,l,sh)) = (e',s")
| InitProcessingy:
[ sh C = Some(sfs,Processing); Pty (INIT C’ (Cs,True) < e,(h,l,sh)) = (e’,s") ]
= Pty (INIT C' (C#Cs,False) < e,(h,l,sh)) = (e',s')
| InitErrory:
[ sh C = Some(sfs,Error);
P Fy (RI (C, THROW NoClassDefFoundError);Cs < e,(h,l,sh)) = (e’,s') ]
= Py (INIT C' (C#Cs,False) < e,(h,l,sh)) = (e',s")
| InitObjecty:
[ sh C = Some(sfs,Prepared);
C = Object;
sh’ = sh(C > (sfs,Processing));
P by (INIT C' (C#Cs,True) < e,(h,l,sh’)) = (e
= Pty (INIT C' (C#Cs,False) < e,(h,l,sh)) =
| InitNonObject,:
[ sh C = Some(sfs,Prepared);
C # Object;
class P C = Some (D,r);
sh’ = sh(C > (sfs,Processing));
P by (INIT C' (D#C#Cs,Fulse) <+ e,(h,l,sh’)) = (e';s") ]
= Pty (INIT C’' (C#Cs,False) + e,(h,l,sh)) = (e's")
| InitRInity:

—~ o
9]
o~
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Pty (RI (C,C-sclinit(]]));Cs < e,(h,l,sh)) = (e’,s")
= Pty (INIT C' (C#Cs,True) < e,(h,l,sh)) = (e',s")

| RITLZtl
[ Pty (es) = (Valv, (hl';sh)));
sh’ C = Some(sfs, i); sh" = sh’(C — (sfs, Done));
C’ = last(C#Cs);
Pty (INIT C' (Cs,True) + e', (h',l';sh")) = (e1,s1) |
= Pty (RI (C,e);Cs < e',s) = (e1,51)
| RInitInitFaily:
[ Pty (es) = (throw a, (h'l';sh’));
sh’ C = Some(sfs, ©); sh’” = sh'(C — (sfs, Error));
Pty (RI (D,throw a);Cs < e', (h',l';sh")) = (e1,s1) ]
= Pty (RI (C,e);D#Cs < e',s) = (e1,51)
| RInitFailFinal;:
[ Pty (es) = (throw a, (h'l';sh));
sh’ C = Some(sfs, i); sh" = sh'(C — (sfs, Error)) ]
= P tq (RI (C,e);Nil + e',s) = (throw a, (h']l';sh"))

inductive-cases evali-cases [cases set]:
Py (new C,s) = (e,s")

Pk (Cast Ce,s) = (e,s")

Py (Val v,s) = (e',s")

P Fy (e «bop» ea,s) = (e’,s")

Pk (Var v,s) = (e',s)

PEy (Vi=es) = (e/,s)

P+ (e-F{D},s) = (e';s")

Py (C-sF{D},s) = (e',s")

P Fy (e;-F{D}:=eq,s) = (e',s")

PHFy (C-sF{D}:=ea,s) = (e',s")

P Fy (e-M(es),s) = (e',s")
Py (CsM(es),s) = (e',s

Pry {V:T;e1},s) = (e',s))

Pk (er3;e9,8) = (e/,s)

P Fy (if (e) e else ea,s) = (e',s')

P by (while (b) c,s) = (e',s")

Py (throw e,s) = (e’,s)

P k4 (try e; catch(C V) ea,s) = (e',s”)
P (INIT C (Cs,b) + e,8) = (e',s)
P Fy (RI (C,e);Cs + eg,s) = (e,s))
inductive-cases evals;-cases [cases set]:
Pry () [=] (¢4)

Py (eftes,s) [=] (e',s)

lemma evaly-final: Py (e,s) = (e',s") = final e’
and evals-final: P -1 (es,s) [=] (es’,s") = finals es’

lemma eval -final-same:
assumes eval: Py (e,s) = (e',s') shows finale = e =¢€e' A s = s’
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3.1.1 Property preservation

lemma evaly-preserves-len:

P 1 {eo,(ho,ls0,sho)) = {(e1,(h1,ls1,8h1)) = length lsy = length lsy
and evalsy -preserves-len:

P 1 (eso,(ho,lso,sho)) [=] (es1,(h1,ls1,5h1)) == length lsy = length s

lemma evals|-preserves-elen:
Nes’ s 8. P Fy (es,s) [=] (es’,s") = length es = length es’

lemma clinit,-loc-pres:
P 1 (Co-sclinit(]]),(h,lsh)) = (e/,(hl/;sh")) = 1 =1
by (auto elim!: evaly-cases(12) evalsi-cases(1))

lemma
shows inity-riy-same-loc: P =1 (e,(h,l,sh)y = (e’,(h',l’,sh"))
= (AC CsbMa. e=INIT C (Cs,b) < unit V e= C-sM([]) V e = RI (C,Throw a) ; Cs < unit
V e = RI (C,C-sclinit(]])) ; Cs + unit
= 1=1
and P+ (es,(h,l,sh)) [=] (es’,(h"l';sh")) = True
proof (induct rule: evaly-evalsy -inducts)
case (RInitInitFaily e h 1 sh o)

then show ?Zcase using evaly-final[of - - - throw a’]
by (fastforce dest: evaly-final-same[of - Throw a))
next

case RInitFailFinal,; then show Zcase by(auto dest: evaly-final-same)
qed(auto dest: evalsy-cases evaly-cases(17) evaly -final-same)

lemma inity-same-loc: P 1 (INIT C (Cs,b) < unit,(h,l,sh)) = (e/,(hl';sh))) = 1 =1
by (simp add: inity-ri1-same-loc)

hl

theorem evaly-hext: P -y (e,(h,l,sh)) = (e’,(h',l';sh")) = h <
< h!

and evals,-hext: P by (es,(h,l,sh)) [=] (es’,(h',l';sh")) = h <

3.1.2 Initialization

lemma rinit, -throw:
Py 1 (RI (D, Throw za) ; Cs < e,(h, I, sh)) = (e’,(h', ', sh’))
= ¢’ = Throw za
proof (induct Cs arbitrary: D h [ sh h' 1" sh’)
case Nil then show ?case
proof (rule evaly-cases(20)) qed(auto elim: eval -cases)
next
case (Cons C Cs) show ?Zcase using Cons.prems
proof (induct rule: evaly-cases(20))
case RlInity: 1
then show ?case using Cons.hyps by (auto elim: eval;-cases)
next
case RInitInitFail,: 2
then show ?case using Cons.hyps evaly -final-same final-def by blast
next
case RInitFailFinal;: 8 then show ?case by simp
qed
qed



194

lemma rinit; -throwkE:
Pty (RI (Cithrow e) ; Cs < ep,s) = (e’,s")
= Ja s. ¢ = throw a A Py (throw e,s) = (throw a,s;)
proof (induct Cs arbitrary: C e s)
case Nil
then show Zcase
proof (rule evaly-cases(20)) — RI
fix v h' I’ sh’ assume P ;1 (throw e,s) = (Val v,(h’, l', sh'))
then show Zcase using evaly-cases(17) by blast
ged(auto)
next
case (Cons C' Cs’)
show ?case using Cons.prems(1)
proof (rule evaly-cases(20)) — RI
fix v h' I’ sh’ assume P t (throw e,s) = (Val v,(h', I, sh"))
then show ?case using evaly-cases(17) by blast
next
fix a h' I’ sh’ sfs i D Cs"
assume e’’step: P b1 (throw e,s) = (throw a,(h’, I, sh’))
and shC: sh’/ C = |(sfs, )]
and riD: P by (RI (D,throw a) ; Cs" + eg,(h', l', sh’(C — (sfs, Error)))) = (e’,s")
and C’' # Cs' = D # Cs”
then show ?thesis using Cons.hyps evaly-final evaly-final-same by blast
qged(simp)
qed

end

3.2 Well-Formedness of Intermediate Language

theory Ji1WellForm
imports ../J/JWellForm J1
begin

3.2.1 Well-Typedness

type-synonym

envy = ty list — type environment indexed by variable number
inductive
WT, :: [J1-prog,envy, expry ,ty ] = bool

((--F1/ - )y [61,51,51]50)
and WTs; :: [Jy-prog,envy, expry list, ty list] = bool

(«(--F1/ - [:2] - [61,51,51]50)
for P :: Jy-prog
where
WTNew;:

is-class P C =
P.E 1 new C :: Class C

| WTCasty:
[ P,E tq e:: Class D; is-class P C; PF C <*DV PF D =<*(C]
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= P,E ty Cast C e :: Class C

| WTVal;:
typeof v = Some T —>
PEWR Valv: T

| WTVary:
[ Eli=T; i< size E']
= P,Ety Vari: T

| WT'BinOps:
[ P.EFy e Ty; PEFy eg i To;
case bop of Eq = (P+ T1 < ToV Pt Ty < Tq) AN T = Boolean
| Add = T, = Integer N Ty = Integer N T = Integer |
= P,F 1 e; «bop» e5 =2 T

| WTLAss;:
[Eli=T;, i<sizeg E;PEFye:T; PHT' <T]
= P,E Iy i:=e¢ :: Void

| WT'FAcey:
[ P,EtFq e:: Class C; Pt C sees F,NonStatic:T in D |
= P,Ety eF{D}:: T

| WTSFAcceq:
[ Pt C sees F,Static:T in D |
— PEV, C-yF{D} = T

| WTFAss;:
[ P,E Fq ey :: Class C; P+ C sees F,NonStatic:T in D; P Eby es = T, PHT' < T]
= P,Ety e1-F{D} := ey :: Void

| WTSFAss;:
[ P+ Csees F,Static:T in D; PEbFy ea = T'; PET' < T]
= P,Ety C-sF{D}:=ey :: Void

| WT'Cally:
[ P,EFq e:: Class C; P+ C sees M,NonStatic:Ts' — T = m in D;
PEtyes[:] Ts; PE Ts[<] Ts']
= P,EtFy eM(es):: T

| WTSCally:
[ Pt Csees M,Static:Ts — T = m in D;
PEFyes[:] Ts';, PtF Ts' [<] Ts; M # clinit |
= P,Ety C-sM(es) = T

| WTBlock;:
[ is-type P T; P,EQ[T] by ex:T']
= PEF {i:T; e} T

| WT'Seq;:
H .P,E |_1 6122T1; P,E "1 622:T2 ]]
— P,E 1 €162 Ts
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| WTCondy:
[ P,E 1 e :: Boolean; P,Ety e1::T1; P,E by eg:To;
PFT1§T2\/PFT2§T1; PFTlgTQ—)T:TQ,PFTQSTll)T:Tl]]
= P,Etqif (e) e; elsees 2 T

| WT'Whiley:
[ P,E 1 e :: Boolean; P,Ety c:T ]
= P,E 1 while (e) c :: Void

| WT'Throw;:
P, Etqie:: Class C —
P E 1 throw e :: Void

| WT'Try;:
[ P,Ety e :: T; P,EQ[Class C| 1 ez 2 T; is-class P C' ]
= P,E by try e; catch(C i) ex 2 T

PER [ [+ ]

| WT'Cons;:
[P,EtFy e T; PEFy es[:] Ts]
= P,E by e#es [:] T#Ts

lemma init-nWT; [simp]:—P,E - INIT C (Cs,b) <~ e T
by (auto elim: WT1.cases)

lemma rinit-nWT, [simp]:=P,E 1 RI(C,e);Cs + e’ :: T
by (auto elim: WT.cases)

lemma WTs;-same-size: NTs. P,E -1 es [::] Ts = size es = size Ts

lemma WT-unique:
P,El—le:: T1:>(/\T2.P,E|_1€ZI T2:>T1:T2)and
WTsi-unique: P E by es [::] Tsy = (ANTse. P,E by es [::] Tso = Tsy = Tso)

lemma assumes wf: wf-prog p P

shows WTi-is-type: P, E 1 e :: T — set £ C types P = is-type P T
and P,E -y es [:] Ts = True

lemma WT-nsub-RI: P,Etqy e:: T — —sub-Rl e

and WTs;-nsub-Rls: P,E 1 es [::] Ts = —sub-RIs es

proof (induct rule: WT'1-WTsy.inducts) qed(simp-all)

3.2.2 Runtime Well-Typedness

inductive
WTrty :: Ji-prog = heap = sheap = env; = expr; = ty = bool
and WTrtsy :: J1-prog = heap = sheap = envy = expry list = ty list = bool
and WTrt2, :: [J1-prog,envy,heap,sheap,expry,ty] = bool

(¢mpmm b1 [51,51,51,51]50)
and WTrts2q :: [J1-prog,envy,heap,sheap,expry list, ty list] = bool
(¢mmm 1 - [] o [61,51,51,51]50)

for P :: Ji-prog and h :: heap and sh :: sheap
where
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P,Ehshtye: T= Wlrty PhshEeT
| P,E h,sh bty es[:]|Ts = WTrtsy P h sh E es Ts

| WTrtNews:
is-class P C =
P.E h,sh F1 new C : Class C

| WTrtCast;:
[ P,E,h,shty e: T; is-refT T; is-class P C'|
— P.E,h,sh b1 Cast C e : Class C

| WTrtValy:
typeofy, v = Some T =
P Ehshty Valv: T

| WTrtVar,:
[Eli=T;i<size F] =
P,Eh,shty Vari: T

| WTrtBinOpEqy:
[[P7E,h,8h }—1 [ Tl; P,E,h,sh |—1 €9 T2 ]]
= P,E h,sh 1 e1 «Eq» ey : Boolean

| WTrtBinOpAdd;:
[ P,E,h,sh by ey : Integer; P,E,h,sh by ey : Integer |
= P,E,h,sh 1 e; «Add» e : Integer

| WTrtLAss,:
[ Eli=T;i< size E; P.Eshyshtye: Ty PET'<T]
= P,E h;sh -1 i:=e: Void

| WTrtFAce;:
[ P,E,h,sh by e: Class C; P+ C has F,NonStatic:T in D | =
P,E.hshty eeF{D}: T

| WTrtFAceNT;:
P.Ehshtye: NT =
P,E,h,sh by eeF{D}: T

| WTrtSFAce;:
[ P+ C has F,Static:T in D | =
P,E.hsh i C-sF{D} : T

| WTrtFAss;:
[ P,E,h,sh 1 e : Class C; P+ C has F,NonStatic:T in D; P,E.h,sht1 ea : To; PF To < T
= P,E,h,sh 1 e;-F{D}:=ey : Void

| WTrtFAssNT:
[ P,E,h,sh by e1:NT; P,E.h,sh b1 ea: To ]
= P,E.h,sh 1 e;-F{D}:=ey : Void

| WTrtSFAssy:
[ P,E,h,shty ea: To; Pt C has F,Static:T in D; P+ Ty < T']
— P,E.,h,sh b1 C-sF{D}:=es : Void
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| WTrtCally:
[ P,E,h,sh 1 e: Class C; P+ C sees M,NonStatic:Ts — T = m in D;
P,E.h,sh by es )] Ts'; P Ts' [<] Ts |
= P,E,h,shty eeM(es): T

| WTrtCallNT}:
[ P,Ehshty e: NT; P,Ehshty es[] Ts ]
= P,E.h,shty eeM(es): T

| WTrtSCally:
[ PF Csees M,Static:Ts — T = m in D;
P.E h,sh by es ;] Ts’; P+ Ts' [<] Ts;
M = clinit — sh D = [(sfs,Processing)| A es = map Val vs |
= P,E.h,sh 1 C-sM(es): T

| WTrtBlock;:
P, EQ[T|,h,shtye: TN =
P,E hsh -y {i:T; e} : T’

| WTrtSeqy:
[ P,E,h,sh 1 e1:T1; P,E h,shtq ea:Ts ]
= P,E h,sh 1 e155e0 1 To

| WTrtCond,:
[ P,E,h,sh by e: Boolean; P,E.h,shty e;:Tq; P,E,h,sh by ex:To;
P"TlgTg\/P}_ngTl,Pl_Tlng—)T:TQ,P}_TQSTl—)T:Tl]]
= P,E,h,sh 1 if () e else ea : T

| WTrtWhiley:
[ P,E,h,sh by e: Boolean; P,E.h,shty ¢:T ]
= P,E,h,sh -1 while(e) ¢ : Void

| WTrtThrow:
[ P,Ehshtye: Ty is-refT T, | =
P,E h,sh 1 throwe: T

| WTrtTry:
[ P,E,h,sh 1 eq : Ty; P,EQ[Class Cl,h,sh by ea: Toy P Ty < To
= P,E,h,sh 1 try e; catch(C i) e : To

| WTrtInit,:
[ P,E,hshty e: T;VC' € set (C#Cs). is-class P C'; —sub-RI ¢;
V C' e set (tl Cs). Isfs. sh C' = |(sfs,Processing)]|;
b — (VC' € set Cs. sfs. sh C' = |(sfs,Processing)|);
distinct Cs; supercls-lst P Cs |
— P,E,hsh i INIT C (Cs, b) « e: T

| WT’I”tRIlt
[ P,E,h,shty e: T; P Ehshby e : T,V C' € set (C#Cs). is-class P C'; =sub-RI ¢,
VvV C' e set (C#Cs). not-init C' ¢
vV C' € set Cs. Asfs. sh C' = |(sfs,Processing) |;
sfs. sh C = | (sfs, Processing)| V (sh C' = |(sfs, Error)] A e = THROW NoClassDefFoundError);
distinct (C#Cs); supercls-lst P (C#Cs) |
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= P,E.h,sh -1 RI(C, €);Cs « e’ : T'
— well-typed expression lists

| WTrtNil,:
P.Ehsh b1 ) [ 1]

| WTrtConsy:
[ P,E,hyshty e: T; P,Ehshtyes|] Ts]
= P,E h,sh -y e#tes ] T#Ts

lemma WT.-implies-WTrty: PE+Fy e:: T — P,E,h,shtye: T
and WTs;-implies-WTrts;: P,E by es [::] Ts = P,E,h,sh by es [:] Ts

3.2.3 Well-formedness

primrec B :: expr; = nat = bool
and Bs :: expry list = nat = bool where

Cast Ce)i=Beil]

Val v) ¢ = True |

e1 «bopy e2) i = (B ey i ABeyi)|
Var j) i = True |

if (e)erelseer)i=(BeiNBe iNDBesi)]|
throwe) i =B e |

while (e) ¢)i= (BeiNBci)|

try e1 catch(C j) ex) i = (B ey i Ai=j A B eg (i+1)) |
INIT C (Cs,b) < e) i =B ei|
RI(C,e);Cs < ¢')i=(BeiABe'i)]

s[] i = True |
s (eftes) i= (B ei A Bsesi)

T T T ETETET T TI T TETETETIETETIE®

definition wf-Ji-mdecl :: J1-prog = cname = expry mdecl = bool
where
wf-J1-mdecl P C = X(M,b,Ts,T,body).
—sub-RI body N
(case b of
NonStatic =
(3T'. P,Class C#Ts bty body :: T'"NPET' < T)A
D body |{..size Ts}| A B body (size Ts + 1)
| Static = (3T'. P,Ts 1 body :: T'" NP+ T'< T) A
D body |{..<size Ts}| A B body (size Ts))
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lemma wf-J;-mdecl-NonStatic[simp]:
wf-J1-mdecl P C (M,NonStatic,Ts, T ,body) =
(msub-RI body A
(3T'. P,Class C#Ts b1 body : T"ANPF T'<T)A
D body |{..size Ts}| A B body (size Ts + 1))
lemma wf-J;-mdecl-Static[simp]:
wf-J1-mdecl P C (M,Static, Ts, T ,body) =
(—=sub-RI body A
(3T P,Tskqy body : T"NPET' < T)A
D body |{..<size Ts}| N B body (size Ts))
abbreviation wf-J1-prog == wf-prog wf-J-mdecl

lemma sees-wf1-nsub-RI:

assumes wf: wf-J1-prog P and ¢M: P+ C sees M,b : Ts—T = body in D
shows —sub-RI body

using sees-wf-mdecl|OF wf cM| by(simp add: wf-J1-mdecl-def wf-mdecl-def)

lemma wf;-types-clinit:
assumes wf:wf-prog wf-md P and ex: class P C = Some a and proc: sh C = |(sfs, Processing)]|
shows P,E.h,sh 1 C-sclinit([]) : Void
proof —
from ez obtain D fs ms where a = (D,fs,ms) by(cases a)
then have sP: (C, D, fs, ms) € set P using ex map-of-SomeD[of P C a] by(simp add: class-def)
then have wf-clinit ms using assms by(unfold wf-prog-def wf-cdecl-def, auto)
then obtain m where sm: (clinit, Static, [], Void, m) € set ms
by (unfold wf-clinit-def) auto
then have P - C sees clinit,Static:[] — Void = m in C
using mdecl-visible] OF wf sP sm] by simp
then show ?thesis using WTrtSCally proc by blast
qed

lemma assumes wf: wf-J1-prog P
shows evaly-proc-pres: P b1 {e,(h,l,sh)) = (e’,(h",l’;sh’))
= not-init C e = I sfs. sh C = |(sfs, Processing)| = Isfs’. sh’ C = |(sfs’, Processing)]
and evals; -proc-pres: Py {(es,(h,l,sh)) [=] (es’,(h',l/,sh"))
= not-inits C' es = Jsfs. sh C = |(sfs, Processing)| = I sfs’. sh’ C = |(sfs’, Processing)]
lemma clinit-proc-pres:
[ wf-J1-prog P; P b1 (Co-sclinit([]),(h,l,sh)) = (e’,(h',l;sh"));
sh C' = |(sfs,Processing)| ]
= Jsfs. sh’ C' = |(sfs,Processing)]
by (auto dest: evaly-proc-pres)

end

3.3 Program Compilation

theory PCompiler
imports ../ Common/ WellForm
begin

definition compM :: (staticb = 'a = 'b) = 'a mdecl = 'b mdecl
where
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compM f = XM, b, Ts, T, m). (M, b, Ts, T, f b m)

definition compC :: (statich = 'a = 'b) = 'a cdecl = 'b cdecl
where
compC f = A C,D,Fdecls,Mdecls). (C,D,Fdecls, map (compM f) Mdecls)

definition compP :: (statich = 'a = 'b) = ’a prog = 'b prog
where
compP f = map (compC f)

Compilation preserves the program structure. Therefore lookup functions either commute
with compilation (like method lookup) or are preserved by it (like the subclass relation).

lemma map-of-map4:
map-of (map (A(z,a,b,c).(x,a,b,f ¢)) ts) =
map-option (A(a,b,c).(a,b,f ¢)) o (map-of ts)
lemma map-of-map245:
map-of (map (\(z,a,b,c,d).(z,a,b,c,f a ¢ d)) ts) =
map-option (A(a,b,c,d).(a,b,c,f a ¢ d)) o (map-of ts)

lemma class-compP:
class P C = Some (D, fs, ms)
= class (compP f P) C = Some (D, fs, map (compM f) ms)

lemma class-compPD:
class (compP f P) C = Some (D, fs, cms)
= Ims. class P C = Some(D,fs,ms) A cms = map (compM f) ms

lemma [simp]: is-class (compP f P) C = is-class P C
lemma [simp]: class (compP f P) C = map-option (Ac. snd(compC f (C,c))) (class P C)

lemma sees-methods-compP:
P+ C sees-methods Mm —
compP f P & C sees-methods (map-option (A((b,Ts,T,m),D). ((b,T5,T,f b m),D)) o Mm)

lemma sees-method-compP:
Pt Csees M,b: Ts—T = min D —
compP f Pt C sees M,b: Ts—T = (f b m) in D

lemma [simp):
PF Csees Mb: Ts—T = min D —
method (compP f P) C M = (D,b,Ts,T,f b m)

lemma sees-methods-compPD:
[ ¢cP & C sees-methods Mm'; ¢cP = compP f P | =
dMm. P F C sees-methods Mm A
Mm' = (map-option (A((b,Ts,T,m),D). ((b,Ts,T.f b m),D)) o Mm)

lemma sees-method-compPD:
compP f P+ C sees M,b: Ts—T = fmin D =
dm. P+ Csees M,b: Ts—T =min D A fbm = fm

lemma [simp]: subclsl(compP f P) = subclsl P
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lemma compP-widen[simp]: (compP fP+ T < T')=(P+ T < T

lemma [simp|: (compP f P+ Ts [<] Ts') = (P + Ts [<] Ts)

lemma [simp]: is-type (compP f P) T = is-type P T

lemma [simp]: (compP (f::statich="a='b) P+ C has-fields FDTs) = (P + C has-fields FDT5)

lemma fields-compP [simp]: fields (compP f P) C = fields P C

lemma ifields-compP [simp): ifields (compP f P) C = ifields P C

lemma blank-compP [simp]: blank (compP f P) C' = blank P C

lemma isfields-compP [simp): isfields (compP f P) C = isfields P C

lemma sblank-compP [simp]: sblank (compP f P) C = sblank P C

lemma sees-fields-compP [simp]: (compP f P+ C sees F.b:T in D) = (P + C sees F,b:T in D)
lemma has-field-compP [simp]: (compP f P+ C has F,b:T in D) = (P F C has F,b:T in D)
lemma field-compP [simp): field (compP f P) F D = field P F D

3.3.1 Invariance of wf-prog under compilation

lemma [iff]: distinct-fst (compP f P) = distinct-fst P

lemma [iff]: distinct-fst (map (compM f) ms) = distinct-fst ms
lemma [iff): wf-syscls (compP f P) = wf-syscls P

lemma [iff]: wf-fdecl (compP f P) = wf-fdecl P

lemma wf-clinit-compM [iff]: wf-clinit (map (compM f) ms) = wf-clinit ms
lemma set-compP:
((C,D,fs,ms") € set(compP f P)) =
(Ims. (C,D,fs,ms) € set P A ms' = map (compM f) ms)
lemma wf-cdecl-compPI:
[ACMbTs Tm.
[ wf-mdecl wfy P C (M,b,Ts,T,m); P+ C sees M,b:Ts—T = m in C |
= wf-mdecl wfy (compP f P) C (M,b,Ts,T, f b m);
Vz€set P. wf-cdecl wfy P x; x € set (compP f P); wf-prog p P |
= wf-cdecl wfs (compP f P) x

lemma wf-prog-compPI:
assumes [ift:
ANCMb Ts T m.
[ PE Csees Mb:Ts—T = m in C; wf-mdecl wfy P C (M,b,T5,T,m) ]|
= wf-mdecl wfs (compP fP) C (M,b,Ts,T, f b m)
and wf: wf-prog wf, P
shows wf-prog wfs (compP f P)

end

theory Hidden

imports List—Index.List-Index
begin

definition hidden :: 'a list = nat = bool where
hidden zs i = i < size xs N xsli € set(drop (i+1) xs)
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lemma hidden-last-index: © € set xs = hidden (xzs Q [z]) (last-index zs x)
by (auto simp add: hidden-def nth-append rev-nth[symmetric]
dest: last-indez-less|OF - le-refl])

lemma hidden-inacc: hidden zs i = last-index zs © # 1
by (auto simp add: hidden-def last-indez-drop last-indez-less-size-conv)

lemma [simp]: hidden zs i = hidden (xsQ[z]) 4
by (auto simp add:hidden-def nth-append)

lemma fun-upds-apply:
(m(zsli-]ys)) = =
(let xs’ = take (size ys) xs
in if x € set xs’ then Some(ys ! last-index xs’ ) else m x)
proof (induct xs arbitrary: m ys)
case Nil then show ?case by(simp add: Let-def)
next
case Cons show ?Zcase
proof(cases ys)
case Nil
then show %thesis by (simp add: Let-def)
next
case Cons’: Cons
then show ?thesis using Cons by(simp add: Let-def last-index-Cons)
qged
qed

lemma map-upds-apply-eq-Some:

((m(zs[—]ys)) © = Some y) =

(let zs’ = take (size ys) xs

in if © € set xs’ then ys ! last-index xs’ © = y else m z = Some y)
by (simp add:fun-upds-apply Let-def)

lemma map-upds-upd-conv-last-index:

[z € set xs; size xs < size ys |

= m(zs[—]ys, z—y) = m(xs[—]ys[last-index xs x = y])
by (rule ext) (simp add:fun-upds-apply eq-sym-conv Let-def)

end

3.4 Compilation Stage 1

theory Compiler! imports PCompiler J1 Hidden begin

Replacing variable names by indices.

primrec compE: :: vname list = expr = expry
and compFEs, :: vname list = expr list = expry list where
compE, Vs (new C) = new C
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| compE1 Vs (Cast C e) = Cast C (compE; Vs e)

| compEy Vs (Val v) = Val v

| compEy Vs (ex «bopy ez) = (compEq1 Vs er) «bop» (compE; Vs ez)
| compEy Vs (Var V) = Var(last-index Vs V)

| compEy Vs (Vi=e) = (last-index Vs V):= (compE, Vs e)

| compE;y Vs (e- F{D}) (compE, Vs e)-F{D}

| compE, Vs (C-sF{D}) = C-,F{D}

| compEy Vs (e1-F{D}:=e2) = (compE; Vs e1)-F{D} := (compE; Vs e3)
| compEy Vs (C-sF{D}:=e3) = C-sF{D} := (compE; Vs e3)

| compEy Vs (e-M(es)) = (compEy Vs e€)-M(compEs; Vs es)

| compE; Vs (C-sM(es)) = C-sM(compEsy Vs es)

| compEy Vs {V:T; e} = {(size Vs):T; compE, (VsQ[V]) e}
| compEy Vs (e1;;e2) = (compEy Vs e1);;(compE1 Vs e2)
| compEy Vs (if (€) e1 else ex) = if (compEy Vs e) (compEy Vs e1) else (compE, Vs e3)
| compEy Vs (while (e) ¢) = while (compE; Vs e) (compE1 Vs ¢)
| compE; Vs (throw e) = throw (compE, Vs e)
| compEy Vs (try ex catch(C V) eq) =
try(compEy Vs ey) catch(C (size Vs)) (compE; (VsQ[V]) e2)
| compEy Vs (INIT C (Cs,b) < e) = INIT C (Cs,b) < (compE; Vs e)
| compE; Vs (RI(C,e);Cs < e') = RI(C,(compE1 Vs ¢€));Cs < (compE; Vs e)

| compEsy Vs[] =]
| compEsy Vs (eftes) = compE1 Vs e # compEs; Vs es

lemma [simp]: compEs; Vs es = map (compE, Vs) es
lemma [simp]: A\ Vs. sub-RI (compE; Vs e) = sub-RI e
and [simp]: A\ Vs. sub-RIs (compEsy Vs es) = sub-RlIs es
proof (induct rule: sub-RI-sub-RIs-induct) ged(auto)

primrec fin:: expr = expr; where
fini(Val v) = Val v
| fin1(throw e) = throw(fin; e)
lemma comp-final: final e = compE, Vs e = finy e
lemma [simp):

A Vs. maz-vars (compE; Vs e) = max-vars e
and A Vs. maz-varss (compEs, Vs es) = maz-varss es

Compiling programs:
definition compP; :: J-prog = J1-prog
where

compP1 = compP (Ab (pns,body). compE, (case b of NonStatic = this#tpns | Static = pns) body)

end

3.5 Correctness of Stage 1

theory Correctnessl
imports JI WellForm Compileri
begin
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3.5.1 Correctness of program compilation

primrec unmod :: expry = nat = bool
and unmods :: expry list = nat = bool where
unmod (new C) i = True |
unmod (Cast C e) i = unmod e { |
unmod (Val v) i = True |
unmod (ey «bopy» e3) i = (unmod e1 i A unmod ez 1) |
unmod (Var i) j = True |
unmod (i:=e) j = (i # j A unmod e j) |
unmod (e-F{D}) ¢ = unmod e i |
unmod (C-sF{D}) i = True |
unmod (e1-F{D}: —62) i = (unmod ey © A\ unmod ez i) |
unmod (C-sF{D}:=e3) i = unmod ey 7 |
unmod (e-M(es)) i = (unmod e i A unmods es 1) |
unmod (C-sM(es)) i = unmods es i |
unmod {j:T; e} i = unmod e i |
unmod (61,,62) i = (unmod e; i A unmod es i) |
unmod (if (e) e1 else e2) © = (unmod e i A unmod ey i A unmod ez 7) |
unmod whzle (e) ¢) i = (unmod e i A unmod c 7) |
unmod (throw e) i = unmod e i |
unmod (try ey catch(C i) e2) j = (unmod ey j A (if i=j then False else unmod ey 7)) |
unmod (INIT C (Cs,b) + €) i = unmod e i |
unmod (RI(C,e);Cs < e') i = (unmod e i A unmod €' i) |

A,_\/.\/.\AA

unmods ([]) i = True |
unmods (e#tes) i = (unmod e i A unmods es 7)

lemma hidden-unmod: \Vs. hidden Vs i = unmod (compE; Vs e) i and
A Vs. hidden Vs i = unmods (compEsy Vs es) @

lemma evaly -preserves-unmod:
[ Pty (e(h,ls,sh)) = (e ,(h'ls';sh’)); unmod e i; i < size ls ]
= Ilsli=1Is'!1q
and [ Py (es,(h,ls,sh)) [=] (es’,(h',is’;sh")); unmods es i; { < size s |
= Isli=1Is"!i

lemma LAss-lem:
[z € set xs; size xs < size ys |
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= my G, ma(as[—]ys) = mi(z—y) C,n mo(as[—]ys[last-index xs z := y])lemma Block-lem:

fixes [ ::'a = 'b

assumes 0: | C,, [Vs [—] lg]
and 1: ' C,,, [Vs [=] Is!, Vi)
and hidden: V € set Vs = Is ! last-index Vs V = Is’ ! last-index Vs V
and size: size ls = size s’ size Vs < size ls’

shows I'(V =1 V) C,, [Vs [=] Is]
The main theorem:

theorem assumes wf: wwf-J-prog P
shows evaly-eval: P+ (e (h,l,sh)) = (e,(h',l';sh’))
= (AVslis. [ foeC set Vs; 1| Cy, [Vs[—]ls]; size Vs + maz-vars e < size ls |

= 3is’. compPy1 P b1 (compE1 Vs e,(h,ls,sh)) = (finy e',(h'ls";sh")) N 1" C,p, [Vs[—

and evalsy-evals: P+ (es,(h,l,sh)) [=] (es’,(h',l’,sh"))
= (AVsls. [ fus es C set Vs; | C,, [Vs[—]ls]; size Vs + max-varss es < size ls |

= 3Jls’. compP; Pty (compEsy Vs es,(h,ls,sh)) [=] (compEs1 Vs es’,(h',ls';sh’)) A
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U Cp, [Vs[—=]lsT)

3.5.2 Preservation of well-formedness

The compiler preserves well-formedness. Is less trivial than it may appear. We start with two
simple properties: preservation of well-typedness

lemma compE;-pres-wt: \Vs Ts U.
[ P,[Vs[—]Ts| - e :: U; size Ts = size Vs |
= compP f P,Ts b1 compFE; Vse:: U

and AVs Ts Us.
[ P,[Vs[—]Ts| & es [:z] Us; size Ts = size Vs |
= compP [ P,Ts -1 compEs; Vs es [::] Us

and the correct block numbering:

lemma B: A\ Vs n. size Vs = n = B (compE; Vs e) n
and Bs: A Vs n. size Vs = n = Bs (compEsy Vs es) n

The main complication is preservation of definite assignment D.

lemma image-last-indez: A C set(xsQ[z]) = last-index (zs Q [z]) ‘ A =
(if x € A then insert (size xs) (last-index xs < (A—{x})) else last-index zs * A)

lemma A-compFE1-None[simp]:
AVs. A e = None = A (compE; Vs e) = None
and A\Vs. As es = None = As (compEsy Vs es) = None

lemma A-compFEq:
NA Vs.[Ae=|A]; fve C set Vs]| = A (compE; Vs e) = |last-index Vs * A]
and N4 Vs. [ As es = | A]; fus es C set Vs | = As (compEsy Vs es) = |last-index Vs < A]

lemma D-None[iff]: D (e::'a exp) None and [iff]: Ds (es::’a exp list) None

lemma D-last-index-compFE-:
NA Vs. [ A C set Vs; foeC set Vs]| =
D e |A] = D (compE; Vs e) |last-index Vs “ A|
and AA Vs. [ A C set Vs; fus es C set Vs | =
Ds es |A| = Ds (compEsy Vs es) |last-index Vs * A

lemma last-indez-image-set: distinct zs = last-index xs ‘ set xs = {..<size xs}

lemma D-compFE1:
[ D e |set Vs|; fue C set Vs; distinct Vs | = D (compE, Vs e) |{..<length Vs}|

lemma D-compE; "

assumes D e [set(V#Vs)| and fv e C set(V#Vs) and distinct( V# Vs)
shows D (compEq, (V#Vs) e) |{..length Vs}]

lemma compP-pres-wf: wf-J-prog P = wf-J1-prog (compP, P)

end

3.6 Compilation Stage 2

theory Compiler2
imports PCompiler J1 ../]JVM | JVMEzec
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begin

lemma bop-expr-length-auzx [simpl:
length (case bop of Eq = [CmpEq| | Add = [IAdd]) = Suc 0
by (cases bop, simp+)

primrec compEs :: expr; = instr list
and compFss :: expry list = instr list where
compEs (new C) = [New C]
| compEs (Cast C €) = compEy e Q [Checkeast C]
| compEs (Val v) = [Push v)
| compEs (e1 «bop» es) = compEy ey @ compEs eq @
(case bop of Eq = [CmpEq]
| Add = [IAdd))
Var i) = [Load {]
i:=e) = compEy e @ [Store i, Push Unit)
| compEs (e-F{D}) = compEy e Q [Getfield F D]
| compEs (C-sF{D}) = [Getstatic C F D]
| compEs (e1-F{D} := e3) =
compEy €1 @Q compEs es Q [Putfield F D, Push Unit]
| compEs (C-sF{D} := es) =
compEy ey Q [Putstatic C F D, Push Unit]
| compEs (e-M(es)) = compEs e Q compEsy es Q [Invoke M (size es)]
| compEqy (C-sM(es)) = compEss es Q [Invokestatic C M (size es)]
| compEy ({i:T; e}) = compEs e
| compEs (e1;;€2) = compEs e; @ [Pop] @ compEs eq
| compEs (if (e) ey else ea) =
(let ecnd = compEs ¢;
thn = compE4y eq;
els = compFEs es;
test = IfFalse (int(size thn + 2));
thnex = Goto (int(size els + 1))
in cnd Q [test] Q thn Q [thnex] Q els)
| compEs (while (e) ¢) =
(let end = compEs ¢;
bdy = compFEs c;
test = IfFalse (int(size bdy + 3));
loop = Goto (—int(size bdy + size cnd + 2))
in cnd Q [test] Q@ bdy @ [Pop] @ [loop] @ [Push Unit])
| compEs (throw €) = compEs e Q [instr. Throw]
| compEs (try ex catch(C i) e2) =
(let catch = compEs es
in compEy e; @ [Goto (int(size catch)+2), Store i| Q catch)
| compEs (INIT C (Cs,b) « e) =[]
| compEs (RI(C,e);Cs + €') =]

| compEs
| compEs

Py

| compEsy [| =]
| compEsy (e#tes) = compEy e Q@ compEss es

Compilation of exception table. Is given start address of code to compute absolute ad-
dresses necessary in exception table.

primrec compzEs :: expry = pc = nat = ez-table
and compzEsy :: expry list = pc = nat = ex-table where
compzEy (new C) pc d = ||
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| compzEy (Cast C e) pc d = compzEs e pe d
| compxEy (Val v) pc d = ]
| compzEy (eq «bopy es) pc d =
compzEy e1 pc d Q compzEsy ey (pe + size(compEs e1)) (d+1)
| compxEy (Var i) pc d = |
| compxEy (i:=¢€) pc d = compzEs e pc d
| compzEy (e-F{D}) pc d = compzEs e pc d
| compalZs (C-F{DY) pe d = |
| compzEy (e1-F{D} := e3) pc d =
compzEy e1 pc d Q comprEs es (pc + size(compEs e1)) (d+1)
| comprEy (C-sF{D} := e3) pc d = compzEs e pc d
| compzEy (e-M(es)) pc d =
compzEy e pc d @ compzEss es (pc + size(compEs e)) (d+1)
| compzEy (C-sM(es)) pc d = compzEsy es pe d
| compxEy ({i:T; €}) pc d = compzEs e pc d
| compaEs (e155e2) pe d =
compzEy e1 pc d Q comprEy ey (pc+size(compEq e1)+1) d
| compzEy (if (e) e else ea) pec d =
(let pc; = pc + size(compEs €) + 1;
pea = pc1 + size(compEs e1) + 1
in compzEs e pc d Q compzFEs e1 pcy d Q compzEs es pca d)
| compxEs (while (b) €) pc d =
compzEs b pc d @ compzEy e (pc+size(compEs b)+1) d
| compzEy (throw e) pc d = compzEs e pc d
| compxEy (try ex catch(C i) e2) pc d =
(let pcy = pc + size(compEs e1)
in compzEs €1 pc d Q comprEs es (pe1+2) d Q [(pe,per,Ciper+1,d)))
| compxEy (INIT C (Cs, b) « ¢€) pc d = ]
| compzEs (RI(C, €);Cs < €') pc d =[]

| compzEs; [| pcd = ]
| compxEsy (e#es) pc d = comprEs e pc d @ compzEsy es (pctsize(compEy e)) (d+1)

primrec maz-stack :: expry = nat
and maz-stacks :: expry list = nat where
maz-stack (new C) = 1
| maz-stack (Cast C e) = maz-stack e
| maz-stack (Val v) = 1
| maz-stack (e; «bop» e3) = max (max-stack ey) (maz-stack es) + 1
| maz-stack (Var i) = 1
| maz-stack (i:=e) = maz-stack e
| maz-stack (e-F{D}) = maz-stack e
| maz-stack (C-sF{D}) = 1
| maz-stack (e1-F{D} := e2) = maxz (max-stack e1) (maz-stack ez) + 1
| maz-stack (C+sF{D} := e3) = maz-stack ez
| maz-stack (e-M(es)) = mazx (maz-stack e) (maz-stacks es) + 1
| maz-stack (C-sM(es)) = maz-stacks es + 1
| maz-stack ({i:T; e}) = max-stack e
| maz-stack (e1;;e2) = max (maz-stack ey) (maz-stack es)
| maz-stack (if (e) ey else ex) =
max (maz-stack e) (maz (maz-stack e1) (maz-stack ez))
| maz-stack (while (e) ¢) = mazx (maz-stack e) (maz-stack c)
| maz-stack (throw e) = maz-stack e
| maz-stack (try ey catch(C i) e3) = mazx (maz-stack e1) (max-stack es)
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| maz-stacks [ = 0
| maz-stacks (e#es) = max (maz-stack e) (1 + maz-stacks es)

lemma maz-stackl s —sub-RI e = 1 < maax-stack e

lemma compEs-not-Nil": —sub-RI e = compFE5 e # [|

lemma compEs-nRet: N\i. i € set (compEy e1) = i # Return

and Ai. i € set (compEss es1) = i # Return

by (induct rule: compEs.induct compEsy.induct, auto simp: nth-append split: bop.splits)

definition compMbs :: staticb = expr; = jvm-method
where
compMby = Ab body.
let ins = compEsy body @ [Return];
xt = compzFEs body 0 0
in (maz-stack body, maz-vars body, ins, xt)

definition compPs :: Ji-prog = jum-prog
where
compPs = compP compMbs

lemma compMb, [simp]:
compMby b e = (maz-stack e, maz-vars e,
compEy e @Q [Return|, compzEs e 0 0)
end

3.7 Correctness of Stage 2

theory Correctness2
imports HOL— Library.Sublist Compiler2 J1WellForm ../ J/ EConform
begin

3.7.1 Imstruction sequences

How to select individual instructions and subsequences of instructions from a program given
the class, method and program counter.

definition before :: jum-prog = cname = mname = nat = instr list = bool
(<(=y-y--/ > -)» [51,0,0,0,51] 50) where
P,C,M,pc 1> is +— prefiz is (drop pc (instrs-of P C M))
definition at :: jum-prog = cname = mname = nat = instr = bool
(¢<(=5=y--/ > -)» [51,0,0,0,51] 50) where
P,C,M,pc > i «— (Fis. drop pc (instrs-of P C M) = i#is)
lemma [simp|: P,C,M,pc > |]
lemma [simp|: P,C,M,pc > (i#is) = (P,C,M,pc> i A P,C,M,pc + 1 > is)
lemma [simp]: P,C,M,pc > (is; Q isg) = (P,C,M,pc > isy N P,C,M,pc + size is; > is2)

lemma [simp]: P,C,M,pc > i = instrs-of P C M ! pc = i
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lemma beforeM:
P Csees M,b: Ts—T = body in D —>
compPy P,D,M,0 > compEy body Q [Return)]

This lemma executes a single instruction by rewriting:

lemma [simp]:
P.C.M,pc > instr =
(P (None, h, (vs,ls,C,M,pc,ics) # frs, sh) —jum— o') =
((None, h, (vs,ls,C,M,pc,ics) # frs, sh) = o'V
(0. exec(P,(None, h, (vs,ls,C,M,pc,ics) # frs, sh)) = Some 0 A P+ o —jum— ¢’))

3.7.2 Exception tables

definition pcs :: ex-table = nat set
where
pes at = J(f,t,C.h,d) € set zt. {f ..< t}

lemma pcs-subset:

shows (Apc d. pes(compzEs e pe d) C {pc..<pc+size(compEs e)})

and (Apc d. pes(compzEss es pc d) C {pc..<pc+size(compEsy es)})

lemma [simp]: pcs [| = {}

lemma [simp]: pcs (z#at) = {fst z ..< fst(snd z)} U pes xt

lemma [simp]: pes(xzty Q xty) = pes xty U pes ato

lemma [simpl: pc < pco V peo+size(compEs e) < pc = pc ¢ pes(compzEs e pey d)
lemma [simp]: pc < pcy V peg+size(compEsy es) < pc = pe & pes(compzEss es pegy d)

lemma [simp]: pc; + size(compEsy e1) < pca = pes(compzEs e pey di) N pes(comprEy ex pea do)

={

lemma [simpl: pc1 + size(compEs e) < pca = pes(compzEs e pey di) N pes(comprEsy es pey da)

={}

lemma [simpl:
pc & pes atg = match-ez-table P C pe (xty @ xt1) = match-ex-table P C pc xtq

lemma [simp]: [ « € set at; pc ¢ pes at | = — matches-ex-entry P D pc x

lemma [simp]:
assumes ze: xe € set(compzEy e pe d) and outside: pc’ < pc V pc+size(compEs e) < pc’
shows — matches-ex-entry P C pc’ ze

lemma [simp):
assumes ze: ze € set(compzEsy es pe d) and outside: pc’ < pc V pc+size(compEsy es) < pc’
shows — matches-ex-entry P C pc' ze

lemma match-ex-table-app|simpl:
Vate € set xt1. - matches-ex-entry P D pc rte —
match-ex-table P D pc (xt1 @ xt) = match-ex-table P D pc at
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lemma [simp]:
VYV € set xtab. - matches-ez-entry P C' pc © =
match-ex-table P C pc xtab = None

lemma match-ex-entry:
matches-ez-entry P C pc (start, end, catch-type, handler) =
(start < pc A pc < end A P+ C =<* catch-type)

definition caught :: jvm-prog = pc = heap = addr = ex-table = bool where
caught P pc h a xt +—
(Jentry € set xt. matches-ex-entry P (cname-of h a) pc entry)

definition beforex :: jum-prog = cname = mname = ex-table = nat set = nat = bool
(«(2-,/-/->/ -] -/-)» [61,0,0,0,0,51] 50) where
PCM©>at/ Id<+—
(Faty aty. ex-table-of P C M = xty Q xt @ at1 A pesato NI = {} Apesat C T A
(Vpe € 1.V C pc’ d'. match-ez-table P C pc at; = [(pc’,d))| — d’ < d))

definition dummyz :: jum-prog = cname = mname = ex-table = nat set = nat = bool («(2-,-,->/
-'/--» [61,0,0,0,0,51] 50) where
P,C,M v at/I,d +— P,C,M > at/I,d

abbreviation
beforexg P C M d I xt xty xty
= ex-table-of P C M = xty Q ot Q xty A pes xto NI = {}
ANpesat CI A (Vpee I.VCpe d. match-ex-table P C pc xt1 = [(pc’,d’)] — d' < d)

lemma beforez-beforezy-eq:
P,CM > at /| I,d = Jatg aty. beforezg P C M d I xt xty xtq
using beforex-def by auto

lemma beforexD1: P,C,M > at / I,d = pcs at C I
lemma beforez-mono: [ P,C,M > zt/1,d"; d' < d ]| = P,C,M 1> zt/1,d
lemma [simp]: P,C,M > zt/I,d = P,C,M > zt/I,Suc d

lemma beforez-append[simp):
pes xty N pes xte = {} =
P,C.M > ot Q@ ato)1,d =
(P,C,M 1> aty/I—pcs xto,d N P,C,M > ato/I—pcs xty,d N P,C,M > xt1Quats/I,d)

lemma beforez-appendD1 :
assumes bz: P,C,\M > at; Q ates Q [(f,t,D,h,d)] / I,d

and pes: pes at; € J and JI: J C I and Jpes: J N pes xts = {}
shows P,C,M > at; / J,d

lemma beforez-appendD2:
assumes bz: P,C,\M > at; Q aty Q [(f,t,D,h,d)] / I,d

and pes: pes ate C J and JI: J C I and Jpes: J N pes xt; = {}
shows P,C,M > aty / J,d

lemma beforexM:
P+ C sees M,b: Ts—T = body in D = compPs P,D,M > compzEs body 0 0/{..<size(compEs
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body)},0

lemma match-ez-table-SomeD2:
assumes met: match-ex-table P D pc (ex-table-of P C M) = |(pc’,d’)]
and bz: P,C,M > at/I,d
and nmet: Yz € set xt. - matches-ex-entry P D pc z and pcl: pc € 1
shows d’ < d

lemma match-ez-table-SomeD1 :
[ match-ex-table P D pc (ex-table-of P C M) = |(pc’,d")];
P,CMwat/ I,d;pcel;pcdpesat] = d' <d

3.7.3 The correctness proof

definition
handle :: jum-prog = cname = mname = addr = heap = val list = val list = nat = init-call-status
= frame list = sheap
= jum-state where
handle P C M a h vs ls pc ics frs sh = find-handler P a h ((vs,ls,C,M,pc,ics) # frs) sh

lemma auz-isin[simp]: [ BC A;a € B] = ac A
lemma handle-frs-tl-neq:
ics-of f # No-ics
= (ap, h, f#frs, sh) # handle P C M za h' vs l pc ics frs sh’
by (simp add: handle-def find-handler-frs-ti-neq del: find-handler.simps)

Correctness proof inductive hypothesis

fun calling-to-called :: frame = frame where
calling-to-called (stk,loc,D,M,pc,ics) = (stk,loc,D,M,pc,case ics of Calling C Cs = Called (C#Cs))

fun calling-to-scalled :: frame = frame where
calling-to-scalled (stk,loc,D,M ,pc,ics) = (stk,loc,D,M pc,case ics of Calling C Cs = Called Cs)

fun calling-to-calling :: frame = cname = frame where
calling-to-calling (stk,loc,D,M ,pc,ics) C' = (stk,loc,D,M pc,case ics of Calling C Cs = Calling C’
(C#Cs))

fun calling-to-throwing :: frame = addr = frame where
calling-to-throwing (stk,loc,D,M pc,ics) a = (stk,loc,D,M,pc,case ics of Calling C Cs = Throwing
(C#Cs) a)

fun calling-to-sthrowing :: frame = addr = frame where
calling-to-sthrowing (stk,loc,D,M pc,ics) a = (stk,loc,D,M ,pc,case ics of Calling C Cs = Throwing Cs

a)

— pieces of the correctness proof’s inductive hypothesis, which depend on the expression being com-
piled)

fun Jec-cond :: Ji-prog = ty list = cname = mname = val list = pc = init-call-status
= nat set = heap = sheap = expri = bool where
Jec-cond P E C M vs pc ics I h sh (INIT Cq (Cs,b) « ¢
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= ((3T. P,E,h,sh -1 INIT Cy (Cs,b) « €' : T) A unit = e’ A ics = No-ics) |
Jec-cond P E C M vs pc ics I h sh (RI(C',ep);Cs + ¢€)
= (((ep = Csclinit([]) AN (3T. P,E,h,sh b1 RI(C',e0);Cs « e":T))
V ((Fa. eg = Throw a) A (V C € set(C'#Cs). is-class P C)))
A unit = e’ A ics = No-ics) |
Jee-cond P E C M vs pc ics I h sh (C'-sM'(es))
= (let e = (C"*sM'(es))
in if M' = clinit A\ es =[] then (3T. P,E,h,sh 1 e:T) A (3 Cs. ics = Called Cs)
else (compPy P,C,M,pc > compEs e A compPy P,C,M > compzEs e pc (size vs)/I,size vs
A {pe..<pctsize(compEy e)} C I A —sub-RI e A ics = No-ics)
) |
Jee-cond P E C M vs pc ics I h sh e
= (compPy P,C,M,pc > compEy e N compPs P,C .M > compzEsy e pc (size vs)/I,size vs
A {pc..<pctsize(compEy e)} C I A —sub-RI e A ics = No-ics)

fun Jee-frames :: jum-prog = cname = mname = val list = wval list = pc = init-call-status
= frame list = expr; = frame list where
Jee-frames P C M wvs ls pc ics frs (INIT Co (C'#Cs,b) < e)
= (case b of False = (vs,ls,C,M,pc,Calling C' Cs) # frs
| True = (vs,ls,C,M,pc,Called (C'#Cs)) # frs
) |

Jee-frames P C M wvs ls pe ics frs (INIT Cy (Nil,b) + e)
= (vs,ls,C,M,pc,Called [])#frs |
Jee-frames P C M s ls pc ics frs (RI(C',ep);Cs < )
= (case ey of Throw a = (vs,ls,C,M,pc, Throwing (C'#Cs) a) # frs
| - = (vs,ls,C,M,pc,Called (C'#Cs)) # frs) |
Jee-frames P C M ws s pc ics frs (C'-sM'(es))
= (if M' = clinit A es =[]
then create-init-frame P C'#(vs,ls,C, M ,pc,ics)#frs
else (vs,ls,C,M pc,ics)#frs
) |
Jee-frames P C' M wvs Is pc ics frs e
= (vs,ls,C, M ,pc,ics)#frs

fun Jec-rhs 1 Ji-prog = ty list = cname = mname = val list = val list = pc = init-call-status
= frame list = heap = wval list = sheap = val = expr; = jum-state where
Jec-rhs P E C M vs ls pc ics frs h' ls' sh’ v (INIT Cqy (Cs,b) < ¢’
= (None,h’,(vs,ls,C,M,pc,Called [|)#frs,sh’) |
Jec-rhs P E C M vs ls pc ics frs h' ls' sh’ v (RI(C’,ep);Cs < e’)
= (None,h’,(vs,ls,C,M,pc,Called [])#frs,sh’) |
Jee-rhs P E C M vs ls pc ics frs h' Is' sh’ v (C'-sM'(es))
= (let e = (C"-sM'(es))
in if M = clinit A es = |]
then (None,h',(vs,ls,C, M ,pc,ics)#frs,sh’(C'—(fst(the(sh’ C’)),Done)))
else (None,h',(v#wvs,ls’,C,M pc+size(compEs e),ics)#frs,sh’)
) |
Jee-rths P E C M wvs s pc ics frs h' Is’ sh’ v e
= (None,h',(v#wvs,ls',C, M ,pc+size(compEy e€),ics)#frs,sh’)

fun Jec-err :: jum-prog = cname = mname = heap = val list = wval list = pc = init-call-status
= frame list = sheap = nat set = heap = wval list = sheap = addr = expry
= bool where

Jec-err P C M h vs ls pc ics frs sh I h' ls’ sh’ za (INIT Cy (Cs,b) < ¢’
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= (Juvs’. P+ (None,h,Jec-frames P C M wvs Is pc ics frs (INIT Cqo (Cs,b) < e'),sh)
—jom— handle P C M za h' (vs'Qus) Is pc ics frs sh’) |
Jec-err P C M h vs Is pc ics frs sh I h' ls’" sh’ za (RI(C',e0);Cs < ¢)
= (Jws’. P+ (None,h,Jec-frames P C M vs ls pe ics frs (RI(C',e);Cs < e€'),sh)
—jum— handle P C M za h' (vs'Qus) Is pc ics frs sh’) |
Jec-err P C M h s ls pc ics frs sh I h' ls' sh’ za (C'-sM'(es))
= (let e = (C"-sM'(es))
in if M' = clinit N\ es = ]
then case ics of
Called Cs = P+ (None,h,Jcc-frames P C' M vs ls pc ics frs e,sh)
—jom— (None,h',(vs,ls,C, M ,pc, Throwing Cs xa)#frs,(sh’/(C’ — (fst(the(sh’
C")),Error))))
else (Ipcyr. pe < pey A pey < pe + size(compEy e) A
= caught P pcy b’ za (compzEs e pc (size vs)) A
(3ws". P (None,h,Jcc-frames P C' M wvs Is pc ics frs e,sh)
—jum— handle P C M za h' (vs'Qus) Is’ pcy ics frs sh’))
) |
Jec-err P C M h vs ls pc ics frs sh I h' Is' sh' za e
= (I pci1. pe < per A per < pe + size(compEs e) A
= caught P pcy h' za (compzEs e pe (size vs)) A
(Jus’. P+ (None,h,Jec-frames P C' M vs ls pc ics frs e,sh)
—jum— handle P C M za h' (vs'Qus) Is’ pcy ics frs sh’))

fun Jcc-pieces :: Ji-prog = ty list = cname = mname = heap = wval list = wal list = pc =
init-call-status
= frame list = sheap = nat set = heap = wval list = sheap = val = addr = expry
= bool X frame list x jom-state X bool where
Jec-pieces P E C M h vs ls pc ics frs sh I h' s’ sh’ v za e
= (Jec-cond P E C M vs pc ics I h sh e, Jee-frames (compPo P) C M wvs ls pe ics frs e,
Jec-rhs P E C M vs ls pc ics frs h' Is’ sh’ v e,
Jec-err (compPy P) C'M h vs ls pe ics frs sh I h' Is" sh' za e)

— Jee-pieces lemmas

lemma nsub-RI-Jcc-pieces:
assumes [simp|: P = compPs P,
and nsub: —~sub-RI e
shows Jcc-pieces P1 E C M h vs Is pc ics frs sh I h' Is' sh’ v za e
= (let cond = P,C,M,pc > compEs e N P,C,M 1> compzEsy e pc (size vs)/I,size vs
A {pc..<pctsize(compEy €)} C I A dcs = No-ics;
frs’ = (vs,ls,C,M,pc,ics)#frs;
rhs = (None,h',(v#wvs,ls’,C,M pc+size(compEy e),ics)#frs,sh’);
err = (Ipcr. pe < pey A pep < pe + size(compEs e) A
= caught P pcy h' za (compzEsy e pe (size vs)) A
(Jus’. P F (None,h,frs',sh) —jum— handle P C M za h' (vs'Qus) s’ pey ics frs sh'))
in (cond, frs’;rhs, err)
)
proof —
have NC:V C'. e # C'-clinit([]) using assms(2) proof (cases e) ged(simp-all)
then show ?thesis using assms
proof (cases e)
case (SCall C' M es)
then have M # clinit using nsub by simp
then show ?thesis using SCall nsub proof(cases es) qed(simp-all)
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qed(simp-all)
qed

lemma Jcc-pieces-Cast:
assumes [simp|: P = compPy P
and Jec-pieces Py E C M hgy vs lsg pc ics frs shg I hy lsy shy v za (Cast C' e)
= (True, frso, (xp’,h',(v#wvs' s’ Co,M' pc’iics\#frs’ sh’), err)
shows Jcc-pieces P1 E C M hg vs lsg pc ics frs shg I hy lsy shy v’ za e
= (True, frso, (zp’,h',(v'#vs’ls',Co, M’ pc’ — 1, ics’)#frs’ sh’),
(Ipcr. pe < pex A per < pe + size(compEs €) A
= caught P pcy hy xa (compzEs e pe (size vs)) A
(Juvs’. P+ (None,hg,frso,sho) —jom— handle P C M za hy (vs'Qus) sy pey ics frs shy)))
proof —
have pe: {pc..<pc + length (compEs e)} C I using assms by clarsimp
show ?thesis using assms nsub-RI-Jec-pieces|[where e=e] pc by clarsimp
qed

lemma Jce-pieces-BinOpl:
assumes
Jee-pieces P E C M hg vs lsg pe ics frs shyg I ho lsa she v za (e «bopy e’)
= (True, frso, (zp’,h',(v#vs’ls',Co, M’ ,pc’ ics’)#frs' sh’), err)
shows Jerr. Jec-pieces P E C M hg vs lsg pc ics frs shy
(I — pcs (compzEs e’ (pe + length (compEs €)) (Suc (length vs')))) hy lsy shy v’ za e
= (True, frso, (xp’ h1,(v'#vs’ls1,Co,M ,pc’ — size (compEq e') — 1,ics’)#frs’shy), err)
proof —
have bef: compP compMbs P,Co,M’ > compxEs e pc (length vs)
/ I — pes (compxEs e’ (pe + length (compEs e)) (Suc (length vs’))),length vs
using assms by clarsimp
have vs: vs = vs’ using assms by simp
show ?thesis using assms nsub-RI-Jcc-pieces[where e=e] bef vs by clarsimp
qed

lemma Jce-pieces-BinOp2:
assumes [simp]: P = compPs P
and Jce-pieces P1 E C M hg vs lsg pc ics frs sho I hy lsa she v za (e «bopy e’)
= (True, frso, (zp’,h',(v#vs’ls',Co, M’ ,pc’ ics’)#frs’ sh’), err)
shows Jerr. Jec-pieces Py E C M hy (vi#tvs) Isy (pc + size (compEs e)) ics frs shy
(I — pes (compzEs e pe (length vs’))) ha lsy she v za e’
= (True, (v1#vs,ls1,C,M pc + size (compEsy ¢€),ics)#frs,
(zp’,h',(v'#v1 08" ls",Co, M "\ pc" — 1, ics")#frs' sh’),
(3pey. pe + size (compEy e) < pey A pep < pe + size (compEs €) + length (compEsy e’) A
= caught P pcy he za (compzEs e’ (pc + size (compEy €)) (Suc (length vs))) A
(Jus’. P+ (None,hy,(v1#vs,ls1,C,M,pc + size (compEs e),ics)#frs,shy)
—juvm— handle P C M xa hy (vs'Qui#tvs) lsa pcy ics frs sha)))
proof —
have bef: compP compMbs Py,Co,M’ > compzEs e pc (length vs)
/ I — pcs (compzEs e’ (pc + length (compEq e)) (Suc (length vs'))),length vs
using assms by clarsimp
have vs: vs = vs’ using assms by simp
show ?thesis using assms nsub-RI-Jcc-pieces[where e=e’] bef vs by clarsimp
qed

lemma Jcc-pieces-FAcc:
assumes
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Jee-pieces P E C M hg vs sy pc ics frs sho I hy lsy shy v za (e-F{D})
= (True, frso, (xp’,h',(v#wvs'ls',Co,M ' pc ics"\#frs’ sh’), err)
shows Jerr. Jec-pieces P E C M hg vs Isg pc ics frs shg I hy Isy shy v’ za e
= (True, frso, (zp’,h',(v'#vs’ls',Co, M’ pc’ — 1,ics’)#frs',sh’), err)
proof —
have pc: {pc..<pc + length (compEs e)} C I using assms by clarsimp
then show ?thesis using assms nsub-RI-Jcc-pieces[where e=e] by clarsimp
qed

lemma Jcc-pieces-LAss:
assumes [simp]: P = compPs Py
and Jcc-pieces Py E C M hg vs lsg pe ics frs sho I hy lsy shy v za (i:=e)
= (True, frso, (xp’,h',(v#wvs'ls',Co,M ' pc’ ics"\#frs’ sh’), err)
shows Jcc-pieces P1 E C M hg vs sy pc ics frs shg I hy Is1 shy v’ za e
= (True, frso, (zp’,h',(v'#vs’ls',Co,M ' pc’ — 2,ics’)#frs’ sh’),
(Fper. pe < pey A pey < pe + size(compEs €) A
= caught P pcey hy za (compzEs e pe (size vs)) A
(Fuvs’. P+ (None,hg,frsg,sho) —jom— handle P C M za hy (vs'Qus) lsy pey ics frs shy)))
proof —
have pc: {pc..<pc + length (compE5 e)} C I using assms by clarsimp
show ?thesis using assms nsub-RI-Jcc-pieces[where e=e] pc by clarsimp
qged

lemma Jcc-pieces-FAss1:
assumes
Jee-pieces P E C M hg vs sy pc ics frs sho I ha lsy she v za (e-F{D}:=¢’)
= (True, frso, (zp’,h',(v#vs’ls’,Co, M’ ,pc’ ics’)#frs',sh’), err)
shows Jerr. Jec-pieces P E C M hy vs lsg pc ics frs shg
(I — pes (compzEy e’ (pe + length (compEs e)) (Suc (length vs)))) hy ls1 shy v’ za e
= (True, frso, (zp’,h1,(v'#vs’|ls1,Co,M ' pc’ — size (compEy e') — 2.ics"\#frs',shy), err)
proof —
show ?thesis using assms nsub-RI-Jcc-pieces[where e=e] by clarsimp
qed

lemma Jcc-pieces-FAss2:
assumes
Jee-pieces P E C' M hg vs sy pc ics frs sho I ha lsy she v za (e-F{D}:=¢’)
= (True, frso, (zp’,h',(v#vs’ls',Co, M’ ,pc’ ics’)#frs',sh’), err)
shows Jcc-pieces P E C M hy (vi#wvs) Is1 (pe + size (compEs e)) ics frs shy
(I — pcs (compzEs e pe (length vs’))) ha lsy she v’ za e’
= (True, (v1#vs,ls1,C,M,pc + size (compEs e€),ics)#frs,
(zp' b\ (v'#v1#vs' 18", Co, M, pc’ — 2.ics’)#frs’ sh’),
(Fper. (pe + size (compEs €)) < pey A pey < pe + size (compEy e) + size(compEs e’) A
= caught (compPy P) pey hoy za (compzEs e’ (pe + size (compEsy €)) (size (vi#vs))) A
(Fus’. (compPy P) - (None,hy,(v1#vs,ls1,C,M,pc + size (compEs e),ics)#frs,shy)
—jum— handle (compPy P) C' M xa he (vs'Qui#vs) ls2 pey ics frs sha)))
proof —
show ?thesis using assms nsub-RI-Jcc-pieces[where e=e’] by clarsimp
qed

lemma Jcc-pieces-SEAss:

assumes

Jee-pieces P E C M hg vs sy pc ics frs sho I h'ls’ sh’ v za (C'-sF{D}:=e)
= (True, frso, (zp’,h',(v#vs’ls’,Co, M’ ,pc’ ics’)#frs',sh’), err)
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shows Jerr. Jec-pieces P E C M hg vs lsg pc ics frs shy I hy lsy shy v’ za e
= (True, frso, (xp’ h1,(v'#vs’ls1,Co,M  pc’ — 2,ics’)#frs’,shy), err)
proof —
have pc: {pc..<pc + length (compEy e)} C I using assms by clarsimp
show ?thesis using assms nsub-RI-Jec-pieces[where e=e] pc by clarsimp
qed

lemma Jcc-pieces-Calll:
assumes

Jee-pieces P E C M hg vs lsg pe ics frs sho I hs ls3 shy v za (e-Mo(es))

= (True, frso, (zp’,h',(v#vs’ls',C"\ M’ pc' ics)#frs' sh’), err)
shows Jerr. Jec-pieces P E C M hg vs lsg pc ics frs shy

(I — pes (compzEse es (pc + length (compEy e)) (Suc (length vs'))) hy lsy shy v’ za e
= (True, frso,
(zp' hy,(v'#Hvs'|ls1,C', M’ pc’ — size (compEsy es) — 1,ics")#frs’,shy), err)

proof —

show ?thesis using assms nsub-RI-Jcc-pieces|[where e=e] by clarsimp
qed

lemma Jcc-pieces-clinit:
assumes [simp|: P = compPy P
and cond: Jec-cond Py E C M vs pc ics I h sh (C1-5clinit([]))

shows Jcc-pieces Py E C' M h vs s pc ics frs sh I h' Is’ sh’ v za (C1-sclinit(]]))

= (True, create-init-frame P C1 # (wvs,ls,C,M pc,ics)#frs,

(None, h', (vs,ls,C,M,pc,ics)#frs, sh'(C1—(fst(the(sh’ C1)),Done))),

P F (None,h,create-init-frame P C1 # (wvs,ls,C,M,pc,ics)#frs,sh) —juvm—

(case ics of Called Cs = (None,h’,(vs,ls,C,M,pc, Throwing Cs za)#frs,(sh'(C1 — (fst(the(sh’
C1)),Error))))))

using assms by (auto split: init-call-status.splits list.splits bool.splits)

lemma Jcc-pieces-SCall-clinit-body:
assumes [simp|: P = compPy Py and wf: wf-J1-prog P,
and Jec-pieces Py E C M hq vs lsg pc ics frs shg I hg lsa shs v za (C1-gclinit([]))
= (True, frs', rhs’, err’)
and method: Py = C1 sees clinit,Static: [|— Void = body in D
shows Jec-pieces Py [| D clinit he || (replicate (maz-vars body) undefined) 0
No-ics (tl frs’) shg {..<length (compEs body)} hs lss shs v za body
= (True, frs’
(None,hs,([v],ls3,D,clinit,size(compEqy body), No-ics)#tl frs’,shs),
dpcr. 0 < pey A pey < size(compEs body) A
= caught P pcy hs za (compzEs body 0 0) A
(Jus’. P+ (None,hs,frs’,sha) —jum— handle P D clinit za hg vs’ ls3 pcy
No-ics (¢l frs') shs))
proof —
have M-in-D: Py & D sees clinit,Static: [|— Void = body in D
using method by (rule sees-method-idemp)
hence M-code: compPy P1,D,clinit,0 t> compEs body @ [Return]
and M-ztab: compPs P1,D,clinit > compzEs body 0 0/{..<size(compEs body)},0
by (rule beforeM, rule beforexM)
have nsub: —sub-RI body by(rule sees-wf1-nsub-RI[OF wf method])
then show ?thesis using assms nsub-RI-Jcc-pieces M-code M-xtab by clarsimp
qed

lemma Jcc-pieces-Cons:
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assumes [simp]: P = compPy P
and P,C,M,pc > compEsy (eftes) and P,C,M > compzEsy (e#es) pc (size vs)/1,size vs
and {pc..<pc+size(compEss (e#es))} C I
and ics = No-ics
and —sub-RIs (eftes)
shows Jcc-pieces P1 E C' M h vs s pc ics frs sh
(I — pcs (compzEss es (pc + length (compEs €)) (Suc (length vs)))) h' ls’ sh’ v za e
= (True, (vs, ls, C, M, pc, ics) # frs,
(None, h'; (v#wvs, Is', C, M, pc + length (compEs e€), ics) # frs, sh’),
Ipe1>pe. pey < pe + length (compEs e) A = caught P pey h' za (compzEs e pe (length vs))
A (Fovs’. P+ (None, h, (vs, Is, C, M, pc, ics) # frs, sh)
—juvm— handle P C M za h' (vs'Qus) Is’ pcy ics frs sh’))
proof —
show ?thesis using assms nsub-RI-Jcc-pieces[where e=e] by auto
qed

lemma Jcc-pieces-InitNone:
assumes [simp]: P = compPs P
and Jce-pieces Py E C M h vs I pc ics frs sh I h' 1’ sh’ v xza (INIT C' (Co # Cs,False) < e)
= (True, frs’, (None, h', (vs, I, C;, M, pc, Called []) # frs, sh’), err)
shows
Jee-pieces P1 E C M h vs [ pe ics frs (sh(Cqy — (sblank P Cy, Prepared)))
Ih'"l' sh’ vaa (INIT C' (Co # Cs,False) < e)
= (True, frs’, (None, h', (vs, I, C, M, pc, Called [|) # frs, sh’),
Jws’. P+ (None,h,frs’,(sh(Co — (sblank P1 Cy, Prepared))))
—jum— handle P C M za h' (vs'Qus) I pc ics frs sh’)
proof —
have Jcc-cond Py E C M wvs pe ics I h sh (INIT C' (Cqo # Cs,False) < e) using assms by simp
then obtain T where Pi,E h,sh by INIT C' (Co # Cs,False) < unit : T by fastforce
then have P1,E h,sh(Co — (sblank Py Cy, Prepared)) b1 INIT C' (Cy # Cs,False) < unit : T
by (auto simp: fun-upd-apply)
then have Ex (WTrt2; P; E h (sh(Co — (sblank Py Cy, Prepared))) (INIT C’ (Cy # Cs,False)
<+ unit))
by (simp only: exl)
then show ?thesis using assms by clarsimp
qed

lemma Jcc-pieces-InitDP:
assumes [simp]: P = compPy Py
and Jcc-pieces Py E C M h vs I pc ics frs sh I h' 1’ sh’ v xza (INIT C' (Co # Cs,False) < e)
= (True, frs’, (None, h', (vs, I, C, M, pc, Called []) # frs, sh’), err)
shows
Jee-pieces Py E C' M h vs 1 pe ics frs sh T h' 1’ sh’ v za (INIT C' (Cs,True) < e)
= (True, (calling-to-scalled (hd frs"))#(tl frs’),
(None, h', (vs, I, C, M, pc, Called [|) # frs, sh’),
Jus’. P+ (None,h,calling-to-scalled (hd frs")#(tl frs’),sh)
—jum— handle P C M za h' (vs"Qus) 1 pc ics frs sh’)
proof —
have Jec-cond Py E C M vs pc ics I h sh (INIT C' (Cy # Cs,False) < e) using assms by simp
then obtain T where Pi,E h,sh by INIT C' (Co # Cs,False) < unit : T by fastforce
then have Py,E,hsh -1 INIT C' (Cs,True) < unit : T
by (auto; metis list.sel(2) list.set-sel(2))
then have wirt: Ex (WTrt2, Py E h sh (INIT C’ (Cs,True) < unit)) by(simp only: exI)
show ?thesis using assms wtrt
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proof(cases Cs)
case (Cons C1 Cs1)
then show ?thesis using assms wtrt
by (case-tac method P C1 clinit) clarsimp
qed(clarsimp)
qed

lemma Jcc-pieces-InitError:
assumes [simp]: P = compPy P
and Jec-pieces Py E C M h vs l pc ics frs sh I h' 1’ sh’ v za (INIT C' (Cy # Cs,False) < e)
= (True, frs’, (None, h', (vs, I, C, M, pc, Called []) # frs, sh’), err)
and err: sh Co = Some(sfs,Error)
shows
Jee-pieces Py E C M h s | pc ics frs sh I h' 1’ sh’ v za (RI (Cy, THROW NoClassDefFoundError);Cs
—e)
= (True, (calling-to-throwing (hd frs’) (addr-of-sys-zcpt NoClassDefFoundError))#(tl frs’),
(None, h', (vs, I, C, M, pc, Called []) # frs, sh’),
Jwus’. P+ (None,h, (calling-to-throwing (hd frs’) (addr-of-sys-zcpt NoClassDefFoundEr-
ror))#(tl frs’),sh)
—jum— handle P C M za h' (vs'Qus) 1 pc ics frs sh’)
proof —
show ?thesis using assms
proof(cases Cs)
case (Cons C1 Cs1)
then show ?thesis using assms
by (case-tac method P C1 clinit, case-tac method P Cy clinit) clarsimp
qed(clarsimp)
qed

lemma Jcc-pieces-InitOby:
assumes [simp|: P = compPy P
and Jec-pieces P1 E C M h vs I pc ics frs sh I h' ' (sh(Co — (sfs,Processing))) v za (INIT C' (Cqy
# Cs,False) + e)
= (True, frs’, (None, h', (vs, I, C, M, pc, Called []) # frs, sh’), err)
shows
Jec-pieces P1 E C M h vs 1 pc ics frs (sh(Co — (sfs,Processing))) I h' 1’ sh” v za (INIT C' (Cqy #
Cs,True) + e)
= (True, calling-to-called (hd frs")#(tl frs’),
(None, h', (vs, I, C, M, pc, Called []) # frs, sh’),
Jwus’. P F (None,h,calling-to-called (hd frs’)#(tl frs’),sh’)
—jum— handle P C M za h' (vs'@Qus) 1 pc ics frs sh'’)
proof —
have Jec-cond Py E C M vs pc ics I h sh (INIT C' (Cy # Cs,False) < e) using assms by simp
then obtain T where P1,E h,sh b1 INIT C' (Co # Cs,False) < unit : T by fastforce
then have P1,E h,sh(Co — (sfs,Processing)) b1 INIT C' (Co # Cs,True) < unit : T
using assms by clarsimp (auto simp: fun-upd-apply)
then have wirt: Ex (WTrt2, P1 E h (sh(Co — (sfs,Processing))) (INIT C' (Co # Cs,True) «+
unit))
by (simp only: exI)
show ?thesis using assms wtrt by clarsimp
qed

lemma Jcc-pieces-InitNonObj:
assumes [simp|: P = compPy Py
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and is-class P1 D and D ¢ set (Co#Cs) and V C € set (Co#Cs). P1 = C <* D
and pcs: Jec-pieces Py E C M h vs 1 pc ics frs sh I h' ' (sh(Co — (sfs,Processing))) v za (INIT C’
(Co # Cs,False) < e)
= (True, frs’, (None, h', (vs, I, C;, M, pc, Called []) # frs, sh’), err)
shows
Jee-pieces Py E C M h vs | pe ics frs (sh(Co — (sfs,Processing))) I h' 1’ sh' v za (INIT C' (D # C,
# Cs,False) < e)
= (True, calling-to-calling (hd frs’) D#(tl frs’),
(None, b'; (vs, I, C, M, pe, Called []) # frs, sh’’),
Jus’. P+ (None,h,calling-to-calling (hd frs’) D#(tl frs’),sh”)
—jum— handle P C M za h' (vs'Qus) I pc ics frs sh’)
proof —
have Jec-cond Py E C M vs pc ics I h sh (INIT C' (Cy # Cs,False) < ¢) using assms by simp
then obtain T where Py,FE h,sh b1 INIT C' (Cy # Cs,False) + unit : T by fastforce
then have Pi,E h,sh(Co — (sfs,Processing)) b1 INIT C' (D # Co # Cs,False) < unit : T
using assms by clarsimp (auto simp: fun-upd-apply)
then have wtrt: Ex (WTrt2, Py E h (sh(Co — (sfs,Processing))) (INIT C' (D # Cy # Cs,Fualse)
— unit))
by (simp only: exI)
show ?thesis using assms wtrt by clarsimp
qed

lemma Jcc-pieces-InitRInit:

assumes [simp|: P = compPs Py and wf: wf-J1-prog Py

and Jec-pieces Py E C M h vs I pc ics frs sh I h' I’ sh’ v xza (INIT C' (Cy # Cs,True) + e)
= (True, frs’, (None, h', (vs, I, C, M, pc, Called []) # frs, sh’), err)

shows
Jee-pieces Py E C M h vs | pe ics frs sh ITh' 1’ sh’ v za (RI (Co,Co-sclinit(]])) ; Cs + e)
= (True, frs’

(None, b', (vs, I, C, M, pe, Called [)) # frs, sh’),
Jus’. P+ (None,h,frs’,sh)
—juom— handle P C M za h' (vs'Qus) [ pc ics frs sh’)
proof —
have cond: Jec-cond Py E C M vs pc ics I h sh (INIT C' (Co # Cs,True) < ¢) using assms by
simp
then have clinit: 3T. P1,E h,sh 1 Co-sclinit([]) : T using wf
by clarsimp (auto simp: is-class-def intro: wf-types-clinit)
then obtain T where ¢T: P1,E,h,sh b1 Cy-sclinit([]) : T by blast
obtain T where Py,E.hsh -1 INIT C’' (Co # Cs,True) < unit : T using cond by fastforce
then have Pi,E,h,sh -1 RI (Co,Co-sclinit([])) ; Cs < unit : T
using assms by (auto intro: ¢T)
then have wtrt: Ex (WTrt2, Py E h sh (RI (Co,Cy-sclinit([])) ; Cs < unit))
by (simp only: exl)
then show ?thesis using assms by simp
qed

lemma Jce-pieces-RInit-clinit:
assumes [simp]: P = compPs Py and wf: wf-J1-prog Py
and Jec-pieces Py E C M h vs I pc ics frs sh I hy 1y shy v xza (RI (Co,Co-sclinit([]));Cs < e)
= (True, frs’
(None, hy, (vs, I, C, M, pe, Called []) # frs, sh1), err)
shows
Jee-pieces Py E C' M h vs I pc (Called Cs) (¢ frs’) sh I h' 1" sh’ v za (Cy-sclinit([]))
= (True, create-init-frame P Co#(vs,l,C,M,pc,Called Cs)#tl frs’,
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(None, h', (vs,l,C,M,pc,Called Cs)#tl frs’, sh'(Co—(fst(the(sh’ Cy)),Done))),
P + (None,h,create-init-frame P Co#(vs,l,C, M ,pc,Called Cs)#tl frs’,sh)

—jum— (None,h',(vs, I, C, M, pc, Throwing Cs za) # tl frs’,sh'(Cy — (fst(the(sh’ Cy)),Error))))
proof —

have cond: Jec-cond Py E C M vs pc ics I h sh (RI (Co,Cy-sclinit([]));Cs < e) using assms by
simp

then have wtrt: 3T. Py,E h,sh 1 Co-sclinit(]]) : T using wf

by clarsimp (auto simp: is-class-def intro: wf-types-clinit)

then show ?thesis using assms by clarsimp

qed

lemma Jcc-pieces-RInit-Init:
assumes [simp]: P = compPs P1 and wf: wf-J,-prog Py
and proc: V C' € set Cs. sfs. sh’' C' = |(sfs,Processing) ]
and Jcc-pieces Py E C M h vs | pc ics frs sh I hy Iy shy v za (RI (Co,Co-sclinit([]));Cs < e)
= (True, frs’,
(None, hy, (vs, I, C, M, pc, Called []) # frs, shy), err)
shows
Jee-pieces Py E C M h' vs 1 pc ics frs sh” I hy Iy shy v za (INIT (last (Co#Cs)) (Cs, True) < e)
= (True, (vs, I, C, M, pc, Called Cs) # frs,
(None, hy, (vs, I, C, M, pc, Called []) # frs, sh1),
Jus’. P+ (None,h',(vs, I, C, M, pc, Called Cs) # frs,sh”)
—juvm— handle P C M xa hy (vs'Qus) I pc ics frs shy)
proof —
have Jec-cond Py E C M vs pc ics I h sh (RI (Co,Co-sclinit([]));Cs < €) using assms by simp
then have Ex (WTrt2, Py E h sh (RI (Cy,Co-sclinit(]])) ; Cs + unit)) by simp
then obtain T where riwt: P1,E,h,sh b1 RI (Cy,Co-sclinit(]]));Cs < unit : T by meson
then have P1,E,h/;sh’ 1 INIT (last (Co#Cs)) (Cs,True) < unit : T using proc
proof(cases Cs) qed(auto)
then have wirt: Ex (WTrt2, Py Eh' sh” (INIT (last (Co#Cs)) (Cs, True) < unit)) by(simp only:
exl)
show ?thesis using assms witrt
proof(cases Cs)
case (Cons C1 Cs1)
then show ?thesis using assms wtrt
by (case-tac method P C1 clinit) clarsimp
qed(clarsimp)
qed

lemma Jcc-pieces- RInit-RInit:
assumes [simp]: P = compPy P
and Jec-pieces Py E C M h vs L pc ics frs sh I hy 1y shy v xa (RI (Co,e);D#Cs < €’)
= (True, frs', rhs, err)
and hd: hd frs' = (vs1,l1,C1,M1 ,pcl yicsl)
shows
Jec-pieces P1 E C M h' vs | pc ics frs sh' I hy Iy shy v za (RI (D,Throw za) ; Cs < e')
= (True, (vs1, 11, C1, M1, pcl, Throwing (D#Cs) za) # tl frs’,
(None, hy, (vs, I, C, M, pc, Called []) # frs, sh1),
Jwus’. P+ (None,h',(vsl, I1, C1, M1, pcl, Throwing (D#Cs) za) # tl frs’,sh’’)
—juvm— handle P C M za hy (vs'Qus) I pc ics frs shy)
using assms by(case-tac method P D clinit, cases e = Cy-5clinit([])) clarsimp+
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JVM stepping lemmas

lemma jum-Invoke:
assumes [simp]: P = compPs Py
and P,C, M pc > Invoke M' (length T5)
and ha: he a = [(Ca, fs)|] and method: Py F Ca sees M', NonStatic : Ts—T = body in D
and len: length pvs = length Ts and lsy’ = Addr a # pvs Q replicate (maz-vars body) undefined
shows P b (None, hy, (rev pvs @ Addr a # wvs, lsy, C', M, pe, No-ics) # frs, shy) —jom—
(None, ha, ([], Is2’, D, M', 0, No-ics) # (rev pvs Q Addr a # vs, lsa, C, M, pc, No-ics) # frs, shz)
proof —
have cname: cname-of hy (the-Addr ((rev pvs Q@ Addr a # vs) ! length T5)) = Ca
using ha method len by (auto simp: nth-append)
have r: (rev pvs @ Addr a # vs) ! (length Ts) = Addr a using len by(auto simp: nth-append)
have exm: 3Ts Tm D b. P+ Ca sees M' b:Ts — T = m in D
using sees-method-compP|OF method] by fastforce
show ?thesis using assms cname r exm by simp
qed

lemma jvm-Invokestatic:
assumes [simp]: P = compPs Py
and P,C,M,pc v Invokestatic C' M’ (length Ts)
and sh: sha D = Some(sfs,Done)
and method: Py = C’ sees M, Static : Ts—T = body in D
and len: length pvs = length Ts and lsy’ = pus @ replicate (maz-vars body) undefined
shows P b (None, ha, (rev pus @ wvs, lsa, C, M, pc, No-ics) # frs, sha) —jom—
(None, ha, ([], Is2’, D, M', 0, No-ics) # (rev pvs @ wvs, lsa, C, M, pc, No-ics) # frs, shs)
proof —
have exm: 3Ts Tm D b. P+ C' sees M')b:Ts — T = m in D
using sees-method-compP|OF method] by fastforce
show ?thesis using assms exm by simp
qged

lemma jum-Invokestatic-Called:
assumes [simp|: P = compPy P4
and P,C,M,pc > Invokestatic C' M’ (length TS)
and sh: sha D = Some(sfs,i)
and method: P1 = C’ sees M', Static : Ts—T = body in D
and len: length pvs = length Ts and lsy’ = pus Q replicate (maz-vars body) undefined
shows P + (None, ha, (rev pvs @ wvs, lsa, C, M, pc, Called []) # frs, sha) —juvm—
(None, ha, ([], Is2’;, D, M', 0, No-ics) # (rev pus @ wvs, lso, C, M, pc, No-ics) # frs, shs)
proof —
have exm: 3Ts Tm D b. P+ C’' sees M'b:Ts — T = m in D
using sees-method-compP[OF method] by fastforce
show ?thesis using assms exm by simp
qed

lemma jum-Return-Init:
P,D,clinit,0 > compEs body @ [Return]
= P+ (None, h, (vs, ls, D, clinit, size(compEy body), No-ics) # frs, sh)
—juvm— (None, h, frs, sh(D—(fst(the(sh D)),Done)))
(is PP = P 2s1 —jom— %s2)
proof —
assume ?P
then have exec (P, ?s1) = | ?s2] by(cases frs) auto
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then have (?%s1, ?s2) € (exec-1 P)*
by (rule exec-1I[THEN r-into-rtrancl])
then show %thesis by (simp add: exec-all-def1)
qed

lemma jom-InitNone:
[ ics-of f = Calling C Cs;
sh C'= None |
= P+ (None,h,f#/frs,sh) —jum— (None,h,f#frs,sh(C — (sblank P C, Prepared)))
(is|[ ?P; ?2Q ] = P F %51 —jum— ?s2)
proof —
assume assms: P 2Q)
then obtain stk! loc1 C1 M1 pcl ics1 where f = (stkl,loc1,C1,M1,pcl icsl)
by (cases f) simp
then have exec (P, ?s1) = | ?s2| using assms
by(case-tac ics1) simp-all
then have (?%s1, ?s2) € (exec-1 P)*
by (rule exec-1I[THEN r-into-rtrancl))
then show %thesis by (simp add: exec-all-def1)
qed

lemma jom-InitDP:
[ ics-of f = Calling C Cs;
sh C = |(sfs,i)]; ¢ = Done V i = Processing |
= P+ (None,h,f#/frs,sh) —jum— (None,h,(calling-to-scalled f)#frs,sh)
(is [ 2P; ?2Q; PR ]| = P+ %51 —jum— ?s2)
proof —
assume assms: ?P ?Q) 7R
then obtain stk! loc1 C1 M1 pcl ics1 where f = (stkl,loc1,C1,M1,pcl icsl)
by (cases f) simp
then have exec (P, ?s1) = | ?s2| using assms
by (case-tac i) simp-all
then have (?%s1, ?s2) € (exec-1 P)*
by (rule exec-1I[THEN r-into-rtrancl))
then show %thesis by (simp add: exec-all-def1)
qed

lemma jom-InitError:
sh C = |(sfs,Error)|

= P+ (None,h,(vs,ls,Co,M,pc,Calling C Cs)#frs,sh)

—juvm— (None,h,(vs,ls,Co,M ,pc, Throwing Cs (addr-of-sys-zcpt NoClassDefFoundError))# frs,sh)
by(clarsimp simp: exec-all-defl intro!: r-into-rtrancl exec-11I)

lemma exec-ErrorThrowing:
sh C = |(sfs,Error)|
= exec (P, (None,h,calling-to-throwing (stk,loc,D,M pc,Calling C Cs) a#tfrs,sh))
= Some (None,h,calling-to-sthrowing (stk,loc,D,M ,pc,Calling C Cs) a #frs,sh)
by (clarsimp simp: exec-all-defl fun-upd-idem-iff introl: r-into-rtrancl exec-1I)

lemma jom-InitObj:
[ sh C = Some(sfs,Prepared);
C = Object;
sh’ = sh(C +— (sfs,Processing)) |
= P+ (None, h, (vs,ls,Co,M,pc,Calling C' Cs)#frs, sh) —jum—
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(None, h, (vs,ls,Co,M,pc,Called (CH#Cs))#frs,sh’)
(is ?P; ?Q; PR] = P F %s1 —jum— 952)
proof —
assume assms: 7P ?Q) 7R
then have exec (P, 9s1) = | %52
by (case-tac method P C clinit) simp
then have (?%s1, ?s2) € (exec-1 P)*
by(rule exec-1I[THEN r-into-rtrancl])
then show ?thesis by (simp add: exec-all-defl)
qed

lemma jum-InitNonObj:
[ sh C = Some(sfs,Prepared);
C # Object;
class P C = Some (D,r);
sh’ = sh(C > (sfs,Processing)) |
= P (None, h, (vs,ls,Co,M,pc,Calling C Cs)#frs, sh) —jvm—
(None, h, (vs,ls,Co,M,pc,Calling D (CH#Cs))#frs, sh’)
(is [ 2P; 2Q; ?R; 2S5 | = P+ %2s1 —jum— 9s2)
proof —
assume assms: ?P ?Q) 7R 25
then have exec (P, 9s1) = | 952
by (case-tac method P C clinit) simp
then have (?%s1, ?s2) € (exec-1 P)*
by(rule exec-1I[THEN r-into-rtrancl])
then show ?thesis by (simp add: exec-all-defl)
qed

lemma jom-RInit-throw:
P+ (None,h,(vs,l,C,M,pc, Throwing [| za) # frs,sh)
—jvm— handle P C M za h vs I pc No-ics frs sh
(is P+ 251 —jom— ?2s2)
proof —
have ezec (P, %s1) = | 752
by(simp add: handle-def split: bool.splits)
then have (?%s1, ?s2) € (exec-1 P)*
by (rule exec-11[THEN r-into-rtrancl))
then show ?thesis by (simp add: exec-all-def1)
qed

lemma jvm-RInit-throw":
P F (None,h,(vs,l,C,M,pc, Throwing [C'] xa) # frs,sh)
—jum— handle P C M za h vs | pc No-ics frs (sh(C":=Some(fst(the(sh C')), Error)))
(is P+ 251 —jom— ?s2)
proof —
let ?sy = (None,h,(vs,l,C,M,pc, Throwing || za) # frs,sh(C"=Some(fst(the(sh C")), Error)))
have exec (P, ?s1) = | ?sy| by simp
then have (?s1, ?sy) € (exec-1 P)*
by (rule exec-11[THEN r-into-rtrancl))
also have (%sy, %s2) € (ewec-1 P)*
using jum-RInit-throw by (simp add: exec-all-defl)
ultimately show ?thesis by (simp add: exec-all-def1)
qed
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lemma jom-Called:

P+ (None, h, (vs, I, C, M, pc, Called (Co # Cs)) # frs, sh) —jum—
(None, h, create-init-frame P Cy # (vs, I, C, M, pc, Called Cs) # frs, sh)

by (simp add: exec-all-def1 r-into-rtrancl exec-1I)

lemma jum-Throwing:
P+ (None, h, (vs, I, C, M, pc, Throwing (Co#Cs) za’) # frs, sh) —jom—

(None, h, (vs, I, C, M, pc, Throwing Cs za’) # frs, sh(Co — (fst (the (sh Cy)), Error)))
by(simp add: exec-all-def1 r-into-rtrancl exec-1I)

Other lemmas for correctness proof

lemma assumes wf:wf-prog wf-md P

and ex: class P C = Some a

shows create-init-frame-wf-eq: create-init-frame (compPo P) C = (stk,loc,D,M ,pc,ics) = D=C
using wf-sees-clinit|OF wf ex] by(cases method P C clinit, auto)

lemma beforez-try:
assumes pcl: {pc..<pc+size(compEs(try er catch(Ci i) e2))} C I
and bx: P,C,M > compzEs (try ex catch(Ci i) e2) pc (size vs) / I,size vs
shows P,C,M > compzEsy ey pc (size vs) | {pc..<pc + length (compEs e1)},size vs
proof —
obtain zty zt; where
beforexy P C' M (size vs) I (compzEqy (try ey catch(Ci i) ea) pc (size vs)) xty oty
using bz by(clarsimp simp:beforex-def)
then have Jzt1. beforexy P C M (size vs) {pc..<pc + length (compEs e1)}
(compzEqy ey pe (size vs)) atg atl
using pcl pes-subset(1) atLeastLessThan-iff by simp blast
then show ?thesis using beforex-def by blast
qed

— Evaluation of initialization expressions

lemma
shows evaly -init-return: P 1 (e,s) = (e’,s")
= iconf (shpy s) e
= (3Cs b. e = INIT C' (Cs,b) < unit) V (3C ey Cs e;. e = RI(C,ep);CsQ[C] < unit)
V (Jeg. e = RI(C',eq);Nil < unit)
= (val-of ¢’ = Some v — (I sfs i. shpy s’ C' = |(sfs,i)] A (i = Done V i = Processing)))
A (throw-of e’ = Some a — (I sfs i. shpy s’ C' = |(sfs,Error)]|))
and Py (es,s) [=] (es’,s") = True
proof (induct rule: evaly-evals; .inducts)
case (InitFinaly e s e’ s’ C'b) then show Zcase
by (auto simp: initPD-def dest: evaly -final-same)
next
case (InitDone; sh C sfs C' Cs e hle's')
then have final ¢’ using evaly -final by simp
then show ?case
proof(rule finalE)
fix v assume e”: ¢/ = Val v then show ?thesis using InitDone; initPD-def
proof(cases Cs) qed(auto)
next
fix a assume ¢e”: ¢/ = throw a then show ?thesis using InitDone; initPD-def
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proof(cases Cs) qed(auto)
qed
next
case (InitProcessing, sh C sfs C' Cs e hle's’)
then have final ¢’ using eval;-final by simp
then show Zcase
proof (rule finalE)
fix v assume e”: ¢/ = Val v then show ?thesis using InitProcessing; initPD-def
proof(cases Cs) qed(auto)
next
fix a assume e”: ¢/ = throw a then show ?thesis using InitProcessing; initPD-def
proof(cases Cs) qed(auto)
qed
next
case (InitErrory sh C sfs Cs e hle' s’ C’) show ?case
proof(cases Cs)
case Nil then show ?thesis using InitError; by simp
next
case (Cons C2 list)
then have final e’ using InitError, evali-final by simp
then show ?thesis
proof(rule finalE)
fix v assume e ¢/ = Val v show ?thesis
using InitErrory.hyps(2) e’ rinit,-throwE by blast
next
fix a assume e’ ¢/ = throw a
then show ?thesis using Cons InitErrory cons-to-append|of list] by clarsimp
qged
qed
next
case (InitRInity C Cs h 1 sh e’ s’ C'') show 2case
proof(cases Cs)
case Nil then show ?thesis using InitRInit; by simp
next
case (Cons C' list) then show ?thesis
using InitRInit, Cons cons-to-append|of list] by clarsimp
qed
next
case (RInit;y e sv h'l' sh’ C sfsish’” C' Cs e’ ey s1)
then have final: final e; using evaly-final by simp
then show ?case
proof(cases Cs)
case Nil show ?thesis using final
proof(rule finalE)
fix v assume ¢”: ¢; = Val v show ?Zthesis
using RlInit; Nil by(clarsimp, meson fun-upd-same initPD-def)
next
fix a assume ¢’ e; = throw a show ?thesis
using RInit; Nil by(clarsimp, meson fun-upd-same initPD-def)
qged
next
case (Cons a list) show ?thesis using final
proof(rule finalE)
fix v assume e’: ¢; = Val v then show ?thesis
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using RInit; Cons by(clarsimp, metis last.simps last-appendR list.distinct(1))
next
fix a assume e’ e; = throw a then show ?thesis
using RInit; Cons by(clarsimp, metis last.simps last-appendR list.distinct(1))
qed
qged
next
case (RInitInitFail; e s a h' 1’ sh’ C sfs i sh' D Cs e’ ey s1)
then have final: final e; using evaly-final by simp
then show ?case
proof(rule finalE)
fix v assume ¢”: ¢; = Val v then show ?thesis
using RlInitinitFail; by(clarsimp, meson exp.distinct(101) rinit, -throwE)
next
fix o’ assume e” e; = Throw a’
then have iconf (sh'(C — (sfs, Error))) a
using RInitinitFaily.hyps(1) evali-final by fastforce
then show ?thesis using RInitInitFail; e’
by (clarsimp, meson Cons-eq-append-conv list.inject)
qed
qged(auto simp: fun-upd-same)

lemma init,-Val-PD: P 1 (INIT C' (Cs,b) < unit,s) = (Val v,s")
= iconf (shpy s) (INIT C' (Cs,b) < unit)
= Fsfsi. shpy s’ C' = |(sfs,i)] A (i = Done V i = Processing)
by (drule-tac v = v in evaly -ingt-return, simp+)

lemma inity -throw-PD: P by (INIT C' (Cs,b) + unit,s) = (throw a,s’)
= iconf (shpy s) (INIT C' (Cs,b) < unit)
= Fsfs i. shpy s’ C' = |(sfs,Error)|

by (drule-tac a = a in evaly-init-return, simp+)

lemma rinit, - Val-PD:
assumes ceval: P by (RI(C,ep);Cs + unit,s) = (Val v,s")

and iconf: iconf (shpy s) (RI(C,ep);Cs < unit) and last: last(C#Cs) = C’
shows Jsfs i. shpy s’ C' = |(sfs,i)] A (i = Done V i = Processing)
proof(cases Cs)

case Nil

then show ?thesis using evaly -init-return[OF eval iconf] last by simp
next

case (Cons a list)

then have nNil: Cs # [| by simp

then have 3 Cs’. Cs = Cs’ @Q [C'] using last append-butlast-last-id| OF nNil)

by (rule-tac x=>butlast Cs in exl) simp

then show %thesis using eval;-init-return[OF eval iconf] by simp

qed

lemma rinit,-throw-PD:
assumes eval: Py (RI(C,e);Cs + unit,s) = (throw a,s’)
and iconf: iconf (shpy s) (RI(C,ep);Cs < unit) and last: last(C#Cs) = C’
shows 3 sfs. shpy s’ C' = [(sfs,Error)]
proof(cases Cs)
case Nil
then show ?Zthesis using eval; -init-return[OF eval iconf] last by simp
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next
case (Cons a list)
then have nNil: Cs # [| by simp
then have 3 Cs’. Cs = Cs’ Q [C'] using last append-butlast-last-id|OF nNil]
by (rule-tac x=butlast Cs in exl) simp
then show ?thesis using eval; -init-return[OF eval iconf] by simp
qed

The proof

lemma fixes P, defines [simp|: P = compPy P
assumes wf: wf-J1-prog Pq
shows Jece: P1 by (e,(ho,ls0,8ho)) = (ef,(h1,ls1,5h1)) =
(AE C M pc ics v xa vs frs I.
[ Jec-cond Py E C M vs pc ics I hg shy e | =
(ef = Valv —
Pt (None,hy,Jee-frames P C M wvs sy pe ics frs e,shp)
—jum— Jec-rhs P1 E C M vs lsg pc ics frs hy lsy shy v e)
N
(ef = Throw xa — Jec-err P C' M hg vs lsg pc ics frs sho I hy ls1 shy za €)
)and P; 1 (es,(ho,lso,sho)) [=] (fs,(h1,ls1,5h1)) =
(AC M pc ics ws za es” vs frs 1.
[ P,C,M,pc t> compEsy es; P,C,M 1> compzEss es pc (size vs)/1,size vs;
{pec..<pc+size(compEsy es)} C I; ics = No-ics;
—sub-Rls es | =
(fs = map Val ws —
P+ (None,hg,(vs,lsg,C,M,pc,ics)#frs,shy) —jum—
(None,hy,(rev ws Q vs,ls1,C,M,pc+size(compEsy es),ics)#frs,shy))
N
(fs = map Val ws Q@ Throw xza # es’ —
(3 pcr. pe < per A per < pe + size(compEsy es) A
= caught P pcy hy za (compzEss es pc (size vs)) A
(Juws’. P+ (None,hg,(vs,lsog,C,M,pc,ics)#frs,sho)
—juom— handle P C' M za hy (vs’Qus) lsy pey ics frs shy))))

lemma atLeast0AtMost[simp]: {0::nat..n} = {..n}
by auto

lemma atLeastOLess Than[simp]: {0::nat..<n} = {..<n}
by auto

fun ezception :: 'a exp = addr option where
exception (Throw a) = Some a
| exception e = None

lemma comps-correct:
assumes wf: wf-J1-prog Py
and method: P1 - C sees M,b:Ts—T = body in C
and eval: Py by (body,(h,ls,sh)) = (e’,(h',ls’,sh’))
and nclinit: M # clinit
shows compPs Py F (None,h,[([],ls,C,M,0,No-ics)],sh) —jvm— (exception e’ ,h’,[],sh’)
end
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3.8 Combining Stages 1 and 2

theory Compiler
imports Correctnessl Correctness2
begin

definition J2JVM :: J-prog = jum-prog
where
J2JVM = compPs o compP,

theorem comp-correct-NonStatic:

assumes wf: wf-J-prog P

and method: P+ C sees M,NonStatic:Ts—T = (pns,body) in C

and eval: P & (body,(h,[this#pns [—] vs],sh)) = (e/,(h',l',sh"))

and sizes: size vs = size pns + 1 size rest = maz-vars body

shows J2JVM P + (None,h,[([],vsQrest,C,M,0,No-ics)|,sh) —jvm— (exception e’,h’][],sh’)
theorem comp-correct-Static:

assumes wf: wf-J-prog P

and method: P+ C sees M,Static: Ts—T = (pns,body) in C

and eval: P F (body,(h,[pns [—] vs],sh)) = (e’,(h',l’;sh"))

and sizes: size vs = size pns  size rest = maz-vars body

and nclinit: M # clinit

shows J2JVM P + (None,h,[([],vsQrest,C,M,0,No-ics)|,sh) —juvm— (exception e’,h’]],sh’)
end

3.9 Preservation of Well-Typedness
theory TypeComp
imports Compiler ../BV /BVSpec
begin
lemma mazx-stackl: P,E by e:: T — 1 < max-stack e
locale TCO =
fixes P :: Ji-prog and mal :: nat
begin
definition ty E e = (THE T. P,E+y e T)
definition ty; E A’ = map (Xi. if i € A’ A i < size E then OK(E!%) else Err) [0..<mazl]
definition ty;" ST F A = (case A of None = None | |A’] = Some(ST, ty; E A'))

definition after EA STe=ty,’ (ly Ee# ST) E (AU A e)

end

lemma (in TCO) ty-def2 [simp]: PEt1 e T = tyEe=T
lemma (in TC0) [simp]: ty;" ST E None = None

lemma (in TC0) ty;-app-diff[simp]:

ty, (EQ[T]) (A — {size B}) — ty, E A

lemma (in TCO) ty;’-app-diff [simp]:
ty;," ST (E Q [T]) (A © size E) = ty, STE A
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lemma (in TC0) ty;-antimono:
AQA/:>PFtyZ E'A/[ST] tyi EA

lemma (in TC0) ty;"-antimono:
ACA = Prty' STE |A'] <' ty,' ST E | A

lemma (in TC0) ty;-env-antimono:
P+ nyl (E@[T]) A [ST] tyl EA

lemma (in TCO) ty;’-env-antimono:
PFty," ST (EQ[T]) A <'ty,STE A

lemma (in TC0) ty;’-incr:
P&ty ST (E Q [T]) linsert (size E) A] <" ty;" ST E | 4]

lemma (in TCO) ty;-incr:
PF ty, (EQ[T)) (insert (size E) A) [<t] tys E A

lemma (in TC0) ty;-in-types:

set E C types P = ty; E A € nlists mal (err (types P))
locale TC1 = TCO

begin

primrec compT :: ty list = nat hyperset = ty list = expr1 = ty;’ list and
compTs :: ty list = nat hyperset = ty list = expry list = ty;’ list where
compT E A ST (new C) = ||
| compT E A ST (Cast C e) =
compT E A ST e Q [after E A ST €]
| compT E A ST (Val v) = ]
| compT E A ST (e1 «bop» e3) =
(let STy =ty F e1r#ST; Ay =AU Aerin
compT E A ST e; Q [after E A ST 1] @
compT E Ay STy ey Q [after E Ay ST es))
| compT E A ST (Var i) = ||
| compT E A ST (i :=¢) = compT EA ST e @
lafter EA ST e, ty;" STE (AU A eU [{i}])]
| compT E A ST (e-F{D}) =
compT E A ST e Q [after E A ST ¢]
| compT E A ST (C-sF{D}) = ||
| compT E A ST (e1-F{D} := e3) =
(let STl = ty E Gl#ST; A1 =AU A €1, A2 = A1 (] .A €9 mn
compT E A ST e; Q [after E A ST 1] @
compT E Ay STy ex @ [after E Ay STy e3] @
[tyi/STEAQ])
| compT E A ST (C-sF{D} := e3) = compT E A ST e3 Q [after E A ST e3] Q [ty;,’ STE (AU A
e2)]
| compT E A ST {i:T; e} = compT (EQ[T]) (Aci) ST e
| compT E A ST (e1;;e2) =
(let Ay = AU A ey in
compT E A ST e; @ [after E A ST ey, ty;" ST E A4] @
compT E Ay ST e3)
| compT E A ST (if (e) e1 else e3) =
(let Ao =AU Ae1=ty’ STE Ay in
compT E A ST e Q [after E A ST e, 7] Q
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compT E Ay ST e, Q [after E Ag ST ey, 7] @
compT E Ay ST e3)
| compT E A ST (while (e) ¢) =
(letA() =A |_|A €; A1 = A() |_|./4 C; T = tyi/STEA() mn
compT E A ST e Q [after E A ST e, 7] @Q
compT E Ay ST ¢ Q [after E Ag ST ¢, ty;" ST E Ay, ty;’ ST E Ao))
| compT E A ST (throw e) = compT E A ST e Q [after E A ST €]
| compT E A ST (e-M(es)) =
compT EA ST e Q [after E A ST e] Q
compTs E (AU Ae) (ty Ee# ST) es
| compT E A ST (C-sM(es)) = compTs E A ST es
| compT E A ST (try ey catch(C i) e3) =
compT E A ST e; Q [after E A ST e1] Q
[ty;" (Class C#ST) E A, ty," ST (EQ[Class C]) (A U [{d}])] @
compT (EQ[Class C]) (A U |{i}]) ST e2
| compT E A ST (INIT C (Cs,b) + ¢) = |]
| compT E A ST (RI(C,e");Cs < e) = ||
| compTs EA ST [| =]
| compTs E A ST (ef#es) = compT E A ST e Q [after EA ST e] Q
compTs E (AU (Ae)) (ty Ee# ST) es

definition compT, :: ty list = nat hyperset = ty list = expr; = ty;’ list where
compT, EA ST e =compT E A ST e Q [after E A ST €]

end

lemma compEs-not-Nil[simp]: P,E 1 e : T = compEs e # ||

lemma (in TC1) compT-sizes”:

shows AE A ST. —sub-RI e = size(compT E A ST e) = size(compEy e¢) — 1
and A\E A ST. —sub-RIs es = size(compTs E A ST es) = size(compEsa es)
lemma (in TC1) compT-sizes[simp:

shows AE A ST. P.Ety e:: T = size(compT E A ST e) = size(compEs €) — 1
and AE A ST. P,E - es [::] Ts = size(compTs E A ST es) = size(compEss es)

lemma (in TC1) [simp]: NST E. |7| ¢ set (compT E None ST e)
and [simp]: NAST E. |7| ¢ set (compTs E None ST es)

lemma (in TCO) pair-eq-ty;’-conv:
(L(ST, LT)| = ty," STy E A) =
(case A of None = False | Some A = (ST = STy A LT = ty; E A))

lemma (in TCO) pair-conv-ty;":
(ST, ty; E A)| = ty;," ST E | A]

lemma (in TC1) compT-LT-prefiz:

NE A STy. [ |(ST,LT)| € set(compT E A STy e); B e (size E) |
— P [(ST,LT)| <'ty;’ STE A

and

ANE A STy. [ |(ST,LT)| € set(compTs E A ST es); Bs es (size E) |
— PF [(ST,LT)| <" ty;' STE A

lemma [iff]: OK None € states P mxzs mal
lemma (in TCO) after-in-states:
assumes wf: wf-prog p P and wt: P.E+Fy e:: T
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and FEtypes: set E C types P and STtypes: set ST C types P
and stack: size ST + max-stack e < mxs
shows OK (after E A ST e) € states P mxs mul

lemma (in TCO) OK-ty;'-in-statesl[simp):
[ set E C types P; set ST C types P; size ST < mas |
= OK (ty;’ ST E A) € states P maxs mal

lemma is-class-type-auz: is-class P C = is-type P (Class C)
theorem (in T'C1) compT-states:
assumes wf: wf-prog p P
shows AE T A ST.
[ P,Etqe:: T; set E C types P; set ST C types P;
size ST + max-stack e < mzs; size E + maz-vars e < mal |
= OK ‘set(compT E A ST e) C states P mxs mal
and A\E Ts A ST.
[ P,E 1 es[::]Ts; set E C types P; set ST C types P;
size ST + mazx-stacks es < mas; size E + maz-varss es < mal |
= OK ‘set(compTs E A ST es) C states P maxs mul

definition shift :: nat = ex-table = ex-table

where
shift n xt = map (A(from,to,C handler,depth). (from+n,to+n,C handler+n,depth)) xt

lemma [simp]: shift 0 at = xt

lemma [simp]: shift n [| = ||

lemma [simp]: shift n (xt; Q ate) = shift n xt; Q shift n xts
lemma [simpl: shift m (shift n at) = shift (m—+n) xt
lemma [simp]: pes (shift n xt) = {pc+n|pc. pc € pes xt}

lemma shift-compzFEs:
shows Apc pe’ d. shift pc (compzEs e pc’ d) = compzEs e (pe’ + pe) d
and Apc pc’ d. shift pc (compzEss es pc’ d) = compzEss es (pc’ + pe) d

lemma compzFEs-size-convs|simpl:
shows n # 0 = compzEs e n d = shift n (compzEs e 0 d)
and n # 0 = compzEss es n d = shift n (compzEss es 0 d)
locale TC2 = TC1 +

fixes T, :: ty and mzs :: pc
begin

definition
wi-instrs :: instr list = ex-table = ty;’ list = bool
(«(F - - /[:)/ - [0,0,51] 50) where
Fois,at [2] Ts «— size is < size Ts A pes at C {0..<size is} N
(V pe< size is. P,T,,mzs,size Ts,xt - islpe,pc :: T5)

end
notation TC2.wit-instrs («<(-,-,- =/ -, - /[::]/ - [50,50,50,50,50,51] 50)

lemma (in TC2) [simp]: 7s # [| = F [|,[] [::] s
lemma [simp]: eff i P pc et None = ||
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lemma wt-instr-appR:
[ P,T,m,mpec,at = islpc,pc :: Ts;
pe < size is; size is < size Ts; mpe < size T8; mpe < mpc’ |
= P,T,m,mpc’,at - islpc,pc :: 7sQTs’

lemma relevant-entries-shift [simp]:
relevant-entries P i (pc+n) (shift n at) = shift n (relevant-entries P i pc xt)

lemma [simp]:
xept-eff © P (pe+n) T (shift n at) =
map (A(pe,7). (pc + n, 7)) (zept-eff i P pc T at)

lemma [simp]:
appi (Zv P, pc, m, T? 7_) =
eff i P (pc+n) (shift n at) (Some 1) =
map (A(pe,7). (pc+n,7)) (eff i P pc at (Some 1))

lemma [simp):
xept-app © P (pc+n) mas (shift n xt) T = zept-app ¢ P pc mas xt T

lemma wt-instr-appL:
assumes P, T,m,mpc,zt & i,pc :: 7s and pc < size 7s and mpc < size Ts
shows P, T ,m,mpc + size 7s',shift (size Ts’) at - i,pc+size 78 :: 78'Qr1s

lemma wi-instr-Cons:
assumes wti: P,T,m;mpc — 1,[| F i,pc — 1 :: s

and pcl: 0 < pc and mpcl: 0 < mpc

and pcu: pc < size Ts + 1 and mpcu: mpc < size 7s + 1
shows P, T m,mpc,[] b i,pc :: T#7s

lemma wt-instr-append:
assumes wti: P,T,m,mpc — size 7s'\[| & i,pc — size 75" :: s

and pcl: size T8’ < pc and mpcl: size Ts' < mpc

and pcu: pc < size T7s + size Ts' and mpcu: mpec < size Ts + size s’
shows P, T m,mpc,[] b i,pc :: 7s'Qrs

lemma xcpt-app-pcs:
pc & pes at = xcept-app © P pc mas at T

lemma xcpt-eff-pcs:
pc & pes at = xept-eff ¢ P pc T xt = |]

lemma pcs-shift:
pc < n=> pc & pcs (shift n xt)

lemma wt-instr-appRz:

[ P,T,m,mpec,at & islpc,pc :: Ts; pe < size is; size is < size T8; mpc < size Ts |

= P,T,m,mpc,xt Q shift (size is) xt’ - islpc,pc = 75
lemma wt-instr-appLx:

[ P,T,m,mpe,at & i,pc :: Ts; pc & pes xt' ]

= P.T,m,mpc,at’Qxt - i,pc :: Ts

lemma (in TC2) wit-instrs-extR:
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Fois,at 2] 78 = b syt [2] 7s @ 757

lemma (in TC2) wt-instrs-ext:

assumes wiq: F isy,zt 2] 781Q750 and wio: b ise,xty [:] TSo
and Ts-size: size TS] = Size 1s1

shows - is;@Qisq, at; @Q shift (size is1) xta [:] 7$1QT 589

corollary (in TC2) wt-instrs-ext2:
[ F isa,xte [::] Ts2; b isy,xty [:] T$1QTs9; size 781 = size is; |
= b is1Qisq, xt1 Q shift (size is1) xta [::] T51QTs9

corollary (in TC2) wt-instrs-ext-prefix [trans|:
[ & dsi,aty [2] 751QTs9; b is,ata [::] T83;
size Ts1 = size isy; prefix TSz TSa |
= b is1Qisq, xt1 Q shift (size is1) xta [::] T51QTs9

corollary (in TC2) wt-instrs-app:
assumes is1: - isy,xty [:] 751Q[7]
assumes iso: b isy,xto [ THTS2
assumes S: size TS1 = Size 1Sy
shows + is;@Qisq, xt1Qshift (size isy) xty [::] T81QTH#TSo

corollary (in TC2) wt-instrs-app-last|[trans]:
assumes F isy,xty [] TH#TS2 b odsy,aty [] Ts1

last Ts1 = T size TS = size is1+1
shows b is1Qisy, at;Qshift (size is1) xta [::] T51QTs9

corollary (in TC2) wt-instrs-append-last[trans]:
assumes wtis: b is,zt [::] 7s and wti: P,T,,mxs,mpc,[| & i,pc :: Ts

and pc: pc = size is and mpc: mpc = size 7s and is-Ts: size is + 1 < size TS
shows F isQ[i],xt [::] Ts

corollary (in TC2) wt-instrs-app2:
[ & ise,ate [::] T'#7se; F isy,aty [] 7H#751Q[T;
xt’ = xty Q shift (size is1) wxta; size Ts1+1 = size isq |
= b is1Qisq,at’ [::] THTQT #7589

corollary (in TC2) wt-instrs-app2-simp[trans,simp):
[ & oise,ate [:2] T'#7s2; b isy,aty ] 7H#781Q[T); size Ts1+1 = size isy |
= I i1 Qisq, xt1Qshift (size is1) wtay [:] TH#HTS1QT #7359

corollary (in TC2) wt-instrs-Cons|simp]:
[7s # [I; & [, ] [7,7 ) & dsyat [] 7/#7s ]
= b i#is,shift 1 at [:] TH#7#7s
theory JinjaDCI
imports
J |/ Equivalence
J/ Annotate
JVM | JVMDefensive
BV /BVEzec
BV/LBVJVM
BV /BVNoTypeError
Compiler [ TypeComp
begin



Theory JinjaDCI 235

end



236



Bibliography

[1] S. Mansky and E. L. Gunter. Dynamic class initialization semantics: A jinja extension. In
Proceedings of the 8th ACM SIGPLAN International Conference on Certified Programs and

Proofs, CPP 2019, pages 209-221, New York, NY, USA, 2019. Association for Computing
Machinery.

237



	Jinja Source Language 
	Auxiliary Definitions
	Jinja types
	Class Declarations and Programs
	Relations between Jinja Types
	Jinja Values
	Objects and the Heap
	Exceptions
	Expressions
	Well-typedness of Jinja expressions
	Runtime Well-typedness
	Program State
	System Classes
	Generic Well-formedness of programs
	Weak well-formedness of Jinja programs
	Big Step Semantics
	Definite assignment
	Conformance Relations for Type Soundness Proofs
	Small Step Semantics
	Expression conformance properties
	Progress of Small Step Semantics
	Well-formedness Constraints
	Type Safety Proof
	Equivalence of Big Step and Small Step Semantics
	Program annotation

	Jinja Virtual Machine 
	State of the JVM
	Instructions of the JVM
	Exception handling in the JVM
	Program Execution in the JVM
	Program Execution in the JVM in full small step style
	A Defensive JVM
	The Jinja Type System as a Semilattice
	The JVM Type System as Semilattice
	Effect of Instructions on the State Type
	Monotonicity of eff and app
	The Bytecode Verifier 
	The Typing Framework for the JVM 
	Kildall for the JVM 
	LBV for the JVM 
	BV Type Safety Invariant
	Property preservation under 42 1000 63 1000 33 1000 58 1000 59 1000 44 1000 class-add
	Properties and types of the starting program
	BV Type Safety Proof 
	Welltyped Programs produce no Type Errors

	Compilation 
	An Intermediate Language
	Well-Formedness of Intermediate Language
	Program Compilation
	Compilation Stage 1
	Correctness of Stage 1
	Compilation Stage 2
	Correctness of Stage 2
	Combining Stages 1 and 2
	Preservation of Well-Typedness


