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Abstract. We extend the Jinja source code semantics by Klein and Nipkow with Java-style
arrays and threads. Concurrency is captured in a generic framework semantics for adding
concurrency through interleaving to a sequential semantics, which features dynamic thread
creation, inter-thread communication via shared memory, lock synchronisation and joins. Also,
threads can suspend themselves and be notified by others. We instantiate the framework
with the adapted versions of both Jinja source and byte code and show type safety for the
multithreaded case. Equally, the compiler from source to byte code is extended, for which we
prove weak bisimilarity between the source code small step semantics and the defensive Jinja
virtual machine. On top of this, we formalise the JMM and show the DRF guarantee and
consistency.
For description of the different parts, see [1, 2, 4, 3].
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Chapter 1

The generic multithreaded
semantics

1.1 State of the multithreaded semantics

theory FWState
imports

../ Basic/ Auziliary
begin

datatype lock-action =
Lock
| Unlock
| UnlockFail
| ReleaseAcquire

datatype ('t,’z,’m) new-thread-action =
NewThread 't 'z 'm
| ThreadEzists 't bool

datatype 't conditional-action =
Join 't
| Yield

datatype ('t, 'w) wait-set-action =
Suspend 'w
| Notify 'w
| NotifyAll "w
| WakeUp 't
| Notified
| WokenUp

datatype 't interrupt-action
= IsInterrupted 't bool
| Interrupt 't
| ClearInterrupt 't

type-synonym 'l lock-actions = 'l =f lock-action list



translations
(type) 'l lock-actions <= (type) 'l =f lock-action list

type-synonym
('lLt,)"z,"m,"w,’0) thread-action =
"l lock-actions x ('t,'z,'m) new-thread-action list x
't conditional-action list x ('t, 'w) wait-set-action list x
"t interrupt-action list x 'o list

(ML)
typ ('l,'t,’z,’m,"w,’0) thread-action

definition locks-a :: ('l,’t,'z,'m,"w,’0) thread-action = 'l lock-actions (<{-}p [0] 1000) where
locks-a = fst

definition thr-a :: ('l,'t,’z,’m,"w,’0) thread-action = ('t,’z,'m) new-thread-action list (<{-}}» [0] 1000)
where
thr-a = fst o snd

definition cond-a = ('l,'t,'z,'m,'w,’0) thread-action = 't conditional-action list («{-}¢> [0] 1000)
where
cond-a = fst o snd o snd

definition wset-a :: ('l,’t,’z,'m,’w,’0) thread-action = ('t, 'w) wait-set-action list (<{-fw> [0] 1000)
where
wset-a = fst o snd o snd o snd

definition interrupt-a :: ('l,’t,’z,'m,’w,’0) thread-action = 't interrupt-action list (<{-}y [0] 1000)
where
interrupt-a = fst o snd o snd o snd o snd

definition obs-a :: ('l,'t,’z,’m,"w,’0) thread-action = o list (<{-}o» [0] 1000) where
obs-a = snd o snd o snd o snd o snd

lemma locks-a-conv [simp]: locks-a (ls, ntsjswss) = s

(proof)

lemma thr-a-conv [simp): thr-a (ls, nts, jswss) = nts

(proof)

lemma cond-a-conv [simp]: cond-a (ls, nts, js, wws) = js

(proof)

lemma wset-a-conv [simp|: wset-a (Is, nts, js, wss, isobs) = wss

(proof)

lemma interrupt-a-conv [simp): interrupt-a (ls, nts, js, ws, is, obs) = is

(proof)

lemma obs-a-conv [simp]: obs-a (Is, nts, js, wss, is, obs) = obs
(proof)

fun ta-update-locks :: ('l,’t,’z,'m,"w,’0) thread-action = lock-action = 'l = ('l,'t,’x,’m,'w,’0) thread-action
where



ta-update-locks (Is, nts, js, wss, obs) lta | = (Is(l $:= Is $ 1 Q [lta]), nts, js, wss, 0bs)

fun ta-update-NewThread :: ('l,'t,’z,'m,'w,’0) thread-action = ('t,’z,'m) new-thread-action = ('l,'t,’z,'m,'w,’0)
thread-action where
ta-update-NewThread (ls, nts, js, wss, is, obs) nt = (Is, nts Q [nt], js, wss, is, 0bs)

fun ta-update-Conditional :: ('l,'t,"z,'m, "w,’0) thread-action = "t conditional-action = ('l,'t,"z,'m,"w,’0)
thread-action
where

ta-update-Conditional (ls, nts, js, wss, is, obs) j = (Is, nts, js Q [j], wss, is, obs)

fun ta-update-wait-set :: ('l,'t,"z,'m,"w,’0) thread-action = ('t, 'w) wait-set-action = ('l,’t,’z,'m,"w,’0)
thread-action where
ta-update-wait-set (ls, nts, js, wss, is, obs) ws = (ls, nts, js, wss Q [ws], is, 0bs)

fun ta-update-interrupt :: ('l,'t,’z,'m,’w,’o) thread-action = 't interrupt-action = ('l,'t,’z,'m,'w,’o0)
thread-action
where

ta-update-interrupt (ls, nts, js, wss, is, obs) i = (ls, nts, js, wss, is Q [i], obs)

fun ta-update-obs :: ('l,'t,’z,’m,"w,’0) thread-action = "o = ('l,’t,’z,’m,'w,’0) thread-action
where
ta-update-obs (Is, nts, js, wss, is, obs) ob = (ls, nts, js, wss, is, obs Q [0b])

abbreviation empty-ta :: ('l,’t,’z,"m,'w,’0) thread-action where

empty-ta = (K3 |, [, [I, l, [I, [)

notation (input) empty-ta (<)

Pretty syntax for specifying thread actions: Write { Lock—1, Unlock—1, Suspend w, In-
terrupt t} instead of ((K$ [])(I $:= [Lock, Unlock]), [], [Suspend w], [Interrupt t], []).

thread-action’ is a type that contains of all basic thread actions. Automatically coerce
basic thread actions into that type and then dispatch to the right update function by pattern
matching. For coercion, adhoc overloading replaces the generic injection inject-thread-action
by the specific ones, i.e. constructors. To avoid ambiguities with observable actions, the
observable actions must be of sort obs-action, which the basic thread action types are not.

class obs-action

datatype ('l,’t,’z,’m,'w,’0) thread-action’
= LockAction lock-action x 'l
| NewThreadAction ('t,’z,'m) new-thread-action
| ConditionalAction 't conditional-action
| WaitSetAction ('t, 'w) wait-set-action
| InterruptAction 't interrupt-action
| ObsAction ‘o

(ML)

fun thread-action’-to-thread-action ::

('L't,)"z,"m,"w,’0 :: obs-action) thread-action’ = ('l,’t,’z,'m,"w,’0) thread-action = ('l,t,’z,'m,"w, o)
thread-action
where

thread-action’-to-thread-action (LockAction (la, 1)) ta = ta-update-locks ta la 1
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| thread-action’-to-thread-action (NewThreadAction nt) ta = ta-update-NewThread ta nt
| thread-action’-to-thread-action (ConditionalAction ca) ta = ta-update-Conditional ta ca
| thread-action’-to-thread-action (WaitSetAction wa) ta = ta-update-wait-set ta wa

| thread-action’-to-thread-action (InterruptAction ia) ta = ta-update-interrupt ta ia

| thread-action’-to-thread-action (ObsAction ob) ta = ta-update-obs ta ob

consts inject-thread-action :: 'a = ('l,'t,’z,"m,’w,’0) thread-action’

nonterminal {a-let and ta-lets

syntax
-ta-snoc :: ta-lets = ta-let = ta-lets (<-,/ =)
-ta-block :: ta-lets = 'a (<{-}> [0] 1000)
-ta-empty :: ta-lets (<))
-ta-single :: ta-let = ta-lets (¢-»)
-ta-inject :: logic = ta-let (<(-)»)
-ta-lock :: logic = logic = ta-let (<-—-)

translations
-ta-block -ta-empty == CONST empty-ta
-ta-block (-ta-single bta) == -ta-block (-ta-snoc -ta-empty bta)

-ta-inject bta == CONST inject-thread-action bta
-ta-lock la | == CONST inject-thread-action (CONST Pair la 1)
-ta-block (-ta-snoc btas bta) == CONST thread-action’-to-thread-action bta (-ta-block btas)

adhoc-overloading
inject-thread-action = NewThreadAction ConditionalAction WaitSetAction InterruptAction ObsAc-
tion LockAction

lemma ta-upd-proj-simps [simp]:

shows ta-obs-proj-simps:

{ta-update-obs ta obs}t; = {tal}; {ta-update-obs ta obs}; = {talt; {ta-update-obs ta obs}w = {talw

{ta-update-obs ta obslc = {talt ¢ {ta-update-obs ta obs]; = {tal; {ta-update-obs ta obs}, = {tal, @Q
[0bs]

and ta-lock-proj-simps:

{ta-update-locks ta x It} = (let Is = {tal; in Is(l $:=Is $ | Q [z]))

{ta-update-locks ta U}y = {tal}; {ta-update-locks ta x U}y = {taltw {ta-update-locks ta z I} o = {tal}¢

{ta-update-locks ta = I} ; = {tal}; {ta-update-locks ta x I}, = {ta}o

and ta-thread-proj-simps:

{ta-update-NewThread ta t]}; = {ta}; {ta-update-NewThread ta t}+ = {tal}; Q [t] {ta-update-NewThread
ta thyw = {taltw

{ta-update-NewThread ta t}. = {tal}¢ {ta-update-NewThread ta t}}; = {tal}; {ta-update-NewThread
ta tho = {talo

and ta-wset-proj-simps:

{ta-update-wait-set ta w}; = {ta}; {ta-update-wait-set ta wly = {tal}s {ta-update-wait-set ta wly =
{talw @ [w]

{ta-update-wait-set ta wle = {ta}t¢ {ta-update-wait-set ta wl; = {tal}; {ta-update-wait-set ta wl, =
{talo

and ta-cond-proj-simps:

{ta-update-Conditional ta cl}; = {tal}; {te-update-Conditional ta c}t; = {tal}s {ta-update- Conditional
ta cly = {ta}w

{ta-update-Conditional ta cf} . = {tal} ¢ Q [c] {ta-update-Conditional ta c}}; = {tal}; {ta-update- Conditional
ta clo = {talto
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and ta-interrupt-proj-simps:

{ta-update-interrupt ta i}; = {tal}; {ta-update-interrupt ta if+ = {ta}s {ta-update-interrupt ta if} .
= {talc

{ta-update-interrupt ta i}y = {taltyw {ta-update-interrupt ta ift; = {tal}; @ [i] {ta-update-interrupt
ta ’Ll}o = {]tal}o
(proof)

lemma thread-action’-to-thread-action-proj-simps [simpl:
shows thread-action’-to-thread-action-proj-locks-simps:
{thread-action’-to-thread-action (LockAction (la, 1)) tal}; = {ta-update-locks ta la I},
{thread-action’-to-thread-action (NewThreadAction nt) tal}; = {ta-update-NewThread ta nt};
{thread-action’-to-thread-action (ConditionalAction ca) tal}; = {ta-update-Conditional ta cal;
{thread-action’-to-thread-action (WaitSetAction wa) tal}; = {ta-update-wait-set ta wal
{thread-action’-to-thread-action (InterruptAction ia) tal; = {ta-update-interrupt ta ial};
{thread-action’-to-thread-action (ObsAction ob) tal}; = {ta-update-obs ta obl};
and thread-action’-to-thread-action-proj-nt-simps:
{thread-action’-to-thread-action (LockAction (la, 1)) taly = {ta-update-locks ta la If}4
{thread-action’-to-thread-action (NewThreadAction nt) talt; = {ta-update-NewThread ta ntly
{thread-action’-to-thread-action (ConditionalAction ca) tal}; = {ta-update-Conditional ta calty
{thread-action’-to-thread-action (WaitSetAction wa) talty = {ta-update-wait-set ta waly
{thread-action’-to-thread-action (InterruptAction ia) tall; = {ta-update-interrupt ta ialt4
{thread-action’-to-thread-action (ObsAction ob) tal}; = {ta-update-obs ta obl},
and thread-action’-to-thread-action-proj-cond-simps:
{thread-action’-to-thread-action (LockAction (la, 1)) tal}e = {ta-update-locks ta la I} ¢
{thread-action’-to-thread-action (NewThreadAction nt) tal}. = {ta-update-NewThread ta ntf} .
{thread-action’-to-thread-action (ConditionalAction ca) tal}e = {ta-update-Conditional ta cal¢
(
(

A~ N S

{thread-action’-to-thread-action (WaitSetAction wa) talte = {ta-update-wait-set ta wal ¢
{thread-action’-to-thread-action (InterruptAction ia) talte = {ta-update-interrupt ta ial ¢
{thread-action’-to-thread-action (ObsAction ob) tal}. = {ta-update-obs ta obl} ¢
and thread-action’-to-thread-action-proj-wset-simps:
{thread-action’-to-thread-action (LockAction (la, 1)) taltyw = {ta-update-locks ta la 1}y
{thread-action’-to-thread-action (NewThreadAction nt) tal}y = {ta-update-NewThread ta ntlyy
{thread-action’-to-thread-action (ConditionalAction ca) talty = {ta-update-Conditional ta calty
{thread-action’-to-thread-action (WaitSetAction wa) talty = {ta-update-wait-set ta waltqy
{thread-action’-to-thread-action (InterruptAction ia) tally = {ta-update-interrupt ta ialtq
{thread-action’-to-thread-action (ObsAction ob) talty = {ta-update-obs ta obfy
and thread-action’-to-thread-action-proj-interrupt-simps:
thread-action’-to-thread-action (LockAction (la, 1)) ta}; = {ta-update-locks ta la If};
(3 (3
thread-action’-to-thread-action (NewThreadAction nt) tal; = {ta-update-NewThread ta ntf};
(3 1
thread-action’-to-thread-action (ConditionalAction ca) tal}; = {ta-update-Conditional ta cal;
1 7
thread-action’-to-thread-action (WaitSetAction wa) tal; = {ta-update-wait-set ta wal;
) 7
thread-action’-to-thread-action (InterruptAction ia) tal; = {ta-update-interrupt ta ial;
3 7
thread-action’-to-thread-action (ObsAction ob) talt; = {ta-update-obs ta obl};
(3 7
and thread-action’-to-thread-action-proj-obs-simps:
{thread-action’-to-thread-action (LockAction (la, 1)) talo = {ta-update-locks ta la I} o
{thread-action’-to-thread-action (NewThreadAction nt) tal}, = {ta-update-NewThread ta ntf
{thread-action’-to-thread-action (ConditionalAction ca) tal}o = {ta-update-Conditional ta calto
{thread-action’-to-thread-action (WaitSetAction wa) talto = {ta-update-wait-set ta wal o
(
(

A~ N N

{thread-action’-to-thread-action (InterruptAction ia) talto = {ta-update-interrupt ta ialo
{thread-action’-to-thread-action (ObsAction ob) tal}o = {ta-update-obs ta oblo
(proof)

lemmas ta-upd-simps =
ta-update-locks.simps ta-update-NewThread.simps ta-update-Conditional.simps
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ta-update-wait-set.simps ta-update-interrupt.simps ta-update-obs.simps
thread-action’-to-thread-action.simps

declare ta-upd-simps [simp del]

hide-const (open)
LockAction NewThreadAction ConditionalAction WaitSetAction InterruptAction ObsAction
thread-action’-to-thread-action

hide-type (open) thread-action’

datatype wake-up-status =
WSNotified
| WSWokenUp

datatype 'w wait-set-status =
InWS "w
| PostWS wake-up-status

type-synonym 't lock = ('t X nat) option

type-synonym ('l,'t) locks = 'l =f 't lock

type-synonym ‘I released-locks = 'l =f nat

type-synonym ('l,'t,’z) thread-info = 't — (‘z x 'l released-locks)

type-synonym (‘w,’t) wait-sets = 't = 'w wait-set-status

type-synonym 't interrupts = 't set

type-synonym ('l,'t,’z,'m,'w) state = ('l,’t) locks x (('l,'t,’z) thread-info x 'm) x ('w,’t) wait-sets
x 't interrupts

translations
(type) ('l, 't) locks <= (type) 'l =f ("t x nat) option
(type) ("I, 't, 'z) thread-info <= (type) 't — ('z x ('l =f nat))

(M)
typ (','t,’z,'m,'w) state

abbreviation no-wait-locks :: 'l =f nat
where no-wait-locks = (K$ 0)

lemma neq-no-wait-locks-conuv:

Aln. In # no-wait-locks +— (3. In $ 1> 0)
(proof)

lemma neg-no-wait-locksE:
fixes In assumes In # no-wait-locks obtains | where In $ | > 0

(proof)

Use type variables for components instead of ('l, 't, 'z, 'm, 'w) state in types for state
projections to allow to reuse them for refined state implementations for code generation.

definition locks :: ('locks x ('thread-info x 'm) x 'wsets x 'interrupts) = ’locks where
locks lstsmws = fst Istsmuws

definition thr :: (locks x ("thread-info x 'm) x 'wsets x "interrupts) = 'thread-info where
thr Istsmws = fst (fst (snd lstsmuws))
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definition shr :: (‘locks x ('thread-info x 'm) x 'wsets x 'interrupts) = 'm where
shr lstsmws = snd (fst (snd lstsmws))

definition wset :: (locks x ('thread-info x 'm) x 'wsets x 'interrupts) = 'wsets where
wset Istsmws = fst (snd (snd Istsmws))

definition interrupts :: ('locks x ("thread-info x 'm) x 'wsets x 'interrupts) = 'interrupts where
interrupts lstsmws = snd (snd (snd lstsmuws))

lemma locks-conv [simp]: locks (s, tsmws) = s

(proof)

lemma thr-conv [simp]: thr (s, (ts, m), ws) = ts
(proof)

lemma shr-conv [simp]: shr (s, (s, m), ws, is) = m

(proof)

lemma wset-conv [simpl: wset (Is, (ts, m), ws, is) = ws
(proof)

lemma interrupts-conv [simpl: interrupts (Is, (ts, m), ws, is) = s

(proof)

primrec convert-new-thread-action :: ('z = 'z’) = ('t,’z,'m) new-thread-action = ('t,’z’,'m) new-thread-action
where

convert-new-thread-action f (NewThread t © m) = NewThread t (f z) m
| convert-new-thread-action f (ThreadExists t b) = ThreadExists t b

lemma convert-new-thread-action-inv [simp):
NewThread t x h = convert-new-thread-action f nta +— (3z’. nta = NewThread t ' h N z = fz)
ThreadFxists t b = convert-new-thread-action f nta «— nta = ThreadExists t b
convert-new-thread-action f nta = NewThread t © h «+— (3z'. nta = NewThread t x' h A z = fz’)
convert-new-thread-action f nta = ThreadFxists t b <— nta = ThreadFxists t b

(proof)

lemma convert-new-thread-action-eql:
[ At x m. nta = NewThread t £ m = nta’ = NewThread t (f x) m;
At b. nta = ThreadExists t b = nta’ = ThreadExists t b |
= convert-new-thread-action f nta = nta’

(proof)

lemma convert-new-thread-action-compose [simp]:
convert-new-thread-action f (convert-new-thread-action g ta) = convert-new-thread-action (f o g) ta

(proof)

lemma inj-convert-new-thread-action [simpl:
inj (convert-new-thread-action f) = inj f

(proof)

lemma convert-new-thread-action-id:
convert-new-thread-action id = (id :: ('t, 'z, 'm) new-thread-action = ('t, 'z, 'm) new-thread-action)
(is ?thesisl)
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convert-new-thread-action (Az. ) = (id :: ('t, 'z, 'm) new-thread-action = ('t, 'z, 'm) new-thread-action)
(is “thesis2)
(proof)

definition convert-extTA :: ('z = 'z") = ('1,'t,"z,'m,’w, o) thread-action = ('l,’t,’z’,'m,’w, o) thread-action

where convert-extTA fta = ({talt;, map (convert-new-thread-action f) {taly, snd (snd ta))

lemma convert-ext TA-simps [simp]:

convert-extTA f e = ¢

{convert-extTA f tal}; = {ta}

{convert-extTA f ta}s = map (convert-new-thread-action f) {tal+

{convert-extTA f ta}e = {tale

{convert-extTA f talw = {ta}w

{convert-extTA f tal}t; = {ta};

convert-extTA f (las, tas, was, cas, is, obs) = (las, map (convert-new-thread-action f) tas, was, cas,
is, obs)

(proof)

lemma convert-ext TA-eq-conv:

convert-extTA f ta = ta’ +—

Jtab; = Jta'ky A Qtabe = Jta'ke A Qtab = Jta'bu A Qtabo = Jta'bo A Jtal; = ftahi A length
{tal}; = length {ta’}s A

(Vn < length {tal}s. convert-new-thread-action f ({tal}; ! n) = {ta’}+ ! n)
(proof)

lemma convert-extTA-compose [simp]:
convert-extTA f (convert-extTA g ta) = convert-extTA (f o g) ta

(proof)

lemma obs-a-convert-extTA [simp|: obs-a (convert-extTA f ta) = obs-a ta

(proof)
Actions for thread start/finish

datatype ’o action =
NormalAction o

| Initial ThreadAction

| ThreadFinishAction

instance action :: (type) obs-action

(proof)

definition convert-obs-initial :: ('l,'t,"z,'m,"w,’0) thread-action = ('l,'t,’z,'m,"w,’o action) thread-action
where
convert-obs-initial ta = ({ta};, {tals, {tale, {ta}w, {tal;, map NormalAction {tal,)

lemma inj-NormalAction [simp]: inj NormalAction

(proof)

lemma convert-obs-initial-inject [simp]:
convert-obs-initial ta = convert-obs-initial ta’ +— ta = ta’

(proof)

lemma convert-obs-initial-empty-TA [simpl:
convert-obs-initial € = ¢



(proof)

lemma convert-obs-initial-eq-empty-TA [simp]:
convert-obs-initial ta = € +— ta = ¢
€ = convert-obs-initial ta <— ta = ¢

(proof)

lemma convert-obs-initial-simps [simp):
{convert-obs-initial talt, = map NormalAction {ta},
{convert-obs-initial tal}; = {ta}
{convert-obs-initial tal}; = {tal};
{convert-obs-initial tal}c = {tal}c
{convert-obs-initial tayw = {ta}w
{convert-obs-initial tal}t; = {tal;

(proof)

type-synonym
('l,’t,"x,'m,"w,’0) semantics =
t= "z x 'm= ('l,'t,)z,'m,'w,’0) thread-action = 'z x 'm = bool

(ML)
typ ('1,’t,’z,"m,'w,’0) semantics

end

1.2 All about a managing a single lock

theory FWLock
imports

FWState
begin

fun has-locks :: 't lock = 't = nat where
has-locks None t = 0
| has-locks |(t', n)| t = (if t = t’ then Suc n else 0)

lemma has-locks-iff:

has-locks I t = n +—

(I = None An=20)V

G3n’l=1tn)] ANSucn’=n)v (3t'n. =, n)| ANt'#tAn=0)
(proof)

lemma has-locksE:
[ has-locks I t = n;
[l = None;n=0] = P
An' [ 1= 1[(t n")]; Sucn'=n] = P;
Nt'n' [l=[,n)];¢#tn=0] = P]
= P

(proof)

inductive may-lock :: 't lock = 't = bool where

15
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may-lock None t
| may-lock |(t, n)| ¢

lemma may-lock-iff [code]:
may-lock | t = (case | of None = True | |(t/, n)| = t = t/)

(proof)

lemma may-lockl:
Il = NoneV (In. Il = [(t, n)]) = may-lock | t

(proof)

lemma may-lockE [consumes 1, case-names None Locked):
[ may-lock I t; | = None = P; An. l=|(t, n)] = P] =P
(proof)

lemma may-lock-may-lock-t-eq:
[ may-lock | t; may-lock 1 t'] = (I = None) V (t = t')
(proof)

abbreviation has-lock :: 't lock = 't = bool
where has-lock |t = 0 < has-locks | t

lemma has-locks-Suc-has-lock:
has-locks l t = Suc n = has-lock | t

(proof)

lemmas has-lock-has-locks-Suc = gr0-implies-Suc[where n = has-locks 1 t] for [t

lemma has-lock-has-locks-conv:
has-lock | t <— (I n. has-locks | t = (Suc n))

(proof)

lemma has-lock-may-lock:
has-lock | t = may-lock 1 t

(proof)

lemma has-lock-may-lock-t-eq:
[ has-lock | t; may-lock 1 t'] = t = t’
(proof)

lemma has-locks-has-locks-t-eq:
[has-locks I t = Suc n; has-locks 1 t' = Suc n'] = t = t’

(proof)

lemma has-lock-has-lock-t-eq:
[ has-lock | t; has-lock 1 t' ] = t = t’
(proof)

lemma not-may-lock-conv:
= may-lock 1 t +— (3t". t' # t A has-lock | t')

(proof)



17

fun lock-lock :: 't lock = 't = 't lock where
lock-lock None t = [ (¢, 0)]
| lock-lock [(t', n)] t = |(t/, Suc n)]

fun unlock-lock :: 't lock = 't lock where
unlock-lock None = None
| unlock-lock |(t, n)] = (case n of 0 = None | Suc n’ = |(t, n')])

fun release-all :: 't lock = 't = 't lock where
release-all None t = None
| release-all |(t', n)| t = (if t = t’ then None else |(t/, n)|)

fun acquire-locks :: 't lock = 't = nat = 't lock where
acquire-locks L t 0 = L
| acquire-locks L t (Suc m) = acquire-locks (lock-lock L t) t m

lemma acquire-locks-conuv:

acquire-locks L t n = (case L of None = (case n of 0 = None | Suc m = |(¢t, m)]) | |[(t/, m)| =
L(t n + m)])
(proof )

lemma lock-lock-ls-Some:

3t' n. lock-lock 1t = |(t', n)]|
(proof)

lemma unlock-lock-SomeD:
unlock-lock | = |(t/, n)] = 1 = [(t', Suc n)]
(proof)

lemma has-locks-Suc-lock-lock-has-locks-Suc-Suc:
has-locks 1 t = Suc n => has-locks (lock-lock 1 t) t = Suc (Suc n)

(proof)

lemma has-locks-lock-lock-conv [simp]:
may-lock | t = has-locks (lock-lock | t) t = Suc (has-locks 1 t)

(proof)

lemma has-locks-release-all-conv [simpl:
has-locks (release-all 1 t) t = 0

(proof)

lemma may-lock-lock-lock-conv [simp]: may-lock (lock-lock 1 t) t = may-lock 1t

(proof)

lemma has-locks-acquire-locks-conv [simp):
may-lock | t = has-locks (acquire-locks 1 t n) t = has-locks lt + n

(proof)

lemma may-lock-unlock-lock-conv [simp]:
has-lock | t = may-lock (unlock-lock 1) t = may-lock [ t

(proof)
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lemma may-lock-release-all-conv [simp]:
may-lock (release-all 1 t) t = may-lock 1 ¢

(proof)

lemma may-lock-t-may-lock-unlock-lock-t:
may-lock | t = may-lock (unlock-lock 1) t

(proof)

lemma may-lock-has-locks-lock-lock-0:
[may-lock 1 t'; t # t'] = has-locks (lock-lock 1 t') t = 0
(proof)

lemma has-locks-unlock-lock-conv [simp]:
has-lock | t = has-locks (unlock-lock 1) t = has-locks |t — 1

(proof)

lemma has-lock-lock-lock-unlock-lock-id [simp]:
has-lock | t = lock-lock (unlock-lock 1) t =1

(proof)

lemma may-lock-unlock-lock-lock-lock-id [simp:
may-lock | t = unlock-lock (lock-lock 1 t) =1
(proof)

lemma may-lock-has-locks-0:
[ may-lock 1 t; t # t'] = has-locks 1 t' = 0
(proof)

fun upd-lock :: 't lock = 't = lock-action = 't lock
where
upd-lock 1 t Lock = lock-lock | t
| upd-lock 1 t Unlock = unlock-lock 1
| upd-lock I t UnlockFail = 1
| upd-lock | t ReleaseAquire = release-all I t

fun upd-locks :: 't lock = "t = lock-action list = 't lock
where

upd-locks Lt [] = 1
| upd-locks It (L # Ls) = upd-locks (upd-lock l t L) t Ls

lemma upd-locks-append [simp]:
upd-locks 1 t (Ls @ Ls") = upd-locks (upd-locks I t Ls) t Ls’
(proof )

lemma upd-lock-Some-thread-idD:
assumes ul: upd-lock It L = [(¢/, n)]
and tt" ¢ # t’/
shows In. [ = [(t/, n)|

(proof)
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lemma has-lock-upd-lock-implies-has-lock:
[ has-lock (upd-lock 1t L) t'; t # t' ] = has-lock 1 t’
(proof)

lemma has-lock-upd-locks-implies-has-lock:
[ has-lock (upd-locks It Ls) t'; t # t'] = has-lock 1 t’
(proof)

fun lock-action-ok :: 't lock = 't = lock-action = bool where
lock-action-ok 1 t Lock = may-lock | t

| lock-action-ok | t Unlock = has-lock 1 t

| lock-action-ok | t UnlockFail = (= has-lock 1 t)

| lock-action-ok | t ReleaseAcquire = True

fun lock-actions-ok :: 't lock = 't = lock-action list = bool where

lock-actions-ok 1 t [| = True
| lock-actions-ok 1t (L # Ls) = (lock-action-ok I t L A lock-actions-ok (upd-lock It L) t Ls)

lemma lock-actions-ok-append [simp]:
lock-actions-ok 1 t (Ls @ Ls') «+— lock-actions-ok 1 t Ls N\ lock-actions-ok (upd-locks 1t Ls) t Ls’

(proof)

lemma not-lock-action-okE [consumes 1, case-names Lock Unlock UnlockFuail:
[ = lock-action-ok I t L;
[ L = Lock; — may-lock 1 t | = Q;
[ L = Unlock; = has-lock It | = Q;
[ L = UnlockFail; has-lock 1t | = Q]
= Q
(proof)

lemma may-lock-upd-lock-conv [simp]:
lock-action-ok | t L = may-lock (upd-lock I t L) t = may-lock | ¢
(proof )

lemma may-lock-upd-locks-conv [simp]:
lock-actions-ok 1 t Ls => may-lock (upd-locks | t Ls) t = may-lock 1 t
(proof)

lemma lock-actions-ok-Lock-may-lock:
[ lock-actions-ok 1 t Ls; Lock € set Ls | = may-lock 1 t

(proof)

lemma has-locks-lock-lock-conv’ [simp]:
[ may-lock 1 t; t # t' ] = has-locks (lock-lock | t") t = has-locks 1 t

(proof)

lemma has-locks-unlock-lock-conv’ [simp]:
[ has-lock 1 t'; t # t' ] = has-locks (unlock-lock 1) t = has-locks 1 t

(proof)

lemma has-locks-release-all-conv’ [simp]:
t # t' = has-locks (release-all 1 t") t = has-locks 't
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(proof)

lemma has-locks-acquire-locks-conv’ [simp]:
[ may-lock I t; t # t' ]| = has-locks (acquire-locks | t n) t' = has-locks I t’
(proof)

lemma lock-action-ok-has-locks-upd-lock-eq-has-locks [simp):
[ lock-action-ok I t' L; t # t' | = has-locks (upd-lock I t' L) t = has-locks I t
(proof )

lemma lock-actions-ok-has-locks-upd-locks-eq-has-locks [simp]:
[ lock-actions-ok I t' Ls; t # t' ]| = has-locks (upd-locks  t’ Ls) t = has-locks 1 t

(proof)

lemma has-lock-acquire-locks-implies-has-lock:
[ has-lock (acquire-locks It n) t'; t # t' ] = has-lock 1 t’
(proof)

lemma has-lock-has-lock-acquire-locks:
has-lock | T = has-lock (acquire-locks 1t n) T

(proof)

fun lock-actions-ok’ :: 't lock = 't = lock-action list = bool where
lock-actions-ok’ 1t [| = True
| lock-actions-ok’ 1t (L#Ls) = ((L = Lock N = may-lock | t) V
lock-action-ok I t L A lock-actions-ok’ (upd-lock 1t L) t Ls)

lemma lock-actions-ok’-iff:
lock-actions-ok’ | t las <—
lock-actions-ok | t las V (s ys. las = xs Q Lock # ys A lock-actions-ok | t xs A = may-lock
(upd-locks 1 t xs) t)
(proof )

lemma lock-actions-ok'E[consumes 1, case-names ok Lock]:
[ lock-actions-ok’ 1t las;
lock-actions-ok | t las = P;
Azs ys. [ las = xs @Q Lock # ys; lock-actions-ok | t xs; = may-lock (upd-locks 1t zs) t ] = P ]
— P

(proof)

end

1.3 Semantics of the thread actions for locking

theory F'WLocking
imports

FWLock
begin

definition red T-updLs :: ('l,’t) locks = 't = 'l lock-actions = ('l,'t) locks where
redT-updLs ls t las = (A(I, la). upd-locks | t la) o$ (($1s, las$))



lemma red T-updLs-iff [simp]: red T-updLs ls t las $ | = upd-locks (Is $ 1) ¢ (las $ 1)
(proof)

lemma upd-locks-empty-conv [simp]: (A(I, las). upd-locks | t las) o$ ($ls, K$ [|$) = Is
(proof )

lemma redT-updLs-Some-thread-idD:
[ has-lock (redT-updLsls t las $ 1) t'; t # t' | = has-lock (Is $ 1) t’
(proof)

definition acquire-all :: ('l; 't) locks = 't = ('l =f nat) = ('l, 't) locks
where Aln. acquire-all ls t In = (A(I, la). acquire-locks I t la) o$ (($ls, In$))

lemma acquire-all-iff [simp]:
Nin. acquire-all Is t In $ | = acquire-locks (Is $ 1) ¢t (In $ 1)
(proof)

definition lock-ok-las :: ('l,'t) locks = 't = 'l lock-actions = bool where
lock-ok-las ls t las = V I. lock-actions-ok (Is $ 1) t (las $ 1)

lemma lock-ok-lasI [intro]:
(AL lock-actions-ok (Is $ 1) t (las $ 1)) = lock-ok-las Is t las
(proof )

lemma lock-ok-lasE:
[ lock-ok-las Is t las; (Al lock-actions-ok (Is $ 1) t (las$ 1)) = Q] = @
(proof )

lemma lock-ok-lasD:
lock-ok-las Is t las = lock-actions-ok (Is $ 1) t (las $ 1)

(proof)

lemma lock-ok-las-code [code]:
lock-ok-las Is t las = finfun-All (A(1, la). lock-actions-ok 1 t la) o$ ($Is, las$))
(proof )

lemma lock-ok-las-may-lock:
[ lock-ok-las ls t las; Lock € set (las $ 1) | = may-lock (Is $ 1) ¢

(proof)

lemma red T-updLs-may-lock [simp]:
lock-ok-las Is t las = may-lock (redT-updLs ls t las $ 1) t = may-lock (Is $ 1) ¢
(proof )

lemma red T-updLs-has-locks [simp]:
[ lock-ok-las Is t' las; t # t' ]| = has-locks (redT-updLs Is t' las $ 1) t = has-locks (Is $ 1) ¢
(proof)

definition may-acquire-all :: ('l, 't) locks = "t = ('l =f nat) = bool
where Aln. may-acquire-all Is t In = V1. In $ 1 > 0 — may-lock (Is $ 1) ¢

lemma may-acquire-alll [introl:
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Aln. (AL In$ 1 > 0 = may-lock (Is $ 1) t) = may-acquire-all ls t In
(proof)

lemma may-acquire-allE:
Ain. [ may-acquire-all ls t In; V1. In $ 1 > 0 — may-lock (Is$ 1)t = P] = P

(proof)

lemma may-acquire-allD [dest]:
Ain. [ may-acquire-all ls t In; In $ 1 > 0 | = may-lock (Is $ 1) t
(proof)

lemma may-acquire-all-has-locks-acquire-locks [simp]:

fixes In

shows [ may-acquire-all Is t In; t # t' | = has-locks (acquire-locks (Is $ 1) t (In $ 1)) ¢’ = has-locks
(Is$ 1)t
(proof)

lemma may-acquire-all-code [code]:
Aln. may-acquire-all Is t In <— finfun-All (M(lock, n). n > 0 — may-lock lock t) o$ ($ls, in3))
(proof )

definition collect-locks :: 'l lock-actions = 'l set where
collect-locks las = {l. Lock € set (las $ 1)}

lemma collect-locksl:
Lock € set (las $ 1) = 1 € collect-locks las

(proof)

lemma collect-locksE:
[ 1 € collect-locks las; Lock € set (las$ 1) = P ]| = P

(proof)

lemma collect-locksD:
I € collect-locks las = Lock € set (las $ 1)

(proof)

fun must-acquire-lock :: lock-action list = bool where
must-acquire-lock || = False

| must-acquire-lock (Lock # las) = True

| must-acquire-lock (Unlock # las) = False

| must-acquire-lock (- # las) = must-acquire-lock las

lemma must-acquire-lock-append:
must-acquire-lock (zs Q ys) <— (if Lock € set xs V Unlock € set xs then must-acquire-lock zs else
must-acquire-lock ys)

(proof)

lemma must-acquire-lock-contains-lock:
must-acquire-lock las = Lock € set las

(proof)

lemma must-acquire-lock-conv:
must-acquire-lock las = (case (filter (AL. L = Lock Vv L = Unlock) las) of || = False | L # Ls = L
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= Lock)
(proof)

definition collect-locks’ :: 'l lock-actions = 'l set where
collect-locks’ las = {l. must-acquire-lock (las $ 1)}

lemma collect-locks'I:
must-acquire-lock (las $ 1) = 1 € collect-locks’ las
(proof)

lemma collect-locks'E:
[ 1€ collect-locks’ las; must-acquire-lock (las $ 1) = P ]| = P
(proof )

lemma collect-locks’-subset-collect-locks:
collect-locks’ las C collect-locks las

(proof)

definition lock-ok-las’ :: (l,’t) locks = 't = 'l lock-actions = bool where
lock-ok-las’ Is t las = V I. lock-actions-ok’ (Is $ 1) ¢ (las $ 1)

lemma lock-ok-las'I: (\I. lock-actions-ok’ (Is $ 1) t (las $ 1)) = lock-ok-las’ Is t las
(proof)

lemma lock-ok-las’D: lock-ok-las’ Is t las = lock-actions-ok’ (Is $ 1) t (las $ 1)

(proof)

lemma not-lock-ok-las’-conv:
= lock-ok-las’ ls t las «+— (3 1. = lock-actions-ok’ (Is $ 1) t (las $ 1))
(proof )

lemma lock-ok-las’-code:
lock-ok-las’ Is t las = finfun-All (A(I, la). lock-actions-ok' [ t la) o$ ($ls, las$))
(proof)

lemma lock-ok-las’-collect-locks’-may-lock:
assumes lot” lock-ok-las’ Is t las
and mayl: Y1 € collect-locks’ las. may-lock (Is $ 1) t
and I: | € collect-locks las
shows may-lock (Is $ 1) ¢

(proof)

lemma lock-actions-ok’-must-acquire-lock-lock-actions-ok:
[ lock-actions-ok’ 1 t Ls; must-acquire-lock Ls — may-lock | t] = lock-actions-ok 1 t Ls
(proof )

lemma lock-ok-las’-collect-locks-lock-ok-las:
assumes lol”: lock-ok-las’ Is t las
and clml: Al. | € collect-locks las = may-lock (Is $ 1) t
shows lock-ok-las Is t las

(proof)
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lemma lock-ok-las’-into-lock-on-las:
[lock-ok-las’ Is t las; Nl. | € collect-locks’ las => may-lock (Is $ 1) t] = lock-ok-las s t las

(proof)

end

1.4 Semantics of the thread actions for thread creation

theory FWThread
imports

FWState
begin

Abstractions for thread ids

context
notes [[inductive-internals]]
begin

inductive free-thread-id :: ('l,'t,’z) thread-info = "t = bool
for ts :: ('l,'t,’z) thread-info and ¢t :: 't
where ts t = None = free-thread-id ts t

declare free-thread-id.cases [elim)
end

lemma free-thread-id-iff: free-thread-id ts t = (ts t = None)
(proof )

Update functions for the multithreaded state

fun redT-updT :: ('l,'t,’z) thread-info = ('t,’r,'m) new-thread-action = ('l,'t,’z) thread-info
where

redT-updT ts (NewThread t' x m) = ts(t’' — (z, no-wait-locks))
| redT-updT ts - = ts

fun redT-updTs :: ('l,'t,'z) thread-info = ('t,’z,’m) new-thread-action list = ('l,'t,’z) thread-info
where

redT-updTs ts [| = ts
| redT-updTs ts (ta#tas) = redT-updTs (redT-updT ts ta) tas

lemma red T-updTs-append [simp):
redT-updTs ts (tas Q tas’) = redT-updTs (redT-updTs ts tas) tas’
(proof)

lemma red T-updT-None:
redT-updT ts ta t = None = ts t = None

(proof)

lemma redT-updTs-None: redT-updTs ts tas t = None =—> ts t = None
(proof)

lemma redT-updT-Somel:
ts t = |ow|] = Jaw. redT-updT ts ta t = |2w]
(proof )
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lemma red T-updTs-Somel:
ts t = |ow] = Jaw. redT-updTs ts tas t = |zw|
(proof)

lemma red T-updT-finite-dom-inv:
finite (dom (redT-updT ts ta)) = finite (dom ts)
(proof)

lemma redT-updTs-finite-dom-inv:
finite (dom (redT-updTs ts tas)) = finite (dom ts)
(proof )

Preconditions for thread creation actions

These primed versions are for checking preconditions only. They allow the thread actions
to have a type for thread-local information that is different than the thread info state itself.

fun redT-updT’ :: ('l,'t,’z) thread-info = ('t,’z’,'m) new-thread-action = ('l,’t,'z) thread-info
where

redT-updT’ ts (NewThread t' x m) = ts(t' — (undefined, no-wait-locks))
| redT-updT’ ts - = ts

fun redT-updTs' :: ('l,’t,'z) thread-info = ('t,’z’,'m) new-thread-action list = ('l,'t,’z) thread-info
where

red T-updTs' ts [| = ts
| redT-updTs' ts (ta#ttas) = redT-updTs’ (redT-updT’ ts ta) tas

lemma red T-updT’-None:
redT-updT’ ts ta t = None = ts t = None

(proof)

primrec thread-ok :: ('l,’t,'x) thread-info = ('t,’x’,'m) new-thread-action = bool

where
thread-ok ts (NewThread t © m) = free-thread-id ts t
| thread-ok ts (ThreadExists t b) = (b # free-thread-id ts t)

fun thread-oks :: ('l,'t,’t) thread-info = ('t,’z’,'m) new-thread-action list = bool
where

thread-oks ts [| = True
| thread-oks ts (ta#tas) = (thread-ok ts ta A thread-oks (redT-updT’ ts ta) tas)

lemma thread-ok-ts-change:
(A\t. ts t = None <— ts' t = None) = thread-ok ts ta «— thread-ok ts’ ta
(proof )

lemma thread-oks-ts-change:
(A\t. ts t = None <— ts' t = None) = thread-oks ts tas «— thread-oks ts’ tas

(proof)

lemma red T-updT'-eq-None-conv:
(A\t. tst = None <— ts' t = None) = redT-updT’ ts ta t = None «— redT-updT ts’ ta t = None
(proof)

lemma red T-updTs’-eq-None-conv:
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(A\t. ts t = None <— ts' t = None) = redT-updTs’ ts tas t = None «— redT-updTs ts’ tas t =
None

(proof)

lemma thread-oks-red T-updT-conv [simpl:
thread-oks (redT-updT' ts ta) tas = thread-oks (red T-updT ts ta) tas

(proof)

lemma thread-oks-append [simp]:
thread-oks ts (tas Q tas’) = (thread-oks ts tas N thread-oks (redT-updTs’ ts tas) tas’)
(proof)

lemma thread-oks-red T-upd Ts-conv [simp]:
thread-oks (redT-updTs’ ts ta) tas = thread-oks (redT-updTs ts ta) tas

(proof)

lemma red T-updT-Some:
[ ts t = |zw]; thread-ok ts ta | = redT-updT ts ta t = |zw]
(proof)

lemma redT-updTs-Some:
[ ts t = |zw]; thread-oks ts tas | => redT-updTs ts tas t = |zw]
(proof)

lemma red T-updT'-Some:
[ ts t = |aw]; thread-ok ts ta | = redT-updT' ts ta t = |zw]
(proof)

lemma red T-updTs’-Some:
[ ts t = |aw]; thread-oks ts tas | = redT-updTs’ ts tas t = |zw]
(proof)

lemma thread-ok-new-thread:
thread-ok ts (NewThread t m' ) = ts t = None

(proof)

lemma thread-oks-new-thread:
[ thread-oks ts tas; NewThread t x m € set tas | = ts t = None

(proof)

lemma redT-updT-new-thread-ts:
thread-ok ts (NewThread t x m) = redT-updT ts (NewThread t x m) t = |(z, no-wait-locks) ]
(proof)

lemma redT-updTs-new-thread-ts:
[ thread-oks ts tas; NewThread t x m € set tas | = redT-updT5 ts tas t = |(z, no-wait-locks)]
(proof )

lemma red T-upd T-new-thread:
[ redT-updT ts ta t = |(z, w)|; thread-ok ts ta; ts t = None | = Im. ta = NewThread t t m A w



27

= no-wait-locks

(proof)

lemma red T-updTs-new-thread:
[ red T-updTs ts tas t = |(z, w)|; thread-oks ts tas; ts t = None |
= Im .NewThread t z m € set tas N w = no-wait-locks

(proof)

lemma redT-upd T-upd:
[ ts t = |aw]; thread-ok ts ta | = (redT-updT ts ta)(t — zw’) = redT-updT (ts(t — zw")) ta
(proof)

lemma red T-updTs-upd:
[ ts t = |aw]; thread-oks ts tas | = (redT-updTs ts tas)(t — zw') = redT-updTs (ts(t — zw’)) tas

(proof)

lemma thread-ok-upd:
ts t = |zln| = thread-ok (ts(t — xln’)) ta = thread-ok ts ta

(proof)

lemma thread-oks-upd:
ts t = |zln| = thread-oks (ts(t — zln')) tas = thread-oks ts tas

(proof)

lemma thread-ok-convert-new-thread-action [simp):
thread-ok ts (convert-new-thread-action f ta) = thread-ok ts ta

(proof)

lemma red T-updT’-convert-new-thread-action-eq-None:
red T-updT’ ts (convert-new-thread-action f ta) t = None +— redT-updT’ ts ta t = None

(proof)

lemma thread-oks-convert-new-thread-action [simp]:
thread-oks ts (map (convert-new-thread-action f) tas) = thread-oks ts tas

(proof)

lemma map-red T-upd T

map-option (map-prod fid) (redT-updT ts ta t) =

redT-updT (At. map-option (map-prod fid) (ts t)) (convert-new-thread-action f ta) t
(proof)

lemma map-red T-updTs:

map-option (map-prod f id) (redT-updTs ts tas t) =

red T-updTs (At. map-option (map-prod fid) (ts t)) (map (convert-new-thread-action f) tas) t
(proof)

end

1.5 Semantics of the thread actions for wait, notify and inter-
rupt

theory FWWait
imports
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FWState
begin

Update functions for the wait sets in the multithreaded state

inductive redT-updW :: 't = ('w, 't) wait-sets = ('t,'w) wait-set-action = ('w,’t) wait-sets = bool
for ¢t :: 't and ws :: ('w, 't) wait-sets
where
ws t' = [ InWS w| = redT-updW t ws (Notify w) (ws(t’ — PostWS WSNotified))
| (At wst' # | InWS w|) = redT-updW t ws (Notify w) ws
| red T-updW t ws (NotifyAll w) (At. if ws t = | InWS w| then | PostWS WSNotified| else ws t)
| redT-updW t ws (Suspend w) (ws(t — InWS w))
| ws t' = [InWS w| = redT-updW ¢ ws (WakeUp t') (ws(t' — PostWS WSInterrupted))
| (Aw. ws t'# [InWS w]) = redT-updW t ws (WakeUp t') ws
| red T-updW t ws Notified (ws(t := None))
| red T-updW t ws WokenUp (ws(t := None))

definition redT-updWs :: 't = ('w,’t) wait-sets = ('t,'w) wait-set-action list = ('w,t) wait-sets =
bool
where red T-updWs t = rtrancl3p (red T-upd W t)

inductive-simps red T-upd W-simps [simp]:
redT-upd W t ws (Notify w) ws’
redT-upd W t ws (NotifyAll w) ws’
redT-upd W t ws (Suspend w) ws’
redT-updW t ws (WakeUp t') ws’
redT-upd W t ws WokenUp ws’
red T-upd W t ws Notified ws’

lemma red T-upd W-total: Jws’. redT-upd W t ws wa ws’
(proof)

lemma red T-upd Ws-total: 3 ws’. redT-updWs t ws was ws’
(proof )

lemma red T-upd Ws-trans: [ redT-updWs t ws was ws'; red T-updWs t ws’ was’ ws’' | = red T-upd Ws
t ws (was Q@ was”) ws”’

(proof)

lemma red T-upd W-None-implies-None:
[ redT-updW t' ws wa ws’; ws t = None; t # t' ] = ws’ t = None

(proof)

lemma red T-upd Ws-None-implies-None:
assumes red T-upd Ws t’ ws was ws’
and t # t’ and ws ¢ = None
shows ws’ t = None

(proof)

lemma red T-upd W-Post WS-imp-Post WS:
[ redT-updW t ws wa ws'; ws t"" = [PostWS w|; t"" # t ]| = ws' t"" = [PostWS w|
(proof)

lemma redT-upd Ws-Post WS-imp-Post WS
[ red T-updWs t ws was ws’; t"" # t; ws t"" = [ PostWS w| | = ws' t"" = | PostWS w|
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(proof)

lemma redT-upd W-Some-otherD:

[ redT-updW t' ws wa ws'’; ws' t = |w]; t # ¢]

= (case w of WS w' = wst = [InWSw'| | -= wst=|w| VvV Bw. wst=|InWSuw'))
(proof )

lemma red T-upd Ws-Some-otherD:

[ redT-updWs t' ws was ws'’; ws' t = |w]; t # ¢']

= (case w of WS w' = wst = [InWSw'| | -= wst=|w] VvV Bw. wst=|InWSuw'))
(proof)

lemma red T-upd W-None-SomeD:

[ redT-updW t ws wa ws’; ws' t' = |w|; ws t' = None | = t =t' A (Qw’. w=InWS w' A wa =
Suspend w’)
(proof)

lemma redT-upd Ws-None-SomeD:
[ redT-updWs t ws was ws’; ws' t' = |w]; ws t' = None | = t = t' A (Fw’. Suspend w’ € set was)
(proof )

lemma redT-upd W-neq-Some-SomeD:
[ redT-updW t’ ws wa ws’; ws' t = [InWS w|; ws t # |[InWS w] | = t = t' A wa = Suspend w
(proof )

lemma redT-upd Ws-neg-Some-SomeD:
[ redT-updWs t ws was ws’; ws' t' = [InWS w|; ws t' £ |InWS w| ]| = t = t' A Suspend w € set
was

(proof)

lemma red T-upd W-not-Suspend-Some:
[ redT-updW t ws wa ws'; ws’ t = |w'|; ws t = |w]; Aw. wa # Suspend w ]
= w' =wV Fw”’ v’ w=InWSw' A w = PostWS§ w'")

(proof )

lemma red T-upd Ws-not-Suspend-Some:
[ red T-updWs t ws was ws’; ws' t = |w'|; ws t = |w]; Aw. Suspend w ¢ set was |
= w' =wV Fw”’ v’ w=InWSw' A w = PostWs§ w'")

(proof )

lemma red T-upd Ws- Woken Up-SuspendD:
[ redT-updWs t ws was ws'; Notified € set was V WokenUp € set was; ws' t = |w] | = Fw. Suspend
w € set was

(proof)

lemma red T-upd W-Woken- Up-same-no-Notified-Interrupted:
[ redT-updW t ws wa ws'; ws' t = | PostWS w]; ws t = | PostWS w]; Aw. wa # Suspend w |
= wa # Notified N wa # WokenUp

(proof)

lemma red T-upd Ws- Woken- Up-same-no-Notified-Interrupted:
[ redT-updWs t ws was ws'; ws' t = | PostWS w]; ws t = | PostWS w]; Aw. Suspend w ¢ set was |
= Notified ¢ set was N WokenUp ¢ set was

(proof)
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Preconditions for wait set actions

definition wset-actions-ok :: ('w,’t) wait-sets = 't = ('t,'w) wait-set-action list = bool
where

wset-actions-ok ws t was <—

(if Notified € set was then ws t = | PostWS WSNotified |

else if WokenUp € set was then ws t = | PostW.S WSWokenUp|

else ws t = None)

lemma wset-actions-ok-Nil [simp):
wset-actions-ok ws t [| «— ws t = None

(proof)

definition waiting :: 'w wait-set-status option = bool
where waiting w <— (Sw’. w = [InWS w’'])

lemma not-waiting-iff:
- waiting w +— w = None V (Jw’. w = | PostWS w’])

(proof)

lemma waiting-code [code]:
waiting None = Fulse
Nw. waiting | PostWS w| = False
Aw. waiting | InWS w] = True

(proof)

end

1.6 Semantics of the thread actions for purely conditional pur-
pose such as Join

theory F'WCondAction
imports

FWState
begin

locale final-thread =
fixes final :: 'z = bool
begin

primrec cond-action-ok :: ('l,'t,’z,'m,"w) state = 't = 't conditional-action = bool where
Aln. cond-action-ok s t (Join T) =
(case thr s T of None = True | |(z, In)] = t # T A final x A In = no-wait-locks N\ wset s T =
None)
| cond-action-ok s t Yield = True

primrec cond-action-oks :: ('l,’t,'x,'m,'w) state = 't = 't conditional-action list = bool where
cond-action-oks s t [| = True
| cond-action-oks s t (ct#cts) = (cond-action-ok s t ct A cond-action-oks s t cts)

lemma cond-action-oks-append [simpl:
cond-action-oks s t (cts Q cts’) «— cond-action-oks s t cts A cond-action-oks s t cts’

(proof)
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lemma cond-action-oks-conv-set:
cond-action-oks s t cts «— (¥ ¢t € set cts. cond-action-ok s t ct)

(proof)

lemma cond-action-ok-Join:

Ain. [ cond-action-ok s t (Join T); thr s T = |(z, In)] | = final x A In = no-wait-locks N\ wset s
T = None
(proof)

lemma cond-action-oks-Join:
Aln. [ cond-action-oks s t cas; Join T € set cas; thr s T = [(z, In)] ]
= final x A In = no-wait-locks N wset s T = None ANt # T

(proof)

lemma cond-action-oks-upd:

assumes tst: thr s t = |zin|

shows cond-action-oks (locks s, ((thr s)(t — zin’), shr s), wset s, interrupts s) t cas = cond-action-oks
st cas

(proof)

lemma cond-action-ok-shr-change:
cond-action-ok (ls, (ts, m), ws, is) t ¢t = cond-action-ok (ls, (ts, m’), ws, is) t ct

(proof)

lemma cond-action-oks-shr-change:
cond-action-oks (Is, (ts, m), ws, is) t cts => cond-action-oks (Is, (ts, m’), ws, is) ¢ cts

(proof)

primrec cond-action-ok’ :: ('l,’t,'z,'m,'w) state = 't = 't conditional-action = bool
where

cond-action-ok’ - - (Join t) = True
| cond-action-ok’ - - Yield = True

primrec cond-action-oks’ :: ('l,'t,'x,'m,"w) state = "t = 't conditional-action list = bool where
cond-action-oks’ s t [| = True
| cond-action-oks’ s t (ct#cts) = (cond-action-ok’ s t ¢t A cond-action-oks’ s t cts)

lemma cond-action-oks’-append [simp]:
cond-action-oks’ s t (cts Q cts’) «+— cond-action-oks’ s t cts A\ cond-action-oks’ s t cts’

(proof)

lemma cond-action-oks’-subset-Join:
set cts C insert Yield (range Join) => cond-action-oks’ s t cts

(proof)

end

definition collect-cond-actions :: 't conditional-action list = 't set where
collect-cond-actions cts = {t. Join t € set cts}

declare collect-cond-actions-def [simp)

lemma cond-action-ok-final-change:
[ final-thread.cond-action-ok finall s1 t ca;
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At. thr s1 t = None «— thr s2 t = None;

Nt xl. [ thr s1 t = |(z1, no-wait-locks)|; finall x1; wset s1 t = None |

= J22. thr s2 t = | (22, no-wait-locks)| A final2 z2 A In2 = no-wait-locks N\ wset s2 t = None |
= final-thread.cond-action-ok final2 s2 t ca

(proof)

lemma cond-action-oks-final-change:
assumes major: final-thread.cond-action-oks finall s1 t cas
and minor: \t. thr s1 t = None <— thr s2 t = None
At xl. [ thr s1 t = |(21, no-wait-locks)|; finall x1; wset s1 ¢ = None |
= Jx2. thr s2 t = |(22, no-wait-locks)| A final2 £2 A In2 = no-wait-locks N wset s2 t = None
shows final-thread.cond-action-oks final2 s2 t cas

(proof)

end

1.7 Wellformedness conditions for the multithreaded state

theory F'WWellform
imports
FWLocking
FWThread
FWWait
FWCondAction
begin

Well-formedness property: Locks are held by real threads

definition
lock-thread-ok :: ('l, 't) locks = ('l, 't,'z) thread-info = bool
where [code del]:
lock-thread-ok Is ts = V1 t. has-lock (Is $ 1) t — (aw. ts t = |2w])

lemma lock-thread-ok-code [code]:
lock-thread-ok ls ts = finfun-All ((Al. case | of None = True | |(t, n)] = (ts t # None)) o$ Is)

(proof)

lemma lock-thread-okI:
(Al t. has-lock (Is $ 1) t = Faw. ts t = |aw]) = lock-thread-ok Is ts

(proof)

lemma lock-thread-okD:
[ lock-thread-ok Is ts; has-lock (Is $ 1) t | = Jaw. ts t = |zw|
(proof)

lemma lock-thread-okD":
[ lock-thread-ok Is ts; has-locks (Is $ 1) t = Suc n | = Jaw. ts t = |zw]

(proof)

lemma lock-thread-okE:
[ lock-thread-ok Is ts; V1 t. has-lock (Is $ 1) t — (Jaw. tst = |a2w]) = P ] = P

(proof)

lemma lock-thread-ok-upd:
lock-thread-ok ls ts = lock-thread-ok s (ts(t — zw))
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(proof)

lemma lock-thread-ok-has-lockE:
assumes lock-thread-ok s ts
and has-lock (Is $ 1) ¢
obtains z In’ where ts t = |(z, In')|

(proof)

lemma red T-updLs-preserves-lock-thread-ok:
assumes lto: lock-thread-ok ls ts
and tst: ts t = |aw]
shows lock-thread-ok (redT-updLs Is t las) ts

(proof)

lemma red T-updTs-preserves-lock-thread-ok:
assumes lto: lock-thread-ok ls ts
shows lock-thread-ok ls (red T-updTs ts nts)

(proof)

lemma lock-thread-ok-has-lock:

assumes lock-thread-ok s ts
and has-lock (Is $ 1) ¢
obtains zw where ts t = |zw]

(proof)

lemma lock-thread-ok-None-has-locks-0:
[ lock-thread-ok Is ts; ts t = None | = has-locks (Is $ 1) t = 0

(proof)

lemma red T-upds-preserves-lock-thread-ok:
[lock-thread-ok ls ts; ts t = |zw]; thread-oks ts tas]
= lock-thread-ok (redT-updLs ls t las) ((redT-updTs ts tas)(t — aw’))

(proof)

lemma acquire-all-preserves-lock-thread-ok:
fixes In
shows [ lock-thread-ok Is ts; ts t = [(z, In)| | = lock-thread-ok (acquire-all Is t In) (ts(t — zw))

{proof )
Well-formedness condition: Wait sets contain only real threads

definition wset-thread-ok :: ("w, 't) wait-sets = ('l, 't, 'z) thread-info = bool
where wset-thread-ok ws ts = Vt. tst = None — ws t = None

lemma wset-thread-oklI:
(At. ts t = None => ws t = None) = wset-thread-ok ws ts

(proof)

lemma wset-thread-okD:
[ wset-thread-ok ws ts; ts t = None | = ws t = None

(proof)

lemma wset-thread-ok-conv-dom:
wset-thread-ok ws ts <—— dom ws C dom ts

(proof)
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lemma wset-thread-ok-upd:
wset-thread-ok ls ts = wset-thread-ok Is (ts(t — zw))

(proof)

lemma wset-thread-ok-upd-None:
wset-thread-ok ws ts = wset-thread-ok (ws(t := None)) (ts(t := None))
(proof)

lemma wset-thread-ok-upd-Some:
wset-thread-ok ws ts = wset-thread-ok (ws(t := wo)) (ts(t — zin))

(proof)

lemma wset-thread-ok-upd-ws:
[ wset-thread-ok ws ts; ts t = |zln| | = wset-thread-ok (ws(t := w)) ts

(proof)

lemma wset-thread-ok-NotifyAlll:
wset-thread-ok ws ts => wset-thread-ok (At. if ws t = |w t| then |w’ t] else ws t) ts

(proof)

lemma redT-updTs-preserves-wset-thread-ok:
assumes wto: wset-thread-ok ws ts
shows wset-thread-ok ws (red T-updTs ts nts)

(proof)

lemma redT-upd W-preserve-wset-thread-ok:
[ wset-thread-ok ws ts; redT-upd W t ws wa ws’; ts t = |zln] | = wset-thread-ok ws’ ts
(proof )

lemma redT-upd Ws-preserve-wset-thread-ok:
[ wset-thread-ok ws ts; redT-upd Ws t ws was ws’; ts t = |zln] | = wset-thread-ok ws’ ts

(proof)
Well-formedness condition: Wait sets contain only non-final threads

context final-thread begin

definition wset-final-ok :: ('w, 't) wait-sets = ('l, 't, 'z) thread-info = bool
where wset-final-ok ws ts «— (¥t € dom ws. Iz In. ts ¢t = [(z, In)] A = final )

lemma wset-final-oklI:
(At w. ws t = |w] = Jzin. tst = |(x, In)| A - final x) = wset-final-ok ws ts

(proof)

lemma wset-final-okD:
[ wset-final-ok ws ts; ws t = |w] | = Jzn. tst = [(z, In)| A = final x
(proof)

lemma wset-final-okE:
assumes wsel-final-ok ws ts ws t = |w]
and Az In. ts t = |(z, In)] = - final 2 = thesis
shows thesis

(proof)
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lemma wset-final-ok-imp-wset-thread-ok:
wset-final-ok ws ts => wset-thread-ok ws ts

(proof)
end

end

1.8 Semantics of the thread action ReleaseAcquire for the thread
state

theory FWlLockingThread
imports

FWLocking
begin

fun upd-threadR :: nat = 't lock = 't = lock-action = nat
where

upd-threadR n [ t ReleaseAcquire = n + has-locks [ t
| upd-threadR nlt-=n

primrec upd-threadRs :: nat = 't lock = 't = lock-action list = nat
where
upd-threadRs n 1t [] = n
| upd-threadRs n 1t (la # las) = upd-threadRs (upd-threadR n 1t la) (upd-lock 1t la) t las

lemma upd-threadRs-append [simp]:
upd-threadRs n 1 t (las @Q las") = upd-threadRs (upd-threadRs n I t las) (upd-locks I t las) t las’

(proof)

definition redT-updLns :: ('l,’t) locks = 't = ('l =f nat) = 'l lock-actions = ('l =f nat)
where Aln. redT-updLns ls t In las = (A(I, n, la). upd-threadRs n 1t la) o$ ($ls, ($in, las$)$)

lemma red T-updLns-iff [simp]:
Ain. redT-updLns Is t In las $ | = upd-threadRs (In $ 1) (Is $ 1) t (las $ 1)
(proof)

lemma upd-threadRs-comp-empty [simp|: (A\(I, n, las). upd-threadRs n l t las) o$ ($is, ($ins, K$ [|$)$)
= Ins

(proof)

lemma red T-updLs-empty [simp|: redT-updLs Is t (K$ [|) = Is
(proof)

end

1.9 Semantics of the thread actions for interruption

theory FWlinterrupt
imports

FWState
begin
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primrec redT-updl :: 't interrupts = 't interrupt-action = 't interrupts
where
red T-updl is (Interrupt t) = insert t is
| red T-updl is (ClearInterrupt t) = is — {t}
| red T-updl is (IsInterrupted t b) = is

fun redT-updls :: 't interrupts = 't interrupt-action list = 't interrupts
where

redT-updls is [| = is
| red T-updls is (ia # ias) = redT-updls (redT-updl is ia) ias

primrec interrupt-action-ok :: 't interrupts = 't interrupt-action = bool
where
interrupt-action-ok is (Interrupt t) = True
| interrupt-action-ok is (ClearInterrupt t) = True
| interrupt-action-ok is (IsInterrupted t b) = (b = (t € 1is))

fun interrupt-actions-ok :: 't interrupts = 't interrupt-action list = bool
where
interrupt-actions-ok is [| = True
| interrupt-actions-ok is (ia # ias) <— interrupt-action-ok is ia A interrupt-actions-ok (redT-updl is
ia) ias

primrec interrupt-action-ok’ :: 't interrupts = 't interrupt-action = bool
where
interrupt-action-ok’ is (Interrupt t) = True
| interrupt-action-ok’ is (ClearInterrupt t) = True
| interrupt-action-ok’ is (IsInterrupted t b) = (b V t ¢ is)

fun interrupt-actions-ok’ :: 't interrupts = 't interrupt-action list = bool
where
interrupt-actions-ok’ is [| = True
| interrupt-actions-ok’ is (ia # ias) +— interrupt-action-ok’ is ia A interrupt-actions-ok’ (red T-updl
is ia) ias

fun collect-interrupt :: 't interrupt-action = 't set = 't set
where
collect-interrupt (IsInterrupted t True) Ts = insert t Ts
| collect-interrupt (Interrupt t) Ts = Ts — {t}
| collect-interrupt - Ts = Ts

definition collect-interrupts :: 't interrupt-action list = 't set
where collect-interrupts ias = foldr collect-interrupt ias {}

lemma collect-interrupts-interrupted:
[ interrupt-actions-ok is ias; t' € collect-interrupts ias | = t' € is

(proof)

lemma interrupt-actions-ok-append [simp]:
interrupt-actions-ok is (ias @Q jas’) «— interrupt-actions-ok is ias N\ interrupt-actions-ok (red T-updls
is ias) ias’

(proof)



lemma collect-interrupt-subset: Ts C Ts' = collect-interrupt ia Ts C collect-interrupt ia Ts’

(proof)

lemma foldr-collect-interrupt-subset:
Ts C Ts' = foldr collect-interrupt ias Ts C foldr collect-interrupt ias Ts’

(proof)

lemma interrupt-actions-ok-all-nthl:
assumes An. n < length ias = interrupt-action-ok (redT-updls is (take n ias)) (ias ! n)
shows interrupt-actions-ok is ias

(proof)

lemma interrupt-actions-ok-nthD:
assumes interrupt-actions-ok is ias
and n < length ias
shows interrupt-action-ok (redT-updls is (take n ias)) (ias ! n)

(proof)

lemma interrupt-actions-ok’-all-nthl:
assumes An. n < length ias = interrupt-action-ok’ (redT-updls is (take n ias)) (ias ! n)
shows interrupt-actions-ok’ is ias

(proof)

lemma interrupt-actions-ok’-nthD:
assumes interrupt-actions-ok’ is ias
and n < length ias
shows interrupt-action-ok’ (red T-updls is (take n ias)) (ias ! n)

(proof)

lemma interrupt-action-ok-imp-interrupt-action-ok’ [simp):
interrupt-action-ok is ia = interrupt-action-ok’ is ia

(proof)

lemma interrupt-actions-ok-imp-interrupt-actions-ok’ [simp]:
interrupt-actions-ok is ias = interrupt-actions-ok’ is ias
(proof)

lemma collect-interruptsk:
assumes t’ € collect-interrupts ias’
obtains n’ where n’ < length ias’ ias’ ! n' = IsInterrupted ¢’ True
and Interrupt t' ¢ set (take n' ias’)

(proof)

lemma collect-interrupts-prefiz:
collect-interrupts ias C collect-interrupts (ias @ ias’)

(proof)

lemma redT-updl-insert-Interrupt:
[t € redT-updl is ia; t ¢ is | = ia = Interrupt ¢
(proof)

lemma red T-updIs-insert-Interrupt:
[t € redT-updls is ias; t ¢ is | = Interrupt t € set ias

(proof)

37
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lemma interrupt-actions-ok-takel:
interrupt-actions-ok is ias = interrupt-actions-ok is (take n ias)

(proof)

lemma interrupt-actions-ok’-collect-interrupts-imp-interrupt-actions-ok:
assumes int: interrupt-actions-ok’ is ias
and ci: collect-interrupts ias C is
and int’: interrupt-actions-ok is' ias
shows interrupt-actions-ok is ias

(proof)

end

1.10 The multithreaded semantics

theory FWSemantics

imports
FWWellform
FWLockingThread
FWCondAction
FWilnterrupt

begin

inductive redT-upd :: ('l,'t,’z,'m,'w) state = 't = ('l,’t,"z,'m,'w,’0) thread-action = 'z = 'm =
('Lt z,'m,'w) state = bool
for st ta ' m’
where

redT-updWs t (wset s) {talty ws’

= redT-upd s t ta ' m’ (redT-updLs (locks s) t {tal;, ((redT-updTs (thr s) {ta}s)(t — (2,
redT-updLns (locks s) t (snd (the (thr s t))) {talt;), m’), ws', redT-updIs (interrupts s) {tal;)

inductive-simps redT-upd-simps [simp]:
redT-upd s t ta 2’ m’ s’

definition redT-acq :: ('l,’t,'z,'m,'w) state = 't = ('l =f nat) = ('l,'t,’z,'m,"w) state
where

Nin. redT-acq s t In = (acquire-all (locks s) t In, ((thr s)(t — (fst (the (thr s t)), no-wait-locks)), shr
s), wset s, interrupts s)

context final-thread begin
inductive actions-ok :: ('l,'t,'z,'m,'w) state = 't = ('l,’t,’x’,'m,"w,’0) thread-action = bool
for s :: ('l,’t,’z,'m,'w) state and t :: 't and ta :: ('l,'t,’z’,'m,'w,’0) thread-action
where
[ lock-ok-las (locks s) t {taly; thread-oks (thr s) {tal}s; cond-action-oks s t {ta]¢;
wset-actions-ok (wset s) t {taltw; interrupt-actions-ok (interrupts s) {tal; |
= actions-ok s t ta

declare actions-ok.intros [intro!]
declare actions-ok.cases [elim!]

lemma actions-ok-iff [simpl:
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actions-ok s t ta <—
lock-ok-las (locks s) t {tal; A thread-oks (thr s) {tal}; A cond-action-oks s t {ta}c A
wset-actions-ok (wset s) t {tafw A interrupt-actions-ok (interrupts s) {tal;

(proof)

lemma actions-ok-thread-oksD:
actions-ok s t ta = thread-oks (thr s) {tal}y

(proof )

inductive actions-ok’ :: ('l,’t,’z,'m,'w) state = 't = ('l,'t,’z’,'m,"w,’0) thread-action = bool where

[ lock-ok-las’ (locks s) t {tal; thread-oks (thr s) {tal}y cond-action-oks’ s t {tal¢;
wset-actions-ok (wset s) t {taltw; interrupt-actions-ok’ (interrupts s) {talt; |
= actions-ok’ s t ta

declare actions-ok’.intros [intro!]
declare actions-ok’.cases [elim!]

lemma actions-ok’-iff:
actions-ok’ s t ta <—
lock-ok-las’ (locks s) t {tal}; A thread-oks (thr s) {tal}s A cond-action-oks" s t {ta}c N
wset-actions-ok (wset s) t {taly A interrupt-actions-ok’ (interrupts s) {ta};

(proof)

lemma actions-ok’-ta-upd-obs:
actions-ok’ s t (ta-update-obs ta obs) +— actions-ok’ st ta

(proof)

lemma actions-ok’-empty: actions-ok’ s t € < wset s t = None

(proof)

lemma actions-ok’-convert-ext TA:
actions-ok’ s t (convert-extTA f ta) = actions-ok’ s t ta

(proof)

inductive actions-subset :: ('l,’t,"z,'m,'w,’0) thread-action = ('l,'t,’z',’m,"w,’0) thread-action = bool

where
[ collect-locks’ {ta’}}; C collect-locks {taly;
collect-cond-actions {ta'}c C collect-cond-actions {tal} ¢;
collect-interrupts {ta’}; C collect-interrupts {tal}; |
= actions-subset ta’ ta

declare actions-subset.intros [intro!]
declare actions-subset.cases [elim!]

lemma actions-subset-iff:
actions-subset ta’ ta «—
collect-locks’ {ta’}t; C collect-locks {talt; A
collect-cond-actions {ta’}c C collect-cond-actions {tal}c N
collect-interrupts {ta’l}; C collect-interrupts {tal};

(proof)

lemma actions-subset-refl [introl:
actions-subset ta ta

(proof)
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definition final-thread :: ('l,’t,'x,’m,'w) state = 't = bool where
NAin. final-thread s t = (case thr s t of None = False | |(z, In)] = final © A In = no-wait-locks A
wset s t = None)

definition final-threads :: ('l,’t,’z,'m,'w) state = 't set
where final-threads s = {t. final-thread s t}

lemma [iff]: t € final-threads s = final-thread s t
(proof)

lemma [pred-set-convl: final-thread s = (A\t. t € final-threads s)
(proof)

definition mfinal :: ('l,'t,’z,’m,"w) state = bool
where mfinal s +— (Vtx in. thr st = |(z, In)] — final x A In = no-wait-locks \ wset s t = None)

lemma final-threadl:
[ thr st = |(z, no-wait-locks)|; final x; wset s t = None | = final-thread s t

(proof)

lemma final-threadFE:
assumes final-thread s t
obtains z where thr s t = |(z, no-wait-locks)| final x wset s t = None

(proof)

lemma mfinall:
(At zlin. thr st = |(z, In)| = final x A\ In = no-wait-locks \ wset s t = None) = mfinal s

(proof)

lemma mfinalD:
fixes In
assumes mfinal s thr s t = |(z, In)]
shows final z In = no-wait-locks wset s t = None

(proof)

lemma mfinalE:
fixes In
assumes mfinal s thr s t = |(z, In)]
obtains final z In = no-wait-locks wset s t = None

(proof)

lemma mfinal-def2: mfinal s «<— dom (thr s) C final-threads s

(proof)

end

locale multithreaded-base = final-thread +
constrains final :: ‘'z = bool
fixes r :: ('I,’t,"z,'m,'w,’0) semantics (<-+ - —— - [50,0,0,50] 80)
and convert-RA :: 'l released-locks = "o list

begin

abbreviation
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r-syntax :: 't = 'z = 'm = ('I,'t,’z,'m,’w,’0) thread-action = 'x = 'm = bool
(- F (= ) = (=, ) [50,0,0,0,0,0] 80)
where
t+{x, m) —ta— (', m") =t + (z, m) —ta— (z', m’)

inductive

redT :: ('l,'t,'x,'m,'w) state = "t x ('l,’t,'x,'m,"w,’0) thread-action = ('l,’t,’z,'m,'w) state = bool
and

redT-syntaxl == ('l,'t,’z,'m,'w) state = 't = ('l,’t,’z,'m,’w,’0) thread-action = ('l,’t,’z,'m,'w) state
= bool (- —>— - [50,0,0,50] 80)
where

s —tota— s' = redT s (i, ta) s’

| redT-normal:

[ t+ (z, shr s) —ta— (', m’);
thr s t = |(z, no-wait-locks)|;
actions-ok s t ta;
redT-upd s t ta ' m’ s’ ]

= s —t>ta— s’

| red T-acquire:
An. [ thr s t = |(z, In)]; - waiting (wset s t);
may-acquire-all (locks s) tIn; In $§ n > 0;
s" = (acquire-all (locks s) t In, ((thr s)(t — (z, no-wait-locks)), shr s), wset s, interrupts s) |
= s —t>(K$ []), [I, [, [I, [, convert-RA In)— s’

abbreviation
redT-syntax2 :: ('l,'t) locks = ('l,'t,'x) thread-info x 'm = ('w,’t) wait-sets = 't interrupts
= 't = ('l,'t,’z,'m,’'w,’0) thread-action
= ('I,"t) locks = ('l,’t,’z) thread-info x 'm = ('w,t) wait-sets = 't interrupts = bool
(o) =y = =) =y (= = - =) [0,0,0,0,0,0,0,0,0] 80)
where
(Is, tsm, ws, is) —t>ta— (Is', tsm’, ws’, is"y = (s, tsm, ws, is) —t>ta— (Is’, tsm’, ws’, is’)

lemma redT-elims [consumes 1, case-names normal acquire:
assumes red: s —t>ta— s’
and normal: Az z’ m’ ws'.
[ t+ (z, shrsy —ta— (z', m’);
thr s t = |(z, no-wait-locks) |;
lock-ok-las (locks s) t {ta};;
thread-oks (thr s) {tal
cond-action-oks s t {tal}¢;
wset-actions-ok (wset s) t {taltw;
interrupt-actions-ok (interrupts s) {ta};
redT-updWs t (wset s) {talty ws’
s" = (redT-updLs (locks s) t {tal};, ((redT-updTs (thr s) {tals)(t — (', redT-updLns (locks s) t
no-wait-locks {tal;)), m’), ws’, redT-updls (interrupts s) {tal};) |
= thesis
and acquire: Az In n.
[ thr st = |(z, In)];
ta = (K$ {1, [, [I, I, I, convert-RA In);
- waiting (wset s t);
may-acquire-all (locks s) tIn; 0 < In $ n;
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s" = (acquire-all (locks s) t In, ((thr $)(t — (z, no-wait-locks)), shr s), wset s, interrupts s) |
= thesis
shows thesis

(proof)

definition
RedT :: ('1,'t,"z,'m,'w) state = ('t x ('l,'t,’z,’m,’w,’0) thread-action) list = ('l,'t,’z,'m,"w) state =
bool
(¢«- —>-—% - [50,0,50] 80)
where
RedT = rtrancl8p redT

lemma RedTI:
rtrancl3p redT s ttas s’ = RedT s ttas s’

(proof)

lemma RedTE:
[ RedT s ttas s’ rtrancl3p redT s ttas s’ = P ]| = P
(proof )

lemma RedTD:
RedT s ttas s' = rtrancl3p redT s ttas s’

(proof)

lemma RedT-induct [consumes 1, case-names refl step):
[ s —>ttas—* s';
Ns. Ps||s;
N\s ttas s’ t ta s". [ s —>ttas—* s’; P s ttas s'; s’ —t>ta— s"' | = P s (ttas Q [(¢, ta)]) s”]
= P s ttas s’

(proof)

lemma RedT-induct’ [consumes 1, case-names refl stepl:
[ s —>ttas—* s';
Ps s
Nttas s" t ta s”. [ s —>ttas—* s’y P s ttas s’y s' —t>ta— s"' | = P s (ttas Q [(t, ta)]) s"']
= P s ttas s’

(proof)

lemma RedT-lift-preserveD:
assumes Red: s —>ttas—* s’
and P: P s
and preserve: A\s t tas s'. [ s —totas— s’y Ps] = P s’
shows P s’

(proof)

lemma RedT-refl [intro, simp]:
s —>[]ox s

(proof)

lemma redT-has-locks-inv:
[ (s, (ts, m), ws, is) —t>ta— (Is', (ts’, m’), ws’, is"); t # '] =
has-locks (Is $ 1) t' = has-locks (Is’ $ 1) t’

(proof)
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lemma redT-has-lock-inv:
[ (s, (ts, m), ws, is) —t>ta— (Is', (ts’, m’), ws’, is"y; t # t']
= has-lock (Is’ $ 1) t' = has-lock (Is $ 1) t’

(proof)

lemma redT-ts-Some-inv:
[ (s, (ts, m), ws, is) —t>ta— (Is', (ts’, m’), ws’, is"y; t # t'; tst' = |z] | = ts' t' = |z]
(proof)

lemma redT-thread-not-disappear:
[ s —t>ta— s'; thr s’ t' = None] = thr s t’ = None

(proof)

lemma RedT-thread-not-disappear:
[ s —>ttas—=* s'; thr s’ t' = None] = thr s t' = None

(proof)

lemma redT-preserves-wset-thread-ok:
[ s —tota— s'; wset-thread-ok (wset s) (thr s) | = wset-thread-ok (wset s) (thr s”)

(proof)

lemma RedT-preserves-wset-thread-ok:
[ s —>ttas—* s’y wset-thread-ok (wset s) (thr s) | = wset-thread-ok (wset s') (thr s’)

(proof)

lemma red T-new-thread-ts-Some:
[ s —tota— sy NewThread t' © m' € set {tal}y; wset-thread-ok (wset s) (thr s) |
= thr s’ t' = |(z, no-wait-locks)|

(proof)

lemma RedT-new-thread-ts-not-None:

[ s —>ttas—= s’s NewThread t x m'' € set (concat (map (thr-a o snd) ttas)); wset-thread-ok (wset s)
(thr s) ]

= thr s’ t # None

(proof)

lemma redT-preserves-lock-thread-ok:
[ s —t>ta— s'; lock-thread-ok (locks s) (thr s) | = lock-thread-ok (locks s’) (thr s')

(proof)

lemma RedT-preserves-lock-thread-ok:
[ s —>ttas—= s'; lock-thread-ok (locks s) (thr s) | = lock-thread-ok (locks s') (thr s’)

(proof)

lemma redT-ex-new-thread:
assumes s —t>ta— s’ wset-thread-ok (wset s) (thr s) thr s’ t = |(z, w)] thr s t = None
shows 3m. NewThread t x m € set {tal}; A w = no-wait-locks

(proof)

lemma redT-ez-new-thread':
assumes s —t>ta— s’ thr s’ t = |(x, w)] thr s t = None
shows 3m z. NewThread t x m € set {taly

(proof)
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definition deterministic :: ('l,'t,"z,'m,"w) state set = bool
where
deterministic I <—
(Vstaxta 2’ m'ta" ' m”.
sel
— thr s t = |(z, no-wait-locks) ]|
— t - (z, shr s) —ta’— (z’, m")
— t - (z, shr s) —ta"— (x”, m")
— actions-ok s t ta’ — actions-ok s t ta'’
—ta’' =ta” ANz’ =2x" Am'=m") A invariantSp redT 1

lemma determisticl:
[Astzxta ' m'ta” " m".
[ s €I thr st = |(z, no-wait-locks)|;
tF (z, shrs) —ta’= (z', m"); t b (z, shr s) —ta’'— (¢, m";
actions-ok s t ta'; actions-ok s t ta’' |
= ta'=ta" Nz =3"Am'=m",
invariant3p redT I ]
= deterministic I

(proof)

lemma deterministicD:
[ deterministic I;
tF (x, shrs) —ta'— (', m’); t b (x, shr s) —ta’’— (z", m'’);
thr s t = |(z, no-wait-locks) |; actions-ok s t ta'; actions-ok s t ta'; s € I']
= ta'=ta" Nz'=z"Am'=m"

(proof)

lemma deterministic-invariant3p:
deterministic I = invariant3p redT I

(proof)

lemma deterministic-THE:

[ deterministic I thr s t = |(z, no-wait-locks)|; t & (z, shr s) —ta— (z’, m'); actions-ok s t ta; s €
1]

= (THE (ta, =/, m’). t &b (x, shr s) —ta— (z', m') A actions-ok s t ta) = (ta, z', m’)

(proof)

end

locale multithreaded = multithreaded-base +
constrains final :: 'z = bool
and r :: ('I,’t,’z,'m,'w,’0) semantics
and convert-RA :: 'l released-locks = "o list
assumes new-thread-memory: [ t = s —ta— s’; NewThread t' x m € set {ta}; | = m = snd s’
and final-no-red: [ t b (x, m) —ta— (z', m’); final x | = False
begin

lemma red T-new-thread-common:
[ s —tvta— sy NewThread t' x m'" € set {talty; {taw =[] ] = m'" = shr s’

(proof)

lemma red T-new-thread:
assumes s —t™>ta— s’ thr s’ t = |(z, w)] thr s t = None {ta}y = []
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shows NewThread t x (shr s') € set {ta}s A w = no-wait-locks

(proof)

lemma final-no-redT:
[ s —t>ta— s'; thr s t = |(z, no-wait-locks)| | = — final

(proof)

lemma mfinal-no-redT':
assumes redT: s —t>ta— s’ and mfinal: mfinal s
shows Fulse

(proof)

end

end

1.11 Auxiliary definitions for the progress theorem for the
multithreaded semantics

theory F'WProgressAux
imports

FWSemantics
begin

abbreviation collect-waits :: ('l,'t,’z,’m,"w,’0) thread-action = ('l + 't + 't) set
where collect-waits ta = collect-locks {|tal}; <+> collect-cond-actions {ta}. <+> collect-interrupts

{tal;

lemma collect-waits-unfold:

collect-waits ta = {l. Lock € set ({tal}; $ 1)} <+> {t. Join t € set {ta}}c} <+> collect-interrupts
{tal;
(proof )

context multithreaded-base begin

definition must-sync :: 't = 'x = 'm = bool (x-+ (-,/ -)/ ¥ [50, 0,0] 81) where
tE(z, m)L+— Ftaz’m's. tF {(x, m) —ta— (z', m’) A\ shr s = m A actions-ok s t ta)

lemma must-sync-def2:
tE(z, m) 1 +— Ftaz’'m’s. t+ (x, m) —ta— (x', m) A actions-ok s t ta)

(proof)

lemma must-syncl:
Jtaz’ m’s. t F (x, m) —ta— (z/, m’) A actions-ok s t ta = t + (z, m)
(proof)

lemma must-synckE:

[t (z, m)y ANtaz’ m’s. [t (z, m) —ta— (x', m'); actions-ok s t ta; m = shr s | = thesis |
—> thesis
(proof)

definition can-sync = 't = 'z = 'm = ('l + 't + 't) set = bool («-+ (-,/ -}/ -/ ¥ [50,0,0,0] 81)
where
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tE{z,m) LT =3taz’ m'" t+ (x, m) —ta— (x', m"y A (LT = collect-waits ta)

lemma can-syncl:
[tF (z, m) —ta— (z', m’);
LT = collect-waits ta |
= tF (z, m) LT
{proof )

lemma can-synckE:
assumes t - (x, m) LT}
obtains ta z’ m’
where t - (z, m) —ta— (z', m’)
and LT = collect-waits ta
(proof)

inductive-set active-threads :: ('l,’t,’z,'m,'w) state = 't set
for s :: ('l,’t,"z,'m,'w) state
where
normal:
Ain. [ thr s t = Some (z, In);
In = no-wait-locks;
t b (z, shr s) —ta— z'm/,
actions-ok s t ta |
= t € active-threads s
| acquire:
Aln. [ thr s t = Some (z, In);
In # no-wait-locks;
— waiting (wset s t);
may-acquire-all (locks s) ¢ in |
= t € active-threads s

lemma active-threads-iff:
active-threads s =
{t. Iz In. thr s t = Some (z, In) A
(if In = no-wait-locks
then Ita ' m'. t & (x, shr s) —ta— (', m') A actions-ok s t ta
else = waiting (wset s t) A may-acquire-all (locks s) t In)}

(proof )

lemma active-thread-ex-red:
assumes t € active-threads s
shows Jta s'. s —t>ta— s’

(proof)

end

Well-formedness conditions for final

context final-thread begin

inductive not-final-thread :: ('l,'t,’z,’m,'w) state = "t = bool
for s :: ('l,’t,’z,'m,'w) state and t :: 't where
not-final-thread-final: Nln. [ thr s t = |(x, In)]; - final | = not-final-thread s ¢
| not-final-thread-wait-locks: Nin. [ thr s t = |(z, In)|; In # no-wait-locks | = not-final-thread s t
| not-final-thread-wait-set: Nin. [ thr s t = |(z, In)|; wset s t = |w]| | = not-final-thread s t
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declare not-final-thread.cases [elim]
lemmas not-final-thread-cases = not-final-thread.cases [consumes 1, case-names final wait-locks wait-set]

lemma not-final-thread-cases?2 [consumes 2, case-names final wait-locks wait-set]:
Aln. [ not-final-thread s t; thr s t = |(z, In)];
- final © = thesis; In # no-wait-locks = thesis; A\w. wset s t = |w] = thesis |
= thesis

(proof)

lemma not-final-thread-iff:
not-final-thread s t «— 3z In. thr s t = [(z, In)] A (= final 2 V In # no-wait-locks V (3w. wset s

t = [w])))
(proof)

lemma not-final-thread-conv:
not-final-thread s t <— thr s t # None A — final-thread s t

(proof)

lemma not-final-thread-existsE:
assumes not-final-thread s t
and Az In. thr s t = [(z, In)|] = thesis
shows thesis

(proof)

lemma not-final-thread-final-thread-conv:
thr s t # None = — final-thread s t <— not-final-thread s t

(proof)

lemma may-join-cond-action-oks:
assumes At Join t' € set cas = — not-final-thread s t' N t # t'
shows cond-action-oks s t cas

(proof)
end
context multithreaded begin

lemma red-not-final-thread:
s —t>ta— s' = not-final-thread s t

(proof)

lemma redT-preserves-final-thread:
[ s —t'>ta— s’ final-thread s t | = final-thread s’ t

(proof)
end
context multithreaded-base begin

definition wset-Suspend-ok :: ('l,'t,’z,'m,'w) state set = ('l,'t,’z,’m,"w) state set
where
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wset-Suspend-ok I =
{s.s€IA
(Vt € dom (wset s). 3s0€l. Fs1€l. Fttas x 20 ta w' In" In". sO —t>ta— s1 A s1 —>ttas—* s A
thr s0 t = (20, no-wait-locks)| A t b (20, shr s0) —ta— (x, shr s1) A Suspend w’ € set
{talw A
actions-ok s0 t ta A thr s1 t = |(z, In')] A thrst = [(z, In")])}

lemma wset-Suspend-okI:
[sel;
At w. wset s t = |w|] = IsO0€l. Is1e€l. Fttas x z0 ta w' In' In'". s0 —t>ta— s1 N s —>ttas—
A
thr s0 t = (20, no-wait-locks)| N t & (z0, shr s0) —ta— (z, shr s1) A Suspend w’ € set
{talw N
actions-ok s0 t ta A thr s1 t = |(z, In')] A thrst = |(z, In")] ]
= s € wset-Suspend-ok I

(proof)

lemma wset-Suspend-okD1:
s € wset-Suspend-ok I = s € [

(proof)

lemma wset-Suspend-okD2:
[ s € wset-Suspend-ok I; wset s t = [w] |
= Js0€l. Is1e€l. Fttas 20 ta w’ In" In". sO0 —t>ta— s1 A sl —>ttas—* s A
thr s0 t = | (20, no-wait-locks)| A t = (20, shr s0) —ta— (x, shr s1) N\ Suspend w' € set
{talw A
actions-ok s0 t ta A thr s1 t = [(z, In")] A thr st = |(z, In")]
(proof )

lemma wset-Suspend-ok-imp-wset-thread-ok:
s € wset-Suspend-ok I = wset-thread-ok (wset s) (thr s)

(proof)

lemma invariant3p-wset-Suspend-ok:
assumes [: invariant3p redT I
shows invariant3p redT (wset-Suspend-ok I)

(proof)

end

end

1.12 Deadlock formalisation

theory F'WDeadlock
imports

FWProgressAux
begin

context final-thread begin

definition all-final-except :: ('l,'t,"z,'m,"w) state = 't set = bool where
all-final-except s Ts = V t. not-final-thread s t — t € Ts
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lemma all-final-except-mono [mono]:
(Az. z € A — z € B) = all-final-except ts A — all-final-except ts B

(proof)

lemma all-final-except-mono’:
[ all-final-except ts A; Nz. * € A = z € B ]| = all-final-except ts B

(proof)

lemma all-final-exceptl:
(At. not-final-thread s t = t € Ts) = all-final-except s Ts

(proof)

lemma all-final-exceptD:
[ all-final-except s Ts; not-final-thread st | = t € Ts

(proof)

inductive must-wait :: ('l,'t,’z,'m,'w) state = 't = ('l + 't + 't) = 't set = bool
for s :: ('l,’t,’z,"m,'w) state and t :: 't where
— Lock 1
[ has-lock (locks s $ 1) t'; t' # t; t' € Ts | = must-wait s t (Inl 1) Ts
| — Join t’
[ not-final-thread s t'; t' € Ts | = must-wait s t (Inr (Inl t')) Ts
| — IsInterrupted t’ True
[ all-final-except s Ts; t' ¢ interrupts s | = must-wait s t (Inr (Inr t')) Ts

declare must-wait.cases [elim]
declare must-wait.intros [intro

lemma must-wait-elims [consumes 1, case-names lock join interrupt, cases pred):
assumes must-wait s t it Ts
obtains [ t’ where It = Inl | has-lock (locks s $ 1) t't' £ tt' € Ts
| " where It = Inr (Inl t") not-final-thread s t' t' € Ts
| t’ where It = Inr (Inr t') all-final-except s Ts t' ¢ interrupts s

(proof)

inductive-cases must-wait-elims2 [elim!]:
must-wait s t (Inl 1) Ts
must-wait s t (Inr (Inl t")) Ts
must-wait s t (Inr (Inr t")) Ts

lemma must-wait-iff :
must-wait s t It Ts +—
(case lt of Inl | = Ft'€Ts. t # t' A has-lock (locks s $ 1) t’
| Inr (Inl t') = not-final-thread s t' N t' € Ts
| Inr (Inr t') = all-final-except s Ts A t' ¢ interrupts s)

(proof)
end

Deadlock as a system-wide property

context multithreaded-base begin
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definition
deadlock :: ('l,'t,’z,"m,'w) state = bool
where
deadlock s
= (Vtaz. thr st = |(x, no-wait-locks)| A = final x N wset s t = None
— tF{(x, shrs) A (YVLT. t b {x, shr s) LT — (31t € LT. must-wait s t It (dom (thr 5)))))
ANNtxzin thrst=|(z,In)] A3l In$1>0)A - waiting (wset s t)
— (Flt In$1>0ANt#L Athrst' # None A has-lock (locks s $ 1) t'))
AN Vtzw. thrst = |(z, no-wait-locks)| — wset s t # | PostWS w|)

lemma deadlockI:
[ At z. [ thr s t = |(x, no-wait-locks)|; = final z; wset s t = None |
= tF (z, shrs) LA (VLT. t - (x, shrsy LT ! — (3t € LT. must-wait s t It (dom (thr s))));
Ntzinl [ thrst=|(z In)];In$ 1> 0; - waiting (wset s t) ]
= 31t In$1>0Nt#1t Nthrst' # None A has-lock (locks s $ 1) t/;
Atz w. thr s t = |(z, no-wait-locks)| = wset s t # | PostWS w] ]
= deadlock s

(proof)

lemma deadlockE:
assumes deadlock s
obtains V¢ x. thr s t = |(z, no-wait-locks)| A = final x A wset s t = None
— t b {x, shr ) LA (VLT. t+ {(z, shr s) LT — (31t € LT. must-wait s t It (dom (thr s))))
and Vi xIn. thrst = [(z, In)] A (3. In$ 1> 0) A~ waiting (wset s t)
— 31t InS1>0ANt#t Athrst' # None A has-lock (locks s $ 1) t')
and V¢ 2z w. thr s t = |(z, no-wait-locks)| — wset s t # | PostWS w]

(proof)

lemma deadlockD1:
assumes deadlock s
and thr s t = |(z, no-wait-locks) ]|
and - final z
and wset s t = None
obtains ¢t - (z, shr s)
and VLT. t F (z, shrs) LT\ — (31t € LT. must-wait s t It (dom (thr s)))

(proof)

lemma deadlockD2:
fixes In
assumes deadlock s
and thr s t = |(z, In)]
and In$1> 0
and — waiting (wset s t)
obtains I’ t' where In $ I’ > 0t # t' thr s t' # None has-lock (locks s $ 1) t’

(proof)

lemma deadlockDS3:
assumes deadlock s
and thr s t = |(z, no-wait-locks) ]
shows Vw. wset s t # | PostWS w|

(proof)

lemma deadlock-def2:
deadlock s <—
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(Vtx. thr st = |(x, no-wait-locks)| A = final x A wset s t = None
— tk(z, shr S LN (VLT. t & {(z, shrs) LT ! — (31t € LT. must-wait s t It (dom (thr s)))))
ANNtaln thrst=|(z, In)] Aln # no-wait-locks A = waiting (wset s t)
— (3L In$ 1> 0 A must-wait s t (Inl 1) (dom (thr s))))
A (Vtxw. thrst = |(z, no-wait-locks)| — wset s t # | PostWS WSNotified| N wset s t # | PostWS
WSWokenUp]|)

(proof)

lemma all-waiting-implies-deadlock:
assumes lock-thread-ok (locks s) (thr s)
and normal: At x. [ thr s t = |(z, no-wait-locks)|; = final x; wset s t = None |
=tk (z, shr s) A VLT. t+ (z, shr s) LTV — (31t € LT. must-wait s t It (dom (thr
5))))

and acquire: Nt z In l. [ thr s t = |(z, In)]; = waiting (wset s t); In $ 1> 0]
= 3" In$1'> 0 A - may-lock (locks s $ 1) t

and wakeup: A\t x w. thr s t = |(z, no-wait-locks)| = wset s t # | PostWS w]

shows deadlock s

(proof)

lemma mfinal-deadlock:
mfinal s = deadlock s

(proof )
Now deadlock for single threads

lemma must-wait-mono:
(ANz. 2 € A — z € B) = must-wait s t It A — must-wait s t It B

(proof)

lemma must-wait-mono’:
[ must-wait s t it A; A C B ] = must-wait s t It B

(proof)

end

lemma UN-mono: [r € A — 2z € Az e B—2e€B'|]=2€¢ AUB—ze€ A'UB’

(proof)

lemma Collect-mono-conv [mono|: © € {x. Pz} +— Px
(proof)

context multithreaded-base begin

coinductive-set deadlocked :: ('l,'t,"z,'m,"w) state = 't set
for s :: ('l,'t,"z,'m,"w) state where
deadlockedLock:
[ thr s t = |(z, no-wait-locks)|; t - (x, shr s) ; wset s t = None;
ALT. t & (z, shr s) LT = 3t € LT. must-wait s t It (deadlocked s U final-threads s) |
= t € deadlocked s

| deadlocked Wait:
Nin. [ thr s t = |(x, In)]; all-final-except s (deadlocked s); waiting (wset s t) | = t € deadlocked s

| deadlockedAcquire:
Nin. [ thr s t = |(z, In)]; = waiting (wset s t); In $ 1 > 0; has-lock (locks s $ 1) t; t' # t;
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t’ € deadlocked s V final-thread s t' ]
= t € deadlocked s
monos must-wait-mono UN-mono

lemma deadlocked Acquire-must-wait:

Ain. [ thr s t = [(z, In)]; - waiting (wset s t); In $ 1 > 0; must-wait s t (Inl 1) (deadlocked s U
final-threads s) |

= t € deadlocked s

(proof)

lemma deadlocked-elims [consumes 1, case-names lock wait acquire]:

assumes t € deadlocked s

and lock: N\z. [ thr s t = |(x, no-wait-locks)|; t = (x, shr s) ¥; wset s t = None;
ALT. t = (z, shrs) LT ¢ = 3t € LT. must-wait s t It (deadlocked s U final-threads s) |
= thesis

and wait: Nz In. [ thr s t = |(x, In)]; all-final-except s (deadlocked s); waiting (wset s t) |
= thesis

and acquire: Nz In lt'.
[ thr st = |(z, In)|; - waiting (wset s t); 0 < In $ I; has-lock (locks s $ 1) t'; t # t/;

t' € deadlocked s V final-thread s t' ]| = thesis
shows thesis

(proof)

lemma deadlocked-coinduct
[consumes 1, case-names deadlocked, case-conclusion deadlocked Lock Wait Acquire, coinduct set:
deadlocked):
assumes magjor: t € X
and step:
Nt.te X =
(Fz. thr s t = |(z, no-wait-locks)| N t = (x, shr s) L A\ wset s t = None A
(VLT. tF (z, shrs) LT { — (3UeLT. must-wait s ¢t It (X U deadlocked s U final-threads s))))
V
(FzIn. thr st = |(z, In)]| A all-final-except s (X U deadlocked s) N waiting (wset s t)) V
Bz it in. thr st = |(z, In)| N = waiting (wset s t) A 0 < In $ 1 A has-lock (locks s $ 1) t' A
t'"#t N ((t'e X VvV t' € deadlocked s) V final-thread s t'))
shows t € deadlocked s

(proof)

definition deadlocked’ :: ('l,’t,’z,'m,'w) state = bool where
deadlocked’ s = (Vt. not-final-thread s t — t € deadlocked s)

lemma deadlocked'I:
(At. not-final-thread s t = t € deadlocked s) = deadlocked’ s

(proof)

lemma deadlocked'D2:
[ deadlocked’ s; not-final-thread s t; t € deadlocked s = thesis | = thesis

(proof)

lemma not-deadlocked'I:
[ not-final-thread s t; t ¢ deadlocked s | = — deadlocked’ s

(proof)

lemma deadlocked’-intro:
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[ Vt. not-final-thread s t — ¢ € deadlocked s | = deadlocked’ s
(proof)

lemma deadlocked-thread-exists:
assumes t € deadlocked s
and Az In. thr s t = [(z, In)|] = thesis
shows thesis

(proof)

end
context multithreaded begin

lemma red-no-deadlock:
assumes P: s —t>ta— s’
and dead: t € deadlocked s
shows Fulse

(proof)

lemma deadlocked’-no-red:
[ s —tota— s’ deadlocked’ s | = False

(proof)

lemma not-final-thread-deadlocked-final-thread [iff]:
thr s t = |zln] = not-final-thread s t V t € deadlocked s V final-thread s t

(proof)

lemma all-waiting-deadlocked:
assumes not-final-thread s t
and lock-thread-ok (locks s) (thr s)
and normal: A\t z. [ thr s t = |(z, no-wait-locks)|; = final x; wset s t = None |
= tF (z, shrs) A (VLT. t+ (z, shrs) LT — (UeLT. must-wait s t It (final-threads
)

and acquire: Nt z In I. [ thr s t = [(=, In)]; —~ waiting (wset s t); In $ 1> 0]
= 31" In$ 1" >0 N - may-lock (locks s $ 1) ¢

and wakeup: N\t z w. thr s t = |(z, no-wait-locks) | = wset s t # | PostWS w]

shows t € deadlocked s

{proof )
Equivalence proof for both notions of deadlock

lemma deadlock-implies-deadlocked’:
assumes dead: deadlock s
shows deadlocked’ s

(proof)

lemma deadlocked’-implies-deadlock:
assumes dead: deadlocked’ s
shows deadlock s

(proof)

lemma deadlock-eq-deadlocked’:
deadlock = deadlocked’

(proof)
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lemma deadlock-no-red:
[ s —t>ta— s'; deadlock s | = False

(proof)

lemma deadlock-no-active-threads:
assumes dead: deadlock s
shows active-threads s = {}

(proof)

end

locale preserve-deadlocked = multithreaded final r convert-RA
for final :: 'z = bool
and r :: ('I,'t,"z,'m,’w,’0) semantics (- F - —-— - [50,0,0,50] 80)
and convert-RA :: 'l released-locks = "o list
+
fixes wf-state :: ('l,'t,"z,"m,’w) state set
assumes invariant3p-wf-state: invariant3p redT wf-state
assumes can-lock-preserved:
[ s € wf-state; s —t>ta’'— s
thr s t = | (z, no-wait-locks)|; t = (x, shr s) U]
= tF (z, shr s)
and can-lock-devreserp:
[ s € wf-state; s —t>ta’— s
thr s t = | (z, no-wait-locks)|; t = {(x, shr s’y L 1]
= JL'CL. t + (z, shr s) L'}
begin

lemma redT-deadlocked-subset:
assumes wfs: s € wf-state
and Red: s —t>ta— s’
shows deadlocked s C deadlocked s’

(proof)

corollary RedT-deadlocked-subset:
assumes wfs: s € wf-state
and Red: s —>ttas—x s’
shows deadlocked s C deadlocked s’

(proof)

end

end

1.13 Progress theorem for the multithreaded semantics

theory FWProgress
imports

FWDeadlock
begin

locale progress = multithreaded final r convert-RA
for final :: 'z = bool
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and r = ('I,'t,"z,'m,’w,’0) semantics (<-F - —-— -» [50,0,0,50] 80)

and convert-RA :: 'l released-locks = "o list

Jr

fixes wf-state :: ('l,'t,’z,'m,'w) state set

assumes wf-stateD: s € wf-state = lock-thread-ok (locks s) (thr s) A wset-final-ok (wset s) (thr s)

and wf-red:

[ s € wf-state; thr s t = |(x, no-wait-locks)|;

t - (z, shr s) —ta— (z’, m'); = waiting (wset s t) |

= Jta'z' m’. t+ (z, shrs) —ta’— (z', m’) A (actions-ok st ta’ V actions-ok’ s t ta’ A actions-subset

ta’ ta)

and red-wait-set-not-final:
[ s € wf-state; thr s t = |(x, no-wait-locks)|;

tF (z, shrs) —ta— (z', m"); - waiting (wset s t); Suspend w € set {taltw |
= = final z’

and wf-progress:
[ s € wf-state; thr s t = |(x, no-wait-locks)|; = final z |
= Jtaz' m' t+ (z, shrs) —ta— (z', m’)

and ta- Wakeup-no-join-no-lock-no-interrupt:
[ s € wf-state; thr s t = |(x, no-wait-locks) |; t b xm —ta— axm’; Notified € set {talty V WokenUp

€ set {tafw ]
= collect-waits ta = {}

and ta-satisfiable:
[ s € wf-state; thr s t = |(x, no-wait-locks)|; t & (x, shr s) —ta— {(z', m’) ]
= Js'. actions-ok s’ t ta

begin

lemma wf-redFE:
assumes s € wf-state thr s t = |(z, no-wait-locks) |
and t F (x, shr s) —ta— (z'', m') = waiting (wset s t)
obtains ta’ 2’ m’
where ¢ b (z, shr s) —ta’— (z/, m') actions-ok’ s t ta’ actions-subset ta’ ta
| ta’ ' m’ where t - (x, shr s) —ta'— (', m’) actions-ok s t ta’

(proof)

lemma wf-progressE:
assumes s € wf-state
and thr s t = |[(z, no-wait-locks)| — final z
obtains ta ' m’ where t & (z, shr s) —ta— (z', m’)

(proof)

lemma wf-progress-satisfiable:
[ s € wf-state; thr s t = |(z, no-wait-locks)|; = final z |
= Jtaz' m’'s" tF (x, shrs) —ta— (z', m’) A actions-ok s’ t ta

(proof)

theorem redT-progress:
assumes wfs: s € wf-state
and ndead: — deadlock s
shows Jt' ta’ s’. s —t>ta’'— s

(proof)

!/
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end

end

1.14 Lifting of thread-local properties to the multithreaded
case

theory FWlLifting
imports
FWWellform
begin
Lifting for properties that only involve thread-local state information and the shared mem-
ory.

definition
ts-ok = ("t = 'z = 'm = bool) = ('l, 't,’x) thread-info = 'm = bool
where

Aln. ts-ok P ts m = Vt. case (ts t) of None = True | |(z, In)] = Ptz m

lemma ts-okl:
[Atzin tst=|(z,In)] = Ptaxm] = ts-ok Ptsm

(proof)

lemma t¢s-okE:
[ts-ok Ptsm; [ Atzin. tst = |(z,In)] = Ptam] = Q] = Q

(proof)

lemma ts-0kD:
Aln. [ ts-ok P tsm; tst = |(z,In)] ] = Ptam
(proof )

lemma ts-ok-True [simpl:
ts-ok (At m x. True) ts m
(proof)

lemma ts-ok-conj:
ts-ok (Atzm. Ptxm A Qtxzm)= (Ats m. ts-ok P ts m A ts-ok Q ts m)

(proof)

lemma ts-ok-mono:
[ ts-ok Ptsm; Nt z. Ptam = Qtxzm] = ts-ok Q tsm

(proof)

Lifting for properites, that also require additional data that does not change during exe-
cution

definition

ts-inv = ("t = 't = ‘v = 'm = bool) = ('t — i) = ('l,’t,’z) thread-info = 'm = bool
where

Ain. ts-inv P I ts m = Vt. case (ts t) of None = True | |(z, In)] = 3i. It=|i] NPitzm

lemma ¢s-invl:
[Atzin.tst=|(z,In)] = Fi. It=|i| NPitzm] = ts-inv PItsm



(proof)

lemma ts-invE:

[ ts-inv PItsm;Vtaln. tst=|(z,In)] — Fi. It=|i)] A\Pitam)=— R] = R

(proof)

lemma ts-invD:
An. [ ts-inv PItsm;tst = |(z,In)] = 3. It=1]i] NPitzm
(proof)

Wellformedness properties for lifting

definition

ts-inv-ok :: (',’t,’z) thread-info = ('t — 'i) = bool
where

ts-inv-ok ts I = Vt. tst = None «+— It = None

lemma ts-inv-okl:
(At. ts t = None <— It = None) = ts-inv-ok ts I
(proof)

lemma ts-inv-okI2:
(At. o tst = |v]) «— Bv. It =|v])) = ts-inv-ok ts I
(proof)

lemma ts-inv-okE:
[ ts-inv-ok ts I; ¥t. tst = None <— It = None = P | = P

(proof)

lemma ts-inv-okE2:
[ ts-inv-ok ts I; Vi. Buv. tst = |v]) +— Gv. It =|v]) = P] = P
(proof)

lemma ts-inv-okD:
ts-inv-ok ts I = (ts t = None) «— (It = None)
(proof)

lemma ts-inv-okD2:
ts-inv-ok ts I = (Jv. tst = |v]) +— (Fv. [ t = |v])
(proof)

lemma ts-inv-ok-conv-dom-eq:
ts-inv-ok ts I «— (dom ts = dom I)

(proof)

lemma ts-inv-ok-upd-ts:
[ ts t = |z]; ts-inv-ok ts I | = ts-inv-ok (ts(t — z")) I
(proof)

lemma ts-inv-upd-map-option:
assumes ts-inv P I ts m
and Az In. tst = |(z, In)] = P (the (It)) t (fst (f (z, In))) m
shows ts-inv P I (ts(t := (map-option [ (ts t)))) m

(proof )

o7
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fun upd-inv :: ('t = ) = (i = 't = 'z = 'm = bool) = ('t,’z,'m) new-thread-action = ('t — '7)
where

upd-inv I P (NewThread t © m) = I(t — SOME i. P itz m)
| upd-inv I P-=1

fun upd-invs :: ('t = i) = (i = 't = ' = 'm = bool) = ('t,’z,'m) new-thread-action list = ('t —
/Z)
where
upd-invs I P[] = I
| upd-invs I P (tafttas) = upd-invs (upd-inv I P ta) P tas

lemma upd-invs-append [simp]:
upd-invs I P (zs Q ys) = upd-invs (upd-invs I P xs) P ys
(proof )

lemma ts-inv-ok-upd-inv'”:
ts-inv-ok ts I = ts-inv-ok (redT-updT’' ts ta) (upd-inv I P ta)
(proof)

lemma ts-inv-ok-upd-invs”:
ts-inv-ok ts I = ts-inv-ok (redT-updTs’ ts tas) (upd-invs I P tas)
(proof)

lemma ts-inv-ok-upd-inv:
ts-inv-ok ts I = ts-inv-ok (redT-updT ts ta) (upd-inv I P ta)
(proof)

lemma ts-inv-ok-upd-invs:
ts-inv-ok ts I = ts-inv-ok (redT-updTs ts tas) (upd-invs I P tas)
(proof)

lemma ts-inv-ok-inv-ext-upd-inv:
[ ts-inv-ok ts I; thread-ok ts ta | = I C,, upd-inv I P ta
(proof)

lemma ts-inv-ok-inv-ext-upd-invs:
[ ts-inv-ok ts I; thread-oks ts tas]
= I C,, upd-invs I P tas

(proof)

lemma upd-invs-Some:
[ thread-oks ts tas; It = |i]; tst = |z] | = upd-invs I Q tas t = |i]
(proof)

lemma upd-inv-Some-eq:
[ thread-ok ts ta; ts t = |z] | = upd-inv I Q tat =1t
(proof)

lemma upd-invs-Some-eq: [ thread-oks ts tas; ts t = |z| | = upd-invs I Q tas t = It

(proof)

lemma SOME-new-thread-upd-invs:
assumes Qsome: Q (SOMEi. Qitxm)tzm
and nt: NewThread t x m € set tas



and cct: thread-oks ts tas
shows 3. upd-invs I Q tast = [i] AN Qitazm
(proof)

lemma ts-ok-into-ts-inv-const:
assumes ts-ok P ts m
obtains [ where ts-inv (A-. P) I ts m

(proof)

lemma ts-inv-const-into-ts-ok:
ts-inv (A\-. P) I ts m = ts-ok P ts m

(proof)

lemma ts-inv-into-ts-ok-Ez:
ts-inv Q I ts m = ts-ok (At axm. 3i. Qitxzm)itsm

(proof)

lemma ts-ok-Ez-into-ts-inv:
ts-ok (At xm. 3i. Qitxm)tsm = II. ts-inv Q I ts m
(proof)

lemma FEz-ts-inv-conv-ts-ok:
(31. ts-inv Q I ts m) +— (ts-ok (At xm. Ii. Q itz m) ts m)
(proof )

end

1.15 Labelled transition systems

theory LTS
imports
../ Basic/ Auziliary
Coinductive. TLList
begin

unbundle no floor-ceiling-syntax

lemma rel-option-mono:
[ rel-option R x y; Az y. Rxy = R’ zy ] = rel-option R' z y
(proof)

lemma nth-concat-conv:
n < length (concat xss)
= Idm n’. concat zss ! n = (xss ! m) ! n/ A n’ < length (zss ! m) A
m < length zss A n = (D i<m. length (xzss ! i)) + n’
(proof)

definition flip :: (la = b= '¢) = b= 'a = 'c
where flip f = (A\b a. fa b)

Create a dynamic list flip-simps of theorems for flip
(ML)

99
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lemma flip-conv [flip-simps]: flip fba = fad
(proof )

lemma flip-flip [flip-simps, simp]: flip (flip f) = f
(proof)

lemma list-all2-flip [flip-simps]: list-all2 (flip P) xs ys = list-all2 P ys xs
(proof)

lemma llist-all2-flip [flip-simps]: Uist-all2 (flip P) zs ys = llist-all2 P ys xs
(proof )

lemma rtranclp-flipD:
assumes (flip r) x z y
shows 7 x* y x

(proof)

lemma rtranclp-flip [flip-simps]:
(flip m) % = flip v
(proof)

lemma rel-prod-flip [flip-simps]:
rel-prod (flip R) (flip S) = flip (rel-prod R S)
(proof)

lemma rel-option-flip [flip-simps]:
rel-option (flip R) = flip (rel-option R)
(proof )

lemma tllist-all2-flip |flip-simps]:
tlist-all2 (flip P) (flip Q) zs ys «— tllist-all2 P Q ys xs
(proof )

1.15.1 Labelled transition systems

type-synonym (‘a, 'b) trsys = 'a = 'b = 'a = bool

locale trsys =
fixes trsys :: (s, 'tl) trsys («-/ ——/ - [50, 0, 50] 60)
begin

abbreviation Trsys :: ('s, 'tl list) trsys («-/ —-—x/ - [50,0,50] 60)
where Atl. s —tl—x s’ = rtrancl3p trsys s tl s’

coinductive inf-step :: 's = 'tl llist = bool (x- —-—x ooy [50, 0] 80)
where inf-stepl: [ trsys a b a’; a’ —bs—+ 00 | = a —LCons b bs—* o0

coinductive inf-step-table :: 's = (s x tl x 's) llist = bool (- —-—xt 00> [50, 0] 80)
where

inf-step-tablel:

At [ trsys s tl sy 87 —stls—+t o0 |

= s —LCons (s, tl, s) stls—xt oo

definition inf-step2inf-step-table :: 's = "tl llist = ('s x 't x 's) llist
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where
inf-step2inf-step-table s tls =
unfold-1list
(A(s, tls). Inull tis)
(A(s, tls). (s, Ihd tls, SOME s'. trsys s (Ihd tls) s’ A s’ —ltl tls—* o))
(A(s, tls). (SOME s'. trsys s (Ihd tls) s' A 8" —ltl tls—x oo, It tls))
(s, tls)

coinductive Rtrancl3p :: 's = ('tl, 's) tllist = bool
where
Rtrancl3p-stop: (A\tl s’. = s —tl— s") = Rtrancl3p s (TNil s)
| Rtrancl3p-into-Rtrancl3p: N\tl. [ s —tl— s’; Rtrancl3p s’ tlss | = Rtrancl3p s (TCons tl tiss)

inductive-simps Rtrancl3p-simps:
Rtrancl8p s (TNil s’)
Rtrancl3p s (TCons tl' tlss)

inductive-cases Rtrancl3p-cases:
Rtrancl3p s (TNil s')
Rtrancl8p s (TCons tl’ tlss)

coinductive Runs :: 's = 'tl llist = bool
where
Stuck: (\tl s'. = s —tl— s’) = Runs s LNil
| Step: Ntl. [ s —tl— s’ Runs s’ tls | = Runs s (LCons tl tls)

coinductive Runs-table :: 's = ('s x 'tl x 's) llist = bool
where
Stuck: (\tl s'. = s —tl— s’) = Runs-table s LNil
| Step: \tl. [ s —tl— s'; Runs-table s’ stlss | = Runs-table s (LCons (s, tl, s') stlss)

inductive-simps Runs-table-simps:
Runs-table s LNil
Runs-table s (LCons stls stlss)

lemma inf-step-not-finite-llist:
assumes 7r: § —bs—* 00
shows — [finite bs

(proof)

lemma inf-step2inf-step-table-LNil [simp]: inf-step2inf-step-table s LNil = LNil
(proof)

lemma inf-step2inf-step-table-LCons [simp]:
fixes tl shows
inf-step2inf-step-table s (LCons tl tls) =
LCons (s, tl, SOME s'. trsys s tl s’ A s’ —tls—x o0)
(inf-step2inf-step-table (SOME s'. trsys s tl s' N s' —tls—* 00) tls)
(proof)

lemma Inull-inf-step2inf-step-table [simp):
Inull (inf-step2inf-step-table s tls) <— Inull tls
(proof )
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lemma inf-step2inf-step-table-eq-LNil:
inf-stepZinf-step-table s tls = LNil «— tls = LNil
(proof)

lemma [hd-inf-step2inf-step-table [simp]:
= Inull tls
= Ihd (inf-step2inf-step-table s tls) =
(s, Ihd tls, SOME s'. trsys s (Ihd tls) s’ A s’ —Itl tls—* o0)
(proof)

lemma [tl-inf-step2inf-step-table [simp]:

Itl (inf-step2inf-step-table s tls) =

inf-step2inf-step-table (SOME s'. trsys s (Ihd tls) s’ N s’ —lItl tls—* oo) (Itl tls)
(proo)

lemma [map-inf-step2inf-step-table: Imap (fst o snd) (inf-step2inf-step-table s tls) = tis
(proof)

lemma inf-step-imp-inf-step-table:
assumes s —tls—* 0o
shows Jstls. s —stls—*t oo A tls = lmap (fst o snd) stls

(proof)

lemma inf-step-table-imp-inf-step:
s—stls—*t 0o =>s —Imap (fst o snd) stls—+* oo

(proof)

lemma Runs-table-into-Runs:
Runs-table s stlss = Runs s (Imap (A\(s, tl, s'). tl) stlss)
(proof )

lemma Runs-into-Runs-table:
assumes Runs s tls
obtains stlss
where tls = lmap (\(s, tl, s'). tl) stlss
and Runs-table s stlss

(proof)

lemma Runs-lappendE:
assumes Runs o (lappend tls tls’)
and Ifinite tls
obtains ¢’ where o —list-of tls—x o’
and Runs o’ tls’

(proof)

lemma Trsys-into-Runs:
assumes s —tls—* s’
and Runs s’ tls’
shows Runs s (lappend (llist-of tls) tls’)

(proof)

lemma rtrancl3p-into-Rtrancl3p:
[ rtrancl3p trsys a bs a’; A\b a’. = o’ —b— o’ | = Rtrancl3p a (tllist-of-llist o’ (llist-of bs))
(proof)
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lemma Rtrancl3p-into-Runs:
Rtrancl3p s tlss = Runs s (llist-of-tllist tlss)

(proof)

lemma Runs-into-Rtrancl3p:
assumes Runs s tls
obtains tiss where tls = llist-of-tllist tiss Rtrancl3p s tlss

(proof)

lemma fixes ¢l
assumes Rtrancl3p s tlss tfinite tiss
shows Rtrancl3p-into-Trsys: Trsys s (list-of (llist-of-tllist tlss)) (terminal tlss)
and terminal-Ritrancl3p-final: — terminal tlss —tl— s’

(proof)

end

1.15.2 Labelled transition systems with internal actions

locale 7trsys = trsys +
constrains trsys :: ('s, 'tl) trsys
fixes Tmove :: ('s, 'tl) trsys

begin

inductive silent-move :: 's = ‘s = bool (- —1— -» [50, 50] 60)
where [intro]: It [ trsys s tl s’y Tmove s tl '] = s —7— s’

declare silent-move.cases [elim]

lemma silent-move-iff: silent-move = (As s’. (Ftl. trsys s tl s’ A Tmove s tl s'))

(proof)

abbreviation silent-moves :: 's = ‘s = bool (- —T—* -» [50, 50] 60)
where silent-moves == silent-move xx

abbreviation silent-movet :: 's = 's = bool (v- —T—+ - [50, 50] 60)
where silent-movet == silent-move 4+

coinductive tdiverge :: 's = bool (- —7— oo [50] 60)
where
Tdivergel: [ s —1— s’} ' -1 0] = s —T— x©

coinductive Tinf-step :: 's = 'tl llist = bool (- —T—-—x% c0r [50, 0] 60)
where
Tinf-step-Cons: N\tl. [ s —7—x s'; 8" —tl— s'; = Tmove s’ tl 8" 8" —7—tls—* 00 | = s —7—LCons
tl tls—* 0o
| Tinf-step-Nil: s —1— 00 => s —7— LNil—x o0

coinductive Tinf-step-table :: 's = ('s x 's x "tl x 's) llist = bool (- —T—-—xt 00r [560, 0] 80)
where

Tinf-step-table-Cons:

Nt [ s —1—x s’y 8" —tl— s"'; = Tmove s tl s"; 8" —T—tls—*t 00 | = s —7—LCons (s, s, tl, s")
tls—*t oo
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| Tinf-step-table-Nil:
§ —T— 00 = § —T—LNil—=xt 0o

definition Tinf-step2rinf-step-table :: 's = tl llist = ('s x 's x "tl x 's) llist
where
Tinf-step2Tinf-step-table s tls =
unfold-1list
(A(s, tls). Inull tis)
(A(s, tls). let (s', s’y = SOME (s', s"). s —t—x 8’ A s —Ihd tis— 8" A = Tmove s’ (Ihd tls) 8" A
§" —1 =1t tls—* oo
in (s, s', Ihd tls, s"))
(A(s, tls). let (s', s'") = SOME (s', s""). s —t—x s’ A s" —Ilhd tis— s” A = Tmove s’ (Ihd tls) s”" A
§" —1—1tl tls—* oo
in (8", Itl tls))
(s, tls)

definition silent-move-from :: 's = 's = 's = bool
where silent-move-from s0 s1 s2 <— silent-moves s0 s1 N silent-move sl s2

inductive 7rtrancl3p :: 's = 'tl list = 's = bool (- —T—-—* - [50, 0, 50] 60)
where
Trtrancl3p-refl: Trtrancl3p s ] s
| Trirancl3p-step: N\tl. [ s —tl— s’; = Tmove s tl s'; Trirancl3p s’ tls 8" | = TrtranclSp s (tl # tls) s”’
| Trirancl3p-rstep: \tl. [ s —tl— s'; Tmove s tl s; Trirancl3p s' tls s | = Trtrancl3p s tls s”’

coinductive TRuns :: ‘s = ('tl, 's option) tllist = bool (<- | - [50, 50] 51)
where
Terminate: [ s —t—x s’y Ntl s". = 8" —tl— s" ]| = s | TNil |s’|
| Diverge: s —7— oo => s || T'Nil None
| Proceed: \tl. [ s —1—x s'; 8/ —tl— s''; = Tmove s’ tl 8"; " |} tls ] = s || TCons tl tls

inductive-simps 7 Runs-simps:
s TNil (Some s’)
s {} TNil None
s TCons tl’ tis

coinductive 7 Runs-table :: 's = ('tl x 's, 's option) tllist = bool
where
Terminate: | s —t—x s’y Ntl s”". = s’ —tl— s" | = T7Runs-table s (TNil |s'])
| Diverge: s —T— 0o == TRuns-table s (TNil None)
| Proceed:
At [ s —7—x s’y 8" —tl—= s"'; = Tmove s’ tl s"'; T Runs-table s’ tls |
= TRuns-table s (TCons (tl, s"") tls)

definition silent-move2 :: 's = 'tl = 's = bool
where Atl. silent-move2 s tl s’ +— s —tl— s’ A Tmove s tl s’

abbreviation silent-moves2 :: 's = 'tl list = 's = bool
where silent-moves2 = rtrancl3p silent-move2

coinductive T Runs-table2 :: 's = ('tl list x 's x "tl x 's, ('tl list x 's) + 't llist) tllist = bool
where
Terminate: [ silent-moves2 s tls s'; Ntl s”. = s —tl— s" | = T Runs-table2 s (TNil (Inl (tls, s')))
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| Diverge: trsys.inf-step silent-move2 s tls => 7 Runs-table2 s (TNil (Inr tls))

| Proceed:
Ntl. [ silent-moves2 s tls s'; s —tl— ' = Tmove s’ tl s"; T Runs-table2 s’ tlsstlss |
= TRuns-table2 s (TCons (s, s', tl, ') tlsstlss)

inductive-simps 7 Runs-table2-simps:
7T Runs-table2 s (TNil tlss)
T Runs-table2 s (TCons tlsstls tlsstlss)

lemma inf-step-table-all-T-into-T diverge:
[ s —stls—xt oco; V (s, tl, s') € Iset stls. Tmove s tl s’ = s —1— ©

(proof)

lemma inf-step-table-lappend-llist-ofD:
s —lappend (llist-of stls) (LCons (z, tl', z') zs)—=t oo
= (s —map (fst o snd) stls—* ) A (x —LCons (x, tl', ') zs—*t 00)

(proof)

lemma inf-step-table-lappend-llist-of-T-into-Tmoves:

assumes [finite stls

shows [ s —lappend stls (LCons (x, tl' x') xs)—xt oco; V (s, tl, s’)Elset stls. Tmove s tl s' | = s
—T—%

(proof)

lemma inf-step-table-into-Tinf-step:
s —stls—xt co = s —7—Imap (fst o snd) (Ifilter (A\(s, tl, s'). = Tmove s tl s') stls)—* oo

(proof)

lemma inf-step-into-Tinf-step:
assumes s —tls—* 0o
shows JdA. s —7—Inths tls A—x 00

(proof)

lemma silent-moves-into-Trtrancl3p:
s —T—ox ' = s —7—[]ox s’
(proof )

lemma 7rtrancl3p-into-silent-moves:
s —T—[]o% s’ = s —T—x* s’
(proof)

lemma 7rtrancl3p-Nil-eq-rmoves:
s —T=[]o% ' +— s —T—x s’

(proof)

lemma Trirancl8p-trans [trans]:
[ s —7—tls—* s'; 8" —1—tls'=x s" ]| = s —7—tls Q tls'—>x s

(proof)

lemma trtrancl3p-SingletonE:
fixes tl
assumes red: s —7—[tl]—x s"’
obtains s’ s” where s —7—x* s’ s —tl— s" = Tmove 5" tl 5" 5" —T—x s’
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(proof)

lemma 7rtrancl3p-snocl:
11, "o 111, nro__ /A 22 !
* ) ) )
At [ Trirancl8p s tls s''; 8" —T—x s"; s tl— s’y = Tmove s’ tl s' ]
= 7rtrancl3p s (tls Q [¢l]) s’

(proof)

lemma 7diverge-rtranclp-silent-move:
[ silent-move™x* s s} ' —71— 00 ] = s —7— 0

(proof)

lemma 7diverge-trancl-coinduct [consumes 1, case-names Tdiverge]:
assumes X: X s
and step: A\s. X s = Js’. silent-move ++ s s’ A (X s’V 8/ —7— o0)
shows s —7— oo

(proof)

lemma 7diverge-trancl-measure-coinduct [consumes 2, case-names 7 diverge]:
assumes major: X s t wfP u
and step: Ast. X st = Fs't". (ut' t A s'= sV silent-move ™++ s s) A (X s't'V s' —7— o)
shows s —7— o0

(proof)

lemma 7inf-step2tinf-step-table-LNil [simp]: Tinf-step2Tinf-step-table s LNil = LNil
(proof)

lemma 7inf-step27inf-step-table-LCons [simp]:
fixes s tl ss tls
defines ss = SOME (s, s'"). s —1—=% s’ A s’ —tl— s'" A = mmove s’ tl " N s"" —7—tls—* o0
shows
Tinf-step21inf-step-table s (LCons tl tls) =
LCons (s, fst ss, tl, snd ss) (Tinf-step2tinf-step-table (snd ss) tls)

(proof)

lemma Inull-rinf-step27inf-step-table [simpl:
Inull (Tinf-step2tinf-step-table s tls) «— Inull tis
(proof)

lemma [hd-Tinf-step2Tinf-step-table [simp):

= Ilnull tls = lhd (Tinf-step27inf-step-table s tls) =

(let (s', ") = SOME (s', s"). s —t—* s' A 8’ —Ihd tls— s"" A = mmove s’ (Ihd tls) s"" N 8" —7—1tl
tls—+* 0o

in (s, s, Ihd tls, s''))
(proof )

lemma ltl-Tinf-step2tinf-step-table [simp]:

= Inull tls = Ut (Tinf-step27inf-step-table s tls) =

(let (s, 8"y = SOME (s', 8"). s —t—x 8’ N 8’ —Ihd tls— s"" N = Tmove s’ (Ihd tls) 8" N s —7—Itl
tls—+* oo

in Tinf-step2tinf-step-table s’ (It tls))
(proof)

lemma [map-Tinf-step27inf-step-table: lmap (fst o snd o snd) (Tinf-step27inf-step-table s tls) = tls
(proof )
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lemma Tinf-step-into-tinf-step-table:
§ —T—tls—* co => s —T—Tinf-step21inf-step-table s tls—*t oo
(proof )

lemma Tinf-step-imp-1inf-step-table:
assumes § —7—tls—* oo
shows T sstls. s —T—sstls—+t 0o A tls = Imap (fst o snd o snd) sstls

(proof)

lemma Tinf-step-table-into-Tinf-step:
s —T—sstls—+t oo => s —7—Imap (fst o snd o snd) sstls—* oo

(proof)

lemma silent-move-froml [introl:
[ silent-moves s0 s1; silent-move s1 s2 | = silent-move-from s0 s1 s2

(proof)

lemma silent-move-fromFE [elim):
assumes silent-move-from s sl s2
obtains silent-moves s0 s1 silent-move s1 s2

(proof)

lemma rtranclp-silent-move-from-imp-silent-mowves:
assumes s'z: silent-move™ s’ x
shows (silent-move-from s') x x z = silent-moves s’ z

(proof)

lemma 7diverge-not-wfP-silent-move-from:
assumes s —7T— 00
shows — wfP (flip (silent-move-from s))
(proof)

lemma wfP-silent-move-from-unroll:
assumes wfPs" A\s’. s —7— s' = wfP (flip (silent-move-from s'))
shows wfP (flip (silent-move-from s))
{proof)

lemma not-wfP-silent-move-from-t diverge:
assumes — wfP (flip (silent-move-from s))
shows s —7— o0

(proof)

lemma 7diverge-neq-wfP-silent-move-from:
s —1— 00 # wfP (flip (silent-move-from s))
(proof)

lemma not-7diverge-to-no-rmowve:

assumes — § —T— 00

shows s’ s —7—x ' A (Vs". = ' —7— s')
(proof)

lemma 7diverge-conv-t Runs:
s —7— 00 <— s || TNil None
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(proof)

lemma 7inf-step-into-T Runs:
s —T—tls—* oo = s || tllist-of-llist None tls

(proof)

lemma 7-into-T Runs:
[s—T—ss"Jtls] = s{tls

(proof)

lemma 7rtrancl3p-into-T Runs:
assumes s —7—tls—x* s’
and s’ | tls’
shows s || lappendt (llist-of tls) tls’

(proof)

lemma 7Runs-table-into-T Runs:
TRuns-table s stlsss = s || tmap fst id stlsss

(proof)

definition 7 Runs27 Runs-table :: 's = ('tl, 's option) tllist = ('tl x 's, 's option) tllist
where
TRuns21 Runs-table s tls = unfold-tllist

(A(s, tls). is-TNil tls)

(A(s, tls). terminal tls)

(A(s, tls). (thd tls, SOME s". 3s’. s —t—x s’ A 8’ —thd tls— s" A = Tmove s’ (thd tls) s” A s" |}
ttl tls))

(A(s, tls). (SOME s". 3s'. s —t—x s’ A 8’ —thd tis— s N\ = Tmove s’ (thd tls) s” N s | til tls,
tl tls))

(s, tls)

lemma is-TNil-T Runs2t Runs-table [simp]:
is-TNil (T Runs271 Runs-table s tls) «+— is-TNil tls
thm unfold-tllist.disc

(proof)

lemma thd-r Runs2t Runs-table [simp]:
- is-TNil tls =
thd (T Runs2t Runs-table s tls) =
(thd tls, SOME s". 3s'. s —1—x s’ AN s’ —thd tls— s"" N = Tmove s’ (thd tls) s A s"" | ttl tls)

(proof)

lemma ttl-7 Runs2T Runs-table [simpl:

- is-TNil tls =

ttl (1 Runs2t Runs-table s tls) =

TRuns27 Runs-table (SOME s”. 3s’. s —1—x s’ A 8’ —thd tls— s"” A = Tmove s’ (thd tls) s” N s”
Ut tls) (ttl tls)

(proof)

lemma terminal-T Runs2t Runs-table [simp):
is-TNil tls = terminal (T Runs2T Runs-table s tls) = terminal tls

(proof)

lemma 7Runs27 Runs-table-simps [simp, nitpick-simp):



7 Runs27 Runs-table s (TNil so) = TNil so

At

TRuns21 Runs-table s (TCons tl tls) =

(let s = SOME s". 3s'. s —1—=x ' N s’ —tl— s"" A = mmove s tl s"" N s" | tls
in TCons (tl, s"") (T Runs21 Runs-table s"' tls))

(proof)

lemma 7Runs2t Runs-table-inverse:
tmap fst id (T Runs2T Runs-table s tls) = tls
(proof)

lemma 7Runs-into-T Runs-table:
assumes s | tls
shows T stlsss. tls = tmap fst id stlsss N T Runs-table s stlsss

(proof)

lemma 7Runs-lappendtE:
assumes o |} lappendt tls tls’
and [finite tls
obtains o’ where o —7—list-of tls—* o’
and o’ || tls’

(proof)

lemma 7Runs-total:
dils. o | tls

(proof)

lemma silent-move2-into-silent-move:
fixes tl
assumes silent-move2 s tl s’
shows s —7— s’

(proof)

lemma silent-move-into-silent-move2:
assumes § —7— s’
shows 3 tl. silent-move? s tl s’

(proof)

lemma silent-moves2-into-silent-moves:
assumes silent-moves2 s tls s’
shows s —7—x s’

(proof)

lemma silent-moves-into-silent-moves2:
assumes § —7—% §’
shows 3 tls. silent-moves?2 s tls s’

(proof)

lemma inf-step-silent-move2-into-t diverge:
trsys.inf-step silent-move2 s tls = s —17— o0
(proof)

lemma 7diverge-into-inf-step-silent-move2:
assumes s —T— 00
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obtains tls where trsys.inf-step silent-move2 s tls

(proof)

lemma 7Runs-into-trtrancl3p:
assumes runs: s | tlss
and fin: tfinite tlss
and terminal: terminal tlss = Some s’
shows 7rirancl3p s (list-of (llist-of-tllist tlss)) s’

(proof)

lemma 7Runs-terminal-stuck:
assumes Runs: s | tlss
and fin: tfinite tlss
and terminal: terminal tlss = Some s’
and proceed: s’ —tls— s’
shows Fulse

(proof)

lemma Runs-table-silent-diverge:
[ Runs-table s stlss; ¥ (s, tl, s’) € lset stlss. Tmove s tl s'; = Ifinite stiss |
= § —T— X

(proof)

lemma Runs-table-silent-rtrancl:
assumes Ifinite stlss
and Runs-table s stlss
and Y (s, tl, s') € Iset stlss. Tmove s tl s’
shows s —7—x llast (LCons s (Imap (A\(s, tl, s'). s') stlss)) (is Pthesisl)
and llast (LCons s (Imap (A(s, tl, s’). s') stlss)) —tl'— s'"" = False (is PROP ?thesis2)

(proof)

lemma Runs-table-silent-lappendD:
fixes s stlss
defines s’ = llast (LCons s (Imap (A(s, tl, s'). s') stlss))
assumes Runs: Runs-table s (lappend stlss stlss’)
and fin: lfinite stlss
and silent: V (s, tl, s’) € Iset stlss. Tmove s tl s’
shows s —7—x s’ (is ?thesisl)
and Runs-table s’ stlss’ (is ?thesis?2)
and stlss’ # LNil = s’ = fst (Ihd stlss’) (is PROP ?thesis3)

(proof)

lemma Runs-table-into-T Runs:

fixes s stlss

defines tls = tmap (A(s, tl, s'). €) id (tfilter None (A(s, tl, s'). = Tmove s tl s’) (tilist-of-llist (Some
(llast (LCons s (Imap (A(s, tl, s'). s') stlss)))) stlss))

(is - = ?conv s stlss)

assumes Runs-table s stlss

shows TRuns s tls

(proof)

lemma 7Runs-table2-into-T Runs:
TRuns-table? s tlsstlss
= s | tmap (\(tls, ', tl, 8”'). tl) (\z. case © of Inl (tls, s’) = Some s’ | Inr - = None) tlsstlss



71

(proof)

lemma 7Runs-into-T Runs-table2:
assumes s | tls
obtains tisstlss
where 7 Runs-table2 s tlsstlss
and tls = tmap (A(tls, s’, tl, s'). tl) (Ax. case x of Inl (tls, s') = Some s’ | Inr - = None) tlsstlss

(proof)

lemma 7Runs-table2-into- Runs:

assumes 7 Runs-table2 s tlsstlss

shows Runs s (lconcat (lappend (Imap (A(tls, s, tl, s'). llist-of (tls @ [H])) (llist-of-tllist tlsstlss))
(LCons (case terminal tisstlss of Inl (tls, s') = llist-of tls | Inr tls = tls) LNil)))

(is Runs - (Zconv tlsstlss))

(proof)

lemma 7Runs-table2-silentsD:
fixes tl
assumes Runs: T Runs-table2 s tlsstlss
and tset: (tls, s', tl', s"') € tset tlsstlss
and set: tl € set tls
shows 35" """, silent-move2 s’ tl s"""'

(proof)

lemma 7Runs-table2-terminal-silentsD:
assumes Runs: T Runs-table2 s tlsstlss
and fin: Ifinite (llist-of-tllist tlsstlss)
and terminal: terminal tlsstlss = Inl (tls, s’
shows 3s’. silent-moves?2 s’ tis s’

(proof)

lemma 7Runs-table2-terminal-inf-stepD:
assumes Runs: T Runs-table2 s tlsstlss
and fin: lfinite (llist-of-tllist tlsstlss)
and terminal: terminal tlsstlss = Inr tls
shows Js'. trsys.inf-step silent-move2 s’ tls

(proof)

lemma 7Runs-table2-lappendtD:
assumes Runs: T Runs-table2 s (lappendt tlsstlss tlsstlss’)
and fin: [finite tlsstiss
shows Js’. TRuns-table2 s’ tisstlss’

(proof)
end

lemma Tmoves-False: Ttrsys.silent-move r (As ta s’. False) = (As s’. False)
(proof)

lemma 7rirancl3p-False-eq-rtrancldp: Ttrsys.trirancl3p v (As tl s'. False) = rtrancl3p r
(proof)

lemma 7diverge-empty-Trmove:
Ttrsys.Tdiverge r (As ta s'. False) = (As. False)
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(proof)

end

1.16 The multithreaded semantics as a labelled transition sys-
tem

theory FWLTS

imports
FWProgressAuz
FWLifting
LTS

begin

sublocale multithreaded-base < trsys r t for t {proof)

sublocale multithreaded-base < mthr: trsys redT (proof)

definition redT-upd-e :: ('l,’t,'x,'m,'w) state = 't = 'z = 'm = ('I,'t,’z,’m,'w) state

where [simp|: redT-upd-c s t ' m' = (locks s, ((thr s)(t — (z', snd (the (thr s t)))), m’), wset s,
interrupts s)

lemma redT-upd-e-redT-upd:
redT-upd s t € ©' m' (redT-upd-¢ s t ' m’)
(proof)

context multithreaded begin
sublocale trsys r t for t (proof)
sublocale mthr: trsys redT (proof)

end

1.16.1 The multithreaded semantics with internal actions

type-synonym
('Lt z,'m,"w,’0) Tmoves =
'z x 'm = (','t,’z,’m,’w,’0) thread-action = 'z X 'm = bool

pretty printing for Tmowves
(ML)

typ ('l,'t,’z,"m,"w,’0) Tmoves

locale Tmultithreaded = multithreaded-base +
constrains final :: 'z = bool
and r :: ('I,’t,’z,'m,'w,’0) semantics
and convert-RA :: 'l released-locks = 'o list
fixes Tmove :: ('l,'t,"z,'m,"w,’0) Tmoves

sublocale Tmultithreaded < Tirsys r t Tmove for t (proof)
context Tmultithreaded begin

inductive mrmove :: (('l,'t,’z,'m,"w) state, 't x ('l,'t,'x,'m,"w,’0) thread-action) trsys



where
[ thr st = |(z, no-wait-locks)|; thr s t = |(z/, In")]; Tmove (x, shr s) ta (z’, shr s’) ]
= m7move s (1, ta) s’

end
sublocale Tmultithreaded < mthr: Ttrsys redT mTmove (proof)
context Tmultithreaded begin

abbreviation TmredT :: ('l,'t,’z,’m,'w) state = ('1,’t,’z,'m,’"w) state = bool
where TmredT == mthr.silent-move

end

lemma (in multithreaded-base) Trtrancl3p-red T-thread-not-disappear:
assumes Tirsys.7rirancl3p redT Tmove s ttas s’ thr s t # None
shows thr s’ t # None

(proof)

lemma m7move-False: Tmultithreaded. mTmove (A\s ta s'. False) = (A\s ta s’. False)

(proof )
declare split-paired-Ez [simp del]

locale Tmultithreaded-wf =
Tmultithreaded - - - Tmove +
multithreaded final r convert-RA
for Tmove :: ('l,'t,'x,’m,"w,’0) Tmoves +
assumes Tmove-heap: [ t - (z, m) —ta— (z', m’); Tmove (z, m) ta (z
assumes silent-tl: Tmove s ta s' = ta = ¢
begin

"m)] = m=m'

lemma mtmove-silentD: mTmove s (t, ta) s’ = ta = (KS [, [, I, [, I, )
(proof )

lemma m7mmove-heap:
assumes redT: redT s (t, ta) s’
and mrmove: mrmove s (t, ta) s’
shows shr s’ = shr s

(proof)

lemma TmredT-thread-preserved:
TmredT s s’ = thr s t = None <— thr s’ t = None

(proof)

lemma TmRedT-thread-preserved:
TmredT x* s s' = thr s t = None < thr s’ t = None

(proof)

lemma TmtRedT-thread-preserved:
TmredT ++ s s’ = thr s t = None +— thr s’ t = None

(proof)
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lemma TmredT-add-thread-inv:

assumes Tred: TmredT s s’ and tst: thr s t = None

shows TmredT (locks s, ((thr s)(t — zln), shr s), wset s, interrupts s) (locks s', ((thr s’)(t — zin),
shr s'), wset s’, interrupts s’)

(proof)

lemma TmRedT-add-thread-inv:

[ TmredT xx s s'; thr s t = None |

= TmredT *x (locks s, ((thr s)(t — zin), shr s), wset s, interrupts s) (locks s', ((thr s')(t — zin),
shr s'), wset s’, interrupts s’)

(proof)

lemma TmtRed-add-thread-inv:

[ TmredT™++ s s'; thr s t = None |

= tmredT ++ (locks s, ((thr s)(t — zin), shr s), wset s, interrupts s) (locks s’, ((thr s")(t — zln),
shr s'), wset s', interrupts s’)

(proof)

lemma silent-move-into-RedT-T-inv:
assumes move: silent-move t (z, shr s) (z', m’)
and state: thr s t = |(z, no-wait-locks)| wset s t = None
shows TmredT s (redT-upd-e s t ' m’)

(proof)

lemma silent-moves-into-RedT-T-inv:
assumes major: silent-moves t (x, shr s) (z', m’)
and state: thr s t = |(z, no-wait-locks)| wset s t = None
shows TmredT x* s (redT-upd-¢ s t ' m’)

(proof)

lemma red-rtrancl-t-heapD-inv:
[ silent-moves t s s'; wfsts] = snd s’ = snd s

(proof)

lemma red-trancl-T-heapD-inv:
[ silent-movet t s s'; wfs t s | = snd s’ = snd s

(proof)

lemma red-trancl-r-into-RedT-T-inv:
assumes major: silent-movet t (z, shr s) (z’', m’)
and state: thr s t = |(z, no-wait-locks)| wset s t = None
shows TmredT ++ s (redT-upd-e s t ' m’)

(proof)

lemma 7diverge-into-rmredT:
assumes 7diverge t (x, shr s)
and thr s t = |(z, no-wait-locks)| wset s t = None
shows mthr.7diverge s

(proof)

lemma 7diverge-rmredTD:
assumes div: mthr.7diverge s
and fin: finite (dom (thr s))
shows 3t z. thr s t = [(z, no-wait-locks)| N\ wset s t = None A Tdiverge t (x, shr s)
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(proof)

lemma Tmred T-preserves-final-thread:
[ TmredT s s’ final-thread s t | = final-thread s’ t

(proof)

lemma TmRedT-preserves-final-thread:
[ 7mredT x s s'; final-thread s t | = final-thread s’ t

(proof)

lemma silent-moves2-silentD:
assumes rtrancl3p mthr.silent-move2 s ttas s’
and (t, ta) € set ttas
shows ta = ¢

(proof)

lemma inf-step-silentD:
assumes step: trsys.inf-step mthr.silent-move2 s ttas
and Iset: (t, ta) € lset ttas
shows ta = ¢

(proof)

end

1.16.2 The multithreaded semantics with a well-founded relation on states

locale multithreaded-base-measure = multithreaded-base +
constrains final :: 'z = bool
and r :: (',’t,"z,'m,’w,’0) semantics
and convert-RA :: 'l released-locks = 'o list
fixes p:: ("z x 'm) = ('z x 'm) = bool
begin

inductive mut :: 'm = ('l,'t,’z) thread-info = ('l,'t,’z) thread-info = bool
for m and ts and ts’
where
mutl:
Nin. [ finite (dom ts); ts t = [(z, In)]; ts' t = [(z/, In))|; w (z, m) (z/, m); Nt t/ #t = tst' =
ts’ t']
= mut m ts ts’

definition my = ('l,'t,’z,'m,"w) state = ('l,’t,"z,'m,’w) state = bool
where mu s s’ < shr s = shr s’ A mut (shr s) (thr s) (thr s’)

lemma mut-thr-dom-eq: mut m ts ts’ = dom ts = dom ts’
(proof)

lemma muy-finite-thrD:
assumes mut m ts ts’
shows finite (dom ts) finite (dom ts’)

(proof)

end
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locale multithreaded-base-measure-wf = multithreaded-base-measure +
constrains final :: 'z = bool
and r :: ('l,’t,’z,'m,'w,’0) semantics
and convert-RA :: 'l released-locks = "o list
and p :: ('z X 'm) = (z x 'm) = bool
assumes wf-u: wfP p
begin

lemma wf-mut: wfP (mut m)
(proof)

lemma wf-mu: wfP my

(proof )
end

end

1.17 Various notions of bisimulation

theory Bisimulation
imports

LTS
begin

type-synonym (‘a, 'b) bisim = 'a = 'b = bool

1.17.1 Strong bisimulation

locale bisimulation-base = r1: trsys trsysl + r2: trsys trsys2
for trsys1 :: ('s1, "tl1) trsys (<-/ —1—-—/ - [50,0,50] 60)
and trsys2 :: ('s2, 't12) trsys («-) —2—-—/ - [50,0,50] 60) +
fixes bisim :: ('s1, 's2) bisim (<-/ = -» [50, 50] 60)
and #sim :: ('tl1, 't2) bisim («-/ ~ - [50, 50] 60)

begin

notation
rl.Trsys («-/ —1—-—x/ - [50,0,50] 60) and
r2.Trsys («-/ —2—-—x/ - [560,0,50] 60)

notation
r1.inf-step (<- —1—-—x* 00> [50, 0] 80) and
r2.inf-step ((- —2—-—% 00y [50, 0] 80)

notation
r1.inf-step-table (s- —1—-—xt oo [50, 0] 80) and
r2.inf-step-table (s- —2—-—xt ooy [50, 0] 80)

abbreviation Tlsim :: ('tl1 list, 't2 list) bisim («-/ [~] - [50, 50] 60)
where Tlsim tl1 t12 = list-all2 tlsim tl1 ti2

abbreviation Tlsiml :: ('tl1 llist, 't12 llist) bisim (<-/ [[~]] -» [50, 50] 60)
where Tlsiml tl1 t12 = llist-all2 tlsim tl1 t12



end

locale bisimulation = bisimulation-base +
constrains trsysl :: (’s1, 'tll) trsys
and trsys2 :: ('s2, 't12) trsys
and bisim :: ('s1, 's2) bisim
and tlsim :: ("tl1, 't2) bisim
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assumes simulationl: [ s1 ~ s2; s1 —1—tll— s1'] = 352’ t12. s2 —2—U2— s2' N s1'~ s2' N\

t1 ~ ti2

and simulation2: [ s1 =~ s2; s2 —2—t2— s2' | = Js1' tl1. s1 —1—tll— s1' N s1' = s2' A tl1

~ tl2
begin

lemma bisimulation-flip:
bisimulation trsys2 trsys1 (flip bisim) (flip tlsim)
{proof )

end

lemma bisimulation-flip-simps [flip-simps]:
bisimulation trsys2 trsysl (flip bisim) (flip tlsim) = bisimulation trsysl trsys2 bisim tlsim

(proof)

context bisimulation begin

lemma simulationl-rtrancl:

[s1 —1—tls1—x* s1'; s1 ~ s2]

= 32/ tls2. s2 —2—tls2—x s2' N s1' = s2' A tlsl [~] tls2
(proof)

lemma simulation2-rtrancl:

[s2 —2—tls2—x s27; s1 =~ s2]

= Js1' tls1. s1 —1—tlsl—x* s1’' N s1' = s2' A tlsl [~] tls2
(proof )

lemma simulationl-inf-step:
assumes redl: s1 —1—tls1—* oo and bisim: s1 ~ s2
shows Jtls2. s2 —2—tls2—x oo A tlsl [[~]] tis2

(proof)

lemma simulation2-inf-step:
[ 2 —2—tls2—* 00; s1 ~ s2 | = Ftlsl. s1 —1—tls1—* oo A tlsl [[~]] tis2

(proof)

end

locale bisimulation-final-base =
bisimulation-base +
constrains trsysl :: ('s1, 'tl1) trsys
and trsys2 :: ('s2, 't12) trsys
and bisim :: ('s1, 's2) bisim
and tlsim :: ('tl1, 'tl2) bisim
fixes finall :: 's1 = bool
and final2 :: 's2 = bool
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locale bisimulation-final = bisimulation-final-base + bisimulation +
constrains trsysl :: ('s1, 'tl1) trsys
and trsys2 :: ('s2, 'tI2) trsys
and bisim :: ('s1, 's2) bisim
and tlsim :: ('tl1, 't12) bisim
and finall :: 's1 = bool
and final2 :: 's2 = bool
assumes bisim-final: s1 =~ s2 = finall sl «— final2 s2

begin

lemma bisimulation-final-flip:
bisimulation-final trsys?2 trsysl (flip bisim) (flip tlsim) final2 finall
(proof )

end

lemma bisimulation-final-flip-simps [flip-simps]:
bisimulation-final trsys2 trsysl (flip bisim) (flip tlsim) final2 finall =
bisimulation-final trsysl trsys2 bisim tlsim finall final2

(proof)

context bisimulation-final begin

lemma final-simulationl:

[ s1 ~ s2; s1 —1—tlsl1—x s1'; finall s1']

= Js2' tls2. s2 —2—tls2—x s2' N s1' ~ s2' A final2 s2' A tis1 [~] tis2
(proof )

lemma final-simulation2:

[ s1 ~ s2; s2 —2—tls2—x s2'; final2 s2']

= Js1' tlsl. s1 —1—tls1—* s1’' A s1’ = s2' A finall s1’ A tlsl [~] tis2
(proof )

end

1.17.2 Delay bisimulation

locale delay-bisimulation-base =
bisimulation-base +
trsys1?: Ttrsys trsysl Tmovel +
trsys2?:. Ttrsys trsys2 Tmove2
for Tmovel Tmove2 +
constrains trsysl :: ('s1, 'tl1) trsys
and trsys2 :: ('s2, 'tI2) trsys
and bisim :: ('sl, 's2) bisim
and tlsim :: ('tl1, 't2) bisim
and Tmovel :: ('s1, 'tl1) trsys
and Tmove2 :: ('s2, 't12) trsys

begin

notation
trsysl.silent-move (<-/ —71— - [50, 50] 60) and
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trsys2.silent-move («-/ —12— - [50, 50] 60)

notation
trsysl.silent-moves (<-/ —11—% - [50, 50] 60) and
trsys2.silent-moves ((-/ —12—% - [50, 50] 60)

notation
trsysl.silent-movet (<-/ —71—+ - [50, 50] 60) and
trsys2.silent-movet (<-/ —12—+ - [50, 50] 60)

notation
trsysl.Trirancld3p (- —71—-—x% - [50, 0, 50] 60) and
trsys2.trtrancl8p (- —72—-—x - [50, 0, 50] 60)

notation
trsysl.Tinf-step (¢<- —71—-—% ooy [50, 0] 80) and
trsys2.Tinf-step (¢- —T2—-—% ooy [50, 0] 80)

notation
trsysl.Tdiverge (<- —71— oo» [50] 80) and
trsys2.7diverge (<- —72— oo [50] 80)

notation
trsys1.Tinf-step-table («- —71—-—x*t 00> [50, 0] 80) and
trsys2.Tinf-step-table (<- —T2—-—xt 0oy [50, 0] 80)

notation
trsysl.TRuns (- {1 - [50, 50] 51) and
trsys2.7 Runs («<- 42 - [50, 50] 51)

lemma simulation-silent11”:
assumes 382’ (if ul s1' sl then trsys2.silent-moves else trsys2.silent-movet) s2 s2' N\ s1' = s2'
shows s1’ 7 s2 A pul ™+ s1’s1 V (382’ s2 —12—+ s2' A s1’ = s27)

(proof)

lemma simulation-silent2l":
assumes 3s1’. (if u2 s2' s2 then trsysl.silent-moves else trsysl.silent-movet) s1 s1’' A\ s1' = 52’
shows s1 ~ $2/ A p27++ s2’ s2 V (Is1’. s1 —11—+ s1’' A s1’ =~ s27)

(proof)

end

locale delay-bisimulation-obs = delay-bisimulation-base - - - - Tmovel Tmove2

for Tmovel :: 's1 = 'tll = 's1 = bool

and Tmove2 :: 's2 = 'tl2 = 's2 = bool +

assumes simulationl:

[ s1 = s2; s1 —1—tl1— s1’; - Tmovel s1 tl1 s1']

= 352" 52" t12. s2 —T2—% s2' N 82’ —2—tl2— s2" N = Tmove2 s2' t12 s2" N s1' =~ s2" A tl1
~ tl2

and simulation2:

[ s1 ~ s2; 2 —2—t12— s2'; = Tmove2 s2 t12 s2' ]

= 351" s1" tl1. s1 —71—% s1' A sl' —1—tl1— s1" AN = tmovel s1' tll s1" A s1" =~ s2' N ti1
~ tl2
begin
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lemma delay-bisimulation-obs-flip: delay-bisimulation-obs trsys2 trsysl (flip bisim) (flip tlsim) Tmove2
Tmovel

(proof)

end

lemma delay-bisimulation-obs-flip-simps [flip-simps]:
delay-bisimulation-obs trsys2 trsysl (flip bisim) (flip tlsim) Tmove2 Tmovel =
delay-bisimulation-obs trsysl trsys2 bisim tlsim Tmovel Tmove2

(proof)

locale delay-bisimulation-diverge = delay-bisimulation-obs - - - - Tmovel Tmove2
for Tmovel :: 's1 = 'tll = ’s1 = bool
and Tmove2 :: 's2 = 'tl2 = 's2 = bool +
assumes stmulation-silent1:
[ s1 ~ s2; 81 —11— s1'] = 32’ s2 —72—% s2' A s1' = s2'
and simulation-silent2:
[ s1 ~ s2;s2 —12— s2' ] = 3s1'. s1 —71—x% s1' A s1’' = s2'
and 7diverge-bisim-inv: sl = s2 =—> sl —71— 00 +— s2 —T2— o0
begin

lemma delay-bisimulation-diverge-flip: delay-bisimulation-diverge trsys2 trsys1 (flip bisim) (flip tlsim)
Tmove2 Tmovel

(proof)

end

lemma delay-bisimulation-diverge-flip-simps [flip-simps]:
delay-bisimulation-diverge trsys2 trsysl (flip bisim) (flip tlsim) Tmove2 Tmovel =
delay-bisimulation-diverge trsysi trsys2 bisim tlsim Tmovel Tmove?2

(proof)

context delay-bisimulation-diverge begin

lemma simulation-silents1:
assumes bisim: sI ~ s2 and moves: s1 —71—% s1’
shows 352’ s2 —72—=% s2' A s1' ~ 52’

(proof)

lemma simulation-silents2:
[ s1 ~ $2; 82 —12—% 82| = Is1'. s1 —11—x% s1’' A s1’ = s2’

(proof)

lemma simulation-rrtrancl3p:

[ s1 —71—tlsl1—x s1; s1 =~ 52 ]

= Ftls2 82" 52 —T2—tls2—x s2' N s1' = 527 A tls1 [~] tls2
(proof )

lemma simulation2-trtrancl3p:

[ 82 —72—tls2—x 52 s1 =~ 52 ]

= Jtlsl s1'. s1 —71—tls]—* s’ A s1' = s2' A tls1 [~] tls2
(proof)
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lemma simulationl-Tinf-step:
assumes Tinfl: s1 —71—tls1—* oo and bisim: sl ~ s2
shows Jtls2. s2 —72—tls2—x oo A tlsl [[~]] tls2

(proof)

lemma simulation2-Tinf-step:
[ 2 —72—1tls2—x o0; s1 ~ s2 | = Ttlsl. s1 —71—tls]—* oo A tls1 [[~]] tls2

(proof)

lemma no-rmovel-ts-to-no-rmove2:
assumes sI =~ s2
and no-tmovesl: N\s1’. — sl —11— s1’
shows 3s2'. s2 —72—% s2' AN (Vs2". = 82" —72— s2") A sl = s2’

(proof)

lemma no-rmove2-ts-to-no-rmovel:

[ s1 ~ s2; Ns2'.—s2 —12— s2']| = Fs1’. s1 —11—=*xs1’' AN Vsl =sl'—71— s1") N sl'=
s2
(proof)

lemma no-movel-to-no-move2:
assumes sI ~ s2
and no-moves!: \tll s1'. = s1 —1—tl1— s1’
shows 3s2'. s2 —72—x s2' N (V112 s27. = s2' —2—412— s2") A s1 ~ s2'

(proof)

lemma no-move2-to-no-movel:
[ s1 =~ s2; Ntl2 s2". = s2 —2—1i2— s2']
= Js1’ sl —71—=x s1' N (Vtll s1”. = s1’" —1—tl1— s1") A s1' = 52

(proof)

lemma simulation-T Runs-tablel:

assumes bisim: sI ~ s2

and runl: trsysl.t Runs-table s1 stlsss1

shows T stlsss2. trsys2.7 Runs-table s2 stlsss2 A tllist-all2 (A(tl1, s1') (12, s2"). tll ~ tI2 N s1"
~ s2') (rel-option bisim) stlsssl stlsss2

(proof)

lemma simulation-T Runs-table2:

assumes si ~ s2

and trsys2.17 Runs-table s2 stlsss2

shows T stlsssl. trsysl.T Runs-table sl stlsss1 A tllist-all2 (A\(tl1, s1') (t2, s2'). tl1 ~ ti2 A s1”
=~ s2"") (rel-option bisim) stlsssl stlsss2

(proof)

lemma simulation-T Runsi:
assumes bisim: sl ~ s2
and runi: sI {1 tls1
shows Jtls2. s2 |2 tis2 A tllist-all2 tlsim (rel-option bisim) tls1 tls2

(proof)

lemma simulation-T Runs2:
[ s1 ~ s2; 82 2 tls2 ]
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= Jtlsl. s1 |1 tis1 A tllist-all2 tlsim (rel-option bisim) tis1 tls2
(proof)

end

locale delay-bisimulation-final-base =

delay-bisimulation-base - - - - Tmovel Tmove2 +

bisimulation-final-base - - - - finall final2

for Tmovel :: ('sl, 'tll) trsys

and Tmove2 :: ('s2, 't12) trsys

and finall :: 's1 = bool

and final2 :: 's2 = bool +

assumes finall-simulation: [ s1 ~ s2; finall s1 | = 3s2’. s2 —72—% s2' A sl = s2' A final2 s2’

and final2-simulation: | sl =~ s2; final2 s2 | = Is1’. s1 —71—* s1’' A s1’ =~ s2 A finall s1’
begin

lemma delay-bisimulation-final-base-flip:
delay-bisimulation-final-base trsys2 trsysl (flip bisim) Tmove2 Tmovel final2 finall

(proof )
end

lemma delay-bisimulation-final-base-flip-simps [flip-simps]:
delay-bisimulation-final-base trsys2 trsysl (flip bisim) Tmove2 Tmovel final2 finall =
delay-bisimulation-final-base trsys1 trsys2 bisim Tmovel Tmove2 finall final2

(proof)

context delay-bisimulation-final-base begin

lemma 7Runs-terminate-finall:
assumes s |1 tls1
and s2 |2 tls2
and tllist-all2 tlsim (rel-option bisim) tls1 tls2
and tfinite tls!
and terminal tls] = Some s1’
and finall s1’
shows 352, tfinite tls2 A terminal tis2 = Some s2' N\ final2 s2'

(proof )

lemma 7Runs-terminate-final2:
[ s1 U1 tlst; s2 |2 tls2; tllist-all2 tlsim (rel-option bisim) tis1 tls2;
tfinite tls2; terminal tls2 = Some s2'; final2 52
= Js1’. tfinite tis1 A terminal tls1 = Some s1' A finall s1’

(proof)

end

locale delay-bisimulation-diverge-final =
delay-bisimulation-diverge +
delay-bisimulation-final-base +
constrains trsysl :: ('s1, 'tl1) trsys
and trsys2 :: ('s2, 'tI2) trsys
and bisim :: ('s1, 's2) bisim
and tlsim :: ('tl1, 't12) bisim
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and Tmovel :: ('s1, 'tl1) trsys

and Tmove?2 :: ('s2, "tl2) trsys

and finall :: 's1 = bool

and final2 :: 's2 = bool
begin

lemma delay-bisimulation-diverge-final-flip:
delay-bisimulation-diverge-final trsys2 trsys1 (flip bisim) (flip tlsim) Tmove2 Tmovel final2 finall
(proof)

end

lemma delay-bisimulation-diverge-final-flip-simps [flip-simps]:
delay-bisimulation-diverge-final trsys2 trsysl (flip bisim) (flip tisim) Tmove2 Tmovel final2 finall =
delay-bisimulation-diverge-final trsysl trsys2 bisim tlsim Tmovel Tmove2 finall final2

(proof)

context delay-bisimulation-diverge-final begin

lemma delay-bisimulation-diverge:
delay-bisimulation-diverge trsysi trsys2 bisim tlsim Tmovel Tmove2

(proof)

lemma delay-bisimulation-final-base:
delay-bisimulation-final-base trsysi trsys2 bisim Tmovel Tmove2 finall final2
(proof)

lemma final-simulation!:

[ s1 ~ s2; s1 —11—tls1—x* s1’; finall s1']

= 32’ tls2. s2 —T2—1s2—x s2' A s1' &~ s2' A final2 s2' A tls1 [~] tls2
(proof)

lemma final-simulation2:

[ s1 ~ s2; s2 —12—tls2—x* s2'; final2 s2']

= Js1' tls1. s1 —T1—tlsl1—x s1' N s1' =~ s2' A finall s1' A tls1 [~] tls2
(proof)

end

locale delay-bisimulation-measure-base =
delay-bisimulation-base +
constrains trsysl :: 's1 = 'tll = 's1 = bool
and trsys2 :: 's2 = 't12 = 's2 = bool
and bisim :: 's1 = 's2 = bool
and tisim :: 'tll = "tl2 = bool
and Tmovel :: 's1 = 'tll = 's1 = bool
and Tmove2 :: 's2 = 'tl2 = 's2 = bool
fixes pl = 's1 = 's1 = bool
and p2 :: 's2 = 's2 = bool

locale delay-bisimulation-measure =
delay-bisimulation-measure-base - - - - Tmovel Tmove2 pul p2 +
delay-bisimulation-obs trsysl trsys2 bisim tlsim Tmovel Tmove2
for Tmovel :: 's1 = 'tll = 's1 = bool
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and Tmove2 :: 's2 = 'tl2 = 's2 = bool
and pl :: 's1 = 's1 = bool
and p2 :: 's2 = 's2 = bool +
assumes stmulation-silent1:
[ 81 ~ s2; 81 —11— s1'] = s1'm 82 A pl 4+ s1’ sl vV (Is2' s2 —12—>+ s2' A s1' = s27)
and simulation-silent2:
[s1 = 2,82 —72— s2'] = sl = s2' AN pu2 ++ s2's2 VvV (Is1'. s1 —11—+ s1' N s1' = s2)
and wf-ul: wfP pl
and wf-u2: wfP p?2
begin

lemma delay-bisimulation-measure-flip:
delay-bisimulation-measure trsys2 trsysl (flip bisim) (flip tlsim) Tmove2 Tmovel u2 ul

(proof)

end

lemma delay-bisimulation-measure-flip-simps [flip-simps]:
delay-bisimulation-measure trsys2 trsysl (flip bisim) (flip tlsim) Tmove2 Tmovel u2 pl =
delay-bisimulation-measure trsysl trsys2 bisim tlsim Tmovel Tmove2 ul p2

(proof)
context delay-bisimulation-measure begin

lemma simulation-silentst1:

assumes bisim: sI ~ s2 and moves: s1 —71—+ s1'

shows 51’2 $2 A pl ™++ s1’s1 V (32 s2 =72+ s2' N s1' =~ s2’)
(proof )

lemma simulation-silentst2:
[ s1 = 52,82 —72—+ s2'] = sl ~ s2' AN pu27++ s2's2 vV (Is1'. s1 —71—+ s1' N s1' ~ s2)
(proof)

lemma 7diverge-simulation? :
assumes divergel: s1 —71— o0
and bisim: sl ~ s2
shows s2 —72— o0

(proof )

lemma 7diverge-simulation?2:
[ 2 —72— o0; s1 = s2 ] = sl —71— ©

(proof)

lemma 7diverge-bisim-inv:
sl = s2 = sl —71— 00 — $2 —T2— ©

(proof)

end

sublocale delay-bisimulation-measure < delay-bisimulation-diverge

(proof)

Counter example for delay-bisimulation-diverge trsysl trsys2 bisim tlsim Tmovel Tmove2
= dul p2. delay-bisimulation-measure trsysl trsys2 bisim tlsim Tmovel Tmove2 pul p2
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(only 7moves):

| v
b'e
|
|
v v
y
— |--

locale delay-bisimulation-measure-final =
delay-bisimulation-measure +
delay-bisimulation-final-base +
constrains trsys! :: ('s1, 'ti1) trsys
and trsys2 :: ('s2, 't12) trsys
and bisim :: ('s1, 's2) bisim
and tlsim :: ('tl1, 't2) bisim
and Tmovel :: ('s1, 'tl1) trsys
and Tmove?2 :: ('s2, 'tl2) trsys
and p1 :: 's1 = 's1 = bool
and p2 :: 's2 = 's2 = bool
and finall :: 's1 = bool
and final2 :: 's2 = bool

sublocale delay-bisimulation-measure-final < delay-bisimulation-diverge-final
(proof)

locale Tinv = delay-bisimulation-base +

constrains trsysl :: ('s1, 'tl1) trsys

and trsys2 :: ('s2, 'tl2) trsys

and bisim :: ('s1, 's2) bisim

and tlsim :: ('tl1, 't12) bisim

and Tmovel :: ('s1, 'tl1) trsys

and Tmove2 :: ('s2, 'tl2) trsys

and Tmoves! :: 's1 = ‘sl = bool

and Tmoves2 :: 's2 = 's2 = bool

assumes Tinv: [ s1 = $2; s1 —1—tll— s1’; s2 —2—t12— s2'; s1' = 2%, tll ~ tI2 ]

= Tmovel sl tl1 s1’ <— Tmove2 s2 t12 s2'

begin

lemma Tinv-flip:
Tinv trsys2 trsysl (flip bisim) (flip tlsim) Tmove2 Tmovel
(proof )

end

lemma 7inv-flip-simps [flip-simps]:
Tinv trsys2 trsysl (flip bisim) (flip tlsim) Tmove2 Tmovel = Tinv trsysl trsys2 bisim tlsim Tmovel
Tmove2

(proof)



86

locale bisimulation-into-delay =
bisimulation + Tinv +
constrains trsysl :: ('s1, 'tl1) trsys
and trsys2 :: ('s2, 'tI2) trsys
and bisim :: ('s1, 's2) bisim
and tlsim :: ('tl1, 't12) bisim
and Tmovel :: ('s1, 'tll) trsys
and Tmowve?2 :: ('s2, 't12) trsys
begin

lemma bisimulation-into-delay-flip:
bisimulation-into-delay trsys2 trsysl (flip bisim) (flip tlsim) Tmove2 Tmovel

(proof)

end

lemma bisimulation-into-delay-flip-simps [flip-simps]:
bisimulation-into-delay trsys2 trsysl (flip bisim) (flip tisim) Tmove2 Tmovel =
bisimulation-into-delay trsys1 trsys2 bisim tlsim Tmovel Tmove2

(proof )
context bisimulation-into-delay begin

lemma simulation-silentl-auz:

assumes bisim: sI ~ s2 and sl —71— s1’

shows s1’a s2 A pltT s1’s1 vV (3s2'. s2 —12—+ s2' N s1' ~ s27)
(proof)

lemma simulation-silent2-aux:
[ s1 ~s2; 82 12— s2" ] = sl m~ s2' A pu2tt s2"s2V (Is1'. s1 —71—+ s1' A s1' =~ s2’)
(proof)

lemma simulationl-aux:

assumes bisim: s1 ~ s2 and trl: s1 —1—tll— s1’and 71: = Tmovel s1 ti1 s1’

shows 352’ 52" t12. s2 —712—% s2' N 82/ —2—tl2— s2" N = Tmove2 s2' t12 s2" N s1' =~ s2' A
tll ~ ti2

(proof)

lemma simulation2-auzx:

[ s1 ~ s2; s2 —2—t12— s2'; = Tmove2 s2 t12 s2' ]

= Js1’'s1" t1. s1 —71—% s1’' N sl' —1—tll— s1" N = Tmovel s1' tll s1" N s1'" ~ s2' A 1
~ tl2

(proof)

lemma delay-bisimulation-measure:
assumes wf-p1: wfP pl
and wf-u2: wfP p?2
shows delay-bisimulation-measure trsysl trsys2 bisim tlsim Tmovel Tmove2 pul u2

(proof)

lemma delay-bisimulation:
delay-bisimulation-diverge trsysl trsys2 bisim tlsim Tmovel Tmove2

(proof)
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end

sublocale bisimulation-into-delay < delay-bisimulation-diverge
(proof)

lemma delay-bisimulation-conv-bisimulation:
delay-bisimulation-diverge trsysl trsys2 bisim tlsim (As tl s’. False) (A\s tl s’. False) =
bisimulation trsys1 trsys2 bisim tlsim
(is ?lhs = ?rhs)

(proof)
context bisimulation-final begin

lemma delay-bisimulation-final-base:
delay-bisimulation-final-base trsysi trsys2 bisim Tmovel Tmove2 finall final2

(proof)

end

sublocale bisimulation-final < delay-bisimulation-final-base
(proof )

1.17.3 Transitivity for bisimulations

definition bisim-compose :: ('s1, 's2) bisim = (’s2, 's8) bisim = ('sl, 's8) bisim (infixr <op> 60)
where (bisim1 op bisim2) s1 s3 = 3s2. bisim1 s1 s2 A bisim2 s2 s3

lemma bisim-composel [intro]:
[ bisim12 s1 s2; bisim23 s2 s8 | = (bisim12 op bisim23) sl s8
(proof)

lemma bisim-composeE [eliml]:
assumes bisim: (bisim12 op bisim23) sl s3
obtains s2 where bisim12 s1 s2 bisim23 s2 s3

(proof)

lemma bisim-compose-assoc [simp):
(bisim12 op bisim23) op bisim34 = bisim12 op bisim23 op bisim3)
(proof )

lemma bisim-compose-conv-relcomp:
case-prod (bisim-compose bisim12 bisim23) = (Ax. x € relcomp (Collect (case-prod bisim12)) (Collect
(case-prod bisim23)))

(proof)

lemma list-all2-bisim-composel
[ list-all2 A s ys; list-all2 B ys zs |
= list-all2 (A o B) zs zs

(proof)

lemma delay-bisimulation-diverge-compose:
assumes wbisim12: delay-bisimulation-diverge trsysi trsys2 bisim12 tlsim12 Tmovel Tmove2
and wbisim23: delay-bisimulation-diverge trsys2 trsys3 bisim23 tlsim23 Tmove2 Tmoves
shows delay-bisimulation-diverge trsysl trsys3 (bisim12 op bisim23) (tlsim12 op tlsim23) Tmovel
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Tmoves

(proof)

lemma bisimulation-bisim-compose:
[ bisimulation trsysl trsys2 bisim12 tlsim12; bisimulation trsys2 trsys3 bisim23 tlsim23 |
= bisimulation trsysl trsys3 (bisim-compose bisim12 bisim23) (bisim-compose tlsim12 tlsim23)

(proof)

lemma delay-bisimulation-diverge-final-compose:

fixes Tmovel Tmovel2

assumes wbisim12: delay-bisimulation-diverge-final trsysl trsys2 bisim12 tlsim12 Tmovel Tmove2
finall final2

and wbisim23: delay-bisimulation-diverge-final trsys2 trsys3 bisim238 tlsim23 Tmove2 Tmoves final2
final3

shows delay-bisimulation-diverge-final trsysl trsys3 (bisim12 op bisim23) (tlsim12 op tlsim23)
Tmovel Tmoves finall final3

(proof)

end

1.18 Bisimulation relations for the multithreaded semantics

theory F'WBisimulation
imports

FWLTS

Bisimulation
begin

1.18.1 Definitions for lifting bisimulation relations

primrec nta-bisim = ('t = (‘1 x 'm1, 2 x 'm2) bisim) = (('t,’z1,’m1) new-thread-action,
("t,’z2,'m2) new-thread-action) bisim

where

[code del: nta-bisim bisim (NewThread t x m) ta = (32’ m'. ta = NewThread t £’ m’ A bisim t (x,
m) (z', m"))
| nta-bisim bisim (ThreadExists t b) ta = (ta = ThreadExists t b)

lemma nta-bisim-1-code [code]:
nta-bisim bisim (NewThread t x m) ta = (case ta of NewThread t' ' m’ = t = t' A bisim ¢ (z, m)
(z', m") | - = False)

(proof)

lemma nta-bisim-simps-sym [simp]:
nta-bisim bisim ta (NewThread t t m) = (32’ m’. ta = NewThread t ' m’ A bisim t (z', m’) (z, m))
nta-bisim bisim ta (ThreadExists t b) = (ta = ThreadExists t b)

(proof)

definition ta-bisim :: ('t = (‘z1 x 'm1, 'z2 x 'm2) bisim) = (('l,’t,’z1,’m1,'w,’0) thread-action,
('Lt "z2,'m2,"w,’0) thread-action) bisim
where

ta-bisim bisim tal ta2 =

Jtal fr={ta2 fyA{tal fw={ta2 fwA{tal fe={ta2 fecN{tal [o={ta2 [}o A { tal
bi={ ta2 }i A

list-all2 (nta-bisim bisim) { tal ¢ { ta2 [+



lemma ta-bisim-empty [iff]: ta-bisim bisim € €
(proof)

lemma ta-bisim-¢ [simp:
ta-bisim b € ta’ <— ta’ = € ta-bisim b ta € +— ta = ¢

(proof)

lemma nta-bisim-mono:
assumes major: nta-bisim bisim ta ta’
and mono: At s1 s2. bisim t s1 s2 = bisim’ t s1 s2
shows nta-bisim bisim’ ta ta’

(proof)

lemma ta-bisim-mono:
assumes magor: ta-bisim bisim tal ta?2
and mono: At s1 s2. bisim t s1 s2 = bisim’ t s1 s2
shows ta-bisim bisim’ tal ta2

(proof)

lemma nta-bisim-flip [flip-simps]:
nta-bisim (At. flip (bisim t)) = flip (nta-bisim bisim)
(proof)

lemma ta-bisim-flip [flip-simps]:
ta-bisim (At. flip (bisim t)) = flip (ta-bisim bisim)
(proof)

locale FWhbisimulation-base =
r1: multithreaded-base finall r1 convert-RA +
r2: multithreaded-base final2 r2 convert-RA
for finall :: 'z1 = bool
and r1 = ('l,'t,’z1,'m1,'w,’0) semantics (<-F - —1—-— - [50, 0, 0, 50] 80)
and final2 :: 'x2 = bool
and 72 :: ('l,'t,'z2,'m2,'w,’0) semantics (<-F - —2—-— - [50, 0, 0, 50] 80)
and convert-RA :: 'l released-locks = "o list
+
fixes bisim :: 't = (‘z1 x 'm1, "2 x 'm2) bisim (x-+ -/ = -» [50, 50, 50] 60)
and bisim-wait = ("1, 'z2) bisim («-/ =w - [50, 50] 60)
begin

notation r1.redT-syntazxl (- —1—->-— - [50,0,0,50] 80)
notation r2.redT-syntaxl (s- —2—->-— - [50,0,0,50] 80)

notation r1.RedT (- —1—>-—x% - [50,0,50] 80)
notation 72.RedT (- —2—>-—x% - [50,0,50] 80)

-F(-) )/ > [50,0,0] 81)
-F(-/ )/ 12> [50,0,0] 81)

notation r1.must-sync (<
notation 72.must-sync («

notation r1.can-sync («-+ (-,/ -Y/ -/ 1> [60,0,0,0] 81)
notation r2.can-sync («-+ (-,/ )/ -/ 12> [50,0,0,0] 81)

abbreviation ta-bisim-bisim-syntazx (<-/ ~m -» [50, 50] 60)



90

where tal ~m ta2 = ta-bisim bisim tal ta2

definition thisim :: bool = "t = (‘z1 X 'l released-locks) option = 'm1 = (‘z2 x 'l released-locks)
option = 'm2 = bool where
Aln. thisim nw t ts1 m1 ts2 m2 +—
(case ts1 of None = ts2 = None
| [(z1, In)] = (3z2. ts2 = | (22, In)] At (21, ml) = (22, m2) A (nw V z1 =w 22)))

lemma tbisim-Nonel: tbisim w t None m None m’

(proof)

lemma tbisim-Somel:
Aln. [t (z, m) = (z/, m'); nw V ¢ ~wz' ] = thisim nw t (Some (z, In)) m (Some (', In)) m’

(proof)

lemma tbisim-cases[consumes 1, case-names None Some]:
assumes major: thisim nw t ts1 m1 ts2 m2
and [ ts1 = None; ts2 = None | = thesis
and Az inz’. [ ts1 = (=, In)]; ts2 = |(z/, In)]; t F (z, m1) = (z/, m2); nw V z =w z' ]| = thesis
shows thesis

(proof)

definition mbisim :: (('l,’t,'z1,'m1,'w) state, ('l,'t,’z2,'m2,'w) state) bisim (- =m -» [50, 50] 60)
where

sl ~m s2 =

finite (dom (thr s1)) A locks s1 = locks s2 N wset s1 = wset s2 N wset-thread-ok (wset s1) (thr s1)
N

interrupts s1 = interrupts s2 A

(V1. thisim (wset s2 t = None) t (thr s1 t) (shr s1) (thr s2t) (shr s2))

lemma mbisim-thrNone-eq: s1 ~m s2 = thr s1 t = None «— thr s2 t = None

(proof)

lemma mbisim-thrD1:

Ain. [ s1 ~m s2; thr s1 t = [(z, In)] ]

= ' thrs2t = |(z/, In)| Nt + (z, shrsl) = (2, shr s2) A\ (wset s t = None V z =w z)
(proof)

lemma mbisim-thrD2:

Ain. [ s1 ~m s2; thr s2t = [(z, In)] ]

= Jz' thrsi t = |(z/, In)| At F (2, shrsl) = (z, shr s2) A (wset s2t = None V z’ ~w z)
(proof)

lemma mbisim-dom-eq: s1 ~m s2 => dom (thr s1) = dom (thr s2)

(proof)

lemma mbisim-wset-thread-ok1:
s1 ~m $2 = wset-thread-ok (wset s1) (thr s1)

(proof)

lemma mbisim-wset-thread-ok2:
assumes sl ~m s2
shows wset-thread-ok (wset s2) (thr s2)

(proof)
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lemma mbisimI:
[ finite (dom (thr s1)); locks s1 = locks s2; wset s1 = wset s2; interrupts s1 = interrupts s2;
wset-thread-ok (wset s1) (thr s1);
At. thr s1 ¢ = None = thr s2 t = None;
At a1 In. thr s1t = |(z1, In)] = F22. thr s2t = | (22, In)] At F (x1, shr sl) = (22, shr s2)
A (wset s2 t = None V z1 ~w x2) |
= sl =~m s2

(proof)

lemma mbisimlI2:
[ finite (dom (thr s2)); locks s1 = locks s2; wset s1 = wset s2; interrupts s1 = interrupts s2;
wset-thread-ok (wset s2) (thr s2);
At. thr s2 t = None = thr s1 t = None;
At z2 in. thr s2t = (22, In)| = Jal. thrsit
A (wset s2 t = None V z1 ~w z2) |
— sl ~m s2

(proof)

(1, In)] A tF (21, shrsl) = (22, shr s2)

lemma mbisim-finitel :
sl ~m s2 = finite (dom (thr s1))

(proof)

lemma mbisim-finite2:
sl =m s2 = finite (dom (thr s2))

(proof)

definition mita-bisim :: ('t x ('l,’t,'x1,'m1,'w,’0) thread-action,
t x ('l,'t,’z2,'m2,'w, 0) thread-action) bisim
(<) ~T - [50, 50] 60)
where ttal ~T tta2 = fst ttal = fst tta2 N snd ttal ~m snd tta2

lemma mta-bisim-conv [simp]: (¢, tal) ~T (¢, ta2) «— t = t' A tal ~m ta2

(proof)

definition bisim-inv :: bool where
bisim-inv = (Vs1 tal s’ s2t. th sl =2 — thk sl —1—tal— s1’' — (Fs2’. tF s1' =~ s2')) A
(Vs2ta2s2' sl t.th sl ~s2 — tF s2 —2—ta2— s2' — (sl tF s1' =~ s2))

lemma bisim-invl:
T Asttal s1"s2t.[th sl ~s2;tk sl —1—tal— s1’'] = Fs2. tF s1' =~ s2;
Ns2ta2s2' s1t. [th sl ~ s2;th s2 —2—ta2— s2'] = Is1'. t+ s1' = s2']
= bisim-inv

(proof)

lemma bisim-invD1:
[ bisim-inv; t = s1 ~ s2; t - s1 —1—tal— s1'] = 32" tF s1' =~ s2’
(proof)

lemma bisim-invD2:
[ bisim-inv; t b s1 ~ s2; tF s2 —2—ta2— s2' | = 3s1' t+ s1' =~ s2’
(proof)

lemma thread-oks-bisim-inv:
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[Vt ts1 t = None «+— ts2 t = None; list-all2 (nta-bisim bisim) tasl tas2 |
= thread-oks ts1 tasl <— thread-oks ts2 tas2

(proof)

lemma red T-updT-nta-bisim-inv:

[ nta-bisim bisim tal ta2; ts1 T = None «— ts2 T = None | = redT-updT tsl tal T = None
«— redT-updT ts2 ta2 T = None
(proof)

lemma redT-updTs-nta-bisim-inv:
[ list-all2 (nta-bisim bisim) tasl tas2; ts1 T = None «— ts2 T = None |
= redT-updTs ts1 tas] T = None «— redT-updTs ts2 tas2 T = None
(proof)

end

lemma tbisim-flip [flip-simps]:
FWhoisimulation-base.tbisim (At. flip (bisim t)) (flip bisim-wait) w t ts2 m2 ts1 m1 =
FWhbisimulation-base.tbisim bisim bisim-wait w t ts1 m1 ts2 m2

(proof)

lemma mbisim-flip [flip-simps]:
FWhoisimulation-base.mbisim (At. flip (bisim t)) (flip bisim-wait) s2 s1 =
FWhbisimulation-base.mbisim bisim bisim-wait s1 s2

(proof)

lemma mta-bisim-flip [flip-simps]:
FWhoisimulation-base.mta-bisim (At. flip (bisim t)) = flip (FWhbisimulation-base.mta-bisim bisim)
(proof)

lemma flip-const [simp]: flip (Aa b. ¢) = (Aa b. ¢)
(proof)

lemma mbisim-K-flip [flip-simps]:
FWhoisimulation-base.mbisim (At. flip (bisim t)) (Azl 22. ¢) sl s2 =
FWhisimulation-base.mbisim bisim (Azl z2. ¢) s2 sl

(proof)
context FWhbisimulation-base begin

lemma mbisim-actions-ok-bisim-no-join-12:
assumes mbisim: mbisim s1 s2
and collect-cond-actions {tal: = {}
and ta-bisim bisim tal ta2
and r1.actions-ok s1 t tal
shows r2.actions-ok s2 t ta2

(proof)

lemma mbisim-actions-ok-bisim-no-join-21:
[ mbisim s1 s2; collect-cond-actions {ta2[}c = {}; ta-bisim bisim tal ta2; r2.actions-ok s2 t ta2 |
= rl.actions-ok sl t tal

(proof)

lemma mbisim-actions-ok-bisim-no-join:



[ mbisim s1 s2; collect-cond-actions {tall}e = {}; ta-bisim bisim tal ta2 |
= rl.actions-ok s1 t tal = r2.actions-ok s2 t ta2

(proof)
end

locale FWhbisimulation-base-aux = FWhbisimulation-base +
r1: multithreaded finall r1 convert-RA +
r2: multithreaded final2 r2 convert-RA +
constrains finall :: 'z1 = bool
and r1 :: ('l,'t,’z1,'m1,'w, ‘o) semantics
and final2 :: 'x2 = bool
and 72 :: ('l,'t,'z2,'m2,'w, '0) semantics
and convert-RA :: 'l released-locks = "o list
and bisim :: 't = ('z1 x 'm1, "2 X 'm2) bisim
and bisim-wait :: ('z1, 'z2) bisim

begin

lemma FWhbisimulation-base-aux-flip:
FWhbisimulation-base-auz final2 2 finall r1

(proof)

end

lemma FWhbisimulation-base-auz-flip-simps [flip-simps|:
FWhbisimulation-base-auz final2 r2 finall v1 = FWbisimulation-base-aux finall r1 final2 r2
(proof )

sublocale FWhbisimulation-base-auxr < mthr:
bisimulation-final-base
rl.redT
r2.redT
mbisim
mta-bisim
r1.mfinal
r2.mfinal

(proof)

declare split-paired-Ez [simp del]

1.18.2 Lifting for delay bisimulations

locale FWdelay-bisimulation-base =
FWhbisimulation-base - - - r2 convert-RA bisim bisim-wait +
r1: Tmultithreaded finall r1 convert-RA Tmovel +
r2: Tmultithreaded final2 r2 convert-RA Tmove2
for r2 :: ('l,’t,’z2,'m2,"w,’0) semantics (<-+ - —2—-— - [50,0,0,50] 80)
and convert-RA :: 'l released-locks = 'o list
and bisim :: 't = ('z1 x 'm1, "2 x 'm2) bisim (x-+ -/ = - [50, 50, 50] 60)
and bisim-wait :: ('z1, 'z2) bisim («-/ =~w - [50, 50] 60)
and Tmovel :: (',’t,’x1,'m1,'w,’0) Tmoves
and Tmove?2 :: (',’t,'x2,'m2,'w,’0) Tmoves
begin
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abbreviation Tmred! :: ('l,’t,’z1,'m1,'w) state = ('l,’t,'x1,'m1,'w) state = bool
where Tmredl = ri1.7vmredT

abbreviation Tmred2 :: ('l,’t,’z2,'m2,'w) state = ('l,'t,’z2,'m2,'w) state = bool
where Tmred2 = r2.7mredT

abbreviation mrmovel :: (('l,'t,’z1,'m1,'w) state, 't x ('l,’t,’z1,’m1,'w,’0) thread-action) trsys
where mrmovel = r1.m7Tmove

abbreviation mrmove2 :: (('l,’t,'z2,'m2,'w) state, 't x ('l,'t,’z2,'m2,'w,’0) thread-action) trsys
where mrmove2 = r2.mrmove

abbreviation TmRed! :: ('l,’t,’z1,'m1,'w) state = ('l,’t,'x1,'m1,'w) state = bool
where TmRedl = Tmredl xx

abbreviation TmRed?2 :: ('l,'t,’x2,'m2,'w) state = ('l,'t,’z2,'m2,'w) state = bool
where TmRed2 = Tmred2 *x

abbreviation TmtRed! :: ('l,'t,’z1,'m1,'w) state = ('l,’t,’x1,'m1,'w) state = bool
where TmtRedl = Tmredl 4+

abbreviation 7mtRed2 :: ('l,'t,’z2,'m2,'w) state = ('l,’t,'z2,'m2,'w) state = bool
where TmtRed2 = Tmred2 -+

lemma bisim-inv-Ts1-inv:
assumes inv: bisim-inv
and bisim: t F sl =~ s2
and red: r1.silent-moves t s1 s1’
obtains 52’ where t - s1’ ~ 52’

(proof)

lemma bisim-inv-Ts2-inv:
assumes nv: bisim-inv
and bisim: t F s1 ~ s2
and red: r2.silent-moves t s2 s2'
obtains sI’ where t - s1' ~ 52’

(proof)

primrec activate-cond-actionl :: ('l,'t,'z1,'m1,'w) state = ('1,'t,’z2,'m2,'w) state =
't conditional-action = ('l,'t,’z1,'m1,'w) state
where
activate-cond-actionl s1 s2 (Join t) =
(case thr s1 t of None = sl
| |(z1, In1)] = (case thr s2 t of None = sl
| (22, In2)] =
if final2 2 N In2 = no-wait-locks
then redT-upd-¢ s1t
(SOME x1'. r1.silent-moves t (x1, shr s1) (xz1’, shr s1) A finall 1’ A
t b (z1’) shr s1) =~ (22, shr s2))
(shr s1)
else s1))
| activate-cond-actionl s1 s2 Yield = si

primrec activate-cond-actions! :: ('1,'t,'x1,'m1,'w) state = ('l,'t,’z2,'m2,'w) state
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= ("t conditional-action) list = ('l,’t,’x1,'m1,"w) state
where
activate-cond-actionsl s1 s2 [| = sl
| activate-cond-actions] s1 s2 (ct # cts) = activate-cond-actionsl (activate-cond-actionl s1 s2 ct) s2
cts

primrec activate-cond-action2 :: ('l,'t,’z1,'m1,'w) state = ('l,’t,’z2,'m2,'w) state =
't conditional-action = ('l,'t,'x2,'m2,'w) state
where
activate-cond-action2 s1 s2 (Join t) =
(case thr s2 t of None = s2
| [(22, In2)] = (case thr s1 t of None = s2
| (21, Inl)] =
if finall 1 A Inl = no-wait-locks
then redT-upd-€ s2 t
(SOME z2'. r2.silent-moves t (z2, shr s2) (x2', shr s2) A final2 z2' A
t b (x1, shr s1) = (22, shr s2))
(shr s2)
else s2))
| activate-cond-action?2 s1 s2 Yield = s2

primrec activate-cond-actions2 :: (','t,’x1,'m1,'w) state = ('l,'t,’z2,'m2,'w) state =
("t conditional-action) list = ('l,'t,'x2,'m2,'w) state
where
activate-cond-actions2 s1 s2 [| = s2
| activate-cond-actions2 s1 s2 (ct # cts) = activate-cond-actions2 s1 (activate-cond-action2 sl s2 ct)
cts

end

lemma activate-cond-actionl-flip [flip-simps|:
FWdelay-bisimulation-base.activate-cond-actionl final2 r2 finall (At. flip (bisim t)) Tmove2 s2 sl =
FWdelay-bisimulation-base.activate-cond-action2 finall final2 r2 bisim Tmove2 sl s2

(proof)

lemma activate-cond-actions1-flip [flip-simps|:
FWdelay-bisimulation-base. activate-cond-actions1 final2 r2 finall (Mt. flip (bisim t)) Tmove2 s2 sl

FWdelay-bisimulation-base.activate-cond-actions?2 finall final2 r2 bisim Tmove2 sl s2
(is ?lhs = %rhs)
(proof)

lemma activate-cond-action2-flip |flip-simps]:
FWdelay-bisimulation-base.activate-cond-action2 final2 finall r1 (At. flip (bisim t)) Tmovel s2 s1 =
FWdelay-bisimulation-base.activate-cond-actionl finall r1 final2 bisim Tmovel s1 s2

(proof)

lemma activate-cond-actions2-flip |flip-simps]:
FWdelay-bisimulation-base.activate-cond-actions2 final2 finall r1 (At. flip (bisim t)) Tmovel s2 si

FWdelay-bisimulation-base.activate-cond-actions1 finall r1 final2 bisim Tmovel sl s2
(is ?lhs = %rhs)
(proof )
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context FWdelay-bisimulation-base begin

lemma shr-activate-cond-actionl [simp]: shr (activate-cond-action s1 s2 ct) = shr sl

(proof)

lemma shr-activate-cond-actions! [simp]: shr (activate-cond-actionsi s1 s2 cts) = shr sl

(proof)

lemma shr-activate-cond-action2 [simp]: shr (activate-cond-action2 s1 s2 ct) = shr s2

(proof)

lemma shr-activate-cond-actions2 [simp]: shr (activate-cond-actions2 s1 s2 cts) = shr s2

(proof)

lemma locks-activate-cond-actionl [simp]: locks (activate-cond-actionl s1 s2 ct) = locks s1

(proof)

lemma locks-activate-cond-actions! [simp]: locks (activate-cond-actionsl s1 s2 cts) = locks s1

(proof)

lemma locks-activate-cond-action2 [simp]: locks (activate-cond-action2 s1 s2 ct) = locks s2

(proof)

lemma locks-activate-cond-actions2 [simp]: locks (activate-cond-actions2 s1 s2 cts) = locks s2

(proof)

lemma wset-activate-cond-actionl [simp]: wset (activate-cond-actionl sl s2 ct) = wset sl

(proof)

lemma wset-activate-cond-actions! [simp: wset (activate-cond-actionsl s1 s2 cts) = wset s1

(proof)

lemma wset-activate-cond-action2 [simp]: wset (activate-cond-action2 sl s2 ct) = wset s2

(proof)

lemma wset-activate-cond-actions2 [simp]: wset

(proof)

lemma interrupts-activate-cond-actionl [simp]:
rupts s1

(proof)

lemma interrupts-activate-cond-actions! [simpl:
rupts sl

(proof)

lemma interrupts-activate-cond-action2 [simp]:
rupts s2

(proof)

lemma interrupts-activate-cond-actions2 [simp):
rupts s2

(proof)

(activate-cond-actions?2 s1 s2 cts) = wset s2

interrupts (activate-cond-actionl sl s2 ct) = inter-

interrupts (activate-cond-actions! sl s2 cts) = inter-

interrupts (activate-cond-action2 sl s2 ct) = inter-

interrupts (activate-cond-actions2 s1 s2 cts) = inter-
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end

locale FWdelay-bisimulation-lift-aur =
FWidelay-bisimulation-base - - - - - - - Tmovel Tmove2 +
r1: Tmultithreaded-wf finall r1 convert-RA Tmovel +
r2: Tmultithreaded-wf final2 r2 convert-RA Tmove2
for Tmovel :: (','t,’z1,'m1,'w,’0) Tmoves
and Tmove2 :: ('l,'t,'x2,'m2,"w,’0) Tmoves

begin

lemma FWdelay-bisimulation-lift-auz-flip:
FWdelay-bisimulation-lift-auz final2 r2 finall 1 Tmove2 Tmovel
(proof)

end

lemma FWdelay-bisimulation-lift-auz-flip-simps [flip-simps]:
FWdelay-bisimulation-lift-auz final2 r2 finall r1 Tmove2 Tmovel =
FWidelay-bisimulation-lift-auzx finall v1 final2 r2 Tmovel Tmove2

(proof)
context FWdelay-bisimulation-lift-aur begin

lemma cond-actions-ok-Tmred1-inv:
assumes red: Tmredl sl s1’
and ct: r1.cond-action-ok s1 t ct
shows r1.cond-action-ok s1’ t ct

(proof)

lemma cond-actions-ok-Tmred2-inv:
[ Tmred2 s2 s2'; r2.cond-action-ok s2 t c¢t | = r2.cond-action-ok s2' t ct

(proof)

lemma cond-actions-ok-TmRedI-inv:
[ TmRedl s1 s1'; r1.cond-action-ok s1 t ct | = r1.cond-action-ok s1't ct

(proof)

lemma cond-actions-ok-tmRed2-inv:
[ TmRed2 s2 s2'; r2.cond-action-ok s2 t ct | = r2.cond-action-ok s2' t ct

(proof)

end

locale FWdelay-bisimulation-lift =
FWdelay-bisimulation-lift-aur +
constrains finall :: 'x1 = bool
and r1 :: ('l, 't, 'z1, 'm1, 'w, '0) semantics
and final2 :: 'z2 = bool
and 72 :: (I, 't, 'z2, 'm2, 'w, '0) semantics
and convert-RA :: 'l released-locks = 'o list
and bisim :: 't = (‘z1 x 'm1, "2 x 'm2) bisim
and bisim-wait :: ('z1, 'z2) bisim
and Tmovel = ('l 't, 'z1, 'm1, 'w, '0) Tmoves
and Tmove2 :: ('l, 't, 'z2, 'm2, 'w, '0) Tmoves
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assumes Tinv-locale: Tinv (r1 t) (r2 t) (bisim t) (ta-bisim bisim) Tmovel Tmove2

sublocale FWdelay-bisimulation-lift < Tinv r1 t r2 t bisim t ta-bisim bisim Tmovel Tmove2 for t

(proof)

context FWdelay-bisimulation-lift begin

lemma FWdelay-bisimulation-lift-flip:
FWdelay-bisimulation-lift final2 r2 finall 1 (At. flip (bisim t)) Tmove2 Tmovel
(proof )

end

lemma FWdelay-bisimulation-lift-flip-simps [flip-simps]:
FWdelay-bisimulation-lift final2 r2 finall 1 (At. flip (bisim t)) Tmove2 Tmovel =
FWdelay-bisimulation-lift finall r1 final2 r2 bisim Tmovel Tmove2

(proof)

context FWdelay-bisimulation-lift begin

lemma 7inv-lift: 7inv r1.redT r2.redT mbisim mita-bisim mTmovel mTmove2

(proof)

end

sublocale FWdelay-bisimulation-lift < mthr: Tinv ri.redT r2.redT mbisim mta-bisim mTmovel mTmove2

(proof)

locale FWdelay-bisimulation-final-base =
FWdelay-bisimulation-lift-auz +
constrains finall :: 'z1 = bool
and r! = ('l,'t,’z1,'m1,'w, ‘o) semantics
and final2 :: 'z2 = bool
and 72 :: ('l,'t,'z2,'m2,'w, '0) semantics
and convert-RA :: 'l released-locks = "o list
and bisim :: 't = ('z1 x 'm1, '¥2 X 'm2) bisim
and bisim-wait :: ('zl, 'z2) bisim
and Tmovel :: ('l,’t,’z1,'m1,"w, ‘o) Tmoves
and Tmove2 :: ('l,’t,’z2,'m2,"w, ‘o) Tmoves
assumes delay-bisim-locale:
delay-bisimulation-final-base (r1 t) (r2t) (bisim t) Tmovel Tmove2 (A(z1, m). finall 1) (A(z2, m).
final2 z2)

sublocale FWdelay-bisimulation-final-base <
delay-bisimulation-final-base r1 t r2 t bisim t ta-bisim bisim Tmovel Tmove2
Az1, m). finall 1 X(z2, m). final2 z2
for ¢
(proof)

context FWdelay-bisimulation-final-base begin

lemma FWdelay-bisimulation-final-base-flip:
FWdelay-bisimulation-final-base final2 r2 finall r1 (At. flip (bisim t)) Tmove2 Tmovel

(proof)



99

end

lemma FWdelay-bisimulation-final-base-flip-simps |flip-simps]:
FWdelay-bisimulation-final-base final2 r2 finall r1 (At. flip (bisim t)) Tmove2 Tmovel =
FWdelay-bisimulation-final-base finall r1 final2 r2 bisim Tmovel Tmove2

(proof)

context FWdelay-bisimulation-final-base begin

lemma cond-actions-ok-bisim-ex-7 1-inv:
fixes ls ts1 m1 ws is ts2 m2 ct
defines s’ = activate-cond-actionl (ls, (ts1, m1), ws, is) (Is, (ts2, m2), ws, is) ct
assumes mbisim: \t'. t' # t = thisim (ws t' = None) t’ (ts1 t') m1 (ts2t’) m2
and tslt: ts1 t = Some zin
and ts2t: ts2 t = Some zln’
and ct: r2.cond-action-ok (ls, (ts2, m2), ws, is) t ct
shows TmRed1 (s, (ts1, m1), ws, is) s1’
and At t' # t = thisim (ws t' = None) t’ (thr s1’ t") m1 (ts2t’) m2
and r!.cond-action-ok s1' t ct
and thr s1’ t = Some zin

(proof)

lemma cond-actions-oks-bisim-ex-1 1-inv:
fixes Is ts1 m1 ws is ts2 m2 cts
defines s!1’ = activate-cond-actions (ls, (ts1, m1), ws, is) (Is, (ts2, m2), ws, is) cts
assumes thisim: \t'. t' # t = thisim (ws t’ = None) t' (ts1 t') m1 (¢s2 t') m2
and ts1t: ts1 t = Some zin
and ts2t: ts2 t = Some xln’
and ct: r2.cond-action-oks (s, (ts2, m2), ws, is) t cts
shows TmRed1 (s, (ts1, ml1), ws, is) s1’
and At t' # t = thisim (ws t' = None) t’ (thr s1’ t') m1 (ts2 t’) m2
and r!.cond-action-oks s1' ¢ cts
and thr s1’t = Some zin

(proof)

lemma cond-actions-ok-bisim-ex-T 2-inv:
fixes Is ts1 m1 is ws ts2 m2 ct
defines s2’' = activate-cond-action2 (ls, (ts1, m1), ws, is) (Is, (ts2, m2), ws, is) ct
assumes mbisim: A\t'. t' # t = tbisim (ws t' = None) t’ (ts1 t') m1 (ts2t") m2
and tsit: ts1 t = Some zin
and ts2t: ts2 t = Some zin’
and ct: r1.cond-action-ok (Is, (ts1, m1), ws, is) t ct
shows TmRed2 (s, (ts2, m2), ws, is) s2'
and At t' # t = thisim (ws t' = None) t' (ts1 t') m1 (thr s2't’) m2
and r2.cond-action-ok s2' t ct
and thr s2’' t = Some zin’

(proof)

lemma cond-actions-oks-bisim-ex-1 2-inv:
fixes ls ts1 m1 ws is ts2 m2 cts
defines s2’ = activate-cond-actions2 (s, (ts1, m1), ws, is) (Is, (ts2, m2), ws, is) cts
assumes tbisim: \t'. t' # t = thisim (ws t' = None) t' (ts1 t') m1 (ts2 t') m2
and tsit: ts1 t = Some zin
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and ts2t: ts2 t = Some zln’

and ct: r1.cond-action-oks (s, (ts1, m1), ws, is) t cts

shows 7mRed?2 (ls, (ts2, m2), ws, is) s2’

and At'. t' # t = thisim (ws t' = None) t' (ts1 t') m1 (thr s2’ t') m2
and r2.cond-action-oks s2' t cts

and thr s2’ t = Some zln’

(proof)

lemma mfinall-inv-simulation:

assumes sI ~m s2

shows Js2’. r2.mthr.silent-moves s2 s2' N\ s1 ~m s2' A rl.final-threads s1 C r2.final-threads s2’
A shr s2' = shr s2

(proof)

lemma mfinal2-inv-simulation:
sl =m s2 = Jsl1'. r1.mthr.silent-moves s1 s1’' N\ s1’ ~m s2 A 72.final-threads s2 C rl1.final-threads
s1’ A shr s1’ = shr sl

(proof)

lemma mfinall-simulation:
assumes s! ~m s2 and rI.mfinal sl
shows 352'. r2.mthr.silent-moves s2 s2' N\ s1 ~m s2' A r2.mfinal s2' N\ shr s2' = shr s2

(proof)

lemma mfinal2-simulation:
[ s1 ~m s2; r2.mfinal s2 |
= ds1’. r1.mthr.silent-moves s1 s1' A\ s1' ~m s2 A rl.mfinal s1’ N\ shr s1’ = shr s1

(proof)

end

locale FWdelay-bisimulation-obs =

FWdelay-bisimulation-final-base - - - - - - - Tmovel Tmove2

for Tmovel :: (','t,’z1,'m1,'w, '0) Tmoves

and Tmove2 :: ('l,’t,'z2,'m2,'w, ‘o) Tmoves +

assumes delay-bisimulation-obs-locale: delay-bisimulation-obs (r1t) (r2t) (bisim t) (ta-bisim bisim)

Tmovel Tmove2

and bisim-inv-red-other:

[t'F (z, ml) = (zx, m2); t - (1, ml) = (22, m2);
r1.silent-moves t (x1, m1) (x1’, m1);
tF (z1’, m1) —1—tal— (21", m1’); = Tmovel (z1’, m1) tal (1", m1’);
r2.silent-moves t (z2, m2) (z2', m2);
tF (22, m2) —2—ta2— (22", m2'); = Tmove2 (z2', m2) ta2 (22", m2’);
tE (z1”, m1') = (z2”, m2'); ta-bisim bisim tal ta2 |

= t'F (z, m1’) =~ (zz, m2’)

and bisim-waitl:

[tF (21, ml) ~ (2, m2); rl.silent-moves t (x1, m1) (z1’, ml);
tE (z1’, m1) —1—tal— (21", m1’); = Tmovel (z1’, m1) tal (21", m1’);
r2.silent-moves t (x2, m2) (z2', m2);
tH (22, m2) —2—ta2— (x2", m2'); = Tmovel (x2', m2) ta2 (22", m2');
tE (z1”, m1') = (27, m2"); ta-bisim bisim tal ta2;
Suspend w € set {talfy; Suspend w € set {tally |

= 21" ~w z2”

and simulation- Wakeup1 :
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[tE (z1, m1) = (22, m2); a1 ~w x2; t b (21, m1) —1—tal— (x1’, m1’); Notified € set {tal |y

V WokenUp € set {talltqy ]

= Jta2 22"’ m2'. t + (22, m2) —2—ta2— (z2', m2') A t b (x1’, m1') = (z2', m2') A ta-bisim

bisim tal ta2
and simulation- Wakeup?2:

[tE (z1, m1) = (22, m2); a1 ~w 22; t b (22, m2) —2—ta2— (x2', m2’); Notified € set {ta2fw

V WokenUp € set {ta2lqy ]

= Jtal x1’' m1'. t+ (z1, m1) —1—tal— (z1', m1') At F (z1', m1’)

bisim tal ta2
and ez-finall-conv-ex-final2:
(Fz1. finall z1) +— (322. final2 z2)

sublocale FWdelay-bisimulation-obs <

~ (22, m2') A ta-bisim

delay-bisimulation-obs r1 t r2 t bisim t ta-bisim bisim Tmovel Tmove2 for t

(proof)

context FWdelay-bisimulation-obs begin

lemma FWdelay-bisimulation-obs-flip:

FWdelay-bisimulation-obs final2 r2 finall v1 (At. flip (bisim t)) (flip bisim-wait) Tmove2 Tmovel

(proof)

end

lemma FWdelay-bisimulation-obs-flip-simps [flip-simps]:

FWdelay-bisimulation-obs final2 r2 finall r1 (At. flip (bisim t)) (flip bisim-wait) Tmove2 Tmovel =

FWdelay-bisimulation-obs finall r1 final2 r2 bisim bisim-wait Tmovel Tmove2

(proof)
context FWdelay-bisimulation-obs begin

lemma mbisim-red T-upd:
fixes s1 t tal 1’ m1’ s2 ta2 z2' m2' In
assumes sl redT-upd sl t tal 1’ m1’ s1’
and 52" redT-upd s2 t ta2 x2' m2’ s2'
and [simp|: wset s1 = wset s2 locks s1 = locks s2
and wset: wset s1’ = wset s2'
and interrupts: interrupts s1’ = interrupts s2'
and finl: finite (dom (thr s1))
and wsts: wset-thread-ok (wset s1) (thr s1)
and tst: thr s1 t = |(«1, In)]
and tst”: thr s2 t = (22, In)]
and aoel: r1.actions-ok s1 t tal
and aoe2: r2.actions-ok s2 t ta2
and tasim: ta-bisim bisim tal ta2
and bisim” t F (x1', m1') = (22', m2)
and bisimw: wset s1't = None V z1' ~w 22’

and 7red!: rl.silent-moves t (1, shr s1) (x1, shr s1)

and redl: t - (z1, shr s1) —1—tal— (z1', m1’)

and 7red2: r2.silent-moves t (z2", shr s2) (z2, shr s2)

and red2: t & (22, shr s2) —2—ta2— (z2’, m2’)
and bisim: t = (21", shr s1) ~ (22", shr s2)
and 71: = Tmovel (z1, shrs1) tal (z1’, m1’)
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and 72: = Tmove2 (z2, shr s2) ta2 (z2', m2’)
and tbisim: \t'. t # t' = thisim (wset s1 t' = None) t’ (thr s1 t') (shr s1) (thr s2 t’) (shr s2)
shows s1’ =~m s2’

(proof)

theorem mbisim-simulationi:
assumes mbisim: mbisim s1 s2 and — mrmovel sl tl1 s1' rl.redT s1 tl1 s1’
shows 352/ 2" t12. r2.mthr.silent-moves s2 s2' N\ r2.redT s2' ti2 s2"" N
— mrmove?2 s2' t12 s2'' N mbisim s1' s2"" N mta-bisim tl1 tI2

(proof)

theorem mbisim-simulation2:
[ mbisim s1 s2; r2.redT s2 t12 s2'; = mTmove2 s2 t12 s2' |
= Js1's1" tl1. r1.mthr.silent-moves s1 s1’' N\ r1.redT s1'tll s1" AN = mrmovel s1'tll s1" A
mbisim s1’' s2’ N\ mta-bisim tl1 t2

(proof)

end

locale FWdelay-bisimulation-diverge =

FWidelay-bisimulation-obs - - - - - - - Tmovel Tmove2

for Tmovel :: (','t,’z1,'m1,'w,’0) Tmoves

and Tmove2 :: ('l,’t,'z2,'m2,'w,’0) Tmoves +

assumes delay-bisimulation-diverge-locale: delay-bisimulation-diverge (r1t) (r2t) (bisim t) (ta-bisim
bisim) Tmovel Tmove2

sublocale FWdelay-bisimulation-diverge <
delay-bisimulation-diverge r1 t r2 t bisim t ta-bisim bisim Tmovel Tmove2 for t

(proof)

context FWdelay-bisimulation-diverge begin

lemma FWdelay-bisimulation-diverge-flip:
FWdelay-bisimulation-diverge final2 r2 finall 1 (At. flip (bisim t)) (flip bisim-wait) Tmovel Tmovel
(proof)

end

lemma FWdelay-bisimulation-diverge-flip-simps [flip-simps]:
FWdelay-bisimulation-diverge final2 r2 finall v1 (At. flip (bisim t)) (flip bisim-wait) Tmovel Tmovel

FWdelay-bisimulation-diverge finall r1 final2 r2 bisim bisim-wait Tmovel Tmove2

(proof)

context FWdelay-bisimulation-diverge begin

lemma bisim-invi:
assumes bisim: t - s1 =~ s2
and red: t - s1 —1—tal— s1’
obtains 52’ where t - s1’ ~ 52’

(proof)

lemma bisim-inv2:
assumes t - sl ~ s2tF 82 —2—ta2— s2'
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obtains s/’ where ¢t - s1’ ~ 52’

(proof)

lemma bisim-inv: bisim-inv

(proof)

lemma bisim-inv-Ts1:
assumes t - s1 ~ s2 and r!.silent-moves t s1 s1’
obtains 52’ where t - s1’ ~ 52’

(proof)

lemma bisim-inv-Ts2:
assumes t - s1 ~ s2 and r2.silent-moves t s2 s2’
obtains s!’ where t - s1’ ~ 52’

(proof)

lemma red1-rtrancl-t-into-RedT-T:
assumes r1.silent-moves t (z1, shr s1) (z1', m1’) t - (z1, shr s1) = (22, m2)
and thr s1 t = |(z1, no-wait-locks) | wset sI t = None
shows TmRed! s1 (redT-upd-c sl t z1’ m1’)

(proof)

lemma red2-rtrancl-t-into-RedT-T:
assumes r2.silent-moves t (z2, shr s2) (z2', m2’)
and t - (21, ml1) =~ (22, shr s2) thr s2 t = | (22, no-wait-locks) | wset s2 t = None
shows T7mRed?2 s2 (redT-upd-¢ s2 t 2’ m2')

(proof)

lemma redi-rtrancl-r-heapD:
[ r1.silent-moves ¢ s1 s1’; t F s1 = s2 | = snd s1’' = snd sl

(proof)

lemma red2-rtrancl-t-heapD:
[ m2.silent-moves ¢ s2 s2'; t F s1 = s2 | = snd s2' = snd s2

(proof)

lemma mbisim-simulation-silentl:
assumes m7": rl.mthr.silent-move s1 s1’ and mbisim: s1 ~m s2
shows 3s2'. r2.mthr.silent-moves s2 s2' A s1’ ~m s2’'

(proof)

lemma mbisim-simulation-silent2:
[ mbisim sl s2; r2.mthr.silent-move s2 s2']
= Js1’. rl.mthr.silent-moves s1 s1’ N\ mbisim s1' s2’'

(proof)

lemma mbisim-simulationl "
assumes mbisim: mbisim s1 s2 and — mrmovel sl tl1 s1' rl.redT s1 ti1 s1’
shows 352/ 52" t12. r2.mthr.silent-moves s2 s2' N\ r2.redT s2' t12 s2"" A
= mrmove?2 s2' t12 2" N mbisim s1' s2" N mta-bisim tl1 tI2

(proof)

lemma mbisim-simulation2’:
[ mbisim s1 s2; r2.redT s2 t12 s2'; = mTmove2 s2 ti2 s2']
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= Js1’ s1" tll. r1.mthr.silent-moves s1 s1' A r1.redT s1’ tll s1' N = mTmovel s1' tll s1’' A
mbisim s1' s2' N mta-bisim tl1 ti2

(proof)

lemma mrdiverge-simulationl :
assumes sI ~m s2
and rI.mthr.Tdiverge s1
shows r2.mthr.7diverge s2

(proof)

lemma 7diverge-mbisim-inv:
sl ~m s2 = rl.mthr.rdiverge s1 <— r2.mthr.7diverge s2

(proof)

lemma mbisim-delay-bisimulation:
delay-bisimulation-diverge r1.redT r2.redT mbisim mta-bisim mrTmovel mTmove2

(proof)

theorem mdelay-bisimulation-final-base:
delay-bisimulation-final-base r1.redT r2.redT mbisim mTmovel mTmove2 r1.mfinal r2.mfinal

(proof)

end

sublocale FWdelay-bisimulation-diverge < mthr: delay-bisimulation-diverge r1.redT r2.redT mbisim
mta-bisim mTmovel mTmove2

(proof)

sublocale FWdelay-bisimulation-diverge <
mthr: delay-bisimulation-final-base r1.redT r2.redT mbisim mta-bisim mrTmovel mTmove2 r1.mfinal
r2.mfinal

(proof)

context FWdelay-bisimulation-diverge begin

lemma mthr-delay-bisimulation-diverge-final:
delay-bisimulation-diverge-final v1.redT r2.redT mbisim mta-bisim mrTmovel mTmove?2 r1.mfinal
r2.mfinal

(proof)

end

sublocale FWdelay-bisimulation-diverge <
mthr: delay-bisimulation-diverge-final r1.redT v2.red T mbisim mta-bisim mTmovel mTmove2 r1.mfinal
r2.mfinal

(proof)

1.18.3 Strong bisimulation as corollary

locale FWhbisimulation = FWhisimulation-base - - - r2 convert-RA bisim Azl z2. True +
r1: multithreaded finall r1 convert-RA +
r2: multithreaded final2 r2 convert-RA
for r2 :: ('l,’t,'z2,'m2,'w,’0) semantics (<-+ - —2—-— - [50,0,0,50] 80)
and convert-RA :: 'l released-locks = 'o list
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and bisim :: 't = ('z1 x 'm1, 22 x 'm2) bisim (x-+ -/ = - [50, 50, 50] 60) +
assumes bisimulation-locale: bisimulation (r1 t) (r2t) (bisim t) (ta-bisim bisim)
and bisim-final: t b (21, m1) ~ (22, m2) = finall 1 <— final2 z2
and bisim-inv-red-other:
[t'F (z, m1) = (zx, m2); t F (z1, ml) = (22, m2);
tE (1, m1) —1—tal— (1, m1'); t + (22, m2) —2—ta2— (22, m2’);
tE (z1', m1') = (22', m2'); ta-bisim bisim tal ta2 |
= t'F (z, m1’) = (zz, m2’)
and ez-finall-conv-ez-final2:
(Fzl. finall z1) «+— (F22. final2 z2)

sublocale FWhbisimulation < bisim?: bisimulation r1 t r2 t bisim t ta-bisim bisim for t

(proof)

sublocale FWhbisimulation < bisim-diverge?:
FWdelay-bisimulation-diverge finall r1 final2 r2 convert-RA bisim Azl z2. True As ta s’. False \s ta
s'. False

(proof)

context FWbhisimulation begin

lemma FWhbisimulation-flip: FWhisimulation final2 r2 finall r1 (At. flip (bisim t))
(proof)

end

lemma FWbisimulation-flip-simps [flip-simps]:
FWhoisimulation final2 r2 finall r1 (At. flip (bisim t)) = FWhbisimulation finall r1 final2 r2 bisim
(proof)

context FWhbisimulation begin

The notation for mbisim is lost because bisim-wait is instantiated to Azl z2. True. This
reintroduces the syntax, but it does not work for output mode. This would require a new
abbreviation.

notation mbisim (<- =~m - [50, 50] 60)

theorem mbisim-bisimulation:
bisimulation r1.redT r2.redT mbisim mta-bisim

(proof)

lemma mbisim-wset-eq:
sl ~m s2 —> wset s1 = wset s2
(proof)

lemma mbisim-mfinal:
sl ~m s2 = rl.mfinal s1 <— r2.mfinal s2

(proof)

end

sublocale FWhbisimulation < mthr: bisimulation r1.redT r2.redT mbisim mta-bisim

(proof)
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sublocale FWhoisimulation < mthr: bisimulation-final v1.redT r2.redT mbisim mta-bisim r1.mfinal
r2.mfinal

(proof)

end

1.19 Preservation of deadlock across bisimulations

theory FWBisimDeadlock
imports
FWBisimulation
FWDeadlock
begin

context FWdelay-bisimulation-obs begin

lemma actions-okl1-ex-actions-ok2:
assumes 71 .actions-ok s1 t tal
and tal ~m ta2
obtains s2 where r2.actions-ok s2 t ta2

(proof)

lemma actions-ok2-ex-actions-ok1:
assumes 72.actions-ok s2 t ta2
and tal ~m ta2
obtains s1 where r1.actions-ok sl t tal

(proof)

lemma ez-actions-okl-conv-ex-actions-ok2:
tal ~m ta2 = (3 s1. rl.actions-ok sl t tal) «— (I s2. r2.actions-ok s2 t ta2)

(proof)

end
context FWdelay-bisimulation-diverge begin

lemma no-r Movel-Ts-to-no-t Move2:

fixes no-rmovesl no-Tmoves?

defines no-rmoves! = Asl t. wset s1 t = None A (3z. thr s1 t = |(z, no-wait-locks)| N (Vz' m'.
- rl.silent-move t (z, shr s1) (z';, m")))

defines no-rmoves2 = As2 t. wset s2 t = None A (z. thr s2 t = |[(z, no-wait-locks)| N (Vz' m’.
= r2.silent-move t (z, shr s2) (z', m’)))

assumes mbisim: s1 ~m (Is2, (152, m2), ws2, is2)

shows Jts2’. r2.mthr.silent-moves (1s2, (ts2, m2), ws2, is2) (ls2, (ts2', m2), ws2, is2) A
(Vt. no-rmovesl s1 t — no-rmoves2 (Is2, (ts2', m2), ws2, is2) t) A s1 ~m (Is2, (ts2/,
m2), ws2, is2)
(proof)

lemma no-T Move2-1s-to-no-t Movel:

fixes no-rmoves! no-rmoves2

defines no-rmoves! = Asl t. wset s1 t = None A (z. thr s1 t = [(z, no-wait-locks)| N (Vz' m'.
= rl.silent-move t (z, shr s1) (z’/, m’)))
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defines no-rmoves2 = As2 t. wset s2 t = None A (Jz. thr s2 t = |(z, no-wait-locks)| A (Yz' m'.
- r2.silent-move t (z, shr s2) (z', m")))
assumes (ls1, (ts1, m1), wsl, isl) ~m s2

shows Jts1’. r1.mthr.silent-moves (Is1, (ts1, m1), wsl, isl) (Is1, (ts1’', m1), wsl, isl) A
(Vt. no-tmoves2 s2 t — no-tmoves! (Is1, (ts1', m1), wsi, is1) t) A (Isl, (ts1’, m1),
wsl, isl) ~m s2

(proof)

lemma deadlock-mbisim-not-final-thread-pres:
assumes dead: t € rl.deadlocked s1 V r1.deadlock s1
and nfin: r1.not-final-thread s1 t
and fin: r1.final-thread s1 t = r2.final-thread s2 t
and mbisim: s1 ~m s2
shows r2.not-final-thread s2 t

(proof)

lemma deadlocked1-imp-Ts-deadlocked?:
assumes mbisim: s1 ~m s2
and dead: t € r1.deadlocked s1
shows 352’ r2.mthr.silent-moves s2 s2' A t € r2.deadlocked s2' N\ s1 ~m s2'

(proof)

lemma deadlocked2-imp-1s-deadlockedl :
[ s1 =m s2; t € r2.deadlocked s2 |
= ds1’. r1.mthr.silent-moves s1 s1' A t € rl.deadlocked s1’' N s1' ~m s2

(proof)

lemma deadlock1-imp-7s-deadlock2:
assumes mbisim: s1 ~m s2
and dead: r1.deadlock s1
shows 352’ r2.mthr.silent-moves s2 s2' A r2.deadlock s2' A s1 ~m s2'

(proof)

lemma deadlock2-imp-1s-deadlock?:
[ s1 =m s2; r2.deadlock s2 |
= ds1’. r1.mthr.silent-moves s1 s1’ A rl.deadlock s1’' N s1’ ~m s2

(proof)

lemma deadlocked’1-imp-7s-deadlocked’2:
[ s1 =m s2; r1.deadlocked’ s1 |
= ds2'. r2.mthr.silent-moves s2 s2' A r2.deadlocked’ s2' N\ s1 ~m s2'

(proof)

lemma deadlocked’2-imp-7s-deadlocked’1:

[ s1 ~m s2; r2.deadlocked’ s2 | = Js1'. r1.mthr.silent-moves s1 s1' A r1.deadlocked’ s1' N s1’
~m s2
(proof)

end
context FWhbisimulation begin

lemma mbisim-final-thread-preservel :
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assumes mbisim: sl ~m s2 and fin: r1.final-thread s1 t
shows r2.final-thread s2 t

(proof)

lemma mbisim-final-thread-preserve2:
[ s1 ~m s2; r2.final-thread s2 t | = rl.final-thread s1 t

(proof)

lemma mbisim-final-thread-inv:
sl ~m s2 = rl.final-thread s1 t «— r2.final-thread s2 t

(proof)

lemma mbisim-not-final-thread-inv:
assumes bisim: mbisim s1 s2
shows r1.not-final-thread s1 = r2.not-final-thread s2

(proof)

lemma mbisim-deadlocked-preservel :
assumes mbisim: s1 ~m s2 and dead: t € rl.deadlocked s1
shows t € r2.deadlocked s2

(proof)

lemma mbisim-deadlocked-preserve2:
[ s1 =~m s2;t € r2.deadlocked s2 | = t € rl.deadlocked s1

(proof)

lemma mbisim-deadlocked-inv:
sl ~m s2 = rl.deadlocked s1 = r2.deadlocked s2

(proof)

lemma mbisim-deadlocked’-inv:
s1 ~m s2 = rl.deadlocked’ s1 +— r2.deadlocked’ s2

(proof)

lemma mbisim-deadlock-inv:
sl ~m s2 —> rl.deadlock s1 = r2.deadlock s2

(proof)

end

context FWhbisimulation begin

lemma bisim-can-sync-preservel :
assumes bisim: t - (z1, m1) =~ (22, m2) and c¢s: t - (x1, m1) LT 11
shows t - (22, m2) LT 12

(proof)

lemma bisim-can-sync-preserve2:
[tF (1, ml) =~ (22, m2); t - (22, m2) LT 2 ]| = t+ (x1, m1) LT U1
(proof)

lemma bisim-can-sync-inv:
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tk (z1, m1) = (22, m2) = tt (x1, m1) LT 11 +— t+ (22, m2) LT 12
(proof)

lemma bisim-must-sync-preservel :
assumes bisim: t - (z1, m1) = (22, m2) and ms: t - (z1, mI) 11
shows ¢ - (22, m2) 12

(proof)

lemma bisim-must-sync-preserve2:
[th (z1, ml) =~ (22, m2); tF (22, m2) 2] = t+ (a1, m1) U
(proof )

lemma bisim-must-sync-inv:
tF(z1, ml) = (22, m2) = tF (x1, m1) 1 <— t F (22, m2)12
(proof)

end

end

1.20 Semantic properties of lifted predicates

theory FWLiftingSem

imports
FWSemantics
FWLifting

begin

context multithreaded-base begin

lemma redT-preserves-ts-inv-ok:

[ s —tota— s'; ts-inv-ok (thr s) 1]

= ts-inv-ok (thr s’) (upd-invs I P {tal}y)
(proof )

lemma RedT-preserves-ts-inv-ok:

[ s —>ttas—* s’; ts-inv-ok (thr s) I ]

= ts-inv-ok (thr s’) (upd-invs I Q (concat (map (thr-a o snd) ttas)))
(proof)

lemma redT-upd-inv-ext:

fixes I = 't =i

shows [ s —t>ta— s% ts-inv-ok (thr s) I | = I C,,, upd-invs I P {ta]
(proof)

lemma RedT-upd-inv-ext:
fixes I = 't =i
shows [ s —>itas—x s'; ts-inv-ok (thr s) 1]
= I C,,, upd-invs I P (concat (map (thr-a o snd) ttas))
(proof)

end
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locale lifting-inv = multithreaded final r convert-RA
for final :: 'z = bool
and r :: ('I,'t,’x,'m,'w,’0) semantics (- F - —— - [50,0,0,50] 80)
and convert-RA :: 'l released-locks = "o list
+
fixes P :: i = 't = 'z = 'm = bool
assumes nvariant-red: [ t = (z, m) —ta— (z¢/, m"); Pitam] = Pitz' m’
and invariant-NewThread: | t & (z, m) —ta— (z', m’); P it x m; NewThread t"" '’ m’ € set {ta};

— 3 P e m
and invariant-other: [ t F (x, m) —ta— {(x’, m"y; Pitam; Pi"t" 2" m] = Pi"t" 2" m'
begin

lemma red T-updTs-invariant:

fixes In

assumes tsiP: ts-inv P I ts m

and red: t + (x, m) —ta— (x/, m')

and tao: thread-oks ts {tal}+

and tst: ts t = |(z, In)]

shows ts-inv P (upd-invs I P {tal};) ((redT-updTs ts {talts)(t — (z', In”))) m’
(proof)

theorem redT-invariant:
assumes redT: s —i>bta— s’
and esinvP: ts-inv P I (thr s) (shr s)
shows ts-inv P (upd-invs I P {talty) (thr s') (shr s’)

(proof)

theorem RedT-invariant:
assumes RedT: s —>itas—* s’
and esinv@: ts-inv P I (thr s) (shr s)
shows ts-inv P (upd-invs I P (concat (map (thr-a o snd) ttas))) (thr s’) (shr s’)

(proof)

lemma invariant3p-ts-inv: invariant3p redT {s. 3 1. ts-inv P I (thr s) (shr s)}

(proof)

end

locale lifting-wf = multithreaded final r convert-RA

for final :: 'z = bool

and r :: ('1,'t,"z,'m,’w,’0) semantics (- F - —-— -» [50,0,0,50] 80)

and convert-RA :: 'l released-locks = "o list

+

fixes P :: 't = 'z = 'm = bool

assumes preserves-red: [ t b (z, m) —ta— (z', m"y; Ptam ] = Ptaz'm’

and preserves-NewThread: [ t = (x, m) —ta— (z', m’y; Pt x m; NewThread t"" z'" m’ € set {tal}; |

_— P t// w// m/

and preserves-other: [ t + (x, m) —ta— (', m"); Ptazm; Pt" 2" m] = Pt" z" m’

begin

lemma lifting-inv: lifting-inv final r (A- :: unit. P)

(proof)
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lemma redT-updTs-preserves:
fixes In
assumes esok(Q): ts-ok P ts m
and red: t - (x, m) —ta— (z/, m')
and ts t = |(z, In)]
and thread-oks ts {tal}4
shows ts-ok P ((redT-updTs ts {talt)(t — (', In”))) m’

(proof)

theorem redT-preserves:
assumes redT: s —i>ta— s’
and esokQ: ts-ok P (thr s) (shr s)
shows ts-ok P (thr s’) (shr s’)

(proof)

theorem RedT-preserves:
[ s —>ttas—* s; ts-ok P (thr s) (shr s) | = ts-ok P (thr s’) (shr s’)
(proof)

lemma invariant3p-ts-ok: invariantSp redT {s. ts-ok P (thr s) (shr s)}
(proof)

end

lemma lifting-wf-Const [intro!]:
assumes multithreaded final r
shows lifting-wf final v (At z m. k)

(proof)

end

1.21 Synthetic first and last actions for each thread

theory FWInitFinLift
imports
FWLTS
FWLiftingSem
begin

datatype status =
PreStart

| Running

| Finished

abbreviation convert-TA-initial :: ('l,’t,’z,'m,"w,’0) thread-action = ('l,'t,status x 'z,’m,’w,’o) thread-action
where convert-TA-initial == convert-extTA (Pair PreStart)

lemma convert-obs-initial-convert-TA-initial:
convert-obs-initial (convert-TA-initial ta) = convert-TA-initial (convert-obs-initial ta)
(proof)

lemma convert-TA-initial-inject [simpl:
convert-TA-initial ta = convert-TA-initial ta’ <—— ta = ta’
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(proof)

context final-thread begin

primrec init-fin-final :: status x 'z = bool
where init-fin-final (status, x) +— status = Finished A final x

end
context multithreaded-base begin

inductive init-fin :: ('l,'t,status x 'z,'m,'w,’o action) semantics (x- F - —-—i - [50,0,0,51] 51)
where

NormalAction:

tF (z, m) —ta— (', m’)

= t b ((Running, x), m) —convert-TA-initial (convert-obs-initial ta)—i ((Running, z'), m’)

| Initial ThreadAction:
t = ((PreStart, ), m) —{InitialThreadAction}}—1i ((Running, x), m)

| ThreadFinishAction:
final x = t + ((Running, z), m) —{ ThreadFinishAction|}—i ((Finished, x), m)

end
declare split-paired-Ez [simp del]

inductive-simps (in multithreaded-base) init-fin-simps [simp]:
t b ((Finished, z), m) —ta—i zm’
t = ((PreStart, z), m) —ta—i am’
t b ((Running, x), m) —ta—i zm’
t b am —ta—i ((Finished, z'), m’)
t b am —ta—i ((Running, z'), m’)
t - am —ta—i ((PreStart, z'), m’)

declare split-paired-Ez [simp]
context multithreaded begin

lemma multithreaded-init-fin: multithreaded init-fin-final init-fin

(proof)
end

locale if-multithreaded-base = multithreaded-base +
constrains final :: 'z = bool
and r :: ('l,’t,’z,'m,'w,’0) semantics
and convert-RA :: 'l released-locks = "o list

sublocale if-multithreaded-base < if: multithreaded-base
init-fin-final
nit-fin
map NormalAction o convert-RA

(proof)
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locale if-multithreaded = if-multithreaded-base + multithreaded +
constrains final :: 'z = bool
and r :: (',’t,"z,'m,’w,’0) semantics
and convert-RA :: 'l released-locks = "o list

sublocale if-multithreaded < if: multithreaded
init-fin-final
inat-fin
map NormalAction o convert-RA

(proof)

context Tmultithreaded begin

inductive init-fin-rmove :: ('l,'t,status x 'z,’m,"w,’o action) Tmoves
where
Tmove (z, m) ta (z';, m’)
= init-fin-tmove ((Running, x), m) (convert-TA-initial (convert-obs-initial ta)) ((Running, z'),

m’)

lemma init-fin-rmove-simps [simp):
init-fin-rmove ((PreStart, x), m) ta x'm’ = False
init-fin-rmove xm ta ((PreStart, z'), m’) = False
init-fin-rmove ((Running, ), m) ta ((s, '), m') «—
(Fta'. ta = convert-TA-initial (convert-obs-initial ta’) A s = Running A Tmove (z, m) ta’ (z', m’))
init-fin-rmove ((s, z), m) ta ((Running, z'), m') +—
s = Running A (ta’. ta = convert-TA-initial (convert-obs-initial ta’) A Tmove (z, m) ta’ (z', m'))
init-fin-rmove ((Finished, x), m) ta x'm’ = False
init-fin-rmove xm ta ((Finished, z'), m") = False
(proof)

lemma init-fin-silent-move- Runningl :

assumes silent-move t (z, m) (z', m’)

shows Ttrsys.silent-move (init-fin t) init-fin-rmove ((Running, x), m) ((Running, z'), m’)
(proof)

lemma init-fin-silent-moves- Runningl:
assumes silent-moves t (z, m) (z'/, m’)
shows Tirsys.silent-moves (init-fin t) init-fin-tmove ((Running, z), m) ((Running, '), m”)

(proof)

lemma init-fin-silent-moveD:
assumes Tirsys.silent-move (init-fin t) init-fin-rmove ((s, z), m) ((s’, =), m’)
shows silent-move t (x, m) (z/, m") A s = s’ A ' = Running

(proof)

lemma init-fin-silent-movesD:
assumes Tirsys.silent-moves (init-fin t) init-fin-rmove ((s, x), m) ((s’, =), m’)
shows silent-moves t (z, m) (z/, m") A s = s’

(proof)

lemma init-fin-T divergeD:
assumes Tirsys.Tdiverge (init-fin t) init-fin-rmove ((status, x), m)
shows Tdiverge t (z, m) A status = Running
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(proof)

lemma init-fin-t diverge- Runningl :
assumes Tdiverge t (x, m)
shows ttrsys.tdiverge (init-fin t) init-fin-Tmove ((Running, ), m)

(proof)

lemma init-fin-1 diverge-conv:
Ttrsys.T diverge (init-fin t) init-fin-rmove ((status, x), m) <—
Tdiverge t (z, m) A status = Running

(proof)

end

lemma init-fin-Tmoves-False:
Tmultithreaded.init-fin-rmove (A- - -. False) = (\- - -. False)

(proof)

locale if-rmultithreaded = if-multithreaded-base + Tmultithreaded +
constrains final :: 'z = bool
and r :: (',’t,’z,'m,'w,’0) semantics
and convert-RA :: 'l released-locks = "o list
and Tmove :: ('l,'t,"z,'m,"w,’0) Tmoves

sublocale if-rmultithreaded < if: Tmultithreaded
init-fin-final
mnit-fin
map NormalAction o convert-RA
init-fin-Tmove

(proof)

locale if-Tmultithreaded-wf = if-multithreaded-base + Tmultithreaded-wf +
constrains final :: 'z = bool
and r :: (',’t,’z,'m,'w,’0) semantics
and convert-RA :: 'l released-locks = "o list
and Tmove :: ('l,'t,’z,'m,'w,’0) Tmoves

sublocale if-rmultithreaded-wf < if-multithreaded

(proof)

sublocale if-rmultithreaded-wf < if-rmultithreaded {proof)
context Tmultithreaded-wf begin

lemma Tmultithreaded-wf-init-fin:
Tmultithreaded-wf init-fin-final init-fin init-fin-Tmove

{proof)
end

sublocale if-rmultithreaded-wf < if: Tmultithreaded-wf
init-fin-final
nit-fin
map NormalAction o convert-RA
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(proof)

primrec init-fin-lift-inv :: (i = 't = ' = 'm = bool) = i = 't = status x 'z = 'm = bool

where init-fin-lift-inv P I t (s, z) = PItx
context lifting-inv begin

lemma lifting-inv-init-fin-lift-inv:
lifting-inv init-fin-final init-fin (indt-fin-lift-inv P)
(proof)

end

locale if-lifting-inv =
if-multithreaded +
lifting-inv +
constrains final :: 'z = bool
and r :: (',’t,"z,'m,'w,’0) semantics
and convert-RA :: 'l released-locks = 'o list
and P :: i = 't = 'z = 'm = bool

sublocale if-lifting-inv < if: lifting-inv
init-fin-final
inat-fin
map NormalAction o convert-RA
ingt-fin-lift-inv P

(proof)

primrec init-fin-lift :: ('t = 'z = 'm = bool) = 't = status X 'z = 'm = bool

where init-fin-lift Pt (s, ) = Ptz
context lifting-wf begin

lemma lifting-wf-init-fin-lift:
lifting-wf indt-fin-final init-fin (init-fin-lift P)
{proof )

end

locale if-lifting-wf =
if-multithreaded +
lifting-wf +
constrains final :: 'r = bool
and r :: (',’t,’z,'m,’"w,’0) semantics
and convert-RA :: 'l released-locks = "o list
and P :: 't = 'z = 'm = bool

sublocale if-lifting-wf < if: lifting-wf
init-fin-final
inat-fin
map NormalAction o convert-RA
inat-fin-lift P

115
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(proof)

lemma (in if-lifting-wf) if-lifting-inv:
if-lifting-inv final r (A-::unit. P)
(proof )

locale 7lifting-inv = Tmultithreaded-wf +
lifting-inv +
constrains final :: 'z = bool
and r :: ('l,’t,’z,'m,'w,’0) semantics
and convert-RA :: 'l released-locks = 'o list
and Tmove :: ('l,'t,"z,'m,"w,’0) Tmoves
and P :: i = 't = 'z = 'm = bool
begin

lemma redT-silent-move-invariant:
[ TmredT s s'; ts-inv P Is (thr s) (shr s) | = ts-inv P Is (thr s') (shr s’)

(proof)

lemma redT-silent-moves-invariant:
[ mthr.silent-moves s s'; ts-inv P Is (thr s) (shr s) | = ts-inv P Is (thr s’) (shr s’)

(proof)

lemma red T-rrtrancl3p-invariant:
[ mthr.Trtrancl3p s ttas s’s ts-inv P Is (thr s) (shrs) |
= ts-inv P (upd-invs Is P (concat (map (thr-a o snd) ttas))) (thr s") (shr s’)

(proof)

end

locale 7lifting-wf = Tmultithreaded +
lifting-wf +
constrains final :: 'z = bool
and r :: (',’t,’z,'m,'w,’0) semantics
and convert-RA :: 'l released-locks = o list
and Tmove :: ('l,'t,’z,'m,'w,’0) Tmoves
and P :: 't = 'z = 'm = bool

begin

lemma redT-silent-move-preserves:

[ TmredT s s’ ts-ok P (thr s) (shrs) | = ts-ok P (thr s') (shr s’)
(proof)

lemma redT-silent-moves-preserves:
[ mthr.silent-moves s s'; ts-ok P (thr s) (shr s) | = ts-ok P (thr s’) (shr s’)

(proof)

lemma redT-Trtrancl3p-preserves:
[ mthr.trtrancl3p s ttas s’ ts-ok P (thr s) (shr s) | = ts-ok P (thr s’) (shr s')

(proof)

end

definition init-fin-lift-state :: status = ('l,’t,’z,'m,'w) state = ('l,'t,status x 'z,'m,'w) state
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where init-fin-lift-state s o = (locks o, (A\t. map-option (A(z, In). ((s, z), In)) (thr o t), shr o), wset
o, interrupts o)

definition init-fin-descend-thr :: ('l,'t,'status x 'z) thread-info = ('l,'t,’z) thread-info
where init-fin-descend-thr ts = map-option (A((s, x), In). (z, In)) o ts

definition init-fin-descend-state :: ('l,'t,'status x 'z,'m,'w) state = ('l,'t,'x,’m,’w) state
where init-fin-descend-state o = (locks o, (init-fin-descend-thr (thr o), shr o), wset o, interrupts o)

lemma ts-ok-init-fin-lift-init-fin-lift-state [simp):

ts-ok (init-fin-lift P) (thr (init-fin-lift-state s o)) (shr (init-fin-lift-state s o)) +— ts-ok P (thr o)
(shr o)
(proof )

lemma ts-inv-init-fin-lift-inv-init-fin-lift-state [simp:
ts-inv (indt-fin-lift-inv P) I (thr (init-fin-lift-state s o)) (shr (init-fin-lift-state s o)) +—
ts-inv P I (thr o) (shr o)

(proof )

lemma init-fin-lift-state-conv-simps:

shows shr-init-fin-lift-state: shr (init-fin-lift-state s o) = shr o

and locks-init-fin-lift-state: locks (init-fin-lift-state s o) = locks o

and wset-init-fin-lift-state: wset (init-fin-lift-state s o) = wset o

and interrupts-init-fin-lift-stae: interrupts (init-fin-lift-state s o) = interrupts o

and thr-init-fin-list-state:

thr (indt-fin-lift-state s o) t = map-option (A(z, In). ((s, z), In)) (thr o t)
(proof)

lemma thr-init-fin-list-state’:
thr (init-fin-lift-state s o) = map-option (A(z, In). ((s, x), In)) o thr o
(proof)

lemma init-fin-descend-thr-Some-conv [simpl:
Ain. ts t = |((status, z), In)| = init-fin-descend-thr ts t = |(z, In)]
(proof )

lemma init-fin-descend-thr-None-conv [simp]:
ts t = None = init-fin-descend-thr ts t = None

(proof)

lemma init-fin-descend-thr-eq-None [simp]:
init-fin-descend-thr ts t = None +— ts t = None

(proof)

lemma init-fin-descend-state-simps [simp]:
init-fin-descend-state (ls, (ts, m), ws, is) = (s, (init-fin-descend-thr ts, m), ws, is)
locks (init-fin-descend-state s) = locks s
thr (init-fin-descend-state s) = init-fin-descend-thr (thr s)
shr (init-fin-descend-state s) = shr s
wset (init-fin-descend-state s) = wset s
interrupts (init-fin-descend-state s) = interrupts s
(proof)

lemma init-fin-descend-thr-update [simp):
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init-fin-descend-thr (ts(t := v)) = (init-fin-descend-thr ts)(t := map-option (N((status, z), In). (x,
In)) v)
(proof)

lemma ts-ok-init-fin-descend-state:
ts-ok P (init-fin-descend-thr ts) = ts-ok (init-fin-lift P) ts
(proof)

lemma free-thread-id-init-fin-descend-thr [simp]:
free-thread-id (init-fin-descend-thr ts) = free-thread-id ts
(proof )

lemma red T-updT'-init-fin-descend-thr-eq-None [simp]:
redT-upd T’ (init-fin-descend-thr ts) nt t = None +— redT-updT’ ts nt t = None
(proof )

lemma thread-ok-init-fin-descend-thr [simp]:
thread-ok (init-fin-descend-thr ts) nta = thread-ok ts nta
(proof)

lemma threads-ok-init-fin-descend-thr [simp):
thread-oks (init-fin-descend-thr ts) ntas = thread-oks ts ntas

(proof)

lemma init-fin-descend-thr-red T-upd T [simp]:
ingt-fin-descend-thr (redT-updT ts (convert-new-thread-action (Pair status) nt)) =
redT-updT (init-fin-descend-thr ts) nt

(proof)

lemma init-fin-descend-thr-red T-updTs [simp]:
init-fin-descend-thr (redT-updTs ts (map (convert-new-thread-action (Pair status)) nts)) =
red T-updTs (init-fin-descend-thr ts) nts

(proof )

context final-thread begin

lemma cond-action-ok-init-fin-descend-statel [simp]:
final-thread. cond-action-ok init-fin-final s t ct = cond-action-ok (init-fin-descend-state s) t ct

(proof)

lemma cond-action-oks-init-fin-descend-statel [simp]:
final-thread.cond-action-oks init-fin-final s t cts => cond-action-oks (init-fin-descend-state s) t cts

(proof)

end
definition lift-start-obs :: 't = ‘o list = ('t x ‘o action) list
where lift-start-obs t obs = (t, InitialThreadAction) # map (Aob. (t, NormalAction ob)) obs

lemma length-lift-start-obs [simp]: length (lift-start-obs t obs) = Suc (length obs)
(proof)

lemma set-lift-start-obs [simp]:



119

set (lift-start-obs t obs) =
insert (t, Initial ThreadAction) ((Pair t o NormalAction) * set obs)

(proof)

lemma distinct-lift-start-obs [simp]: distinct (lift-start-obs t obs) = distinct obs

(proof)

end

theory FWBisimLift imports
FWinitFinLift
FWBisimulation

begin

context FWhisimulation-base begin

inductive init-fin-bisim :: 't = ((status x ‘z1) x 'm1, (status x 'z2) x 'm2) bisim
(t- F - ~i -[50,50,50] 60)
for ¢ :: 't
where
PreStart: t = (x1, m1) = (22, m2) = t - ((PreStart, x1), m1) ~i ((PreStart, 22), m2)
| Running: t b (1, m1) ~ (22, m2) = ¢ b ((Running, z1), m1) ~i ((Running, z2), m2)
| Finished:
[tF (z1, ml) = (22, m2); finall z1; final2 22 ]
= t & ((Finished, x1), m1) =i ((Finished, £2), m2)

definition init-fin-bisim-wait :: (status x 'z1, status x 'z2) bisim (- =iw - [50,50] 60)
where

init-fin-bisim-wait = (A(status!, z1) (status?2, x2). status] = Running A status2 = Running A 1
~w 12)

inductive-simps init-fin-bisim-simps [simp]:
t b ((PreStart, x1), m1) = ((52 2), m2
((Running, x1), m1) ~i ((s2, 2), m2
((Finished, x1), m1) ~i ((s2, 2), m2
F ((s1, 1), m1) =i ((P eStart 2), m2
((s1, 1), m1) =i ((Running, 2), m2

( ~i (( 2),

s1, z1), m1) m2

—_— — — — — —

i ((Finished,

lemma init-fin-bisim-iff:

tF ((s1, z1), m1) ~i ((s2, 22), m2) «—

s1 =s2 ANtk (z1, ml) = (22, m2) A (s2 = Finished — finall x1 A final2 22)
(proof)

lemma nta-bisim-init-fin-bisim [simp]:
nta-bisim init-fin-bisim (convert-new-thread-action (Pair PreStart) ntl)
(convert-new-thread-action (Pair PreStart) nt2) =
nta-bisim bisim nt1 nt2

(proof)

lemma ta-bisim-init-fin-bisim-convert [simp):

ta-bisim init-fin-bisim (convert-TA-initial (convert-obs-initial tal)) (convert-TA-initial (convert-obs-initial
ta2)) <— tal ~m ta2
(proof)
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lemma ta-bisim-init-fin-bisim-Initial Thread Action [simp]:
ta-bisim init-fin-bisim {InitialThreadAction| {Initial ThreadAction]
(proof )

lemma ta-bisim-init-fin-bisim- ThreadFinishAction [simpl:
ta-bisim init-fin-bisim { ThreadFinishAction|} { ThreadFinishAction]
(proof)

lemma init-fin-bisim-wait-simps [simp]:
(statusl, z1) ~iw (status2, x2) +— statusl = Running A status2 = Running A\ 1 ~w 22

(proof)

lemma init-fin-lift-state-mbisiml :

s~m s =

FWhbisimulation-base.mbisim init-fin-bisim init-fin-bisim-wait (init-fin-lift-state Running s) (init-fin-lift-state
Running s)

(proof)

end
context FWdelay-bisimulation-base begin

lemma init-fin-delay-bisimulation-final-base:
delay-bisimulation-final-base (r1.init-fin t) (r2.init-fin t) (init-fin-bisim t)
r1.init-fin-rmove r2.init-fin-rmove (A(zl, m). r1.init-fin-final 1) (A(z2, m). r2.init-fin-final 22)
(proof)

end

lemma init-fin-bisim-flip [flip-simps]:
FWhisimulation-base.inil-fin-bisim final2 finall (At. flip (bisim t)) =
(At. flip (FWhisimulation-base.init-fin-bisim finall final2 bisim t))
(proof )

lemma init-fin-bisim-wait-flip [flip-simps]:
FWhisimulation-base.inil-fin-bisim-wait (flip bisim-wait) =
flip (FWhbisimulation-base.init-fin-bisim-wait bisim-wait)

(proof )

context FWdelay-bisimulation-lift-aur begin

lemma init-fin-FWdelay-bisimulation-lift-aux:
FWdelay-bisimulation-lift-auzx r1.init-fin-final r1.init-fin v2.init-fin-final r2.init-fin r1.init-fin-Tmove
r2.init-fin-Tmove

(proof)

lemma init-fin-F Wdelay-bisimulation-final-base:
FWdelay-bisimulation-final-base
r1.init-fin-final r1.init-fin r2.init-fin-final r2.init-fin
init-fin-bisim r1.init-fin-rmove r2.init-fin-Tmove

(proof)

end
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context FWdelay-bisimulation-obs begin

lemma init-fin-simulationl :
assumes bisim: t - s1 =i s2
and redl: rl.init-fin t s1 tl1 s1’
and 71: = rl.init-fin-Tmove s1 tl1 s1’
shows 352’ s2' t12. (Ttrsys.silent-move (r2.init-fin t) r2.init-fin-Tmove)*™ s2 s2’ A
r2.init-fin t 2’ t12 s2" N\ = r2.init-fin-tmove s2' 12 s2" N\
t b s1' =i 82" A ta-bisim init-fin-bisim tl1 ti2
(proof)

lemma init-fin-simulation2:
[tF sl mis2; r2.init-fin t s2 t12 s2'; = r2.init-fin-Tmove s2 ti2 s2']
= 1’ s1" tl1. (Tirsys.silent-move (r1.init-fin t) r1.init-fin-Tmove)** s1 s1' A
rl.init-fin t s1' tl1 s1" N\ = rl.init-fin-Tmove s1' tll s1" A
t b 51" ~is2' N ta-bisim init-fin-bisim tl1 t12
(proof)

lemma init-fin-simulation- Wakeup1 :
assumes bisim: t - (sz1, m1) ~i (sz2, m2)
and wait: szl ~iw szl
and redl: r1.init-fin t (sz1, m1) tal (szl’, m1’)
and wakeup: Notified € set {tallty V WokenUp € set {tal
shows Jta2 sx2’ m2'. r2.init-fin t (sz2, m2) ta2 (sx2’', m2") At F (sx1’, m1') ~i (sz2', m2’) A
ta-bisim init-fin-bisim tal ta2
(proof)

lemma init-fin-simulation- Wakeup2:
[tF (sz1, ml) =i (sz2, m2); szl ~iw sx2; r2.init-fin t (sx2, m2) ta2 (sz2’, m2’);
Notified € set {ta2[}w vV WokenUp € set {ta2]y |
= Jtal sz1’' mi1’ ri.nit-fin t (szl, m1) tal (sxl’, m1’) A tF (sz1’, m1') =i (sz2’, m2') A
ta-bisim init-fin-bisim tal ta2

(proof)

lemma init-fin-delay-bisimulation-obs:
delay-bisimulation-obs (r1.init-fin t) (r2.init-fin t) (init-fin-bisim t) (ta-bisim init-fin-bisim)
r1.init-fin-Tmove r2.init-fin-Tmove

(proof)

lemma init-fin-FWdelay-bisimulation-obs:
FWdelay-bisimulation-obs r1.init-fin-final r1.init-fin r2.init-fin-final r2.init-fin init-fin-bisim init-fin-bisim-wait
r1.init-fin-Tmove r2.init-fin-Tmove

(proof)

end

context FWdelay-bisimulation-diverge begin
lemma init-fin-simulation-silent1:

[ tF szml ~isxm2; Tirsys.silent-move (r1.init-fin t) r1.init-fin-rmove sxml szm1’']
= Jsem?2’. Ttrsys.silent-moves (r2.inil-fin t) r2.init-fin-rmove sxm2 szm2’ A t b szml1’ ~i sxm2’

(proof)

lemma init-fin-simulation-silent2:
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[ tF seml i szm2; Tirsys.silent-move (r2.init-fin t) r2.init-fin-rmove sxm2 szm2' ]
= Jszml’. Tirsys.silent-moves (rl.init-fin t) r1.init-fin-tmove sxml szml1’ A t + szml1’ ~i stm2’

(proof)

lemma init-fin- diverge-bisim-inv:
t b szml =i stm?2
= Tirsys.Tdiverge (rl.init-fin t) r1.init-fin-Tmove stml =
Ttrsys.Tdiverge (r2.init-fin t) r2.init-fin-Tmove szm?2

(proof)

lemma init-fin-delay-bisimulation-diverge:
delay-bisimulation-diverge (r1.init-fin t) (r2.init-fin t) (init-fin-bisim t) (ta-bisim init-fin-bisim)
r1.init-fin-Tmove r2.init-fin-Tmove

(proof)

lemma init-fin-FWdelay-bisimulation-diverge:
FWdelay-bisimulation-diverge r1.init-fin-final r1.init-fin r2.init-fin-final r2.init-fin init-fin-bisim init-fin-bisim-wa
r1.init-fin-Trmove r2.init-fin-Tmove

(proof)

end
context FWhbisimulation begin

lemma init-fin-simulationl :
assumes t F sl =i s2 and r1.init-fin t s1 tl1 s1’
shows 352’ t12. r2.init-fin t s2 t12 s2' N t & s1’ =i 52’ A ta-bisim init-fin-bisim 11 t2

(proof)

lemma init-fin-simulation2:

[t sl =is2;r2.nit-fin t s2 t12 s2' ]

= Js1' tll. r1.init-fin t s1 tll s1’' Nt + s1' =i 82’ A ta-bisim init-fin-bisim tl1 t12
(proof)

lemma init-fin-bisimulation:
bisimulation (r1.indt-fin t) (r2.init-fin t) (init-fin-bisim t) (ta-bisim ingt-fin-bisim)

(proof)
lemma init-fin-FWbisimulation:

FWhbisimulation r1.init-fin-final r1.init-fin r2.init-fin-final r2.init-fin init-fin-bisim
(proof)

end

end



Chapter 2

Data Flow Analysis Framework

2.1 Semilattices

theory Semilat
imports Main HOL— Library. While-Combinator

begin

type-synonym ‘a ord = 'a = ’a = bool
type-synonym ’‘a binop = 'a = 'a = 'a
type-synonym ‘a sl = 'a set x 'a ord x 'a binop

definition lesub :: ‘a = 'a ord = 'a = bool
where lesub x ry «— raxy

definition lesssub :: ‘a = 'a ord = 'a = bool
where lesssub zry +— lesubxry ANz # vy

definition plussub :: 'a = (‘la = b= 'c) = b = 'c
where plussub x fy = fzy

notation (ASCII)
lesub («(- /<='---) [50, 1000, 51] 50) and
lesssub (s(- /<'-- -)» [50, 1000, 51] 50) and
plussub («(- /+'-- -)» [65, 1000, 66] 65)

notation
lesub («(- /C. -)» [50, 0, 51] 50) and
lesssub (s(- /C- -)» [50, 0, 51] 50) and
plussub («(- /U -)» [65, 0, 66] 65)

abbreviation (input)
lesubl :: 'a = 'a ord = 'a = bool («(- /C- -)» [50, 1000, 51] 50)
where z C, y == 2 Cp gy

abbreviation (input)
lesssubl :: 'a = 'a ord = 'a = bool («(- /C- -)» [50, 1000, 51] 50)

where z C, y == 2 Cr y

abbreviation (input)
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plussubl :: 'a = (Yla = b= 'c) = b= "c («(- /U- -)» [65, 1000, 66] 65)
where z Uy y ==z Ury

definition ord :: (‘a x 'a) set = 'a ord
where
ordr = Az y. (z,y) € 1)

definition order :: ‘a ord = bool
where

orderr +— (V. 2 5, o) AVzy. 25, yAyCrz — a=y) ANVaeyz. 25, y Ay L, 2z — 2
C, 2)

definition top :: ‘a ord = 'a = bool
where
topr T «— (Vz. 2 &, T)

definition acc :: ‘a set = 'a ord = bool
where
acc Ar<— wf {(yx). z € ANye ANz, y}

definition closed :: 'a set = 'a binop = bool
where
closed A f «+— (Vz€A. VyecA. z Uy y € A)

definition semilat :: 'a sl = bool
where
semilat = (A(A,r,f). order r A closed A f A
(VzeA. VyecA. z T, z Uy y) A
(VzeA. VycA. y C, 2 Us y) A
(VzeA VyecA. VzeA. s, 2 ANy L, 2z — 2 Uy y &, 2))

definition is-ub :: (‘a x 'a) set = 'a = 'a = 'a = bool
where
is-ub rx y u +— (zu)er A (y,u)er

definition is-lub :: (‘a x 'a) set = 'a = 'a = 'a = bool
where
isslubrxyu+— issubrzyu A Vz. is-ubrazyz — (u,2)€r)

definition some-lub :: (‘a x ‘a) set = 'a = 'a = 'a
where
some-lub r x y = (SOME z. is-lub r z y 2)

locale Semilat =
fixes A :: 'a set
fixes r :: ‘a ord
fixes f :: 'a binop
assumes semilat: semilat (A, r, f)

lemma order-refl [simp, intro]: order r = x C,. x
(proof)
lemma order-antisym: [ order r; x C, y; yCr 2] = 2z =y

(proof)
lemma order-trans: [ order r; t C, y; y C, 2] = 2 C, 2
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(proof )
lemma order-less-irrefl [intro, simp]: order r = =z C, =
(proof)
lemma order-less-trans: | order r; © Cp y; y Cr 2 | = o Ty 2
(proof )
lemma topD [simp, intro]: topr T — z C, T
(proof)
lemma top-le-conv [simp]: [ order r; top r T ]| = (T C, z) = (x = T)
(proof)
lemma semilat-Def:
semilat(A,r,f) <— order r A closed A f A
(VzeA. VycA. z T, z Uy y) A
(VzeA. VycA. y T, z Us y) A
(VacA. VyecA. VzeAd ¢ C, 2 ANy Lz — 2z Uy y 5, 2)
(proof)

lemma (in Semilat) orderl [simp, intro|: order r

(proof )

lemma (in Semilat) closedI [simp, intro): closed A f
(proof)

lemma closedD: [ closed A f; 1€A; yeA] =z Uy ye A

{proof)
lemma closed-UNIV [simp]: closed UNIV f

{proof)
lemma (in Semilat) closed-f [simp, intro]: [t € A; y € A] = zUyye A
{proof)

lemma (in Semilat) refl-r [intro, simp|: z T, z (proof)

lemma (in Semilat) antisym-r [intro?): [z C, y; yCr, 2] = 2=y
(proof)

lemma (in Semilat) trans-r [trans, intro?): [z C, y; y C, 2] = z C, 2
(proof)

lemma (in Semilat) ubl [simp, intro?: [z € A;ye A] =z C, v Uy y
(proof)

lemma (in Semilat) ub2 [simp, intro?): [t € A;yc Al =y L,z sy
(proof)

lemma (in Semilat) lub [simp, intro?):
[2C z5yC zzedjyc Ayze Al =2 Up y L, 2
(proof )

lemma (in Semilat) plus-le-conv [simp]:
[redycedizeA]l=(zUsyL, 2)=(C, 2Ny L, 2)
(proof)

lemma (in Semilat) le-iff-plus-unchanged:
assumes z € Aand y € 4
shows z C, y «— z Uy y = y (is ?P +— ?2Q)(proof)

lemma (in Semilat) le-iff-plus-unchanged?:
assumes z € Aand y € A
shows 2 T, y «— y Uy ¢ = y (is 2P +— ?Q)(proof)

lemma (in Semilat) plus-assoc [simpl:
assumes a: ¢ € Aand b: bc Aand c: c€ A
shows a Ly (b Uy ¢) = a Uy b Uy c(proof)

lemma (in Semilat) plus-com-lemma:
la € A; b€ A] = a Uy b T, b Uy a(proof)

lemma (in Semilat) plus-commutative:
[ac A be Al = alyb=0bUsa
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(proof)

lemma is-lubD:
isslubrzyu = issubrzyuAh Vz. isubrzyz — (u,z) €r)
(proof)
lemma is-ubl:
[ (z,u) €5 (yyu) Er] = issubrzyu
(proof)
lemma is-ubD:
issubrzyu=— (z,u) € r A (y,u) €r
(proof)

lemma is-lub-bigger! [iff]:
is-lub (1™ ) xz y y = ((z,y)€r™> ){proof)
lemma is-lub-bigger? [iff]:
is-lub (1™ ) x y z = ((y,z)€r™>* ){proof)
lemma extend-lub:
assumes single-valued r
and is-lub (r*) z y u
and (z/, z) € r
shows Jv. is-lub (r*) =’ y v(proof)
lemma single-valued-has-lubs:
assumes single-valued r
and in-r: (z, u) € r* (y, u) € r*
shows 3 z. is-lub (r*) z y z{proof)
lemma some-lub-conv:
[ acyclic r; is-lub (r™* ) ¢y u | = some-lub (r’™* ) z y = u(proof)
lemma is-lub-some-lub:
[ single-valued r; acyclic ; (z,u)€r7>; (y,u)€r |
= is-lub (r’x ) zy (some-lub (r’™* ) z y)
(proof)

2.1.1 An executable lub-finder

definition ezec-lub :: (a * 'a) set = ('a = ’a) = 'a binop
where
exec-lub v f x y = while (A\z. (x,2) ¢ 1) fy

lemma exec-lub-refl: exec-lub r f T T = T

(proof)

lemma acyclic-single-valued-finite:
[acyclic r; single-valued r; (z,y) € 7]
= finite (r N {a. (z, a) € r*} x {b. (b, y) € r*})(proof)

lemma exec-lub-conuv:
[ acyclic ;Vzy. (z,y) € r — fao=y;is-lub (r*) zyu] =
exec-lub v f x y = u{proof)
lemma is-lub-exec-lub:
[ single-valued r; acyclic r; (z,u):r7%; (yu)r ™ Vo y. (x,y) €r — fz =1y ]
= is-lub (r’™x ) z y (exec-lub r f x y)
(proof)

end



2.2 The Error Type

theory FErr
imports Semilat
begin

datatype ‘a err = Err | OK 'a

type-synonym ’a ebinop = ‘a = 'a = 'a err
type-synonym ‘a esl = ‘a set x 'a ord x 'a ebinop

primrec ok-val :: 'a err = a
where
ok-val (OK z) = x

definition lift :: (‘a = 'b err) = ('a err = 'b err)
where
lift f e = (case e of Err = Err | OK x = f x)

definition /ift2 :: (Yla = 'b = ‘c err) = ‘a err = 'b err = 'c err
where
llftg f €1 €9 =
(case e1 of Err = Err | OK x = (case e2 of Err = Err | OK y = fz y))

definition le :: ‘a ord = 'a err ord
where
lere eg =
(case ey of Err = True | OK y = (case ey of Err = Fualse | OK z = z C, y))

definition sup :: (‘la = b= '¢) = (‘a err = 'berr = ‘c err)
where
sup f = lift2 (Az y. OK (z Uy y))

definition err :: ‘a set = ’a err set

where
err A = insert Err {OK z|z. z€A}

definition esl :: 'a sl = 'a esl
where

esl = (A(A,r,f). (A, r, Az y. OK(fz y)))

definition sl :: 'a esl = 'a err sl
where
sl = (MA,r.f). (err A, le r, lift2 f))

abbreviation
err-semilat :: 'a esl = bool where
err-semilat L == semilat(sl L)

primrec strict :: (‘la = ‘b err) = (‘a err = 'b err)
where

strict f Err = Err
| strict f (OK z) = fz
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lemma err-def”:

err A = insert Err {z. 3ycA. x = OK y}(proof)
lemma strict-Some [simp]:

(strict fo = OK y) = (32 ¢ = OK z A fz = OK y)(proof)
lemma not-Err-eq: (z # Err) = (3a. £ = OK a){proof)
lemma not-OK-eq: (Vy. © # OK y) = (z = Err){proof)
lemma unfold-lesub-err: el T, . e2 = le r el e2(proof)
lemma le-err-refl: Vo. 2 T, © = e Ty, . e(proof)
lemma le-err-trans [rule-format):

order r => el Cj, . e2 — €2 Ty, . 3 — el Ty, , e3(proof)
lemma le-err-antisym [rule-format]:

order r => el Ty, . €2 — €2 [}, . el — el=e2(proof)
lemma OK-le-err-OK: (OK z C;, . OK y) = (z C, y){proof)
lemma order-le-err [iff]: order(le r) = order r(proof)
lemma le-Err [iff]: e Cy, . Err{proof)
lemma Err-le-conv [iff]: Err Cj, . ¢ = (e = Err){proof)
lemma le-OK-conv [iff]: e Cy, , OK z = (3y. e = OK y A y T, z)(proof)
lemma OK-le-conv: OK 2 Cj, . e = (e = Err V (y. e = OK y A z T, y))(proof)
lemma top-Err [iff]: top (le ) Err{proof)
lemma OK-less-conv [rule-format, iff):

OKz Ty ,e=(e=ErrVv (3y. e = OK y A z T, y))(proof)
lemma not-Err-less [rule-format, iff]: =(Err Ty, , z){proof)
lemma semilat-errl [intro]: assumes Semilat A r f
shows semilat(err A, le r, lift2(Az y. OK(f z y)))(proof)
lemma err-semilat-esl-aus:
assumes Semilat A r f shows err-semilat(esl(A,r.f)){proof)
lemma err-semilat-esll [intro, simp]:

semilat L = err-semilat (esl L){proof)
lemma acc-err [simp, introl]: acc A r = acc (err A) (le r){proof)
lemma Err-in-err [iff]: Err : err A{proof)
lemma Ok-in-err [iff]: (OK x € err A) = (z€A)(proof)

2.2.1 lift

lemma lift-in-errl:
[e€errS;VaeS.e= 0Kz — fz € err S| = lift f e € err S{proof)
lemma Err-lift2 [simp): Err Uypo fx = Err(proof)
lemma [ift2-Err [simp]:  Uypo ¢ Err = Err(proof)
lemma OK-lift2-OK [simp]: OK = Uygo f OK y = x Uy y(proof)

2.2.2 sup

lemma Err-sup-Err [simp]: Err U, rx = Err(proof)
lemma Err-sup-Err2 [simp]: © Ug,, ¢ Err = Err(proof)
lemma Err-sup-OK [simp]: OK z U, f OK y = OK (z Uy y)(proof)
lemma Err-sup-eq-OK-conv [iff):

(sup ferey= OK z) = (zy. ex = OKxz AN ey = OK y A fzy = z){proof)
lemma Err-sup-eq-Err [iff]: (sup f ex ey = Err) = (ex=Err V ey=Err)(proof)

2.2.3 semilat (err A) (ler) f

lemma semilat-le-err-Err-plus [simpl:
[ z€ err A; semilat(err A, le v, f) | = Err Uy © = Err(proof)
lemma semilat-le-err-plus-Err [simp):
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[ z€ err A; semilat(err A, le v, f) | = x Uy Err = Err(proof)
lemma semilat-le-err-OK1:
[ z€A; yeA; semilat(err A, ler, f); OK z Uy OK y = OK z |
= z C, z(proof)
lemma semilat-le-err-OK2:
[ z€A; yeA; semilat(err A, le r, f); OK z Uy OK y = OK z ]
=y L, z(proof)
lemma eg-order-le:
[ z=y; order r | = z C, y(proof)
lemma OK-plus-OK-eq-Err-conv [simp]:
assumes z€A yeA semilat(err A, le r, fe)
shows (OK z U, OK y = Err) = (=(32€A4. 2 C, 2 A y T, z))(proof)

2.2.4 semilat (err(Union AS))

lemma all-bezx-swap-lemma [iff]:
(Vz. (yed. z = fy) — Pzx) = (VycA. P(fy)){proof)
lemma closed-err-Union-lift21:
[VA€AS. closed (err A) (lift2 f); AS # {};
VAcASY BeAS. A#B — (VacANbEB. a Uy b= Err) ]
= closed (err(Union AS)) (lift2 f){proof)

If AS = {} the thm collapses to order r A closed {Err} f A Err Ug Err = Err which may
not hold

lemma err-semilat- Unionl:
[ VA€AS. err-semilat(A, r, f); AS # {};
VAcASVYBeAS. A#B — (Va€ANVbEB. ma T, b A aly b= Err)]
= err-semilat(Union AS, r, f)(proof)
end

2.3 More about Options

theory Opt

imports
Err

begin

definition le :: ‘a ord = ’a option ord
where
leror o9 =
(case 02 of None = oy=None | Some y = (case 01 of None = True | Some x = = C, y))

definition opt :: ‘a set = ’a option set
where
opt A = insert None {Some y |y. y € A}

definition sup :: 'a ebinop = ’a option ebinop
where
sup f oy 09 =
(case 01 of None = OK o0
| Some x = (case 02 of None = OK o;
| Some y = (case fxy of Err = Err | OK z = OK (Some z))))

definition esl :: ‘a esl = ’a option esl
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where
esl = (A(A4,r.f). (opt A, le r, sup f))

lemma unfold-le-opt:
01 Cje p 02 =
(case 02 of None = o1=None |
Some y = (case o1 of None = True | Some x = z T, y))(proof)

lemma le-opt-refi: order r = © Ty, . x(proof ) (proof ) (proof ) {proof ) (proof ) (proof ) (proof ) (proof ) (proof ) (proof ) (p

2.4 Products as Semilattices

theory Product
imports Err
begin

definition le :: ‘a ord = b ord = (‘a x 'b) ord
where
lera rp = (Mai,b1) (a2,b2). a1 Cry a2 A by Crg bo)

definition sup :: ‘a ebinop = 'b ebinop = ('a x 'b) ebinop
where
sup f g = (A ar,b1)(az,b2). Err.sup Pair (a1 Uy a2) (b1 Ug b2))

definition esl :: ‘a esl = b esl = ('a x 'b) esl
where

esl = (MA,ra,.fa) (B,re.fB). (A x B, lera rp, sup fa fB))

abbreviation
lesubprod :: 'a x 'b = ('a = 'a = bool) = ('b = 'b = bool) = 'a x 'b = bool
(«(- /E'(~,-) - [50, 0, 0, 51] 50) where
p E(rA,rB) q == p Cproduct.le rA rB 4

lemma unfold-lesub-prod: © C(ra,rg) y = le ra rp z y{proof)
lemma le-prod-Pair-conv [iff]: ((a1,b1) E(ra,rp) (a2,b2)) = (a1 Cr, az & by Crp ba){proof)
lemma less-prod-Pair-conv:
((a1,01) Eproduct.ie ra rp (a2,62)) =
(a1 Cra G2 & by E?“B bo ‘ a1 E'I‘A as & by Crp bg)<p7”00f>
lemma order-le-prod [iff]: order(Product.le ra rg) = (order r4 & order rg){proof)

lemma acc-le-prodl [introl]:
[ acc A ra; acc Brp ] = acc (A x B) (Product.le rg rp){proof)

lemma closed-lift2-sup:
[ closed (err A) (lift2 f); closed (err B) (lift2 g) | =

closed (err(AxB)) (lift2(sup f g))(proof)
lemma unfold-plussub-lift2: ex Upgo 5 e2 = lift2 f er ea(proof)

lemma plus-eq-Err-conv [simp]:
assumes z€A yc€A semilat(err A, Err.le r, lift2 f)
shows (z Uy y = Err) = (~(32€A. 2 T, 2 Ay T, 2))(proof)
lemma err-semilat- Product-esl:
AL1 Lo. [ err-semilat Ly; err-semilat Ly | = err-semilat(Product.esl Ly Lg){proof)



end

2.5 Fixed Length Lists

theory Listn
imports Err
begin

definition list :: nat = 'a set = 'a list set
where
list n A = {xs. size xs = n A set zs C A}

definition le :: ‘a ord = (‘a list)ord
where

le r = list-all2 Az y. z C, y)

abbreviation

lesublist :: 'a list = 'a ord = 'a list = bool («(- /[E-] -)» [50, 0, 51] 50) where

z [Cy] y ==z <=-(Listn.ler) y

abbreviation

lesssublist :: 'a list = 'a ord = 'a list = bool («(- /[C-] -)» [50, 0, 51] 50) where

z [Cy] y == x <-(Listn.le r) y

abbreviation
plussublist :: 'a list = ('a = 'b = 'c) = 'b list = 'c list
(«(- /[u-] -)» [65, 0, 66] 65) where
zUdy==2Upep2sy

primrec coalesce :: 'a err list = 'a list err
where
coalesce || = OK]]
| coalesce (ex#ters) = Err.sup (#) ex (coalesce exs)

definition sl :: nat = ’a sl = 'a list sl
where
sln = (AA,r.f). (list n A, le v, map2 f))

definition sup :: (‘a = 'b = 'c err) = ‘a list = 'b list = 'c list err
where
sup [ = (Axs ys. if size xs = size ys then coalesce(zs [Lf] ys) else Err)

definition upto-esl :: nat = 'a esl = ’'a list esl
where
upto-esl m = (M(A,r.f). (Union{list n A |n. n < m}, le r, sup f))

lemmas [simp] = set-update-subset]

lemma unfold-lesub-list: xs [Cy] ys = Listn.le r xs ys(proof)
lemma Nil-le-conv [iff]: ([] [E4] ys) = (ys = []){proof)
lemma Cons-notle-Nil [iff]: = x#xs [Ty [[(proof)
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lemma Cons-le-Cons [iff]: z#xs [Cy] y#ys = (z T, y A x5 [Ey] ys){proof)
lemma Cons-less-Conss [simp]:

order 1 => z#uxs [Cr] y#ys = (x T y A as [Cy] ys V =y A xs [Ty] ys)(proof)
lemma list-update-le-cong:

[ i<size xs; s [Ty ys; ¢ T, y | = as[i:=x] [Ty] ys[i:=y]{proof)

lemma le-listD: [ zs [Cy] ys; p < size zs | = aslp T, ys!p{proof)
lemma le-list-refl: V. v T, x = zs [Ty zs(proof)
lemma le-list-trans: | order r; xs [Cy] ys; ys [Cr] 2zs | = xs [Ty zs(proof)
lemma le-list-antisym: [ order r; xs [Ty ys; ys [Cr] xs | = xs = ys(proof)
lemma order-list] [simp, introl]: order r = order(Listn.le r)(proof)
lemma lesub-list-impl-same-size [simp]: xs [Cy] ys = size ys = size xs(proof)
lemma lesssub-lengthD: zs [C.| ys = size ys = size xs{proof)
lemma le-list-appendl: a [Cr] b => ¢ [Cy] d = aQc [Cy] bQd(proof)
lemma le-listl:

assumes length a = length b

assumes An. n < length a = aln C, bln

shows a [Cy] b{proof)
lemma list]: | size xs = n; set xs C A | = xs € list n A(proof)

lemma listE-length [simp]: zs € list n A = size xs = n{proof)
lemma less-lengthl: [ zs € list n A; p < n ] = p < size xs{proof)
lemma listE-set [simp]: xs € list n A = set s C A(proof)
lemma list-0 [simp]: list 0 A = {[]}{proof)
lemma in-list-Suc-iff:

(zs € list (Sucn) A) = (JyeA. Jys € list n A. xs = y#ys)(proof)
lemma Cons-in-list-Suc [iff]:

(z#xs € list (Suc n) A) = (z€A A xs € list n A){proof)
lemma list-not-empty:

Ja. a€A = Jas. xs € list n A(proof)

lemma nth-in [rule-format, simp:
Vin. sizexs=n — setxs C A — i < n — (xzsli) € A{proof)
lemma listE-nth-in: [ zs € list n A; i < n | = asli € A(proof)
lemma listn-Cons-Suc [elim!]:
I#zs € listn A = (An'. n=Sucn’ = 1l € A= zs € list n’” A = P) = P(proof)
lemma listn-appendE [eliml]:
a@b € list n A = (Anl n2. n=nl+n2 = a € list n1 A = b € list n2 A = P) = P(proof)

lemma listt-update-in-list [simp, intro]:

[ zs € list n A; €A | = xs[i := z] € list n A(proof)
lemma list-appendl [intro?):

[a€listn A; b elistmA] = a Qb€ list (n+m) A{proof)
lemma list-map [simp]: (map fxs € list (size xs) A) = (f * set xs C A)(proof)
lemma list-replicatel [intro]: x € A = replicate n © € list n A{proof)
lemma plus-list-Nil [simp]: [] [Uf zs = [[{proof)
lemma plus-list-Cons [simp]:

(z#tws) [Uf ys = (case ys of [| = [ | y#ys = (z Uy y)#(as [Uf ys))(proof)
lemma length-plus-list [rule-format, simp]:

Vys. size(zs [Ug ys) = min(size as) (size ys)(proof)
lemma nth-plus-list [rule-format, simpl:

Vas ys i. size xs = n — size ys = n — i<n — (ws [Uf ys)!i = (zsli) Uy (ysli)(proof)

lemma (in Semilat) plus-list-ubl [rule-format):
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[ set s C A; set ys C A; size s = size ys |
= s [Cr] s [Uy] ys(proof)
lemma (in Semilat) plus-list-ub2:
[set zs C A; set ys C A; size a5 = size ys | = ys [Cr] s [Uf ys(proof)
lemma (in Semilat) plus-list-lub [rule-format]:
shows Vs ys zs. set 1s C A —> set ys C A — set zs C A
— size xs = n N\ size ys = n —»
zs [Cr] zs A ys [Er] zs — s [Uf] ys [Er] zs(proof)
lemma (in Semilat) list-update-incr [rule-format]:
2€A = setzs C A —
(Vi. i<size xs — xs [Ty xs[i := z Uy xsi])(proof)
lemma acc-le-list]’ [intro!]:
[ order r; acc A r ]| = acc (| n. list n A) (Listn.le r){proof ) (proof ) {proof ) {proof ) (proof ) {proof ) (proof ) (proof ) { proof ) {proof

2.6 Typing and Dataflow Analysis Framework

theory Typing-Framework
imports

Semilattices
begin

The relationship between dataflow analysis and a welltyped-instruction predicate.

type-synonym
's step-type = nat = 's = (nat x 's) list

definition stable :: 's ord = 's step-type = 's list = nat = bool
where
stable r step Ts p «— (V(q,7) € set (step p (7slp)). T C, 7slq)

definition stables :: 's ord = 's step-type = s list = bool
where
stables r step Ts «— (¥ p < size Ts. stable v step Ts p)

definition wt-step :: 's ord = 's = s step-type = 's list = bool
where
wt-step v T step s +— (V p<size 7s. Tslp # T A stable r step Ts p)

definition is-bcv :: ‘s ord = 's = 's step-type = nat = 's set = ('s list = 's list) = bool
where

is-bcv r T step n A bev +— (V189 € list n A.

(Vp<n. (bev Ts9)lp # T) = (37s € list n A. 780 [C,] 75 A wi-step r T step Ts))

end

2.7 More on Semilattices

theory SemilatAlg
imports Typing-Framework
begin

definition lesubstep-type :: (nat x 's) set = 's ord = (nat x 's) set = bool
(«(- {E-} - [50, 0, 51] 50)
where A {C,} B=V(p,7) € A. 37" (p7") € BATC, 7’
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notation (ASCII)
lesubstep-type («(- /{<='--} -)» [560, 0, 51] 50)

primrec pluslussub :: 'a list = (‘/a = 'a = 'a) = ‘a = 'a («(- /Y- -) [65, 0, 66] 65)
where
pluslussub [ fy =y
| pluslussub (z#xs) fy = pluslussub xs f (z Uy y)
definition bounded :: 's step-type = nat = bool
where
bounded step n +— (Vp<n. V7.V (q,7’) € set (step p 7). g<n)

definition pres-type :: 's step-type = nat = 's set = bool
where
pres-type step n A +— (VT€A. Vp<n. ¥V (q,7') € set (step p 7). 7' € A)

definition mono :: 's ord = 's step-type = nat = 's set = bool
where
mono 1 step n A <—
Vrpr .t € ANp<n AT L, 7" — set (step p 7) {Cyr} set (step p 77))

lemma [iff]: {} {C} B

(proof)
lemma [if]: (4 {€,} {}) = (4 = {}

(proof)
lemma lesubstep-union:

[ Ay {Cr} Bi; A2 {Cy} B2 ] = A1 U Ay {Er} B U By

(proof)
lemma pres-typeD:

[ pres-type step n A; s€A; p<n; (q,s")Eset (step p s) | = s’ € A{proof)
lemma monoD:

[ mono r step n A; p < n; s€EA; s C,. t | = set (step p s) {Cr} set (step p t)(proof)
lemma boundedD:

[ bounded step n; p < n; (q,t) € set (step p xs) | = ¢ < n{proof)
lemma lesubstep-type-refl [simp, intro]:

(Az. z C, 2) = A {C,} A(proof)
lemma lesub-step-typeD:

A{C,;} B= (z,y) € A= 3y’ (z, y') € B Ay, y'(proof)

lemma list-update-le-list] [rule-format]:
setzs C A — setys C A — xs [C,] ys — p < size s —>
z C, yslp — semilat(A,r,f) — z€A —
zs[p == z Uy aslp] [C,] ys(proof)
lemma plusplus-closed: assumes Semilat A r f shows
Ny [ setz C Ay y € Al = x| |y € Alproof)
lemma (in Semilat) pp-ub2:
Ny . [setz CAye Al = yCra LI 7 y(proof)

lemma (in Semilat) pp-ubl:
shows Ay. [set ls C A; y € A; z € set ls] = o Ty Is | ¢ y(proof)

lemma (in Semilat) pp-lub:
assumes 2: z € A
shows
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Ny y € A= setas C A= Va € setas. v Ty z =y Lyz=>as|]py Cr 2(proof)

lemma ubl’: assumes Semilat A r f
shows [V (p,s) € set S. s € A; y € A; (a,b) € set 5]
= b Cr map snd [(p’, t') < S. p' = a] Ly y(proof)

lemma plusplus-empty:
Vs (g, s) € setSHs’ufss! qg=ss!qg=
(map snd [(p’, t') < S. p’ = q| |—|f ss! q) = ss ! q{proof)

end

2.8 Lifting the Typing Framework to err, app, and eff

theory Typing-Framework-err
imports
Typing-Framework
SemilatAlg
begin

definition wit-err-step :: 's ord = 's err step-type = 's err list = bool
where
wt-err-step 1 step s <— wi-step (Err.le r) Err step Ts

definition wt-app-eff :: 's ord = (nat = 's = bool) = 's step-type = s list = bool
where
wt-app-eff r app step Ts +——
(Vp < size Ts. app p (7slp) A (VY (q,7) € set (step p (7slp)). 7 <=-r 7slq))

definition map-snd :: ('b = '¢) = (‘a x 'b) list = ('a x 'c) list
where
map-snd f = map (A(z,y). (z, fy))

definition error :: nat = (nat x 'a err) list
where
error n = map (Az. (x,Err)) [0..<n]

definition err-step :: nat = (nat = 's = bool) = 's step-type = 's err step-type
where
err-step n app step p t =
(case t of
Err = errorn
| OK 7 = if app p 7 then map-snd OK (step p ) else error n)

definition app-mono :: 's ord = (nat = 's = bool) = nat = 's set = bool
where
app-mono r app n A +—
(Vspt.se ANp<nAsC,.t— apppt— app p s)

lemmas err-step-defs = err-step-def map-snd-def error-def
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lemma bounded-err-stepD:
[ bounded (err-step n app step) n;

p < n; app p a; (¢,b) € set (step p a) | = ¢ < n(proof)
lemma in-map-sndD: (a,b) € set (map-snd f zs) = 3b’. (a,b) € set zs(proof)

lemma bounded-err-stepl:
Vp.p<n— (Vs.apps— (V(q,s") € set (step p s). ¢ < n))
= bounded (err-step n ap step) n{proof)

lemma bounded-lift:
bounded step n => bounded (err-step n app step) n{proof)

lemma le-list-map-OK [simp]:
Nb. (map OK a [C gy je 4] map OK b) = (a [E,] b){proof)

lemma map-snd-lessl:
set xs {Cr} set ys = set (map-snd OK xs) {C gy 1o r} set (map-snd OK ys)(proof)

lemma mono-lift:
[ order r; app-mono r app n A; bounded (err-step n app step) n;
Vspt.se AANp<nAsC,.t— apppt — set (step p s) {Cr} set (step p t) ]
= mono (Err.le ) (err-step n app step) n (err A){proof)
lemma in-errorD: (z,y) € set (error n) => y = Err(proof)
lemma pres-type-lift:
Vs€A. Vp.p<n— appps— (V(q, s")Eset (step p 5). s’ € A)
= pres-type (err-step n app step) n (err A)(proof)

lemma wt-err-imp-wt-app-eff:
assumes wt: wt-err-step r (err-step (size ts) app step) ts
assumes b: bounded (err-step (size ts) app step) (size ts)
shows wt-app-eff r app step (map ok-val ts){proof)

lemma wt-app-eff-imp-wt-err:
assumes app-eff: wt-app-eff r app step ts
assumes bounded: bounded (err-step (size ts) app step) (size ts)
shows wt-err-step r (err-step (size ts) app step) (map OK ts)(proof)
end

2.9 Kildall’s Algorithm

theory Kildall
imports SemilatAlg ../ Basic/ Auziliary
begin

locale Kildall-base =
fixes s-a :: 'w = nat set
and s-empty 2 'w
and s-is-empty :: 'w = bool
and s-choose :: 'w = nat
and s-remove :: nat = 'w = 'w
and s-insert :: nat = 'w = 'w
begin
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primrec propa :: 's binop = (nat x 's) list = 's list = 'w = 's list * 'w
where
propa | || Ts w = (Ts,w)
| propa f (q'#qs) 7s w = (let (¢,7) = ¢
u =7 Lf Tslq;
w’' = (if w = 7lq then w else s-insert q w)
in propa f qs (78[q := u]) w’)

definition iter :: 's binop = 's step-type = 's list = "w = 's list X 'w
where
iter f step Ts w =
while (A(7s,w). = s-is-empty w)
(MTs,w). let p = s-choose w in propa | (step p (7s!p)) 75 (s-remove p w))
(vs,u)

definition unstables :: 's ord = 's step-type = 's list = 'w
where
unstables r step Ts = foldr s-insert (filter (Ap. —stable r step 7s p) [0..<size Ts|) s-empty

definition kildall :: 's ord = 's binop = s step-type = 's list = 's list
where kildall v f step 7s = fst(iter f step Ts (unstables r step Ts))

primrec t-« :: 's list x 'w = 's list X nat set
where t-a (1s, w) = (78, s-a w)

end

primrec merges :: ‘s binop = (nat x 's) list = 's list = 's list
where
merges [ [] TS =TS
| merges f (p'#ps) 7s = (let (p,7) = p’ in merges f ps (7s[p := 1 g 7s!p]))

locale Kildall =
Kildall-base +
assumes empty-spec [simpl: s-a s-empty = {}
and is-empty-spec [simp]: s-is-empty A +— s-a A = {}
and choose-spec: s-a A # {} = s-choose A € s-a A
and remove-spec [simp]: s-a (s-remove n A) = s-a A — {n}
and insert-spec [simp]: s-a (s-insert n A) = insert n (s-a A)
begin

lemma s-a-foldr-s-insert:
s-a (foldr s-insert xs A) = foldr insert xs (s-a A)

(proof)

lemma unstables-spec [simp]: s-a (unstables r step 75) = {p. p < size s A —stable r step 75 p}
(proof )

end

lemmas [simp] = Let-def Semilat.le-iff-plus-unchanged [OF Semilat.intro, symmetric]
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lemma (in Semilat) nth-merges:

Ass. [p < length ss; ss € list n A; ¥ (p,t)Eset ps. p<n A teAd | =
(merges f ps ss)lp = map snd [(p’,t’) < ps. p'=p] |_|f sslp
(is Ass. [ - ?steptype ps] = 2P ss ps)(proof)

lemma length-merges [simp]:
\ss. size(merges f ps ss) = size ss{proof)
lemma (in Semilat) merges-preserves-type-lemma:
shows Vas. zs € list n A — (¥ (p,z) € set ps. p<n A z€A)
— merges [ ps xs € list n A(proof)
lemma (in Semilat) merges-preserves-type [simp]:
[ zs € list n A; ¥V (p,z) € set ps. p<n A z€A |
= merges [ ps xs € list n A

(proof)

lemma (in Semilat) merges-incr-lemma:
Vas. xs € list n A — (V(p,x)Eset ps. p<size xs N x € A) — x5 [Cy] merges f ps xs(proof)
lemma (in Semilat) merges-incr:
[ zs € list n A; ¥V (p,x)Eset ps. p<sizexs N x € A |
= xs [y merges f ps s

(proof)

lemma (in Semilat) merges-same-conv [rule-format):
(Vas. zs € list n A — (¥ (p,z)€set ps. p<size zs A\ z€A) —
(merges f ps zs = xs) = (V (p,x)€set ps. © Tyr zslp))(proof)

lemma (in Semilat) list-update-le-list] [rule-format]:
setzs C A — setys C A — xs [Ty ys — p < size s —
xCpyslp — 2€6A — as[p =z g zslp] [Ey] ys{proof)
lemma (in Semilat) merges-pres-le-ub:
assumes set ts C A set ss C A
V(p,t)€set ps. t Crtslp ANt € AN p < sizets ss [Tyl ts
shows merges f ps ss [Ty ts{proof)

context Kildall begin

2.9.1 propa

lemma decomp-propa:
Ass w. (Y (g,t)Eset gs. q¢ < size ss) =
t-a (propa f gs ss w) =
(merges f qs ss, {q. Ft.(q,t)Eset gs N t Up sslq # ss!q} U s-a w)
(proof)

end

lemma (in Semilat) stable-pres-lemma:

shows [pres-type step n A; bounded step n;
ss € listn A; p € w; VqeEw. q < n;
Vg g<n— q¢& w—> stable r step ss q; q < n;
Vs (q,8") € set (step p (sslp)) — s’ Uy sslq = sslq;
g¢wVag=rp]
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= stable r step (merges [ (step p (sslp)) ss) q{proof)

lemma (in Semilat) merges-bounded-lemma:
[ mono r step n A; bounded step n;
Y (p',s’) € set (step p (sslp)). s’ € A; ss € list n A; ts € list n A; p < n;
ss [E,] ts; Vp. p < n — stable r step ts p |
= merges f (step p (sslp)) ss [C,] ts(proof)

lemma termination-lemma: assumes Semilat A r f
shows [ ss € list n A; ¥ (g,t)E€set gs. g<n A t€A; pew | =
ss [Cy] merges f qs ss V
merges f gs ss = ss A {q. It. (q,t)Eset gs N ¢ Lip sslq # sslq} U (w—{p}) C w(proof)
context Kildall-base begin

definition s-finite-psubset :: ('w x 'w) set
where s-finite-psubset == {(A,B). s-a A < s-a B & finite (s-a B)}

lemma s-finite-psubset-inv-image:
s-finite-psubset = inv-image finite-psubset s-a
(proof)

lemma wf-s-finite-psubset [simp]: wf s-finite-psubset

(proof)

end

context Kildall begin

2.9.2 iter

lemma iter-properties[rule-format]: assumes Semilat A r f
shows [ acc A r; pres-type step n A; mono r step n A;
bounded step n; ¥ pEs-a wl. p < n; ssO € list n A,
Vp<n.p & s-a w0 — stable r step ssO0 p | =
t-a (iter f step ssO w0) = (ss’,w’)
H
ss" € list n A N stables r step ss’ A ssO [C,] ss’ A
(Viselist n A. ss0 [C,] ts A stables r step ts — ss’ [C,] ts)(proof)
lemma kildall-properties: assumes Semilat A r f
shows [ acc A r; pres-type step n A; mono r step n A;
bounded step n; ss0 € list n A | =
kildall 7 f step ssO € list n A A
stables r step (kildall r f step ss0) A
ss0 [C,] kildall r f step ssO A
(Vis€list n A. ssO [C,] ts A stables r step ts —
kildall v f step ss0 [C,] ts)(proof )}{proof)
end

interpretation Kildall set [| Azs. xs = [| hd removeAll Cons
(proof)

lemmas kildall-code [code] =
kildall-def
Kildall-base.propa.simps
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Kildall-base.iter-def
Kildall-base.unstables-def
Kildall-base.kildall-def

end

2.10 The Lightweight Bytecode Verifier

theory LBVSpec
imports SemilatAlg Opt
begin

type-synonym
's certificate = 's list

primrec merge :: 's certificate = 's binop = 's ord = 's = nat = (nat x 's) list = 's = s
where
merge cert f r T pe || =2z
| merge cert fr T pc (s#ss) © = merge cert fr T pc ss (let (pc’,s’) = s in
if pc’'=pc+1 then s’ Uy x
else if s’ T, cert!pc’ then x
else T)

definition wtl-inst :: 's certificate = 's binop = 's ord = 's =
's step-type = nat = 's = 's
where
wtl-inst cert f r T step pc s = merge cert f r T pc (step pc s) (cert!(pc+1))

definition wtl-cert :: 's certificate = 's binop = 's ord = 's = 's =
's step-type = nat = 's = s
where
wtl-cert cert fr T B step pc s =
(if cert!lpc = B then
wtl-inst cert fr T step pc s
else
if s C,. certlpc then wtl-inst cert fr T step pe (cert!pe) else T)

primrec wtl-inst-list :: 'a list = 's certificate = 's binop = 's ord = 's = 's =
's step-type = nat = 's = s
where
wtl-inst-list || cert fr T B step pc s = s
| wtl-inst-list (i#1s) cert fr T B step pc s =
(let s" = wtl-cert cert fr T B step pc s in
if =TV s = T then T else wtl-inst-list is cert f r T B step (pc+1) s')

definition cert-ok :: 's certificate = nat = 's = ’'s = 's set = bool
where
cert-ok cert n T B A <— (Vi < n. certli € A N certli # T) A (cert!n = B)

definition bottom :: 'a ord = 'a = bool
where
bottom r B +— (Vz. B C, x)
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locale lbv = Semilat +
fixes T :: 'a ()
fixes B :: 'a (<L)
fixes step :: 'a step-type
assumes top: top r T
assumes T-A: T € A
assumes bot: bottom r L
assumes B-A: 1. € A

fixes merge :: 'a certificate = nat = (nat x ‘a) list = 'a = 'a
defines mrg-def: merge cert = LBVSpec.merge cert fr T

fixes wti :: 'a certificate = nat = 'a = 'a
defines wti-def: wti cert = wtl-inst cert fr T step

fixes wtc :: 'a certificate = nat = 'a = 'a
defines wic-def: wtc cert = wtl-cert cert fr T L step

fixes witl :: 'b list = 'a certificate = nat = 'a = 'a
defines witl-def: wtl ins cert = wtl-inst-list ins cert fr T L step

lemma (in lbv) wti:
wti ¢ pc s = merge ¢ pe (step pc s) (c!(pc+1))
(proof)
lemma (in bv) wic:
wtc ¢ pe s = (if clpc = L then wti ¢ pc s else if s T, clpc then wti ¢ pe (clpe) else T)
(proof)
lemma cert-okD1 [intro?):
cert-ok cn TBA = pc < n—=clpce A
(proof )
lemma cert-okD2 [intro?):
cert-okcn TBA = cln=1B
(proof)
lemma cert-okDS [intro?):
cert-ok cn TBA=— Be€ A= pc<n= clSucpce A
(proof )
lemma cert-okDj [intro?):
cert-ok cn TBA = pc<n=clpc# T
(proof)
declare Let-def [simp)

2.10.1 more semilattice lemmas

lemma (in bv) sup-top [simp, elim]:
assumes z: ¢ € A
shows z LIy T = T(proof)

lemma (in bv) plusplussup-top [simp, elim]:
setmsgA:>:vs|_|fT:T
(proof)

lemma (in Semilat) pp-ubl”:
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assumes S: snd‘set S C A

assumes y: y € A and ab: (a, b) € set S

shows b T, map snd [(p’, t') < S . p’ = a] | y(proof)
lemma (in bv) bottom-le [simp, introl]: L C, z

(proof)

lemma (in bv) le-bottom [simp]: z C, L = (x = 1)

(proof)

2.10.2 merge

lemma (in lbv) merge-Nil [simp]:
merge ¢ pc [| x = x (proof)

lemma (in bv) merge-Cons [simp]:
merge ¢ pc (I#ls) x = merge ¢ pe ls (if fst I=pc+1 then snd | +-f =
else if snd | C,. cfst | then x
else T)

(proof)

lemma (in bv) merge-Err [simp]:
snd‘set ss C A = merge cpcss T =T

(proof)

lemma (in lbv) merge-not-top:
Nz. snd‘set ss C A = merge cpc ssx = T =
Y (pc',s’) € set ss. (pc’ # pe+1 — s’ C,. clpe’)
(is Az. ?set ss = ?merge ss x = ?P ss)(proof)

lemma (in lbv) merge-def:

shows

Nz. x € A = snd‘set ss C A =

merge ¢ pc $s T =

(if V(pc',s') € set ss. pc’#pc+1 — s' C,. clpe’ then

map snd [(p';t") « ss. p'=pc+1] | |2

else T)

(is Az. - = - = ?merge ssx = %if ssx is N\z. - = - = 7P ss x){proof)
lemma (in bv) merge-not-top-s:

assumes 7: = € A and ss: snd‘set ss C A

assumes m: merge ¢ pc s T £ T

shows merge ¢ pc ss x = (map snd [(p',t') + ss. p'=pc+1] || z)(proof)

2.10.3 wtl-inst-list

lemmas [iff] = not-Err-eq

lemma (in bv) wtl-Nil [simp]: wtl [| ¢ pc s = s

(proof)

lemma (in bv) wtl-Cons [simp]:
wtl (i#14s) ¢ pc s =
(let 8" = wtc cpcsinifs'=TV s=T then T else wtl is ¢ (pc+1) s’)
(proof )
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lemma (in [bv) wtl-Cons-not-top:
witl (i#14s) cpcs =T =
(wtc cpcs # T ANs#= T AN wtlisc(pet+1) (wic ¢ pcs) #T)
(proof)

lemma (in bv) wtl-top [simp]: wtlls cpc T =T
(proof)

lemma (in lbv) wtl-not-top:
wtlls cpcs# T = s# T
(proof)

lemma (in [bv) wtl-append [simp]:
Apc s. wil (a@b) ¢ pc s = wtl b ¢ (pc+length a) (wtl a ¢ pc s)
{proof)

lemma (in bv) wtl-take:

wtl is ¢ pc s # T = wtl (take pc’ is) ¢ pc s £ T

(is ?wtl is # - = -){proof)
lemma take-Suc:

Vn. n < length | — take (Suc n) | = (take n 1)Q[lIn] (is 2P I)(proof)
lemma (in bv) wtl-Suc:

assumes suc: pc+1 < length is

assumes witl: wtl (take pcis) ¢ 0s # T

shows wtl (take (pc+1) is) ¢ 0 s = wtc ¢ pc (wtl (take pc is) ¢ 0 s){proof)
lemma (in bv) wtl-all:

assumes all: wtl is ¢ 0 s # T (is ?wtl is # -)

assumes pc: pc < length is

shows wtc ¢ pe (wtl (take pc is) ¢ 0 s) # T{proof)

2.10.4 preserves-type

lemma (in lbv) merge-pres:
assumes s0: snd‘set ss C Aand z: z € A
shows merge ¢ pc ss © € A{proof)
lemma pres-typeD2:
pres-type step n A = s € A = p < n => snd’‘set (step p s) C A

{proof)

lemma (in bv) wti-pres [intro?):
assumes pres: pres-type step n A
assumes cert: cl(pc+1) € A
assumes s-pc: s € A pc < n
shows wti ¢ pc s € A{proof)

lemma (in bv) wtc-pres:
assumes pres-type step n A
assumes clpc € A and ¢!(pc+1) € A
assumes s € A and pc < n
shows wtc ¢ pc s € A{proof)

lemma (in [bv) wtl-pres:
assumes pres: pres-type step (length is) A
assumes cert: cert-ok ¢ (length is) T L A
assumes s: s € A
assumes all: wtlisc 0s # T
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shows pc < length is = wtl (take pc is) ¢ 0s € A
(is Zlen pc = ?wtl pc € A)(proof)
end

2.11 Correctness of the LBV

theory LBVCorrect
imports LBVSpec Typing-Framework

begin

locale lbvs = lbv +
fixes so :: 'a
fixes ¢ :: 'a list

fixes ins :: b list

fixes 7s :: ‘a list

defines phi-def:

7s = map (Apc. if clpc = L then wtl (take pc ins) ¢ 0 sqg else clpc)
[0..<size ins]

assumes bounded: bounded step (size ins)
assumes cert: cert-ok ¢ (size ins) T L A
assumes pres: pres-type step (size ins) A

lemma (in [bvs) phi-None [intro?):

[ pc < size ins; clpc = L | = 7slpc = wtl (take pc ins) ¢ 0 so{proof)
lemma (in lbvs) phi-Some [intro?):

[ pc < size ins; clpec # L | = 7slpc = clpe{proof)
lemma (in lbvs) phi-len [simp]: size Ts = size ins(proof)
lemma (in lbvs) wtl-suc-pc:

assumes all: wtl ins ¢ 0 sg # T

assumes pc: pc+1 < size ins

shows wtl (take (pc+1) ins) ¢ 0 so &, 7s!(pc+1)(proof)
lemma (in lbvs) wtl-stable:

assumes wil: wtl ins ¢ 0 sg = T

assumes Sp: Sop € A and pec: pc < size ins

shows stable 1 step Ts pc{proof)
lemma (in lbvs) phi-not-top:

assumes wtl: wtl ins ¢ 0 sg # T and pc: pe < size ins

shows 7slpc # T (proof)
lemma (in lbvs) phi-in-A:

assumes wtl: wtl ins ¢ 0 sg # T and sp: 59 € A

shows 7s € list (size ins) A(proof)
lemma (in lbvs) phi0:

assumes wtl: wtl ins ¢ 0 sop # T and 0: 0 < size ins

shows sy C, 7s!0(proof)

theorem (in lbvs) wtl-sound:
assumes wtl: wtl ins ¢ 0 sg # T and sp: 59 € A
shows J7s. wt-step r T step Ts{proof)

theorem (in lbvs) wtl-sound-strong:
assumes wtl: wtl ins ¢ 0 sg #= T
assumes $sg: s9 € A and ins: 0 < size ins
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shows 375 € list (size ins) A. wt-step r T step 7s A sg &, 7s!0(proof)
end

2.12 Completeness of the LBV

theory LBVComplete
imports LBVSpec Typing-Framework
begin

definition is-target :: 's step-type = s list = nat = bool where
is-target step Ts pc’ <— (Ipc s’. pc’ # pe+1 A pe < size 7s A (pc',s’) € set (step pe (7s!pc)))

definition make-cert :: 's step-type = s list = ’'s = 's certificate where
make-cert step 7s B = map (Ape. if is-target step Ts pc then Tslpc else B) [0..<size Ts] Q [B]

lemma [code]:

is-target step Ts pc’ =

list-ex (Apc. pc’ # pe+1 A List.member (map fst (step pc (1slpe))) pe') [0..<size Ts|(proof)
locale lbvc = lbv +

fixes 7s :: ‘a list

fixes ¢ :: 'a list

defines cert-def: ¢ = make-cert step 7s L

assumes mono: mono r step (size 7s) A
assumes pres: pres-type step (size 7s) A
assumes 7s: Vpc < size 7s. 7slpc € A A 1slpe £ T
assumes bounded: bounded step (size Ts)

assumes B-neq-T: L # T

lemma (in lbve) cert: cert-ok ¢ (size 7s) T L A{proof)
lemmas [simp del] = split-paired-Ex

lemma (in lbuc) cert-target [intro?):
[ (pc’,s) € set (step pc (7s!pe));
pc’ # pe+1; pe < size Ts; pe’ < size TS |

= clpc’ = Tslpc’(proof)
lemma (in lbuc) cert-approx [intro?):

[ pe < size Ts; clpec # L | = clpe = 7slpe({proof)
lemma (in bv) le-top [simp, intro]: © <=-r T (proof)
lemma (in bv) merge-mono:

assumes less: set sso {Crp} set ssq

assumes z: r€e A

assumes ss;:  snd‘set ss1 C A

assumes sso:  snd‘set sso C A

shows merge ¢ pc ssy © C, merge ¢ pc ss; x (is sy C,. 2s1)(proof)
lemma (in lbve) wti-mono:

assumes less: s T, 1

assumes pc: pc < size Ts and s1: s1 € A and s9: s € A

shows wti ¢ pc so T, wti ¢ pc s1 (is 952’ T, 2s17){proof)
lemma (in lbuc) wte-mono:

assumes less: sy T, 1
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assumes pc: pc < size 7s and s1: s1 € A and s9: 55 € A

shows witc ¢ pc so T, witc ¢ pe s1 (is %s9’ C,. 2s1”)(proof)
lemma (in lbv) top-le-conv [simp]: T C,. x = (x = T)(proof)
lemma (in bv) neg-top [simp, elim]: [ ¢ C, y; y # T | = = # T (proof)
lemma (in lbuc) stable-wti:

assumes stable: stable r step Ts pc and pc: pc < size TS

shows wti ¢ pc (7s!pc) # T{(proof)
lemma (in lbvc) wti-less:

assumes stable: stable r step Ts pc and suc-pc: Suc pc < size Ts

shows wti ¢ pc (Tslpc) T, 7s!Suc pe (is ?wti T, -){proof)
lemma (in lbuc) stable-wtc:

assumes stable: stable r step Ts pc and pc: pc < size TS

shows wtc ¢ pc (1slpe) # T {proof)
lemma (in lbvc) wic-less:

assumes stable: stable r step Ts pc and suc-pc: Suc pc < size Ts

shows wtc ¢ pc (7slpe) ;. 7s!Suc pe (is 2wte T, -){proof)
lemma (in lbuc) wt-step-wtl-lemma:

assumes wt-step: wt-step r T step Ts

shows Apc s. pctsize ls = size Ts = s C,. 7slpc = s € A = s£T —

wtlls cpc s # T

(is Apc s. - = - = - = - = 2wtl ls pc s # -){(proof)
theorem (in lbvc) wtl-complete:

assumes wt: wt-step r T step TS

assumes s: s T, 7810 s € A s # T and eq: size ins = size Ts

shows wtl ins ¢ 0 s # T {proof)
end



Chapter 3

Concepts for all JinjaThreads
Languages

3.1 JinjaThreads types

theory Type
imports

../ Basic/ Auziliary
begin

type-synonym cname = String.literal — class names
type-synonym mname = String.literal — method name

type-synonym vname = String.literal — names for local/field variables

definition Object :: cname
where Object = STR "java/lang/Object”

definition Thread :: cname
where Thread = STR "java/lang/ Thread’

definition Throwable :: cname
where Throwable = STR "'java/lang/ Throwable’

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

definition run :: mname
where run = STR ""run() V"'

definition start :: mname
where start = STR "start() V"

definition wait :: mname
where wait = STR "wait() V"

definition notify :: mname
where notify = STR "notify() V"’

definition notifyAll :: mname

147
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where notifyAll = STR ""notifyAlI() V"'

definition join :: mname
where join = STR "join() V"'

definition interrupt :: mname
where interrupt = STR "interrupt() V"'

definition isInterrupted :: mname
where isInterrupted = STR "isInterrupted()Z"

definition hashcode :: mname
where hashcode = STR ""hashCode()I"

definition clone :: mname
where clone = STR "'clone() Ljava/lang/ Object;”

definition print :: mname
where print = STR "™ print(I) V"

definition currentThread :: mname
where currentThread = STR '™ Thread.current Thread() Ljava/lang/ Thread;"

definition interrupted :: mname
where interrupted = STR '™ Thread.interrupted()Z"’

definition yield :: mname

where yield = STR '™ Thread.yield() V"

lemmas identifier-name-defs [code-unfold] =
this-def run-def start-def wait-def notify-def notifyAll-def join-def interrupt-def isInterrupted-def
hashcode-def clone-def print-def currentThread-def interrupted-def yield-def

lemma Object- Thread- Throwable-neq [simp):
Thread # Object Object # Thread
Object # Throwable Throwable # Object
Thread # Throwable Throwable # Thread

(proof)

lemma synth-method-names-neq-aux:
start # wait start # notify start # notifyAll start # join start # interrupt start # isInterrupted
start # hashcode start # clone start # print start # currentThread
start # interrupted start # yield start # run
wait # notify wait # notifyAll wait # join wait # interrupt wait # isInterrupted
wait # hashcode wait # clone wait # print wait # currentThread
wait # interrupted wait # yield wait # run
notify # notifyAll notify # join notify # interrupt notify # isInterrupted
notify # hashcode notify # clone notify # print notify # currentThread
notify # interrupted notify # yield notify # run
notifyAll # join notifyAll # interrupt notifyAll # isInterrupted
notifyAll # hashcode notifyAll # clone notifyAll # print notifyAll # currentThread
notifyAll # interrupted notifyAll # yield notifyAll # run
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join # interrupt join # isInterrupted

join # hashcode join # clone join # print join # currentThread

join # interrupted join # yield join # run

interrupt # isInterrupted

interrupt # hashcode interrupt # clone interrupt # print interrupt # currentThread

interrupt # interrupted interrupt # yield interrupt # run

isInterrupted # hashcode isInterrupted # clone isInterrupted # print isInterrupted # currentThread

isInterrupted # interrupted isInterrupted # yield isInterrupted # run
hashcode # clone hashcode # print hashcode # currentThread
hashcode # interrupted hashcode # yield hashcode # run
clone # print clone # currentThread
clone # interrupted clone # yield clone # run
print # currentThread
print # interrupted print # yield print # run
currentThread # interrupted currentThread # yield currentThread # run
interrupted # yield interrupted # Tun
yield # run
(proof)

lemmas synth-method-names-neq [simp] = synth-method-names-neq-auz synth-method-names-neq-aux|[symmetric]

— types
datatype ty
= Void — type of statements
| Boolean
| Integer
| NT — null type
| Class cname — class type
| Array ty («-L]> 95) — array type

context
notes [[inductive-internals]|
begin

inductive is-refT :: ty = bool where
is-refT NT

| is-refT (Class C)

| is-refT (Al])

declare is-refT.intros|iff]
end
lemmas refTE [consumes 1, case-names NT Class Array] = is-refT.cases
lemma not-refTE [consumes 1, case-names Void Boolean Integer:
[ —is-refT T; T = Void = P; T = Boolean = P; T = Integer — P ]| = P
(proof)
fun ground-type :: ty = ty where

ground-type (Array T) = ground-type T
| ground-type T = T
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abbreviation is-NT-Array :: ty = bool where
is-NT-Array T = ground-type T = NT

primrec the-Class :: ty = cname
where
the-Class (Class C) = C

primrec the-Array :: ty = ty
where
the-Array (T|]) =T

datatype htype =
Class-type cname
| Array-type ty nat

primrec ty-of-htype :: htype = ty
where

ty-of-htype (Class-type C) = Class C
| ty-of-htype (Array-type T n) = Array T

primrec alen-of-htype :: htype = nat
where
alen-of-htype (Array-type T n) = n

primrec class-type-of :: htype = cname
where

class-type-of (Class-type C) = C
| class-type-of (Array-type T n) = Object

fun class-type-of ' :: ty = cname option
where
class-type-of ' (Class C) = | C|
| class-type-of ' (Array T) = | Object]
| class-type-of ' - = None

lemma rec-htype-is-case [simp|: rec-htype = case-htype

(proof)

lemma ty-of-htype-eq-convs [simp]:

shows ty-of-htype-eq-Boolean: ty-of-htype hT # Boolean

and ty-of-htype-eq-Void: ty-of-htype hT # Void

and ty-of-htype-eq-Integer: ty-of-htype hT # Integer

and ty-of-htype-eq-NT': ty-of-htype hT # NT

and ty-of-htype-eq-Class: ty-of-htype hT = Class C <— hT = Class-type C

and ty-of-htype-eq-Array: ty-of-htype hT = Array T <— (In. hT = Array-type T n)
(proof)

lemma class-type-of-eq:

class-type-of hT =

(case hT of Class-type C = C | Array-type T n = Object)
(proof)

lemma class-type-of -ty-of-htype [simp]:
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class-type-of ' (ty-of-htype hT) = | class-type-of hT |

(proof)
fun is-Array :: ty = bool
where

is-Array (Array T) = True
| is-Array - = False

lemma is-Array-conv [simpl: is-Array T <— (3U. T = Array U)

(proof)
fun is-Class :: ty = bool
where

is-Class (Class C) = True
| is-Class - = Fualse

lemma is-Class-conv [simp]: is-Class T «— (3C. T = Class C)

(proof)

3.1.1 Code generator setup
code-pred is-refT (proof)

end

3.2 Class Declarations and Programs

theory Decl

imports
Type

begin

type-synonym volatile = bool

record fmod =
volatile :: volatile

type-synonym fdecl = wvname X ty X fmod — field declaration

type-synonym '‘m mdecl = mname X ty list X ty X 'm — method = name, arg. types, return
type, body

type-synonym 'm mdecl’ = mname x ty list X ty x 'm option — method = name, arg. types,
return type, possible 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

datatype

'm prog = Program 'm cdecl list

translations

(type) fdecl <= (type) String.literal X ty x fmod

(type) 'c mdecl <= (type) String.literal x ty list x ty x 'c
(type) 'c mdecl’ <= (type) String.literal X ty list X ty X 'c option
(type) 'c class <= (type) String.literal x fdecl list x ('c mdecl) list
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(type) 'c cdecl <= (type) String.literal x ('c class)
notation (input) None (<Nativey)

primrec classes :: 'm prog = 'm cdecl list
where
classes (Program P) = P

primrec class :: 'm prog = cname — 'm class
where
class (Program p) = map-of p

locale prog =
fixes P :: 'm prog

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}(proof)
primrec is-type :: 'm prog = ty = bool
where
is-type-void: is-type P Void = True
| is-type-bool: is-type P Boolean = True
| is-type-int:  is-type P Integer = True
| is-type-nt: is-type P NT = True
| is-type-class: is-type P (Class C) = is-class P C
| is-type-array: is-type P (A|]) = (case ground-type A of NT = False | Class C' = is-class P C | -
= True)

lemma is-type-ArrayD: is-type P (T|]) = is-type P T
(proof )

lemma is-type-ground-type:
is-type P T = is-type P (ground-type T)
(proof)

abbreviation types :: 'm prog = ty set
where types P = {T. is-type P T}

abbreviation is-htype :: 'm prog = htype = bool
where is-htype P hT = is-type P (ty-of-htype hT)

3.2.1 Code generation

lemma is-class-intros [code-pred-intro]:
class P C # None = is-class P C

(proof)

code-pred
(modes: ¢ = i = bool)
is-class

(proof)
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declare is-class-def[code]

end

3.3 Relations between Jinja Types

theory TypeRel
imports

Decl
begin

3.3.1 The subclass relations

inductive subcls! :: 'm prog = cname = cname = bool («-+ - < - [71, 71, 71] 70)
for P :: 'm prog
where subcls1I: [ 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 = (subcls1 P)** C D

lemma subcls1D:
PF C <! D= C # Object A (3 fs ms. class P C = Some (D,fs,ms))

(proof )

lemma Object-subcls1 [iff]: = P+ Object <* C

(proof )

lemma Object-subcls-conv [iff]: (P F Object <* C) = (C = Object)
(proof )

lemma finite-subcls1: finite {(C, D). P+ C <! D}
(proof)

lemma finite-subcls1’:
finite ({(D, C). P+ C <! D})
(proof)

lemma subcls-is-class: (subclsl P)*+ C' D = is-class P C
(proof )

lemma subcls-is-classl: [ P+ C =* D; is-class P D | = is-class P C

(proof)

3.3.2 The subtype relations

inductive widen :: 'm prog = ty = ty = bool (x-+ - < - [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-nulliff]: P+ NT < Class C

| widen-null-array|iff]: P+ NT < Array A

| widen-array-object: P+ Array A < Class Object

| widen-array-array: P+ A < B=— P+ Array A < Array B
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abbreviation
widens = 'm prog = ty list = ty list = bool («- = - [<] - [71,71,71] 70)
where

PE Ts [<] Ts' == list-all2 (widen P) Ts Ts’

lemma [iff]: (P + T < Void) = (T = Void)(proof)
lemma [iff]: (P+ T < Boolean) = (T = Boolean){proof)
lemma [iff]: (P F T < Integer) = (T = Integer){proof)
lemma [iff]: (P + Void < T) = (T = Void){proof)
lemma [iff]: (P + Boolean < T) = (T = Boolean){proof)
lemma [iff]: (P & Integer < T) = (T = Integer)(proof)

lemma Class-widen: P+ Class C < T — dD. T = Class D
(proof)

lemma Array-Array-widen:
PrArray T < Array U = P+ T < U

(proof)

lemma widen-Array: (P+ T < U|]) «—= (T =NTV 3V.T=V||APFV <U))
(proof)

lemma Array-widen: P+ Array A < T = (3B. T = Array BA P+ A < B) V T = Class Object
(proof)

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

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

lemma widen-Class: (P+ T < Class C) = (T =NTV (3D. T =ClassDANPFD=*C)V (C=
Object N (FA. T = Array A)))

(proof)

lemma NT-widen:
PENT <T=(T=NTV @3C.T=2Class C)Vv (3U. T =U|]))
(proof)

lemma Class-widen2: P+ Class C < T = (3D. T = Class D A P+ C <* D)
(proof)

lemma Object-widen: P F Class Object < T = T = Class Object
(proof )

lemma NT-Array-widen-Object:
is-NT-Array T = P+ T < Class Object

(proof)

lemma widen-trans[trans]:
assumes P S< UPHULT
shows PF S < T

(proof)
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lemma widens-trans: [P+ Ss [<] Ts; P+ Ts [<] Us] = P+ Ss [<] Us
(proof)

lemma class-type-of ~widenD:
class-type-of ' T = |C] = P+ T < Class C
(proof)

lemma widen-is-class-type-of:
assumes class-type-of ' T = |C| P+ T'< T T'# NT
obtains C’ where class-type-of' T' = |C'| P+ C' <* C
(proof )

lemma widens-refl: P+ Ts [<] Ts
(proof)

lemma widen-append1 :
Pt (xs @ ys) [<] Ts = (3 Ts1 Ts2. Ts = Ts1 Q Ts2 A length xs = length Tsl A length ys = length
Ts2 N Pt xs [<] Ts1 AN P+ ys [<] Ts2)

(proof)

lemmas widens-Cons [iff] = list-ali2-Cons! |[of widen P] for P

lemma widens-lengthD:
P F zs [<] ys = length xs = length ys

(proof)

lemma widen-refT: [ is-refT T; P+ U < T | = is-refT U

(proof)

lemma refT-widen: [ is-refT T; P+ T < U | = is-refT U

(proof)

inductive is-lub :: 'm prog = ty = ty = ty = bool (- + Wwbd'((-,/ -))) = - [51,51,51,51] 50)
for P:: 'mprogand U :: tyand V :: tyand T :: ty

where

[PFUST;P-V<T;
AT . [PFrU<T,PFV<T]|=P+T<T']
= Pr (U, V)=T

lemma is-lub-upper:
PHw(U,V)=T=PHULSTAPELHVLT
(proof)

lemma is-lub-least:
[PHWw(U, V)=T,PFULT),PFVST'|]=PFHTT
(proof )

lemma is-lub-Void [iff]:
P+ lub(Void, Void) = T +— T = Void
(proof)

lemma is-lubl [code-pred-introl:
[PHFULT;,PFVST;VT . PrULT —PFHVST —wPrHT<L<T]= PF (U,
V=T
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(proof)

3.3.3 Method lookup

inductive Methods :: 'm prog = cname = (mname — (ty list x ty X 'm option) X cname) = bool
(x- F - 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 F 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+ C sees-methods Mm'

lemma sees-methods-fun:
assumes P + C sees-methods Mm
shows P I C sees-methods Mm' =—> Mm' = Mm

(proof)

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)
(proof)

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

(proof)

lemma sees-methods-idemp:
assumes P F C sees-methods Mm and Mm M = Some(m,D)
shows 3 Mm/'. (P + D sees-methods Mm') A Mm' M = Some(m,D)

(proof)

lemma sees-methods-decl-mono:
assumes sub: P+ C’' <* C and P F C sees-methods Mm
shows 3 Mm' Mms. P F C' sees-methods Mm’ N Mm' = Mm ++ Mms A Y M m D. Mms M =
Some(m,D) — P+ D <* ()
(is IMm’ Mm2. 2Q C' C Mm' Mm2)
(proof )

definition Method :: 'm prog = cname = mname = ty list = ty = 'm option = cname = bool
(«-F - sees - ~—- = -in - [51,51,561,51,51,51,51] 50)
where
Pl Csees M: Ts»T =min D =
IMm. P+ C sees-methods Mm N Mm M = Some((Ts,T,m),D)

Output translation to replace None with its notation Native when used as method body
in Method.

abbreviation (output)
Method-native :: 'm prog = cname = mname = ty list = ty = cname = bool
(¢<- F - sees -: -——- = Native in - [51,51,51,51,51,51] 50)
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where Method-native P C M Ts T D = Method P C M Ts T Native D

definition has-method :: 'm prog = cname = mname = bool (<- & - has -» [51,0,51] 50)
where
P-Chas M =3TsTmD. PF Csees M:Ts—T = min D

lemma has-methodl:
PF Csees M:Ts—T =minD — P+ Chas M

{proof)

lemma sees-method-fun:
[P+ Csees M:TS—T = min D; P+ C sees M:TS'—T' = m'in D]
— TS'=TSANT' =TAm'"=mAND =D
(proof)
lemma sees-method-decl-above:
PrFCsees M:Ts—T =minD=— P+ C=<*D
{proof)
lemma visible-method-exists:
Pt Csees M:Ts—T = m in D =
3D’ fs ms. class P D = Some(D’,fs,ms) A map-of ms M = Some(Ts, T ,m){proof)

lemma sees-method-idemp:
Pt Csees M:Ts—T=min D — P+ D sees M:Ts—T=m in D
(proof)
lemma sees-method-decl-mono:
[PHC'=<*C; PE Csees M:Ts—T = m in D;
PF C'sees M:Ts'-T'=m'inD'] = P+ D' =<* D
(proof)

lemma sees-method-is-class:
Pt Csees M:Ts—T = m in D = is-class P C

(proof)

3.3.4 Field lookup

inductive Fields :: 'm prog = cname = ((vname X cname) x (ty x fmod)) list = bool
(¢- F - 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 (MF,Tm). ((F,C),Tm)) fs @ FDTs |
= Pt C has-fields FDTs'

| has-fields-Object:
[ class P Object = Some(D,fs,ms); FDTs = map (A(F,T). ((F,Object),T)) fs ]
= P+ Object has-fields FDTs

lemma has-fields-fun:
assumes P - C has-fields FDTs and P & C has-fields FDTs'
shows FDTs' = FDTs

(proof)

lemma all-fields-in-has-fields:
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assumes P F C has-fields FDTs
and P+ C =* D class P D = Some(D’,fs,ms) (F,Tm) € set fs
shows ((F,D),Tm) € set FDTs

(proof )

lemma has-fields-decl-above:
assumes P - C has-fields FDTs ((F,D),Tm) € set FDTs
shows P+ C <* D

(proof)

lemma subcls-notin-has-fields:
assumes P - C has-fields FDTs ((F,D),Tm) € set FDTs
shows — (subcls1 P)*™+ D C

(proof)

lemma has-fields-mono-lem:
assumes P+ D =<* C P+ C has-fields FDTs
shows Jpre. P - D has-fields preQFDTs A dom(map-of pre) N dom(map-of FDTs) = {}

(proof)

lemma has-fields-is-class:
P = C has-fields FDTs = is-class P C

(proof)

lemma Object-has-fields-Object:
assumes P F Object has-fields FDTs
shows snd ‘ fst “ set FDTs C {Object}

(proof)

definition
has-field :: 'm prog = cname = vname = ty = fmod = cname = bool
(<-F - has == '(-)) in - [51,51,51,51,51,51] 50)
where
Pt Chas F:T (fm) in D =
IFDTs. P+ C has-fields FDTs A map-of FDTs (F,D) = Some (T, fm)

lemma has-field-mono:
[PF Chas F:T (fm) in D; P+ C'<* C]| = P+ C' has F:T (fm) in D
(proof)

lemma has-field-is-class:
PtE Chas M:T (fm) in D = is-class P C'

(proof)

lemma has-field-decl-above:
Pt Chas F:T (fm) in D = P+ C =<* D
(proof)

lemma has-field-fun:
[P+ Chas F:T (fm) in D; P+ C has F:T' (fm’) in D] = T'= T A fm = fm’
(proof)

definition
sees-field :: 'm prog = cname = vname = ty = fmod = cname = bool
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(- F - sees - '(-)) in - [51,51,51,51,51,51] 50)
where
Pt Csees F:T (fm) in D =
JFDTs. P+ C has-fields FDTs N\
map-of (map (A((F,D),Tm). (F,(D,Tm))) FDTs) F = Some(D,T,fm)

lemma map-of-remap-SomeD:
map-of (map (A((k,k"),x). (k,(k',z))) t) k = Some (k',x) = map-of t (k, k') = Some x
(proof)

lemma has-visible-field:
Pt Csees F:T (fm) in D = P+ C has F:T (fm) in D
(proof)

lemma sees-field-fun:
[P+ Csees F:T (fm) in D; P+ C sees F:T' (fm") in D] = T'= T AN D'=D A fm = fm’
(proof )

lemma sees-field-decl-above:
Pt Csees F:T (fm) in D = P+ C <X* D

(proof)

lemma sees-field-idemp:
assumes P C sees F:T (fm) in D
shows P + D sees F:T (fm) in D

(proof)

3.3.5 Functional lookup

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

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

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

lemma [simp]: P+ C has-fields FDTs = fields P C = FDTs{proof)
lemma field-def2 [simp]: P+ C sees F:T (fm) in D = field P C' F = (D,T,fm){proof)
lemma method-def2 [simp]: P+ C sees M: Ts—T = m in D = method P C M = (D,Ts, T,m){proof)
lemma has-fields-b-fields:
P = C has-fields FDTs = fields P C = FDTs

(proof)

lemma has-field-map-of-fields [simp]:

PtF Chas F:T (fm) in D = map-of (fields P C) (F, D) = [(T, fm)]
(proof )
3.3.6 Code generation

New introduction rules for subclsl

code-pred
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— Disallow mode i-0-0 to force code-pred in subsequent predicates not to use this inefficient mode
(modes: i = i = i = bool, i = i = 0 = bool)
subcls1

(proof )
Introduce proper constant subcls’ for subcls and generate executable equation for subcls’

definition subcls’ where subcls’ = subcls

code-pred
(modes: i = i = i = bool, i = i = 0 = bool)
[inductify]
subels’

(proof)

lemma subcls-conv-subcls’ [code-unfold):
(subcls1 P) x = subcls’ P

(proof)

Change rule ?P = ?A[] < Class Object such that predicate compiler tests on class Object
first. Otherwise widen-i-o-i never terminates.

lemma widen-array-object-code:

C = Object = P + Array A < Class C
(proof )

lemmas [code-pred-intro] =

widen-refl widen-subcls widen-null widen-null-array widen-array-object-code widen-array-array
code-pred

(modes: i = i = i = bool)

widen

(proof)

Readjust the code equations for widen such that widen-i-i-i is guaranteed to contain ()
at most once (even in the code representation!). This is important for the scheduler and the
small-step semantics because of the weaker code equations for the.

A similar problem cannot hit the subclass relation because, for acyclic subclass hierarchies,
the paths in the hieararchy are unique and cycle-free.

definition widen-i-i-i’ where widen-i-i-i’ = widen-i-i-i

declare widen.equation [code del)
lemmas widen-i-i-i’-equation [code] = widen.equation|[folded widen-i-i-i’-def]

lemma widen-i-i-i-code [code]:
widen-i-i-i P T T' = (if P+ T < T’ then Predicate.single () else bot)
(proof )

code-pred
(modes: i = i = i = bool, i = i = 0 = bool)
Methods

(proof)

code-pred
(modes: i = i=>i=0=>0=>0=>0=bool,i=1i=1i= 0= 0= 0= i = bool)
[inductify]
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Method
(proof )

code-pred
(modes: ¢ = i = i = bool)
[inductify
has-method

(proof )

declare fun-upd-def [code-pred-inline)

code-pred
(modes: i = i = o0 = bool)
Fields

(proof)

code-pred
(modes: i = i = 1= 0= 0= 1= bool)
[inductify, skip-proof]
has-field

(proof)

code-pred
(modes: i = i=1i=0=0=0=bool,i= 1= 1= 0= 0= i= bool)
[inductify, skip-proof]
sees-field

(proof)

lemma eval-Method-i-i-i-0-0-0-0-conv:
Predicate.eval (Method-i-i-i-0-0-0-0 P C M) = (A(Ts, T, m, D). P+ C sees M:Ts—T=m in D)
(proof)

lemma method-code [code]:

method P C M =

Predicate.the (Predicate.bind (Method-i-i-i-0-0-0-0 P C M) (A(Ts, T, m, D). Predicate.single (D, Ts,
T, m)))
(proof )

lemma eval-sees-field-i-i-i-0-0-o0-conv:
Predicate.eval (sees-field-i-i-i-0-0-0 P C F') = (M T, fm, D). P - C sees F:T (fm) in D)
(proof)

lemma eval-sees-field-i-i-i-o-i-conv:
Predicate.eval (sees-field-i-i-i-o-0-i P C' F D) = (AT, fm). P+ C sees F:T (fm) in D)
(proof )

lemma field-code [code]:

field P C' F = Predicate.the (Predicate.bind (sees-field-i-i-i-o-0-o P C F) (A(T, fm, D). Predi-
cate.single (D, T, fm)))
(proof)

lemma eval-Fields-conv:
Predicate.eval (Fields-i-i-o P C') = (A\FDTs. P + C has-fields FDTs)
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(proof)

lemma fields-code [code]:
fields P C' = Predicate.the (Fields-i-i-o P C)

(proof)

code-identifier
code-module TypeRel —
(SML) TypeRel and (Haskell) TypeRel and (OCaml) TypeRel
| code-module Decl —
(SML) TypeRel and (Haskell) TypeRel and (OCaml) TypeRel

end

3.4 Jinja Values

theory Value
imports

TypeRel

HOL- Library. Word
begin

unbundle no floor-ceiling-syntax
type-synonym word32 = 32 word

datatype ’addr val

= Unit — dummy result value of void expressions

| Null — null reference

| Bool bool ~ — Boolean value

| Intg word32 — integer value

| Addr 'addr — addresses of objects, arrays and threads in the heap
primrec default-val :: ty = 'addr 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

| default-val (Array A) = Null

lemma default-val-not-Addr: default-val T # Addr a
(proof)

lemma Addr-not-default-val: Addr a # default-val T
(proof)

primrec the-Intg :: 'addr val = word32

where

the-Intg (Intg i) = i

primrec the-Addr :: 'addr val = 'addr



where
the-Addr (Addr a) = a

fun is-Addr :: 'addr val = bool

where
is-Addr (Addr a) = True
| is-Addr - = False

lemma is-AddrE [elim]]:
[ is-Addr v; Na. v = Addr a = thesis | = thesis
(proof)

fun is-Intg :: 'addr val = bool

where
is-Intg (Intg i) = True
| is-Intg - = False

lemma is-IntgE [eliml]]:
[ is-Intg v; N\i. v = Intg i = thesis | = thesis

(proof)
fun is-Bool :: 'addr val = bool
where

is-Bool (Bool b) = True
| is-Bool - = Fulse

lemma is-BoolE [elim!]:
[ is-Bool v; Aa. v = Bool a = thesis | = thesis

(proof)

definition is-Ref :: 'addr val = bool
where is-Ref v = v = Null V is-Addr v

lemma is-Ref-def2:
is-Ref v = (v = Null V (3a. v= Addr a))
(proof)

lemma [iff]: is-Ref Null {proof)
definition undefined-value :: 'addr val where undefined-value = Unit

lemma undefined-value-not-Addr:
undefined-value # Addr a Addr a # undefined-value

(proof)

class addr =
fixes hash-addr :: 'a = int
and monitor-finfun-to-list :: ('a =f nat) = 'a list
assumes set (monitor-finfun-to-list f) = Collect (($) (finfun-dom f))

locale addr-base =
fixes addr2thread-id :: 'addr = 'thread-id
and thread-id2addr :: "thread-id = 'addr

163
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end

3.5 Exceptions

theory FEzceptions
imports

Value
begin

definition NullPointer :: cname
where [code-unfold): NullPointer = STR "'java/lang/NullPointerException'’

definition ClassCast :: cname
where [code-unfold): ClassCast = STR "java/lang/ ClassCastException’

definition OutOfMemory :: cname
where [code-unfold): OutOfMemory = STR "java/lang/ OutOfMemoryError’

definition ArrayIndexOutOfBounds :: cname
where [code-unfold]: ArrayIndezOutOfBounds = STR ""java/lang/ ArrayIndexOutOf BoundsException’

definition ArrayStore :: cname
where [code-unfold): ArrayStore = STR ""java/lang/ ArrayStoreException’

definition NegativeArraySize :: cname
where [code-unfold]: NegativeArraySize = STR "'java/lang/NegativeArraySizeException’’

definition ArithmeticException :: cname
where [code-unfold): ArithmeticException = STR "'java/lang/ Arithmetic Exception’

definition IllegalMonitorState :: cname
where [code-unfold): IllegalMonitorState = STR "'java/lang/IllegalMonitorState Exception'

definition IllegalThreadState :: cname
where [code-unfold): IllegalThreadState = STR ""java/lang/Illegal ThreadState Exception’

definition InterruptedException :: cname
where [code-unfold): InterruptedEzception = STR "'java/lang/ Interrupted Exception’

definition sys-zcpts-list :: cname list
where

sys-zepts-list =

[NullPointer, ClassCast, OutOfMemory, ArrayIndezOutOfBounds, ArrayStore, NegativeArraySize,
ArithmeticEzxception,

TllegalMonitorState, IllegalThreadState, Interrupted Exception]

definition sys-zcpts :: cname set
where [code-unfold]: sys-zcpts = set sys-zcpts-list

definition wf-syscls :: 'm prog = bool
where wf-syscls P = (V C € {Object, Throwable, Thread}. is-class P C') A (¥ C € sys-xzcpts. P+ C
=<* Throwable)
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3.5.1 System exceptions

lemma [simp):

NullPointer € sys-zcpts N
OutOfMemory € sys-zcpts A
ClassCast € sys-zcpts N
ArrayIndexOutOfBounds € sys-zcpts N
ArrayStore € sys-zcpts A
NegativeArraySize € sys-zcpts A
IllegalMonitorState € sys-zcpts N
IllegalThreadState € sys-xzcpts A
InterruptedEzxception € sys-zcpts A
ArithmeticEzrception € sys-xzcpts

(proof)

lemma sys-zcpts-cases [consumes 1, cases set]:
[ C € sys-zepts; P NullPointer; P OutOfMemory; P ClassCast;
P ArrayIndexOutOfBounds; P ArrayStore; P NegativeArraySize;
P ArithmeticException;
P IllegalMonitorState; P IllegalThreadState; P Interrupted Exception |
= P C

(proof)

lemma OutOfMemory-not-Object][simp]: OutOfMemory # Object
{proof )

lemma ClassCast-not-Object[simp]: ClassCast # Object
(proof)

lemma NullPointer-not-Object[simp]: NullPointer # Object
(proof )

lemma ArrayIndexOutOfBounds-not-Object[simp]: ArrayIndexOutOfBounds # Object
(proof)

lemma ArrayStore-not-Object[simp]: ArrayStore # Object
(proof)

lemma NegativeArraySize-not-Object[simpl: NegativeArraySize # Object
(proof)

lemma ArithmeticEzception-not-Object[simp]: ArithmeticException # Object
(proof)

lemma IllegalMonitorState-not-Object[simp|: IllegalMonitorState # Object
(proof )

lemma Illegal ThreadState-not-Object[simp)]: IllegalThreadState # Object
(proof)

lemma InterruptedException-not-Object[simp): InterruptedException # Object
{proof )

lemma sys-zcpts-neqs-aux:
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NullPointer # ClassCast NullPointer # OutOfMemory NullPointer # ArrayIndexOutOfBounds

NullPointer # ArrayStore NullPointer # NegativeArraySize NullPointer # IllegalMonitorState

NullPointer # IllegalThreadState NullPointer # InterruptedEzception NullPointer # ArithmeticEzx-
ception

ClassCast # OutOfMemory ClassCast # ArrayIndexOutOfBounds

ClassCast # ArrayStore ClassCast # Negative ArraySize ClassCast # IllegalMonitorState

ClassCast # IllegalThreadState ClassCast # InterruptedException ClassCast # ArithmeticException

OutOfMemory # ArrayIndexOutOfBounds

OutOfMemory # ArrayStore OutOfMemory # NegativeArraySize OutOfMemory # IllegalMoni-
torState

OutOfMemory # IllegalThreadState OutOfMemory # Interrupted Exception

OutOfMemory # ArithmeticException

ArrayInderOutOfBounds # ArrayStore ArrayInderOutOfBounds # NegativeArraySize Arraylndex-
OutOfBounds # IllegalMonitorState

ArrayIndezOutOfBounds # IllegalThreadState ArrayIndexOutOfBounds # InterruptedException Ar-
rayIndexOutOfBounds # ArithmeticFException

ArrayStore # NegativeArraySize ArrayStore # IllegalMonitorState

ArrayStore # IllegalThreadState ArrayStore # InterruptedException

ArrayStore # ArithmeticEzception

NegativeArraySize # IllegalMonitorState

NegativeArraySize # IllegalThreadState NegativeArraySize # InterruptedException

NegativeArraySize # ArithmeticEzception

IllegalMonitorState # Illegal ThreadState IllegalMonitorState # InterruptedException

LllegalMonitorState # ArithmeticException

LllegalThreadState # Interrupted Exception

IllegalThreadState # ArithmeticException

InterruptedException # ArithmeticFException

(proof)
lemmas sys-zcpls-neqs = sys-zepts-neqs-auz sys-repts-negs-auz|symmetric)

lemma Thread-neq-sys-xcpts-auz:
Thread # NullPointer
Thread # ClassCast
Thread # OutOfMemory
Thread # ArrayIndexOutOfBounds
Thread # ArrayStore
Thread # Negative ArraySize
Thread # ArithmeticException
Thread # IllegalMonitorState
Thread # IllegalThreadState
Thread # InterruptedEzception

(proof)

lemmas Thread-neq-sys-zepts = Thread-neq-sys-zepts-aux Thread-neg-sys-xzepts-auz|symmetric]

3.5.2 Well-formedness for system classes and exceptions

lemma
assumes wjf-syscls P
shows wf-syscls-class-Object: 3 C fs ms. class P Object = Some (C,fs,ms)
and wf-syscls-class-Thread: 3 C fs ms. class P Thread = Some (C,fs,ms)

(proof)
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lemma [simp]:
assumes wf-syscls P
shows wf-syscls-is-class-Object: is-class P Object
and wf-syscls-is-class-Thread: is-class P Thread

(proof)

lemma wf-syscls-zcpt-subcls- Throwable:
[ C € sys-zepts; wf-syscls P | = P+ C <* Throwable
(proof)

lemma wf-syscls-is-class- Throwable:
wf-syscls P = is-class P Throwable

(proof)

lemma wf-syscls-is-class-sub- Throwable:
[ wf-syscls P; P+ C <* Throwable | = is-class P C

(proof)

lemma wf-syscls-is-class-xcpt:
[ C € sys-zcpts; wf-syscls P | = is-class P C
(proof )

lemma wf-syscls-code [code]:
wf-syscls P +—
(V C € set [Object, Throwable, Thread]. is-class P C') N (V C € sys-zcpts. P = C <* Throwable)

(proof)

end

3.6 System Classes

theory SystemClasses
imports

FExceptions
begin

This theory provides definitions for the Object class, and the system exceptions.
Inline SystemClasses definition because they are polymorphic values that violate ML’s
value restriction.

Object has actually superclass, but we set it to the empty string for code generation. Any
other class name (like undefined) would do as well except for code generation.

definition ObjectC :: 'm cdecl
where [code-unfold):
ObjectC =
(Object, (STR "],
[(wait,]], Void, Native),
(notify,[], Void,Native),
(notifyAll,[], Void,Native),
(hashcode,[],Integer, Native),
(clone,[], Class Object,Native),
(print,[Integer], Void, Native),
(currentThread,[],Class Thread,Native),
(interrupted,[],Boolean, Native),
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(yield,[], Void,Native)
1)

definition ThrowableC :: 'm cdecl
where [code-unfold): ThrowableC' = (Throwable, (Object, [], []))

definition NullPointerC :: 'm cdecl
where [code-unfold]: NullPointerC' = (NullPointer, ( Throwable,[],[]))

definition ClassCastC :: 'm cdecl
where [code-unfold): ClassCastC = (ClassCast, ( Throwable,]],[]))

definition OutOfMemoryC :: 'm cdecl
where [code-unfold]: OutOfMemoryC = (OutOfMemory, (Throwable,[],[]))

definition ArrayIndexOutOfBoundsC :: 'm cdecl
where [code-unfold): ArrayIndexOutOfBoundsC = (ArrayIndezOutOfBounds, ( Throwable,[],[]))

definition ArrayStoreC :: 'm cdecl
where [code-unfold): ArrayStoreC = (ArrayStore, (Throwable, [], []))

definition NegativeArraySizeC' :: 'm cdecl
where [code-unfold): NegativeArraySizeC = (Negative ArraySize, ( Throwable,][],[]))

definition ArithmeticExceptionC :: 'm cdecl
where [code-unfold): ArithmeticExceptionC = (ArithmeticException, ( Throwable,|],[]))

definition IllegalMonitorStateC :: 'm cdecl
where [code-unfold]: IllegalMonitorStateC = (IllegalMonitorState, (Throwable,][],[]))

definition Illegal ThreadStateC :: 'm cdecl
where [code-unfold): IllegalThreadStateC = (IllegalThreadState, ( Throwable,[],[]))

definition InterruptedEzceptionC :: 'm cdecl
where [code-unfold]: InterruptedExceptionC = (InterruptedException, ( Throwable,[],[]))

definition SystemClasses :: 'm cdecl list

where [code-unfold):
SystemClasses =
[ObjectC, ThrowableC, NullPointerC, ClassCastC, OutOfMemoryC,
ArrayIndezOutOfBoundsC, ArrayStoreC, Negative ArraySizeC,
ArithmeticEzceptionC,
TllegalMonitorStateC, IllegalThreadStateC, InterruptedExzceptionC]

end

3.7 An abstract heap model

theory Heap
imports

Value
begin
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primrec typeof :: 'addr val — ty
where

typeof Unit = Some Void
| typeof Null = Some NT
| typeof (Bool b) = Some Boolean
| typeof (Intg i) = Some Integer
| typeof (Addr a) = None

datatype addr-loc =
CField cname vname
| ACell nat

lemma rec-addr-loc [simp): rec-addr-loc = case-addr-loc
(proof)

primrec is-volatile :: 'm prog = addr-loc = bool
where
is-volatile P (ACell n) = False
| is-volatile P (CField D F') = wvolatile (snd (snd (field P D F)))

locale heap-base =

addr-base addr2thread-id thread-id2addr

for addr2thread-id :: ('addr :: addr) = 'thread-id

and thread-id2addr :: 'thread-id = 'addr

+

fixes spurious-wakeups :: bool

and empty-heap :: 'heap

and allocate :: 'heap = htype = ('heap X 'addr) set

and typeof-addr :: 'heap = 'addr — hitype

and heap-read :: 'heap = 'addr = addr-loc = 'addr val = bool

and heap-write :: 'heap = 'addr = addr-loc = 'addr val = 'heap = bool
begin

fun typeof-h :: 'heap = 'addr val = ty option (<typeof-»)
where

typeofy, (Addr a) = map-option ty-of-htype (typeof-addr h a)
| typeof, v = typeof v

definition cname-of :: 'heap = 'addr = cname
where cname-of h a = the-Class (ty-of-htype (the (typeof-addr h a)))

definition hext :: 'heap = 'heap = bool («- < -» [51,51] 50)
where
h < h' = typeof-addr h C,,, typeof-addr h'

context
notes [[inductive-internals]|
begin

inductive addr-loc-type :: 'm prog = 'heap = 'addr = addr-loc = ty = bool
(- F Q- : - [50, 50, 50, 50, 50] 51)

for P :: 'm prog and h :: 'heap and a :: 'addr

where
addr-loc-type-field:
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[ typeof-addr h a = |U]; P+ class-type-of U has F:T (fm) in D |
= P,h - a@QCField DF : T

| addr-loc-type-cell:
[ typeof-addr h a = | Array-type T n'|; n < n']
— Pht a@QACelln : T

end

definition typeof-addr-loc :: 'm prog = 'heap = 'addr = addr-loc = ty
where typeof-addr-loc P h a ol = (THE T. P,h = a@al : T)

definition deterministic-heap-ops :: bool
where
deterministic-heap-ops +—
(Vh ad al v v'. heap-read h ad al v — heap-read h ad al v/ — v = v’) A
(Vh ad al v h' h'. heap-write h ad al v h' — heap-write h ad al v "' — b’ = h") A
(VR hT h' a h' o' (h', a) € allocate h hT — (h”, a') € allocate h hT — h' = h'" AN a = a’) A
- spurious-wakeups

end

lemma typeof-lit-eq-Boolean [simp]: (typeof v = Some Boolean) = (3 b. v = Bool b)
(proof)

lemma typeof-lit-eq-Integer [simp]: (typeof v = Some Integer) = (i. v = Intg i)
(proof )

lemma typeof-lit-eq-NT [simp]: (typeof v = Some NT) = (v = Null)
(proof )

lemma typeof-lit-eq-Void [simp]: typeof v = Some Void +— v = Unit
(proof )

lemma typeof-lit-neq-Class [simp]: typeof v # Some (Class C)
(proof )

lemma typeof-lit-neq-Array [simpl: typeof v # Some (Array T)
(proof )

lemma typeof-NoneD [simp,dest]:
typeof v = Some ¥ => — is-Addr v

(proof)

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

context heap-base begin

lemma typeof-h-eq-Boolean [simp]: (typeof, v = Some Boolean) = (3b. v = Bool b)
(proof )

lemma typeof-h-eq-Integer [simp|: (typeofy, v = Some Integer) = (Fi. v = Intg )
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(proof)

lemma typeof-h-eq-NT [simp]: (typeofy, v = Some NT) = (v = Null)
(proof)

lemma heztl:
[ Aa C. typeof-addr h a = | Class-type C'| = typeof-addr h' a = | Class-type C|;
Na T n. typeof-addr h a = | Array-type T n| = typeof-addr h' a = | Array-type T n] ]|
= h 4 h’

(proof)

lemma hext-0bjD:
assumes h < h’
and typeof-addr h a = | Class-type C |
shows typeof-addr h' a = | Class-type C|

(proof)

lemma hezt-arrD:
assumes h < ' typeof-addr h a = | Array-type T n]
shows typeof-addr h' a = | Array-type T n|

(proof )

lemma hext-refl [iff]: h < h

(proof)

lemma hext-trans [trans]: [ h < h'; B S h"] = h I B”
(proof)

lemma typeof-lit-typeof:
typeof v = | T| = typeofy, v = | T|
{proof )

lemma addr-loc-type-fun:
[ PhFaQal: T; PhtaQal: T'] = T =T'
(proof)

lemma THE-addr-loc-type:
Pht aQal: T= (THET. P,h b aQal : T)=T

(proof)

lemma typeof-addr-locI [simp):
PhtF aQal : T = typeof-addr-loc P h a al = T

(proof)

lemma deterministic-heap-opsli:
[ Ak ad al v v'. | heap-read b ad al v; heap-read h ad ol v' | = v = v’
Ah ad al v b’ b". [ heap-write h ad al v h'; heap-write h ad ol v h" ] = h' = L")
AR RT h" a h' o' [ (', a) € allocate h hT; (h", a’) € allocate h hT | = k' = h" A a = a
- spurious-wakeups |
= deterministic-heap-ops

(proof)

lemma deterministic-heap-ops-readD:
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[ deterministic-heap-ops; heap-read h ad al v; heap-read h ad al v' ]| = v = v’

(proof)

lemma deterministic-heap-ops-writeD:
[ deterministic-heap-ops; heap-write h ad al v h'; heap-write h ad al v h"' ] = h' = h"

(proof)

lemma deterministic-heap-ops-allocateD:
[ deterministic-heap-ops; (h', a) € allocate h hT; (h'"', a') € allocate h hT | = h' = h" N a = a’
(proof)

lemma deterministic-heap-ops-no-spurious-wakeups:
deterministic-heap-ops =—> — spurious-wakeups

(proof)

end

locale addr-conv =
heap-base
addr2thread-id thread-id2addr
spurious-wakeups
empty-heap allocate typeof-addr heap-read heap-write
_|_
prog P
for addr2thread-id :: (‘addr :: addr) = "thread-id
and thread-id2addr :: "thread-id = 'addr
and spurious-wakeups :: bool
and empty-heap :: 'heap
and allocate :: 'heap = htype = ('heap x 'addr) set
and typeof-addr :: 'heap = 'addr — hiype
and heap-read :: 'heap = 'addr = addr-loc = 'addr val = bool
and heap-write :: 'heap = 'addr = addr-loc = ’addr val = 'heap = bool
and P :: 'm prog
_|_
assumes addr2thread-id-inverse:
[ typeof-addr h a = | Class-type C|; P = C <* Thread | = thread-id2addr (addr2thread-id a) = a
begin

lemma typeof-addr-thread-id2-addr-addr2thread-id [simp]:

[ typeof-addr h a = | Class-type C|; P+ C =<* Thread | = typeof-addr h (thread-id2addr (addr2thread-id
a)) = | Class-type C|

(proof )

end

locale heap =
addr-conv
addr2thread-id thread-id2addr
spurious-wakeups
empty-heap allocate typeof-addr heap-read heap-write
P
for addr2thread-id :: (addr :: addr) = 'thread-id
and thread-id2addr :: 'thread-id = 'addr
and spurious-wakeups :: bool
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and empty-heap :: 'heap

and allocate :: 'heap = htype = ('heap X 'addr) set

and typeof-addr :: 'heap = 'addr — htype

and heap-read :: 'heap = 'addr = addr-loc = 'addr val = bool

and heap-write :: 'heap = 'addr = addr-loc = 'addr val = 'heap = bool

and P :: 'm prog

_|_

assumes allocate-SomeD: [ (h', a) € allocate h hT; is-htype P hT | = typeof-addr h’' a = Some
hT

and hext-allocate: Na. (h'; a) € allocate h hT —> h < b’

and hezt-heap-write:
heap-write h a al v h' = h < h'

begin
lemmas hezt-heap-ops = hezt-allocate hext-heap-write

lemma typeof-addr-hext-mono:
[ B < h' typeof-addr b a = |hT] | = typeof-addr b’ a = |hT|
(proof)

lemma hext-typeof-mono:
[ B < %5 typeof, v = Some T' | = typeof ) v = Some T
(proof)

lemma addr-loc-type-hext-mono:
[ PhFaQal: T; h<h'] = Ph'F aQal: T
(proof)

lemma type-of-hext-type-of: — FIXME: What’s this rule good for?
[ typeofy, w = [T]; hext h b’ ]| = typeof ) w = [ T]
(proof )

lemma hext-None: [ h < h'; typeof-addr h' a = None | = typeof-addr h a = None
(proof)

lemma map-typeof-hext-mono:
map typeof, vs = map Some Ts; h A h' ]| = map typeof , vs = map Some Ts
h h
(proof)

lemma hezt-typeof-addr-map-le:
h < h! = typeof-addr h C,, typeof-addr h'
(proof)

lemma hezt-dom-typeof-addr-subset:
h < h' = dom (typeof-addr h) C dom (typeof-addr h’)
(proof)

end

declare heap-base.typeof-h.simps [code]
declare heap-base.cname-of-def [code]
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end

3.8 Observable events in JinjaThreads

theory Observable-Events
imports

Heap

../ Framework/ FWState
begin

datatype (‘addr,’thread-id) obs-event =
EaxternalCall 'addr mname 'addr val list 'addr val
| ReadMem 'addr addr-loc 'addr val
| WriteMem 'addr addr-loc addr val
| NewHeapElem 'addr htype
| ThreadStart "thread-id
| ThreadJoin 'thread-id
| SyncLock 'addr
| SyncUnlock 'addr
| ObsInterrupt 'thread-id
| ObsInterrupted "thread-id

instance obs-event :: (type, type) obs-action

(proof)

type-synonym
('addr, 'thread-id, 'z, 'heap) Jinja-thread-action =
("addr,'thread-id,'z, heap,’addr,(’addr, "thread-id) obs-event) thread-action

(ML)
typ ('addr, 'thread-id, 'z, 'heap) Jinja-thread-action

lemma range-ty-of-htype: range ty-of-htype C range Class U range Array
(proof )

lemma some-choice: (3a.Vb. Pb(ab)) «— (Vb. Ja. Pba)
(proof)

definition convert-RA :: 'addr released-locks = ('addr :: addr, "thread-id) obs-event list
where Aln. convert-RA In = concat (map (Aad. replicate (In $ ad) (SyncLock ad)) (monitor-finfun-to-list

In))

lemma set-convert-RA-not-New [simp]:
Aln. NewHeapElem o CTn ¢ set (convert-RA In)

(proof)

lemma set-convert-RA-not-Read [simp]:
Aln. ReadMem ad al v ¢ set (convert-RA In)

(proof)

end
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3.9 The initial configuration

theory StartConfig
imports
FExceptions
Observable-Events
begin

definition initialization-list :: cname list
where
initialization-list = Thread # sys-xcpts-list

context heap-base begin

definition create-initial-object :: 'heap x 'addr list x bool = cname = 'heap X 'addr list x bool
where
create-initial-object =
(A(h, ads, b) C.
if b
then let HA = allocate h (Class-type C)
in if HA = {} then (h, ads, False)
else let (h', a"") = SOME ha. ha € HA in (h', ads @ [a"], True)
else (h, ads, False))

definition start-heap-data :: 'heap x 'addr list x bool
where
start-heap-data = foldl create-initial-object (empty-heap, [|, True) initialization-list

definition start-heap :: 'heap
where start-heap = fst start-heap-data

definition start-heap-ok :: bool
where start-heap-ok = snd (snd (start-heap-data))

definition start-heap-obs :: (‘addr, 'thread-id) obs-event list
where
start-heap-obs =
map (A(C, a). NewHeapElem a (Class-type C)) (zip initialization-list (fst (snd start-heap-data)))

definition start-addrs :: 'addr list
where start-addrs = fst (snd start-heap-data)

definition addr-of-sys-zcpt :: cname = 'addr
where addr-of-sys-zept C = the (map-of (zip initialization-list start-addrs) C)

definition start-tid :: "thread-id
where start-tid = addr2thread-id (hd start-addrs)

definition start-state :: (cname = mname = ty list = ty = 'm = ’addr val list = 'z) = 'm prog
= cname = mname = 'addr val list = ('addr,thread-id,’z,’heap,’addr) state
where

start-state f P C M vs =

let (D, Ts, T, m) = method P C M

in (K$ None, ([start-tid — (f D M Ts T (the m) vs, no-wait-locks)], start-heap), Map.empty, {})
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lemma create-initial-object-simps:
create-initial-object (h, ads, b) C =
(if b
then let HA = allocate h (Class-type C)
in if HA = {} then (h, ads, False)
else let (h', a’) = SOME ha. ha € HA in (h', ads Q [a"], True)
else (h, ads, False))
(proof)

lemma create-initial-object-False [simpl:
create-initial-object (h, ads, False) C = (h, ads, False)
(proof)

lemma foldl-create-initial-object-False [simp]:
foldl create-initial-object (h, ads, False) Cs = (h, ads, False)
(proof)

lemma NewHeapElem-start-heap-obs-start-addrsD:
NewHeapElem a CTh € set start-heap-obs => a € set start-addrs

(proof)

lemma shr-start-state: shr (start-state f P C' M vs) = start-heap
(proof)

lemma start-heap-obs-not-Read:
ReadMem ad al v ¢ set start-heap-obs

(proof)

lemma length-initialization-list-le-length-start-addrs:
length initialization-list > length start-addrs

(proof)

lemma (in —) distinct-initialization-list:
distinct initialization-list

(proof)

lemma (in —) wf-syscls-initialization-list-is-class:
[ wf-syscls P; C € set initialization-list | => is-class P C
(proof )

lemma start-addrs-NewHeapElem-start-heap-obsD:
a € set start-addrs = 3 CTn. NewHeapElem a CTn € set start-heap-obs

(proof)

lemma in-set-start-addrs-conv-NewHeapFElem:
a € set start-addrs <— (3 CTn. NewHeapElem a CTn € set start-heap-obs)

(proof)

3.9.1 preallocated

definition preallocated :: "heap = bool
where preallocated h =V C € sys-zepts. typeof-addr h (addr-of-sys-zept C) = | Class-type C |
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lemma typeof-addr-sys-zcp:
[ preallocated h; C € sys-zepts | = typeof-addr h (addr-of-sys-zept C) = | Class-type C'|
(proof)

lemma typeof-sys-zcp:
[ preallocated h; C € sys-zepts | = typeofy, (Addr (addr-of-sys-zcpt C)) = | Class C]
(proof)

lemma addr-of-sys-zcpt-start-addr:
[ start-heap-ok; C € sys-zepts | = addr-of-sys-zept C € set start-addrs
(proof )

lemma [simpl:
assumes preallocated h
shows typeof-ClassCast: typeof-addr h (addr-of-sys-zcpt ClassCast) = Some(Class-type ClassCast)
and typeof-OutOfMemory: typeof-addr h (addr-of-sys-xept OutOfMemory) = Some(Class-type Out-
OfMemory)
and typeof-NullPointer: typeof-addr h (addr-of-sys-zcpt NullPointer) = Some( Class-type NullPointer)

and typeof-ArrayIndezOutOfBounds:
typeof-addr h (addr-of-sys-zept ArrayIndexOutOfBounds) = Some( Class-type ArrayIndexOutOfBounds)

and typeof-ArrayStore: typeof-addr h (addr-of-sys-zept ArrayStore) = Some(Class-type ArrayStore)

and typeof-Negative ArraySize: typeof-addr h (addr-of-sys-zept NegativeArraySize) = Some( Class-type
NegativeArraySize)

and typeof-Arithmetic Ezception: typeof-addr h (addr-of-sys-zept ArithmeticException) = Some( Class-type
ArithmeticException)

and typeof-IllegalMonitorState: typeof-addr h (addr-of-sys-zcpt IllegalMonitorState) = Some( Class-type
IllegalMonitorState)

and typeof-Illegal ThreadState: typeof-addr h (addr-of-sys-zcpt Illegal ThreadState) = Some( Class-type
Illegal ThreadState)

and typeof-Interrupted Exception: typeof-addr h (addr-of-sys-zept Interrupted Exception) = Some( Class-type
InterruptedException)

(proof)

lemma cname-of-zcp [simp]:
[ preallocated h; C € sys-zcpts | = cname-of h (addr-of-sys-zept C) = C
{proof )

lemma preallocated-hext:
[ preallocated h; h < h' ]| = preallocated h'

(proof)

end
context heap begin

lemma preallocated-heap-ops:
assumes preallocated h
shows preallocated-allocate: Na. (h', a) € allocate h hT = preallocated h'
and preallocated-write-field: heap-write h a al v h' = preallocated h'

(proof)

lemma not-empty-pairE: [ A # {}; Aa b. (a, b) € A = thesis | = thesis
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(proof)

lemma allocate-not-emptyl: (h', a) € allocate h hT = allocate h hT # {}
(proof)

lemma allocate-Eps:
[ (", a'") € allocate b hT; (SOME ha. ha € allocate h hT) = (h/, a’) | = (h/, a’) € allocate h hT

(proof)

lemma preallocated-start-heap:
[ start-heap-ok; wf-syscls P | = preallocated start-heap

(proof)

lemma start-tid-start-addrs:
[ wf-syscls P; start-heap-ok | => thread-id2addr start-tid € set start-addrs

(proof)

lemma
assumes wf-syscls P
shows dom-typeof-addr-start-heap: set start-addrs C dom (typeof-addr start-heap)
and distinct-start-addrs: distinct start-addrs

(proof)

lemma NewHeapElem-start-heap-obsD:
assumes wf-syscls P
and NewHeapElem a hT € set start-heap-obs
shows typeof-addr start-heap a = |hT]

(proof)

end

3.9.2 Code generation

definition pick-addr :: ("heap X ’addr) set = 'heap x 'addr
where pick-addr HA = (SOME ha. ha € HA)

lemma pick-addr-code [code]:
pick-addr (set [ha]) = ha
(proof)

lemma (in heap-base) start-heap-data-code:
start-heap-data =
(let
(h, ads, b) = foldl
(A(h, ads, b) C.
if b then
let HA = allocate h (Class-type C)
in if HA = {} then (h, ads, False)
else let (h', a’’) = pick-addr HA in (h', " # ads, True)
else (h, ads, False))
(empty-heap, [], True)
initialization-list
in (h, rev ads, b))
(proof)
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lemmas [code] =
heap-base.start-heap-data-code
heap-base.start-heap-def
heap-base.start-heap-ok-def
heap-base.start-heap-obs-def
heap-base.start-addrs-def
heap-base.addr-of-sys-zcpt-def
heap-base.start-tid-def
heap-base.start-state-def

end

3.10 Conformance Relations for Type Soundness Proofs

theory Conform
imports

StartConfig
begin

context heap-base begin

definition conf :: 'm prog = 'heap = ‘addr val = ty = bool («-,-+ -:< - [51,51,561,51] 50)
where P.h - v :< T =37 typeofp, v= Some T'"ANP+ T'<T

definition lconf :: 'm prog = 'heap = (vname — ’addr val) = (vname — ty) = bool (¢-,-F - '(:<’)
5 [51,51,51,51] 50)
where Pht- 1 (<) E =V Vv lV=8mev— 3T.EV =SomeT NPhtv:<T)

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

definition tconf :: 'm prog = 'heap = 'thread-id = bool («<-,- b - \/t» [51,51,51] 50)

where P.h F t\/t =3 C. typeof-addr h (thread-id2addr t) = | Class-type C| A P+ C <* Thread
end

locale heap-conf-base =
heap-base +
constrains addr2thread-id :: ('addr :: addr) = 'thread-id
and thread-id2addr :: 'thread-id = 'addr
and spurious-wakeups :: bool
and empty-heap :: 'heap
and allocate :: 'heap = htype = ('heap x 'addr) set
and typeof-addr :: 'heap = 'addr — htype
and heap-read :: 'heap = 'addr = addr-loc = 'addr val = bool
and heap-write :: 'heap = 'addr = addr-loc = 'addr val = 'heap = bool
fixes hconf :: 'heap = bool
and P :: 'm prog

sublocale heap-conf-base < prog P {proof)
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locale heap-conf =
heap
addr2thread-id thread-id2addr
spurious-wakeups
empty-heap allocate typeof-addr heap-read heap-write
P
_|_
heap-conf-base
addr2thread-id thread-id2addr
spurious-wakeups
empty-heap allocate typeof-addr heap-read heap-write
hconf P
for addr2thread-id :: ("addr :: addr) = 'thread-id
and thread-id2addr :: "thread-id = 'addr
and spurious-wakeups :: bool
and empty-heap :: 'heap
and allocate :: 'heap = htype = (‘heap X 'addr) set
and typeof-addr :: 'heap = 'addr — htype
and heap-read :: 'heap = 'addr = addr-loc = 'addr val = bool
and heap-write :: 'heap = 'addr = addr-loc = 'addr val = 'heap = bool
and hconf :: 'heap = bool
and P :: 'm prog
_|_
assumes hconf-empty [iff]: hconf empty-heap
and typeof-addr-is-type: [ typeof-addr h a = |hT|; hconf h | = is-type P (ty-of-htype hT)
and hconf-allocate-mono: Na. [ (h', a) € allocate h hT; heonf h; is-htype P hT | = hconf h’
and hconf-heap-write-mono:
NAT. [ heap-write h a al v h'; heonf h; P,h b a@Qal : T; Ph b v :< T | = hconf b’

locale heap-progress =
heap-conf
addr2thread-id thread-id2addr
spurious-wakeups
empty-heap allocate typeof-addr heap-read heap-write
hconf P
for addr2thread-id :: (addr :: addr) = 'thread-id
and thread-id2addr :: 'thread-id = 'addr
and spurious-wakeups :: bool
and empty-heap :: 'heap
and allocate :: 'heap = htype = ('heap x 'addr) set
and typeof-addr :: 'heap = 'addr — hiype
and heap-read :: 'heap = 'addr = addr-loc = 'addr val = bool
and heap-write :: 'heap = 'addr = addr-loc = 'addr val = 'heap = bool
and hconf :: 'heap = bool
and P :: 'm prog
+
assumes heap-read-total: | heonf h; P,h b aQal : T | = Jv. heap-read h a alv A Ph v :< T
and heap-write-total: [ heonf h; P,h - aQal : T; P,h - v :< T | = 30’ heap-write h a al v h'

locale heap-conf-read =
heap-conf
addr2thread-id thread-id2addr
spurious-wakeups
empty-heap allocate typeof-addr heap-read heap-write
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hconf P
for addr2thread-id :: ("addr :: addr) = 'thread-id
and thread-id2addr :: "thread-id = 'addr
and spurious-wakeups :: bool
and empty-heap :: 'heap
and allocate :: 'heap = htype = ('heap X 'addr) set
and typeof-addr :: 'heap = 'addr — hitype
and heap-read :: 'heap = ’addr = addr-loc = 'addr val = bool
and heap-write :: 'heap = 'addr = addr-loc = 'addr val = 'heap = bool
and hconf :: 'heap = bool
and P :: 'm prog
_|_
assumes heap-read-conf: [ heap-read h a al v; P,h & a@al : T; heonfh ]| = P,hb v :< T

locale heap-typesafe =
heap-conf-read +
heap-progress +
constrains addr2thread-id :: ('addr :: addr) = "thread-id
and thread-id2addr :: 'thread-id = 'addr
and spurious-wakeups :: bool
and empty-heap :: 'heap
and allocate :: 'heap = htype = ('heap X 'addr) set
and typeof-addr :: 'heap = 'addr — hitype
and heap-read :: 'heap = ’addr = addr-loc = 'addr val = bool
and heap-write :: 'heap = 'addr = addr-loc = 'addr val = 'heap = bool
and hconf :: "heap = bool
and P :: 'm prog

context heap-conf begin

lemmas hconf-heap-ops-mono =
hconf-allocate-mono
hconf-heap-write-mono

end

3.10.1 Value conformance :<

context heap-base begin

lemma conf-Null [simp]: P,h = Null :< T = PFNT <T
(proof)

lemma typeof-conf[simp]: typeofy, v = Some T = P,h - v:< T
(proof)

lemma typeof-lit-conf[simp]: typeof v = Some T — Pht v:< T
(proof)

lemma defval-conf[simp]: P,h + default-val T :< T
(proof)

lemma conf-widen: Phtv:< T = P+ T <T' = Phtv:<T’

(proof)
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lemma conf-sys-zcpt:
[preallocated h; C € sys-xzcepts] = P,h - Addr (addr-of-sys-zept C) :< Class C
(proof)

lemma conf-NT [iff]: P,h+ v :< NT = (v = Null)
(proof)

lemma is-Intgl: P,h - v :< Integer = is-Intg v

(proof)

lemma is-Booll: P,h + v :< Boolean —> is-Bool v

(proof)

lemma is-Refl: P,h v :< T = is-refI’ T —> is-Ref v

(proof)

lemma non-npD:

[ v# Null; P,h v :< Class C; C # Object ]

= Ja C'. v = Addr a A typeof-addr h a = | Class-type C'| N P+ C' =* C
(proof)

lemma non-npD2:

[v # Null; P,h v :< Class C'|

= Ja hT. v = Addr a A typeof-addr h a = |hT| N P+ class-type-of hT <* C
{proof )

end
context heap begin

lemma conf-hext: [h < h'; PhFv:< T]= Ph'Fv:<T
(proof)

lemma conf-heap-ops-mono:
assumes Pht v :< T
shows conf-allocate-mono: (h', a) € allocate h hT = P,h' F v :<
and conf-heap-write-mono: heap-write h a al v/’ h' = P,h'F v :<

(proof)

T
T

end

3.10.2 Value list conformance [:<]

context heap-base begin

lemma confs-widens [trans]: [P,k vs ;<] Ts; P+ Ts [<] Ts']| = P,h F vs [:<] Ts'
(proof)

lemma confs-rev: P.h - rev s (<] t = (P,h b s [:<] rev t)

(proof)

lemma confs-conv-map:
P.hF vs ;<] Ts' = (3 Ts. map typeofp, vs = map Some Ts A P+ Ts [<] Ts')
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(proof)

lemma confs-Cons2: P.ht xs [:<] y#ys = (Jz zs. ©s = z#2zs AN P,h - 2 :< y A P,h b zs [:<] ys)
(proof)

end
context heap begin

lemma confs-hext: P,h - vs <] Ts = h I h/ = P,h't vs [:<] Ts

(proof)

end

3.10.3 Local variable conformance

context heap-base begin

lemma Iconf-upd:
[PhHI(L)E; Phtv:<T;EV=S8meT]= Pht (Vo) (L)E
(proof )

lemma lconf-empty [iff]: P,h b Map.empty (:<) E
(proof)

lemma lconf-upd2: [P,h + 1 (:<) E; Pht v :< T] = PhE (Vo) (L) E(VeT)
(proof)

end
context heap begin

lemma lconf-hext: [ PhF 1 (:<) E; h < h' ]| = PA'FI1(<L)E
(proof)

end

3.10.4 Thread object conformance

context heap-base begin

lemma tconfl: [ typeof-addr h (thread-id2addr t) = | Class-type C|; P+ C <* Thread | = P,h ¢
Vi
(proof)

lemma tconfD: P,h + t /t = 3 C. typeof-addr h (thread-id2addr t) = | Class-type C| A P+ C =<*
Thread

(proof)

end
context heap begin

lemma tconf-hext-mono: [ P,h =t \/t; h < h'] = P,h'F t 4/t
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(proof)

lemma tconf-heap-ops-mono:
assumes PhF t 4/t
shows tconf-allocate-mono: (h', a) € allocate h hT = P,h' - t \/t
and tconf-heap-write-mono: heap-write h @ al v h' = P,h' - t \/t

(proof)

lemma tconf-start-heap-start-tid:
[ start-heap-ok; wf-syscls P | = P,start-heap - start-tid \/t
(proof )

lemma start-heap-write-typeable:
assumes WriteMem ad al v € set start-heap-obs
shows 3 T. P,start-heap - ad@Qal : T A P,start-heap - v :< T

(proof)

end

3.10.5 Well-formed start state

context heap-base begin

inductive wf-start-state :: 'm prog = cname = mname = 'addr val list = bool
for P :: 'm prog and C :: cname and M :: mname and vs :: ‘addr val list
where
wf-start-state:
[ PE Csees M:Ts—T = |meth]| in D; start-heap-ok; P,start-heap - vs [:<] Ts |
= wf-start-state P C M vs

end

end

3.11 Semantics of method calls that cannot be defined inside
JinjaThreads

theory EzxternalCall
imports
../ Framework/FWSemantics
Conform
begin

type-synonym
("addr,’thread-id, heap) external-thread-action = (‘addr, 'thread-id, cname x mname X 'addr,’heap)
Jinja-thread-action

(ML)
typ (‘addr,’thread-id,’heap) external-thread-action
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3.11.1 Typing of external calls

inductive external-WT-defs :: cname = mname = ty list = ty = bool («(---'(-")) =+ -» [50, 0, 0, 50]
60)
where
Thread-start([]) :: Void
| Thread-join([]) :: Void
| Thread-interrupt([]) :: Void
| Thread-isInterrupted([]) :: Boolean
| Object-wait([]) :: Void
| Object-notify([]) :: Void
| Object-notifyAll([]) :: Void
| Object-clone([]) :: Class Object
| Object-hashcode(]]) :: Integer
| Object-print([Integer]) :: Void
| Object-currentThread([]) :: Class Thread
| Object-interrupted([]) :: Boolean
| Object-yield(]]) :: Void

inductive-cases external-WT-defs-cases:
a-start(vs) == T
a-join(vs) == T
a-interrupt(vs) :: T
a-isInterrupted(vs) :: T
a~wait(vs) :: T
a-notify(vs) = T
asnotifyAll(vs) :: T
a-clone(vs) == T
a-hashcode(vs) = T
a-print(vs) = T
a-currentThread(vs) :: T
a~interrupted([]) == T
a-yield(vs) == T

inductive is-native :: ‘'m prog = htype = mname = bool
for P :: 'm prog and hT :: htype and M :: mname
where [ P+ class-type-of hT sees M:Ts—T = Native in D; D-M(Ts) :: T | = is-native P hT M

lemma is-nativeD: is-native P hT M = 3Ts T D. P + class-type-of hT sees M:Ts— T = Native in
DA D-M(Ts):T
(proof )

inductive (in heap-base) external-WT' :: 'm prog = ’heap = ’addr = mname = 'addr val list = ty
= bool

(- F (=="(=") : = [50,0,0,0,50] 60)
for P :: 'm prog and h :: 'heap and a :: ‘addr and M :: mname and wvs :: ‘addr val list and U :: ty
where

[ typeof-addr h a = |hT]; map typeofy vs = map Some Ts; Pt class-type-of hT sees M:Ts'»U =
Native in D;

PF Ts[<] T5']
= P,hk a-M(vs): U

context heap-base begin
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lemma ezternal-WT'-iff:

Pht aMws): U<+—

(3RT Ts Ts' D. typeof-addr h a = |hT]| A map typeofy, vs = map Some Ts N P + class-type-of hT
sees M:Ts'— U=Native in D A P+ Ts [<] Ts')

(proof)

end
context heap begin

lemma external-WT'-hext-mono:
[ PhbEaMws): Ty h<h'] = Ph'FaM(vs): T
(proof )

end

3.11.2 Semantics of external calls

datatype ‘addr extCallRet =
RetVal 'addr val
| RetExc 'addr
| RetStaySame

lemma rec-extCallRet [simp]: rec-extCallRet = case-extCallRet

(proof)
context heap-base begin

abbreviation RetEXC :: cname = 'addr extCallRet
where RetEXC C = RetExc (addr-of-sys-zcpt C)

inductive heap-copy-loc :: 'addr = 'addr = addr-loc = 'heap = (‘addr, "thread-id) obs-event list =
'heap = bool
for a :: 'addr and o’ :: 'addr and al :: addr-loc and h :: 'heap
where
[ heap-read h a al v; heap-write h o’ al v h' ]
= heap-copy-loc a o’ al h ([ReadMem a al v, WriteMem o’ al v]) h'

inductive heap-copies :: ‘addr = 'addr = addr-loc list = 'heap = ('addr, 'thread-id) obs-event list
= 'heap = bool
for a :: ‘addr and o’ :: 'addr
where
Nil: heap-copies a o’ [] h [ h
| Cons:
[ heap-copy-loc a a’ al h ob h'; heap-copies a a’ als h’ obs h"" ]
= heap-copies a o’ (al # als) h (ob @ obs) h"

inductive-cases heap-copies-cases:
heap-copies a o’ [| h ops b’
heap-copies a o’ (al#als) h ops h'

Contrary to Sun’s JVM 1.6.0_07, cloning an interrupted thread does not yield an inter-
rupted thread, because the interrupt flag is not stored inside the thread object. Starting
a clone of a started thread with Sun JVM 1.6.0_07 raises an illegal thread state excep-
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tion, we just start another thread. The thread at http://mail.openjdk.java.net/pipermail/
core-libs-dev/2010- August /004715.html discusses the general problem of thread cloning and
argues against that. The bug report http://bugs.sun.com/bugdatabase/view_bug.do?bug
id=6968584 changes the Thread class implementation such that Object.clone() can no longer
be accessed for Thread and subclasses in Java 7.

Array cells are never volatile themselves.

inductive heap-clone :: 'm prog = 'heap = 'addr = 'heap = ((‘addr, 'thread-id) obs-event list x
'addr) option = bool
for P :: 'm prog and h :: 'heap and a :: ‘addr
where
CloneFail:
[ typeof-addr h a = |hT|; allocate h h'T = {} ]
= heap-clone P h a h None
| ObjClone:
[ typeof-addr h a = | Class-type C|; (h', a’) € allocate h (Class-type C);
P & C has-fields FDTs; heap-copies a o’ (map (A(F, D), Tfm). CField D F) FDTs) h’ obs h'']
= heap-clone P h a h'" |(NewHeapElem o' (Class-type C) # obs, a’)|
| ArrClone:
[ typeof-addr h a = | Array-type T n]; (h', a’) € allocate h (Array-type T n); P+ Object has-fields
FDTs;
heap-copies a a’ (map (N(F, D), Tfm). CField D F) FDTs @ map ACell [0..<n]) h' obs h""]
= heap-clone P h a h" |(NewHeapElem a’' (Array-type T n) # obs, a’)]

inductive red-erternal ::
'm prog = 'thread-id = 'heap = 'addr = mname = 'addr val list
= (‘addr, 'thread-id, 'heap) external-thread-action = 'addr extCallRet = 'heap = bool
and red-external-syntax ::
'm prog = 'thread-id = 'addr = mname = 'addr val list = 'heap
= ('addr, 'thread-id, 'heap) external-thread-action = 'addr extCallRet = 'heap = bool
("a' F (<("'/('/))7/'>) —-—rext (<(')’/(')>)> [507 0,0,0,0,0,0,0, 0] 51)
for P :: 'm prog and t :: "thread-id and h :: 'heap and a :: 'addr
where
Pt {a-M(vs), h) —ta—ext (va, h'y = red-external Pt h a M vs ta va h'

| RedNewThread:

[ typeof-addr h a = | Class-type C|; P+ C <* Thread |

= P,t+ (a-start([]), h) —{NewThread (addr2thread-id a) (C, run, a) h, ThreadStart (addr2thread-id
a) f—ext (RetVal Unit, h)

| RedNewThreadFal:

[ typeof-addr h a = | Class-type C|; P+ C <* Thread |

= P,t+ (a-start([]), h) —{ ThreadExists (addr2thread-id a) True}— ext (RetEXC Illegal ThreadState,
h)

| RedJoin:

[ typeof-addr h a = | Class-type C|; P+ C =<* Thread |

= P,tF (a-join(]]), by —{Join (addr2thread-id a), IsInterrupted t False, ThreadJoin (addr2thread-id
a)f—ext (RetVal Unit, h)

| RedJoinInterrupt:

[ typeof-addr h a = | Class-type C|; P+ C =<* Thread |

= P,t F (a-join(]]), h) —{IsInterrupted t True, ClearInterrupt t, ObsInterrupted t}—ext (RetEXC
InterruptedException, h)


http://mail.openjdk.java.net/pipermail/core-libs-dev/2010-August/004715.html
http://mail.openjdk.java.net/pipermail/core-libs-dev/2010-August/004715.html
http://bugs.sun.com/bugdatabase/view_bug.do?bug_id=6968584
http://bugs.sun.com/bugdatabase/view_bug.do?bug_id=6968584
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— Interruption should produce inter-thread actions (JLS 17.4.4) for the synchronizes-with order.
They should synchronize with the inter-thread actions that determine whether a thread has been
interrupted. Hence, interruption generates an ObsInterrupt action.

Although WakeUp causes the interrupted thread to raise an InterruptedEzception independent of the
interrupt status, the interrupt flag must be set with Interrupt such that other threads observe the
interrupted thread as interrupted while it competes for the monitor lock again.

Interrupting a thread which has not yet been started does not set the interrupt flag (tested with Sun
HotSpot JVM 1.6.0_07).

| RedInterrupt:
[ typeof-addr h a = | Class-type C|; P+ C <* Thread ]
= P,t F (a-interrupt([]), h)
—{ ThreadEzists (addr2thread-id a) True, WakeUp (addr2thread-id a),
Interrupt (addr2thread-id a), ObsInterrupt (addr2thread-id a)}— ext
(RetVal Unit, h)

| RedInterruptInexist:
[ typeof-addr h a = | Class-type C|; P+ C <* Thread |
= P,t F (a-interrupt([]), h)
—{ ThreadExists (addr2thread-id a) False|— ext
(RetVal Unit, h)

| RedIsInterruptedTrue:
[ typeof-addr h a = | Class-type C|; P+ C =<* Thread |
= P,t+ (a-isInterrupted([]), h) —{ IsInterrupted (addr2thread-id a) True, ObsInterrupted (addr2thread-id
a)p—ext
(RetVal (Bool True), h)

| RedIsInterruptedFualse:

[ typeof-addr h a = | Class-type C|; P+ C =<* Thread |

= P,t b (a-isInterrupted([]), h) —{IsInterrupted (addr2thread-id a) Falsel}—ext (RetVal (Bool
False), h)

— The JLS leaves unspecified whether wait first checks for the monitor state (whether the thread
holds a lock on the monitor) or for the interrupt flag of the current thread. Sun Hotspot JVM 1.6.0_07
seems to check for the monitor state first, so we do it here, too.
| RedWaitInterrupt:

P,t b (a-wait(]]), h) —{Unlock—a, Lock—a, IsInterrupted t True, ClearInterrupt t, ObsInterrupted
t}p —ext
(RetEXC InterruptedException, h)

| RedWait:
P.t - (a-wait(]]), by —{Suspend a, Unlock—a, Lock—a, ReleaseAcquire—a, IsInterrupted t False,
SyncUnlock a [—ext
(RetStaySame, h)

| RedWaitFal:
P.t + {a-wait(]]), h) —{ UnlockFail—al}—ext (RetEXC IllegalMonitorState, h)

| RedWaitNotified:
Pt + (a-wait(]]), hy —{Notified}— ext (RetVal Unit, h)

— This rule does NOT check that the interrupted flag is set, but still clears it. The semantics will
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be that only the executing thread clears its interrupt.
| Red WaitInterrupted:

Pt (a-wait([]), h) —{ WokenUp, ClearInterrupt t, ObsInterrupted t}}—ext (RetEXC InterruptedEx-
ception, h)

— Calls to wait may decide to immediately wake up spuriously. This is indistinguishable from
waking up spuriously any time before being notified or interrupted. Spurious wakeups are configured
by the spurious-wakeup parameter of the heap-base locale.
| Red WaitSpurious:

spurious-wakeups =

P,t b {a-wait(]]), h) —{ Unlock—a, Lock—a, ReleaseAcquire—a, IsInterrupted ¢ False, SyncUnlock

alf —ext
(RetVal Unit, h)

— notify and notifyAll do not perform synchronization inter-thread actions because they only tests
whether the thread holds a lock, but do not change the lock state.

| RedNotify:

P.t = {a-notify(]]), h) —{Notify a, Unlock—a, Lock—al}—ext (RetVal Unit, h)
| RedNotifyFail:

P.t + {a-notify([]), h) —{UnlockFail—al}—ext (RetEXC IllegalMonitorState, h)
| RedNotifyAll:

Pt F (a-notifyAll(]]), h) —{NotifyAll a, Unlock—a, Lock— alf—ext (RetVal Unit, h)
| RedNotifyAllFasl:

P,t F {a-notifyAll(])), h) —{ UnlockFail—alf—ext (RetEXC IllegalMonitorState, h)
| RedClone:

heap-clone P h a h' |(obs, a’)]

= P,t F (a-clone(]]), h) —(K$ [, [I, I, [, [I, obs)—ext (RetVal (Addr a’), h')

| RedCloneFuil:

heap-clone P h a h’ None = P,t = (a-clone([]), h) —e—ext (RetEXC OutOfMemory, h')

| RedHashcode:
P.t + {a-hashcode(]]), h) —{}—ext (RetVal (Intg (word-of-int (hash-addr a))), h)

| RedPrint:
Pt F (a-print(vs), h) —{ExternalCall a print vs Unitl}—ext (RetVal Unit, h)

| RedCurrentThread:
P,t b {a-currentThread([]), h) —{}—ext (RetVal (Addr (thread-id2addr t)), h)

| RedInterruptedTrue:
Pt (a-interrupted([]), by —{IsInterrupted ¢t True, ClearInterrupt t, ObsInterrupted t}}—ext (RetVal
(Bool True), h)

| RedInterruptedFalse:
P.t = (a-interrupted([]), h) —{IsInterrupted t Falsel}—ext (RetVal (Bool False), h)

| RedYield:
Pt + {(a-yield(])), h) —{ Yield}—ext (RetVal Unit, h)
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3.11.3 Aggressive formulation for external cals

definition red-external-aggr ::
'm prog = 'thread-id = 'addr = mname = 'addr val list = 'heap =
(("addr, 'thread-id, 'heap) external-thread-action x 'addr extCallRet x 'heap) set
where
red-external-aggr Pt a M vs h =
(if M = wait then
let ad-t = thread-id2addr t
in {({Unlock—a, Lock—a, IsInterrupted t True, ClearInterrupt t, ObsInterrupted t}}, RetEXC
InterruptedException, h),
({Suspend a, Unlock—a, Lock—a, ReleaseAcquire—a, IsInterrupted t False, SyncUnlock alf,
RetStaySame, h),
({ UnlockFail—alt, RetEXC IllegalMonitorState, h),
({ Notified|}, RetVal Unit, h),
({ WokenUp, ClearInterrupt t, ObsInterrupted t}}, RetEXC InterruptedException, h)} U
(if spurious-wakeups then {({Unlock—a, Lock—a, ReleaseAcquire—a, IsInterrupted t False,
SyncUnlock al, RetVal Unit, h)} else {})
else if M = notify then {({Notify a, Unlock—a, Lock—al}, RetVal Unit, h),
({ UnlockFail—alt, RetEXC IllegalMonitorState, h)}
else if M = notifyAll then {({NotifyAll a, Unlock—a, Lock—a [}, RetVal Unit, h),
({ UnlockFail—alf, RetEXC IllegalMonitorState, h)}
else if M = clone then
{(KS$ ), [I, I, II, I, obs), RetVal (Addr a'), h')|obs a’ h'. heap-clone P h a h' |(obs, a)]}
U {({}, RetEXC OutOfMemory, h')|h'. heap-clone P h a h' None}
else if M = hashcode then {({}, RetVal (Intg (word-of-int (hash-addr a))), h)}
else if M = print then {({ExternalCall a M vs Unit], RetVal Unit, h)}
else if M = currentThread then {({[}, RetVal (Addr (thread-id2addr t)), h)}
else if M = interrupted then {({IsInterrupted t True, ClearInterrupt t, ObsInterrupted tf}, RetVal
(Bool True), h),
({IsInterrupted t Falsel, RetVal (Bool False), h)}
else if M = yield then {({Yield}, RetVal Unit, h)}
else
let h'T = the (typeof-addr h a)
in if P+ ty-of-htype hT < Class Thread then
let t-a = addr2thread-id a
in if M = start then
{({NewThread t-a (the-Class (ty-of-htype hT), run, a) h, ThreadStart t-al}, RetVal Unit, h),

({ ThreadEzists t-a Truel}, RetEXC IllegalThreadState, h)}
else if M = join then
{({Join t-a, IsInterrupted t False, ThreadJoin t-al}, RetVal Unit, h),
({IsInterrupted t True, ClearInterrupt ¢, ObsInterrupted t}}, RetEXC InterruptedException,

else if M = interrupt then
{({ ThreadEzists t-a True, WakeUp t-a, Interrupt t-a, ObsInterrupt t-af}, RetVal Unit, h),
({ ThreadEwxists t-a Falselt, RetVal Unit, h)}

else if M = isInterrupted then
{{IsInterrupted t-a Falsel}, RetVal (Bool Fualse), h),
({IsInterrupted t-a True, ObsInterrupted t-al}, RetVal (Bool True), h)}

else {({[}, undefined)}
else {({[}, undefined)})

lemma red-external-imp-red-external-aggr:



Pt = {a-M(vs), h) —ta—ext (va, h')y = (ta, va, h') € red-external-aggr P t a M vs h
(proof)

end
context heap begin

lemma hext-heap-copy-loc:
heap-copy-loc a a’ al h obs h' = h < h'

(proof)

lemma hext-heap-copies:
assumes heap-copies a a’ als h obs h’
shows h < A’

(proof)

lemma hext-heap-clone:
assumes heap-clone P h a h' res
shows h < A/

(proof)

theorem red-external-hext:
assumes P.t F (a-M(vs), h) —ta—ext (va, h')
shows hext h h'

(proof)

lemma red-external-preserves-tconf:
[ P,t+ (a-M(vs), h) —ta—ext (va, h'y; Ph bt \/t] = Ph'F '/t
(proof )

end
context heap-conf begin

lemma typeof-addr-heap-clone:
assumes heap-clone P h a h' |(obs, a)]
and hconf h
shows typeof-addr h' a’ = typeof-addr h a

(proof)

end
context heap-base begin

lemma red-ext-new-thread-heap:
[ P,t+ {a-M(vs), h) —ta—ext (va, h'y; NewThread t’ ex h'' € set {ta}; ] = h"' = h'
(proof )

lemma red-ext-aggr-new-thread-heap:
[ (ta, va, h') € red-external-aggr P t a M vs h; NewThread t’ ex h'' € set {tal}y | = h"

(proof)

end

:h/
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context addr-conv begin

lemma red-external-new-thread-exists-thread-object:

[ P,tF {(a-M(vs), h) —ta—ext (va, h'); NewThread t' x h'" € set {tal}; |

= 3 C. typeof-addr b’ (thread-id2addr t') = | Class-type C| N P+ C =* Thread
(proof )

lemma red-external-aggr-new-thread-exists-thread-object:
[ (ta, va, h') € red-external-aggr P t a M vs h; typeof-addr h a # None;
NewThread t' x b’ € set {tal; |
= 3 C. typeof-addr h' (thread-id2addr t') = | Class-type C| N P+ C =<* Thread

(proof)

end
context heap begin

lemma red-external-aggr-hext:
[ (ta, va, h') € red-external-aggr P t a M vs h; is-native P (the (typeof-addr h a)) M | = h < b’

(proof)

lemma red-external-aggr-preserves-tconf:
[ (ta, va, h') € red-external-aggr P t a M vs h; is-native P (the (typeof-addr h a)) M; P,h F t/ \/t ]
— P Ft

(proof)

end
context heap-base begin

lemma red-external- Wakeup-no-Join-no-Lock-no-Interrupt:
[ P,tF (a-M(vs), h) —ta—ext (va, h'); Notified € set {tal} V WokenUp € set {ta}y | =
collect-locks {tall; = {} A collect-cond-actions {taltc = {} A collect-interrupts {tal; = {}
(proof )

lemma red-external-aggr- Wakeup-no-Join:
[ (ta, va, h') € red-external-aggr P t a M vs h;
Notified € set {talty V WokenUp € set {tal}w |
= collect-locks {tal}; = {} A collect-cond-actions {talfc = {} A collect-interrupts {tal; = {}

(proof)

lemma red-external-Suspend-StaySame:
[ P,tF {(a-M(vs), h) —ta—ext (va, h'); Suspend w € set {taly | = va = RetStaySame
(proof)

lemma red-ezternal-aggr-Suspend-StaySame:
[ (ta, va, h') € red-external-aggr P t a M vs h; Suspend w € set {tal}y | = va = RetStaySame

(proof)

lemma red-external-Suspend-waitD:
[ P.tF (a-M(vs), h) —ta—ext (va, h'); Suspend w € set {tafy | = M = wait
(proof)

lemma red-external-aggr-Suspend-waitD:
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[ (ta, va, h') € red-external-aggr P t a M vs h; Suspend w € set {taly | = M = wait
(proof)

lemma red-external-new-thread-sub-thread:
[ Pt {a-M(vs), h) —ta—ext (va, h'y; NewThread t' (C, M’ a’) h"" € set {ta}; |
= typeof-addr h' o’ = | Class-type C| A P+ C =<* Thread AN M' = run

(proof)

lemma red-external-aggr-new-thread-sub-thread:
[ (ta, va, h') € red-external-aggr P t a M vs h; typeof-addr h a # None;
NewThread t' (C, M', a’) h'" € set {tal} ]
= typeof-addr h' o’ = | Class-type C| A P+ C <* Thread AN M' = run
(proof)

lemma heap-copy-loc-length:
assumes heap-copy-loc a a’ al h obs h'
shows length obs = 2

(proof)

lemma heap-copies-length:
assumes heap-copies a a’ als h obs h’
shows length obs = 2 * length als

(proof)

end

3.11.4 T7-moves

inductive Texternal-defs :: cname = mname = bool
where

Texternal-defs Object hashcode
| Texternal-defs Object currentThread

definition Tezternal :: 'm prog = htype = mname = bool
where Texternal P hT M <— (3Ts Tr D. P b class-type-of hT sees M:Ts—Tr = Native in D A
Texternal-defs D M)

context heap-base begin

definition Texternal’ :: 'm prog = 'heap = 'addr = mname = bool
where Texternal’ P h a M <— (3hT. typeof-addr h a = Some hT A Texternal P hT M)

lemma Texternal’-red-external-heap-unchanged:
[ P,tF {(a-M(vs), h) —ta—ext (va, h'); Texternal’ Pha M | = h' =
(proof)

lemma Texternal’-red-external-aggr-heap-unchanged:
[ (ta, va, h') € red-external-aggr P t a M vs h; Texternal’ Pha M| = h'=h

(proof)

lemma Texternal’-red-external-TA-empty:
[ Pt (a-M(vs), h) —ta—ext (va, h'y; Texternal’ Pha M| = ta = ¢
(proof)



194

lemma Texternal’-red-external-aggr- TA-empty:
[ (ta, va, h') € red-external-aggr Pt a M vs h; Texternal’ Pha M| = ta = ¢

(proof)

lemma red-external-new-thread-addr-conf:
[ Pt (a-M(vs),h) —ta—ext (va,h’); NewThread t (C, M, a’) h"" € set {ta] |
= P,h'+ Addr a :< Class Thread

(proof)

lemma Texternal-red-ecternal-aggr-heap-unchanged:
[ (ta, va, h') € red-external-aggr P t a M vs h; Texternal P (the (typeof-addr h a)) M ] = h' = h

(proof)

lemma Texternal-red-external-aggr- TA-empty:
[ (ta, va, h') € red-external-aggr P t a M vs h; Texternal P (the (typeof-addr h a)) M | = ta = ¢

(proof)

end

3.11.5 Code generation

code-pred
(modes:
i = 1= 1= 1= bool,
1= 1= 1= 0= bool,
i= 1= 0= 0= bool,
0= 1= 0= 0= bool)
external-WT-defs

(proof)

code-pred
(modes: i = i = i = bool)
[inductify, skip-proof]
is-native

(proof)

declare heap-base.heap-copy-loc.intros|code-pred-intro

code-pred

(modes: (i =i=i=>o0=bool)= (i=>i=>i=>i=>o=bol)=>i=>i=>i=>i=>0=o0=
bool)

heap-base.heap-copy-loc

(proof)

declare heap-base.heap-copies.intros [code-pred-intro]

code-pred

(modes: (i = i=i=0=bool)=>(i=i=i=i=>0=bwl)=>i=i=>i{=i=0=o0
= bool)

heap-base.heap-copies
(proof)

declare heap-base.heap-clone.intros [folded Predicate-Compile.contains-def, code-pred-intro)
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code-pred

(modes: i = i=(i=i=i=>0=bowl)= (i=i=i=i=0=bol)=i=>i=i=o0=
0 = bool)

heap-base.heap-clone

(proof)

code_ pred in Isabelle2012 cannot handle boolean parameters as premises properly, so this
replacement rule explicitly tests for True

lemma (in heap-base) Red WaitSpurious-Code:

spurious-wakeups = True =

Pt - {(a-wait(]]),h) —{ Unlock—a, Lock—a, ReleaseAcquire—a, IsInterrupted t False, SyncUnlock
alf—ext (RetVal Unit,h)

(proof)

lemmas [code-pred-intro] =
heap-base. RedNewThread heap-base. RedNewThreadFail
heap-base. RedJoin heap-base. RedJoinInterrupt
heap-base. RedInterrupt heap-base. RedInterruptinexist heap-base. RedlsInterrupted True heap-base. RedIsInterruptedFalse
heap-base. Red WaitInterrupt heap-base. Red Wait heap-base. Red WaitFuail heap-base. Red WaitNotified heap-base. Red WaitInterrup
declare heap-base. Red WaitSpurious-Code [code-pred-intro Red WaitSpurious]
lemmas [code-pred-intro] =
heap-base. RedNotify heap-base. RedNotifyFail heap-base. RedNotifyAll heap-base. RedNotifyAllFail
heap-base. RedClone heap-base. RedCloneFail
heap-base. RedHashcode heap-base. RedPrint heap-base. RedCurrent Thread
heap-base. RedInterrupted True heap-base. RedInterruptedFalse
heap-base. RedYield

code-pred

(modes: i = i=i=i=>i=>i=>(=>i=>i=0=bool)= (i=i=1i=1i= 0= bool) =i
S i=i=>i=1i=1= 0= 0= 0= bool)

heap-base.red-external

(proof)

end

3.12 Generic Well-formedness of programs

theory WellForm
imports

SystemClasses

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

definition wf-mdecl :: 'm wf-mdecl-test = 'm prog = cname = 'm mdecl’ = bool where
wf-mdecl wf-md P C =
MM, Ts, T,m). (V Te€set Ts. is-type P T) A is-type P T A
(case m of Native = C-M(Ts) :: T | |[mb| = wf-md P C (M,Ts,T,mb))

fun wf-overriding :: 'm prog = cname = 'm mdecl’ = bool
where
wf-overriding P D (M,Ts,T,m) =
(VD' T T'm'. P+ D sees M:Ts' - T'=m'in D' — PF Ts' [<] Ts N\PF T < T

definition wf-cdecl :: 'm wf-mdecl-test = 'm prog = 'm cdecl = bool
where

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

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

(VY meset ms. wf-mdecl wf~-md P C m) A

distinct-fst ms A

(C # Object —

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

(V meset ms. wf-overriding P D m)) A

(C = Thread — (Im. (run, [|, Void, m) € set ms))

definition wf-prog :: 'm wf-mdecl-test = 'm prog = bool
where

wf-prog wf-md P +— wf-syscls P N\ distinct-fst (classes P) A (V¢ € set (classes P). wf-cdecl wf-md
P o)

lemma wf-prog-def2:
wf-prog wf-md P «— wf-syscls P A (V C rest. class P C = |rest] — wf-cdecl wf-md P (C, rest))
A distinct-fst (classes P)

(proof)

3.12.1 Well-formedness lemmas

lemma wf-prog-wf-syscls: wf-prog wf-md P = wf-syscls P

(proof)

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

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

(proof)

lemma [simp]:
assumes wf-prog wf-md P
shows is-class-Object: is-class P Object
and is-class-Thread: is-class P Thread

(proof)
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lemma zcpt-subcls- Throwable:
[ C € sys-zepts; wf-prog wf-md P | = P F C <* Throwable
(proof)

lemma is-class- Throwable:
wf-prog wf-md P = is-class P Throwable

(proof)

lemma is-class-sub-Throwable:
[ wf-prog wf-md P; P+ C =<* Throwable | = is-class P C
(proof)

lemma is-class-zcept:
[ C € sys-zcpts; wf-prog wf-md P | = is-class P C
{proof )

context heap-base begin
lemma wf-preallocatedE:

assumes wf-prog wf-md P

and preallocated h

and C € sys-zcpts

obtains typeof-addr h (addr-of-sys-zcpt C) = | Class-type C| P+ C <* Throwable
(proof)

lemma wf-preallocatedD:

assumes wf-prog wf-md P

and preallocated h

and C € sys-zcpts

shows typeof-addr h (addr-of-sys-zcpt C) = | Class-type C| N P+ C =<* Throwable
(proof)

end

lemma (in heap-conf) hconf-start-heap:
wf-prog wf-md P => hconf start-heap
(proof )

lemma subcls1-wfD:
[ P+ C <' D; wf-prog wf-md P | => D # C A = (subcls1 P)** D C
(proof)

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

lemma subcls-asym:
[ wf-prog wf-md P; (subcls] P)** C D ]| = = (subcls1 P)™ D C(proof)

lemma subcls-irrefi:

[ wf-prog wf-md P; (subclsl P)** C D] = C # D{proof)
lemma acyclicP-def:

acyclicP r «— (Vz. = r"++ z z)

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

lemma finite-conversep: finite {(z, y). r—1=1 z y} = finite {(z, y). r z y}
(proof)

lemma acyclicP-wf-subcls1:
acyclicP (subclsl P) = wfP ((subcls1 P)~1~1)

(proof)

lemma wf-subclsi:
wf-prog wf-md P = wfP ((subcls1 P)~1~1)
(proof)

lemma single-valued-subclsi:
wf-prog wf-md G = single-valuedp (subcls1 G){proof)

lemma subcls-induct:
[ wf-prog wf~md P; NC.V D. (subcls1 P)™ CD — Q@ D= Q C ] = Q C(proof)

lemma subcls1-induct-auz:
[ is-class P C; wf-prog wf-md P; @ Object;
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 AN Q D] = Q C']
= Q C(proof)
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']
- Q C{proof)

lemma subcls-C-Object:

[ is-class P C; wf-prog wf-md P | = P+ C <* Object(proof)
lemma converse-subcls-is-class:

assumes wf: wf-prog wf-md P

shows [ P+ C =<* D; is-class P C' | = is-class P D
(proof)

lemma is-class-is-subcls:

wf-prog m P = is-class P C = P = C =<* Object{proof)
lemma subcls-antisym:

[wf-prog m P; P- C <* D; P+ D =<* (] = C =D
(proof )

lemma is-type-pTs:
[ wf-prog wf-md P; class P C = [(S.fs,ms)]; (M,Ts,T,m) € set ms | = set Ts C types P
(proof)

lemma widen-asym-1:

assumes wfP: wf-prog wf-md P

shows P C <D= C=DV~-(PFD<C()
(proof)
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lemma widen-asym: [ wf-prog wf-md P; P+ C < D; C # D] = - (PF D < ()
(proof)

lemma widen-antisym:
[ wf-progm Py P T< U; PFULST]=T=U
(proof)

lemma widen-C-Object: | wf-prog wf-md P; is-class P C' | = P + Class C' < Class Object
(proof)

lemma is-refType-widen-Object:

assumes wfP: wf-prog wfmc P

shows [ is-type P A; is-refT A] = P F A < Class Object
(proof)

lemma is-lub-unique:

assumes wf: wf-prog wf-md P

shows [ P lub(U, V)=T; P luwb(U, V)=T'] = T =T
(proof)

3.12.2 Well-formedness and method lookup

lemma sees-wf-mdecl:
[ wf-prog wf-md P; P+ C sees M:Ts—T = m in D | = wf-mdecl wf-md P D (M,Ts,T,m){proof)

lemma sees-method-mono [rule-format (no-asm)]:
[ PH C'=<* C; wf-prog wf-md P | =
VD Ts Tm. Pt Csees MiTs—T =min D —
3D Ts" T'"m'. PF C'sees M:Ts'»T'=m’"in D' \NPF Ts [<] TS A\PFT'<T)
(proof)

lemma sees-method-mono2:
[ PE C'=<* C; wf-prog wf-md P;
PF Csees M:Ts—T = min D; P C' sees M:Ts'=T' = m' in D]
= PF Ts [<] TS A P+ T’ < T(proof)

lemma mdecls-visible:
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 N (VY (M,Ts,T,m) € set ms. Mm M = Some((Ts,T,m),C))
(proof)

lemma mdecl-visible:
assumes wf: wf-prog wf~md P and C: class P C' = |(S,fs,ms)| and m: (M,Ts,T,m) € set ms
shows P+ C sees M:Ts—T = m in C

(proof )

lemma sees-wf-native:
[ wf-prog wf-md P; P+ C sees M:Ts— T=Native in D | = D-M(Ts) : T
(proof )

lemma Call-lemma:



200

[ PF Csees M:Ts—T = min D; P+ C' <* C; wf-prog wf-md P |
= 3dAD' Ts' T' m'.
PF C'sees M:Ts'=T'=m'in D'’ NP+ Ts[<] TS A\PFT'<TAPFC 2D’
A is-type P T' N (V Teset Ts'. is-type P T) A (m’ # Native — wf-md P D' (M, Ts’,T',the m'))
(proof)

lemma sub- Thread-sees-rumn:
assumes wf: wf-prog wf-md P
and PCThread: P+ C <* Thread
shows 3D mthd. P b C sees run: [|—= Void = |mthd] in D

(proof)

lemma wf-prog-lift:

assumes wf: wf-prog (AP C bd. A P C bd) P

and rule:

NAwf-md C M Ts C T m.

[ wf-prog wf-md P; P &+ C sees M:Ts—T = |m] in C; is-class P C; set Ts C types P; A P C

(M,Ts,T,m) ]

= BPC (M,Ts5,T,m)

shows wf-prog (AP C bd. B P C bd) P
(proof)

3.12.3 Well-formedness and field lookup

lemma wf-Fields-Fx:
[ wf-prog wf-md P; is-class P C']| = I FDTs. P & C has-fields FDTs{proof)

lemma has-fields-types:
[ Pt C has-fields FDTs; (FD, T, fm) € set FDTs; wf-prog wf-md P | = is-type P T{proof)

lemma sees-field-is-type:
[ PE Csees F:T (fm) in D; wf-prog wf-md P | = is-type P T
(proof )

lemma wf-has-field-mono2:

assumes wf: wf-prog wf-md P

and has: P+ Chas F:T (fm) in E

shows [ PFC <*D;PFD=<*E] = Pt Dhas F:T (fm) in E
(proof)

lemma wf-has-field-idemp:
[ wf-prog wf~-md P; P+ C has F:T (fm) in D] = P+ D has F:T (fm) in D
(proof )

lemma map-of-remap-conv:

[ distinct-fst fs; map-of (map (M(F, y). (F, D), y)) fs) (F, D) = [T|]
<=>f7>mp-0f (map (A((F', D), T). (F, D, T)) (map (A(F, y). (F, D), y)) fs)) F' = [(D, T)]
proo

lemma has-field-idemp-sees-field:
assumes wf: wf-prog wf-md P
and has: P+ D has F:T (fm) in D
shows P+ D sees F:T (fm) in D

(proof)
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lemma has-fields-distinct:
assumes wf: wf-prog wf-md P
and P+ C has-fields FDTs
shows distinct (map fst FDTS)

(proof)

3.12.4 Code generation

code-pred
(modes: i = { = i = bool)
[inductify)
wf-overriding

(proof)

Separate subclass acycilicity from class declaration check. Otherwise, cyclic class hierar-
chies might lead to non-termination as Methods recurses over the class hierarchy.

definition acyclic-class-hierarchy :: 'm prog = bool
where
acyclic-class-hierarchy P +—
(V(C, D, fs, ml) € set (classes P). C # Object — — P+ D <* ()

definition wf-cdecl’ :: 'm wf-mdecl-test = 'm prog = 'm cdecl = bool
where

wf-cdecl” wf-md P = (A(C,(D,fs,ms)).

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

(VY meset ms. wf-mdecl wf-md P C m) A

distinct-fst ms A

(C # Object — is-class P D A\ (VY meset ms. wf-overriding P D m)) A

(C = Thread — (3m. (run, [], Void, m) € set ms)))

lemma acyclic-class-hierarchy-code [code]:
acyclic-class-hierarchy P <— (¥ (C, D, fs, ml) € set (classes P). C # Object — — subcls’ P D C)

(proof)

lemma wf-cdecl’-code [code]:

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 P D A\ (VY meEset ms. wf-overriding P D m)) A

(C = Thread — ((run, [], Void) € set (map (A(M, Ts, T, b). (M, Ts, T)) ms))))
(proof)

declare set-append [symmetric, code-unfold]

lemma wf-prog-code [code]:
wf-prog wf-md P <—
acyclic-class-hierarchy P N
wf-syscls P A distinct-fst (classes P) A
(V¢ € set (classes P). wf-cdecl” wf-md P c)

(proof)

end
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3.13 Properties of external calls in well-formed programs

theory ExternalCallWF
imports

WellForm

../ Framework / FWSemantics
begin

lemma external- WT-defs-is-type:

assumes wf-prog wf-md P and C-M(Ts) :: T

shows is-class P C and is-type P T set Ts C types P
(proof)

context heap-base begin

lemma WT-red-external-aggr-imp-red-external:
[ wf-prog wf-md P; (ta, va, h') € red-external-aggr P t a M vs h; P,h - a-M(vs) : U; PhEt 4/t ]
= P,t+ (a-M(vs), h) —ta—ext (va, h')

(proof)

lemma WT-red-external-list-conv:

[ wf-prog wf-md P; P,h b a-M(vs) : U; P,h bt 4/t]

= P,t F (a-M(vs), h) —ta—eat (va, h') «<— (ta, va, h’) € red-external-aggr P t a M vs h
(proof )

lemma red-external-new-thread-sees:
[ wf-prog wf-md P; Pt b (a-M(vs), h) —ta—ext (va, h'); NewThread t' (C, M', a’) h'" € set {taly ]
= typeof-addr h’ o’ = | Class-type C| A (3 T meth D. P = C sees M":[|[-»T = |meth] in D)
(proof)

end

3.13.1 Preservation of heap conformance

context heap-conf-read begin

lemma hconf-heap-copy-loc-mono:
assumes heap-copy-loc a a’ al h obs h'
and hconf h
and P,h - aQal : T P,h - a'Qal : T
shows hconf h'

(proof)

lemma hconf-heap-copies-mono:
assumes heap-copies a a’ als h obs h'
and hconf h
and list-all2 (Aol T. P,h + aQal : T) als Ts
and list-all2 (Aal T. P,h b a’Qal : T) als Ts
shows hconf h'

(proof)

lemma hconf-heap-clone-mono:
assumes heap-clone P h a h' res
and hconf h
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shows hconf h'

(proof)

theorem external-call-hconf:
assumes major: Pt b (a-M(vs), hy —ta—ext {va, h’)
and minor: P,h b a-M(vs) : U hconf h
shows hconf h'

(proof)

end
context heap-base begin

primrec conf-extRet :: 'm prog = 'heap = ’addr extCallRet = ty = bool where
conf-extRet P h (RetValv) T = (P,h v :< T)

| conf-extRet P h (RetExc a) T = (P,h b+ Addr a :< Class Throwable)

| conf-extRet P h RetStaySame T = True

end
context heap-conf begin

lemma red-external-conf-extRet:

assumes wf: wf-prog wf-md P

shows [P,t b (a-M(vs), h) —ta—ext (va, h'); P,h = a-M(vs) : U; hconf h; preallocated h; P,h b ¢
i

= conf-extRet P h' va U
(proof)

end

3.13.2 Progress theorems for external calls

context heap-progress begin

lemma heap-copy-loc-progress:

assumes hconf: hconf h

and alconfa: P,h - aQal : T

and alconfa’: P,h + a'Qal : T

shows Jv h'. heap-copy-loc a a’ al h ([ReadMem a al v, WriteMem o’ al v]) b’ A P.h F v :< T A
hconf h'
(proof)

lemma heap-copies-progress:

assumes hconf h

and list-all2 (Aol T. P,h - a@Qal : T) als Ts

and list-all2 (Aol T. P,h = o'Qal : T) als Ts

shows Juvs h'. heap-copies a a’ als h (concat (map (A(al, v). [ReadMem a al v, WriteMem o' al v])
(zip als vs))) h' A hconf b’
{proo)

lemma heap-clone-progress:
assumes wf: wf-prog wf-md P
and typea: typeof-addr h a = |hT|
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and hconf: hconf h
shows 3%’ res. heap-clone P h a h' res

(proof)

theorem external-call-progress:

assumes wf: wf-prog wf-md P

and wt: P,h - a-M(vs) : U

and hconf: hconf h

shows Jta va h'. Pt + (a-M(vs), h) —ta—ext (va, h')
(proof)

end

3.13.3 Lemmas for preservation of deadlocked threads

context heap-progress begin

lemma red-external-wt-hconf-hext:

assumes wf: wf-prog wf-md P

and red: P,t b (a-M(vs),h) —ta—ext (va,h’)

and hezt: b < h

and wt: P.h" F a-M(vs) : U

and tconf: P,h" -t \/t

and hconf: hconf h'’

shows Jta’ va’ h'". Pt (a-M(vs),h") —ta’—eat (va’, B'") A
collect-locks {tal; = collect-locks {ta’}; A
collect-cond-actions {talc = collect-cond-actions {ta'} ¢ N
collect-interrupts {tal}; = collect-interrupts {ta’l};

(proof )

lemma red-external-wf-red:

assumes wf: wf-prog wf-md P

and red: P,t - (a-M(vs), h) —ta—ext (va, h')

and tconf: P,h -t \/t

and hconf: hconf h

and wst: wset s t = None V (M = wait A (Jw. wset s t = | PostWS w]))

obtains ta’ va’ h"’

where Pt - (a-M(vs), h) —ta’—ext (va’, h'"')

and final-thread.actions-ok final s t ta’ V final-thread.actions-ok’ s t ta’ A final-thread.actions-subset
ta’ ta

(proof)

end
context heap-base begin

lemma red-external-ta-satisfiable:
fixes final
assumes Pt F (a-M(vs), h) —ta—ext (va, h')
shows Js. final-thread.actions-ok final s t ta

(proof)

lemma red-external-aggr-ta-satisfiable:
fixes final
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assumes (ta, va, h') € red-external-aggr Pt a M vs h
shows Js. final-thread.actions-ok final s t ta

(proof)

end

3.13.4 Determinism

context heap-base begin

lemma heap-copy-loc-deterministic:
assumes det: deterministic-heap-ops
and copy: heap-copy-loc a a’ al h ops h' heap-copy-loc a a’ al h ops’ h'’
shows ops = ops’ A h'/ = h"

(proof)

lemma heap-copies-deterministic:
assumes det: deterministic-heap-ops
and copy: heap-copies a a’ als h ops h' heap-copies a a’ als h ops’ h''
shows ops = ops’ A h' = h'"’

(proof)

lemma heap-clone-deterministic:
assumes det: deterministic-heap-ops
and clone: heap-clone P h a h' obs heap-clone P h a h'" obs
shows h'/ = h'' A obs = obs’

(proof)

!

lemma red-external-deterministic:
fixes final
assumes det: deterministic-heap-ops
and red: P,t - (a-M(vs), (shr s)) —ta—ext {(va, h’) Pt (a-M(vs), (shr s)) —ta'—ext (va’, h'))
and aok: final-thread.actions-ok final s t ta final-thread.actions-ok final s t ta’
shows ta = ta’ A va = va’ A b/ = h"
(proof)

end

end

3.14 Conformance for threads

theory ConformThreaded

imports
../ Framework/ FWLifting
../ Framework | FW Wellform
Conform

begin

Every thread must be represented as an object whose address is its thread ID
context heap-base begin

abbreviation thread-conf :: 'm prog = ('addr,’thread-id,’x) thread-info = 'heap = bool
where thread-conf P = ts-ok (At x m. P,m = ¢ /t)
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lemma thread-confI:
(At zln. ts t = |zin] = P,h & t \/t) = thread-conf P ts h

(proof)

lemma thread-confD:
assumes thread-conf P ts h ts t = |zin]
shows Ph F t \/t

(proof)

lemma thread-conf-ts-upd-eq [simpl:
assumes tst: ts t = |zin]
shows thread-conf P (ts(t — zin')) h +— thread-conf P ts h

(proof)

end
context heap begin

lemma thread-conf-hext:
[ thread-conf P ts h; h < h']| = thread-conf P ts h’

(proof)

lemma thread-conf-start-state:
[ start-heap-ok; wf-syscls P | = thread-conf P (thr (start-state f P C M vs)) (shr (start-state f P
C M vs))

(proof)

end
context heap-base begin

lemma lock-thread-ok-start-state:
lock-thread-ok (locks (start-state f P C M vs)) (thr (start-state f P C M wvs))

(proof)

lemma wset-thread-ok-start-state:
wset-thread-ok (wset (start-state f P C M vs)) (thr (start-state f P C M vs))

(proof)

lemma wset-final-ok-start-state:
final-thread.wset-final-ok final (wset (start-state f P C M vs)) (thr (start-state f P C M vs))

(proof)

end

end

3.15 Binary Operators

theory BinOp
imports
WellForm Word-Lib. Bit-Shifts- Infiz-Syntax



begin

datatype bop = — names of binary operations
Eq
| NotEq
| LessThan
| LessOrEqual
| GreaterThan
| GreaterOrEqual
| Add
| Subtract
| Mult
| Div
| Mod
| BinAnd
| BinOr
| BinXor
| ShiftLeft
| ShiftRightZeros
| ShiftRightSigned

3.15.1 The semantics of binary operators

context
includes bit-operations-syntaz
begin

type-synonym ‘addr binop-ret = 'addr val + 'addr — a value or the address of an exception

fun binop-LessThan :: 'addr val = 'addr val = 'addr binop-ret option
where

binop-LessThan (Intg i1) (Intg i2) = Some (Inl (Bool (il <s i2)))
| binop-LessThan vl v2 = None

fun binop-LessOrEqual :: 'addr val = 'addr val = 'addr binop-ret option
where

binop-LessOrEqual (Intg i1) (Intg i2) = Some (Inl (Bool (il <=s i2)))
| binop-LessOrEqual vl v2 = None

fun binop-GreaterThan :: 'addr val = 'addr val = 'addr binop-ret option
where

binop-Greater Than (Intg i1) (Intg i2) = Some (Inl (Bool (i2 <s il)))
| binop-GreaterThan vl v2 = None

fun binop-GreaterOrEqual :: 'addr val = 'addr val = ’addr binop-ret option
where

binop-GreaterOrEqual (Intg i1) (Intg i2) = Some (Inl (Bool (i2 <=s il)))
| binop-GreaterOrEqual v1 v2 = None

fun binop-Add :: 'addr val = 'addr val = 'addr binop-ret option
where

binop-Add (Intg i1) (Intg i2) = Some (Inl (Intg (il + i2)))
| binop-Add vl v2 = None

207
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fun binop-Subtract :: 'addr val = 'addr val = 'addr binop-ret option
where

binop-Subtract (Intg i1) (Intg i2) = Some (Inl (Intg (il — i2)))
| binop-Subtract vl v2 = None

fun binop-Mult :: 'addr val = 'addr val = 'addr binop-ret option
where

binop-Mult (Intg i1) (Intg i2) = Some (Inl (Intg (il * i2)))
| binop-Mult v1 v2 = None

fun binop-BinAnd :: 'addr val = 'addr val = 'addr binop-ret option
where

binop-BinAnd (Intg i1) (Intg i2) = Some (Inl (Intg (il AND i2)))
| binop-BinAnd (Bool b1) (Bool b2) = Some (Inl (Bool (b1 A b2)))
| binop-BinAnd vl v2 = None

fun binop-BinOr :: 'addr val = 'addr val = 'addr binop-ret option
where

binop-BinOr (Intg i1) (Intg i2) = Some (Inl (Intg (i1 OR i2)))
| binop-BinOr (Bool b1) (Bool b2) = Some (Inl (Bool (b1 V 02)))
| binop-BinOr vl v2 = None

fun binop-BinXor :: 'addr val = 'addr val = 'addr binop-ret option
where

binop-BinXor (Intg i1) (Intg i2) = Some (Inl (Intg (i1 XOR i2)))
| binop-BinXor (Bool b1) (Bool b2) = Some (Inl (Bool (b1 # b2)))
| binop-BinXor vl v2 = None

fun binop-ShiftLeft :: 'addr val = 'addr val = ’addr binop-ret option
where

binop-ShiftLeft (Intg i1) (Intg i2) = Some (Inl (Intg (i1 << unat (i2 AND 0x1f))))
| binop-ShiftLeft v1 v2 = None

fun binop-ShiftRightZeros :: 'addr val = 'addr val = 'addr binop-ret option
where

binop-ShiftRightZeros (Intg i1) (Intg i2) = Some (Inl (Intg (i1 >> unat (i2 AND 0z1f))))
| binop-ShiftRightZeros vl v2 = None

fun binop-ShiftRightSigned :: 'addr val = 'addr val = 'addr binop-ret option
where

binop-ShiftRightSigned (Intg i1) (Intg i2) = Some (Inl (Intg (i1 >>> unat (i2 AND 0x1f))))
| binop-ShiftRightSigned vl v2 = None

Division on ‘a word is unsigned, but JLS specifies signed division.

‘a :: len word = 'a word = 'a word (infixl <sdivy 70)

definition word-sdiv :
where [code]:
T sdivy =
(let ' = sint z; y' = sint y;
negative = (z' < 0) # (y' < 0);
result = abs ©' div abs y’
in word-of-int (if negative then —result else result))

definition word-smod :: 'a :: len word = 'a word = 'a word (infixl <smod) 70)
where [code]:



x smod y =
(let z' = sint z; y' = sint y;
negative = (z' < 0);
result = abs x' mod abs y’
in word-of-int (if negative then —result else result))

declare word-sdiv-def [simp] word-smod-def [simp]

lemma sdiv-smod-id: (a sdiv b) x b + (a smod b) = a
(proof)

end

notepad begin

{proof)
end

context heap-base
begin

fun binop-Mod :: 'addr val = 'addr val = 'addr binop-ret option
where

binop-Mod (Intg i1) (Intg i2) =

Some (if i2 = 0 then Inr (addr-of-sys-zcpt ArithmeticException) else Inl (Intg (i1 smod i2)))
| binop-Mod vl v2 = None

fun binop-Div :: 'addr val = 'addr val = 'addr binop-ret option
where

binop-Div (Intg i1) (Intg i2) =

Some (if i2 = 0 then Inr (addr-of-sys-zcpt ArithmeticException) else Inl (Intg (i1 sdiv i2)))
| binop-Div vl v2 = None

primrec binop :: bop = 'addr val = 'addr val = 'addr binop-ret option
where
binop Eq vl v2 = Some (Inl (Bool (vl = v2)))
| binop NotEq vl v2 = Some (Inl (Bool (vl # v2)))
| binop LessThan = binop-LessThan
| binop LessOrEqual = binop-LessOrEqual
| binop GreaterThan = binop-GreaterThan
| binop GreaterOrEqual = binop-GreaterOrEqual
| binop Add = binop-Add
| binop Subtract = binop-Subtract
| binop Mult = binop-Mult
| binop Mod = binop-Mod
| binop Div = binop-Div
| binop BinAnd = binop-BinAnd
| binop BinOr = binop-BinOr
| binop BinXor = binop-BinXor
| binop ShiftLeft = binop-ShiftLeft
| binop ShiftRightZeros = binop-ShiftRightZeros
| binop ShiftRightSigned = binop-ShiftRightSigned

end

209
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context
includes bit-operations-syntaz
begin

lemma [simp):

(binop-LessThan vl v2 = Some va) +—

(i1 i2. v1 = Intg il N v2 = Intg i2 A va = Inl (Bool (il <s i2)))
(proof )

lemma [simp):

(binop-LessOrEqual vl v2 = Some va) <—

(i1 i2. v1 = Intg i1 N v2 = Intg i2 N va = Inl (Bool (il <=si2)))
(proof )

lemma [simp):

(binop-GreaterThan vl v2 = Some va) «—

(Fi1 i2. v1 = Intg i1 A v2 = Intg i2 N va = Inl (Bool (i2 <s il)))
(proof )

lemma [simp):

(binop-GreaterOrEqual vl v2 = Some va) «—

(Fi1 42. v1 = Intg i1 A v2 = Intg i2 N va = Inl (Bool (i2 <=s il)))
(proof )

lemma [simp]:

(binop-Add v1 v = Some va) +—

(Fi1 i2. v1 = Intg ix A va = Intg is A va = Inl (Intg (i1+i2)))
(proof)

lemma [simpl:

(binop-Subtract vl v2 = Some va) —

(Fi1 42. v1 = Intg i1 A v2 = Intg i2 A va = Inl (Intg (il — i2)))
(proof )

lemma [simp]:

(binop-Mult v1 v2 = Some va) +—

(Fi1 42. v1 = Intg i1 N v2 = Intg i2 A va = Inl (Intg (i1 * i2)))
(proof)

lemma [simp]:
(binop-BinAnd vl v2 = Some va) +—
(301 b2. v1 = Bool b1 N v2 = Bool b2 N va = Inl (Bool (b1 A b2))) V
(Fi1 i2. v1 = Intg i1 N v2 = Intg i2 N va = Inl (Intg (i1 AND i2)))
(proof)

lemma [simp]:
(binop-BinOr vl v2 = Some va) +—
(3b1 b2. v1 = Bool bl A v2 = Bool b2 A va = Inl (Bool (b1 V b2))) V
(Fi1 i2. v1 = Intg i1 A v2 = Intg i2 A va = Inl (Intg (i1 OR i2)))
(proof )

lemma [simp):
(binop-BinXor vl v2 = Some va) +—
(301 b2. v1 = Bool bl A v2 = Bool b2 A va = Inl (Bool (b1 # b2))) V
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(i1 i2. vl = Intg il N v2 = Intg i2 N va = Inl (Intg (i1 XOR i2)))
(proof)

lemma [simp):

(binop-ShiftLeft v1 v2 = Some va) <—

(Fi1 i2. v1 = Intg il A v2 = Intg i2 A va = Inl (Intg (i1 << unat (i2 AND 0z1f))))
(proof )

lemma [simp]:

(binop-ShiftRightZeros vl v2 = Some va) +—

(Fi1 i2. v1 = Intg il A v2 = Intg i2 A va = Inl (Intg (i1 >> unat (i2 AND 0x1f))))
(proof )

lemma [simp]:

(binop-ShiftRightSigned vl v2 = Some va) <—

(Fi1 i2. v1 = Intg il A v2 = Intg i2 N va = Inl (Intg (i1 >>> unat (i2 AND 0z1f))))
(proof)

end

context heap-base
begin

lemma [simpl:
(binop-Mod vl v2 = Some va) —
(341 i2. v1 = Intg i1 N v2 = Intg i2 A
va = (if i2 = 0 then Inr (addr-of-sys-zept ArithmeticException) else Inl (Intg(il smod i2))))
(proof)

lemma [simp]:
(binop-Div v1 v2 = Some va) <—
(Fi1 i2. v1 = Intg i1 A v2 = Intg i2 A
va = (if i2 = 0 then Inr (addr-of-sys-zcpt ArithmeticException) else Inl (Intg(il sdiv i2))))
(proof )

end

3.15.2 Typing for binary operators

inductive WT-binop :: 'm prog = ty = bop = ty = ty = bool (- F -«-»-:: - [51,0,0,0,51] 50)
where

WT-binop-Eq:

PHTI <T2VPFHT2<LTI=— PF Ti1«Eq»T2 :: Boolean

| WT-binop-NotEq:
PHTI <T2VPFHT2<T]I = PF Ti«NotEq»T2 :: Boolean

| WT-binop-LessThan:
P + Integer« LessThan» Integer :: Boolean

| WT-binop-LessOrEqual:
P = Integer« LessOrEqual» Integer :: Boolean

| WT-binop-GreaterThan:
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P = Integer« GreaterThan» Integer :: Boolean

| WT-binop-GreaterOrEqual:
P = Integer« GreaterOrEqual» Integer :: Boolean

| WT-binop-Add:
P Integer« Addy» Integer :: Integer

| WT-binop-Subtract:
P F Integer«Subtract» Integer :: Integer

| WT-binop-Mult:
P+ Integer« Mult» Integer :: Integer

| WT-binop-Div:
P + Integer«Div» Integer :: Integer

| WT-binop-Mod:
P + Integer« Mod» Integer :: Integer

| WT-binop-BinAnd-Bool:
P Boolean« BinAnd» Boolean :: Boolean

| WT-binop-BinAnd-Int:
P+ Integer«BinAnd» Integer :: Integer

| WT-binop-BinOr-Bool:
P = Boolean« BinOr» Boolean :: Boolean

| WT-binop-BinOr-Int:
P + Integer«BinOry» Integer :: Integer

| WT-binop-BinXor-Bool:
P = Boolean« BinXor» Boolean :: Boolean

| WT-binop-BinXor-Int:
P + Integer« BinXor» Integer :: Integer

| WT-binop-ShiftLeft:
P+ Integer«ShiftLeft» Integer :: Integer

| WT-binop-ShiftRightZeros:
P + Integer«ShiftRightZeros» Integer :: Integer

| WT-binop-ShiftRightSigned:
P = Integer« ShiftRightSigned» Integer :: Integer

lemma WT-binopl [intro]:

PHFTI <T2VPFHT2LTI—=— Pk Ti«Eq»T2 :: Boolean

PHTI <T2VPFHT2<L<TI=— PtF Ti1«NotEq»T2 :: Boolean

bop = Add V bop = Subtract V bop = Mult V bop = Mod V bop = Div V bop = BinAnd V bop =
BinOr V bop = BinXor V

bop = ShiftLeft vV bop = ShiftRightZeros V bop = ShiftRightSigned

= P F Integer«bop» Integer :: Integer
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bop = LessThan V bop = LessOrEqual vV bop = GreaterThan V bop = GreaterOrEqual — P +

Integer«bop» Integer :: Boolean

bop = BinAnd V bop = BinOr V bop = BinXor = P + Boolean«bop» Boolean :: Boolean

(proof)

inductive-cases [elim]:
PF Ti«Eqg»yT2 :: T
PF Ti1«NotEgyT2 :: T
Pt Ti1«LessThan»T2 :: T
P+ Ti«LessOrEqual»T2 :: T
P+ T1«GreaterThan» T2 :: T
P F Ti1«GreaterOrEqual» T2 :: T
Pt T1«Add»T2 :: T
P+ T1«SubtractyT2 :: T
P& T1«Mult»yT2 :: T
PE Ti1«DivyT2 :: T
Pr Ti«Mod»T2 :: T
Pt Ti1«BinAnd» T2 :: T
Pt T1«BinOr»T2 :: T
Pr+ Ti1«BinXor»T2 :: T
P+ T1«ShiftLefty T2 :: T
P = T1«ShiftRightZeros» T2 :: T
P F T1«ShiftRightSigned» T2 :: T

lemma WT-binop-fun: | P+ T1«bop»T2 :: T; P+ Tl«bop»T2 :: T'] = T = T

(proof)

lemma WT-binop-is-type:
[ Pt T1«bop» T2 :: T, is-type P T1; is-type P T2 | = is-type P T
(proof)

inductive WTrt-binop :: 'm prog = ty = bop = ty = ty = bool (- F -«-»-
where

WTrt-binop-FEq:

PF T1«Eq»T2 : Boolean

| WTrt-binop-NotEq:
P+ T1«NotEg» T2 : Boolean

| WTrt-binop-LessThan:
P F Integer«LessThany Integer : Boolean

| WTrt-binop-LessOrEqual:
P + Integer« LessOrEqual» Integer : Boolean

| WTrt-binop-GreaterThan:
P = Integer« GreaterThan» Integer : Boolean

| WTrt-binop-GreaterOrEqual:
P + Integer« GreaterOrEqual» Integer : Boolean

| WTrt-binop-Add:
P + Integer« Add» Integer : Integer

: o [51,0,0,0,51] 50)
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| WTrt-binop-Subtract:
P = Integer«Subtract» Integer : Integer

| WTrt-binop-Mult:
P + Integer« Mult» Integer : Integer

| WTrt-binop-Div:
P + Integer«Divy» Integer : Integer

| WTrt-binop-Mod:
P+ Integer«Mod» Integer : Integer

| WTrt-binop-BinAnd-Bool:
P Boolean«BinAnd» Boolean : Boolean

| WTrt-binop-BinAnd-Int:
P Integer« BinAnd» Integer : Integer

WTrt-binop-BinOr-Bool:
P Boolean« BinOr» Boolean : Boolean

WTrt-binop-BinOr-Int:
P+ Integer«BinOr» Integer : Integer

WTrt-binop-BinXor-Bool:
P + Boolean« BinXor» Boolean : Boolean

WTrt-binop-BinXor-Int:
P+ Integer«BinXor»Integer : Integer

W Trt-binop-ShiftLeft:
P + Integer«ShiftLeft» Integer : Integer

WTrt-binop-ShiftRightZeros:
P+ Integer«ShiftRightZeros» Integer : Integer

WTrt-binop-ShiftRightSigned:
P + Integer«ShiftRightSigned» Integer : Integer

lemma WTrt-binopl [intro]:

P Ti«Eq»T2 : Boolean

P+ Ti«NotEg» T2 : Boolean

bop = Add Vv bop = Subtract V bop = Mult V bop = Div V bop = Mod V bop = BinAnd V bop =
BinOr V bop = BinXor V

bop = ShiftLeft V bop = ShiftRightZeros \V bop = ShiftRightSigned

= P F Integer«bop» Integer : Integer

bop = LessThan V bop = LessOrEqual V bop = GreaterThan V bop = GreaterOrEqual — P +
Integer «bop» Integer : Boolean

bop = BinAnd V bop = BinOr V bop = BinXor = P + Boolean«bop» Boolean : Boolean

(proof)

inductive-cases WTrt-binop-cases [elim]:
PrFTi«EpT2 : T
PF Ti«NotEgyT2 : T
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Pt Ti«LessThan»T2 : T

PF Ti«LessOrEqual»T2 : T
P+ T1«GreaterThan»T2 : T

P = T1«GreaterOrEqualy T2 : T
P+ Ti1«Add»T2 : T

P+ T1«Subtracty T2 : T

P& T1«Multw T2 : T

PF Ti«Div»T2 : T

Pt Ti1«Mod»T2 : T

PF Ti1«BinAnd» T2 : T

Pt T1«BinOr»T2 : T

Pt Ti«BinXor»T2 : T

P+ T1«ShiftLeft»T2 : T

P = T1«ShiftRightZeros»y T2 : T
P = T1«ShiftRightSigned» T2 : T

inductive-simps WTrt-binop-simps [simp]:
PF Ti«EqgyT2 : T
PF Ti«NotEgyT2 : T
PF Ti«LessThan»T2 : T
Pt Ti«LessOrEqualyT2 : T
P+ Ti1«GreaterThan» T2 : T
P+ T1«GreaterOrEqual» T2 : T
Pt Ti1«Add»T2 : T
P+ T1«Subtracty T2 : T
P& T1«Mult»T2 : T
P+ Ti«DivyT2 : T
PF Ti«Mod»T2 : T
Pt Ti1«BinAnd»T2 : T
Pt T1«BinOr»T2 : T
PF Ti«BinXor»T2 : T
P+ T1«ShiftLeft» T2 : T
P+ T1«ShiftRightZerosy T2 : T
P+ T1«ShiftRightSigned» T2 : T

fun binop-relevant-class :: bop = 'm prog = cname = bool
where

binop-relevant-class Div = (AP C. P+ ArithmeticEzception <=* C)
| binop-relevant-class Mod = (AP C. P & ArithmeticEzception <* C)
| binop-relevant-class - = (AP C. Fulse)

lemma WT-binop- WTrt-binop:
PF Ti«bop»T2 :: T =— PF Ti1«bop»T2 : T
(proof )

context heap begin

lemma binop-progress:
[ typeofy, vi = | T1]; typeofy, v2 = |T2]; P+ T1«bop» T2 : T ]
= Fwa. binop bop vl v2 = |va]

(proof)

lemma binop-type:
assumes wf: wf-prog wf-md P
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and pre: preallocated h

and type: typeofy, vi = | T1| typeofy, v2 = |T2] P+ T1«bop»T2 : T

shows binop bop vl v2 = |Inlv] = P,hk v:< T

and binop bop vl v2 = |Inr o] = P,h F Addr a :<
(proof)

Class Throwable

lemma binop-relevant-class:
assumes wf: wf-prog wf-md P
and pre: preallocated h
and bop: binop bop vl v2 = |Inr a]
and sup: P F cname-of h a =* C
shows binop-relevant-class bop P C

(proof)

end

lemma WTrt-binop-fun: [ P+ T1«bop»T2 : T; P+ Tigbop»T2 : T'] = T = T'
(proof )

lemma WTrt-binop-THE [simp]: P+ T1«bop» T2 : T = The (WTrt-binop P T1 bop T2) = T
(proof)

lemma W1Trt-binop-widen-mono:

[ P T1«bop»T2 : T; PH T1' < T1; PHT2'<T2] = 3T P+ T1'«bop»T2': T"\N P+
T'<T
(proof)

lemma WTrt-binop-is-type:
[ PF T1«bop» T2 : T is-type P T1; is-type P T2 | = is-type P T
(proof )

3.15.3 Code generator setup

lemmas [code] =
heap-base.binop-Div.simps
heap-base.binop-Mod.simps
heap-base.binop.simps

code-pred
(modes: i = i =i = 1= 0= bool, i = i= 1= 1= 1= bool)
WT-binop

(proof)

code-pred
(modes: i = i =i = 1= 0= bool, i = i= 1= 1= 1= bool)
WTrt-binop

(proof)

lemma eval- WTrt-binop-i-i-i-i-o:
Predicate.eval (WTrt-binop-i-i-i-i-o P T1 bop T2) T +— P+ T1«bop»T2 : T
(proof )

lemma the- WTrt-binop-code:
(THE T. P+ T1«bop» T2 : T) = Predicate.the (WTrt-binop-i-i-i-i-o P T1 bop T2)



(proof)

end

3.16 The Jinja Type System as a Semilattice

theory SemiType
imports

WellForm

../ DFA/Semilattices
begin

inductive-set
widenl :: 'a prog = (ty x ty) set

and widenI-syntax :: 'a prog = ty = ty = bool («

for P :: 'a prog
where
PF C <! D= (C, D) € widenl P

| widenI-Array-Object:
P+ Array (Class Object) <! Class Object

| widen1-Array-Integer:
P+ Array Integer <' Class Object

| widenI-Array-Boolean:
P I~ Array Boolean <! Class Object

| widen1-Array-Void:
P+ Array Void <! Class Object

| wideni-Class:
PF C <! D= P Class C <! Class D

| wideni-Array-Array:

b <t [71,71,71] 70)

[PHT <! U; = is-NT-Array T | = P & Array T <! Array U

abbreviation wideni-trancl :: 'a prog = ty = ty = bool («-+ - <T - [71,71,71] 70) where

PHT <t U=(T, U) € trancl (widen! P)

abbreviation wideni-rtrancl :: ‘a prog = ty = ty = bool (x-F - <* -» [71,71,71] 70) where

PHT<*U=(T, U) € rtrancl (widenl P)

inductive-simps widenl-simps1 [simp]:
P I Integer <' T
P I Boolean < T
PF Void <! T
P I~ Class Object <! T
PHNT <t U

inductive-simps widenl-simps [simp]:
P+ Array (Class Object) <* T
P\~ Array Integer <' T

217
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P Array Boolean <' T
P\ Array Void <! T
Pl Class C <!' T

P+ T <! Array U

lemma is-type-widenl:
assumes icO: is-class P Object
shows P+ T <! U = is-type P T

(proof)

lemma widenl-NT-Array:
assumes is-NT-Array T
shows - P+ T[] <! U

(proof)

lemma widenl-is-type:

assumes wfP: wf-prog wfmd P

shows (4, B) € widen! P = is-type P B
(proof)

lemma widenlI-trancl-is-type:

assumes wfP: wf-prog wfmd P

shows (4, B) € (widen! P)™+ = is-type P B
(proof)

lemma single-valued-widenl :
assumes wf: wf-prog wf-md P
shows single-valued (widenl P)

(proof)

function inheritance-level :: 'a prog = cname = nat where
inheritance-level P C =
(if acyclicP (subclsl P) A is-class P C' A C # Object
then Suc (inheritance-level P (fst (the (class P C))))
else 0)
(proof)

termination

(proof)

fun subtype-measure :: 'a prog = ty = nat where
subtype-measure P (Class C) = inheritance-level P C

| subtype-measure P (Array T) = 1 + subtype-measure P T

| subtype-measure P T = 0

lemma subtype-measure-measure:
assumes acyclic: acyclicP (subclsl P)
and widenl: P+ 2z <! y
shows subtype-measure P y < subtype-measure P x

(proof)

lemma wf-converse-wideni:
assumes wfP: wf-prog wfmec P
shows wf ((widenl P)™—1)
(proof)
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fun super :: 'a prog = ty = ty
where
super P (Array Integer) = Class Object
| super P (Array Boolean) = Class Object
| super P (Array Void) = Class Object
| super P (Array (Class C)) = (if C = Object then Class Object else Array (super P (Class C)))
| super P (Array (Array T)) = Array (super P (Array T))
| super P (Class C') = Class (fst (the (class P C)))

lemma superl:
PFT <'' U= superPT=0U
(proof)

lemma Class-widenl-super:
Pt Class C' <! U’ «+— is-class P C' A C' # Object A U' = super P (Class C')
(is ?lhs <— ?rhs)

(proof)

lemma super-widenI:
assumes icO: is-class P Object
shows P+ T <! U «— is-type P T A (case T of Class C = (C # Object N U = super P T)
| Array T' = U = super P T
| - = Fulse)
(proof)

definition sup :: 'c prog = ty = ty = ty err where
sup PT U =
if is-refT T N is-refT U
then OK (if U = NT then T
else if T = NT then U
else exec-lub (widenl P) (super P) T U)
else if (T = U) then OK T else Err

lemma sup-def”:
sup P = (AT U.
if is-refT T N is-refT U
then OK (if U = NT then T
else if T = NT then U
else exec-lub (widenl P) (super P) T U)
else if (T = U) then OK T else Err)

{proof)

definition esl :: 'm prog = ty esl
where
esl P = (types P, widen P, sup P)

lemma order-widen [intro,simp]:
wf-prog m P = order (widen P)

(proof)

lemma subclsi-trancl-widenl-trancl:
(subcls1 P)™++ C D = P+ Class C <t Class D

(proof)
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lemma subcls-into-widenl-rtrancl:
PrHC=*D=— Pt Class C <* Class D
(proof )

lemma not-widen1-NT-Array:
PrHU<!'T = - is-NT-Array T
(proof )

lemma widen1-trancl-into-Array-widenl-trancl:
[PHA<" B; = is-NT-Array A ] = P+ A|] <™ B|[]
(proof)

lemma widen1-rtrancl-into- Array-widenl-rtrancl:
[PFHA<* B; = is-NT-Array A] = P F A|]| <* B|]
(proof )

lemma Array-Object-widenl-trancl:
assumes wf: wf-prog wmdc P
and itA: is-type P (Al])
shows P+ A|] <* Class Object
(proof )

lemma widen-into-widenl-trancl:

assumes wf: wf-prog wfmd P

shows [ P- A< B; A# B; A+ NT; is-type PA] = P+ A<™ B
(proof )

lemma wf-prog-impl-acc-widen:
assumes wfP: wf-prog wfmd P
shows acc (types P) (widen P)
(proof)

lemmas wf-widen-acc = wf-prog-impl-acc-widen
declare wf-widen-acc [intro, simp)

lemma acyclic-widenl:
wf-prog wfme P = acyclic (widenl P)

(proof)

lemma widenli-into-widen:
(A, B) € widenl P=—= P+ A<B

(proof)

lemma widenl-rtrancl-into-widen:

P-rA<*B= PF-A<B
(proof)

lemma widen-eq-widenl-trancl:
[ wf-prog wf-md P; T # NT; T # U; is-type PT]| = P+ T < U+— P+ T <t U
(proof )

lemma sup-is-type:
assumes wf: wf-prog wf-md P
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and itA: is-type P A
and itB: is-type P B
and sup: sup PA B=OK T
shows is-type P T
(proof)

lemma closed-err-types:

assumes wfP: wf-prog wf-mb P

shows closed (err (types P)) (lift2 (sup P))
(proof)

lemma widen-into-widenlI-rtrancl:
[wf-prog wfmd P; widen P A B; A # NT; is-type P A | = (4, B) € (widenl P)*
(proof)

lemma sup-widen-greater:
assumes wfP: wf-prog wf-mb P
and itl: is-type P t1
and it2: is-type P t2
and sup: sup P t1 t2 = OK s
shows widen P t1 s N\ widen P t2 s

(proof)

lemma sup-widen-smallest:
assumes wfP: wf-prog wf-mb P
and tT": is-type P T
and itU: is-type P U
and TwV: P T <V
and UwV: PH U<V
and sup: sup PT U = OK W
shows widen P W V

(proof)

lemma sup-exists:
[ widen P a ¢; widen Pbc] = 3T.sup Pab=OKT

(proof)

lemma err-semilat-J Type-esl:
assumes wf-prog: wf-prog wf-mb P
shows err-semilat (esl P)

(proof)

3.16.1 Relation between SemiType.sup P T U = OK V and P+ lwb(T, U) =V

lemma sup-is-lubl:
assumes wf: wf-prog wf-md P
and it: is-type P T is-type P U
and sup: sup PT U = OK V
shows P F lub(T, U) =V
(proof)

lemma is-lub-subD:
assumes wf: wf-prog wf-md P
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and it: is-type P T is-type P U

and lub: P+ lwb(T, U) =V

shows sup PT U = OK 'V
(proof)

lemma is-lub-is-type:
[ wf-prog wf-md P; is-type P T; is-type P U; P+ wb(T, U) = V| = is-type P V
(proof )

3.16.2 Code generator setup

code-pred widenlp (proof)
lemmas [code] = widenl-def

lemma eval-widen1p-i-i-o-conv:
Predicate.eval (widenlp-i-i-o P T) = (AU. P+ T <! U)
(proof)

lemma rtrancl-widenl-code [code-unfold):
(widen! P)™x = {(a, b). Predicate.holds (rtrancl-tab-FioB-i-i-i (widenlp-i-i-o P) || a b)}
(proof )

declare ezec-lub-def [code-unfold)

end

theory Common-Main

imports
../ Basic/ Auziliary
../ Framework/ FWProgress
../ Framework/ FWBisimDeadlock
../ Framework/ FWBisimLift
../ DFA/ Abstract-BV
ExternalCallWF
ConformThreaded
BinOp
SemiType

begin

end



Chapter 4

JinjaThreads source language

4.1 Program State

theory State
imports

../ Common/ Heap
begin

type-synonym

‘addr locals = vname — 'addr val — local vars, incl. params and “this”
type-synonym
("addr, 'heap) Jstate = 'heap x ’addr locals ~ — the heap and the local vars

definition hp :: 'heap x 'z = 'heap where hp = fst
definition icl :: 'heap x 'z = 'z where lcl = snd

lemma hp-conv [simp]: hp (h, 1) = h
(proof)

lemma [cl-conv [simp]: lcl (h, 1) =1

(proof)

end

4.2 Expressions

theory Ezxpr

imports
../ Common/ BinOp
begin
datatype (dead 'a, dead 'b, dead 'addr) exp
= new cname — class instance creation
| newArray ty ('a,’d,’addr) exp (<newA -|-]» [99,0] 90) — array instance creation: type, size in
outermost dimension
| Cast ty (‘a,’d,’addr) exp — type cast

| InstanceOf ('a,’d,’addr) exp ty (<- instanceof -» [99, 99] 90) — instance of

223
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| Val 'addr val — value

| BinOp ('a,’b,’addr) exp bop ('a,’b,’addr) exp  (<- «-» - [80,0,81] 80) — binary operation

| Var 'a — local variable (incl. parameter)

| LAss 'a (‘a,’b,’addr) exp (¢<==-» [90,90]90) — local assignment

| AAce ('a,’b,’addr) exp ('a,’d,’addr) exp («-[-]> [99,0] 90) — array cell read

| AAss ('a,’b,’addr) exp ('a,’b,’addr) exp ('a,’d,’addr) exp (s-|-] := - [10,99,90] 90) — array cell
assignment

| ALen ('a,’d,’addr) exp (¢-+lengthy [10] 90) — array length

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

| FAss ('a,’b,’addr) exp vname cname ('a,’b,’addr) exp — (<---{-} := - [10,90,99,90190)  — field
assignment

| CompareAndSwap ('a,’d,’addr) exp cname vname (‘a,’d,’addr) exp ('a,’d,’addr) exp (<--compareAndSwap(’(--,
- =) [10,90,90,90,90] 90) — compare and swap

| Call ('a,’d,’addr) exp mname ('a,’d,’addr) exp list  («---'(-")» [90,99,0] 90) — method
call

| Block 'a ty 'addr val option (‘a,’b,’addr) exp  (<'{--=-; -}

| Synchronized 'b ('a,’d,’addr) exp (‘a,’d,’addr) exp (<sync- '(-') - [99,99,90] 90)

| InSynchronized 'b 'addr ('a,’d,’addr) exp (¢insync- '(-') -» [99,99,90] 90)

| Seq ('a,’d,’addr) exp ('a,’b,’addr) exp  (<-5;/ - [61,60]60)

| Cond ('a,’b,’addr) exp ('a,’b,’addr) exp ('a,’b,’addr) exp  («if (<)) -/ else -» [80,79,79]70)

| While (‘a,’d,’addr) exp (‘a,’d,’addr) exp  (<while '(-") -»  [80,79]70)

| throw ('a,’d,’addr) exp

| TryCatch ('a,’b,’addr) exp cname 'a (‘a,’d,’addr) exp  (<try -/ catch’'(- -') - [0,99,80,79] 70)

type-synonym

‘addr expr = (vname, unit, ‘addr) exp — Jinja expression
type-synonym

‘addr J-mb = vname list X ’'addr expr — Jinja method body: parameter names and expression
type-synonym

‘addr J-prog = 'addr J-mb prog — Jinja program
translations

(type) 'addr expr <= (type) (String.literal, unit, 'addr) exp
(type) 'addr J-prog <= (type) (String.literal list x 'addr expr) prog

4.2.1 Syntactic sugar

abbreviation unit :: ('a,’d,’addr) exp
where unit = Val Unit

abbreviation null :: (‘a,’d,’addr) exp
where null = Val Null

abbreviation addr :: ‘addr = ('a,’d,’addr) exp
where addr a == Val (Addr a)

abbreviation true :: (‘a,’b,’addr) exp
where true == Val (Bool True)

abbreviation false :: (‘a,’b,’addr) exp
where false == Val (Bool False)

abbreviation Throw :: ‘addr = ('a,’b,’addr) exp
where Throw a == throw (Val (Addr a))
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abbreviation (in heap-base) THROW :: cname = ('a,’d,’addr) exp
where THROW zc == Throw (addr-of-sys-zcpt xc)

abbreviation sync-unit-syntaz :: (‘a,unit,’addr) exp = (‘a,unit,’addr) exp = ('a,unit,’addr) exp
(xsync’(-") - [99,90] 90)
where sync(el) e2 = sync(y (el) e2

abbreviation insync-unit-syntaz :: ‘addr = ('a,unit,’addr) exp = ('a,unit,’addr) exp (<insync'(-") -»
[99,90] 90)
where insync(a) e2 = insyncy (a) e2

Java syntax for binary operators

abbreviation BinOp-Eq :: (‘a, 'b, '¢) exp = (‘a, b, 'c) exp = ('a, 'b, 'c) exp
(¢- «==» -» [80,81] 80)
where ¢ «==» ¢/ = ¢ «Eq» e’

abbreviation BinOp-NotEq :: (‘a, 'b, 'c) exp = ('a, 'b, 'c) exp = (‘a, 'b, 'c) exp
(«- «!=» - [80,81] 80)
where ¢ «!=» ¢/ = e «NotEq» e’

abbreviation BinOp-LessThan :: ('a, 'b, 'c) exp = (‘a, 'b, 'c) exp = (‘a, 'b, 'c) exp
(¢- «<» -» [80,81] 80)
where ¢ «<» e’ = e «LessThan» e’

abbreviation BinOp-LessOrEqual :: (‘a, 'b, 'c) exp = (‘a, 'b, 'c) exp = ('a, 'b, 'c) exp
(- «<=» -» [80,81] 80)
where ¢ «<=» ¢’ = e «LessOrEqual» e’

abbreviation BinOp-GreaterThan :: (‘a, 'b, 'c) exp = (‘a, 'b, '¢) exp = (‘a, b, 'c) exp
(- «>» -» [80,81] 80)
where e «>» e/ = e «GreaterThany e’

abbreviation BinOp-GreaterOrEqual :: (‘a, 'b, 'c) exp = (‘a, 'b, '¢) exp = ('a, 'b, 'c) exp
(- «>=» - [80,81] 80)
where ¢ «>=» ¢’ = ¢ « GreaterOrEqual» e’

abbreviation BinOp-Add :: (‘a, 'b, 'c) exp = (‘a, b, 'c) exp = (‘a, 'b, 'c) exp
(¢- «+» - [80,81] 80)
where ¢ «+» e/ = e «Add» e’

abbreviation BinOp-Subtract :: ('a, 'b, 'c) exp = (‘a, 'b, 'c) exp = (‘a, 'b, 'c) exp
(- «—» -» [80,81] 80)
where ¢ «—» e’ = e «Subtract» e’

abbreviation BinOp-Mult :: (‘a, 'b, 'c) exp = ('a, 'b, 'c) exp = (‘a, 'b, 'c) exp
(<- «x» -» [80,81] 80)
where e «x» e/ = e «Mult» e’

abbreviation BinOp-Div :: (‘a, 'b, 'c) exp = ('a, 'b, 'c) exp = (‘a, 'b, 'c) exp
(«- «'/» -» [80,81] 80)

where e «/» e/ = e «Div» e’

abbreviation BinOp-Mod :: ('a, 'b, 'c) exp = ('a, 'b, '¢) exp = ('a, 'b, 'c) exp
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(«- «%» - [80,81] 80)
where e «%» e/’ = e « Mod» e’

abbreviation BinOp-BinAnd :: (‘a, 'b, 'c) exp = ('a, 'b, 'c) exp = (‘a, 'b, 'c) exp
(¢- «&» -» [80,81] 80)
where ¢ «&» e’ = e «BinAnd» e’

abbreviation BinOp-BinOr :: ('a, 'b, '¢) exp = ('a, 'b, '¢) exp = (a, 'b, 'c) exp
(«- «|» -» [80,81] 80)
where e «|» e/ = e «BinOr» e’

abbreviation BinOp-BinXor :: (‘a, 'b, 'c) exp = (‘a, 'b, 'c) exp = ('a, 'b, 'c) exp
(x- «™» - [80,81] 80)
where ¢ « » ¢/ = e «BinXor» e’

abbreviation BinOp-ShiftLeft :: ('a, 'b, 'c) exp = (‘a, 'b, 'c) exp = (‘a, 'b, 'c) exp
(- «<<» - [80,81] 80)
where e «<<» e’ = e «ShiftLeft» e’

abbreviation BinOp-ShiftRightZeros :: (‘a, 'b, 'c) exp = ('a, 'b, 'c) exp = (‘a, 'b, 'c) exp
(- «>>>» - [80,81] 80)
where ¢ «>>>» e’ = e «ShiftRightZeros» e’

abbreviation BinOp-ShiftRightSigned :: (‘a, b, 'c) exp = (‘a, 'b, 'c) exp = ('a, 'b, 'c) exp
(- «>>» - [80,81] 80)
where ¢ «>>» e/ = e «ShiftRightSigned» e’

abbreviation BinOp-CondAnd :: (‘a, b, 'c) exp = (‘a, 'b, 'c) exp = (‘a, 'b, 'c) exp
(¢- «&&» - [80,81] 80)
where e «&&» e’ = if (e) e’ else false

abbreviation BinOp-CondOr :: (‘a, 'b, 'c) exp = (‘a, b, '¢) exp = ('a, 'b, 'c) exp
(- «||» -» [80,81] 80)

where e «||» e = if (e) true else e’

lemma inj-Val [simp]: inj Val

(proof)

lemma expr-inegs [simp]: Val v ;; e # e if (el) e else e2 # e if (el) e2 else e # e
(proof )

4.2.2 Free Variables

primrec fv :: (‘a,’b,’addr) exp = 'a set
and fus :: (‘a,’d,’addr) exp list = 'a set
where

fo(new C) = {}
| fu(newdA T|e]) = foe

| fu(Cast Ce) = fve

| fu(e instanceof T) = fv e

| fo(Val v) = {}

| fu(er «bopy» es) = fueq U fu eq
| fo(Var V) = {V}

| fo(a

fo(ali]) = foa U foi
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| fu(AAssaie)=fvaU foilUfoe

| fu(a-length) = fv a

| fu(LAss Ve) ={V} U fve

| fo(e-F{D}) = foe

| fu(FAss e F D e3) = fueg U fueg

| fu(er-compareAndSwap(D-F, ea, e3)) = fv er U fv ea U fu es
| fu(e:M(es)) = fu e U fus es

| fo({V:T=vo; e}) = fve — {V}

| fu(syncy (h) €) = foh U fue

| fo(insyncy (a) €) = foe

| fu(ers;ee) = foer U foeg

| fu(if (b) ey else ex) = fub U fuer U fueg

| fu(while (b) e) = fub U fve

| fu(throw e) = fue

| fu(try er catch(C V) e3) = fo ey U (fuoea — {V})
| fus([l) = {3

| fus(e#tes) = fv e U fus es

lemma [simp]: fus(es @ es’) = fus es U fus es’
(proof)

lemma [simp]: fos(map Val vs) = {}

(proof)

4.2.3 Locks and addresses

primrec expr-locks :: (‘a,’b,’addr) exp = 'addr = nat
and exzpr-lockss :: ('a,’b,’addr) exp list = 'addr = nat
where
expr-locks (new C) = (Aad. 0)
| expr-locks (newA T|el) = expr-locks e
| expr-locks (Cast T e) = expr-locks e
| expr-locks (e instanceof T) = expr-locks e
| expr-locks (Val v) = (A\ad. 0)
| expr-locks (Var v) = (Aad. 0)
| expr-locks (e «bop» €’) = (Aad. expr-locks e ad + expr-locks e’ ad)
| expr-locks (V := e) = expr-locks e
| expr-locks (a|i]) = (Mad. expr-locks a ad + expr-locks i ad)
| expr-locks (AAss a i e) = (Aad. expr-locks a ad + expr-locks i ad + expr-locks e ad)
| expr-locks (a-length) = expr-locks a
| expr-locks (e-F{D}) = expr-locks e
| expr-locks (FAss e F D e’) = (\ad. expr- locks e ad + expr-locks e’ ad)
| expr-locks (e:compareAndSwap(D-F, €', e'’)) = (Aad. expr-locks e ad + expr-locks e’ ad + expr-locks
e’ ad)
| expr-locks (e-m(ps)) = (Aad. expr-locks e ad + expr-lockss ps ad)
| expr-locks ({V : T=vo; e}) = expr-locks e
| expr-locks (syncy (0') €) = (Aad. expr-locks o’ ad + expr-locks e ad)
| expr-locks (insyncy (a) €) = (Aad. if (a = ad) then Suc (expr-locks e ad) else expr-locks e ad)
| expr-locks (e;;e") = (Aad. expr-locks e ad + expr-locks e’ ad)
| expr-locks (if (b) e else e’) = (Aad. expr-locks b ad + expr-locks e ad + expr-locks e’ ad)
| expr-locks (while (b) e) = (Aad. expr-locks b ad + expr-locks e ad)
| expr-locks (throw e) = expr-locks e
| expr-locks (try e catch(C v) e’) = (Aad. expr-locks e ad + expr-locks e’ ad)
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| expr-lockss [| = (Aa. 0)
| expr-lockss (z#xs) = (Aad. expr-locks x ad + expr-lockss xs ad)

lemma expr-lockss-append [simp]:
expr-lockss (es Q es’) = (Aad. expr-lockss es ad + expr-lockss es’ ad)

(proof)

lemma expr-lockss-map-Val [simp]: expr-lockss (map Val vs) = (Aad. 0)

(proof)

primrec contains-insync :: ('a,’d,’addr) exp = bool
and contains-insyncs :: (‘a,’b,’addr) exp list = bool

where
contains-insync (new C) = False

| contains-insync (newA T|i]) = contains-insync i

| contains-insync (Cast T €) = contains-insync e

| contains-insync (e instanceof T) = contains-insync e

| contains-insync (Val v) = False

| contains-insync (Var v) = False

| contains-insync (e «bop» e') = (contains-insync e V contains-insync e’)

| contains-insync (V := e) = contains-insync e

| contains-insync (a|i]) = (contains-insync a V contains-insync 7)

| contains-insync (AAss a i e) = (contains-insync a V contains-insync i V contains-insync e)

| contains-insync (a-length) = contains-insync a

| contains-insync (e-F{D}) = contains-insync e

| contains-insync (FAss e F D e') = (contains insync e V contains-insync e’)

| contains- msync (e-compareAndSwap(D-F, €', €'')) = (contains-insync e \ contains-insync e’V con-

tains-insync e'’)

| contains-insync (e-m(pns)) = (contains-insync e V contains-insyncs pns)

| contains-insync ({V : T=vo; e}) = contains-insync e

| contains-insync (syncy (0') e) = (contains-insync o' V contains-insync e)

| contains-insync (insyncy (a) e) = True

| contains-insync (e;;e”) = (contains-insync e V contains-insync e’)

| contains-insync (if (b) e else e’) = (contains-insync b V contains-insync e V contains-insync e’)
| contains-insync (while (b) e) = (contains-insync b V contains-insync e)

| contains-insync (throw e) = contains-insync e

| contains-insync (try e catch(C v) e’) = (contains-insync e V contains-insync e’)

| contains-insyncs [| = False
| contains-insyncs (z # xs) = (contains-insync x V contains-insyncs xs)

lemma contains-insyncs-append [simp):
contains-insyncs (es @ es’) «— contains-insyncs es V contains-insyncs es’

(proof)

lemma fixes e :: (‘a, b, ‘addr) exp
and es :: (‘a, 'b, 'addr) exp list
shows contains-insync-conv: (contains-insync e <— (I ad. expr-locks e ad > 0))
and contains-insyncs-conv: (contains-insyncs es «— (ad. expr-lockss es ad > 0))

(proof)

lemma contains-insyncs-map-Val [simp]: = contains-insyncs (map Val vs)

(proof)



4.2.4 Value expressions

inductive is-val :: (‘a,’d,’addr) exp = bool where
is-val (Val v)

declare is-val.intros [simp)
declare is-val.cases [elim!]

lemma is-val-iff: is-val e +— (Fv. e = Val v)

(proof)
code-pred is-val (proof)

fun is-vals :: (‘a,’d,’addr) exp list = bool where
is-vals [| = True
| is-vals (eftes) = (is-val e A is-vals es)
lemma is-vals-append [simp]: is-vals (es Q es’) +— is-vals es A is-vals es’

(proof)

lemma is-vals-conv: is-vals es = (Jvs. es = map Val vs)
(proof)

lemma is-vals-map-Vals [simp]: is-vals (map Val vs) = True

(proof)

inductive is-addr :: ('a,’d,’addr) exp = bool
where is-addr (addr a)

declare is-addr.intros[introl|
declare is-addr.cases[elim!]

lemma [simp]: (is-addr ¢) +— (Fa. e = addr a)
(proof)

primrec the-Val :: ('a, 'b, ‘addr) exp = 'addr val
where
the-Val (Val v) = v

inductive is-Throws :: (‘a, 'b, '‘addr) exp list = bool
where

is-Throws (Throw a # es)
| is-Throws es = is-Throws (Val v # es)

inductive-simps is- Throws-simps:
is-Throws []

is-Throws (e # es)

code-pred is-Throws {proof)

lemma is- Throws-conv: is-Throws es +— (Fvs a es’. es = map Val vs @ Throw a # es’)

(is ?lhs <— ?rhs)

(proof)

229
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4.2.5 blocks

fun blocks :: 'a list = ty list = 'addr val list = ('a,’d,’addr) exp = (‘a,’d,’addr) exp
where

blocks (V # Vs) (T # Ts) (v # vs) e = {V:T=|v]; blocks Vs Ts vs e}
| blocks [] ] ] e=ce

lemma [simp):
[ size vs = size Vs; size Ts = size Vs | = fv (blocks Vs Ts vs €) = fuv e — set Vs

(proof)

lemma expr-locks-blocks:
[ length vs = length pns; length Ts = length pns |
= expr-locks (blocks pns Ts vs e) = expr-locks e

(proof)

4.2.6 Final expressions

inductive final :: (‘a,’d,’addr) exp = bool where
final (Val v)
| final (Throw a)

declare final.cases [elim)
declare final.intros|simp]

lemmas finalE[consumes 1, case-names Val Throw| = final.cases

lemma final-iff: final e <— (Jv. e = Valv) V (Fa. e = Throw a)
(proof)

lemma final-locks: final e = expr-locks e | = 0

(proof)

inductive finals :: ('a,’d,’addr) exp list = bool
where

finals ]
| finals (Throw a # es)

| finals es = finals (Val v # es)

inductive-simps finals-simps:

finals (e # es)

lemma [iff]: finals ||
(proof)

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

lemma finals-app-map [iff]: finals (map Val vs @ es) = finals es
(proof )

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

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

lemma finals-iff: finals es +— (Jvs. es = map Val vs) V (Jvs a es’. es = map Val vs @ Throw a #
es’)
(is ?lhs «— ?rhs)

(proof)

code-pred final (proof)

4.2.7 converting results from external calls

primrec extRet2J :: (‘a, 'b, 'addr) exp = 'addr extCallRet = ('a, 'b, 'addr) exp
where
extRet2J e (RetVal v) = Val v
| extRet2J e (RetExc a) = Throw a
| extRet2J e RetStaySame = e

lemma fv-extRet2J [simp]: fv (extRet2J e va) C fu e
(proof)

4.2.8 expressions at a call

primrec call :: ('a,’d,’addr) exp = (‘addr x mname x 'addr val list) option
and calls :: (a,’d,’addr) exp list = ('addr x mname X 'addr val list) option
where

FAss e F D e') = (if is-val e then call e’ else call e)
e-compareAndSwap(D-F, €', e')) = (if is-val e then if is-val e’ then call €'’ else call e’ else call

| call
| call
)
| call (e-M(es)) = (if is-val e then

(if is-vals es A is-addr e then |(THE a. e = addr a, M, THE vs. es = map Val vs)]

call (new C) = None
| call (newA T|e]) = call e
| call (Cast C €) = call e
| call (e instanceof T') = call e
| call (Val v) = None
| call (Var V) = None
| call (V:=e) = call e
| call (e «bop» e) = (if is-val e then call e’ else call €)
| call (alt]) = (if is-val a then call i else call a)
| call (AAss a i e) = (if is-val a then (if is-val i then call e else call i) else call a)
| call (a-length) = call a
| call (e:F{D}) = call e
(
(

else calls es)
else call e)

| call ({V:T=vo; e}) = call e
| call (syncys (0') €) = call o’
| call (insyncy (a) e) = call e
| call (e;;¢") = call e
| call (if (e) el else e2) = call e
| call (while(b) e) = None
| call (throw e) = call e
(

| call (try el catch(C V) e2) = call el

| calls [| = None
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| calls (eftes) = (if is-val e then calls es else call e)

lemma calls-append [simpl:
calls (es Q es”) = (if calls es = None A is-vals es then calls es’ else calls es)

(proof)

lemma call-callE [consumes 1, case-names CallObj CallParams Call]:
[ call (obj-M(pns)) = |(a, M, vs)};
call obj = |(a, M, vs)] = thesis;
Av. [ obj = Val v; calls pns = [(a, M', vs)| | = thesis;
[ obj = addr a; pns = map Val vs; M = M’ ]| = thesis | = thesis

(proof)

lemma calls-map-Val [simp]:
calls (map Val vs) = None

(proof)

lemma call-not-is-val [dest]: call e = |aMvs] = — is-val e

(proof)

lemma is-calls-not-is-vals [dest]: calls es = |aMuvs| => — is-vals es

(proof)

end

4.3 Abstract heap locales for source code programs

theory JHeap
imports
../ Common/ Conform
Expr
begin

locale J-heap-base = heap-base +
constrains addr2thread-id :: ('addr :: addr) = 'thread-id
and thread-id2addr :: 'thread-id = 'addr
and spurious-wakeups :: bool
and empty-heap :: 'heap
and allocate :: 'heap = hiype = ('heap x 'addr) set
and typeof-addr :: 'heap = 'addr — htype
and heap-read :: 'heap = 'addr = addr-loc = ’addr val = bool
and heap-write :: 'heap = 'addr = addr-loc = 'addr val = 'heap = bool

locale J-heap = heap +
constrains addr2thread-id :: ('addr :: addr) = 'thread-id
and thread-id2addr :: 'thread-id = 'addr
and spurious-wakeups :: bool
and empty-heap :: 'heap
and allocate :: 'heap = hiype = ('heap x 'addr) set
and typeof-addr :: 'heap = 'addr — htype
and heap-read :: 'heap = 'addr = addr-loc = ’addr val = bool
and heap-write :: 'heap = 'addr = addr-loc = 'addr val = 'heap = bool
and P :: 'addr J-prog
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sublocale J-heap < J-heap-base {proof)

locale J-heap-conf-base = heap-conf-base +
constrains addr2thread-id :: ('addr :: addr) = 'thread-id
and thread-id2addr :: 'thread-id = 'addr
and spurious-wakeups :: bool
and empty-heap :: 'heap
and allocate :: 'heap = htype = ('heap x 'addr) set
and typeof-addr :: 'heap = 'addr — htype
and heap-read :: 'heap = 'addr = addr-loc = 'addr val = bool
and heap-write :: 'heap = 'addr = addr-loc = 'addr val = 'heap = bool
and hconf :: 'heap = bool
and P : ‘addr J-prog

sublocale J-heap-conf-base < J-heap-base {proof)

locale J-heap-conf =
J-heap-conf-base +
heap-conf +
constrains addr2thread-id :: ('addr :: addr) = 'thread-id
and thread-id2addr :: 'thread-id = 'addr
and spurious-wakeups :: bool
and empty-heap :: 'heap
and allocate :: 'heap = htype = ('heap x 'addr) set
and typeof-addr :: 'heap = 'addr — htype
and heap-read :: 'heap = 'addr = addr-loc = 'addr val = bool
and heap-write :: 'heap = 'addr = addr-loc = 'addr val = 'heap = bool
and hconf :: 'heap = bool
and P : ‘addr J-prog

sublocale J-heap-conf < J-heap
(proof)

locale J-progress =
heap-progress +
J-heap-conf-base +
constrains addr2thread-id :: ('addr :: addr) = 'thread-id
and thread-id2addr :: "thread-id = 'addr
and spurious-wakeups :: bool
and empty-heap :: 'heap
and allocate :: 'heap = htype = ('heap x 'addr) set
and typeof-addr :: 'heap = 'addr — htype
and heap-read :: 'heap = 'addr = addr-loc = 'addr val = bool
and heap-write :: 'heap = 'addr = addr-loc = 'addr val = 'heap = bool
and hconf :: 'heap = bool
and P : ‘addr J-prog

sublocale J-progress < J-heap (proof)

locale J-conf-read =
heap-conf-read +
J-heap-conf +
constrains addr2thread-id :: ('addr :: addr) = "thread-id
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and thread-id2addr :: 'thread-id = 'addr

and spurious-wakeups :: bool

and empty-heap :: 'heap

and allocate :: 'heap = htype = ('heap x 'addr) set

and typeof-addr :: 'heap = 'addr — htype

and heap-read :: 'heap = 'addr = addr-loc = ’addr val = bool

and heap-write :: 'heap = 'addr = addr-loc = 'addr val = 'heap = bool
and hconf :: 'heap = bool

and P :: 'addr J-prog

sublocale J-conf-read < J-heap (proof)

locale J-typesafe =
heap-typesafe +
J-conf-read +
J-progress +
constrains addr2thread-id :: ('addr :: addr) = 'thread-id
and thread-id2addr :: 'thread-id = 'addr
and spurious-wakeups :: bool
and empty-heap :: 'heap
and allocate :: 'heap = htype = ('heap x 'addr) set
and typeof-addr :: 'heap = 'addr — hitype
and heap-read :: 'heap = 'addr = addr-loc = 'addr val = bool
and heap-write :: 'heap = 'addr = addr-loc = ’addr val = 'heap = bool
and hconf :: 'heap = bool
and P :: 'addr J-prog

end

4.4 Small Step Semantics

theory SmallStep
imports

Ezxpr

State

JHeap
begin

type-synonym
("addr, 'thread-id, 'heap) J-thread-action =
("addr, 'thread-id, 'addr expr x 'addr locals,’heap) Jinja-thread-action

type-synonym
("addr, "thread-id, 'heap) J-state =
("addr,'thread-id,’addr expr x 'addr locals,’heap,’addr) state

(ML)
typ ('addr,’thread-id,’heap) J-thread-action

(ML)
typ (‘addr, 'thread-id, 'heap) J-state



235

definition extNTA2J :: 'addr J-prog = (cname x mname X 'addr) = 'addr expr x 'addr locals
where extNTA2J P = (A\(C, M, a). let (D,Ts,T,meth) = method P C M; (pns,body) = the meth
in ({this:Class D=| Addr a|; body}, Map.empty))

abbreviation J-local-start ::
cname = mname = ty list = ty = 'addr J-mb = 'addr val list
= 'addr expr x 'addr locals
where
J-local-start =
AC M Ts T (pns, body) vs.
(blocks (this # pns) (Class C # Ts) (Null # vs) body, Map.empty)

abbreviation (in J-heap-base)

J-start-state :: '‘addr J-prog = cname = mname = 'addr val list = ('addr, 'thread-id, 'heap) J-state
where

J-start-state = start-state J-local-start

lemma extNTA2J-iff [simpl:
extNTA2J P (C, M, a) = ({this:Class (fst (method P C M))=| Addr a]; snd (the (snd (snd (snd
(method P C M)))))}, Map.empty)

(proof)

abbreviation eztTA2J :
‘addr J-prog = (‘addr, "thread-id, 'heap) external-thread-action = ('addr, 'thread-id, 'heap) J-thread-action
where extTA2J P = convert-extTA (extNTA2J P)

lemma extTA2J-c: extTA2J P e = ¢
(proof)

Locking mechanism: The expression on which the thread is synchronized is evaluated first
to a value. If this expression evaluates to null, a null pointer expression is thrown. If this
expression evaluates to an address, a lock must be obtained on this address, the sync expression
is rewritten to insync. For insync expressions, the body expression may be evaluated. If the
body expression is only a value or a thrown exception, the lock is released and the synchronized
expression reduces to the body’s expression. This is the normal Java semantics, not the one
as presented in LNCS 1523, Cenciarelli/Knapp/Reus/Wirsing. There the expression on which
the thread synchronized is evaluated except for the last step. If the thread can obtain the lock
on the object immediately after the last evaluation step, the evaluation is done and the lock
acquired. If the lock cannot be obtained, the evaluation step is discarded. If another thread
changes the evaluation result of this last step, the thread then will try to synchronize on the
new object.

context J-heap-base begin

inductive red ::
(("addr, 'thread-id, 'heap) external-thread-action = (‘addr, 'thread-id, 'z,’heap) Jinja-thread-action)
= 'addr J-prog = '"thread-id
= 'addr expr = (‘addr, 'heap) Jstate
= ('addr, 'thread-id, 'z,’heap) Jinja-thread-action
= 'addr expr = (‘addr, 'heap) Jstate = bool
(== = ((2(-,/7)) ——/ (1(-,/-)))» [61,51,0,0,0,0,0,0] 81)
and reds ::
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(("addr, 'thread-id, 'heap) external-thread-action = (‘addr, 'thread-id, 'z,'heap) Jinja-thread-action)

= 'addr J-prog = 'thread-id

= 'addr expr list = ('addr, 'heap) Jstate

= ('addr, 'thread-id, 'z,’heap) Jinja-thread-action

= 'addr expr list = ('addr, 'heap) Jstate = bool

(o B (1 (-/7) [=-=]/ (1(-/-))» [51,51,0,0,0,0,0,0] 81)

for extTA :: (addr, 'thread-id, 'heap) external-thread-action = ('addr, 'thread-id, 'z, 'heap) Jinja-thread-action
and P :: 'addr J-prog and t :: 'thread-id
where

RedNew:

(h', a) € allocate h (Class-type C)

= extTA,P,t  (new C, (h, 1)) —{NewHeapElem a (Class-type C)}— (addr a, (h', 1))

| RedNewFuail:
allocate h (Class-type C) = {}
= extTA,P,t - (new C, (h, 1)) —e— (THROW OutOfMemory, (h, 1))

| NewArrayRed:
extTA,Pt - (e, s) —ta— (e’, s") = extTA,P,t b (newdA T|e], s) —ta— (newA T|e’], s’)

| RedNewArray:

[ 0 <=si; (b, a) € allocate h (Array-type T (nat (sint ©))) |

= extTA,P,t + (newA T|Val (Intg i)], (h, l)) —{NewHeapElem a (Array-type T (nat (sint )))}—
(addr a, (h', 1))

| RedNewArrayNegative:
i <s 0 = extTA,P,t b (newA T|Val (Intg 7)], s) —e— (THROW NegativeArraySize, s)

| RedNewArrayFail:
[ 0 <=s1i; allocate h (Array-type T (nat (sint i))) = {} |
= extTA,P,t - (newA T|Val (Intg i)], (h, 1)) —e— (THROW OutOfMemory, (h, I))

| CastRed:
extTA Pt - (e, s) —ta— (e', 8"y = extTA,P,t - (Cast C e, s) —ta— (Cast C ¢’, s')

| RedCast:
[ typeofyy v = UL PF U< T]
= extTA,P,t - (Cast T (Val v), s) —e— (Val v, s)

| RedCastFail:
[ typeofpy s v=1[U); - PHU<T]
= extTA,P,t - (Cast T (Val v), s) —e— (THROW ClassCast, s)

| InstanceOfRed:
extTA,P,t F (e, s) —ta— (e, sy = extTA,P,t & (e instanceof T, s) —ta— (e’ instanceof T, s’)

| RedInstanceOf:
[ typeofpy s v=1Ul;bs—v# Null N\PFU<T]
= extTA,P,t - ((Val v) instanceof T, s) —e— (Val (Bool b), s)

| BinOpRed1:
extTA,P,t F (e, s) —ta— (e, sy = extTA,P,t F (e «bop» e2, sy —ta— (e’ «bop» €2, s)

| BinOpRed?2:
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extTA, Pt F (e, s) —ta— (e, sy = extTA,P,t - ((Val v) «bop» e, s) —ta— ((Val v) «bop» €', s')

RedBinOp:
binop bop v1 v2 = Some (Inl v) =
extTA,P,t = ((Val v1) «bopy» (Val v2), s) —e— (Val v, s)

RedBinOpFuail:
binop bop vl v2 = Some (Inr a) =
extTA, Pt = ((Val v1) «bop» (Val v2), s) —e— (Throw a, s)

RedVar:
lel s V = Some v —
extTA,Pt = (Var V, s) —e— (Val v, s)

LAssRed:
extTA, Pt F (e, s) —ta— (e, sy = extTA, Pt - (Vi=e, s) —ta— (V:i=e', s')

RedLAss:
extTA, Pt = (V:=(Val v), (h, 1)) —e— (unit, (h, [(V — v)))

AAccRedl:
extTA, Pt & (a, s) —ta— (a’, sy = extTA,P,t - (a|i], s) —ta— (a’|{], s")

AAccRed?2:
extTA, Pt & (i, s) —ta— (i, ') = extTA,P,t b ((Val a)|i], s) —ta— {((Val a)|i’], s)

RedA AceNull:
extTA,P,t & (null| Val 7], s) —e— (THROW NullPointer, s)

| RedAAccBounds:
[ typeof-addr (hp s) a = |Array-type T nl; i <s 0 V sint i > int n |
= extTA,P,t - ((addr a)| Val (Intg 7)], s) —e— (THROW ArrayIndezOutOfBounds, s)

| RedAAcc:
[ typeof-addr h a = | Array-type T n|; 0 <=s i; sint i < int n;
heap-read h a (ACell (nat (sint 7)) v |
= extTA,P,t b ((addr a)| Val (Intg )], (h, 1)) —{ReadMem a (ACell (nat (sint ©))) v}p— (Val v,

(hy 1))

| AAssRed1:
extTA,Pt - (a, s) —ta— (a’, ") = extTA,P,t b (a|i] := e, s) —ta— (a'|{] := e, $)

| AAssRed2:
extTA, Pt & (i, s) —ta— (i’, s’y = extTA,P,;t b ((Val a)|i] := e, s) —ta— ((Val a)[i'] := e, s')

| AAssRed3:
extTA, Pt - ((e:'addr expr), s) —ta— (e’, s’y = extTA,P,t - ((Val a)| Val 7] := e, s) —ta— ((Val
a)| Val i] := ¢/, s)

| RedAAssNull:
extTA, Pt & (null| Val i] := (Val e::’addr expr), s) —e— (THROW NullPointer, s)

| RedA AssBounds:
[ typeof-addr (hp s) a = |Array-type T nl; i <s 0 V sint { > int n |
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= extTA,P,t b ((addr a)| Val (Intg i)] := (Val e::'addr expr), s) —e— (THROW ArrayIndezOut-
OfBounds, s)

| RedAAssStore:
[ typeof-addr (hp s) a = |Array-type T n]; 0 <=s i; sint i < int n;
typeofpy s w=[Ul; = (P U< T)]
= extTA,P,t - {(addr a)| Val (Intg i)] := (Val w::'addr expr), sy —e— (THROW ArrayStore, s)

| RedAAss:
[ typeof-addr h a = | Array-type T n]; 0 <=s i; sint i < int n; typeof, w = Some U; P+ U < T;
heap-write h a (ACell (nat (sint 7)) wh']
= extTA,P,t - ((addr a)| Val (Intg i)] := Val w::'addr expr, (h, 1)) —{WriteMem a (ACell (nat
(sint 7)) wl— (unit, (b, 1))

| ALengthRed:
extTA,Pt - (a, s) —ta— (a’, s") = extTA,P,t b (a-length, s) —ta— (a’-length, s')

RedA Length:
typeof-addr h a = | Array-type T n|
= extTA,P,t - (addr a-length, (h, 1)) —e— (Val (Intg (word-of-nat n)), (h, 1))

RedA LengthNull:
extTA,P,t = (null-length, s) —e— (THROW NullPointer, s)

FAccRed:
extTA,Pt - (e, s) —ta— (€', ") = extTA,P,t b (e-F{D}, s) —ta— (e-F{D}, s)

RedFAcc:
heap-read h a (CField D F) v
= extTA,P,t + {(addr a)-F{D}, (h, 1)) —{ReadMem a (CField D F) v}— (Val v, (h, 1))

RedFAccNull:
extTA,P,t = (null-F{D}, s) —e— (THROW NullPointer, s)

FAssRed1:
extTA, Pt - (e, s) —ta— (', sy = extTA,P,t F (e-F{D}:=e2, s) —ta— (e"-F{D}:=e2, s)

FAssRed?2:
extTA, Pt = ((e:'addr expr), s) —ta— (e, s’y = extTA,P,t - (Val v-F{D}:=e, s) —ta— (Val
v-F{D}:=e’, s')

RedFAss:
heap-write h a (CField D F) v h' =
extTA,P,t - ((addr a)-F{D}:= Val v, (h, 1)) —{ WriteMem a (CField D F) v}— (unit, (b, 1))

RedFAssNull:
extTA, Pt = (null- F{D}:=Val v::'addr expr, sy —e— (THROW NullPointer, s)

CASRed1:
extTA, Pt F (e, s) —ta— (e’, s') =
extTA,P,t - (e-compareAndSwap(D-F, €2, €3), s) —ta— (e’-compareAndSwap(D-F, €2, e3), s)

CASRed?2:
extTA,Pt - (e, s) —ta— (e’, 8"y =
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extTA,P,t = (Val v-compareAndSwap(D-F, e, €3), s) —ta— (Val v-compareAndSwap(D-F, ¢’, e3),
s

| CASRed3:

extTA, Pt F (e, s) —ta— (e’, s') =

extTA,P,t & (Val v-compareAndSwap(D-F, Val v', ), sy —ta— (Val v-compareAndSwap(D-F, Val
v, €'), s')

CASNull:
extTA,P,t = (null-compareAndSwap(D-F, Val v, Val v'), s) —e— (THROW NullPointer, s)

RedCASSucceed:

[ heap-read h a (CField D F) v; heap-write h a (CField D F) v' h' ] =
extTA,P,t & (addr a-compareAndSwap(D-F, Val v, Val v"), (h, 1))
—{ReadMem a (CField D F) v, WriteMem a (CField D F) v'}—

(true, (h', 1))

RedCASFail:

[ heap-read h a (CField D F) v"; v # v" ]| =

extTA,P,t & (addr a-compareAndSwap(D-F, Val v, Val v"), (h, 1))
—{ReadMem a (CField D F) v"}—

(false, (h, 1))

CallObj:
extTA,Pt - (e, s) —ta— (€', s") = extTA,P,t b (e-M(es), s) —ta— (e’-M(es), s’)

CallParams:
extTA, Pt F (es, s) [—ta—] (es’;s) =
extTA,P,t = ((Val v)-M(es),s) —ta— ((Val v)-M(es’),s’)

| RedClall:
[ typeof-addr (hp s) a = |hU|; P F class-type-of hU sees M:Ts—T = |(pns,body)| in D;
size vs = size pns; size Ts = size pns |
= extTA,P,t + {(addr a)-M(map Val vs), s) —e— (blocks (this # pns) (Class D # Ts) (Addr a #
vs) body, s)

| RedCallExternal:
[ typeof-addr (hp s) a = |hU|; P F class-type-of hU sees M:Ts— T = Native in D;
Pt F (a-M(vs), hp s) —ta—ext (va, h');
ta’ = extTA ta; ¢’ = extRet2J ((addr a)-M(map Val vs)) va; s = (h', lcl s) |
= extTA,P,t F ((addr a)-M(map Val vs), sy —ta’— (€', s)

RedCallNull:
extTA,P,t &= (null-M(map Val vs), s) —e— (THROW NullPointer, s)

BlockRed:
extTA,P,t F (e, (h, I(V:=v0))) —ta— (€', (h', I))
= extTA,P,t - ({V:T=vo; e}, (h, 1)) —ta— {V:T=l' V; e}, (B, U(V :=17V)))

RedBlock:
extTA, Pt = ({V:T=vo; Val u}, s) —e— (Val u, s)

SynchronizedRed1:
extTA, Pt F (o', s) —ta— (0", 8’) = extTA,P,t - (sync(o’) e, s) —ta— (sync(o”) e, s’)



240

SynchronizedNull:
extTA, Pt = (sync(null) e, s) —e— (THROW NullPointer, s)

LockSynchronized:
extTA,P,t = (sync(addr a) e, s) —{Lock—a, SyncLock al}— (insync(a) e, s)

SynchronizedRed2:
extTA,P,t - (e, s) —ta— (€', s") = extTA,P,t b (insync(a) e, s) —ta— (insync(a) e’, s)

UnlockSynchronized:
extTA,P,t F (insync(a) (Val v), sy —{ Unlock—a, SyncUnlock a}}— (Val v, s)

SeqRed:
extTA,P,t - (e, s) —ta— (e’, s’y = extTA,P,t - (e;;e2, s) —ta— (e';;e2, s’)

RedSeq:
extTA, Pt = ((Val v);;e, s) —e— (e, )

CondRed:
extTA,P,t & (b, s) —ta— (b', 8"y = extTA,P,t - (if (b) el else e2, s) —ta— (if (b') el else 2, s’)

RedCondT:
extTA, Pt = (if (true) el else e2, s) —e— (el, s)

RedCondF":
extTA,P,t - (if (false) el else e2, s) —e— (e2, s)

Red While:
extTA,P,t = (while(b) ¢, s) —e— (if (b) (c;;while(b) c) else unit, s)

ThrowRed:
extTA, Pt - (e, s) —ta— (e, sy = extTA,P,t & (throw e, s) —ta— (throw e’, s')

RedThrowNull:
extTA, Pt - (throw null, s) —e— (THROW NullPointer, s)

TryRed:
extTA, Pt - (e, s) —ta— (€', 8") = extTA,P,t - (try e catch(C V) e2, s) —ta— (try e’ catch(C
V) e2, s

| RedTry:
extTA,P,t & (try (Val v) catch(C V) e2, s) —e— (Val v, s)

| RedTryCatch:
[ typeof-addr (hp s) a = | Class-type D|; P+ D =<* C']
= extTA,P,t & (try (Throw a) catch(C V) e2, s) —e— ({V:Class C=|Addr a|; e2}, s)

| RedTryFail:
[ typeof-addr (hp s) a = | Class-type D]; = P+ D <* C']
= extTA,P,t - (try (Throw a) catch(C V) e2, s) —e— (Throw a, s)

| ListRed!:
extTA,P,t - (e,s) —ta— (e';s"y =
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extTA,P,t & (ef#es,s) [—ta—] (e'#es,s')

| ListRed2:
extTA,Pt - (es,s) [—ta—] (es',s’) =
extTA, Pt = (Val v # es,s) [—ta—] (Val v # es’,s’)

— Exception propagation

| NewArrayThrow: extTA,P,t = (newA T|Throw a), s) —e— (Throw a, s)

| CastThrow: extTA,P,t + (Cast C' (Throw a), s) —e— (Throw a, s)

| InstanceOfThrow: extTA,P,t & ((Throw a) instanceof T, s) —e— {Throw a, s)

| BinOpThrowl: extTA,P,t & ((Throw a) «bop» es, s} —e— (Throw a, )

| BinOpThrow2: extTA,P,t - ((Val vi) «bop» (Throw a), s) —e— (Throw a, s)

| LAssThrow: extTA,P,t = (V:=(Throw a), s) —e— (Throw a, s)

| AAccThrow!: extTA,P,t b ((Throw a)|i|, s) —e— (Throw a, s)

| AAccThrow2: extTA,P,t b ((Val v)| Throw al, s) —e— (Throw a, s)

| AAssThrowl: extTA,P,t &= ((Throw a)|i] := e, s) —e— (Throw a, s)

| AAssThrow2: extTA,P,t & ((Val v)| Throw a] = e, s) —e— (Throw a, s)

| AAssThrow3: extTA,P,t & ((Val v)| Val i| :== Throw a :: 'addr expr, s) —e— (Throw a, s)

| ALengthThrow: extTA,P,t & {(Throw a)-length, sy —e— (Throw a, s)

| FAccThrow: extTA,P,t & ((Throw a)-F{D}, s) —e— <Th7’0w a, s)

| FAssThrowl: extTA,P,t - ((Throw a)-F{D}:=eq, s) —e— (Throw a, s)

| FAssThrow2: extTA,P,t = (Val v-F{D}:=(Throw a::'addr expr), s) —e— (Throw a, s)

| CASThrow: extTA,P,t - (Throw a-compareAndSwap(D-F, €2, e8), s) —e— (Throw a, s)

| CASThrow2: extTA,P,t & (Val v-compareAndSwap(D-F, Throw a, e3), s) —e— (Throw a, s)

| CASThrow3: extTA,P,t - (Val v-compareAndSwap(D-F, Val v'; Throw a), s) —e— {Throw a, s)
| CallThrowObj: extTA,P,t & ((Throw a)-M(es), s) —e— (Throw a, s)

| CallThrowParams: | es = map Val vs @ Throw a # es' | = extTA,P,t b {(Val v)-M(es), s) —e—
(Throw a, s)

| BlockThrow: extTA,P,t = ({V:T=vo; Throw a}, s) —e— (Throw a, s)

| SynchronizedThrowl: extTA,P.t - (sync(Throw a) e, sy —e— (Throw a, s)

| Synchronized Throw2: extTA,P,t - (insync(a) Throw ad, s) —{ Unlock—a, SyncUnlock a}}— (Throw
ad, s)

| SeqThrow: extTA,P,t - {(Throw a);;ea, s) —e— (Throw a, s)

| CondThrow: extTA,P,t & (if (Throw a) e else ez, s) —e— (Throw a, s)

| ThrowThrow: extTA,P,t & (throw(Throw a), s) —e— (Throw a, s)

inductive-cases red-cases:
extTA, Pt b (new C, sy —ta— (€', s')
extTA,P,t b (newA TL 1, s) —ta— (e/, s')
extTA,P,;t = (Cast T e, s) —ta— (€', s)
extTA,P,t F (e mstanceof T, s) —ta—> (e'; 8%
extTA,P,t F (e «bop» e’ s) —ta— (e, s’
extTA, Pt = (Var V, s) —ta—> (e, %)
extTA, Pt F (V:=e, s) —ta— (e', s')
extTA, Pt F {(a|i], s) —ta— {(e’, s)
extTA, Pt F (ali] := e, s) —ta—) < s
extTA,P,t & (a-length, s) —ta— (e, s’
extTA,P,t - (e-F{D}, s) —ta—> (e, ’)

extTA,P,t - (e-F{D} := ¢/, s) —ta—> (e”, s

extTA,P,t + (e compareAndSwap(D -F, el e”), sy —ta— (e, s")

extTA,P,t F (e-M(es), s) —ta— (e’, ’)

extTA, Pt F ({ V:T=wo; e}, s) —ta—> (e’, s

extTA,P,t & (sync(o’) e, s) —ta— (e’, s’
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extTA,P,t - (znsync( ) e, 8) —ta—> (e, s
extTA,Pt - (e;;e’, s) —ta—> (e, s

extTA, Pt - (if ( ) el else e2, s> —ta— (e, ')
extTA,P,t - (while (b) e, s ) —ta— (€', s')
extTA,P,t - (throw e, s > —ta— < ")

extTA,P,t - (try e catch(C’ V) e’ s) —ta— (e’ s)

inductive-cases reds-cases:
extTA,P,t - (e # es, s) [—ta—] (es’, s')

abbreviation red’ :
‘addr J-prog = 'thread-id = 'addr expr = ('heap x 'addr locals)
= (‘addr, "thread-id, 'heap) J-thread-action = 'addr expr = ('heap x 'addr locals) = bool
(<"' - ((1<'a/'>) _'_>/ (1<‘a/‘>))> [5170307070’0’0] 81)

where red’ P = red (extTA2J P) P

abbreviation reds’ ::
'addr J-prog = 'thread-id = 'addr expr list = ('heap x 'addr locals)
= (addr, "thread-id, 'heap) J-thread-action = 'addr expr list = ('heap x 'addr locals) = bool
(('7' - ((1<'7/'>) [_'_>]/ (1<'7/'>))> [517010’070’070} 81)

where reds’ P = reds (extTA2J P) P

4.4.1 Some easy lemmas

lemma [iff]:
- extTA, Pt = (Val v, s) —ta— (e’, s')
(proof )

lemma red-no-val [dest]:
[ extTA,P,t+ (e, s) —tas— (e’, s'); is-val e | = False
(proof)

lemma [iff]: = extTA,P,t = (Throw a, s) —ta— (€', s’)
(proof)

lemma reds-map- Val-Throw:
extTA,P,t = (map Val vs @ Throw a # es, s) [—ta—] (es’, s’) +— False
(proof)

lemma reds-preserves-len:
extTA,P,t - (es, s) [—ta—] (es’, s’y = length es’ = length es
(proof)

lemma red-icl-incr: extTA,P;t = (e, s) —ta— (€', s'y = dom (lcl s) C dom (lcl s”)
and reds-lel-incr: extTA,P,t b (es, s) [—ta—] (es’, s’) = dom (lcl s) C dom (lcl s’)
(proof)

lemma red-lcl-add-aux:

extTA,Pt - (e, s) —ta— (e/, s') => extTA,P,t F (e, (hp s, 10 ++ lcl s)) —ta— (&', (hp s’, 10 ++
lel s"))

and reds-lcl-add-auz:

extTA,P,t & (es, s) [—ta—] (es’, s') = extTA,P,t - (es, (hp s, 10 ++ lcl s)) [—ta—] (es’, (hp s, 10
++ lel s))
(proof)
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lemma red-lcl-add: extTA,P,t & (e, (h, 1)) —ta— (&', (h', 1)) = extTA,P,t + (e, (h, 10 ++ 1)) —ta—
(¢, (W, 10 ++ 1)

and reds-lcl-add: extTA,P,t - (es, (h, 1)) [—ta—] (es’, (h', I")) = extTA,P,t b (es, (h, 10 ++ 1))
[—ta—] (es’, (b, 10 ++ 1))
(proof )

lemma reds-no-val [dest]:
[ extTA,P,t & (es, sy [—ta—] (es’, s); is-vals es | = False
(proof)

lemma red-no-Throw [dest!]:
extTA,P,t = (Throw a, sy —ta— (€', s’y = False
(proof)

lemma red-lcl-sub:
[ extTA,P,t - (e, s) —ta— (€', 8); fve C W]
= extTA,P,t - (e, (hp s, (lcl s)|*W)) —ta— (€', (hp s, (lcl s")|‘W))

and reds-lcl-sub:

[ extTA,P,t - (es, s) [—ta—] (es’, s'); fus es C W ]

= extTA,P,t - (es, (hp s, (lcl s)|*W)) [—ta—] (es’, (hp s’, (lcl s")|‘W))
(proof )

lemma red-notfree-unchanged: | extTA,P,t b (e, s) —ta— (e, s"); V¢ fve] = lcls' V. =1lcls V
and reds-notfree-unchanged: [ extTA,P,t & (es, s) [—ta—] (es’, s"); V & fuses]| = lcl s’ V =lcls
14

(proof)

lemma red-dom-lcl: extTA,P,t b (e, s) —ta— (e’, s’y = dom (lcl s”) C dom (lcl s) U fv e
and reds-dom-lcl: extTA,P,t - (es, s) [—ta—] (es’, s’y = dom (lcl s") C dom (lel s) U fus es
(proof)

lemma red-Suspend-is-call:

[ convert-extTA extNTA,P,t = (e, s) —ta— (€', s'); Suspend w € set {tal}y |

= Javs hT Ts Tr D. call ¢’ = |(a, wait, vs)] A typeof-addr (hp s) a = |hT] A P & class-type-of
hT sees wait: Ts— Tr = Native in D

and reds-Suspend-is-calls:

[ convert-extTA extNTA,P,t & (es, s) [—ta—] (es’, s’); Suspend w € set {tal}w |

= davs hT Ts Tr D. calls es’ = |(a, wait, vs)| A typeof-addr (hp s) a = |hT] A P+ class-type-of
hT sees wait: Ts—Tr = Native in D

(proof)
end
context J-heap begin

lemma red-hext-incr: extTA,P,t b (e, s) —ta— (e', s’y = hp s < hp s’
and reds-hext-incr: extTA,P,t - (es, s) [—ta—] (es’, sy = hp s < hp s’

(proof)

lemma red-preserves-tconf: [ extTA,P,t F (e, s) —ta— (e’, s"); P,hp st t \/t ]| = P,hp s'F ¢ \/t
(proof)
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lemma reds-preserves-tconf: [ extTA,P,t & (es, s) [—ta—] (es’, s"); P.hp st \/t] = P,hp s’ ¢
Vi
(proof )

end

4.4.2 Code generation

context J-heap-base begin

lemma RedCall-code:
[ is-vals es; typeof-addr (hp s) a = |hU]; P & class-type-of hU sees M:Ts—T = |(pns,body)| in D;
size es = size pns; size Ts = size pns |
= extTA,P,t b ((addr a)-M(es), s) —e— (blocks (this # pns) (Class D # Ts) (Addr a # map
the-Val es) body, s)

and RedCallEzternal-code:

[ is-vals es; typeof-addr (hp s) a = |hU]; P & class-type-of hU sees M:Ts—T = Native in D;
P,t b {a-M(map the-Val es), hp s) —ta—ext (va, h') ]

= extTA,P,t - ((addr a)-M(es), s) —extTA ta— (extRet2J ((addr a)-M(es)) va, (h', lcl s))

and RedCallNull-code:
is-vals es = extTA,P,t = (null-M (es), s) —e— (THROW NullPointer, s)

and CallThrowParams-code:
is-Throws es = extTA,P,t = ((Val v)-M(es), s) —e— (hd (drop While is-val es), s)

(proof)

end

lemmas [code-pred-intro] =
J-heap-base. RedNew[folded Predicate-Compile.contains-def] J-heap-base. RedNewFail J-heap-base. NewArrayRed

J-heap-base. RedNewArray(folded Predicate-Compile.contains-def]

J-heap-base. RedNewArrayNegative J-heap-base. RedNewArrayFail

J-heap-base. CastRed J-heap-base. RedCast J-heap-base. RedCastFail J-heap-base.Instance OfRed

J-heap-base. RedInstance Of J-heap-base.BinOpRedl J-heap-base. BinOpRed2 J-heap-base. RedBinOp

J-heap-base. Red Bin Op Fuil

J-heap-base. RedVar J-heap-base.LAssRed J-heap-base. RedL Ass

J-heap-base. AAccRedl J-heap-base.AAccRed2 J-heap-base.RedAAccNull

J-heap-base. RedA AccBounds J-heap-base. RedA Acc J-heap-base. AAssRedl J-heap-base. AAssRed2 J-heap-base. A As.

J-heap-base. Red A AssNull J-heap-base. Red A AssBounds J-heap-base. Red A AssStore J-heap-base. RedA Ass
J-heap-base. A LengthRed

J-heap-base. RedA Length J-heap-base. Red A LengthNull J-heap-base. FAccRed J-heap-base. RedFAcc J-heap-base. Redl

J-heap-base. FAssRed1 J-heap-base. FAssRed?2 J-heap-base. RedFAss J-heap-base. RedFAssNull

J-heap-base. CASRed1 J-heap-base. CASRed2 J-heap-base. CASRed3 J-heap-base. CASNull J-heap-base. RedC'ASSucc
J-heap-base. RedCASFail

J-heap-base.CallObj J-heap-base. CallParams

declare
J-heap-base. RedCall-code| code-pred-intro RedCall-code)
J-heap-base. RedCallExternal-code[code-pred-intro RedCallExternal-code)
J-heap-base. RedCallNull-code[code-pred-intro RedCallNull-code]
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lemmas [code-pred-intro] =
J-heap-base. BlockRed J-heap-base. RedBlock J-heap-base.SynchronizedRed1 J-heap-base.Synchronized Null
J-heap-base. LockSynchronized J-heap-base.SynchronizedRed?2 J-heap-base. UnlockSynchronized
J-heap-base.SeqRed J-heap-base. RedSeq J-heap-base. CondRed J-heap-base. RedCondT J-heap-base. RedCondF
J-heap-base. Red While
J-heap-base. ThrowRed

declare
J-heap-base. Red ThrowNull[ code-pred-intro Red ThrowNull')

lemmas [code-pred-intro] =

J-heap-base. TryRed J-heap-base. RedTry J-heap-base. RedTryCatch

J-heap-base. RedTryFail J-heap-base.ListRed1 J-heap-base.ListRed2

J-heap-base. NewArray Throw J-heap-base. Cast Throw J-heap-base.Instance Of Throw J-heap-base. BinOp Throw1
J-heap-base. BinOp Throw2

J-heap-base. LAssThrow J-heap-base. AAccThrowl J-heap-base.AAccThrow2 J-heap-base.AAssThrowl
J-heap-base. A Ass Throw2

J-heap-base. A Ass Throw3 J-heap-base. A Length Throw J-heap-base. FAcc Throw J-heap-base. FAss Throw1
J-heap-base. FAss Throw2

J-heap-base. CASThrow J-heap-base. CASThrow2 J-heap-base. CASThrow3

J-heap-base. Call ThrowObj

declare
J-heap-base. CallThrowParams-code|code-pred-intro CallThrowParams-code]

lemmas [code-pred-intro] =
J-heap-base. BlockThrow J-heap-base.Synchronized Throwl J-heap-base.Synchronized Throw2 J-heap-base.SeqThrow
J-heap-base. Cond Throw

declare
J-heap-base. Throw Throw|code-pred-intro ThrowThrow’)

code-pred

(modes:

J-heap-base.red: i = i => i=i=i=>i=>((=>i=i=>0=>bool)= (i=i=>i{=>i= 0=
bool) = i=i=>i=1i=i= 0= 0= 0= bool

and

J-heap-base.reds: i = i = i=>i=>i=>i=>((i=>i=>i=>0=>bool)= (i=>i=>i=>i= 0=
bool) = i=i=i=1=1= 0= 0= 0= bool)

[detect-switches, skip-proof] — proofs are possible, but take veeerry long

J-heap-base.red

(proof)

end

4.5 Weak well-formedness of Jinja programs

theory WWellForm
imports
../ Common/ WellForm
FExpr
begin
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definition
wwf-J-mdecl :: 'addr J-prog = cname = 'addr J-mb mdecl = bool
where
wwf-J-mdecl P C = \M,Ts, T,(pns,body)).
length Ts = length pns A distinct pns A this ¢ set pns A fu body C {this} U set pns

lemma wwf-J-mdecl[simp]:

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

(length Ts = length pns A distinct pns A this ¢ set pns A fo body C {this} U set pns)(proof)
abbreviation wwf-J-prog :: ‘addr J-prog = bool
where wwf-J-prog == wf-prog wwf-J-mdecl

end

4.6 Well-typedness of Jinja expressions

theory WellType
imports
Expr
State
../ Common/ External Call WF
../ Common/ WellForm
../ Common/SemiType
begin

declare Listn.lesub-list-impl-same-size[simp del]
declare listE-length [simp del]

type-synonym
env = vname — ty

inductive

WT :: (ty = ty = ty = bool) = 'addr J-prog = env = 'addr expr = ty = bool (s-,-,- F - =
(51,51,51,51]50)

and WTs :: (ty = ty = ty = bool) = 'addr J-prog = env = 'addr expr list = ty list = bool

(tcm- b =[] - [51,51,51,51)50)

for is-lub :: ty = ty = ty = bool (xF lwb'((-,/ -))) = - [51,51,51] 50)

and P :: 'addr J-prog
where

WTNew:
is-class P C —>
is-lub,P,E + new C :: Class C

WTNewArray:
[ is-lub,P,E \ e :: Integer; is-type P (T|]) | =
is-lub,P,E - newA T|e] :: T|]

WTCast:
[ is-lub,P,Et+e:: T; P U<TVPEFT<U;istype P U |
— is-lub,P,E + Cast Ue :: U
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| WTInstanceOf:
[ is-lub,P,E*e:: T; P-U<TVPF T < U;istype P U; is-refT U |
= is-lub,P,FE F e instanceof U :: Boolean

| WT'Val:
typeof v = Some T —>
is-lub,P,E F Valv :: T

| WT'Var:
EV = Some T =
is-lub,P,E - Var V .. T

| WTBinOp:
[ is-lub,P,E \- el :: T1; is-lub,P,E+ e2 :: T2; P+ T1«bop»T2 :: T ]
= is-lub,P,FE F el «bopre2 :: T

| WTLAss:
[ EV = SomeT; is-lubP,EFe:: T, PET'<T; V # this]
= is-lub,P,E F V:=e :: Void

| WTAAce:
[ is-lub,P,E + a :: T|]; is-lub,P,E \ i :: Integer |
= is-lub,P,E + a|i] = T

| WTAAss:
[ is-lub,P,E \ a :: T|]; is-lub,P,E \ i :: Integer; is-lub,P,EF e T; P+ T' < T
= is-lub,P,E + a|i] := e :: Void

| WTALength:
is-lub,P,E \ a :: T|] = is-lub,P,E + a-length :: Integer

| WTFAce:
[ is-lub,P,E \ e :: U; class-type-of ' U = | C|; P+ C sees F:T (fm) in D |
= is-lub,P,E + e.F{D} : T

| WT'FAss:

[ is-lub,P,E \ ey :: U; class-type-of ' U = | C]; P+ C sees F:T (fm) in D; is-lub,P,E + e : T'; P
T < T]

= is-lub,P,E - e;-F{D}:=ey :: Void

| WT'CAS:
[ is-lub,P,E \ el :: U; class-type-of ' U = |C|; P+ C sees F:T (fm) in D; volatile fm;
is-lub,P.E+e2 T, P-T'< T;is-lub,P,EFe3:: T"; PET"<T]
= is-lub,P,E + el-compareAndSwap(D-F, e2, e3) :: Boolean

| WTCall:
[ is-lub,P,E \ e :: U; class-type-of ' U = | C|; P+ C sees M:Ts — T = meth in D;
is-lub,P,E + es [:] Ts"; P+ Ts' [<] T ]
= is-lub,P,.E + e-M(es) = T

| WTBlock:

[ is-type P T; is-lub,P,E(V + T)F e:: T'; case vo of None = True | |v| = 3 T"'. typeof v = | T'|
APFT <T]

= is-lub,P,E + {V:T=vo; e} =: T'
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| WT'Synchronized:
[ is-lub,P,E + o' :: T; is-refT T; T # NT; is-lub,P,EF e :: T']
= is-lub,P,E + sync(o’) e :: T’

— Note that insync is not statically typable.

| WTSeq:
[ is-lub,P,E \ ey::Ty; is-lub,P,E - e3::Ts |
= is-lub,P,E - e1;;eq 0 Ty

| WTCond:
[ is-lub,P,E \= e :: Boolean; is-lub,P,E & e1::T1; is-lub,P,E & e::To; b lwb(Ty, Ta) = T ]
= is-lub,P,E + if (e) e1 else eq :: T

| WTWhile:
[ is-lub,P,E \ e :: Boolean; is-lub,P,E & ¢:T ]
= is-lub,P,E \ while (e) c :: Void

| WT'Throw:
[ is-lub,P,E \ e :: Class C; P+ C =* Throwable | =
1s-lub,P,E + throw e :: Void

| WT'Try:
[ is-lub,P,E \ ey :: T; is-lub,P,E(V +— Class C) b ey :: T; P+ C =<* Throwable |
= is-lub,P,E & try ey catch(C V) ey :: T

| WTNil: is-lub,P,E + ] [1] []
| WT'Cons: [ is-lub,P,E \- e :: T; is-lub,P,E - es [::] Ts | = is-lub,P,E - e#es [::] T#Ts

abbreviation WT' :: 'addr J-prog = env = ’addr expr = ty = bool (¢-,-F - - [51,51,51] 50)
where WT' P = WT (TypeRel.is-lub P) P

abbreviation WTs' :: 'addr J-prog = env = ‘addr expr list = ty list = bool («-,-+ - [::] -» [61,51,51]
50)
where WTs' P = WTs (TypeRel.is-lub P) P

declare WT-WTs.intros[introl]

inductive-simps WTs-iffs [iff]:
is-lub’,P,E F [] [::] Ts
is-lub’.P,.E & eftes [::] T#Ts
is-lub’,P,E & e#es [:] Ts

lemma WTs-conv-list-all2:

fixes is-lub

shows is-lub,P,E \ es [::] Ts = list-all2 (WT is-lub P E) es Ts
(proof )

lemma WTs-append [iff]: Nis-lub Ts. (is-lub,P,E - esy Q esy [::] Ts) =
(3 Tsy Tsy. Ts = Tsy @ Tsg A is-lub,P,E t esy [::] Tsy A is-lub,P,E b esa[::] Ts2)
(proof)



inductive-simps WT-iffs [iff]:
is-lub’ P, E+ Valv :: T
is-lub’ P, E+ Var V : T
is-lub’,P,E + e1;;eq i1 T
is-lub’,P,.E - {V:T=vo; e} :: T’

inductive-cases WT-elim-cases[elim!]:
is-lub P E+V :=e: T
is-lub’,P,.E - sync(o’) e :: T
is-lub’,P.E F if (e) e else eg = T
is-lub’,P,E + while (€) ¢ :: T
1s-lub’,P,E  throw e :: T
is-lub’,P,E + try ey catch(C V) eg :: T
is-lub’ . P,E+ Cast De:: T
is-lub’,P,E + e instanceof U :: T
is-lub’,P,E - a-F{D} = T
is-lub’,P,E + a-F{D} :=v = T
is-lub’,P,E + e-compareAndSwap(D-F, e', e'") :: T
is-lub’,P,E = e; «bop» eg :: T
is-lub’ . P,E + new C :: T
is-lub’,P.E F newA T|e] :: T’
is-lub’,P,EF alil =e= T
is-lub’,P.E - a|i] = T
is-lub’,P,E  a-length :: T
is-lub’,P,E  e-M(ps) :: T
is-lub’,P,E + sync(o’) e :: T
is-lub’,P,E + insync(a) e :: T

lemma fixes is-lub :: ty = ty = ty = bool (< Wwb'((-,/ -))) = - [51,51,51] 50)

249

assumes is-lub-unique: NT1 T2 T8 T4. [ F Wwb(T1, T2) = T8; F Wwb(T1, T2) = T4 | = T3 =

T4
shows WT-unique: [ is-lub,P,E + e :: T; is-lub,P,Et+ e T'] = T = T'
and WTs-unique: [ is-lub,P.E + es [:] Ts; is-lub,P,EF es [:] T§' | = Ts = Ts’
(proof)

lemma fixes is-lub
shows wt-env-mono: is-lub,P,E+F e:: T = (ANE'. E C,, E'! = is-lub,P,E'F e :: T)
and wts-env-mono: is-lub,P.E F es [:] Ts = (AE". E C,, B! = is-lub,P,E' F es [::] T5)
(proof )

lemma fixes is-lub
shows WT-fv: is-lub,P. EF e:: T = fuve C dom E
and WT-fus: is-lub,P,E F es [::] Ts = fus es C dom E
(proof)

lemma fixes is-lub
shows WT-expr-locks: is-lub,P.E = e :: T = expr-locks e = (Aad. 0)
and WTs-expr-lockss: is-lub,P,E & es [::] Ts = expr-lockss es = (Aad. 0)
(proof)

lemma
fixes is-lub :: ty = ty = ty = bool (< wb'((-,/ -)) = - [61,51,51] 50)

assumes is-lub-is-type: NT1 T2 T3. [ b lub(T1, T2) = T3; is-type P T1; is-type P T2 | = is-type

P T3
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and wf: wf-prog wf-md P

shows WT-is-type: [ is-lub,P,E - e :: T; ran E C types P | = is-type P T

and WTs-is-type: [ is-lub,P,E & es [::] Ts; ran E C types P | = set Ts C types P
(proof)

lemma

fixes is-lubl :: ty = ty = ty = bool («+1 lub'((-,/ -)") = - [51,51,51] 50)

and is-lub2 :: ty = ty = ty = bool (<F2 lub'((-,/ -)) = - [51,51,51] 50)

assumes wf: wf-prog wf-md P

and is-lubl-into-is-lub2: NT1 T2 T3. [ F1 lwb(T1, T2) = T3; is-type P T1; is-type P T2 | = F2
lb(T1, T2) = T3

and is-lub2-is-type: NT1 T2 T3. [ F2 lub(T1, T2) = T3; is-type P T1; is-type P T2 | = is-type
P T3

shows WT-change-is-lub: [ is-lubl ,P,E \ e :: T; ran E C types P | = is-lub2,P,EtF e :: T

and WTs-change-is-lub: [ is-lubl,P.E & es [::] Ts; ran E C types P | = is-lub2,P.E + es [::] Ts
(proof)

4.6.1 Code generator setup

lemma WTBlock-code:
Nis-lub. [ is-type P T; is-lub,P,E(V — T)F e T
case vo of None = True | |v| = case typeof v of None = Fualse | Some T'= P+ T'< T]
= is-lub,P,E+ {V:T=vo; e} :: T'
(proof )

lemmas [code-pred-intro] =
WTNew WTNewArray WTCast WTInstanceOf WT'Val WTVar WTBinOp WTLAss WTAAcc WTA Ass
WTALength WTFAcc WTFAss WTCAS WTCall
declare
WTBlock-code [code-pred-intro WTBlock']
lemmas [code-pred-intro] =
WTSynchronized WTSeq WTCond WTWhile WTThrow WTTry
WTNil WTCons

code-pred
(modes:
(i=1i= 0= bool) = i= 1= i= 0= bool,
(i=1i= 0= bool) = i=1i=1i= i= bool)
[detect-switches, skip-proof]
wT

(proof)

inductive is-lub-sup :: 'm prog = ty = ty = ty = bool
for PT1 T2 T3
where

sup P T1 T2 = OK T8 = is-lub-sup P T1 T2 T3

code-pred
(modes: i = i = i = 0= bool, i = i = 1= 1= bool)
is-lub-sup

(proof)

definition WT-code :: 'addr J-prog = env = 'addr expr = ty = bool («-,-+ - "' - [51,51,51] 50)
where WT-code P = WT (is-lub-sup P) P
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definition WTs-code :: 'addr J-prog = env = ‘addr expr list = ty list = bool (<-,- F - [:1"] -

[61,51,51] 50)
where WTs-code P = WTs (is-lub-sup P) P

lemma assumes wf: wf-prog wf-md P
shows WT-code-into-WT:
[P,EFe:' T;ran E Ctypes P] = P, EF e T

and WTs-code-into- WTs:
[ P.EF es|[:] Ts; ran E C types P = P,E + es [:] Ts
(proof)

lemma assumes wf: wf-prog wf-md P
shows WT-into-WT-code:
[PEFe:T;ran E CtypesP] = P, EF e’ T

and WT-into-WTs-code-OK:
[ P,EF es|:] Ts; ran E C types P | = P,E & es [::] Ts
(proof)

theorem WT-eq-WT-code:
assumes wf-prog wf-md P
and ran E C types P
shows PEF e T+ PEFe' T

(proof)

code-pred
(modes: i = i =i = 1= bool, i = i = i = 0= bool)
[inductify]
WT-code

(proof)

code-pred
(modes: i = i = 1= 1= bool, i = i = i = 0= bool)
[inductify]
WTs-code

(proof)

end

4.7 Definite assignment

theory DefAss
imports

Ezpr
begin

4.7.1 Hypersets

type-synonym ’a hyperset = 'a set option

definition hyperUn :: 'a hyperset = 'a hyperset = 'a hyperset

where

(infixl <L 65)
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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
| |A] = (case B of None = |A] | |B] = |A N BJ)

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 <C» 50)
where
A C B = case B of None = True
| |B] = (case A of None = Fulse | |A] = A C B)

lemmas hyperset-defs =
hyperUn-def hyperInt-def hyperDiff1-def hyper-isin-def hyper-subset-def

lemma [simp]: [{}] UA=A4 AN AU [{}] = A{proof)
lemma [simp]: |A] U |B| = [AU B] A [A] © a = [A = {a}](proof)
lemma [simp]: None LU A = None A A U None = None(proof)

J:

lemma [simp]: a €€ None A None © a = None(proof)

lemma hyperUn-assoc: (AU B) U C = A U (B U C){proof)

lemma hyper-insert-comm: A U |{a}] = [{a}] U AN AU ([{a}] UB) = |{a}| U (AU B){proof)
lemma sqSub-mem-lem [elim]: [ AC A a €€ A] = a €€ 4’

(proof)

lemma [iff]: A C None
(proof)

lemma [simp]: AC A

(proof )

lemma [iff]: |[A| C |B] +— ACB
(proof)

lemma sqUn-lem2: AC A’=— BUAC BU A’

(proof)

lemma sqSub-trans [trans, intro]: [ AC B; BC C ] = ALC C

(proof)

lemma hyperUn-comm: AU B =B U A
(proof)

lemma hyperUn-leftComm: AU (BU C) =B U (AU C)
(proof)
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lemmas hyperUn-ac = hyperUn-comm hyperUn-leftComm hyperUn-assoc

lemma [simp]: |{}] U B =B
(proof)

lemma [simp]: [{}] E A

(proof)

lemma sqlnt-lem: AC A'’=— ANBC A'MN B
(proof)

4.7.2 Definite assignment

primrec A :: (‘a,’b,’addr) exp = 'a hyperset
and As :: (‘a,’d,’addr) exp list = 'a hyperset
where
A (new C) = [{})
newA Tle]) =Ae
Cast Ce) =Ae
=Ae

(

(

(e instanceof T)
(Val v) = [{}]
(e1 «bopy e3) = A ep U A ey
(Var V) = [{}]

( “ VI UAe
(ali]) =AalU A

(alf] =e)=AaUAiUAe
(a-length) = A a
(eeF{D})=Ae

( F{D} —62) A e U A €9
(el compareAndSwap(D-F, e2, e3)) = Ael U Ae2 U A e8
(eeM(es)) = A el As es

{V:T=vo;e}) =Aec V

(syncy (o ) e)=Ao'UAe

(insyncy (a) e) = A e

(e13;62) = A eg U A e

(if (e) e1 else ea) = Ael (A e M A eg)

(while (b) ¢) = A b

(throw e) = None

(

try e1 catch(C V) es) = AesM(Aex V)

»

(= {3
s (eftes) = A el As es

s 1111111111111111111111

primrec D :: (‘a,’b,’addr) exp = 'a hyperset = bool
and Ds :: (‘a,’d,’addr) exp list = 'a hyperset = bool
where
D (new C) A = True
| D (newA Tle]) A=DeA
| D (Cast Ce) A=D e A
| D (e instanceof T) =D e
| D (Val v) A = True
| D (e1 «bop» e2) A= (D eg AND ea (AU A e1))
| D (Var V) A = (V €€ A)
| D (LAss Ve) A=DeA
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(ali]) A=(DaAANDi(AUAa))

(alil =e) A=DaAANDi(AUAa) ADe(AUAal Aj))

(alength)y A=Da A

(e.F{D}) A=DeA

( F{D}—@g)A—(D@lA/\DGQ(AUAel))

(61 compareAndSwap(D-F, e2, e3)) A= (Del ANDe2 (AUAel)ANDe3 (AUAel UA

~—

(eeM(es)) A= (D eANDses (AU Ae))

{V:T=wo; e}) A = (if vo = None then D e (A S V) else D e (AU |{V}]))
(syncy (o ) e) A=(D o' ANDe (AU A0

(msyncv() e) A=Ded

(61,,62) (D e1r ANTD eg (A LA 61))

(if (e)erelsees) A=(DeANDer (AUAe)AD ey (AU Ace))

(while (e) ¢) A= (D eANDc (AU Ae)

(throwe) A=DeA

(try ep catch(C V) ea) A= (D et AND e (AU [{V}])

- (g ——

s([]) A = True
s (e#es) A=(DeANDses (AU Ae))

vl @@@@@@@@@E@@@@@@

lemma As-map-Val[simp]: As (map Val vs) = [{}]{proof)
lemma As-append [simp]: As (zs Q ys) = (As zs) U (As ys)
(proof)

lemma Ds-map-Val[simp]: Ds (map Val vs) A{proof)
lemma D-append[iff]: NA. Ds (es @ es’) A = (Ds es A A Ds es’ (AU As es)){proof)

lemma fixes ¢ :: (‘a,’b,’addr) exp and es :: (‘a,’b,’addr) exp list
shows A-fv: NA. Ae=|A] = AC fve
and AA. Ases=[A] = A C fuses

(proof)

lemma sqUn-lem: AC A’ = AU BLC A’"U B{proof)
lemma diff-lem: AC A’=— A S bC A’ © b(proof)

lemma fixes e :: (‘a, 'b, ‘addr) exp and es :: (‘a, b, ‘addr) exp list
shows D-mono: NAA AC A= DeA= DeA
and Ds-mono: NA A’ AC A’ = Ds es A = Ds es A'{proof)

lemma D-mono" De A= AC A'= D e A’

and Ds-mono”: Ds es A = A C A’ = Ds es A'(proof)
declare hyperUn-comm. [simp]

declare hyperUn-leftComm [simp]

end

4.8 Well-formedness Constraints

theory JWellForm

imports
WWellForm
WellType
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DefAss
begin

definition wf-J-mdecl :: 'addr J-prog = cname = 'addr J-mb mdecl = bool
where

wf-J-mdecl P C = A(M,Ts,T,(pns,body)).

length Ts = length pns A

distinct pns N

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[simp]:
wf-J-mdecl P C (M, Ts,T,pns,body) =
(length Ts = length pns A
distinct pns A
this ¢ set pns A
(3 T'. P,[this— Class C,pns[—]|Ts] - body :: T'"N P+ T'< T) A
D body |{this} U set pns|){proof)

abbreviation wf-J-prog :: 'addr J-prog = bool
where wf-J-prog == wf-prog wf-J-mdecl

lemma wf-mdecl-wwf-mdecl: wf-J-mdecl P C Md = wwf-J-mdecl P C Md{proof){proof ) {proof ) (proof ) {proof ) {proof ) ( ML)

4.9 The source language as an instance of the framework

theory Threaded
imports
SmallStep
JWellForm
../ Common/ ConformThreaded
../ Common/ External CallWF
../ Framework / FWLiftingSem
../ Framework/ F WProgressAuz
begin

context heap-base begin — Move to 77 - also used in BV

lemma wset-Suspend-ok-start-state:
fixes final r convert-RA
assumes start-state f P C M vs € 1
shows start-state f P C M vs € multithreaded-base.wset-Suspend-ok final r convert-RA 1

(proof)

end

abbreviation final-expr :: ‘addr expr x ’addr locals = boolwhere
final-expr = A(e, x). final e

lemma final-locks: final e = expr-locks e | = 0

(proof)
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context J-heap-base begin

abbreviation mred
i 'addr J-prog = (‘addr, 'thread-id, 'addr expr X ’addr locals, 'heap, 'addr, (‘addr, 'thread-id)
obs-event) semantics

where
mred Pt = (M(e, 1), h) ta ((e/, "), h'). Pt + (e, (h, 1)) —ta— (€', (R', 1))

lemma red-new-thread-heap:

[ convert-extTA extNTA,P,t - (e, s) —ta— (€', s’); NewThread t"" ex’" h'" € set {tal}; | = h" =
hp s’

and reds-new-thread-heap:

[ convert-extTA extNTA,P,t b (es, s) [—ta—] (es’, s”); NewThread t" ez’ h'' € set {tal}; | = h”
= hp s’
(proof)

lemma red-ta- Wakeup-no-Join-no-Lock-no-Interrupt:
[ convert-extTA extNTA,P,t - (e, s) —ta— (e, s'); Notified € set {ta}w vV WokenUp € set {taltw ]
= collect-locks {tal}; = {} N collect-cond-actions {talc = {} A collect-interrupts {tal; = {}
and reds-ta- Wakeup-no-Join-no-Lock-no-Interrupt:
[ convert-extTA extNTA,P,t+ (es, s) [—ta—] (es’, s'); Notified € set {ta}y V WokenUp € set {talty

]

= collect-locks {tal}; = {} N collect-cond-actions {talfc = {} A collect-interrupts {tal; = {}
(proof)

lemma final-no-red:
final e = = Pt (e, (h, 1)) —ta— (e, (h', I"))
(proof)

lemma red-mthr: multithreaded final-expr (mred P)

(proof )
end

sublocale J-heap-base < red-mthr: multithreaded
final-expr
mred P
convert-RA
for P

(proof)
context J-heap-base begin

abbreviation
mredT ::
‘addr J-prog = ('addr,thread-id,’addr expr x 'addr locals,’heap,’addr) state
= ("thread-id x (‘addr, 'thread-id, 'addr expr x 'addr locals,’heap) Jinja-thread-action)
= ('addr,'thread-id,’addr expr x 'addr locals,’heap,’addr) state = bool
where
mredT P = red-mthr.redT P

abbreviation
mredT-syntax :: 'addr J-prog = ('addr,’thread-id,’addr expr x 'addr locals,’heap,’addr) state
= "thread-id = (‘addr, 'thread-id, 'addr expr X 'addr locals,’heap) Jinja-thread-action
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= (‘addr,thread-id,’addr expr x 'addr locals,’heap,’addr) state = bool
(- F - - - [50,0,0,0,50] 80)
where
mredT-syntaxl P st ta s’ = mredT P s (t, ta) s’

abbreviation
mRedT-syntazxl ::
"addr J-prog
= ('addr,'thread-id,’addr expr x ’addr locals,’heap,’addr) state
= ("thread-id x (‘addr, "thread-id, 'addr expr x 'addr locals,’heap) Jinja-thread-action) list
= ('addr,'thread-id,’addr expr x 'addr locals,’heap,’addr) state = bool
(- F - —>-—x - [50,0,0,50] 80)
where
P+ s —p>ttas—+ s’ = red-mthr.RedT P s ttas s’

end
context J-heap begin

lemma redT-hext-incr:
PF s —trta— s' = shr s < shr s’

(proof)

lemma RedT-hext-incr:
assumes P F s —>tta—* s
shows shr s < shr s’

(proof)

/

end

4.9.1 Lifting tconf to multithreaded states

context J-heap begin

lemma red-NewThread- Thread-Object:
[ convert-extTA extNTA,P.t t (e, s) —ta— (€', s"); NewThread t' x m € set {tal; ]
= 3 C. typeof-addr (hp s') (thread-id2addr t') = | Class-type C| N P+ C =<* Thread
and reds-NewThread- Thread-Object:
[ convert-extTA extNTA,P,t & (es, sy [—ta—] (es’, s); NewThread t' x m € set {tal; |
= 3 C. typeof-addr (hp s') (thread-id2addr t') = | Class-type C| N P = C <* Thread

(proof)

lemma lifting-wf-tconf:
lifting-wf final-expr (mred P) (At ex h. P,h Bt \/t)
(proof)

end

sublocale J-heap < red-tconf: lifting-wf final-expr mred P convert-RA At ex h. P.h F t \/t
(proof)
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4.9.2 Towards agreement between the framework semantics’ lock state and
the locks stored in the expressions

primrec sync-ok :: (‘a,’d,’addr) exp = bool
and sync-oks :: (‘a,’d,’addr) exp list = bool
where
sync-ok (new C) = True
| sync-ok (newA TL 1) = sync-ok i
| sync-ok (Cast T e) = sync-ok e
| sync-ok (e instanceof T) = sync-ok e
| sync-ok (Val v) = True
| sync-ok (Var v) = True
| sync-ok (e «bop» e’) = (sync-ok e A sync-ok e’ A\ (contains-insync e’ — is-val e))
| sync-ok (V := e) = sync-ok e
| sync-ok (al|i]) = (sync-ok a N sync-ok i A (contains-insync i — is-val a))
| sync-ok (AAss a i €) = (sync-ok a N sync-ok i A\ sync-ok e A (contains-insync i — is-val a) A
(contains-insync e — is-val a A is-val 1))
| sync-ok (a-length) = sync-ok a
| sync-ok (e-F{D}) = sync-ok e
| sync-ok (FAss e F D e') = (sync-ok e A sync-ok e’ A\ (contains-insync e/ — is-val e))
| sync-ok (e-compareAndSwap(D-F, e', e'')) = (sync-ok e N\ sync-ok e’ A sync-ok e’’ A\ (contains-insync
e/ — is-val e) A (contains-insync e’ — is-val e A is-val e’))
| sync-ok (e:m(pns)) = (sync-ok e A sync-oks pns A (contains-insyncs pns — is-val €))

| sync-ok ({V : T=wo; e}) = sync-ok e
| sync-ok (syncy (o') e) = (sync-ok o’ A = contains-insync e)
| sync-ok (insyncy (a) e) = sync-ok e
| sync-ok (e;;e’) = (sync-ok e A = contains-insync e’)
| sync-ok (if (b) e else e') = (sync-ok b A = contains-insync e A = contains-insync e’)
| sync-ok (while (b) e) = (— contains-insync b A — contains-insync e)
| sync-ok (throw e) = sync-ok e
(

| sync-ok (try e catch(C v) e') = (sync-ok e A = contains-insync e’)
| sync-oks [| = True
| sync-oks (z # xs) = (sync-ok © A sync-oks xs A (contains-insyncs xs — is-val x))

lemma sync-oks-append [simp]:

sync-oks (xs @ ys) +— sync-oks xs A sync-oks ys N (contains-insyncs ys — (Jvs. zs = map Val
vs))
(proof )

lemma fixes e :: (‘a,’b,’addr) exp and es :: (‘a,’b,’addr) exp list
shows not-contains-insync-sync-ok: — contains-insync e = sync-ok e
and not-contains-insyncs-sync-oks: - contains-insyncs es => sync-oks es

(proof)

lemma expr-locks-sync-ok: (\ad. expr-locks e ad = 0) = sync-ok e
and expr-lockss-sync-oks: (N\ad. expr-lockss es ad = 0) = sync-oks es

(proof)

lemma sync-ok-extRet2J [simp, intro!]: sync-ok e = sync-ok (extRet2J e va)

(proof)

abbreviation
sync-es-ok :: ('addr,'thread-id,('a,’d,’addr) expx’c) thread-info = 'heap = bool
where
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sync-es-ok = ts-ok (At (e, ) m. sync-ok e)

lemma sync-es-ok-blocks [simp]:
[ length pns = length Ts; length Ts = length vs | = sync-ok (blocks pns Ts vs e) = sync-ok e
(proof)

context J-heap-base begin

lemma assumes wf: wf-J-prog P
shows red-preserve-sync-ok: | extTA,P,t b (e, s) —ta— (€', s'); sync-ok e | = sync-ok e’
and reds-preserve-sync-oks: | extTA,P,t b (es, s) [—ta—] (es’, 87); sync-oks es | = sync-oks es’

(proof)

lemma assumes wf: wf-J-prog P
shows expr-locks-new-thread:
[ Ptk (e, s) —ta— (€', s"y; NewThread t"' (e, ') h € set {tal}; | = expr-locks e’ = (Aad. 0)

and expr-locks-new-thread’:
[ P,tF (es, s) [—ta—] (es’, s"y; NewThread t"' (e, x'') h € set {tal}y | = expr-locks ¢’ = (Aad. 0)
(proof)

lemma assumes wf: wf-J-prog P

shows red-new-thread-sync-ok: [ P,t - (e, s) —ta— (€', s); NewThread t"' (e", ') h"" € set {ta};
] = sync-ok e

and reds-new-thread-sync-ok: [ P,t - (es, s) [—ta—] (es’, s”); NewThread t" (e", z'") h'' € set {tal}y
] = sync-ok e”

(proof)

lemma lifting-wf-sync-ok: wf-J-prog P = lifting-wf final-expr (mred P) (At (e, x) m. sync-ok e)
(proof)

lemma redT-preserve-sync-ok:

assumes red: P+ s —i>ta— s’

shows [ wf-J-prog P; sync-es-ok (thr s) (shr s) | = sync-es-ok (thr s’) (shr s’)
(proof)

lemma RedT-preserves-sync-ok:
[wf-J-prog P; P & s —>ttas—x s'; sync-es-ok (thr s) (shr s)]
= sync-es-ok (thr s’) (shr s’)

(proof)

lemma sync-es-ok-J-start-state:
[ wf-J-prog P; P+ C sees M:Ts— T=|(pns, body)| in D; length Ts = length vs |
= sync-es-ok (thr (J-start-state P C M vs)) m

(proof )

end

Framework lock state agrees with locks stored in the expression

definition lock-ok :: (‘addr,thread-id) locks = ('addr,’thread-id,('a, 'b,’addr) exp x 'z) thread-info
= bool where
NAin. lock-ok Is ts = V. (case (ts t) of None = (V1. has-locks (Is $ 1) t = 0)
| |((e, z), In)| = (V1. has-locks (Is $ 1) t + In $ | = expr-locks e 1))
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lemma lock-okI:
[ Atl. tst = None = has-locks (Is$ 1) t = 0; ANt exinl tst = |((e, x), In)| = has-locks (Is $
1)t + In$ I= expr-locks e | | = lock-ok Is ts

(proof)

lemma lock-okE:
[ lock-ok Is ts;
Vi. ts t = None — (V1. has-locks (Is $ 1) t = 0) = @Q;
Viexin. tst = [((e, x), In)] — (V1. has-locks (Is$ 1) t + In $ | = expr-locks e ) = Q ]
= @

(proof)

lemma lock-0kD1:
[ lock-ok Is ts; ts t = None | = V1. has-locks (Is $ 1) t = 0

(proof)

lemma lock-0kD2:
Aln. [ lock-ok s ts; ts t = |((e, x), In)] | = V1. has-locks (Is $ 1) ¢t + In $ | = expr-locks e

(proof)

lemma lock-ok-lock-thread-ok:
assumes lock: lock-ok Is ts
shows lock-thread-ok Is ts

(proof)

lemma (in J-heap-base) lock-ok-J-start-state:
[ wf-J-prog P; P+ C sees M:Ts— T=|(pns, body)| in D; length Ts = length vs |
= lock-ok (locks (J-start-state P C' M vs)) (thr (J-start-state P C M vs))
(proof )

4.9.3 Preservation of lock state agreement

fun upd-expr-lock-action :: int = lock-action = int
where
upd-expr-lock-action © Lock = i + 1
| upd-expr-lock-action i Unlock = i — 1
| upd-expr-lock-action ¢ UnlockFail = i
| upd-expr-lock-action i ReleaseAcquire = i

fun upd-expr-lock-actions :: int = lock-action list = int where
upd-expr-lock-actions n [| = n
| upd-expr-lock-actions n (L # Ls) = upd-expr-lock-actions (upd-expr-lock-action n L) Ls

lemma upd-expr-lock-actions-append [simp]:
upd-expr-lock-actions n (Ls @ Ls') = upd-expr-lock-actions (upd-expr-lock-actions n Ls) Ls

(proof)

/

definition upd-expr-locks :: ('l = int) = 'l lock-actions = 'l = int
where upd-expr-locks els las = Al. upd-expr-lock-actions (els 1) (las $ 1)

lemma upd-expr-locks-iff [simp]:
upd-expr-locks els las | = upd-expr-lock-actions (els 1) (las $ 1)
(proof)
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lemma upd-expr-lock-action-add [simp]:
upd-expr-lock-action (I + 1) L = upd-expr-lock-action | L + 1’
(proof)

lemma upd-expr-lock-actions-add [simp]:
upd-expr-lock-actions (I + 1) Ls = upd-expr-lock-actions | Ls + 1’
(proof)

lemma upd-expr-locks-add [simp]:
upd-expr-locks (Aa. z a + y a) las = (A\a. upd-expr-locks z las a + y a)
(proof )

lemma ezpr-locks-extRet2J [simp, introl]: expr-locks e = (Aad. 0) = expr-locks (extRet2J e va) =
(Aad. 0)

(proof)

lemma (in J-heap-base)
assumes wf: wf-J-prog P
shows red-update-expr-locks:
[ convert-extTA extNTA,P,t b (e, s) —ta— (€', 8'); sync-ok e |
= upd-expr-locks (int o expr-locks e) {tal}; = int o expr-locks e’
and reds-update-expr-lockss:
[ convert-extTA extNTA,P,t & (es, s) [—ta—] (es', s’); sync-oks es |
= upd-expr-locks (int o expr-lockss es) {ta}; = int o expr-lockss es’
(proof)

definition lock-expr-locks-ok :: 't FWState.lock = 't = nat = int = bool where
lock-expr-locks-ok 1 t n i = (i = int (has-locks 1 t) + int n) A i > 0

lemma upd-lock-upd-expr-lock-action-preserve-lock-expr-locks-ok:

assumes lao: lock-action-ok |t L

and lelo: lock-expr-locks-ok It n i

shows lock-expr-locks-ok (upd-lock It L) t (upd-threadR n 1t L) (upd-expr-lock-action i L)
(proof)

lemma upd-locks-upd-expr-lock-preserve-lock-expr-locks-ok:

[ lock-actions-ok | t Ls; lock-expr-locks-ok 1 t n i |

= lock-expr-locks-ok (upd-locks 1t Ls) t (upd-threadRs n It Ls) (upd-expr-lock-actions i Ls)
(proof)

definition Is-els-ok :: ("addr,’thread-id) locks = 'thread-id = ('addr =f nat) = ('addr = int) = bool
where
Nin. ls-els-ok Is t In els = V1. lock-expr-locks-ok (Is $ 1) t (In $ 1) (els I)

lemma Is-els-okl:
Aln. (AL lock-expr-locks-ok (Is $ 1) t (In $ 1) (els 1)) = Is-els-ok ls t In els

(proof)

lemma Is-els-okE:
Nin. [ Is-els-ok Is t In els; ¥ 1. lock-expr-locks-ok (Is $ 1) t (In$1) (elsl) = P | = P
(proof)

lemma Is-els-okD:



262

Aln. ls-els-ok Is t In els = lock-expr-locks-ok (Is $ 1) t (In $ 1) (els 1)
(proof)

lemma red T-updLs-upd-expr-locks-preserves-ls-els-ok:
Nin. [ Is-els-ok ls t In els; lock-ok-las ls t las |
= Is-els-ok (redT-updLs ls t las) t (redT-updLns ls t In las) (upd-expr-locks els las)

(proof)

lemma sync-ok-red T-updT"
assumes sync-es-ok ts h
and nt: At ez h'. ta = NewThread t (e, x) h"' = sync-ok e
shows sync-es-ok (redT-updT ts ta) h'

(proof)

lemma sync-ok-redT-updTs:
[ sync-es-ok ts h; A\t e x h. NewThread t (e, z) h € set tas => sync-ok e ]
= sync-es-ok (redT-updTs ts tas) h'

(proof)

lemma lock-ok-thr-updl:
Aln. [ lock-ok s ts; ts t = |((e, xs), In)|; expr-locks e = expr-locks e’ ]
= lock-ok Is (ts(t — ((e’, zs’), In)))

(proof )

context J-heap-base begin

lemma redT-preserves-lock-ok:
assumes wf: wf-J-prog P
and P F s —t>ta— s’
and lock-ok (locks s) (thr s)
and sync-es-ok (thr s) (shr s)
shows lock-ok (locks s’) (thr s')

(proof)

lemma invariant3p-sync-es-ok-lock-ok:

assumes wf: wf-J-prog P

shows invariant3p (mredT P) {s. sync-es-ok (thr s) (shr s) A lock-ok (locks s) (thr s)}
(proof)

lemma RedT-preserves-lock-ok:
assumes wf: wf-J-prog P
and Red: Pt s —>ttas—x s’
and ae: sync-es-ok (thr s) (shr s)
and loes: lock-ok (locks s) (thr s)
shows lock-ok (locks s’) (thr s')

(proof)

end

4.9.4 Determinism

context J-heap-base begin
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lemma
fixes final
assumes det: deterministic-heap-ops
shows red-deterministic:
[ convert-extTA extTA,P,t \- (e, (shr s, xs)) —ta— (e’, s);
convert-extTA extTA,P,t & (e, (shr s, zs)) —ta’'— (e”, s"');
final-thread.actions-ok final s t ta; final-thread.actions-ok final s t ta’]
= ta=ta’' Ne ' =e" Ns' =s"
and reds-deterministic:
[ convert-extTA extTA,P,t \- (es, (shr s, xs)) [—ta—] (es’, s'};
convert-extTA extTA,P,t & (es, (shr s, xs)) [—ta'—] (es”, s"');
final-thread.actions-ok final s t ta; final-thread.actions-ok final s t ta’]
= ta=1ta' Nes’'=es"" Ns' =s"
(proof)

lemma red-mthr-deterministic:
assumes det: deterministic-heap-ops
shows red-mthr.deterministic P UNIV

(proof )
end

end

4.10 Runtime Well-typedness

theory WellTypeRT
imports

WellType

JHeap
begin

context J-heap-base begin

inductive WTrt :: ‘addr J-prog = 'heap = env = 'addr expr = ty = bool
and WTrts :: ‘addr J-prog = 'heap = env = ’addr expr list = ty list = bool
for P :: 'addr J-prog and h :: 'heap
where

WTrtNew:
is-class P C = WTrt P h E (new C) (Class C)

WTrtNewArray:
[ WTrt P h E e Integer; is-type P (T|]) |
= WTrt Ph E (newA Tle]) (T]])

WTrtCast:
[ WIrt Ph Ee T; is-type P U | = WTrt Ph E (Cast Ue) U

WTrtInstanceOf:
[ WIrt Ph E e T; is-type P U ]| = WTrt P h E (e instanceof U) Boolean

WTrtVal:
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typeofy, v = Some T = WTrt Ph E (Valv) T

| WTrtVar:
EV =Some T = WIrt PhE (Var V) T

| WTrtBinOp:
| WIrt Ph E el T1; WIrt Ph E e2 T2; P+ T1«bop»T2 : T ]
= WTrt Ph E (el «bop» e2) T

| WTrtLAss:
[EV =SomeT; WIrt PhEeT; P-T'<T]
= WTrt Ph E (V:=e) Void

| WTrtAAcc:
Il WIrt Ph Ea (T[]); WIrt P h E i Integer |
= WTrt Ph E (ali]) T

| WTrtAAceNT:
[ WIrt Ph E a NT; WTrt P h E i Integer |
— WTrtPhE (ali]) T

| WTrtAAss:
[ WIrt Ph Ea (T[]); WIrt P h E i Integer; WIrt Ph E e T']
= WTrt P h E (a|i] := e) Void

| WTrtAAssNT:
Il WIrt Ph EaNT; WIrt Ph E i Integer; WIrt Ph Ee T']
= WTrt Ph E (a|i] =€) Void

| WTrtALength:
WTrt Ph E o (T|]) = WTrt P h E (a-length) Integer

| WTrtALengthNT:
WTrt Ph Ea NT = WTrt P h E (a-length) T

| WTrtFAce:
[ WIrt P h E e U; class-type-of ' U = |C|; P+ Chas F:T (fm) in D | =
WTrt Ph E (e.F{D}) T

| WTrtFAceNT:
WTrt PhEe NI = WTrt Ph E (e.F{D}) T

| WTrtFAss:

[ WIrt P h E el U; class-type-of' U = |C]; P+ Chas F:T (fm) in D; WTrt P h E e2 T2; P
-T2 < T

= WTrt Ph E (el-F{D}:=e2) Void

| WTrtFAssNT:
[ WIrt Ph E el NT; WTrt Ph E e2 T2 ]
= WTrt Ph E (el-F{D}:=e2) Void

| WTrtCAS:
[ WTrt P h E el U; class-type-of ' U = |C|; P+ C has F:T (fm) in D; volatile fm;
WIrt PhEe2 T2 P+ T2 < T; WIrt PhEe3 T3; P+ T3 < T ]
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= WTrt P h E (el-compareAndSwap(D-F, e2, e3)) Boolean

| WTrtCASNT:
| WIrt Ph E el NT; WTrt Ph E e2 T2; WIrt Ph E e3 T3 |
= WTrt P h E (el-compareAndSwap(D-F, e2, e3)) Boolean

| WTrtCall:
[ WTrt P h E e U; class-type-of ' U = | C|; P+ C sees M:Ts — T = meth in D;
WTrts Ph Ees Ts'; P+ Ts' [<] Ts ]
= WTrt Ph E (eM(es)) T

| WTrtCallNT:
[ WIrt Ph E e NT; WTrts Ph E es Ts |
= WTrt Ph E (eM(es)) T

| WTrtBlock:
[ WIrt Ph (E(V—T)) e T’ case vo of None = True | |v] = 3T typeofy, v=|T'| NP+ T’
< T]
= WITrt Ph E {V:T=vo; e} T'

| WTrtSynchronized:
[ WTrt Ph E o' T; is-refT T; WIrt Ph Ee T']
= WTrt P h E (sync(o’) e) T’

WTrtInSynchronized:
[ WTrt Ph E (addr a) T; WTrt Ph Ee T']
= WTrt P h E (insync(a) e) T’

WTrtSeq:
[ WIrt Ph E el T1; WIrt Ph E e2 T2 |
= WTrt Ph E (el;;e2) T2

WTrtCond:
[ WTrt P h E e Boolean; WTrt Ph E el T1; WIrt Ph E e2 T2; P+ lub(T1, T2) = T |
= WTrt Ph E (if (e) el else e2) T

WTrt While:
[ WIrt Ph E e Boolean; WTrt Ph E ¢ T ]
= WTrt P h E (while(e) ¢) Void

WTrtThrow:
[ WIrt Ph Ee T; P+ T < Class Throwable |
= WTrt P h E (throw e) T’

WTrtTry:
[ WIrt Ph E el T1; WIrt Ph (E(V — Class C)) e2 T2; P+ T1 < T2 ]
= WTrt P h E (try el catch(C V) e2) T2

WTrtNil: WTrts P h E [] ]

WTrtCons: | WIrt Ph E e T; WTrts Ph Ees Ts | = WTrts Ph E (e # es) (T # T5)

abbreviation
WTrt-syntaz :: 'addr J-prog = env = ’heap = 'addr expr = ty = bool (¢-,-,-F -: - [51,51,51]50)
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where
PEhFe: T=WIDIrtPhEeT

abbreviation

WTrts-syntaz :: 'addr J-prog = env = 'heap = 'addr expr list = ty list = bool (¢-,-,- F - [}] -
(51,51,51]50)
where

PEht es[:] Ts= Wirts Ph E es Ts

lemmas [introl] =
WTrtNew WTrtNewArray WTrtCast WrtinstanceOf WTrtVal WTrtVar WTrtBinOp WTrtLAss
WTrtBlock WTrtSynchronized WTrtInSynchronized WTrtSeq WTrtCond WTrtWhile
WTrtThrow WTrtTry WTrtNil WTrtCons

lemmas [intro] =
WTrtFAce WTrtFAccNT WTrtFAss WTrtFAssNT WTrtCall WTrtCalINT
WTrtAAce WTrtAAceNT WTrtAAss WTrtAAssNT WTrtALength WTrtALengthNT

4.10.1 Easy consequences

inductive-simps WTrts-iffs [iff]:
P.EhF ) [:] Ts
P,E bt eftes || T#Ts
P,E.h b (e#tes) [}] Ts

lemma WTrts-conv-list-all2: P,E.h t es [:] Ts = list-all2 (WTrt P h E) es Ts
(proof)

lemma [simp]: (P,E.h F es; @ esy [}] Ts) =
(3Tsy Tsy. Ts = Tsy @ Tso A P,Eh F esy ] Tsy & P,E,h b esaf:] Ts2)
(proof )

inductive-simps WTrt-iffs [iff]:
PEhtE Valv: T
PEhtE Varov: T
P ERLF er5e0 0 To
P.Eh+ {V:T=vo; e} : T’

inductive-cases WTrt-elim-cases[elim!]:
P,E.h b newA T|i] : U
PEhRFv:i=e: T
P.Ehtif (e) eg else ey : T
P,E h \- while(e) ¢: T
P,EhF throwe: T
P,E b+ try eq catch(C V) ex: T
PEhE Cast De: T
P E.h+ e instanceof U : T
PEhtE ali]l: T
PEht alil:=¢: T
P.EhF alength : T
P,Eht eF{D}: T
P,Eht eF{D}:=v:T
P,E b+ e-compareAndSwap(D-F, e2, e3) : T
P,EhF ey «bop» eq : T
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PEhtF newC: T
PEht eM(es): T
P,Eht sync(o’) e: T
P,Eh F insync(a) e: T

4.10.2 Some interesting lemmas

lemma WTrts-Val[simpl:
P,E.h F map Val vs [}] Ts <— map (typeofy,) vs = map Some Ts
(proof)

lemma WTrt-env-mono: P.Elhte: T — (AE". EC,, E'=— P,E''hte:T)
and WTrts-env-mono: P,E.h - es ] Ts = (ANE". E C,, E'! = P,E'h t es [:] Ts)
(proof)

lemma WT-implies-WTrt: PEF e:: T — P, Ehte: T
and WTs-implies-WTrts: P,E - es [:] Ts = P,E,h \- es [:] Ts
(proof)

lemma wt-blocks:
NAE. [ length Vs = length Ts; length vs = length Ts | =

(P,E,h t= blocks Vs Tsws e: T) =

(P,E(Vs[—]Ts),h b e:T A (3 Ts". map (typeofy,) vs = map Some Ts' N P+ Ts' [<] Ts))
(proof )

end
context J-heap begin

lemma WTrt-hext-mono: P Ehte: T =— h<1h'= PEWFe: T
and WTrts-hext-mono: P, Eh b es ] Ts = h < h' = P,E.h'F es [}] Ts
(proof)

end

end

4.11 Progress of Small Step Semantics

theory Progress
imports
WellTypeRT
DefAss
SmallStep
../ Common/ External CallWF
WWellForm
begin

context J-heap begin

lemma final-addrE [consumes &, case-names addr Throw:
[ P,E,h - e: T; class-type-of ' T = | U]; final e;
Na. e = addr a = R;
Na. e = Throwa = R] = R
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(proof)

lemma finalRefE [consumes 3, case-names null Class Array Throw):
[ P,E,h & e: T; is-refT T; final e;

e = null = R;

Na C. [ e =addra; T = Class C' | = R;

NaeU.[e=addra; T=Ul|]] = R;

Na. e = Throwa = R] = R

(proof)
end

theorem (in J-progress) red-progress:

assumes wf: wwf-J-prog P and hconf: hconf h

shows progress: [ P,E.,h b e: T; D e |dom l]; - final e | = e’ s’ ta. extTA,P,t - {e,(h,])) —ta—
(e',s)

and progresss: [ P,E,h \ es [}] Ts; Ds es |dom 1|; = finals es | = Jes’ s’ ta. extTA,P,t - (es,(h,l))
[—ta—] (es’,s")

(proof)

end

4.12 Preservation of definite assignment

theory DefAssPreservation
imports

DefAss

JWellForm

SmallStep
begin

Preservation of definite assignment more complex and requires a few lemmas first.

lemma D-extRetJ [introl]: D e A = D (extRet2J e va) A
(proof)

lemma blocks-defass [iff]: NA. [ length Vs = length Ts; length vs = length Ts] =
D (blocks Vs Ts vs e) A =D e (A U |set Vs|)(proof)
context J-heap-base begin

lemma red-lA-incr: extTA,P,t b (e,s) —ta— (e';s")y = |dom (lcl s)] U A e [dom (lcls")|] U A€’
and reds-lA-incr: extTA,P,t b (es,s) [—ta—] (es’,s") = | dom (lcl )] U As es T |dom (lcl s')| U

As es’

(proof )

end

Now preservation of definite assignment.

declare hyperUn-comm [simp del]
declare hyperUn-leftComm [simp del]

context J-heap-base begin

lemma assumes wf: wf-J-prog P
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shows red-preserves-defass: extTA,P,t & (e,s) —ta— (e’;sy = D e |dom (lcl s)| = D e’ [dom

(lel 8")]

and reds-preserves-defass: extTA,P,t b (es,s) [—ta—] (es’,s’y = Ds es |dom (lcl s)| = Ds es’
| dom (lcl s")]
(proof)

end

end

4.13 Type Safety Proof

theory TypeSafe
imports
Progress
DefAssPreservation
begin

4.13.1 Basic preservation lemmas

First two easy preservation lemmas.

theorem (in J-conf-read)

shows red-preserves-hconf:

[ extTA,P,t - (e,s) —ta— (e',s); P,E.hp st e : T; hconf (hp s) | = hconf (hp s')

and reds-preserves-hconf:

[ extTA,P.t - (es,s) [—ta—] (es',s"y; P,E,hp s b es [:] Ts; hconf (hp s) | = hconf (hp s')
(proof)

theorem (in J-heap) red-preserves-lconf:
[ extTA,P,t - (e,s) —ta— (e’,s"y; P,E,hp st e:T; Php sk lcls (<) E] = Php s'F lcl s’ (<) F
and reds-preserves-lconf:
[ extTA,P,t - (es,s) [—ta—] (es',s"); P,E,hp st es[:]Ts; P.hp st lcls (<) E] = P,hp s’k lcl s’
(<) B
{proof)

Combining conformance of heap and local variables:
definition (in J-heap-conf-base) sconf :: env = ('addr, 'heap) Jstate = bool (- F - +/» [51,51]50)
where EF + s/ = let (h,l) = sin hconfh A P,h =1 (:<) E A preallocated h

context J-conf-read begin

lemma red-preserves-sconf:
[ extTA,P.t - (e,s) —tas— (e',s"); PEhpste: T; EF s/ ] = EF s/
(proof)

lemma reds-preserves-sconf:
[ extTA,P,t - (es,s) [—ta—] (es’;s"); P,Eshp sk es[[] Ts; EF s/ ] = E+F s’/
(proof)

end

lemma (in J-heap-base) wt-external-call:
[ conf-extRet P hva T; P.Ehte: T]| = 3T'. P.E,h\ extRet2]J eva: T'"NPFT'<T
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(proof)

4.13.2 Subject reduction

theorem (in J-conf-read) assumes wf: wf-J-prog P
shows subject-reduction:
[ extTA,Pt - {e,s) —ta— (e',s"); EF s+/; P,Ehp st e:T; Php st t /t]
— 3T, PEhp s’ e:T'AP+T' <T
and subjects-reduction:
[ extTA,P,t - (es,s) [—ta—] (es’;s"y; E&F s+/; P,E,hp st es[:]Ts; P.hp st ¢/t ]
= 37Ts". P,Ehp s'F es’:]Ts' AN P+ Ts' [<] Ts
(proof)

end

4.14 Progress and type safety theorem for the multithreaded
system

theory ProgressThreaded
imports

Threaded

TypeSafe

../ Framework/ FWProgress
begin

lemma lock-ok-lIs-Some-ez-ts-not-final:
assumes lock: lock-ok Is ts
and hl: has-lock (Is $ 1) t
shows de z in. tst = [((e, z), In)] A = final e

(proof)

4.14.1 Preservation lemmata

4.14.2 Definite assignment

abbreviation

def-ass-ts-ok :: (‘addr,'thread-id,’addr expr x 'addr locals) thread-info = 'heap = bool
where

def-ass-ts-ok = ts-ok (At (e, ) h. D e | dom z])

context J-heap-base begin

lemma assumes wf: wf-J-prog P
shows red-def-ass-new-thread:
[ PitF (e, s) —ta— (e, s"); NewThread t"’ (e", z'") ¢"" € set {tal}; | = D " |dom z"|

and reds-def-ass-new-thread:
[ PitF (es, s) [—ta—] (es’, s’); NewThread t" (e”, z”') ¢"" € set {taly | = D e’ |dom z"'|
(proof )

lemma lifting-wf-def-ass: wf-J-prog P = lifting-wf final-expr (mred P) (At (e, z) m. D e |dom z|)
(proof )

lemma def-ass-ts-ok-J-start-state:



271

[ wf-J-prog P; P+ C sees M:Ts—T = |(pns, body)| in D; length vs = length Ts | =
def-ass-ts-ok (thr (J-start-state P C M vs)) h
(proof)

end

4.14.3 typeability

context J-heap-base begin

definition type-ok :: 'addr J-prog = env X ty = 'addr expr = 'heap = bool
where type-ok P = (\(E, T) ec. 3T". (P,E,cte: T'ANPF T'<T)))

definition J-sconf-type-ET-start :: 'm prog = cname = mname = ('thread-id — (env X ty))
where

J-sconf-type-ET-start P C M =

let (-, -, T, -) = method P C M

in ([start-tid — (Map.empty, T)])

lemma fixes F :: env
assumes wf: wf-J-prog P
shows red-type-newthread:
[ PitE (e, s) —ta— (e, s"y; P,E,hp st e: T; NewThread t"" (e, z'') (hp s') € set {ta}y ]
= 3JET. P Ehps'te”’:TANPhs'tz'"(:<)E
and reds-type-newthread:
[ PtE (es, s) [—ta—] (es’, s"); NewThread t" (e", z'") (hp s') € set {tal}y; P,E,hp st es [:] Ts ]
= 3ET.PEhps'te"”: TANPhps'tz'(:<)E
(proof)

end
context J-heap-conf-base begin

definition sconf-type-ok :: (env x ty) = 'thread-id = ’addr expr x 'addr locals = 'heap = bool
where
sconf-type-ok ET t ex h = fst ET + (h, snd ex) \/ A\ type-ok P ET (fst ex) h A P,h bt \/t

abbreviation sconf-type-ts-ok ::

("thread-id — (env x ty)) = (‘addr,’thread-id,’addr expr x 'addr locals) thread-info = 'heap = bool
where

sconf-type-ts-ok = ts-inv sconf-type-ok

lemma ts-inv-ok-J-sconf-type-ET-start:
ts-inv-ok (thr (J-start-state P C M vs)) (J-sconf-type-ET-start P C' M)
(proof)

end
lemma (in J-heap) red-preserve-welltype:

[ extTA,P,t + (e, (h, z)) —ta— (e', (b', 2)); P,Eh-¢e": T] = PEAFe': T
(proof)

context J-heap-conf begin
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lemma sconf-type-ts-ok-J-start-state:

[ wf-J-prog P; wf-start-state P C' M vs |

= sconf-type-ts-ok (J-sconf-type-ET-start P C M) (thr (J-start-state P C M wvs)) (shr (J-start-state
P C M vs))

(proof)

lemma J-start-state-sconf-type-ok:
assumes wf: wf-J-prog P
and ok: wf-start-state P C' M vs
shows ts-ok (At x h. FET. sconf-type-ok ET t x h) (thr (J-start-state P C' M vs)) start-heap

(proof)

end
context J-conf-read begin

lemma red-preserves-type-ok:

[ extTA,P.t \ (e,s) —ta— (e',s"y; wf-J-prog P; E + s +/; type-ok P (E, T) e (hp s); P,hp st t \/t]
= type-ok P (E, T) e’ (hp s’)
(proof)

lemma lifting-inv-sconf-subject-ok:

assumes wf: wf-J-prog P

shows lifting-inv final-expr (mred P) sconf-type-ok
(proof)

end

4.14.4 wf-red

context J-progress begin
context begin

declare red-mthr.actions-ok-iff [simp del]
declare red-mthr.actions-ok.cases [rule del)
declare red-mthr.actions-ok.intros [rule del)

lemma assumes wf: wf-prog wf-md P
shows red-wf-red-aux:
[ Pt (e, s) —ta— (e',s"); = red-mthr.actions-ok’ (Is, (ts, m), ws, is) t ta;
sync-ok e; hconf (hp s); P.hp s ¢ \/t;
V1. has-locks (Is $ 1) t > expr-locks e I
ws t = None V
(Javsw T Ts Tr D. call e = |(a, wait, vs)| A typeof-addr (hp s) a = |T| A P+ class-type-of T
sees wait: Ts— Tr = Native in D N\ ws t = | PostWS w]) |
= Je” s ta’. PitF (e, s) —ta’'— (e”,s"") A
(red-mthr.actions-ok (ls, (ts, m), ws, is) t ta’ V
red-mthr.actions-ok’ (Is, (ts, m), ws, is) t ta’ A red-mthr.actions-subset ta’ ta)

and reds-wf-red-aux:

[ Ptk (es, s) [—ta—] (es’,s"); = red-mthr.actions-ok’ (Is, (ts, m), ws, is) t ta;
sync-oks es; heonf (hp s); P.hp s ¢ \/t;
V1. has-locks (Is $ 1) t > expr-lockss es ;
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ws t = None V
(Javsw T Ts T TrD. calls es = |(a, wait, vs)| A typeof-addr (hp s) a = |T] N P & class-type-of
T sees wait: Ts—Tr = Native in D A ws t = | PostWS w]) ]
= Jes” s ta’. Pt (es, s) [—ta'—] (es”,s") A
(red-mthr.actions-ok (Is, (ts, m), ws, is) t ta’ V
red-mthr.actions-ok’ (Is, (ts, m), ws, is) t ta’ A red-mthr.actions-subset ta’ ta)

(proof)

end
end
context J-heap-base begin

lemma shows red-ta-satisfiable:
Ptk (e, s) —ta— (€', ') = Ts. red-mthr.actions-ok s t ta
and reds-ta-satisfiable:
Pt F {(es, sy [—ta—] (es', s’) = Ts. red-mthr.actions-ok s t ta

(proof )
end
context J-typesafe begin

lemma wf-progress:
assumes wf: wf-J-prog P
shows progress final-expr (mred P)
(red-mthr.wset-Suspend-ok P ({s. sync-es-ok (thr s) (shr s) A lock-ok (locks s) (thr s)} N {s.
3 Es. sconf-type-ts-ok Es (thr s) (shr s)} N {s. def-ass-ts-ok (thr s) (shr s)}))
(is progress - - ?wf-state)
(proof)

lemma redT-progress-deadlock:
assumes wf: wf-J-prog P
and wf-start: wf-start-state P C M vs
and Red: P F J-start-state P C M vs —>ttas—* s
and ndead: — red-mthr.deadlock P s
shows Jt' ta’ s’. P+ s —thbta'— s’

(proof)

lemma redT-progress-deadlocked:
assumes wf: wf-J-prog P
and wf-start: wf-start-state P C M vs
and Red: P+ J-start-state P C M vs —>ttas—* s
and ndead: red-mthr.not-final-thread s t -~ t € red-mthr.deadlocked P s
shows dt' ta’ s’. P+ s —tbta’— s’
(proof)

4.14.5 Type safety proof

theorem TypeSafetyT:
fixes C' and M and ttas and Es
defines Fs == J-sconf-type-ET-start P C M
and  Es’ == upd-invs Es sconf-type-ok (concat (map (thr-a o snd) ttas))
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assumes wf: wf-J-prog P
and start-wf: wf-start-state P C' M vs
and RedT: P\ J-start-state P C M vs —>ttas—+ s’
and nored: -~ (It ta s". P+ s’ —irta— s")
shows thread-conf P (thr s’) (shr s’)
and thr s’ t = [((¢/, z/), In")| =
(Ju.e!=ValoAN(FET. Es’"t=|(E, T)] AN P,shrs'tv:< T) A In' = no-wait-locks)
V (Ja C. e/ = Throw a A typeof-addr (shr s’) a = | Class-type C| A P = C <* Throwable A In’
= no-wait-locks)
V (t € red-mthr.deadlocked P s' N (3E T. Es't = |(E, T)| AN (3T'. P,E;shr s't-¢': T'"NP
-T2 1))
(is - = ?2thesis2)
and Es C,, Es’
(proof)

end

end

4.15 Preservation of Deadlock

theory Deadlocked
imports

ProgressThreaded
begin

context J-progress begin

lemma red-wt-hconf-hext:
assumes wf: wf-J-prog P
and hconf: hconf H
and tconf: P H -t +/t
shows [ convert-extTA extNTA,P,t - (e, s) —ta— (e’, s"y; P, E.H \ e : T; hext H (hp s) ]
= Jta’ e’ s". convert-extTA extNTA,P,t - (e, (H, lcl s)) —ta'— (€', s’) A
collect-locks {tal; = collect-locks {ta’}; N collect-cond-actions {tal}c = col-
lect-cond-actions {ta’l} ¢ N
collect-interrupts {tal}; = collect-interrupts {ta’};
and [ convert-extTA extNTA,P,t & {es, s) [—ta—] (es’, s’); P,E,H - es [:| Ts; hext H (hp s) |
= Tta’ es’ s'. convert-extTA extNTA,P,t - (es, (H, lcl s)) [—ta'—] (es’, s') A
collect-locks {tal}; = collect-locks {ta’}; N collect-cond-actions {tal}. =
collect-cond-actions {ta’}c A
collect-interrupts {talt; = collect-interrupts {ta'};

(proof)
lemma can-lock-devreserp:
[ wf-J-prog P; red-mthr.can-sync Pt (e, 1) h' Ly P, E,h - e: T; P.h bt \/t; heonf h; h < h']
= red-mthr.can-sync P t (e, l) h L

(proof)

end

context J-typesafe begin



275

lemma preserve-deadlocked:
assumes wf: wf-J-prog P
shows preserve-deadlocked final-expr (mred P) convert-RA ({s. sync-es-ok (thr s) (shr s) A lock-ok
(locks s) (thr s)} N {s. 3 Es. sconf-type-ts-ok Es (thr s) (shr s)} N {s. def-ass-ts-ok (thr s) (shr s)})
(is preserve-deadlocked - - - ?wf-state)

(proof)

end

end

4.16 Program annotation

theory Annotate
imports

WellType
begin

abbreviation (output)

unanFAcc :: 'addr expr = vname = 'addr expr («(--)> [10,10] 90)
where

unanFAcc e F = FAcc e F (STR ")

abbreviation (output)

unanFAss :: 'addr expr = vname = 'addr expr = 'addr expr («(--:= -)» [10,0,90] 90)
where

unanFAss e F e’ = FAss e F (STR """) ¢’

definition array-length-field-name :: vname
where array-length-field-name = STR "length’’

notation (output) array-length-field-name (<length))

definition super :: vname
where super = STR "'super’’

lemma super-neq-this [simp]: super # this this # super
(proof)

inductive Anno :: (ty = ty = ty = bool) = 'addr J-prog = env = 'addr expr = 'addr expr = bool

(e F -~ o [51,51,0,0,51]50)
and Annos :: (ty = ty = ty = bool) = 'addr J-prog = env = 'addr expr list = 'addr expr list =
bool
(temm b - [o] - [61,51,0,0,51]50)
for is-lub :: ty = ty = ty = bool and P :: 'addr J-prog
where
AnnoNew: is-lub,P,E + new C ~ new C
| AnnoNewArray: is-lub,P,E + i ~ i’ = is-lub,P,E + newA T|i] ~ newA T|i]
| AnnoCast: is-lub,P,E + e ~ e’ = is-lub,P,E + Cast C' e ~» Cast C e’
| AnnolnstanceOf: is-lub,P,E - e ~ ¢/ = is-lub,P,E t e instanceof T ~» e’ instanceof T
| AnnoVal: is-lub,P,E & Val v ~ Val v
| AnnoVarVar: [ EV = |T|; V # super | = is-lub,P,E & Var V ~ Var V
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| AnnoVarField:
— There is no need to handle access of array fields explicitly, because arrays do not implement
methods, i.e. this is always of a Class type.
[ EV = None; V # super; E this = |Class C|; P+ C sees V:T (fm) in D |
= is-lub,P,E + Var V ~» Var this-V{D}
| AnnoBinOp:
[ is-lub,P,E \- el ~ el’; is-lub,P,E F e2 ~ e2']
= is-lub,P,E F el «bop» e2 ~ el’ «bopy» e2’
| AnnoLAssVar:
[EV =|T]; V # super; is-lub,P,E F e ~ ¢' | = is-lub,P,F F V:i=e ~ V:=e'
| AnnoLAssField:
[ EV = None; V # super; E this = [Class C|; P+ C sees V:T (fm) in D; is-lub,P,E F e~ €]
= is-lub,P,E = V:=e ~ Var this-V{D} := ¢’
| AnnoAAcc:
[ is-lub,P,E + a ~ a'; is-lub,P,E F i ~ i' | = is-lub,P,E - a|i] ~ a'[i]
| AnnoAAss:
[ is-lub,P,E + a ~ a is-lub,P,E & i ~ i’; is-lub,P,E F e ~ e’ | = is-lub,P,E  a|i] := e ~
a'li’] = ¢’
| AnnoA Length:
is-lub,P,E - a ~ o' = is-lub,P,E & a-length ~ a’-length
| — All arrays implicitly declare a final field called length to store the array length, which hides a
potential field of the same name in Object (cf. JLS 6.4.5). The last premise implements the hiding
because field lookup does does not model the implicit declaration.
AnnoFAcc:
[ is-lub,P,E - e ~» e'; is-lub,P,E - e':: U; class-type-of' U = | C|; P+ C sees F:T (fm) in D;
is-Array U — F # array-length-field-name ]
— is-ub,P,E F e-F{STR """} ~ ¢"-F{D}
| AnnoFAccALength:
[ is-lub,P,E \- e ~ ¢, is-lub,P,E F ¢’ :: T[] ]
= is-lub,P,E \ e-array-length-field-name{STR """} ~» e’-length
| AnnoFAccSuper:
— In class C with super class D, "super' is syntactic sugar for "((D) this)" (cf. JLS, 15.11.2)
[ E this = | Class C|; C # Object; class P C = | (D, fs, ms)];
Pt Dsees F:T (fm) in D' ]
= is-lub,P,E = Var super-F{STR """} ~» (Cast (Class D) (Var this))-F{D'}
| AnnoFAss:
[ is-lub,P,E - el ~ el’; is-lub,P,E F e2 ~» e2’;
is-lub,P,E = el’ :: U; class-type-of ' U = | C|; P+ C sees F:T (fm) in D;
is-Array U — F # array-length-field-name ]
= is-lub,P,E - el-F{STR """} := €2 ~» el-F{D} := e2’
| AnnoFAssSuper:
[ E this = | Class C|; C # Object; class P C = | (D, fs, ms)];
Pt Dsees F:T (fm) in D'; is-lub,P,E e~ ¢e']
= is-lub,P,E + Var super-F{STR """} := e ~ (Cast (Class D) (Var this))-F{D'} := ¢’
| AnnoCAS:
[ is-lub,P,E \- el ~» el’; is-lub,P,.E F e2 ~» e2’; is-lub,P,E I €3 ~ e3']
= is-lub,P,E \ el-compareAndSwap(D-F, e2, e3) ~» el’-compareAndSwap(D-F, e2', e3’)
| AnnoCall:
[ is-lub,P,E - e ~ ¢’; is-lub,P,E I es [~] es’]
= is-lub,P,E + Call e M es ~ Call ¢’ M es’
| AnnoBlock:
is-lub, P, E(V — T) F e~ e’ = is-lub,P,E F {V:T=vo; e} ~ {V:T=wo; e’}
| AnnoSync:
[ is-lub,P,E - el ~ el’; is-lub,P,E F €2 ~ e2']
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= is-lub,P,E F sync(el) e2 ~ sync(el’) e2’
| AnnoComp:
[ is-lub,P,E \- el ~» el’; is-lub,P,E e2 ~ e2']
= is-lub,P,E F el;;e2 ~» el’;;e2’
| AnnoCond:
[ is-lub,P,E - e ~ ¢ is-lub,P,E F el ~ el’; is-lub,P,E F e2 ~ e2']
= is-lub,P,E  if (e) el else e2 ~ if (e) el’ else e2’
| AnnoLoop:
[ is-lub,P,E \- e ~» e’; is-lub,P,E - ¢~ ¢']
= is-lub,P,E - while (e) ¢ ~ while (e’) ¢’
| AnnoThrow:
18-lub,P,E + e ~ ¢/ = is-lub,P,E F throw e ~» throw e’
| AnnoTry:
[ is-lub,P,E \ el ~» el’; is-lub,P,E(V + Class C) - e2 ~» e2']
= is-lub,P,E F try el catch(C V) e2 ~ try el’ catch(C V) e2’

| AnnoNil:
is-lub,PE F [| [~] []
| AnnoCons:
[ is-lub,P,E - e ~ e'; is-lub,P,E I es [~] es' | = is-lub,P.E b eftes [~] e'#es’

inductive-cases Anno-cases [eliml]:
is-lub’,P,E + new C ~ e
is-lub’,P,E - newA T|e] ~ e’
is-lub’ . P,E  Cast T e ~ e’
is-lub’,P,E + e instanceof T ~» e’
1s-lub’,P,E + Val v ~ ¢’
is-lub’,P,.E = Var V ~» ¢’
is-lub’,P,E - el «bop» e2 ~» e’
is-lub’ P E+ V := e~ ¢’
is-lub’,P,E F el|e2] ~ ¢’
is-lub’,P.E F el|e2] := e8 ~ e’
is-lub’,P,E + e-length ~ ¢’
is-lub’,P,E  e:F{D} ~ ¢’
is-lub’,P,E - el-F{D} := e2 ~ ¢’
is-lub’,P,E + el-compareAndSwap(D-F, €2, e3) ~ e’
is-lub’,P,E + e-M(es) ~ e’
is-lub’,P,E = {V:T=vo; e} ~ ¢’
is-lub’,P . E + sync(el) e2 ~ ¢’
is-lub’,P,E F insync(a) e2 ~ e’
is-lub’ . P.E - el;; e2 ~» e’
is-lub’,P,E F if (e) el else e2 ~ e’
is-lub’,P,E F while(el) €2 ~ €’
1s-lub’,P,E  throw e ~ e’
is-lub’,P,E F try el catch(C V) €2 ~ ¢’

inductive-cases Annos-cases [eliml]:
is-lub’,P,E F [] [~] es’
is-lub’,P.E - e # es [~] es’

abbreviation Anno’ :: ‘addr J-prog = env = 'addr expr = 'addr expr = bool (¢-,-F -~ -
[51,0,0,51]50)
where Anno’ P = Anno (TypeRel.is-lub P) P
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abbreviation Annos’ :: ‘addr J-prog = env = 'addr expr list = ‘addr expr list = bool (¢-,- F - [~]
5 [51,0,0,51]50)
where Annos’ P = Annos (TypeRel.is-lub P) P

definition annotate :: ‘addr J-prog = env = 'addr expr = 'addr expr
where annotate P E ¢ = THE-default e (Ae’. P.E - e ~ ¢’)

lemma fixes is-lub :: ty = ty = ty = bool (< Wwb'((-,/ -)) = - [51,51,51] 50)

assumes is-lub-unique: ANT1 T2 T3 T4. [ F wb(T1, T2) = T8+ Wwb(T1, T2) = T4 | = T3 =
T4

shows Anno-fun: [ is-lub,P,E + e ~ ¢, is-lub,P,EF e~ e"] = e’ = ¢e"

and Annos-fun: [ is-lub,P,E & es [~] es’; is-lub,P,E F es [~] es” | = es’ = es”’

(proof)

4.16.1 Code generation

definition Anno-code :: ‘addr J-prog = env = ’addr expr = ’'addr expr = bool ((-,- F - ~""
(51,0,0,51]50)
where Anno-code P = Anno (is-lub-sup P) P

definition Annos-code :: 'addr J-prog = env = 'addr expr list = 'addr expr list = bool (<-,- F - [~"]]
5 [51,0,0,51]50)
where Annos-code P = Annos (is-lub-sup P) P

primrec block-types :: ('a, 'b, ‘addr) exp = ty list
and blocks-types :: (‘a, 'b, ‘addr) exp list = ty list
where
block-types (new C) = |
| block-types (newA T|e]) = block-types e
| block-types (Cast U €) = block-types e
| block-types (e instanceof U) = block-types e
| block-types (el «bop»e2) = block-types el Q block-types e2
| block-types (Val v) = ]
| block-types (Var V) = ||
| block-types (V := e) = block-types e
| block-types (a|i]) = block-types a Q block-types i
| block-types (a|i] := e) = block-types a Q block-types i Q block-types e
| block-types (a-length) = block-types a
| block-types (e-F{D}) = block-types e
| block-types (e-F{D} := e’) = block-types e @ block-types e’
| block-types (e-compareAndSwap(D-F, e, e'’)) = block-types e @ block-types e’ @ block-types e’
| block-types (e-M(es)) = block-types e @ blocks-types es
| block-types {V:T=wvo; e} = T # block-types e
| block-types (syncy(e) e’) = block-types e @ block-types e’
| block-types (insyncy/(a) e) = block-types e
| block-types (e;;e’) = block-types e @ block-types e’
| block-types (if (e) el else e2) = block-types e @Q block-types el Q block-types e2
| block-types (while (b) ¢) = block-types b @Q block-types c
| block-types (throw e) = block-types e
| block-types (try e catch(C V) e’) = block-types e @ Class C # block-types e’

| blocks-types [| = |]
| blocks-types (e#tes) = block-types e Q blocks-types es
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lemma fixes is-lubl :: ty = ty = ty = bool («+1 lwb'((-,/ -)") = - [51,51,51] 50)

and is-lub2 :: ty = ty = ty = bool (<2 b'((-,/ -))) = - [51,51,51] 50)

assumes wf: wf-prog wf-md P

and is-lubl-into-is-lub2: NT1 T2 T3. [ F1 lub(T1, T2) = T3; is-type P T1; is-type P T2 | = +2
Wb(T1, T2) = T3

and is-lub2-is-type: NT1 T2 T3. [ F2 lub(T1, T2) = T3; is-type P T1; is-type P T2 | = is-type
P T3

shows Anno-change-is-lub:

[ is-lubl,P,E + e ~» e'; ran E U set (block-types e) C types P | = is-lub2,P,E F e~ ¢’

and Annos-change-is-lub:

[ is-lubl,P,E = es [~] es’; ran E U set (blocks-types es) C types P | = is-lub2,P,E F es [~] es’
(proof)

lemma assumes wf: wf-prog wf-md P

shows Anno-into-Anno-code: | P,E + e ~ e'; ran E U set (block-types e) C types P | = P,E+ e
~' !

and Annos-into-Annos-code: | P,E & es [~] es’; ran E U set (blocks-types es) C types P | = P,E
Foes [~ es’
(proof)

lemma assumes wf: wf-prog wf-md P

shows Anno-code-into-Anno: | P,E + e ~' e’; ran E U set (block-types €) C types P | = P,E +
e~ e

and Annos-code-into-Annos: | P,E = es [~'] es’; ran E U set (blocks-types es) C types P | = P,E
Foes [~] es’
(proof)

lemma fixes is-lub
assumes wf: wf-prog wf-md P
shows WT-block-types-is-type: is-lub,P,E + e :: T = set (block-types e) C types P
and WTs-blocks-types-is-type: is-lub,P,E & es [::] Ts = set (blocks-types es) C types P
(proof)

lemma fixes is-lub
shows Anno-block-types: is-lub,P,E - e ~» e/ = block-types e = block-types e’
and Annos-blocks-types: is-lub,P,E F es [~+] es’ = blocks-types es = blocks-types es’

(proof)

code-pred
(modes: (i = i = 0= bool) = i = i=i= 0= bool)
[detect-switches, skip-proof]
Anno

(proof)

definition annotate-code :: ‘addr J-prog = env = 'addr expr = 'addr expr
where annotate-code P E e = THE-default e (Ae’. P,E - e ~' ¢’

code-pred
(modes: i = i = i = 0 = bool)
[inductify]
Anno-code

(proof)

lemma eval-Anno-i-i-i-o-conv:
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Predicate.eval (Anno-code-i-i-i-o P E e¢) = (Ae’. P,EF e ~'¢)
(proof)

lemma annotate-code [code]:
annotate-code P E e = Predicate.singleton (A-. Code.abort (STR "annotate’’) (A-. e)) (Anno-code-i-i-i-o
P Ee)

(proof)

end
theory J-Main
imports
State
Deadlocked
Annotate
begin

end



Chapter 5

Jinja Virtual Machine

5.1 State of the JVM

theory JVMState
imports

../ Common/ Observable- Events
begin

5.1.1 Frame Stack

type-synonym
pc = nat

type-synonym
‘addr frame = 'addr val list x 'addr val list X cname X mname X pc
— operand stack
— registers (including this pointer, method parameters, and local variables)
— name of class where current method is defined
— parameter types
— program counter within frame

(ML)
typ 'addr frame

5.1.2 Runtime State

type-synonym
("addr, 'heap) jum-state = 'addr option X 'heap X 'addr frame list
— exception flag, heap, frames

type-synonym
'addr jum-thread-state = 'addr option x 'addr frame list

— exception flag, frames, thread lock state

type-synonym
("addr, 'thread-id, 'heap) jum-thread-action = ('addr, 'thread-id, 'addr jum-thread-state,’heap) Jinja-thread-action

type-synonym
'addr, "thread-id, 'heap) jum-ta-state = ('addr, 'thread-id, 'heap) jum-thread-action x ('addr, 'heap
J J
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jum-state

(ML)
typ (‘addr, 'thread-id, 'heap) jum-thread-action

end

5.2 Instructions of the JVM

theory JVMInstructions

imports
JVMState
../ Common/BinOp
begin
datatype ’addr instr
= Load nat — load from local variable
| Store nat — store into local variable
| Push 'addr val — push a value (constant)
| New cname — create object
| NewArray ty — create array for elements of given type
| ALoad — Load array element from heap to stack
| AStore — Set element in array
| ALength — Return the length of the array
| Getfield vname cname — Fetch field from object
| Putfield vname cname — Set field in object
| CAS vname cname — Compare-and-swap instruction
| Checkcast ty — Check whether object is of given type
| Instanceof ty — instanceof test
| Invoke mname nat — inv. instance meth of an object
| Return — return from method
| Pop — pop top element from opstack
| Dup — duplicate top stack element
| Swap — swap top stack elements
| BinOplInstr bop — binary operator instruction
| Goto int — goto relative address
| IfFalse int — branch if top of stack false
| ThrowExzc — throw top of stack as exception
| MEnter — enter the monitor of object on top of the stack
| MExit — exit the monitor of object on top of the stack

abbreviation CmpFEq :: 'addr instr
where CmpEq = BinOplnstr Eq

abbreviation CmpLeq :: 'addr instr
where CmpLeq = BinOplnstr LessOrEqual

abbreviation CmpGeq :: 'addr instr
where CmpGeq = BinOplnstr GreaterOrEqual

abbreviation CmpLt :: ‘addr instr
where CmpLt = BinOplnstr LessThan



abbreviation CmpGt :: 'addr instr
where CmpGt = BinOplnstr GreaterThan

abbreviation IAdd :: 'addr instr
where IAdd = BinOplnstr Add

abbreviation ISub :: 'addr instr
where ISub = BinOplnstr Subtract

abbreviation IMult :: 'addr instr
where IMult = BinOplnstr Mult

abbreviation IDiv :: ‘addr instr
where IDiv = BinOplnstr Div

abbreviation IMod :: 'addr instr
where IMod = BinOplnstr Mod

abbreviation IShl :: ‘addr instr
where IShl = BinOplnstr ShiftLeft

abbreviation IShr :: 'addr instr
where IShr = BinOplnstr ShiftRightSigned

abbreviation IUShr :: 'addr instr
where IUShr = BinOplnstr ShiftRightZeros

abbreviation IAnd :: 'addr instr
where IAnd = BinOplnstr BinAnd

abbreviation IOr :: 'addr instr
where I0r = BinOplnstr BinOr

abbreviation IXor :: ‘addr instr
where IXor = BinOplnstr BinXor

type-synonym
'addr bytecode = 'addr instr list

type-synonym

ex-entry = pc X pc X cname option X pc X nat
— start-pc, end-pc, exception type (None = Any), handler-pc, remaining stack depth

type-synonym
er-table = ex-entry list

type-synonym

‘addr jym-method = nat X nat x 'addr bytecode x ez-table

— max stacksize

— number of local variables. Add 1 + no. of parameters to get no. of registers

— instruction sequence
— exception handler table
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type-synonym
‘addr jvm-prog = 'addr jum-method prog

end

5.3 Abstract heap locales for byte code programs

theory JVMHeap
imports
../ Common/ Conform
JVMInstructions
begin

locale JVM-heap-base =
heap-base +
constrains addr2thread-id :: ('addr :: addr) = 'thread-id
and thread-id2addr :: "thread-id = 'addr
and spurious-wakeups :: bool
and empty-heap :: 'heap
and allocate :: 'heap = htype = ('heap X 'addr) set
and typeof-addr :: 'heap = 'addr — hitype
and heap-read :: 'heap = 'addr = addr-loc = 'addr val = bool
and heap-write :: 'heap = 'addr = addr-loc = 'addr val = 'heap = bool

locale JVM-heap =
JVM-heap-base +
heap +
constrains addr2thread-id :: ('addr :: addr) = '"thread-id
and thread-id2addr :: 'thread-id = 'addr
and spurious-wakeups :: bool
and empty-heap :: 'heap
and allocate :: 'heap = htype = ('heap X 'addr) set
and typeof-addr :: 'heap = 'addr — hiype
and heap-read :: 'heap = 'addr = addr-loc = 'addr val = bool
and heap-write :: 'heap = 'addr = addr-loc = 'addr val = 'heap = bool
and P :: 'addr jum-prog

locale JVM-heap-conf-base =
heap-conf-base +
constrains addr2thread-id :: ('addr :: addr) = 'thread-id
and thread-id2addr :: "thread-id = 'addr
and spurious-wakeups :: bool
and empty-heap :: 'heap
and allocate :: 'heap = htype = ('heap x 'addr) set
and typeof-addr :: 'heap = 'addr — htype
and heap-read :: 'heap = 'addr = addr-loc = ’addr val = bool
and heap-write :: 'heap = 'addr = addr-loc = 'addr val = 'heap = bool
and hconf :: 'heap = bool
and P : 'addr jum-prog

sublocale JVM-heap-conf-base < JVM-heap-base (proof)

locale JVM-heap-conf-base’ =
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JVM-heap-conf-base +

heap +

constrains addr2thread-id :: ('addr :: addr) = 'thread-id

and thread-id2addr :: "thread-id = 'addr

and spurious-wakeups :: bool

and empty-heap :: 'heap

and allocate :: 'heap = htype = ('heap X 'addr) set

and typeof-addr :: 'heap = 'addr — htype

and heap-read :: 'heap = 'addr = addr-loc = 'addr val = bool
and heap-write :: 'heap = 'addr = addr-loc = 'addr val = 'heap = bool
and hconf :: 'heap = bool

and P :: 'addr jum-prog

sublocale JVM-heap-conf-base’ < JVM-heap (proof)

locale JVM-heap-conf =
JVM-heap-conf-base’ +
heap-conf +
constrains addr2thread-id :: ('addr :: addr) = "thread-id
and thread-id2addr :: "thread-id = 'addr
and spurious-wakeups :: bool
and empty-heap :: 'heap
and allocate :: 'heap = htype = ('heap X 'addr) set
and typeof-addr :: 'heap = 'addr — htype
and heap-read :: 'heap = 'addr = addr-loc = 'addr val = bool
and heap-write :: 'heap = 'addr = addr-loc = 'addr val = 'heap = bool
and hconf :: 'heap = bool
and P :: 'addr jum-prog

locale JVM-progress =
heap-progress +
JVM-heap-conf-base’ +
constrains addr2thread-id :: ('addr :: addr) = 'thread-id
and thread-id2addr :: 'thread-id = 'addr
and spurious-wakeups :: bool
and empty-heap :: 'heap
and allocate :: 'heap = htype = ('heap x 'addr) set
and typeof-addr :: 'heap = 'addr — htype
and heap-read :: 'heap = 'addr = addr-loc = 'addr val = bool
and heap-write :: 'heap = 'addr = addr-loc = 'addr val = 'heap = bool
and hconf :: 'heap = bool
and P :: 'addr jum-prog

locale JVM-conf-read =
heap-conf-read +
JVM-heap-conf +
constrains addr2thread-id :: ("addr :: addr) = "thread-id
and thread-id2addr :: 'thread-id = 'addr
and spurious-wakeups :: bool
and empty-heap :: 'heap
and allocate :: 'heap = htype = ('heap X 'addr) set
and typeof-addr :: 'heap = 'addr — htype
and heap-read :: 'heap = 'addr = addr-loc = 'addr val = bool
and heap-write :: 'heap = 'addr = addr-loc = 'addr val = 'heap = bool
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and hconf :: 'heap = bool
and P :: 'addr jum-prog

locale JVM-typesafe =
heap-typesafe +
JVM-conf-read +
JVM-progress +
constrains addr2thread-id :: ('addr :: addr) = 'thread-id
and thread-id2addr :: "thread-id = 'addr
and spurious-wakeups :: bool
and empty-heap :: 'heap
and allocate :: 'heap = htype = ('heap X 'addr) set
and typeof-addr :: 'heap = 'addr — hitype
and heap-read :: 'heap = 'addr = addr-loc = 'addr val = bool
and heap-write :: 'heap = 'addr = addr-loc = 'addr val = 'heap = bool
and hconf :: 'heap = bool
and P :: 'addr jum-prog

end

5.4 JVM Instruction Semantics

theory JVMEzecInstr
imports

JVMInstructions

JVMHeap

../ Common/ EzternalCall
begin

primrec extRet2JVM ::
nat = 'heap = ’addr val list = 'addr val list = cname = mname = pc = ’addr frame list
= 'addr extCallRet = ('addr, 'heap) jum-state
where
extRet2JVM n h stk loc C M pe frs (RetVal v) = (None, h, (v # drop (Suc n) stk, loc, C, M, pc +
1) # frs)
| extRet2JVM n h stk loc C M pc frs (RetExc a) = (|a], h, (stk, loc, C, M, pc) # frs)
| extRet2JVM n h stk loc C M pe frs RetStaySame = (None, h, (stk, loc, C, M, pc) # frs)

lemma eg-extRet2JVM-conv [simp):
(zep, b, frs’) = extRet2JVM n h stk loc C M pe frs va +—
h' = h A (case va of RetVal v = xzcp = None A frs’ = (v # drop (Suc n) stk, loc, C, M, pc + 1)
# frs
| RetEzc a = zcp = |a] A frs' = (stk, loc, C, M, pc) # frs
| RetStaySame = xcp = None A frs' = (stk, loc, C, M, pc) # frs)
(proof)

definition extNTA2JVM :: 'addr jum-prog = (cname X mname X ’addr) = 'addr jum-thread-state
where extNTA2JVM P = (A(C, M, a). let (D,M’',Ts,meth) = method P C M; (maxs,mzl0,ins,xt) =
the meth

in (None, [([),Addr a # replicate mzl0 undefined-value, D, M, 0)]))

abbreviation extTA2JVM ::
'addr jum-prog = ('addr, "thread-id, 'heap) external-thread-action = ('addr, "thread-id, 'heap) jum-thread-action
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where extTA2JVM P = convert-extTA (extNTA2JVM P)
context JVM-heap-base begin

primrec ezrec-instr ::

'addr instr = 'addr jum-prog = 'thread-id = 'heap = 'addr val list = 'addr val list

= cname = mname = pc = 'addr frame list =

(("addr, "thread-id, 'heap) jum-thread-action x ('addr, 'heap) jum-state) set

where
ezec-instr-Load:

exec-instr (Load n) Pt h stk loc Co Mg pc frs =

{(e, (None, h, ((loc ! n) # stk, loc, Co, Mo, pc+1)#frs))}

| exec-instr (Store n) Pt h stk loc Co Mg pc frs =
{(e, (None, h, (tl stk, loc[n:=hd stk], Co, My, pc+1)#frs))}

| exec-instr-Push:
exec-instr (Push v) Pt h stk loc Co Mg pc frs =
{(57 (NOTlC, ha (’U # Stka ZOC, CO? M07 pC+1)#f7”S))}

| exec-instr-New:
exec-instr (New C) P t h stk loc Coy Mg pe frs =
(let HA = allocate h (Class-type C)
in if HA = {} then {(e, | addr-of-sys-xzcpt OutOfMemory|, h, (stk, loc, Co, Mo, pc) # frs)}
else (A\(h', a). ({NewHeapElem a (Class-type C)|}, None, h', (Addr a # stk, loc, Co, My, pc +
1)#frs))  HA)

| exec-instr-NewArray:
exec-instr (NewArray T) P t h stk loc CO MO pc frs =
(let si = the-Intg (hd stk);
i = nat (sint si)
in (if st <s 0
then {(e, | addr-of-sys-tept Negative ArraySize|, h, (stk, loc, CO, MO, pc) # frs)}
else let HA = allocate h (Array-type T 1)
in if HA = {} then {(e, |addr-of-sys-zcpt OutOfMemory|, h, (stk, loc, CO, MO, pc) # frs)}
else (A(h', a). ({NewHeapElem a (Array-type T )}, None, h', (Addr a # tl stk, loc, CO,
MO0, pc + 1) # frs)) < HA))

| exec-instr-ALoad:

exec-instr ALoad P t h stk loc CO MO pc frs =

(let © = the-Intg (hd stk);
va = hd (tl stk);
a = the-Addr va;
len = alen-of-htype (the (typeof-addr h a))

in (if va = Null then {(g, | addr-of-sys-zcpt NullPointer], h, (stk, loc, CO, MO, pc) # frs)}
else if i <s 0 V int len < sint i then
{(e, | addr-of-sys-zept ArrayIndexOutOfBounds|, h, (stk, loc, CO, M0, pc) # frs)}

else {({ReadMem a (ACell (nat (sint i))) v}, None, h, (v # tl (¢l stk), loc, CO, MO, pc + 1)

# frs) | v.
heap-read h a (ACell (nat (sint ©))) v }))

| exec-instr-AStore:
exec-instr AStore P t h stk loc CO M0 pc frs =
(let ve = hd stk;
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vi = hd (tl stk);
va = hd (tl (tl stk))
in (if va = Null then {(g, | addr-of-sys-zcpt NullPointer|, h, (stk, loc, CO, MO0, pc) # frs)}
else (let i = the-Intg vi;
ide = nat (sint i);
a = the-Addr va;
hT = the (typeof-addr h a);
T = ty-of-htype hT;
len = alen-of-htype hT;
U = the (typeofy, ve)
in (if i <s 0 V int len < sint i then
{(e, | addr-of-sys-zept ArrayIndexOutOfBounds], h, (stk, loc, CO, M0, pc) # frs)}
else if P+ U < the-Array T then
{({ WriteMem a (ACell idx) vel}, None, h', (¢ (¢l (¢ stk)), loc, CO, MO, pc+1) # frs)
| B'. heap-write h a (ACell idz) ve h'}
else {(g, (| addr-of-sys-xept ArrayStore], h, (stk, loc, CO, MO, pc) # frs))}))))

| exec-instr-ALength:
exec-instr ALength P t h stk loc CO MO pc frs =
{(e, (let va = hd stk
in if va = Null
then (| addr-of-sys-zept NullPointer|, h, (stk, loc, CO, MO, pc) # frs)
else (None, h, (Intg (word-of-int (int (alen-of-htype (the (typeof-addr h (the-Addr va)))))) #
tl stk, loc, CO, MO, pc+1) # frs)))}

| exec-instr (Getfield F C) Pt h stk loc Coy Mg pc frs =
(let v = hd stk
in if v = Null then {(e, | addr-of-sys-zcpt NullPointer|, h, (stk, loc, Cy, Mo, pc) # frs)}
else let a = the-Addr v
in {({ReadMem a (CField C F) v}, None, h, (v’ # (tl stk), loc, Co, Mo, pc + 1) # frs) |

heap-read h a (CField C F) v'})

| exec-instr (Putfield F C) Pt h stk loc Co Mg pc frs =
(let v = hd stk;
r = hd (tl stk)
in if r = Null then {(e, | addr-of-sys-zcpt NullPointer|, h, (stk, loc, Co, Mo, pc) # frs)}
else let a = the-Addr r
in {({ WriteMem o (CField C F) v}, None, h', (tl (8l stk), loc, Co, Mo, pc + 1) # frs) | h'.
heap-write h a (CField C F) v h'})

| exec-instr (CAS F C) Pt h stk loc CO MO pc frs =
(let v = hd stk; v’ = hd (tl stk); v = hd (¢ (¢ stk))
in if v = Null then {(e, |addr-of-sys-zcpt NullPointer|, h, (stk, loc, CO, MO, pc) # frs)}
else let a = the-Addr v
in {({ReadMem a (CField C F) v', WriteMem a (CField C F) v''}, None, h', (Bool True #
tl (¢ (¢l stk)), loc, CO, MO, pc + 1) # frs) | b'.
heap-read h a (CField C F) v’ A heap-write h a (CField C F) v h'} U
{({ReadMem a (CField C F) v"}, None, h, (Bool False # tl (tl (tl stk)), loc, CO, MO, pc
L) #frs) | 0"
heap-read h a (CField C F) v"" A v" # v'})

| exec-instr (Checkcast T) P t h stk loc Co My pc frs =
{(e, let U = the (typeofy, (hd stk))
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inif P+ U < T then (None, h, (stk, loc, Co, Mg, pc + 1) # frs)
else (| addr-of-sys-zept ClassCast|, h, (stk, loc, Co, My, pc) # frs))}

| exec-instr (Instanceof T') P t h stk loc Cy Mg pc frs =
{(e, None, h, (Bool (hd stk # Null A P\ the (typeof, (hd stk)) < T) # tl stk, loc, Co, Mo, pc +

1) 9 frs)}

| exec-instr-Invoke:
exec-instr (Invoke M n) Pt h stk loc CO MO pc frs =
(let ps = rev (take n stk);
r = stk ! n;
a = the-Addr r;
T = the (typeof-addr h a)
in (if r = Null then {(e, | addr-of-sys-zcpt NullPointer|, h, (stk, loc, CO, M0, pc) # frs)}
else
let C' = class-type-of T;
(D,M’, Ts,meth)= method P C M
in case meth of
Native =
{(extTA2JVM P ta, extRet2JVM n h' stk loc CO MO pc frs va) | ta va h'.
(ta, va, h') € red-external-aggr P t a M ps h}
| |(mas,maly,ins,at)| =
let " = ([],[r]QpsQ(replicate mzly undefined-value),D,M,0)
in {(e, None, h, f' # (stk, loc, CO, MO, pc) # frs)}))

| exec-instr Return P t h stk loco Co Mg pec frs =
{(e, (if frs=]] then (None, h, []) else
let v = hd stko;
(stk,loc,C,m,pc) = hd frs;
n = length (fst (snd (method P Coy My)))
in (None, h, (v#(drop (n+1) stk),loc,C,m,pc+1)#tl frs)) )}

| exec-instr Pop Pt h stk loc Cy Mg pc frs =
{(g, (None, h, (tl stk, loc, Co, Mg, pc+1)#frs) )}

| exec-instr Dup P t h stk loc Co Mg pc frs =
{(e, (None, h, (hd stk # stk, loc, Co, Mg, pc+1)#frs) )}

| exec-instr Swap P t h stk loc Co Mg pc frs =
{(e, (None, h, (hd (tl stk) # hd stk # tl (¢l stk), loc, Co, Mo, pc+1)#frs) )}

| exec-instr (BinOplnstr bop) P t h stk loc CO MO0 pc frs =
{(e,
case the (binop bop (hd (il stk)) (hd stk)) of
Inl v = (None, h, (v # tl (¢l stk), loc, CO, MO, pc+1) # frs)
| Inr a = (Some a, h, (stk, loc, CO, MO, pc) # frs))}

| exec-instr (IfFalse ©) Pt h stk loc Coy Mg pc frs =
{(e, (let pc’ = if hd stk = Bool False then nat(int pc+i) else pc+1
in (None, h, (tl stk, loc, Co, Mo, pc')#frs)) )}

| exec-instr-Goto:
exec-instr (Goto i) P t h stk loc Coy My pe frs =
{(e, (None, h, (stk, loc, Co, My, nat(int pc+i))#frs) )}
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| exec-instr ThrowExc Pt h stk loc Co Mg pe frs =
{(e, (let zp’ = if hd stk = Null then |addr-of-sys-zept NullPointer| else | the-Addr(hd stk) |

in (zp’, h, (stk, loc, Co, Mo, pc)#frs)) )}

| exec-instr-MEnter:
exec-instr MEnter P t h stk loc Cy My pc frs =
{let v = hd stk
in if v = Null
then (g, |addr-of-sys-zcpt NullPointer|, h, (stk, loc, Co, Mg, pc) # frs)
else ({Lock—the-Addr v, SyncLock (the-Addr v)|}, None, h, (tl stk, loc, Cy, Mo, pc + 1) # frs)}

| exec-instr-MExit:
exec-instr MExit P t h stk loc Cy My pc frs =
(let v = hd stk
in if v = Null
then {(g, | addr-of-sys-zcpt NullPointer|, h, (stk, loc, Co, Mo, pc)#frs)}
else {({ Unlock— the-Addr v, SyncUnlock (the-Addr v)}, None, h, (tl stk, loc, Co, Mo, pc + 1) #

frs),
({ UnlockFail—the-Addr vl}, | addr-of-sys-zcpt IllegalMonitorState|, h, (stk, loc, Co, Mg, pc)
# frs)})

end

end

5.5 Exception handling in the JVM

theory JVMEzxceptions
imports

JVMInstructions
begin

abbreviation Any :: cname option
where Any = None

definition matches-ex-entry :: 'm prog = cname = pc = ex-entry = bool
where
matches-ez-entry P C pc xcp =
let (s, e, C', h, d) = xcp in
s < pc A pc<eA(case C' of None = True | |[C"] = P+ C =* 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 ez-table-of :: 'addr jum-prog = cname = mname = ex-table
where ex-table-of P C M == snd (snd (snd (the (snd (snd (snd(method P C M)))))))
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lemma match-ex-table-SomeD:
match-ex-table P C pc xt = Some (pc’,d’) =
3(f,t,D,h,d) € set zt. matches-ex-entry P C pc (f,¢,D,h,d) A h = pc’ A d=d’
(proof)

end

5.6 Program Execution in the JVM

theory JVMEzec
imports

JVMExecInstr

JVMExceptions

../ Common/ StartConfig
begin

abbreviation instrs-of :: ‘addr jum-prog = cname = mname = 'addr instr list
where instrs-of P C M == fst(snd(snd(the(snd(snd(snd(method P C M)))))))

5.6.1 single step execution

context JVM-heap-base begin

fun exception-step :: ‘addr jum-prog = ‘addr = 'heap = 'addr frame = 'addr frame list = (‘addr,
'heap) jum-state
where
exception-step P a h (stk, loc, C, M, pc) frs =
(case match-ex-table P (cname-of h a) pc (ex-table-of P C' M) of
None = (la], h, frs)
| Some (pc’, d) = (None, h, (Addr a # drop (size stk — d) stk, loc, C, M, pc’) # frs))

lemma exception-step-def-raw:
exception-step =
(AP a h (stk, loc, C, M, pc) frs.
case match-ex-table P (cname-of h a) pc (ex-table-of P C M) of
None = (|a], h, frs)
| Some (pc’, d) = (None, h, (Addr a # drop (size stk — d) stk, loc, C, M, pc’) # frs))
(proof)

fun exec :: ‘addr jum-prog = 'thread-id = (‘addr, 'heap) jum-state = (‘addr, 'thread-id, 'heap)
juom-ta-state set where

exec Pt (zcp, h, []) = {}
| exec Pt (None, h, (stk, loc, C, M, pc) # frs) = exec-instr (instrs-of P C M ! pc) P t h stk loc C M
pc frs
| exec Pt (lal, h, fr # frs) = {(e, exception-step P a h fr frs)}

5.6.2 relational view

inductive exec-1 :
'addr jum-prog = 'thread-id = ('addr, 'heap) jum-state
= ('addr, 'thread-id, 'heap) jum-thread-action = ('addr, 'heap) jum-state = bool
(- b/ - ———jvm—s/ - [61,0,61,0,61] 60)
for P :: 'addr jum-prog and t :: 'thread-id
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where
exec-11:
(ta, 0’) € exec Pt 0 = Pt - o —ta—jom— o’

lemma exec-1-iff:
Pttt o —ta—jom— o' +— (ta, 0') € exec Pt o

(proof)

end

The start configuration of the JVM: in the start heap, we call a method m of class C' in
program P with parameters vs. The this pointer of the frame is set to Null to simulate a
static method invokation.

abbreviation JVM-local-start ::
cname = mname = ty list = ty = ’addr jum-method = 'addr val list
= 'addr jum-thread-state
where
JVM-local-start =
AC M Ts T (mas, mzl0, b) vs.
(None, [([], Null # vs Q replicate mzl0 undefined-value, C, M, 0)])

context JVM-heap-base begin

abbreviation JVM-start-state ::

'addr jum-prog = cname = mname = 'addr val list = ('addr,’thread-id,’addr jum-thread-state, heap,’addr)
state
where

JVM-start-state = start-state JVM-local-start

definition JVM-start-state’ :: ‘addr jom-prog = cname = mname = 'addr val list = ('addr, 'heap)
jum-state
where
JVM-start-state’ P C M vs =
let (D, Ts, T, meth) = method P C M;
(maxs, mxl0, ins, xt) = the meth
in (None, start-heap, [([], Null # vs Q replicate mzl0 undefined-value, D, M, 0)])

end

end

5.7 A Defensive JVM

theory JVMDefensive
imports JVMEzec ../ Common/ ExternalCallWF
begin

Extend the state space by one element indicating a type error (or other abnormal termi-
nation)

datatype ‘a type-error = TypeError | Normal 'a

context JVM-heap-base begin
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definition is-Array-ref :: ‘addr val = 'heap = bool where

is-Array-ref v h =

is-Ref v N\

(v # Null — typeof-addr h (the-Addr v) # None A is-Array (ty-of-htype (the (typeof-addr h (the-Addr
v)))))

declare is-Array-ref-def[simp]

primrec check-instr :: [‘addr instr, 'addr jum-prog, 'heap, 'addr val list, 'addr val list,
cname, mname, pc, 'addr frame list] = bool
where
check-instr-Load:
check-instr (Load n) P h stk loc C Mg pc frs =
(n < length loc)

| check-instr-Store:
check-instr (Store n) P h stk loc Co My pc frs =
(0 < length stk A n < length loc)

| check-instr-Push:
check-instr (Push v) P h stk loc Co My pc frs =
(—is-Addr v)

| check-instr-New:
check-instr (New C) P h stk loc Co Mg pc frs =
is-class P C

| check-instr-NewArray:
check-instr (NewArray T) P h stk loc CO MO pc frs =
(is-type P (T[]) A 0 < length stk N is-Intg (hd stk))

| check-instr-ALoad:
check-instr ALoad P h stk loc CO M0 pc frs =
(1 < length stk A is-Intg (hd stk) A is-Array-ref (hd (¢l stk)) h)

| check-instr-AStore:
check-instr AStore P h stk loc CO MO pc frs =
(2 < length stk A is-Intg (hd (8l stk)) A is-Array-ref (hd (tl (¢ stk))) h A typeof}, (hd stk) # None)

| check-instr-ALength:
check-instr ALength P h stk loc CO M0 pc frs =
(0 < length stk A is-Array-ref (hd stk) h)

| check-instr-Getfield:
check-instr (Getfield F C) P h stk loc Coy Mg pc frs =
(0 < length stk A (3C' T fm. P+ C sees F:T (fm) in C') A
(let (C', T, fm) = field P C F; ref = hd stk in
C’' = C A is-Ref ref A (ref # Null —
(3 T. typeof-addr h (the-Addr ref) = | T| A P F class-type-of T <* C))))

| check-instr-Putfield:
check-instr (Putfield F C) P h stk loc Co Mo pc frs =
(1 < length stk A (3C’' T fm. P+ C sees F:T (fm) in C’) A
(let (C', T, fm) = field P C F; v = hd stk; ref = hd (tl stk) in
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C’' = C N is-Ref ref A (ref # Null —
(3 T'. typeof-addr h (the-Addr ref) = |T'| A P & class-type-of T' <=* C' AN P,h kv :< T))))

| check-instr-CAS:
check-instr (CAS F C) P h stk loc CO MO pc frs =
(2 < length stk A (3C' T fm. PF C sees F:T (fm) in C’) A
(let (C', T, fm) = field P C F; v"" = hd stk; v/ = hd (tl stk); v = hd (¢ (¢l stk)) in
C’' = C A is-Ref v A volatile fm A (v # Null —
(3 T". typeof-addr h (the-Addr v) = |T'| A P+ class-type-of T' <* C AN Ph v :< T A Ph k-
V< TY)))

| check-instr-Checkcast:
check-instr (Checkcast T) P h stk loc Co Mgy pc frs =
(0 < length stk A is-type P T)

check-instr-Instanceof
check-instr (Instanceof T) P h stk loc Co Mg pc frs =
(0 < length stk A is-type P T A is-Ref (hd stk))

check-instr-Invoke:
check-instr (Invoke M n) P h stk loc Coy Mg pc frs =
(n < length stk A is-Ref (stk!n) A
(stk!n # Null —
(let a = the-Addr (stk!n);
T = the (typeof-addr h a);
C = class-type-of T;
(D, Ts, Tr, meth) = method P C M
in typeof-addr h a # None N P+ C has M A
P.h += rev (take n stk) [:<] Ts A
(meth = None — D-M(Ts) :: Tr))))

check-instr- Return:
check-instr Return P h stk loc Cy My pc frs =
(0 < length stk A ((0 < length frs) —
(P - Co has Mo) A
(let v = hd stk;
T = fst (snd (snd (method P Cy My)))
in P,hv:< T)))

check-instr-Pop:
check-instr Pop P h stk loc Cy Mg pc frs =
(0 < length stk)

check-instr-Dup:
check-instr Dup P h stk loc Cy My pc frs =
(0 < length stk)

check-instr-Swap:
check-instr Swap P h stk loc Cy My pc frs =
(1 < length stk)

check-instr-BinOplInstr:
check-instr (BinOplnstr bop) P h stk loc CO MO pc frs =
(1 < length stk AN (3T1 T2 T. typeofy, (hd stk) = |T2| A typeofy, (hd (il stk)) = |T1| AN P
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T1«bop» T2 : T))

check-instr-IfFalse:
check-instr (IfFalse b) P h stk loc Cy My pc frs =
(0 < length stk A is-Bool (hd stk) A 0 < int pc+D)

check-instr-Goto:
check-instr (Goto b) P h stk loc Co Mg pc frs =
(0 < int pc+b)

check-instr- Throw:
check-instr ThrowExzc P h stk loc Cy My pc frs =
(0 < length stk A is-Ref (hd stk) A Pt the (typeofy, (hd stk)) < Class Throwable)

check-instr-MEnter:
check-instr MEnter P h stk loc Cy My pc frs =
(0 < length stk A is-Ref (hd stk))

check-instr-MExit:
check-instr MExit P h stk loc Co My pc frs =
(0 < length stk A is-Ref (hd stk))

definition check-zcpt :: 'addr jum-prog = 'heap = nat = pc = ex-table = 'addr = bool
where

check-xcpt P h n pc xt a +—

(3 C. typeof-addr h a = | Class-type C| A

(case match-ex-table P C pc xt of None = True | Some (pc’, d') = d' < n))

definition check :: 'addr jum-prog = ('addr, 'heap) jum-state = bool
where
check P o = let (xzcpt, h, frs) = o in
(case frs of [| = True | (stk,loc,C,M,pc)#frs' =
P Chas M A
(let (C',Ts, T,meth) = method P C M; (mxs,mxly,ins,zt) = the meth; i = inslpc in
meth # None N pc < size ins A size stk < mxs A
(case zcpt of None = check-instr i P h stk loc C' M pe frs’
| Some a = check-zcpt P h (length stk) pc zt a)))

definition ezec-d ::

'addr jum-prog = "thread-id = (‘addr, 'heap) jum-state = (‘addr, 'thread-id, 'heap) jum-ta-state set
type-error
where

exec-d P t o = if check P o then Normal (exec P t o) else TypeError

inductive
erec-1-d ::
'addr jum-prog = 'thread-id = ('addr, 'heap) jum-state type-error
= ('addr, 'thread-id, 'heap) jum-thread-action = ('addr, 'heap) jum-state type-error = bool

(¢-,- F - ———juvmd— - [61,0,61,0,61] 60)
for P :: 'addr jum-prog and t :: 'thread-id
where

erec-1-d-Frrorl: exec-d P t o = TypeError = P,t = Normal 0 —e—jvmd— TypeError
| exec-1-d-Normall: | exec-d P t o = Normal %; (tas, 0’) € ¥ ] = P,t - Normal o —tas—jomd—
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Normal o’

lemma jumd-NormalD:
Pt b Normal o —ta—juvmd— Normal o’ = check P o A (ta, ') € exec Pt o A (3zep h f frs. o

= (wcp, h, f # frs))
(proof)

lemma jvmd-NormalE:
assumes P,t = Normal o —ta—jvmd— Normal o'
obtains zcp h f frs where check P o (ta, 0’) € exec Pt o o = (xcp, h, f # frs)

(proof)

lemma exec-d-eq-TypeError: exec-d Pt o = TypeError <— — check P o

(proof)

lemma ezec-d-eq-Normal: exec-d Pt 0 = Normal (exec P t o) «— check P o

(proof)

end

declare split-paired-All [simp del]
declare split-paired-Ez [simp del]

lemma if-neq [dest!]:
(if P then A else B) # B = P

(proof )
context JVM-heap-base begin

lemma ezxec-d-no-errorl [intro]:
check P 0 = exec-d Pt o # TypeError

(proof)

theorem no-type-error-commutes:
exec-d P t o # TypeError = exec-d Pt 0 = Normal (exec P t o)

(proof)

lemma defensive-imp-aggressive-1:
Pt = (Normal o) —tas—jomd— (Normal ¢’y = Pt + o —tas—jom— o

(proof)

/

end
context JVM-heap begin

lemma check-exec-hext:
assumes ezec: (ta, zcp’, h', frs’) € exec P t (zcp, h, frs)
and check: check P (zcp, h, frs)
shows h < A’

(proof)

lemma exec-1-d-hext:
[ P,t = Normal (zcp, h, frs) —ta—jvmd— Normal (zcp’, b/, frs’) ] = h < b’
(proof)
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end

end

5.8 Instantiating the framework semantics with the JVM

theory JVMThreaded
imports
JVMDefensive
../ Common/ ConformThreaded
../ Framework/ FWLiftingSem
../ Framework/ FWProgressAux
begin

primrec JVM-final :: 'addr jum-thread-state = bool
where
JVM-final (zcp, frs) = (frs = ])

The aggressive JVM
context JVM-heap-base begin

abbreviation mezec :

'addr jum-prog = 'thread-id = ('addr jom-thread-state x 'heap)

= ('addr, 'thread-id, 'heap) jum-thread-action = ('addr jum-thread-state x 'heap) = bool
where

mexec P t = (A((zcp, frstls), h) ta ((zep’, frstls’), h'). Pt b (xcp, h, frstls) —ta—jvm— (zcp’, b/,
frstls’))

lemma NewThread-memory-exec-instr:
[ (ta, s) € exec-instr I Pt h stk loc C' M pc frs; NewThread t' x m € set {tal}; | = m = fst (snd s)
(proof )

lemma NewThread-memory-exec:
[ P,t b o —ta—jum— o'; NewThread t' © m € set {ta}s | = m = (fst (snd o”))
(proof)

lemma exec-instr- Wakeup-no-Lock-no-Join-no-Interrupt:
[ (ta, s) € exec-instr I Pt h stk loc C M pe frs; Notified € set {talty V WokenUp € set {taftw |
= collect-locks {tal}; = {} N collect-cond-actions {taltc = {} A collect-interrupts {talt; = {}

(proof)

lemma mezec-instr- Wakeup-no-Join:

[ Pt o —ta—jvm— o', Notified € set {talty V WokenUp € set {taftw ]

= collect-locks {tal; = {} A collect-cond-actions {talc = {} N collect-interrupts {tal}; = {}
(proof)

lemma mezxec-final:
[ mezec Pt (z, m) ta (x', m'); JVM-final x | = False
(proof )

lemma exec-mthr: multithreaded JVM-final (mezec P)

(proof)
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end

sublocale JVM-heap-base < exec-mthr:
multithreaded
JVM-final
mexec P
convert-RA
for P

(proof )
context JVM-heap-base begin

abbreviation mezecT ::

"addr jum-prog

= ('addr,’thread-id,’addr jum-thread-state,’heap,’addr) state

= 'thread-id x (‘addr, 'thread-id, 'heap) jum-thread-action

= (‘addr,thread-id,’addr jum-thread-state,’heap,’addr) state = bool
where

mexecT P = exec-mthr.redT P

abbreviation mezxecT-syntazrl ::
'addr jum-prog = (‘addr,’thread-id,’addr jum-thread-state,’heap,’addr) state
= 'thread-id = ('addr, "thread-id, 'heap) jum-thread-action
= (‘addr,thread-id,’addr jum-thread-state,’heap,’addr) state = bool
(= b = =D jum - [50,0,0,0,50) 80)
where
mezecT-syntaxl P s t ta s’ = mexecT P s (t, ta) s’

abbreviation mFEzecT-syntax! ::
‘addr jum-prog = (‘addr,’thread-id,’addr jum-thread-state,’heap,’addr) state
= ("thread-id x (‘addr, 'thread-id, 'heap) jum-thread-action) list
= (‘addr,thread-id,’addr jum-thread-state,’heap,’addr) state = bool
(- b = —o— iy - [50,0,0,50] 80)
where
PE s —>ttas— jym* s’ = exec-mthr.RedT P s ttas s’

The defensive JVM

abbreviation mezecd ::

‘addr jum-prog = 'thread-id = 'addr jum-thread-state x 'heap

= ('addr, 'thread-id, 'heap) jum-thread-action = 'addr jum-thread-state X 'heap = bool
where

mezecd Pt = (A((zcp, frstls), h) ta ((zep’, frstis’), h'). P;t & Normal (xcp, h, frstls) —ta—jomd—
Normal (zcp’, h', frstls’))

lemma ezecd-mthr: multithreaded JVM-final (mexecd P)
(proof)

end

sublocale JVM-heap-base < execd-mthr:
multithreaded
JVM-final

mexecd P
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convert-RA
for P

(proof)

context JVM-heap-base begin

abbreviation mezrecdT ::
'addr jum-prog = ('addr,’thread-id,’addr jum-thread-state,’heap,’addr) state
= 'thread-id x ('addr, 'thread-id, 'heap) jum-thread-action
= ('addr,’thread-id,’addr jum-thread-state,’heap,’addr) state = bool
where
mexecdT P = execd-mthr.redT P

abbreviation mezrecdT-syntaxl ::
'addr jum-prog = (‘addr,’thread-id,’addr jum-thread-state,’heap,’addr) state
= 'thread-id = ('addr, "thread-id, 'heap) jum-thread-action
= (‘addr,thread-id,’addr jum-thread-state,’heap,’addr) state = bool
(- F = = jyma = [50,0,0,0,50] 80)
where
mezecdT-syntaxl P st ta s’ = mezecdT P s (t, ta) s’

abbreviation mFEzecdT-syntazl :
'addr jum-prog = ('addr,’thread-id,’addr jum-thread-state,’heap,’addr) state
= ("thread-id x (‘addr, "thread-id, 'heap) jvm-thread-action) list
= ('addr,'thread-id,’addr jum-thread-state,’heap,’addr) state = bool
(- F = =D jumgt = [50,0,0,50] 80)
where

Pt s —>ttas—jyma* s’ = execd-mthr.RedT P s ttas s’

jum
lemma mezecd-Suspend-Invoke:

[ mezecd Pt (z, m) ta (z', m’); Suspend w € set {taly ]

= stk loc C M pc frs' na T Ts Tr D. ' = (None, (stk, loc, C, M, pc) # frs') A instrs-of P
C M ! pc = Invoke wait n A stk'! n = Addr a A typeof-addr m a = |T] A P & class-type-of T sees
wait: Ts— Tr = Native in D A\ D-wait(Ts) = Tr
(proof)

end
context JVM-heap begin

lemma exec-instr-New- Thread-exists-thread-object:
[ (ta, zcp', b', frs’) € exec-instr ins P t h stk loc C M pc frs;
check-instr ins P h stk loc C M pc frs;
NewThread t' © h'' € set {tal}s ]
= 3 C. typeof-addr h' (thread-id2addr t') = | Class-type C| N P+ C =* Thread

(proof)

lemma exec-New- Thread-exists-thread-object:
[ P,t = Normal (zcp, h, frs) —ta—jomd— Normal (xcp’, b/, frs’); NewThread t' z h'' € set {tal}; ]
= 3 C. typeof-addr h' (thread-id2addr t') = | Class-type C| A P+ C <* Thread

(proof)

lemma exec-instr-preserve-tconf:
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[ (ta, zep', b', frs’) € exec-instr ins P t h stk loc C M pc frs;
check-instr ins P h stk loc C M pc frs;

Phitt yt]
= Pt/ Jt
(proof)

lemma ezec-preserve-tconf:
[ P,t = Normal (zcp, h, frs) —ta—jvmd— Normal (zcp’, b', frs’); Ph bt/ \/t ] = P,h'E t'\/t
(proof )

lemma lifting-wf-thread-conf: lifting-wf JVM-final (mexecd P) (At  m. Pym F t \/t)
(proof )

end

sublocale JVM-heap < execd-tconf: lifting-wf JVM-final mexecd P convert-RA A\t x m. Pym b ¢ \/t
(proof )

context JVM-heap begin

lemma ezecd-hext:
PE s —trta—jymq s = shr s I shrs’

(proof)

lemma FEzecd-hext:

assumes P F s —>tta— jyma* s’

shows shr s < shr s’

(proof)

end

end
theory JVM-Main
imports
JVMState
JVMThreaded
begin

end



Chapter 6

Bytecode verifier

6.1 The JVM Type System as Semilattice

theory JVM-SemiType
imports

../ Common/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 = ty,

definition stk-esl :: 'c prog = nat = ty, esl
where
stk-esl P mxzs = upto-esl mxs (SemiType.esl P)

definition loc-sl :: 'c prog = nat = ty; sl
where
loc-sl P mal = Listn.sl mzl (Err.sl (SemiType.esl P))

definition sl :: 'c prog = nat = nat = ty;’ err sl
where
sl P mxs mzl =
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
where
states P mxs mzl = fst(sl P mas mal)

definition le :: ‘c prog = nat = nat = ty;’ err ord
where
le P mxs mal = fst(snd(sl P mzs mal))

definition sup :: ‘c prog = nat = nat = ty;’ err binop

where
sup P maxs mzl = snd(snd(sl P mxs mxl))
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definition sup-ty-opt :: ['c prog,ty err,ty err] = bool
(- F - <7 - [71,71,71] 70)

where
sup-ty-opt P = Err.le (widen P)

definition sup-state :: ['c prog,ty;,ty;] = bool
(«-F - < - [71,71,71] 70)
where
sup-state P = Product.le (Listn.le (widen P)) (Listn.le (sup-ty-opt P))

definition sup-state-opt :: ['c prog,ty;’,ty;"] = bool
(- F - <" [71,71,71] 70)

where
sup-state-opt P = Opt.le (sup-state P)

abbreviation sup-loc :: ['c prog,ty;,ty;] = bool («-F - [<7] » [71,71,71] 70)
where P+ LT [<1] 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)

6.1.1 Unfolding

lemma JVM-states-unfold:
states P mxs mzl = err(opt((Union {list n (types P) |n. n <= mas}) X
list mal (err(types P))))

(proof)

lemma JVM-le-unfold:
lePmn=
Err.le(Opt.le( Product.le( Listn.le(widen P))(Listn.le(Err.le(widen P)))))

(proof)

lemma si-def2:
JVM-SemiType.sl P mxs mzl =
(states P maxs mxl, JVM-SemiType.le P mzs mal, JVM-SemiType.sup P mxs mal)

(proof)

lemma JVM-le-conv:
lePmn (OK t1) (OK t2) = P+ t1 <' 12

(proof)

lemma JVM-le-Err-conv:
le P m n = Err.le (sup-state-opt P)

(proof)

lemma err-le-unfold [iff]:
Errider (OK a) (OKb)=r1ab
(proof )



6.1.2 Semilattice

lemma order-sup-state-opt [intro, simp]:
wf-prog wf-mb P = order (sup-state-opt P)
(proof)

lemma semilat-JVM [intro?):
wf-prog wf-mb P = semilat (JVM-SemiType.sl P mxs mazl)

{proof)

lemma acc-JVM [intro:
wf-prog wf-mb P = acc (JVM-SemiType.states P mzs mal) (JVM-SemiType.le P maxs mal)

(proof)

6.1.3 Widening with T
lemma widen-refi[iff]: widen Pt t (proof)

lemma sup-ty-opt-refl [iff]: P+ T <t T
(proof)

lemma Err-any-conv [iff]: P+ Err <t T = (T = Err)
(proof)

lemma any-Err [iff|: P+ T <t Err
(proof)

lemma OK-OK-conv [iff]:
PrOKT<t+ OKT'=PrHT<T
(proof)

lemma any-OK-conv [iff]:
PFX<t OKT' =(3T.X=0KTAPFT<T
{proof)

lemma OK-any-conv:
PHFOKT<+ X=X=ErVvV@T . X=0KT'ANPFT<T)
(proof)

lemma sup-ty-opt-trans [intro?, trans|:
[PFa<t b PFb<t¢]=PrFa<tec

(proof)

6.1.4 Stack and Registers

lemma stk-convert:
Pt ST [<] ST' = Listn.le (widen P) ST ST’
(proof)

lemma sup-loc-refl [iff]: P+ LT [<7] LT
(proof)

lemmas sup-loc-Consl [iff] = list-all2-Consl [of sup-ty-opt P] for P

lemma sup-loc-def:
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P LT [<7] LT’ = Listn.le (sup-ty-opt P) LT LT’
(proof)

lemma sup-loc-widens-conv [iff):
PF map OK Ts [<7] map OK Ts' = P+ Ts [<] Ts'
(proof)

lemma sup-loc-trans [intro?, trans]:
[PEa[<t]b; PFDO[<T]] = PtalT]c
(proof)

6.1.5 State Type

lemma sup-state-conv [iff]:
PV (ST,LT) <; (ST',LT") = (P + ST [<] ST' A P+ LT [<+] LT")
(proof)

lemma sup-state-conv2:
PlEs1<;82=(PF fstsl [<] fsts2 APk sndsl [<1] snd s2)
(proof)

lemma sup-state-refl [iff]: PF s <; s

(proof)

lemma sup-state-trans [intro?, trans]:
[Pra<;h;PFb<;c]=Pra<;c
(proof)

lemma sup-state-opt-None-any [iff]:
P+ None <'s
(proof )

lemma sup-state-opt-any-None [iff]:
P F s <’ None = (s = None)
(proof)

lemma sup-state-opt-Some-Some [iff]:
PF Somea <'"Someb=PFa<;b
(proof)

lemma sup-state-opt-any-Some:
P (Some s) <' X = (Is". X = Some s' N P+ s <; s')
(proof)

lemma sup-state-opt-refl [iff]: P+ s <'s
(proof)

lemma sup-state-opt-trans [intro?, trans|:
[PFa<'bjPFb<'¢J]= PFra<'c
{proof )

end



6.2 Effect of Instructions on the State Type

theory Effect
imports
JVM-SemiType
../]JVM | JVMExceptions
begin

locale jvm-method = prog +
fixes mxs :: nat
fixes mxly :: nat
fixes Ts :: ty list
fixes T, :: ty
fixes is :: 'addr instr list
fixes xt :: ex-table

fixes mzl :: nat
defines mzl-def: mzl = 14size Ts+mzly

Program counter of successor instructions:

primrec succs :: ‘addr instr = ty; = pc = pc list
where
suces (Load idz) T pc = [pct1]
| suces (Store idx) T pc = [pc+1]
| succs (Push v) T pc = [pe+1]
| succs (Getfield F C) T pc = [pe+1]
| succs (Putfield F C) T pc = [pc+1]
(
(

| succs (CAS F C) 7 pc = [pc+1]

| suces (New C) 7 pe = [pe+1]

| succs (NewArray T) T pc = [pc+1]

| succs ALoad T pc = (if (fst T)!1 = NT then [] else [pc+1])
| succs AStore T pc = (if (fst 7)!2 = NT then || else [pc+1])
| succs ALength T pc = (if (fst 7)10 = NT then || else [pc+1])

| suces (Checkeast C) T pc = [pe+1]
| suces (Instanceof T) T pc = [pc+1]

| suces Pop T pc = [pe+1]
| succs Dup T pe = [pc+1]
| succs Swap T pe = [pc+1]

| suces (BinOplnstr b) T pc = [pe+1]
| suces-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) ™ pc = (if (fst 7)!n = NT then || else [pc+1])
| succs-Throw:

suces ThrowEze T pc =]
| succs MEnter T pc = (if (fst 7)!0 = NT then [] else [pc+1])
| succs MExit T pc = (if (fst 7)!0 = NT then || else [pc+1])

Effect of instruction on the state type:

fun eff; :: 'addr instr x 'm prog x ty; = ty;
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where
eff ;-Load:
eff; (Load n, P, (ST, LT)) = (ok-val (LT ! n) # ST, LT)

| eff:-Store:
eff; (Store n, P, (T#ST, LT)) = (ST, LT[n:= OK T))

| effi-Push:
effi (Push v, P, (ST, LT)) = (the (typeof v) # ST, LT)

| eff:-Getfield:
eff: (Getfield F C, P, (T#ST, LT)) = (fst (snd (field P C F)) # ST, LT)

| effi-Putfield:
eff; (Putfield F C, P, (T1#T2#ST, LT)) = (ST,LT)

| eﬁi—CAS:
effi (CAS F C, P, (T1\#To#T3#ST, LT)) = (Boolean # ST, LT)

| effi-New:
eff; (New C, P, (ST,LT)) = (Class C # ST, LT)

| effi-NewArray:
effi (NewArray Ty, P, (T#ST,LT)) = (Ty|| # ST,LT)

| effi-ALoad:
effi (ALoad, P, (T1#T2#ST,LT)) = (the-Array T2# ST,LT)

| eff:-AStore:
effi (AStore, P, (T1#T2#T8#ST,LT)) = (ST,LT)

| eff:-ALength:
eff; (ALength, P, (T1#ST,LT)) = (Integer#ST,LT)

| effi-Checkcast:

eff; (Checkcast Ty, P, (T#ST,LT)) = (Ty # ST,LT)
| effi-Instanceof:
effi: (Instanceof Ty, P, (T#ST,LT)) = (Boolean # ST,LT)
| effi-Pop:
effi (Pop, P, (T#ST,LT)) = (ST,LT)
| effi-Dup:
eff: (Dup, P, (T#ST,LT)) — (T#T#ST,LT)
| effi-Swap:
eff: (Swap, P, (T1#T2#ST,LT)) = (T2#T1#ST,LT)

| effi-BinOplnstr:
eff; (BinOplnstr bop, P, (T2#T1#ST,LT)) = (THE T. P+ T1«bop»T2 : T)#ST, LT)

| eff:-IfFalse:
eff; (IfFalse b, P, (T1#ST,LT)) = (ST,LT)
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eff i-Invoke:

effi (Invoke M n, P, (ST,LT)) =

(let U = fst (snd (snd (method P (the (class-type-of ' (ST ! n))) M)))
in (U # drop (n+1) ST, LT))

| effi-Goto:

eff; (Goto n, P, s) =3
| effi-MEnter:

effi (MEnter, P, (T1#ST,LT)) = (ST,LT)
| eff i-MEuit:

effi (MExit, P, (T1#ST,LT)) = (ST,LT)

fun is-relevant-class :: 'addr instr = 'm prog = cname = bool
where

rel-Getfield:

is-relevant-class (Getfield F' D) = (AP C. P + NullPointer <* C)
| rel-Putfield:

is-relevant-class (Putfield F D) = (AP C. P + NullPointer <* C)
| rel-CAS:

is-relevant-class (CAS F D) = (AP C. P+ NullPointer =* ()
| rel-Checcast:

is-relevant-class (Checkcast T) = (AP C. P+ ClassCast <* ()

| rel-New:

is-relevant-class (New D) = (AP C. P+ OutOfMemory =<* C)
| rel-Throw:

is-relevant-class ThrowFEzc = (AP C. True)
| rel-Invoke:

is-relevant-class (Invoke M n) = (AP C. True)
| rel-NewArray:

is-relevant-class (NewArray T) = (AP C. (P b OutOfMemory <* C) V (P + NegativeArraySize
=* 0))
| rel-ALoad:

is-relevant-class A Load = (AP C. P+ ArrayIndezOutOfBounds <* C V P+ NullPointer <*
0)
| rel-AStore:

is-relevant-class AStore = (AP C. P+ ArrayIndexOutOfBounds <* C V P+ ArrayStore <*
C V Pk NullPointer <* C)
| rel-ALength:

is-relevant-class A Length = (AP C. P F NullPointer =* C')
| rel-MFEnter:

is-relevant-class MEnter = (AP C. P F IllegalMonitorState <* C V Pt NullPointer <* C)
| rel-MFEuxit:

is-relevant-class MExit = (AP C. P F IllegalMonitorState <* C V P & NullPointer <* C)
| rel-BinOp:

is-relevant-class (BinOpInstr bop) = binop-relevant-class bop

| rel-default:
is-relevant-class i = (AP C. False)

definition is-relevant-entry :: 'm prog = ‘addr instr = pc = ex-entry = bool
where
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is-relevant-entry P i pc e =
let (f,t,C,h,d) = e
in (case C of None = True | | C'| = is-relevant-class i P C') A pc € {f..<t}

definition relevant-entries :: 'm prog = 'addr instr = pc = ex-table = ex-table
where
relevant-entries P i pc = filter (is-relevant-entry P i pc)

definition zcpt-eff :: ‘addr 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 ((case C of None = Class Throwable | Some C’ = Class C')#drop
(size ST — d) ST, LT))) (relevant-entries P i pc et)

definition norm-eff :: ‘addr instr = 'm prog = nat = ty; = (pc x ty;’) list
where norm-eff ¢ P pc 7 = map (Apc’. (pc’,Some (eff; (i,P,7)))) (succs i T pc)

definition eff :: ‘addr instr = 'm prog = pc = ex-table = ty;’ = (pc x ty;’) list
where
effi Ppcett=
case t of
None =[]
| Some T = (norm-eff i P pc 7) Q (zept-eff i P pc 7 et)

lemma eff-None:
eff i P pc at None = ||
(proof)

lemma eff-Some:
eff i P pc at (Some 1) = norm-eff i P pc 7 Q zcpt-eff i P pc T at
(proof )

Conditions under which eff is applicable:

fun app; :: ‘addr instr x 'm prog x pc X mat x ty x ty; = bool
where
app;-Load:
app; (Load n, P, pc, mzs, T, (ST,LT)) =
(n < length LT N LT ! n # Err A length ST < mas)
app;-Store:
app; (Store n, P, pc, mas, T,, (T#ST, LT)) =
(n < length LT)
app;-Push:
app; (Push v, P, pc, mas, Ty, (ST,LT)) =
(length ST < mas A typeof v # None)
app;-Getfield:
app; (Getfield F C, P, pc, mas, Tr, (T#ST, LT)) =
(3Ts fm. P+ Csees F:T¢ (fm) in C AN P+ T < Class C)
app;-Putfield:
app; (Putfield F C, P, pc, mzs, T, (T1#To#ST, LT)) =
3Ty fm. Pt Csees F:Ty (fm) in C N P+ Ty < (Class C) N P+ Ty < Ty)
app;-CAS:
app; (CAS F C, P, pc, mzs, Ty, (Ts#To#T1#ST, LT)) =
(3Ts fm. P+ C sees F:Ty (fm) in C A volatile fm AN P+ Tq < Class C NP+ To < Ty NP F
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T3 < Ty)
| app;-New:
app; (New C, P, pc, mzs, T, (ST,LT)) =
(is-class P C' A length ST < mas)
app;-NewArray:
app; (NewArray Ty, P, pc, mzs, Ty, (Integer#ST,LT)) =
is-type P (Ty[1)
app;-ALoad:
app; (ALoad, P, pc, mzxs, T, (T1#T2#ST,LT)) =
(T1 = Integer A (T2 # NT — (3 Ty. T2 = Tyl])))
app;-AStore:
app; (AStore, P, pc, mas, T, (T1H#T2# T3#ST,LT)) =
(T2 = Integer N (T3 # NT — (3 Ty. T8 = Ty|])))
app;-ALength:
app; (ALength, P, pc, mxs, T\, (T1#ST,LT)) =
(T1 = NT v 3Ty. T1 = Ty|]))
app;-Checkcast:
app; (Checkcast Ty, P, pc, mxs, T, (T#ST,LT)) =
(is-type P Ty)
app;-Instanceof:
app; (Instanceof Ty, P, pc, mas, T, (T#ST,LT)) =
(is-type P Ty A is-refT T)
appi-Pop:
app; (Pop, P, pc, mxs, T, (T#ST,LT)) =
True
appi-Dup:
app; (Dup, P, pc, mas, T, (T#ST,LT)) =
(Suc (length ST) < mus)
app;-Swap:
app; (Swap, P, pc, mzs, T, (T1#T2#ST,LT)) = True
app;-BinOplnstr:
app; (BinOplnstr bop, P, pc, mas, Tr, (T2#T1#ST,LT)) = (3T. P+ T1«bop»T2 : T)
app;-IfFalse:
app; (IfFalse b, P, pc, mzs, T,., (Boolean#ST,LT)) =
(0 < int pc + b)
app;-Goto:
app; (Goto b, P, pc, mzs, Ty, s) = (0 < int pc + b)
app; - Return:
app; (Return, P, pc, mzs, T, (T#ST,LT))=(P+ T < T,)
app;- Throw:
app; (ThrowEzc, P, pc, mas, T, (T#ST,LT)) =
(T =NTV (3C. T = Class C N P+ C =<* Throwable))
app;-Invoke:
app; (Invoke M n, P, pc, mxs, Ty, (ST,LT)) =
(n < length ST A
(ST'n # NT —
(3C D Ts T m. class-type-of ' (ST ! n) = |C] AN PF Csees M:Ts - T =m in D AN P+ rev
(take n ST) [<] Ts)))
| app;-MEnter:
app; (MEnter,P, pc,mxs, T,.,(T#ST,LT)) = (is-refT T)
app;-MFExit:
app; (MEzit, P, pc,mxs, T, ,(T#ST,LT)) = (is-refT T)
app;-default:
app; (i,P, pc,mzs,T,,s) = False
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definition zcpt-app :: 'addr instr = 'm prog = pc = nat = ex-table = ty; = bool
where

zept-app i P pe mas xt T =V (f,t,C,h,d) € set (relevant-entries P i pc at). (case C of None = True
| Some C' = is-class P C") A d < size (fst 7) A d < mas

definition app :: ‘addr instr = 'm prog = nat = ty = nat = nat = ex-table = ty;’ = bool
where

app i P mzs T, pc mpc xt t = case t of None = True | Some T =

app; (i,P,pc;mxs, Tr,m) N zept-app @ P pc mas xt T A

(Y (pc’,7") € set (eff i P pc at t). pc’ < mpc)

lemma app-Some:
app © P mas T, pc mpe xt (Some 7) =
(app; (i,P,pc,mzs, T, 7) N\ xcpt-app i P pc mzs at 7 A
(V(pc',s’) € set (eff i P pc at (Some T)). pc’ < mpc))
(proof)

locale eff = jum-method +
fixes eff; and app; and eff and app
fixes norm-eff and zcpt-app and xcpt-eff

fixes mpc
defines mpc = size is

defines eff; i 7 = 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, mas, 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.xzcpt-eff i P pc T xt
notes zcpt-eff = Effect.zcpt-eff-def [of - P - - at, folded zcpt-eff-def]

defines norm-eff i pc T = Effect.norm-eff i P pc T
notes norm-eff = Effect.norm-eff-def [of - P, folded norm-eff-def eff ;-def]

defines eff i pc = Effect.eff i P pc at
notes eff = Effect.eff-def [of - P - at, folded eff-def norm-eff-def zcpt-eff-def]

defines zcpt-app ¢ pc T = Effect.xcpt-app i P pc mzs xt T
notes zcpt-app = Effect.xcpt-app-def [of - P - mas xt, folded xzcpt-app-def]

defines app ¢ pc = Effect.app ¢ P mxs T, pc mpc xt
notes app = Effect.app-def [of - P mas T, - mpc at, folded app-def zcpt-app-def app;-def eff-def)

lemma length-cases?2:
assumes ALT. P ([],LT)
assumes A\l ST LT. P (I#ST,LT)
shows P s
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(proof)

lemma length-cases3:
assumes ALT. P ([},LT)
assumes Al LT. P ([I],LT)
assumes A\l !’ ST LT. P (I#U'#ST,LT)
shows P s

{proof)

lemma length-cases4:
assumes ALT. P ([],LT)
assumes A\l LT. P ([I],LT)
assumes Al !’ LT. P ([L,I],LT)
assumes A\l 1" ST LT. P (I#1'#1"#ST,LT)
shows P s

(proof )

lemma length-casess:
assumes ALT. P ([],LT)
assumes A\l LT. P ([I],LT)
assumes Al !’ LT. P ([L,I],LT)
assumes All' " LT. P ([I,I",l"],LT)
assumes Al """ ST LT. P (I#U#U"#U'""#ST,LT)
shows P s

{proof)

simp rules for app

lemma appNone[simp|: app i P mas T, pc mpc et None = True

{proof)

lemma appLoad[simp]:
app; (Load idx, P, T\, mas, pc, s) = (ST LT. s = (ST,LT) A idz < length LT N LTVidx # Err A
length ST < maxs)

(proof )

lemma appStore[simp]:
app; (Store idx,P,pc,mzs, Ty,s) = (Its ST LT. s = (ts#ST,LT) A idz < length LT)
(proof )

lemma appPush[simp]:

app; (Push v,P,pc,mxs, T,.,s) =

(3ST LT. s = (ST,LT) A length ST < mas A typeof v # None)
(proof)

lemma appGetField[simp:

app; (Getfield F C,P,pc,mzs, T,.,s) =

(3 oT vT ST LT fm. s = (oT#ST, LT) A
P+ Csees F-oT (fm) in C AN P F oT < (Class C))
(proof)

lemma appPutField[simp]:
app; (Putfield F C,P,pc,mzs,T,,s) =
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(3 vTvT’ oT ST LT fm. s = (vT#0T#ST, LT) A
PF Csees FroT’ (fm) in C A P oT < (Class C) AN P F oT < vT")
(proof)

lemma appCAS[simp]:

app; (CAS F C, P, pc, mzs, T, s) =
(3 T1 T2 T3 T'STLT fm. s = (T3 # T2 # T1 # ST, LT) A
P+ Csees F:T' (fm) in C A volatile fm AN PF T1 < Class C NPF T2 < T'ANPF T3 < T
(proof)

lemma appNew|simp]:
app; (New C,P,pc,mzs,T,.,s) =
(3ST LT. s=(ST,LT) A is-class P C A length ST < mazs)
{proof)

lemma appNewArray|simp):
app; (NewArray Ty,P,pc,mzs,T,,s) =
(3ST LT. s=(Integer#ST,LT) A is-type P (Ty|]))
{proof)

lemma appA Load]simp):

app; (ALoad,P,pc,mxs, Ty,8) =

(3T ST LT. s=(Integer# T#ST,LT) AN (T # NT — 3T". T =1T']])))
(proof )

lemma appAStore[simp]:

app; (AStore,P pc,mzs, T,,s) =

(3T U ST LT. s=(T#Integer# U#ST,LT) A (U # NT — (3T". U = T'|])))
(proof )

lemma appA Length[simp):
app; (ALength,P,pc,mxs, Ty,s) =
(3T ST LT. s=(T#ST,LT) A (T # NT — 3T T = T'|])))
(proof)

lemma appCheckcast[simp):
app; (Checkeast Ty,P,pc,mzs,T,,s) =
(3T ST LT. s = (T#ST,LT) A is-type P Ty)
(proof)

lemma applnstanceof|simp]:
app; (Instanceof Ty,P ,pc,mzs, T,.,s) =
(3T ST LT. s = (T#ST,LT) A is-type P Ty A is-refT T)
(proof)

lemma app; Pop[simp]:
app; (Pop,P,pc,mzs,T,s) = (ts ST LT. s = (ts#ST,LT))
(proof )

lemma appDup[simpl:

app; (Dup,P,pc,mxs,Tr,s) =

(3T STLT. s = (T#ST,LT) N Suc (length ST) < mas)
(proof)
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lemma app; Swap|simp]:
app; (Swap,P,pc,mzxs, Ty,s) = (3T1 T2 ST LT. s = (T1#T2#ST,LT))
(proof)

lemma appBinOp|simp]:

app; (BinOpInstr bop,P,pc,mzs,T,s) = (3T1 T2 ST LT T. s = (T2 # T1 # ST, LT) A P +
T1«bop» T2 : T)

(proof)

lemma applfFalse [simp]:

app; (IfFalse b,P,pc,mzs,T,,s) =
(3ST LT. s = (Boolean#ST,LT) N 0 < int pc + b)
(proof)

lemma appReturn|simp]:
app; (Return,P,pc,mzs,Ty,s) = (3T ST LT. s = (T#ST,LT) NP+ T < T,)
(proof )

lemma app Throw[simp]:

app; (ThrowEzc,P,pc,mas,Ty,s) = (3T ST LT. s=(T#ST,LT) N (T
A P+ C =* Throwable)))

(proof )

NT v 3C. T = Class C

lemma appMEnter|[simp]:
app; (MEnter,P,pc,mzs,Ty,s) = (3T ST LT. s=(T#ST,LT) A is-refT T)
(proof )

lemma appMEzit[simp]:
app; (MEzit,P,pc,mzs,Ty,s) = (3T ST LT. s=(T#ST,LT) A is-refT T)
(proof )

lemma effNone:
(pc’, s) € set (eff i P pc et None) => s’ = None
(proof)

lemma relevant-entries-append [simpl:
relevant-entries P i pc (at Q xt') = relevant-entries P i pc at @ relevant-entries P i pc xt’

{proof)

lemma zcpt-app-append [iff]:
xept-app © P pc mxs (xtQut’) T = (zept-app i P pec mas xt T A xzept-app i P pc mas xt’ 1)
(proof )

lemma zcpt-eff-append [simpl:
xept-eff i P pe T (2tQut’) = zept-eff i P pc T at Q zept-eff i P pc T at’
(proof)

lemma app-append [simp]:
app i P pc T maxs mpc (xtQat’) 7 = (app i P pc T mxs mpe xt 7 A app i P pc T mzs mpc xt’ T)
(proof)
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6.2.1 Code generator setup

declare list-all2-Nil [code]
declare list-all2-Cons [code]

lemma eff;-BinOplnstr-code:

eff: (BinOplnstr bop, P, (T2# T1#ST,LT)) = (Predicate.the (WTrt-binop-i-i-i-i-o P T1 bop T2)
# ST, LT)
(proof)

lemmas eff;-code[code] =
eff i-Load eff ;-Store eff ;-Push eff ;-Getfield eff;-Putfield eff;-New eff;-NewArray eff;-ALoad
eff ;-AStore eff ;-ALength eff ;-Checkcast eff ;-Instanceof eff ;-Pop eff ;-Dup eff ;-Swap eff ;-BinOplnstr-code
effi-IfFalse eff ;-Invoke eff ;-Goto eff ;-MEnter eff ;-MEzxit

lemma app;-Getfield-code:

app; (Getfield F C, P, pc, mas, T, (T#ST, LT)) «—

Predicate.holds (Predicate.bind (sees-field-i-i-i-o-0-i P C' F C) (AT. Predicate.single ())) N PH T <
Class C

(proof)

lemma app;-Putfield-code:
app; (Putfield F C, P, pc, mzs, T, (T1#T2#ST, LT)) «—
PF Ty < (Class C) A
Predicate.holds (Predicate.bind (sees-field-i-i-i-o-0-i P C' F C) (MT, fm). if P+ Ty < T then
Predicate.single () else bot))
(proof )

lemma app;-CAS-code:

app; (CAS F C, P, pc, mas, Ty, (Ts#To#T1#ST, LT)) +—

P Ty < Class C N

Predicate.holds (Predicate.bind (sees-field-i-i-i-0-0-i P C F C) (MT, fm). if P+ To < T ANPF T3
< T A wolatile fm then Predicate.single () else bot))
(proof)

lemma app;-ALoad-code:

app; (ALoad, P, pc, mxs, T, (TI#T2#ST,LT)) =

(T1 = Integer A (case T2 of Ty|| = True | NT = True | - = False))
(proof)

lemma app;-AStore-code:

app; (AStore, P, pc, mxs, Ty, (TIH#T2# T3#ST,LT)) =

(T2 = Integer A (case T3 of Ty|| = True | NT = True | - = False))
(proof)

lemma app;-ALength-code:
app; (ALength, P, pc, mxs, Ty, (T1#ST,LT)) =
(case T1 of Ty|] = True | NT = True | - = False)
(proof)

lemma app;-BinOplnstr-code:

app; (BinOplnstr bop, P, pc, mas, Ty, (T2#T1#ST,LT)) =

Predicate.holds (Predicate.bind (WTrt-binop-i-i-i-i-o P T1 bop T2) (AT. Predicate.single ()))
(proof)
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lemma app; -Invoke-code:
app; (Invoke M n, P, pc, mas, Ty, (ST,LT)) =
(n < length ST A
(ST!n # NT —
(case class-type-of ' (ST ! n) of Some C =
Predicate.holds (Predicate.bind (Method-i-i-i-0-0-0-0 P C M)
(M(Ts, -). if P+ rev (take n ST) [<] TS then Predicate.single () else
bot))
| - = Fulse)))

(proof)

lemma app;- Throw-code:

app; (ThrowFEzc, P, pc, mas, T, (T#ST,LT)) =

(case T of NT = True | Class C = P+ C =<* Throwable | - = False)
(proof)

lemmas app;-code [code] =
app;-Load app;-Store app;-Push
app;-Getfield-code app;-Putfield-code app;-CAS-code
app;-New app;-NewArray
app;-ALoad-code app;-AStore-code app;-ALength-code
app;-Checkcast app;-Instanceof
app;-Pop app;-Dup app;-Swap app;-BinOplnstr-code app;-IfFalse app;-Goto
app;-Return app;- Throw-code app;-Invoke-code app;-MEnter app;-MExit
app;-default

end

6.3 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 check-types :: 'm prog = nat = nat = ty;’ err list = bool
where
check-types P mxs mxl 7s = set 7s C states P mxzs mal

— An instruction is welltyped if it is applicable and its effect
— is compatible with the type at all successor instructions:
definition wi-instr :: ['m prog,ty,nat,pc,ex-table,’addr instr,pe,ty,,] = bool

where
P, T ,mxs,mpc,at & i,pc :: Ts =
app © P mxs T pc mpc at (1slpc) A
(V(pc';t") € set (eff i P pc at (tslpc)). P+ 7" <’ 1slpe’)

— The type at pc=0 conforms to the method calling convention:
definition wi-start :: ['m prog,cname,ty list,nat,ty,] = bool
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where
wt-start P C Ts mxly 7s =
P Some ([J,OK (Class C)#map OK TsQreplicate maly Err) <’ 7s!l0

— 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,ty list,ty,nat,nat,’addr instr list, ex-table,ty,,] = bool
where

wt-method P C Ts T, mxs mxly is xt 78 =

0 < size is N\ size TS = size is N\

check-types P mxs (1+size Ts+maly) (map OK 7s) A

wt-start P C Ts mxly 7s A

(Vpc < size is. P, T, ,mzs,size is,zt & islpe,pc 1 Ts)

— A program is welltyped if it is wellformed and all methods are welltyped
definition wf-jum-prog-phi :: typ = 'addr jum-prog = bool (<wf’-jom’-prog-»)
where
wf-jum-progy =
wf-prog (AP C (M, Ts,T,,(mxzs,mzly,is,at)).
wt-method P C Ts T, maxs maly is xt (& C M))

definition wf-jvm-prog :: ‘addr jum-prog = bool
where
wf-jym-prog P = 3®. wf-jvm-progy P

lemma wt-jvm-progD:
wf-jum-proge P = Jwt. wf-prog wt P{proof)
lemma wit-juvm-prog-impl-wt-instr:
[ wf-jum-proge P;
PF Csees M:Ts — T = |(mas,maly,ins,at)| in C; pc < size ins |
= P,T,mus,size ins,at - inslpe,pc :: ® C M {proof)
lemma wt-jum-prog-impl-wt-start:
[ wf-jum-progg P;
Pt Csees M:Ts — T = |(mas,mzly,ins,at)] in C' | =
0 < size ins N\ wt-start P C' Ts maly (& C M)(proof)
end

6.4 BV Type Safety Invariant

theory BVConform
imports
BVSpec
../JVM | JVMExec
begin

context JVM-heap-base begin

definition confT :: 'c prog = 'heap = 'addr val = ty err = bool
(to- b - <7 - [51,51,51,51] 50)
where
Phtv:<y E=case Eof Err = True| OK T = Phtv:< T



317

notation (ASCII)
confT (¢-,- |— - :<=T - [51,51,51,51] 50)

abbreviation confTs :: 'c prog = 'heap = 'addr val list = ty; = bool
(- F - [<7] - [51,51,51,51] 50)

where
P.h = vs [:<7] Ts = list-all2 (confT P h) vs Ts

notation (ASCII)
confTs (s-,- |— - [[<=T] - [51,51,51,51] 50)

definition conf-f :: ‘addr jum-prog = 'heap = ty; = 'addr bytecode = 'addr frame = bool
where
conf-f P h = X(ST,LT) is (stk,loc,C,M,pc). P,h b stk [:<] ST A P,ht loc [:<7] LT A pc < size is

primrec conf-fs :: ['addr jum-prog,’heap,ty p,mname,nat,ty,’addr frame list] = bool
where
conf-fs Ph ® My ng To [| = True

| conf-fs P h ® Mg ng To (f#frs) =
(let (stk,loc,C,M,pc) = fin
(3ST LT Ts T mxs maly is at.
& CM! pc= Some (ST,LT) A
(Pt Csees M:Ts — T = [(mas,mzly,is,at)] in C) A
(3Ts' T"Dm D"
is'pc = (Invoke Mo ng) A class-type-of ' (ST'ng) = | D] A P+ D sees Mo:Ts' — T' = m in D’
ANPF Ty < T)A
conf-f P h (ST, LT) is f N\ conf-fs P h ® M (size Ts) T frs))

primrec conf-zcp :: 'addr jum-prog = 'heap = 'addr option = 'addr instr = bool where
conf-xrep P h None i = True
| conf-xzep P h |a| i = (3D. typeof-addr h a = | Class-type D| A P+ D =<* Throwable A
(VD' P+ D <* D' — is-relevant-class i P D))

end
context JVM-heap-conf-base begin

definition correct-state :: [typ,’thread-id,(’addr, 'heap) jum-state] = bool
where
correct-state ® t = A(zp,h,frs).
P.h E t \/t A heonf h A preallocated h A
(case frs of
[ = True
() =
(let (stk,loc,C,M,pc) = f
in 3 Ts T mxs mxly is xt T.
(P Csees M:Ts— T = |[(mas,mzly,is,at)] in C) A
® CM! pc= SomeT A
conf-f P h 1 is f A conf-fs P h ® M (size Ts) T fs A
conf-xep P h xp (is ! pc) ))

notation
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correct-state («- = -- /> [61,0,0] 61)

notation (ASCII)
correct-state («- |— -:- [ok]y [61,0,0] 61)

end
context JVM-heap-base begin

lemma conf-f-def2:
conf-f P h (ST,LT) is (stk,loc,C,M,pc) =
P.h stk [:<] ST A P,hF loc [:<t] LT A pc < size is
(proof)

6.4.1 Values and T
lemma confT-Err [iff]: P,h - z <t Err
(proof )

lemma confT-OK [iff]: Phbz:<t OKT = (P,htz:<T)
(proof)

lemma confT-cases:
Phtro: <t X=X=FmrVvV@E3T.X=0KTANPhtz:<T))
(proof)

lemma confT-widen [intro?, trans]:
[PhtFao: <t T;PFT <+ T']= Phtao: <t T
(proof )

end
context JVM-heap begin

lemma confT-hext [intro?, trans|:
[Phta:<t T:h<ah']= Ph'Fa:<t T
(proof )

end

6.4.2 Stack and Registers
context JVM-heap-base begin

lemma confTs-Consl [iff]:
Phbtaox#as[<7] Ts=(Fzzs. Ts=z# 2s N Ph b 2z :<t z A list-all2 (confT P h) xs zs)
(proof)

lemma confTs-confT-sup:
[ P,htloc ;<] LT; n < size LT; LT'n = OK T; PF T < T']
= P,h + (locln) :< T’
(proof)

lemma confTs-widen [intro?, trans|:
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Phtloc (<7] LT = P+ LT [<7]| LT’ = P,h F loc [:<t] LT’
(proof)

lemma confTs-map [iff]:
(P,h b vs [:<t] map OK Ts) = (P,h F vs [:<] T%)
(proof)

lemma (in —) reg-widen-Err:
(Pt replicate n Err [<t] LT) = (LT = replicate n Err)
{proof)

declare reg-widen-Err [iff]

lemma confTs-Err [iff]:
P.h & replicate n v [:<v] replicate n Err

(proof)

end
context JVM-heap begin

lemma confTs-hext [intro?):
Pht loc <7]) LT = h < h' = P,h'F loc [:<7] LT
(proof)

6.4.3 correct-frames

declare fun-upd-apply[simp del]

lemma conf-f-hext:
[ conf-fPh® Mf; h <h'] = conf-fPh'® Mf
(proof)

lemma conf-fs-hext:
[ conf-fs Ph® Mn T, frs; h S h'] = conf-fs Ph' ® M n T, frs
(proof )

declare fun-upd-apply|simp]

lemma conf-zcp-hext:
[ conf-xep P hxcp i; h S h'] = conf-zep P h' xcp i
(proof)

end
context JVM-heap-conf-base begin
lemmas defs! = correct-state-def conf-f-def wt-instr-def eff-def norm-eff-def app-def rcpt-app-def
lemma correct-state-impl-Some-method:
® + ¢ (None, h, (stk,loc,C,M,pc)#frs)\/

= dm Ts T. P+ C sees M:Ts—T = |m| in C
(proof)
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end
context JVM-heap-conf-base’ begin

lemma correct-state-hext-mono:
[ @+ t: (zep, h, frs) \/; h S B’ heonf h' | = @+ t: (zep, b7, frs) +/
(proof )

end

end

6.5 BV Type Safety Proof

theory BVSpecTypeSafe
imports

BVConform

../ Common/ External Call WF
begin

declare listE-length [simp del]

This theory contains proof that the specification of the bytecode verifier only admits type
safe programs.

6.5.1 Preliminaries
Simp and intro setup for the type safety proof:
context JVM-heap-conf-base begin

lemmas widen-rules [intro] = conf-widen confT-widen confs-widens confTs-widen

end

6.5.2 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).
(case D of None = True | Some D' = P+ C <* D) Apce {f.<t} ANpc’=hAd =d
(proof)

lemma match-is-relevant:

assumes rv: AD'. P+ D =* D' = is-relevant-class (ins ! i) P D’

assumes match: match-ex-table P D pc ot = Some (pc’,d’)

shows 3 (f,t,D",h,d) € set (relevant-entries P (ins ! i) pc at). (case D' of None = True | Some D"
=PEFED=*D"YApce{f.<t}Apc’=hANd =4d
(proof)

context JVM-heap-conf-base begin
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lemma exception-step-conform:
fixes o’ :: ('addr, 'heap) jum-state
assumes wip: wf-jvm-proggy P
assumes correct: ® b t:(|xzep|, h, fr # frs) /
shows ® - t:exception-step P zcp h fr frs +/

(proof)

end

6.5.3 Single Instructions

In this subsection we prove for each single (welltyped) instruction that the state after execution
of the instruction still conforms. Since we have already handled raised exceptions above, we
can now assume that no exception has been raised in this step.

context JVM-conf-read begin
declare defs1 [simp]

lemma Invoke-correct:
fixes o’ :: ("addr, 'heap) jum-state
assumes wiprog: wf-jym-progy P
assumes meth-C: P+ C sees M:Ts— T=|(mas,mzly,ins,zt)| in C
assumes ns: s | pc = Invoke M' n
assumes wti: P, T,mxs,size ins,xt & inslpc,pc :: ® C M
assumes approz: @ = t:(None, h, (stk,loc,C,M,pc)#frs)/
assumes ezec: (tas, o) € exec-instr (ins'pc) Pt h stk loc C M pc frs
shows @ - t:.0 /

(proof)

declare list-all2-Cons2 [iff]

lemma Return-correct:
assumes wi-prog: wf-jum-progey P
assumes meth: P+ C sees M:Ts— T=|(mas,maly,ins,at)]| in C
assumes ins: ins | pc = Return
assumes wt: P, T mzs,size ins,zt - inslpe,pc :: @ C M
assumes correct: ® + t:(None, h, (stk,loc,C,M,pc)#frs)\/
assumes s’z (tas, 0’) € exec Pt (None, h, (stk,loc,C,M,pc)#frs)
shows ® + t:io'y/

(proof)

declare sup-state-opt-any-Some [iff]
declare not-Err-eq [iff]

lemma Load-correct:
[ wf-prog wt P;
P F C sees M:Ts— T'=|(mas,maly,ins,at)] in C,
ins!'pc = Load idzx;
P, T maxs,size ins,xt = ins'pe,pc :: ® C M,
O  t:(None, h, (stk,loc,C,M pc)#frs)/ ;
(tas, o) € exec Pt (None, h, (stk,loc,C,M,pc)#frs) |
= ®F tig’y/
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(proof)

declare [[simproc del: list-to-set-comprehension]]

lemma Store-correct:
[ wf-prog wt P;
Pt C sees M:Ts— T=|(maxs,mzly,ins,zt) | in C,
ins!lpc = Store idz;
P, T ,mzs,size ins,zt = inslpc,pc :: & C M,
® + t:(None, h, (stk,loc,C,M,pc)#frs)/;
(tas, o’) € exec Pt (None, h, (stk,loc,C,M,pc)#frs) |
= ® F tio’y/
(proof)

lemma Push-correct:
[ wf-prog wt P;

P+ C sees M:Ts— T=|(mas,maly,ins,at)]| in C,

ins!pc = Push v,

P, T, mzs,size ins,xt = inslpe,pc :: & C M,

® F t:(None, h, (stk,loc,C,M,pc)#frs)\/;

(tas, 0') € exec Pt (None, h, (stk,loc,C,M,pc)#frs) ]
= ® + tio’y/

(proof)

declare [[simproc add: list-to-set-comprehension))

lemma Checkcast-correct:
[ wf-jum-progg P;
P+ C sees M:Ts— T=|(mas,maly,ins,at)]| in C;
inslpc = Checkcast D;
P, T maxs,size ins,xt = ins'pe,pc :: & C M,
® + t:(None, h, (stk,loc,C,M,pc)#frs)/;
(tas, o) € exec-instr (inslpc) Pt h stk loc C M pc frs |
= dF tioc
(proof)

lemma Instanceof-correct:
[ wf-jum-progg P;

P+ C sees M:Ts— T=|(mas,maly,ins,at)] in C;

ins!pc = Instanceof Ty;

P, T mzs,size ins,xt - inslpc,pc :: & C M,

®  t:(None, h, (stk,loc,C,M ,pc)#frs)\/;

(tas, o) € exec-instr (inslpc) Pt h stk loc C M pc frs |
= dF tioc/

(proof)

declare split-paired-All [simp del]
end
lemma widens-Cons [iff]:

PE(T#TS)[<]U=3zz5. Us=z# 2 NPFT<zAPF Ts[<] 29)
(proof)
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context heap-conf-base begin

end
context JVM-conf-read begin

lemma Getfield-correct:
assumes wf: wf-prog wt P
assumes mC: P b C sees M:Ts— T=|(mas,mxly,ins,at)] in C
assumes i: inslpc = Getfield F D
assumes wt: P,T,mxs,size ins,zt - inslpc,pc :: ® C M
assumes cf: ® b t:(None, h, (stk,loc,C,M,pc)#frs)\/
assumes zc: (tas, o) € exec-instr (inslpc) Pt h stk loc C M pe frs

shows @ + t:.0'y/
(proof)

lemma Putfield-correct:
assumes wf: wf-prog wt P
assumes mC: P b C sees M:Ts— T=|(mas,maly,ins,at)] in C
assumes i: inslpc = Putfield F D
assumes wt: P,T,mxs,size ins,zt - inslpc,pc :: ® C M
assumes cf: ¢ b t:(None, h, (stk,loc,C,M,pc)#frs)\/
assumes zc: (tas, o) € exec-instr (inslpc) Pt h stk loc C M pe frs
shows @  t:0’ /

(proof)

lemma CAS-correct:
assumes wf: wf-prog wt P
assumes mC: P+ C sees M:Ts— T=|(maxs,mzly,ins,xt)| in C
assumes i: inslpc = CAS F D
assumes wt: P,T,mxs,size ins,zt - inslpc,pc :: ® C M
assumes cf: ® b t:(None, h, (stk,loc,C,M,pc)#frs)\/
assumes zc: (tas, 0’) € exec-instr (inslpc) Pt h stk loc C M pc frs
shows @ - t:0’ /

(proof)

lemma New-correct:
assumes wf: wf-prog wt P
assumes meth: P+ C sees M:Ts— T=|(maxs,maly,ins,at)]| in C
assumes ins: inslpc = New X
assumes wt: P, T,mxs,size ins,xt = inslpe,pc :: @ C M
assumes conf: ® + ¢:(None, h, (stk,loc,C,M,pc)#frs)y/
assumes no-z: (tas, o) € exec-instr (inslpc) Pt h stk loc C M pc frs
shows @ - t:.0 /

(proof)

lemma Goto-correct:
[ wf-prog wt P;
P+ C sees M:Ts— T=|(mas,mzly,ins,zt)| in C,
ins | pc = Goto branch;
P, T maxs,size ins,xt = ins'pce,pc :: ® C M,
®  t:(None, h, (stk,loc,C,M,pc)#frs)\/;
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(tas, o) € exec Pt (None, h, (stk,loc,C,M,pc)#frs) |
= PdF tio’y/
(proof )

declare [[simproc del: list-to-set-comprehension]]

lemma IfFalse-correct:
[ wf-prog wt P;
P F C sees M:Ts— T=|(mas,mxly,ins,at) | in C,
ins | pc = IfFalse branch;
P, T ,maxs,size ins,xt - inslpe,pc :: ® C M;
® + t:(None, h, (stk,loc,C,M,pc)#frs)/;
(tas, o) € exec Pt (None, h, (stk,loc,C,M,pc)#frs) |
= O+ tio’y/
(proof )

declare [[simproc add: list-to-set-comprehension|]

lemma BinOp-correct:
[ wf-prog wt P;
P E C sees M:Ts— T=|(maxs,mzly,ins,at) | in C;
ins | pc = BinOplInstr bop;
P, T mas,size ins,zt - ins'pe,pc :: ® C M;
® F t:(None, h, (stk,loc,C,M,pc)#frs)\/;
(tas, o’) € exec Pt (None, h, (stk,loc,C,M,pc)#frs) |
= O+ two’y/
(proof)

lemma Pop-correct:
[ wf-prog wt P;
P C sees M:Ts— T=|(mas,mzly,ins,zt)| in C;
ins | pc = Pop;
P, T maxs,size ins,zt = inslpe,pc :: ® C M;
® + t:(None, h, (stk,loc,C,M,pc)#frs)\/;
(tas, o) € exec Pt (None, h, (stk,loc,C,M,pc)#frs) ]
= O+ two’y/
(proof)

lemma Dup-correct:
[ wf-prog wt P;
P F C sees M:Ts— T=|(mas,mxly,ins,at) | in C,
ins ! pc = Dup;
P, T ,maxs,size ins,xt - inslpe,pc :: ® C M;
® + t:(None, h, (stk,loc,C,M,pc)#frs)\/;
(tas, o) € exec Pt (None, h, (stk,loc,C,M,pc)#frs) |
= O+ tio’y/
(proof)

lemma Swap-correct:
[ wf-prog wt P;
P+ C sees M:Ts— T=|(maxs,mzly,ins,zt) | in C,
ins | pc = Swap;
P, T maxs,size ins,xt = inslpc,pc :: ® C M,
® + t:(None, h, (stk,loc,C,M,pc)#frs)/;



(tas, o) € exec Pt (None, h, (stk,loc,C,M,pc)#frs) |
= O tio'y/
(proof)

declare [[simproc del: list-to-set-comprehension]]

lemma Throw-correct:
[ wf-prog wt P;
P+ C sees M:Ts— T=|(mas,mzly,ins,zt)| in C,
ins | pc = ThrowFxc;
P, T ,mxs,size ins,xt - inslpe,pc :: ® C M;
® F t:(None, h, (stk,loc,C,M,pc)#frs)\/;
(tas, o) € exec-instr (inslpc) Pt h stk loc C M pc frs ]
= O+ o'y
(proof)

declare [[simproc add: list-to-set-comprehension]

lemma NewArray-correct:
assumes wf: wf-prog wt P
assumes meth: P+ C sees M:Ts— T=|(mas,maly,ins,at)]| in C
assumes ins: inslpc = NewArray X
assumes wt: P, T,mazs,size ins,zt - inslpc,pc :: @ C M
assumes conf: ® - t:(None, h, (stk,loc,C,M,pc)#frs)\/
assumes no-z: (tas, o) € exec-instr (inslpc) Pt h stk loc C M pe frs
shows ® - t:0 /

(proof)

lemma A Load-correct:
assumes wf: wf-prog wt P
assumes meth: P = C sees M:Ts— T=|(mazs,mxly,ins,zt)| in C
assumes ins: ns!lpc = ALoad
assumes wt: P,T,mzs,size ins,zt - inslpc,pc :: ® C M
assumes conf: ® - t: (None, h, (stk,loc,C,M,pc)#frs)\/
assumes no-z: (tas, o) € exec-instr (inslpc) Pt h stk loc C M pc frs
shows @ - t:.0 /

(proof)

lemma AStore-correct:
assumes wf: wf-prog wt P
assumes meth: P+ C sees M:Ts— T=|(mas,maly,ins,at) | in C
assumes ins: inslpc = AStore
assumes wt: P,T,mzs,size ins,zt - inslpc,pc :: @ C M
assumes conf: ® - t: (None, h, (stk,loc,C, M, pc)#frs)\/
assumes no-z: (tas, o) € exec-instr (inslpc) Pt h stk loc C M pe frs
shows @ - ¢: 0 /

(proof)

lemma A Length-correct:
assumes wf: wf-prog wt P
assumes meth: P+ C sees M:Ts— T'=|(maxs,maly,ins,at)| in C
assumes ins: inslpc = ALength
assumes wt: P, T,mxs,size ins,xt = inslpe,pc :: @ C M

325
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assumes conf: ® + t: (None, h, (stk,loc,C,M,pc)#frs)/
assumes no-z: (tas, o) € exec-instr (ins!pc) Pt h stk loc C M pe frs
shows ® - t: 0 /

(proof)

lemma MEnter-correct:
assumes wf: wf-prog wt P
assumes meth: P = C sees M:Ts— T=|(maxs,mxly,ins,at)] in C
assumes ins: inslpc = MEnter
assumes wt: P, T,maxs,size ins,xt = ins!pe,pc :: @ C M
assumes conf: ® + t: (None, h, (stk,loc,C,M,pc)#frs)/
assumes no-z: (tas, o) € exec-instr (ins!pc) Pt h stk loc C M pe frs
shows ® - t: 0 /

(proof)

lemma MEzit-correct:
assumes wf: wf-prog wt P
assumes meth: P = C sees M:Ts— T=|(mas,maly,ins,at)] in C
assumes ins: inslpc = MFExit
assumes wt: P, T,mzs,size ins,xt F inslpc,pc :: ® C M
assumes conf: ® + t: (None, h, (stk,loc,C,M,pc)#frs)/
assumes no-z: (tas, o) € exec-instr (inslpc) P t h stk loc C M pc frs
shows @ - t: 0 /

(proof)

The next theorem collects the results of the sections above, i.e. exception handling and
the execution step for each instruction. It states type safety for single step execution: in
welltyped programs, a conforming state is transformed into another conforming state when
one instruction is executed.

theorem instr-correct:

[ wf-jum-proge P;
P F C sees M:Ts— T=|(mxs,mzly,ins,zt) | in C,
(tas, o’) € exec Pt (None, h, (stk,loc,C,M,pc)#frs);
® + t: (None, h, (stk,loc,C,M,pc)#frs)\/ |

= dFto'y

(proof )

declare defs1 [simp del]

end

6.5.4 Main

lemma (in JVM-conf-read) BV-correct-1 [rule-format):
No. [ wf-jom-progg P; @ F t: 0/] = P,t F o —tas—jom— ¢’ — O+ t: o'/
(proof)

theorem (in JVM-progress) progress:
assumes wi: wf-jum-proge P
and cs: @ F t: (aep, h, f # frs)/
shows Jta o'. P,t - (zcp, h, f # frs) —ta—jom— o’

(proof)
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lemma (in JVM-heap-conf) BV-correct-initial:

shows [ wf-jum-progg P; start-heap-ok; P & C sees M:Ts—T = |m| in D; P,start-heap F vs [:<]
Ts ]

= O | start-tid: JVM-start-state’ P C M vs /

(proof )

end

6.6 Welltyped Programs produce no Type Errors

theory BVNoTypeError
imports
../ JVM | JVMDefensive
BVSpecTypeSafe
begin

lemma wt-jvm-prog-states:
[ wf-jom-proge P; P+ C sees M: Ts—T = |(mazs, mal, ins, et)| in C;
O CM! pc=rT;pc< size ins |
= OK 7 € states P mas (1+size Ts+mal){proof)
context JVM-heap-conf-base’ begin

declare is-Intgl [simp, intro]
declare is-Booll [simp, intro]
declare is-RefI [simp]

The main theorem: welltyped programs do not produce type errors if they are started in
a conformant state.

theorem no-type-error:
assumes welltyped: wf-jvm-proge P and conforms: ® = t:o /
shows ezec-d P t o # TypeError{proof){proof ){proof ) {proof)

6.7 Progress result for both of the multithreaded JVMs

theory BVProgressThreaded
imports
../ Framework / FWProgress
../ Framework/ FWLTS
BVNoTypeError
/JVM | JVMThreaded
begin

lemma (in JVM-heap-conf-base’) mezxec-eq-mezecd:
[ wf-jvm-progg P; ® F t: (xcp, b, frs) \/ | = mexec Pt ((xcp, frs), h) = mexecd Pt ((zcp, frs), h)
(proof)

context JVM-heap-conf-base begin

abbreviation
correct-state-ts :: typ = (‘addr,’thread-id,’addr jum-thread-state) thread-info = 'heap = bool
where
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correct-state-ts © = ts-ok (At (xzcp, frstls) h. © b t: (zep, h, frstls) /)

lemma correct-state-ts-thread-conf:
correct-state-ts © (thr s) (shr s) = thread-conf P (thr s) (shr s)

(proof)

lemma invoke-new-thread:
assumes wf-jvm-progy P
and P+ C sees M:Ts— T=|(maxs,mxl0,ins,xt)| in C
and ins | pc = Invoke Type.start 0
and P,T,mzs,size ins,xt = inslpc,pc :: ® C M
and ® + ¢: (None, h, (stk, loc, C, M, pc) # frs) v/
and typeof-addr h (thread-id2addr a) = | Class-type D]
and P+ D <* Thread
and P+ D sees run:[]— Void=|(mas’, mzl0’, ins’at’)| in D’
shows ® + a: (None, h, [([], Addr (thread-id2addr a) # replicate mzl0’ undefined-value, D', run,

0)) v
(proof)

lemma exec-new-threadkE:
assumes wf-jum-progg P
and P,t - Normal o —ta—jvmd— Normal o’
and @ - t: 0/
and {tal; # [
obtains h frs a stk loc C M pc Ts T maxs mzl0 ins xt M' n Ta ta’ va Us Us’ U m' D’
where o = (None, h, (stk, loc, C, M, pc) # frs)
and (ta, o) € exec Pt (None, h, (stk, loc, C, M, pc) # frs)
and P+ C sees M: Ts—T = |(mas, mzl0, ins, xt)| in C
and stk ! n = Addr a
and ins ! pc = Invoke M’ n
and n < length stk
and typeof-addr h a = | Ta]
and is-native P Ta M’
and ta = extTA2JVM P ta’
and o’ = extRet2JVM n m' stk loc C M pc frs va
and (ta’, va, m’) € red-external-aggr P t a M’ (rev (take n stk)) h
and map typeof, (rev (take n stk)) = map Some Us
and P + class-type-of Ta sees M'":Us'— U = Native in D’
and D"M'(Us') :: U
and P+ Us [<] Us’
(proof)

end
context JVM-conf-read begin

lemma correct-state-new-thread:
assumes wf: wf-jum-progy P
and red: P,t - Normal o —ta—jvmd— Normal o’
and cs: @ - t: o 4/
and nt: NewThread t"' (zcp, frs) h'' € set {tal};
shows ® - t': (zep, b, frs) \/

(proof)
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lemma correct-state-heap-change:
assumes wf: wf-jum-progg P
and red: P,t b Normal (zcp, h, frs) —ta—jvmd— Normal (zcp’, h', frs’)
and cs: @ F t: (zep, h, frs) /
and cs’: ® + t'": (xep”, hy frs’) |/
shows @  ¢'": (xcp”, b’ frs') «/
(proof)

lemma [lifting-wf-correct-state-d:
wf-jvm-proge P = lifting-wf JVM-final (mexecd P) (At (zcp, frs) h. ® & t: (zep, h, frs) v/)
(proof )

lemma lifting-wf-correct-state:

assumes wf: wf-jum-progy P

shows lifting-wf JVM-final (mexec P) (At (zcp, frs) h. ® = t: (xcp, h, frs) \/)
(proof)

lemmas preserves-correct-state = FWLiftingSem.lifting-wf. Red T-preserves| OF lifting-wf-correct-state]
lemmas preserves-correct-state-d = FWLiftingSem.lifting-wf. Red T-preserves| OF lifting-wf-correct-state-d|

end
context JVM-heap-conf-base begin

definition correct-jum-state :: typ = (‘addr,’thread-id,’addr jum-thread-state,’heap,’addr) state set
where

correct-juom-state ®

= {s. correct-state-ts ® (thr s) (shr s) A lock-thread-ok (locks s) (thr s)}

end
context JVM-heap-conf begin

lemma correct-jum-state-initial:
assumes wf: wf-jvm-proggy P
and wf-start: wf-start-state P C M vs
shows JVM-start-state P C M vs € correct-jum-state ®

(proof)

end
context JVM-conf-read begin

lemma invariant3p-correct-jum-state-mezxecd T
assumes wf: wf-jvm-progey P
shows invariant3p (mexecdT P) (correct-jum-state @)
(proof)

lemma invariant3p-correct-jum-state-mezxecT"
assumes wf: wf-jvm-proge P
shows invariant3p (mexecT P) (correct-jum-state P)
(proof)

lemma correct-jum-state-preserved:
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assumes wf: wf-jvm-progy P

and correct: s € correct-juom-state ®
and red: P I s —>ttas— jypm* s’
shows s’ € correct-jum-state @

(proof)

theorem jum-typesafe:
assumes wf: wf-jom-proge P
and start: wf-start-state P C M vs
and ezec: P = JVM-start-state P C' M vs —>ttas— jym* s’
shows s’ € correct-jum-state @

(proof)

end

declare (in JVM-typesafe) split-paired-Ex [simp del]
context JVM-heap-conf-base’ begin

lemma execd-NewThread- Thread-Object:

assumes wf: wf-jum-progy P

and conf: @+t o4/

and red: P,t' - Normal o —ta—jvmd— Normal o’

and nt: NewThread t © m € set {ta]y

shows 3 C. typeof-addr (fst (snd o¢’)) (thread-id2addr t) = | Class-type C| A P+ Class C < Class
Thread

(proof)

lemma mezxecd T-NewThread-Thread-Object:
[ wf-jum-progg P; correct-state-ts ® (thr s) (shrs); P+ s —t™ta—symq 8 NewThread t x m € set

J
{tals ]
= 3 C. typeof-addr (shr s') (thread-id2addr t) = | Class-type C| AN P+ C =<* Thread

(proof)

end
context JVM-heap begin

lemma exec-ta-satisfiable:
assumes Pt - s —ta—jum— s’
shows ds. exec-mthr.actions-ok s t ta

(proof)

end
context JVM-typesafe begin

lemma execd-wf-progress:
assumes wf: wf-jvm-progy P
shows progress JVM-final (mezecd P) (execd-mthr.wset-Suspend-ok P (correct-jum-state ®))
(is progress - - ?wf-state)

(proof)
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end
context JVM-conf-read begin

lemma mexecT-eq-mezxecdT:
assumes wf: wf-jum-progy P
and cs: correct-state-ts @ (thr s) (shr s)
shows Pt s —t>ta—jyy s'= P b s —t>ta—

(proof)

/
jumd S

lemma mFEzecT-eq-mEzxecdT:
assumes wf: wf-jum-progy P
and ct: correct-state-ts ® (thr s) (shr s)
shows P = s —>ttas—jyp* 8" = P I s —>ttas— jymqx s’

(proof)

lemma mexecT-preserves-thread-conf:
[ wf-jum-progg P; correct-state-ts @ (thr s) (shr s);
P s —t>ta—jyy s’ thread-conf P (thr s) (shr s) |
= thread-conf P (thr s’) (shr s’)

(proof)

lemma mEzecT-preserves-thread-conf:
[ wf-jum-progg P; correct-state-ts ® (thr s) (shr s);
P s —>tta— jyp* s'; thread-conf P (thr s) (shr s) |
= thread-conf P (thr s’) (shr s’)

(proof)

lemma wset-Suspend-ok-mezxecd-mezec:

assumes wf: wf-jom-progg P

shows exec-mthr.wset-Suspend-ok P (correct-jum-state ®) = execd-mthr.wset-Suspend-ok P (correct-jum-state
?)
(proof)

end
context JVM-typesafe begin

lemma ezec-wf-progress:
assumes wf: wf-jum-progy P
shows progress JVM-final (mexec P) (exec-mthr.wset-Suspend-ok P (correct-jum-state D))
(is progress - - ?wf-state)

(proof)

theorem mezecd- TypeSafety:
fixes In :: 'addr =f nat
assumes wf: wf-jom-progg P
and s: s € execd-mthr.wset-Suspend-ok P (correct-jum-state ®)
and Ezec: P b s —pttas— jymqx s’
and ~ (Jtta s". P s’ —tota—j,mq ")
and ts't: thr s’ t = |((xcp, frs), In)]
shows frs # [| V In # no-wait-locks => t € execd-mthr.deadlocked P s’
and @ + t: (zcp, shrs’, frs) v/
(proof )
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theorem mexec- TypeSafety:
fixes In :: 'addr =f nat
assumes wf: wf-jum-proggy P
and s: s € exec-mthr.wset-Suspend-ok P (correct-jum-state D)
and Ezec: P &= s —>ttas— jym* s’
and - (Jt ta s". P F s" —t>ta—jym, s")
and ts't: thr s’ t = |((zep, frs), In)]
shows frs # [| V In # no-wait-locks = t € multithreaded-base.deadlocked JVM-final (mexec P) s’
and @ + &: (zep, shrs’, frs) \/

(proof)

lemma start-mezec-mezxecd-commute:

assumes wf: wf-jum-proggy P

and start: wf-start-state P C M vs

shows P+ JVM-start-state P C M vs —>ttas—jypqx s «— P = JVM-start-state P C M wvs
—bttas— jym* s

(proof)

theorem mRtrancl-eq-mRtrancld:
assumes wf: wf-jum-progy P
and ct: correct-state-ts ® (thr s) (shr s)
shows exec-mthr.mthr. Rtrancl8p P s ttas +— execd-mthr.mthr.Rtrancl3p P s ttas (is ?lhs <— ?rhs)

(proof)

lemma start-mRtrancl-mRtrancld-commute:

assumes wf: wf-jum-progy P

and start: wf-start-state P C' M vs

shows exec-mthr.mthr.Rtrancl3p P (JVM-start-state P C M vs) ttas «— execd-mthr.mthr.Rtrancl3p
P (JVM-start-state P C' M vs) ttas

(proof)

end

6.7.1 Determinism

context JVM-heap-conf begin

lemma exec-instr-deterministic:
assumes wf: wf-prog wf-md P
and det: deterministic-heap-ops
and ezecl: (ta’, o') € exec-instr i Pt (shr s) stk loc C M pc frs
and ezec2: (ta”, o) € exec-instr i Pt (shr s) stk loc C M pc frs
and check: check-instr i P (shr s) stk loc C M pc frs
and aokl: final-thread.actions-ok final s t ta’
and aok?2: final-thread.actions-ok final s t ta”
and tconf: P,shr st t \/t
shows ta’' = ta”" N o' =o'

(proof)

lemma exec-1-deterministic:
assumes wf: wf-jum-progy P
and det: deterministic-heap-ops
and execl: P,t b (zcp, shr s, frs) —ta’—jum— o’



and ezec2: P,t b (zcp, shr s, frs) —ta’'—jom— o'’
and aokl: final-thread.actions-ok final s t ta’

and aok2: final-thread.actions-ok final s t ta'

and conf: ® & t:(zcp, shr s, frs) /

shows ta’ = ta”’ Ao’ = o”

(proof)

end
context JVM-conf-read begin

lemma invariant3p-correct-state-ts:

assumes wf-jum-proge P

shows invariant3p (mexecT P) {s. correct-state-ts ® (thr s) (shr s)}
(proof)

lemma mezec-deterministic:
assumes wf: wf-jom-progg P
and det: deterministic-heap-ops
shows ezec-mthr.deterministic P {s. correct-state-ts ® (thr s) (shr s)}

(proof)

end

end

6.8 Preservation of deadlock for the JVMs

theory JVMDeadlocked
imports

BV Progress Threaded
begin

context JVM-progress begin

lemma must-sync-preserved-d:
assumes wf: wf-jom-proggy P
and ml: execd-mthr.must-sync Pt (zcp, frs) h
and hext: hext h h’
and hconf’: hconf h'
and cs: @ F ¢ (zep, h, frs) /
shows ezecd-mthr.must-sync P t (zcp, frs) b’

(proof)

lemma can-sync-devreserp-d:
assumes wf: wf-jum-progy P
and cl”: execd-mthr.can-sync Pt (zcp, frs) h' L
and cs: @ F t: (zep, h, frs) /
and hext: hext h h'
and hconf’: hconf h’
shows 3 L'CL. execd-mthr.can-sync P t (xzcp, frs) h L'

(proof)
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end
context JVM-typesafe begin

lemma execd-preserve-deadlocked:

assumes wf: wf-jum-progy P

shows preserve-deadlocked JVM-final (mexecd P) convert-RA (correct-jum-state @)
(proof )

end

and now everything again for the aggresive VM

context JVM-heap-conf-base’ begin

lemma must-lock-d-eq-must-lock:

[ wf-jum-proggy P; ® = t: (zcp, h, frs) /]
= execd-mthr.must-sync P t (zcp, frs) h = exec-mthr.must-sync P t (zcp, frs) h

(proof)

lemma can-lock-d-eq-can-lock:
[ wf-jum-proggy P; @ + t: (zcp, h, frs) /
= execd-mthr.can-sync P t (zcp, frs) h

(proof)

]
L = exec-mthr.can-sync P t (zcp, frs) h L

end
context JVM-typesafe begin

lemma ezxec-preserve-deadlocked:

assumes wf: wf-jum-proggy P

shows preserve-deadlocked JVM-final (mexec P) convert-RA (correct-jum-state ®)
{proof)

end

end

6.9 Monotonicity of eff and app

theory EffectMono
imports

Effect
begin

declare not-Err-eq [iff]
declare widens-trans[trans]

lemma app;-mono:
assumes wf: wf-prog p P
assumes less: P71 <; 7/
shows app; (i,P,mzs,mpc,rT,7") = app; (i,P,mxs,mpc,rT,T)

(proof)
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lemma succs-mono:
assumes wf: wf-prog p P and app;: app; (i,P,mxs,mpc,rT,7")
shows P F 7 <; 7/ = set (succs i T pc) C set (suces i 7/ pc)
(proof)

lemma app-mono:
assumes wf: wf-prog p P
assumes less" P+ 1 <’ 7’
shows app i P m rT pc mpc xt 7/ = app i P m rT pc mpc xt T

(proof)

lemma eff;-mono:
assumes wf: wf-prog p P
assumes less: P71 <; 7/
assumes app;: app i P m rT pc mpe at (Some 1)
assumes succs: suces ¢ T pc # [| suces i 7' pe # ||
shows P F eff; (i,P,7) <; eff; (i,P,7")

(proof)

end

6.10 The Typing Framework for the JVM

theory TF-JVM
imports
../ DFA/ Typing-Framework-err
EffectMono
BVSpec
../ Common/ ExternalCallWF
begin

definition ezec :: 'addr jom-prog = nat = ty = ex-table = ’addr instr list = ty;’ err step-type
where

exec G maxs rT et bs =

err-step (size bs) (Apc. app (bs!pc) G maxs rT pe (size bs) et) (Apc. eff (bslpe) G pe et)

locale JVM-sl =
fixes P :: 'addr jum-prog and mzs and mzl
fixes T5s :: ty list and is :: ‘addr instr list and 2t and T,

fixes mzl and A and r and f and app and eff and step
defines [simp]: mal = 1+size Ts+maly

defines [simp]: A = states P mxs mal

defines [simp]: = JVM-SemiType.le P mzs mal
defines [simp]: f = JVM-SemiType.sup P maxs mal

defines [simp]: app = Apc. Effect.app (is'pc) P mxs T, pc (size is) at
defines [simp]: eff = Apc. Effect.eff (islpc) P pc at
defines [simp]: step = err-step (size is) app eff

locale start-context = JVM-sl +
fixes p and C
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assumes wf: wf-prog p P
assumes C: is-class P C
assumes 7Ts: set Ts C types P

fixes first :: ty;’ and start

defines [simp]:

first = Some ([],OK (Class C') # map OK Ts @ replicate mxly Err)
defines [simp]:

start = OK first # replicate (size is — 1) (OK None)

6.10.1 Connecting JVM and Framework

lemma (in JVM-sl) step-def-exec: step = exec P mas T, xt is

(proof)

lemma special-ex-swap-lemma [iff]:
GX.@n X=AnAPn)AQX)=3n QAn)APn)
(proof)

lemma ez-in-list [iff]:
(3n. ST € listn AN n < mas) = (set ST C AN size ST < mas)
(proof )

lemma singleton-list:
(3 n. [Class C] € list n (types P) A n < mas) = (is-class P C N 0 < mzs)

(proof)

lemma set-drop-subset:
set zs C A = set (drop n zs) C A

(proof)

lemma Suc-minus-minus-le:
n < mzs => Suc (n — (n — b)) < mas
(proof)

lemma in-listE:
[ zs € list n A; [size xs = n; set 2s C A] = P ] = P

(proof)

declare is-relevant-entry-def [simp]
declare set-drop-subset [simp]

lemma (in start-context) [simp, introl]: is-class P Throwable

(proof)

declare option.splits[split del]
declare option.case-cong|cong]
declare is-type-array [simp del]

theorem (in start-context) exec-pres-type:
pres-type step (size is) A(proof)

declare option.case-cong-weak|cong]

declare option.splits[split]

declare is-type-array|simp]
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declare is-relevant-entry-def [simp del]
declare set-drop-subset [simp del]

lemma lesubstep-type-simple:
25 [C product.le (=) A ys = set zs {Er} set ys(proof)
declare is-relevant-entry-def [simp del]

lemma conjl2: [ A; A= B] = A A B (proof)

lemma (in JVM-sl) eff-mono:

[wf-prog p P; pe < length is; s Cgyp_state-opt Pt app pc t]

= set (eff pc s) {Esup—state—opt p} set (eff pc t){proof)
lemma (in JVM-sl) bounded-step: bounded step (size is){proof)
theorem (in JVM-sl) step-mono:

wf-prog wf-mb P = mono r step (size is) A(proof)

lemma (in start-context) first-in-A [iff]: OK first € A
{proof)

lemma (in JVM-sl) wt-method-def2:
wt-method P C' Ts T, mxs mzly is xt 78 =
(is# [] A
size TS = size is A\
OK ‘ set Ts C states P mxzs mxl N
wit-start P C' Ts mzly s A

wt-app-eff (sup-state-opt P) app eff 7s){proof)

end

6.11 LBYV for the JVM

theory LBVJVM
imports
../ DFA/ Abstract-BV
TF-JVM
begin

type-synonym prog-cert = cname = mname = ty;’ err list

definition check-cert :: 'addr jum-prog = nat = nat = nat = ty;’ err list = bool
where
check-cert P mxs mxl n cert = check-types P mxs mal cert N\ size cert = n+1 A
(Vi<n. certli # Err) A cert!ln = OK None

definition lbvjvm :: 'addr jum-prog = nat = nat = ty = ex-table =
ty;" err list = 'addr instr list = ty;" err = ty;’ err
where
lbvjym P mxs maxr T, et cert bs =
wtl-inst-list bs cert (JVM-SemiType.sup P mxs mazxr) (JVM-SemiType.le P mxzs mazxr) Err (OK
None) (exec P mxs T, et bs) 0
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definition wt-lbv :: 'addr jum-prog = cname = ty list = ty = nat = nat =
ex-table = ty;’ err list = 'addr instr list = bool
where
wt-lbv P C Ts T, mxs mxly et cert ins =
check-cert P mas (1+size Ts+maxly) (size ins) cert A
0 < size ins N\
(let start = Some ([],(OK (Class C))#((map OK Ts))Q(replicate mzly Err));
result = lbvjom P mas (1+size Ts+maly) T, et cert ins (OK start)
in result # Err)

definition wt-jum-prog-lbv :: 'addr jum-prog = prog-cert = bool
where
wt-juvm-prog-lbv P cert =
wf-prog (AP C (mn,Ts, Ty ,(mzs,mzly,b,et)). wit-lbv P C Ts T, mas maly et (cert C mn) b) P

definition mk-cert :: 'addr jum-prog = nat = ty = ex-table = 'addr instr list
= tym = ty; err list
where
mk-cert P mxs T, et bs phi = make-cert (exec P mxs T, et bs) (map OK phi) (OK None)

definition prg-cert :: ‘addr jum-prog = typ = prog-cert
where
prg-cert P phi C mn = let (C,Ts,T,,meth) = method P C mn; (maxs,mzly,ins,et) = the meth
in mk-cert P mas T, et ins (phi C mn)

lemma check-certD [intro?):
check-cert P mxs mal n cert => cert-ok cert n Err (OK None) (states P maxs mal)

(proof)

lemma (in start-context) wt-lbv-wt-step:
assumes [bv: wi-lbv P C Ts T, mxs mxly xt cert is
shows d7s € list (size is) A. wt-step v Err step 7s A OK first C,. 75!0(proof)

lemma (in start-context) wt-lbv-wt-method:
assumes [bv: wi-lbv P C Ts T, mxs mxly xt cert is
shows J7s. wt-method P C Ts T, maxs mzly is xt Ts(proof)

lemma (in start-context) wt-method-wt-lbv:
assumes wt: wt-method P C Ts T, mxs mzly is xt Ts
defines [simp]: cert = mk-cert P mas T, at is Ts

shows wt-lbv P C Ts T, mxs maly xt cert is{proof)

theorem jum-lbv-correct:

wt-jum-prog-lbv P Cert = wf-jum-prog P{proof)
theorem jum-lbv-complete:

assumes wt: wf-jum-progy P

shows wt-jum-prog-lbv P (prg-cert P ®)(proof)
end



339
6.12 Kildall for the JVM

theory BVEzec
imports
../ DFA/ Abstract-BV
TF-JVM
begin

definition kiljum :: 'addr jum-prog = nat = nat = ty =
‘addr instr list = ex-table = ty;’ err list = ty;’ err list
where
kiljum P mxs mxl T, is at =
kildall (JVM-SemiType.le P mas mal) (JVM-SemiType.sup P maxs mal)
(exec P mas T, xt is)

definition wi-kildall :: 'addr jym-prog = cname = ty list = ty = nat = nat =
'addr instr list = ex-table = bool
where
wt-kildall P C' Ts T, mas maly is 2t =
0 < size is N\
(let first = Some ([],|OK (Class C")]Q(map OK Ts)Q(replicate mzly Err));
start = OK first#(replicate (size is — 1) (OK None));
result = kiljym P mas (1+size Ts+mazly) T, is xt start
in Vn < size is. result!n # Err)

definition wf-jum-progy, :: 'addr jum-prog = bool
where
wf-jum-prog, P =
wf-prog (AP C' (M, Ts, T, ,(mxs,mzly,is,zt)). wi-kildall P C'" Ts T, maxs mzly is xt) P

theorem (in start-context) is-bev-kiljum:
is-bcv r Err step (size is) A (kiljym P mas mal T, is zt){proof)

lemma subset-replicate [intro?): set (replicate n ) C {z}

(proof)

lemma in-set-replicate:
assumes z € set (replicate n y)
shows z = y(proof)

lemma (in start-context) start-in-A [intro?):
0 < size is = start € list (size is) A

{proof)

theorem (in start-context) wit-kil-correct:
assumes wtk: wi-kildall P C Ts T, mxs mzly is xt
shows 37s. wt-method P C Ts T, mxzs mzly is xt Ts(proof)

theorem (in start-context) wt-kil-complete:
assumes witm: wit-method P C Ts T, mxs mxly is xt Ts
shows wi-kildall P C' Ts T, maxs maly is zt{proof)

theorem jum-kildall-correct:
wf-jum-progy, P = wf-jum-prog P{proof)
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end

6.13 Code generation for the byte code verifier

theory BCVEzec

imports
BVNoTypeError
BVEzec

begin

lemmas [code-unfold] = exec-lub-def
lemmas [code] = JVM-le-unfold[ THEN meta-eq-to-obj-eq|

lemma err-code [code]:
Err.err A = Collect (case-err True (Az. © € A))

(proof)

lemma list-code [code]:
listn A = {xs. size xzs = n A list-all (M\z. © € A) zs}
(proof)

lemma opt-code [code]:
opt A = Collect (case-option True (Az. z € A))

(proof)

lemma Times-code [code-unfold):
Sigma A (%-. B) = {(a, b). a € AN b€ B}
(proof)

lemma upto-esi-code [code]:
upto-esl m (A, r, f) = (Union ((An. list n A) ‘{..m}), Listn.le r, Listn.sup f)
(proof)

lemmas [code] = lesub-def plussub-def

lemma JVM-sup-unfold [code]:
JVM-SemiType.sup S m n =
lift2 (Opt.sup (Product.sup (Listn.sup (SemiType.sup S)) (Az y. OK (map2 (lift2 (SemiType.sup S))

zy))))
(proof)

declare sup-fun-def [code]

lemma [code]: states P maxs mal = fst(sl P maxs mal)

(proof)

lemma check-types-code [code]:
check-types P mxs mzl 7s = (list-all (Az. © € (states P mas mal)) 7s)

(proof)

lemma wf-jum-prog-code [code-unfold):



wf-jum-prog = wf-jvm-progy,

(proof)

definition wf-jum-prog’ = wf-jvm-prog

(ML)

end

theory BV-Main

imports
JVMDeadlocked
LBVJVM
BCVEzxec

begin

end
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Chapter 7

Compilation

7.1 Method calls in expressions

theory CuallExpr imports
../ J | Expr
begin

fun dnline-call :: ('a,’b,’addr) exp = ('a,’b,’addr) exp = ('a,’d,’addr) exp
and inline-calls :: ('a,’d,’addr) exp = ('a,’d,’addr) exp list = ('a,’b,’addr) exp list
where
inline-call f (new C) = new C
| inline-call f (newA T|e]) = newA T|inline-call f €]
| inline-call f (Cast C e) = Cast C (inline-call f e)
| inline-call f (e instanceof T) = (inline-call f €) instanceof T
| inline-call f (Val v) = Val v
| inline-call f (Var V)= Var V
| inline-call f (V:=e) = V := inline-call f e
| inline-call f (e «bop» e') = (if is-val e then (e «bop» inline-call f e') else (inline-call f e «bopy» €’))
| inline-call f (a|i]) = (if is-val a then a|inline-call f 7] else (inline-call f a)|])
| inline-call f (AAss a ie) =
(if is-val a then if is-val i then AAss a i (inline-call f e) else AAss a (inline-call f i) e
else AAss (inline-call f a) i e)
| inline-call f (a-length) = inline-call f a-length
| inline-call f (e-F{D}) = inline-call f e-F{D}
| inline-call f (FAss e F' D e') = (if is-val e then FAss e F' D (inline-call f €) else FAss (inline-call f
e) FDe')
| inline-call f (CompareAndSwap e D F e’ e'’) =
(if is-val e then if is-val e’ then CompareAndSwap e D F e’ (inline-call f e”)
else CompareAndSwap e D F (inline-call f e') e’
else CompareAndSwap (inline-call fe) D F e’ e”)
| inline-call f (e-M(es)) =
(if is-val e then if is-vals es A is-addr e then f else e-M (inline-calls f es) else inline-call f e- M (es))
| inline-call f ({V:T=wo; e}) = {V:T=wvo; inline-call f e}
| inline-call f (syncy (o ) e) = syncy (inline-call f 0') e
| inline-call f (insyncy (a) e) = insyncv (a) (inline-call f €)
| inline-call f (e;;e’) = inline-call f e;;e’
| inline-call f (if (b) e else e”) = (if (inline-call f b) e else e’)
| inline-call f (while (b) e) = while (b) e
| inline-call f (throw e) = throw (inline-call f €)
| inline-call f (try el catch(C V) e2) = try inline-call f el catch(C V) e2
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| inline-calls f [] =[]
| inline-calls f (e#tes) = (if is-val e then e # inline-calls f es else inline-call f e # es)

fun collapse :: ‘addr expr x 'addr expr list = 'addr expr where
collapse (e, []) = e
| collapse (e, (e’ # es)) = collapse (inline-call e €', es)

definition is-call :: (‘a, 'b, 'addr) exp = bool
where is-call e = (call e # None)

definition is-calls :: (‘a, 'b, 'addr) exp list = bool
where is-calls es = (calls es # None)

lemma inline-calls-map-Val-append [simp]:
inline-calls f (map Val vs Q es) = map Val vs Q inline-calls f es

(proof)

lemma inline-call-eq- Val-aux:
inline-call e E = Val v = call E = |aMvs] = e = Val v

(proof )
lemmas inline-call-eq-Val [dest] = inline-call-eq- Val-aux inline-call-eq- Val-auz[OF sym, THEN sym)]

lemma inline-calls-eq-empty [simp): inline-calls e es = [| +— es = |]

(proof)

lemma inline-calls-map-Val [simp]: inline-calls e (map Val vs) = map Val vs

(proof)

lemma fixes F :: (‘a,’b, 'addr) exzp and Es :: (‘a,’d, ‘addr) exp list
shows inline-call-eq-Throw [dest]: inline-call e E = Throw a« = call E = |aMvs| = ¢ = Throw
aV e= addra

(proof)

lemma Throw-eg-inline-call-eq [dest):
inline-call e E = Throw a = call E = |aMvs| = Throw a = e V addr a = e

(proof)

lemma is-vals-inline-calls [dest]:
[ is-vals (inline-calls e es); calls es = [aMuvs] | = is-val e

(proof)

lemma [dest]: [ inline-calls e es = map Val vs; calls es = |aMvs| | = is-val e
[ map Val vs = inline-calls e es; calls es = |aMvs| | = is-val e

(proof)

lemma inline-calls-eq- Val-Throw [dest]:
[ inline-calls e es = map Val vs Q Throw a # es'; calls es = |aMvs] | = e = Throw a V is-val e

(proof)

lemma Val-Throw-eg-inline-calls [dest]:
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[ map Val vs @ Throw a # es’ = inline-calls e es; calls es = |aMvs| | = Throw a = e V is-val e

(proof)
declare option.split [split del] if-split-asm [split] if-split [split del]

lemma call-inline-call [simp]:
call e = |aMvs| = call (inline-call {v:T=vo; e’} e) = call e’
calls es = |aMvs] = calls (inline-calls {v:T=wvo;e’} es) = call e
(proof )

/

declare option.split [split] if-split [split] if-split-asm [split del]

lemma fv-inline-call: fv (inline-call ¢’ ¢) C fue U fv e’
and fvs-inline-calls: fus (inline-calls e’ es) C fvs es U fu e’
(proof)

lemma contains-insync-inline-call-conv:
contains-insync (inline-call e e’) «+— contains-insync e A call e’ # None V contains-insync e’
and contains-insyncs-inline-calls-conv:
contains-insyncs (inline-calls e es’) «+— contains-insync e N calls es’ # None V contains-insyncs es

(proof)

!

lemma contains-insync-inline-call [simp):
call ' = |aMvs| = contains-insync (inline-call e e') <— contains-insync e V contains-insync e’
and contains-insyncs-inline-calls [simp):
calls es’ = |aMvs| = contains-insyncs (inline-calls e es’) «— contains-insync e V contains-insyncs
es’

(proof)

lemma collapse-append [simp]:
collapse (e, es @ es’) = collapse (collapse (e, es), es’)
(proof)

lemma collapse-conv-foldl:
collapse (e, es) = foldl inline-call e es

(proof)

lemma fu-collapse: Ve € set es. is-call e = fv (collapse (e, es)) C fus (e # es)

(proof)

lemma final-inline-callD: [ final (inline-call E e); is-call e | = final E
(proof)

lemma collapse-finalD: [ final (collapse (e, es)); ¥V e€set es. is-call e | = final e

(proof)

context heap-base begin

definition synthesized-call :: 'm prog = 'heap = ('addr x mname x 'addr val list) = bool
where

synthesized-call P h =

(Ma, M, vs). 3T Ts Tr D. typeof-addr h a = |T| N P+ class-type-of T sees M:Ts— Tr = Native
in D)
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lemma synthesized-call-conv:

synthesized-call P h (a, M, vs) =

(3T Ts Tr D. typeof-addr h a = | T| A P+ class-type-of T sees M:Ts— Tr = Native in D)
(proof)

end

end

7.2 The JinjaThreads source language with explicit call stacks

theory J0 imports
../ J | WWellForm
../ J ] WellType
../J/ Threaded
../ Framework | FWBisimulation
CallEzpr
begin

declare widen-refT [elim)

abbreviation final-expr0 :: 'addr expr x 'addr ezpr list = bool where
final-expr0 = (e, es). final e A es =[]

type-synonym
("addr, 'thread-id, 'heap) JO-thread-action =
("addr, 'thread-id, 'addr expr x 'addr expr list,’heap) Jinja-thread-action

type-synonym
("addr, 'thread-id, 'heap) JO-state = (‘addr,’thread-id,’addr expr x 'addr expr list,’heap,’addr) state

(ML)
typ ('addr,’thread-id,’heap) JO-thread-action

(ML)
typ (‘addr, 'thread-id, 'heap) JO-state

definition extNTA2J0 :: 'addr J-prog = (cname x mname X 'addr) = (‘addr expr x 'addr expr list)
where
extNTA2J0 P = (AN(C, M, a). let (D, -, -, meth) = method P C M; (-, body) = the meth
in ({this:Class D=|Addr a]; body}, []))

lemma extNTA2J0-iff [simp]:

extNTA2J0 P (C, M, a) =

({this:Class (fst (method P C M))=|Addr a|; snd (the (snd (snd (snd (method P C M))))}, [])
(proof)

abbreviation extTA2J0 ::
‘addr J-prog = ('addr, 'thread-id, 'heap) external-thread-action = (‘addr, 'thread-id, 'heap) JO-thread-action
where extTA2J0 P = convert-extTA (extNTA2J0 P)
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lemma obs-a-extTA2J-eq-obs-a-extTA2J0 [simp): {extTA2J P tal}o = {extTA2J0 P tal,
(proof)

lemma extTA2J0-c: extTA2J0 P € = ¢
(proof)

context J-heap-base begin

definition no-call :: 'm prog = 'heap = ('a, 'b, 'addr) exp = bool
where no-call P h e = (V aMuvs. call e = |aMvs| — synthesized-call P h aMuvs)

definition no-calls :: 'm prog = 'heap = (‘a, 'b, 'addr) exp list = bool
where no-calls P h es = (Y aMuvs. calls es = |aMvs| — synthesized-call P h aMvs)

inductive red0 ::
'addr J-prog = 'thread-id = 'addr expr = 'addr expr list = 'heap
= ('addr, 'thread-id, 'heap) JO-thread-action = 'addr expr = 'addr expr list = 'heap = bool
(<'5_ Fo ((1 <_//_’/_>) _'—>/ (1 <'//_7/_>))> [51705070705070’0a0] 81)

for P :: 'addr J-prog and ¢ :: 'thread-id

where

red0Red:

[ extTA2J0 P,P,t & (e, (h, Map.empty)) —ta— (€', (b', zs'));
YV aMvs. call e = |aMvs| — synthesized-call P h aMvs |

= P,t 0 (e/es, h) —ta— (e'/es, h')

| red0Call:
[ call e = [(a, M, vs)]; typeof-addr h a = |U|;
P + class-type-of U sees M:Ts—T = |(pns, body)| in D;
size vs = size pns; size Ts = size pns |
= P,t 0 (e/es, h) —e— (blocks (this # pns) (Class D # Ts) (Addr a # vs) body/e#es, h)

| red0Return:
final ¢/ = Pt -0 (e'/e#es, h) —e— (inline-call e’ e/es, h)

abbreviation J0-start-state :: ‘addr J-prog = cname = mname = 'addr val list = ('addr, "thread-id,
'heap) JO-state
where

JO-start-state =

start-state (NC' M Ts T (pns, body) vs. (blocks (this # pns) (Class C # Ts) (Null # vs) body, []))

abbreviation mred0 ::
‘addr J-prog = ('addr,'thread-id,’addr expr x 'addr expr list,’heap,’addr,(’addr, "thread-id) obs-event)
semantics
where mred0 P = (At ((e, es), h) ta ((e', es’), h'). red0 P t e es h ta ¢’ es’ h')
end
declare domlIff[iff, simp del]

context J-heap-base begin

lemma assumes wf: wwf-J-prog P
shows red-fv-subset: extTA,P,t - (e, s) —ta— (e', s’y = foe' C fue
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and reds-fus-subset: extTA,P,t b (es, s) [—ta—] (es', s’) = fus es’ C fus es

(proof)

end
declare domlIff[iff del]
context J-heap-base begin

lemma assumes wwf: wwf-J-prog P
shows red-fv-ok: [ extTA,P,t - (e, s) —ta— (e’, s"); fo e C dom (lcl s) | = fv e’ C dom (lcl s")
and reds-fvs-ok: | extTA,P,t & (es, s) [—ta—] (es’, s"); fus es C dom (lcl s) | = fus es’ C dom (lcl
s’)
(proof )

lemma is-call-red-state-unchanged:
[ extTA,P,t b (e, s) —ta— (e’, s"); call e = | aMuvs]|; = synthesized-call P (hp s) aMvs | = s’ = s
N ta = ¢

and is-calls-reds-state-unchanged:
[ extTA,P,t & (es, s) [—ta—] (es’, s); calls es = |aMvs]; — synthesized-call P (hp s) aMvs | = s’
=sANta=¢

(proof)

lemma called-methodD:
[ extTA,Pt - (e, s) —ta— (€', 8”); call e = [(a, M, vs)]; — synthesized-call P (hp s) (a, M, vs) ]
= JhT D Us U pns body. hp s’ = hp s A typeof-addr (hp s) a = |hT]| A
P b class-type-of hT sees M: Us—U = |(pns, body)| in D A
length vs = length pns A length Us = length pns

and called-methodsD:
[ extTA,P,t F (es, s) [—ta—] {es’, s'}; calls es = |(a, M, vs)]; — synthesized-call P (hp s) (a, M, vs)
I
= AT D Us U pns body. hp s' = hp s A typeof-addr (hp ) a = |hT] A
P + class-type-of hT sees M: Us—U = |(pns, body)| in D A
length vs = length pns A length Us = length pns

(proof)

7.2.1 Silent moves

primrec Tmovel :: 'm prog = 'heap = (‘a, 'b, 'addr) exp = bool
and Tmoves0 :: 'm prog = 'heap = (‘a, 'b, 'addr) exp list = bool
where
Tmovel P h (new C) <— False
| Tmove0 P h (newA T|e]) <— Tmovel P h eV (Fa. e = Throw a)
| Tmove0 P h (Cast U e) «— tmove0 P h eV (Fa. e = Throw a) V (Fv. e = Val v)
| Tmove0 P h (e instanceof T) «— Tmove0 P h eV (Fa. e = Throw a) V (Fv. e = Val v)
| 7move0 P h (e «bopy» e') +— tmove0 P h eV (Ja. e = Throw a) V (Fv. e = Val v A
(tmove0 P h e’V (Fa. e’ = Throw a) V (Fv. ¢/ = Val v)))
| Tmove0 P h (Val v) <— False
| Tmove0 P h (Var V) +— True
| Tmove0 P h (V := e) «— tmovel P heV (Fa. e = Throw a) V (Jv. e = Val v)
| 7move0 P h (a|i]) «— Tmove0 P h a V (Fad. a = Throw ad) V (3v. a = Val v A (Tmove0 P h i
V (Fa. i = Throw a)))
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| 7move0 P h (AAss a i e) «— TmoveOd P haV (Fad. a = Throw ad) V (Fv. a = Val v A

(tmoveO P h iV (3a. i = Throw a) V (3v. i = Val v A (Tmove0 P h eV (Fa. e = Throw a)))))
| Tmove0 P h (a-length) <— Tmove0 P h a VvV (3ad. a = Throw ad)
| Tmove0 P h (e-F{D}) <— tmove0 P h eV (3a. e = Throw a)
| Tmove0 P h (FAss e F D e’) +— tmove0 P h eV (3a. e = Throw a) V (3v. e = Val v A (Tmovel
Phe'Vv (Fa. e = Throw a)))
| Tmove0d P h (e-compareAndSwap(D-F, e’, e'")) «<— tmove0 P h eV (3a. e = Throw a) V (Jv. e =
Val v A

(tmove0 P h e’V (Ja. ¢ = Throw a) V (3v. ¢’ = Val v A (tmove0 P h e” V (Fa. ¢ = Throw
a)))))
| Tmove0 P h (e-M(es)) «— mmove0 P h eV (Fa. e = Throw a) V (Fv. e = Val v A

((tmovesO P h es V (Jus a es’. es = map Val vs @ Throw a # es’)) V

(Fus. es = map Val vs A (v = Null vV (VT C Ts Tr D. typeof, v = |T| — class-type-of ' T =
|C] — P+ C sees M:Ts— Tr = Native in D — Texternal-defs D M)))))
| Tmove0d P h ({V:T=vo; e}) <— Tmovel P h eV ((3a. e = Throw a) V (3v. e = Val v))
| 7moved P h (syncy,:(e) e’) <— Tmove0 P h eV (Ja. e = Throw a)
| 7move0 P h (insyncy,(ad) e) +— Tmoveld P h e
| 7move0 P h (e;;e’) «— T7move0 P h eV (Fa. e = Throw a) V (Fv. e = Val v)
| Tmove0 P h (if (e) e’ else e'') «— Tmove0 P h eV (Ja. e = Throw a) V (Fv. e = Val v)
| Tmove0 P h (while (e) e') = True
| — Throw a is no Tmove0 because there is no reduction for it. If it were, most defining equations
would be simpler. However, insync (ad) Throw ad must not be a 7movel, but would be if Throw a
was.
Tmovel P h (throw e€) «— Tmove0 P h eV (Fa. e = Throw a) V e = null

| Tmove0 P h (try e catch(C V) e') «— Tmove0 P h eV (Fa. e = Throw a) V (3v. e = Val v)

| Tmoves0 P h [| +— False
| TmovesO P h (e # es) «— tmovel P h eV (v. e = Val v A Tmoves0 P h es)

abbreviation TMOVE :: 'm prog = (('addr expr x ’'addr locals) X 'heap, ('addr, "thread-id, 'heap)
J-thread-action) trsys
where TMOVE = AP ((e, z), h) ta s’. Tmove0 P he A ta =¢

primrec 7 Move0 :: 'm prog = 'heap = ('addr expr x 'addr expr list) = bool
where
TMove0 P h (e, exs) = (Tmove0 P h e V final e)

abbreviation TMOVEQ :: 'm prog = ((‘addr expr x 'addr expr list) x 'heap, (‘addr, 'thread-id,

'heap) JO-thread-action) trsys
where TMOVEQ = AP (es, h) ta s. TMoveO P h es A ta = ¢

definition 7red0 ::
(("addr, 'thread-id, 'heap) external-thread-action = (‘addr, 'thread-id, 'x,’heap) Jinja-thread-action)
= 'addr J-prog = 'thread-id = 'heap = (‘addr expr x 'addr locals) = (‘addr expr x ‘addr locals)
= bool
where
Tred0 extTA Pt h exs e'zs’ =
(extTA,P,t b (fst exs, (h, snd exs)) —e— (fst e’zs’, (h, snd e’zs’)) A Tmove0 P h (fst exs) A\ no-call
P h (fst exs))

definition 7reds0 :
(("addr, "thread-id, 'heap) external-thread-action = (‘addr, 'thread-id, 'z,’heap) Jinja-thread-action)
= 'addr J-prog = 'thread-id = 'heap = ('addr expr list X 'addr locals) = ('addr expr list x 'addr
locals) = bool
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where
Treds) extTA Pt h eszs es'zs’ =
(extTA,Pt - (fst eszs, (h, snd eszs)) [—e—] (fst es’zs’, (h, snd es’zs")) A TmovesO P h (fst eszs) A
no-calls P h (fst eszs))

abbreviation 7red0t ::
(("addr, "thread-id, 'heap) external-thread-action = ('addr, 'thread-id, 'z,’heap) Jinja-thread-action)
= 'addr J-prog = 'thread-id = 'heap = ('addr expr x 'addr locals) = (‘addr expr x ‘addr locals)
= bool
where Tred0t extTA Pt h = (rred0 extTA Pt h) ++

abbreviation 7reds0t ::
(("addr, "thread-id, 'heap) external-thread-action = ('addr, 'thread-id, 'z,’heap) Jinja-thread-action)
= 'addr J-prog = 'thread-id = 'heap = ('addr expr list X 'addr locals) = ('addr expr list x 'addr
locals) = bool
where TredsOt extTA Pt h = (treds0 extTA Pt h) ++

abbreviation 7red0r ::
(("addr, "thread-id, 'heap) external-thread-action = ('addr, 'thread-id, 'z,’heap) Jinja-thread-action)
= 'addr J-prog = 'thread-id = 'heap = ('addr expr x 'addr locals) = ('addr expr x ’addr locals)
= bool
where Tred0r extTA Pt h = (tred0 extTA P t h) %

abbreviation 7redsOr ::
(('addr, "thread-id, 'heap) external-thread-action = ('addr, "thread-id, 'z,’heap) Jinja-thread-action)
= 'addr J-prog = 'thread-id = 'heap = ('addr expr list X 'addr locals) = ('addr expr list x 'addr
locals) = bool
where TredsOr extTA Pt h = (treds0 extTA Pt h)

definition 7Red0 ::

'addr J-prog = 'thread-id = 'heap = (‘addr expr X 'addr expr list) = (‘addr expr x 'addr expr list)
= bool
where TRed0 Pt h ees e'es’ = (P,t H0 (fst ees/snd ees, h)y —e— (fst e’es’/snd e'es’, h) A T Move0 P
h ees)

abbreviation 7Red0r ::

'addr J-prog = 'thread-id = 'heap = (‘addr expr X 'addr expr list) = (‘addr expr x 'addr expr list)
= bool
where TRed0r Pt h = (TRed0 P t h)

abbreviation 7Red0t ::

'addr J-prog = 'thread-id = 'heap = (‘addr expr X 'addr expr list) = (‘addr expr X 'addr expr list)
= bool
where T7Red0t Pt h = (TRed0 P t h) ++

lemma Tmovel-Tmoves0-intros:
fixes e el e2 e’ :: (‘a, 'b, 'addr) exp and es :: (‘a, 'b, ‘addr) exp list
shows TmoveONewArray: Tmove0 P h e = T7move0 P h (newA T|e])
and Tmove0Cast: Tmove0 P h e = Tmove0 P h (Cast U e)
and Tmove0CastRed: Tmove0 P h (Cast U (Val v))
and TmoveOInstanceOf: Tmove0 P h e => Tmove0 P h (e instanceof T')
and TmoveOInstanceOfRed: Tmove0 P h ((Val v) instanceof T)
and 7move0BinOpl: Tmove0 P h e = Tmovel P h (e«bop»e’)
and T7move0BinOp2: Tmovel P h e = Tmovel P h (Val v«bop»e)
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and Tmove0BinOp: Tmove0 P h (Val v«bop» Val v’

and Tmove0Var: Tmove0 P h (Var V)

and TmoveOLAss: Tmove0 P h e = Tmove0 P h (V := e)

and Tmove0LAssRed: Tmove0 P h (V := Val v)

and T7move0AAccl: Tmove0 P h e = Tmovel P h (e|e’])

and Tmove0AAcc2: Tmove0 P h e = Tmove0 P h (Val v|e])

and Tmove0AAssl: Tmovel P h e => Tmovel P h (e|el] := e2)

and Tmove0AAss2: Tmovel P h e => Tmove0 P h (Val v|e]| := ¢)

and Tmove0AAssS: Tmovel P h e = Tmovel P h (Val v| Val v'] := e)

and Tmove0ALength: Tmove0 P h e = Tmove0 P h (e-length)

and Tmove0FAcc: Tmove0 P h e => Tmove0 P h (e-F{D})

and Tmove0FAss1: Tmove0 P h e = Tmovel P h (FAss e F D ¢)

and Tmove0FAss2: Tmove0 P h e => Tmove0 P h (Val v-F{D} := e)

and Tmove0CAS1: Tmove0 P h e = Tmovel P h (e-compareAndSwap(D-F, e’, ')

and 7move0CAS2: Tmovel P h ¢/ = Tmove0 P h (Val v-compareAndSwap(D-F, ¢’, e'))

and 7move0CASS: Tmovel P h ¢’ = tmove0 P h (Val v-compareAndSwap(D-F, Val v’, ')

and 7move0CallObj: Tmove0 P h e => Tmovel P h (e-M(es))

and Tmove0CallParams: Tmoves0 P h es = Tmove0 P h (Val v-M(es))

and Tmove0Call: (NT C Ts Tr D. [ typeof, v = | T]; class-type-of ' T = | C]; P+ C sees M:Ts—Tr
= Native in D | = Teaternal-defs D M) = Tmove0 P h (Val v-M(map Val vs))

and Tmove0Block: Tmove0 P h e = Tmovel P h {V:T=vo; e}

and Tmove0BlockRed: Tmove0 P h {V:T=vo; Val v}

and Tmove0Sync: Tmovel) P h e = Tmovel P h (syncy, (e) €’)

and Tmove0InSync: Tmove0 P h e = Tmovel P h (insyncy,: (a) e)

and Tmove0Seq: Tmovel) P h e => Tmove0 P h (e;;e’)

and Tmove0SeqRed: Tmovel P h (Val v;; e')

and 7move0Cond: Tmovel P h e = Tmove0 P h (if (e) el else e2)

and Tmove0CondRed: Tmove0 P h (if (Val v) el else e2)

and Tmove0WhileRed: Tmove0 P h (while (e) e’)

and Tmove0Throw: Tmove0 P h e => Tmove0 P h (throw e)

and Tmove0ThrowNull: Tmove0 P h (throw null)

and T7move0Try: Tmovel P h e = Tmovel P h (try e catch(C V) €’)

and T7move0TryRed: Tmove0 P h (try Val v catch(C V) e)

and Tmove0TryThrow: Tmove0 P h (try Throw a catch(C V) e)

and TmoveONewArrayThrow: Tmove0 P h (newA T|Throw al)

and Tmove0CastThrow: Tmove0 P h (Cast T (Throw a))

and Tmove0ClInstance Of Throw: Tmove0 P h ((Throw a) instanceof T)

and T7move0BinOpThrow!: Tmove0 P h (Throw a «bop» e’)

and Tmove0BinOpThrow2: Tmovel P h (Val v «bop» Throw a)

and Tmove0LAssThrow: Tmove0 P h (V:=(Throw a))

and 7move0AAccThrowl: Tmove0 P h (Throw ale])

and Tmove0A Acc Throw2: Tmove0 P h (Val v| Throw al)

and Tmove0AAssThrowl: Tmove0 P h (AAss (Throw a) e e’)

and Tmove0AAssThrow2: Tmovel) P h (AAss (Val v) (Throw a) e’)

and Tmove0AAssThrow3: Tmove0 P h (AAss (Val v) (Val v') (Throw a))

and Tmove0ALengthThrow: Tmove0 P h (Throw a-length)

and Tmove0FAccThrow: Tmovel P h (Throw a-F{D})

and Tmove0FAssThrow!: Tmove0 P h (Throw a-F{D} := e)

and Tmove0FAssThrow2: Tmovel P h (FAss (Val v) F D (Throw a))

and 7move0CallThrowObj: Tmovel P h (Throw a-M/es))

and 7move0CallThrowParams: Tmove0 P h (Val v-M(map Val vs @ Throw a # es))

and Tmove0BlockThrow: Tmove0 P h {V:T=vo; Throw a}

and Tmove0SyncThrow: Tmove0 P h (syncy,+ (Throw a) e)

and Tmove0SeqThrow: Tmove0 P h (Throw a;;e)
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and Tmove0CondThrow: Tmove0 P h (if (Throw a) el else e2)
and Tmove0ThrowThrow: Tmove0 P h (throw (Throw a))

and TmovesOHd: Tmove0 P h e = Tmoves0 P h (e # es)
and Tmoves0TI: TmovesO P h es => Tmoves0 P h (Val v # es)

(proof)

lemma 7moves0-map-Val [iff]:
- T7moves0 P h (map Val vs)

(proof)

lemma 7moves0-map-Val-append [simp):
TmovesO P h (map Val vs Q es) = Tmoves0 P h es

(proof)

lemma no-reds-map-Val-Throw [simp]:
extTA,P,t = (map Val vs @ Throw a # es, s) [—ta—] (es’, s’) = False

(proof)

lemma assumes [simp|: extTA e = ¢
shows red-t-taD: [ extTA,P,t - (e, s) —ta— (e, s"); Tmove0 P (hp s) e = ta = ¢
and reds-t-taD: [ extTA,P,t b (es, s) [—ta—] (es’, s”); TmovesO P (hp s) es ]| = ta = ¢
(proof)

!/ /

lemma 7Tmovel-heap-unchanged: | extTA,P,t b (e, sy —ta— (e’, s”); Tmove0 P (hp s) e ] = hp s
=hp s

and 7movesO-heap-unchanged: | extTA,P,t - (es, s) [—ta—] (es’, s’); Tmoves0 P (hp s) es ] = hp
s'=hps

(proof)

lemma 7 Move0-iff:
TMoveO P h ees «— (let (e, -) = ees in Tmovel P h e V final €)

(proof)

lemma no-call-simps [simp]:

no-call P h (new C) = True

no-call P h (newA T|e]) = no-call P h e

no-call P h (Cast T €) = no-call P h e

no-call P h (e instanceof T) = no-call P h e

no-call P h (Val v) = True
no-call P h (Var V) = True
no-call P h (V := e) = no-call P h e
no-call P h (e «bop» e') = (if is-val e then no-call P h e’ else no-call P h ¢€)
no-call P h (a|i]) = (if is-val a then no-call P h i else no-call P h a)

no-call P h (AAss a i e) = (if is-val a then (if is-val i then no-call P h e else no-call P h i) else
no-call P h a)

no-call P h (a-length) = no-call P h a

no-call P h (e-F{D}) = no-call P h e

no-call P h (FAss e F D e’) = (if is-val e then no-call P h e’ else no-call P h e)

no-call P h (e-compareAndSwap(D-F, e’, e')) = (if is-val e then (if is-val e’ then no-call P h e’ else
no-call P h e’) else no-call P h e)

no-call P h (e-M(es)) = (if is-val e then (if is-vals es A is-addr e then synthesized-call P h (THE a.
e = addr a, M, THE vs. es = map Val vs) else no-calls P h es) else no-call P h e)

no-call P h ({V:T=vo; e}) = no-call P h e



353

no-call P h (syncy,s (e) e) = no-call P h e
no-call P h (insyncy, s (ad) e) = no-call P h e
no-call P h (e5;e’) = no-call P h e

no-call P h (if (e) el else e2) = no-call P h e
no-call P h (while(e) e') = True

no-call P h (throw e) = no-call P h e

no-call P h (try e catch(C V) e') = no-call P h e

(proof )

lemma no-calls-simps [simp]:
no-calls P h [| = True
no-calls P h (e # es) = (if is-val e then no-calls P h es else no-call P h e)

(proof)

lemma no-calls-map-Val [simp]:
no-calls P h (map Val vs)

(proof)

lemma assumes nfin: - final e’
shows inline-call-rmove0-inv: call e = |aMvs| = Tmove0 P h (inline-call e’ €) = Tmove0 P h e’

and inline-calls-TmovesO-inv: calls es = |aMvs| = Tmoves0 P h (inline-calls e’ es) = Tmove0 P h
/

(proof)

lemma 7red0-iff [iff]:

Tred0 extTA Pt h (e, xs) (e/, zs') = (extTA,P,t - (e, (h, xs)) —e— (e’, (h, zs")) A Tmove0 P h e A
no-call P h e)
(proof)

lemma 7reds0-iff [iff]:
Treds) extTA Pt h (es, zs) (es’, xs') =
(extTA,P,t & (es, (h, xs)) [—e—] (es’, (h, xs”)) A TmovesO P h es A no-calls P h es)

(proof)

lemma 7red0t-1step:
[ extTA,P,t + (e, (h, zs)) —e— (€', (h, xs")); Tmovel P h e; no-call P h e ]
= 7red0t extTA Pt h (e, zs) (e, zs’)

(proof )

lemma 7red0t-2step:
[ extTA, Pt + (e, (h, zs)) —e— (€', (h, xs")); Tmovel P h e; no-call P h e;
extTA, Pt - (e, (h, zs”)) —e— (e”, (h, zs"")); Tmove0 P h €’; no-call P h e']
= 7red0t extTA Pt h (e, zs) (e”, zs”)
(proof )

lemma 7redit-3step:
[ extTA,P,t & (e, (h, zs)) —e— (€', (h, xs")); Tmovel P h e; no-call P h e;
extTA, Pt - (e, (h, zs”)) —e— (e”, (h, zs"")); Tmove0 P h €’; no-call P h e’
extTA,P,t - (e, (h, zs")) —e— (", (h, xs"")); TmoveO P h e'’; no-call P h e’ ]
= 71red0t extTA Pt h (e, xs) (e, zs'")
(proof)

lemma Treds0t-1step:
[ extTA,P,t - (es, (h, zs)) [—e—] (es’, (h, xs’)); TmovesO P h es; no-calls P h es |
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= TredsOt extTA Pt h (es, xs) (es’, xs’)
(proof)

lemma 7reds0t-2step:
[ extTA,P,t - {es, (h, zs)) [—e—] (es’, (h, xs")); TmovesO P h es; no-calls P h es;
extTA, Pt - (es’, (h, xs")) [—e—] (es”, (h, xs")); Tmoves0 P h es’; no-calls P h es’]
= TredsOt extTA Pt h (es, xs) (es”, xs”)
(proof )

lemma 7reds0Ot-3step:
[ extTA,P,t - {es, (h, zs)) [—e—] (es’, (h, xs")); TmovesO P h es; no-calls P h es;
extTA, Pt - (es’, (h, xs")) [—e—] (es”, (h, xs")); Tmoves0 P h es’; no-calls P h es’;
extTA, Pt = (es”, (h, xs")) [—e—] (es'", (h, xs""")); TmovesO P h es'; no-calls P h es” |
= TredsOt extTA Pt h (es, xs) (es"”’, xs'")

(proof)

lemma Tred0r-1step:
[ extTA,P,t+ (e, (h, zs)) —e— (€', (h, zs')); Tmovel P h e; no-call P h e ]
= 7red0r extTA Pt h (e, zs) (€', zs')

(proof )

lemma Tred0r-2step:
[ extTA,P,t - (e, (h, zs)) —e— (€', (h, zs')); Tmove0 P h e; no-call P h e,
extTA,P,t = (e, (h, xs’)) —e— (e”, (h, zs"")); Tmove0 P h e’; no-call P h e']
= 7redOr extTA Pt h (e, zs) (e’ xs'"’)
(proof)

lemma Tred0r-3step:
[ extTA,P,t - (e, (h, zs)) —e— (€', (h, zs')); Tmove0 P h e; no-call P h ¢,
extTA, Pt = (e', (h, zs’)) —e— (e”, (h, xs")); Tmoved P h e'; no-call P h e’
extTA, Pt = (e", (h, zs")) —e— (', (h, xs'")); TmoveO P h e'; no-call P h e’ ]
= Tred0r extTA Pt h (e, xs) (e'") xs"")
(proof )

lemma 7redsOr-1step:
[ extTA,P,t - (es, (h, zs)) [—e—] (es’, (h, zs')); TmovesO P h es; no-calls P h es ]
= 7redsOr extTA Pt h (es, zs) (es’, zs')

(proof )

lemma 7redsOr-2step:
[ extTA,P,t - (es, (h, zs)) [—e—] (es’, (h, zs)); TmovesO P h es; no-calls P h es;
extTA, Pt - (es’, (h, xs")) [—e—=] (es”, (h, xs")); Tmoves0 P h es’; no-calls P h es’]
= TredsOr extTA Pt h (es, xs) (es”, zs”)

(proof)

lemma 7redsOr-3step:
[ extTA,P,t = (es, (h, zs)) [—e—] (es’, (h, xs)); TmovesO P h es; no-calls P h es;
extTA, Pt - (es’, (h, xs")) [—e—=] (es”, (h, xs")); Tmoves0 P h es’; no-calls P h es’;
extTA, Pt - (es”, (h, xs")) [—e—] (es'", (h, xs""")); TmovesO P h es'’; no-calls P h es” ]
= TredsOr extTA Pt h (es, xs) (es’’, xs'")
(proof )

lemma 7red0t-inj-TredsOt:
Tred0t extTA Pt h (e, xs) (€', zs')



= 7redsOt extTA Pt h (e # es, xs) (e’ # es, xs’)
(proof)

lemma 7reds0Ot-cons-tredsOt:
TredsOt extTA Pt h (es, xs) (es’, xs’)
= 7redsOt extTA Pt h (Val v # es, xs) (Val v # es’, xs’)

(proof)

lemma 7red0r-inj-rredsOr:
TredOr extTA Pt h (e, zs) (&', xs’)
= 7redsOr extTA Pt h (e # es, xs) (e’ # es, xs”)

(proof)

lemma 7redsOr-cons-tredsOr:
TredsOr extTA Pt h (es, zs) (es’, zs')
= 7redsOr extTA Pt h (Val v # es, xs) (Val v # es’, xs’)

(proof)

lemma NewArray-Tred0t-zt:
Tred0t extTA Pt h (e, xs) (e, zs’)
= 7red0t extTA Pt h (newA T|e], zs) (newA T|e'], xs’)

(proof)

lemma Cast-Tred0t-at:
Tred0t extTA Pt h (e, xs) (e, zs") = 71red0t extTA P t h (Cast T e, zs) (Cast T e’, xs’)

(proof)

lemma InstanceOf-Tred0t-xt:
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Tred0t extTA Pt h (e, xs) (e', xs") = Tred0t extTA P t h (e instanceof T, xzs) (e’ instanceof T, xs’)

(proof)

lemma BinOp-Tred0t-zt1:

Tred0t extTA Pt h (el, zs) (el’, zs") = 7red0t extTA Pt h (el «bop» e2, xzs) (el’ «bop» €2, xs’)

(proof)

lemma BinOp-Tred0t-zt2:

Tred0t extTA Pt h (e2, xs) (e2’, xs’) = 7red0t extTA Pt h (Val v «bop» €2, xs) (Val v «bop» e2’,

xs’)

(proof)

lemma LAss-Tred0t:
Tred0t extTA Pt h (e, xs) (e, zs") = 1red0t extTA Pt h (V := e, zs) (V := €', zs’)

(proof)

lemma AAcc-tred0t-zt1:
Tred0t extTA Pt h (a, zs) (a’, zs") = 7red0t extTA P t h (ali], zs) (a’[7], zs')

(proof)

lemma AAcc-Tred0t-zt2:
Tred0t extTA Pt h (i, xs) (i', xs") = Tred0t extTA P t h (Val a|7], xs) (Val a|i’], zs’)

(proof)

lemma AAss-Tred0t-xt1:
Tred0t extTA Pt h (a, zs) (a', xs") = Tred0t extTA P t h (a|i] := e, x5) (a’|7] = e, xs')
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(proof)

lemma AAss-Tred0t-zt2:
Tred0t extTA Pt h (i, xs) (i, s’) = 7red0t extTA P t h (Val ali] := e, xs) (Val ali’] := e, zs')
(proof)

lemma AAss-Tred0t-zt3:
Tred0t extTA Pt h (e, xs) (e/, xs’) = Tred0t extTA P t h (Val a| Val 7| := e, zs) (Val a| Val 7] :=
e', zs')

(proof)

lemma A Length-Tred0t-zt:
Tred0t extTA Pt h (a, zs) (a', xs") = Tred0t extTA P t h (a-length, xs) (a’-length, xs’)

(proof)

lemma FAcc-tred0t-zt:
Tred0t extTA Pt h (e, xs) (e/, xs') = tred0t extTA P t h (e-F{D}, zs) (e’~F{D}, zs’)

(proof)

lemma FAss-Tred0t-at1:
Tred0t extTA Pt h (e, zs) (e', xs’) = 7red0t extTA Pt h (e-:F{D} := e2, xs) (e-F{D} := e2, xs’)
(proof)

lemma FAss-Tred0t-at2:
Tred0t extTA Pt h (e, xs) (e, zs’) = 7red0t extTA P t h (Val v-F{D} := e, zs) (Val v-F{D} :=
e, zs')

(proof)

lemma CAS-Tred0t-zt1:

Tred0t extTA P ¢ h (e, xs) (e', xs') = Tred0t extTA P t h (e-compareAndSwap(D-F, e2, e3), xs)
(e-compareAndSwap(D-F, e2, %), xs’)
(proof)

lemma CAS-Tred0t-zt2:

Tred0t extTA Pt h (e, zs) (€', xs’) = Tred0t extTA P t h (Val v-compareAndSwap(D-F, e, e3), xs)
(Val v-compareAndSwap(D-F, €', e3), xs’)
(proof)

lemma CAS-Tred0t-zt3:

Tred0t extTA Pt h (e, xs) (e', xs") = 7red0t extTA P t h (Val v-compareAndSwap(D-F, Val v', e),
zs) (Val v-compareAndSwap(D-F, Val v', €'), xs’)
(proof)

lemma Call-Tred0t-obj:
Tred0t extTA Pt h (e, xs) (e/, xs') = Tred0t extTA P t h (e-M(ps), zs) (e"~M(ps), xs’)

(proof)

lemma Call-Tred0t-param:
TredsOt extTA Pt h (es, xs) (es’, xs’) = 7red0t extTA P t h (Val v-M(es), zs) (Val v-M(es’), zs’)

(proof)

lemma Block-Tred0t-xt:
Tred0t extTA Pt h (e, xs(V := v0)) (&', xs") = 7red0t extTA Pt h ({V:T=wvo; e}, xs) ({V:T=uxs’
Vi e}, as'(V i=as V)
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(proof)

lemma Sync-tred0t-zt:
Tred0t extTA Pt h (e, xs) (€', zs’) = Tred0t extTA P t h (syncy (e) e2, xs) (syncy (e') e2, zs’)

(proof)

lemma InSync-Tred0t-zt:
Tred0t extTA Pt h (e, zs) (e', xs’) = Tred0t extTA P t h (insyncy (a) e, zs) (insyncy (a) e’, xzs’)

(proof)

lemma Seg-Tred0t-zt:
Tred0t extTA Pt h (e, xs) (e, xs’) = 7red0t extTA Pt h (e;;e2, xs) (e';;e2, xs’)

(proof)

lemma Cond-tred0t-zt:
Tred0t extTA Pt h (e, xs) (e', xs") = 7red0t extTA P t h (if (e) el else e2, xs) (if (&) el else e2,
xs’)

(proof)

lemma Throw-tred0t-zt:
Tred0t extTA Pt h (e, xs) (e, xs’) = 7red0t extTA P t h (throw e, xs) (throw e’, zs’)

(proof)

lemma Try-rred0t-zt:

Tred0t extTA Pt h (e, zs) (€', xs") = 7Tred0t extTA P ¢ h (try e catch(C V) e2, xs) (try e’ catch(C
V) e2, xs’)
(proof )

lemma NewArray-tredOr-zt:
TredOr extTA Pt h (e, zs) (e, s’) = 7redOr extTA P t h (newA T|e], xs) (newA T|e’], xs’)

(proof)

lemma Cast-TredOr-xt:
TredOr extTA P t h (e, xs) (e, xs’) = TredOr extTA Pt h (Cast T e, xs) (Cast T €', xs’)

(proof)

lemma InstanceOf-TredOr-xt:
TredOr extTA Pt h (e, zs) (e, xs’) = 7redOr extTA P t h (e instanceof T, xs) (e’ instanceof T, xs’)

(proof)

lemma BinOp-Tred0r-ztl:
TredOr extTA Pt h (el, zs) (el’, xs") = TredOr extTA P t h (el «bop» e2, xs) (el’ «bop» e2, xs’)

(proof)

lemma BinOp-tred0r-zt2:
TredOr extTA Pt h (e2, zs) (e2’, xs') = 7redOr extTA Pt h (Val v «bop» e2, xs) (Val v «bop»
e2’) xs’)

(proof)

lemma LAss-Tred0Or:
TredOr extTA Pt h (e, xs) (e', xs') = TredOr extTA Pt h (V = e, xs) (V := e/, zs’)

(proof)

lemma AAcc-TredOr-zt1:
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Tred0r extTA Pt h (a, zs) (a', xs’) = TredOr extTA Pt h (ali], xs) (a'|7], xs)
(proof)

lemma AAcc-TredOr-t2:
TredOr extTA Pt h (i, zs) (i, xs') = 7redOr extTA Pt h (Val ali], zs) (Val a|i'], xs’)

(proof)

lemma AAss-TredOr-zt1:
TredOr extTA Pt h (a, zs) (o', 2s’") = TredOr extTA P t h (a|i] := e, zs) (a'|{] := e, zs’)
(proof)

lemma AAss-TredOr-zt2:
Tred0r extTA Pt h (i, xs) (i', xs") = 7redOr extTA P t h (Val a|i] = e, zs) (Val ali] := e, zs')
(proof)

lemma AAss-TredOr-at3:
TredOr extTA Pt h (e, xs) (€', xs") = 7red0r extTA Pt h (Val a| Val i] := e, zs) (Val a| Val 7] :=
e, xs’)

(proof)

lemma A Length-Tred0r-zt:
TredOr extTA Pt h (a, zs) (a', xs’") = TredOr extTA P t h (a-length, zs) (a’-length, xs’)

(proof)

lemma FAcc-TredOr-zt:
TredOr extTA Pt h (e, xs) (e, xs’) = 7redOr extTA P t h (e-F{D}, zs) (e/-F{D}, zs")

(proof)

lemma FAss-TredOr-zt1:
TredOr extTA Pt h (e, xs) (e, xs") = 1redOr extTA Pt h (e-F{D} := 2, zs) (e¢"~F{D} := e2, zs’)
(proof)

lemma FAss-tred0r-xt2:
TredOr extTA Pt h (e, zs) (e', xs") = TredOr extTA P t h (Val v-F{D} := e, xs) (Val v-F{D} :=
e, xs’)

(proof)

lemma CAS-tredOr-zt1:

Tred0r extTA Pt h (e, zs) (e, xs') = TredOr extTA P t h (e-compareAndSwap(D-F, €2, e3), xs)
(e’-compareAndSwap(D-F, e2, e3), xs’)
(proof)

lemma CAS-tredOr-zt2:

Tred0r extTA Pt h (e, xs) (e', xs") = 7redOr extTA P t h (Val v-compareAndSwap(D-F, e, e3), xs)
(Val v-compareAndSwap(D-F, e’, e3), xs')
(proof)

lemma CAS-TredOr-xt3:

TredOr extTA Pt h (e, zs) (€', xs’) = 7TredOr extTA P t h (Val v-compareAndSwap(D-F, Val v’, e),
zs) (Val v-compareAndSwap(D-F, Val v', e'), xs’)
(proof)

lemma Call-Tred0r-obj:
TredOr extTA Pt h (e, xs) (e', xs') = TredOr extTA P t h (e-M(ps), zs) (e’-M(ps), xs’)
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(proof)

lemma Call-Tred0r-param:
TredsOr extTA Pt h (es, xzs) (es’, xs") = TredOr extTA Pt h (Val v-M(es), zs) (Val v-M(es’), zs’)

(proof)

lemma Block-tred0r-xt:

Tred0r extTA Pt h (e, zs(V := vo)) (e’, xs") = 7redOr extTA P t h ({V:T=vo; e}, zs) {V:T=uzs’
Vi e}, as'(V = zs V)
(proof)

lemma Sync-TredOr-zt:
TredOr extTA Pt h (e, zs) (€', xs’) = Tred0r extTA P t h (syncy (e) e2, zs) (syncy (e') e2, zs’)

(proof)

lemma InSync-Tred0r-zt:
TredOr extTA Pt h (e, zs) (e/, xs’) = TredOr extTA P t h (insyncy (a) e, xs) (insyncy (a) €', xs’)

(proof)

lemma Seg-Tred0r-zt:
TredOr extTA Pt h (e, xs) (&', xs") => TredOr ext