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Tutorial Plan

1 Background
• Sequential consistency
• Owicki-Gries reasoning
• Isabelle/HOL
• Examples: Message passing,

Lamport buffer

2 Relaxed Memory
• Motivation
• RC11 Memory Model (Relaxed

Accesses)

3 Verification
• Owicki-Gries reasoning, revisited
• Examples, revisited
• Isabelle/HOL

4 Formal Model

5 Release/Acquire Accesses
• Lamport buffer, revisited again
• Message passing
• Isabelle/HOL
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Background
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Sequential Consistency

“... the result of any execution is the same as if

• the operations of all the processors were executed in some sequential
order, and

• the operations of each individual processor appear in this sequence in
the order specified by its program.”

— [Lamport, 1979]
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Sequentially Consistent Architecture

Thread . . . Thread

...

Volatile Memory

Concurrent execution T1∥T2∥ ... ∥Tn

≡
Interleaving of atomic statements in

T1, T2, . . . , Tn

Example

I: y = 0
a1: x := 1;
a2: y := 1

b1: r := y;
b2: s := x

Possible executions

• I; a1; a2; b1; b2
• I; a1; b1; a2; b2
• I; a1; b1; b2; a2
• + symmetric cases starting with b1
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Sequentially Consistent Architecture

... makes a memory operation appear to execute atomically (instantaneously) with re-
spect to other memory operations. — [Adve and Gharachorloo, 1996]

Convenient state model: Σ =̂ Loc → Val

Example.

I: y = 0
a1: x := 1;
a2: y := 1

b1: r := y;
b2: s := x

Traces are of the form:x 7→?,
y 7→ 0,
r 7→?,
s 7→?

 x:=1−−−→

x 7→ 1,
y 7→ 0,
r 7→?,
s 7→?

 r:=y−−−→

x 7→ 1,
y 7→ 0,
r 7→ 0,
s 7→?

 y:=1−−−→

x 7→ 1,
y 7→ 1,
r 7→ 0,
s 7→?

 s:=x−−−→

x 7→ 1,
y 7→ 1,
r 7→ 0,
s 7→ 1


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Verification

• Dozens of techniques developed since the 1970s [de Roever et al., 2001]:
• Owicki-Gries
• Rely-guarantee
• TLA
• Action systems
• Input/output automata
• Concurrent separation logic
• ...

• Let’s focus on one: Owicki-Gries [Owicki, 1975]

• Extension of Hoare Logic with rules for “interference freedom”
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Owicki-Gries proof outline

Example (Message passing). For any interleaving of threads, if thread b reads y = 1,
then it must read x = 1.{

y = 0
}{

true
}

x := 1;{
x = 1

}
y := 1{
true

}

{
y = 1 ⇒ x = 1

}
r := y;{
r = 1 ⇒ x = 1

}
s := x{
r = 1 ⇒ s = 1

}{
r = 1 ⇒ s = 1

}

1 Initialisation

2 Local correctness

3 Global correctness

4 Finalisation
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1 Initialisation

2 Local correctness

3 Global correctness

4 Finalisation

1. Initialisation proof:

y = 0 ⇒ true ∧ (y = 1 ⇒ x = 1)
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}
s := x{
r = 1 ⇒ s = 1

}{
r = 1 ⇒ s = 1

}
1 Initialisation

2 Local correctness

3 Global correctness

4 Finalisation

2. Local correctness proofs:{
true

}
x := 1

{
x = 1

} {
y = 1 ⇒ x = 1

}
r := y

{
r = 1 ⇒ x = 1

}{
x = 1

}
y := 1

{
true

} {
r = 1 ⇒ x = 1

}
s := x

{
r = 1 ⇒ s = 1

}
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Example (Message passing). For any interleaving of threads, if thread b reads y = 1,
then it must read x = 1.{

y = 0
}{

true
}

x := 1;{
x = 1

}
y := 1{
true

}

{
y = 1 ⇒ x = 1

}
r := y;{
r = 1 ⇒ x = 1

}
s := x{
r = 1 ⇒ s = 1

}{
r = 1 ⇒ s = 1

}
1 Initialisation

2 Local correctness

3 Global correctness

4 Finalisation

3. Global correctness proofs:

For P ∈ {true, x = 1}, For Q ∈
{
y = 1 ⇒ x = 1, r = 1 ⇒ x = 1,
r = 1 ⇒ s = 1

}
,{

P ∧ (y = 1 ⇒ x = 1)
}
r := y

{
P
} {

Q ∧ true
}
x := 1

{
Q
}{

P ∧ (r = 1 ⇒ x = 1)
}
s := x

{
P
} {

Q ∧ x = 1
}
y := 1

{
Q
}
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Owicki-Gries proof outline

Example (Message passing). For any interleaving of threads, if thread b reads y = 1,
then it must read x = 1.{

y = 0
}{

true
}

x := 1;{
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}
y := 1{
true

}

{
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}
r := y;{
r = 1 ⇒ x = 1

}
s := x{
r = 1 ⇒ s = 1

}{
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}
1 Initialisation

2 Local correctness

3 Global correctness

4 Finalisation

4. Finalisation proof:

true ∧ (r = 1 ⇒ s = 1) ⇒ r = 1 ⇒ s = 1
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Message Passing under SC

Isabelle/HOL Demo
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Lamport Buffer

{
ms = mr = s = r = 0 ∧ b > 0

}
while true

wait s− r < b end;
ms := ms + 1;
s := s+ 1;

while true
wait s− r > 0 end;
mr := mr + 1;
r := r + 1;{

0 ≤ ms −mr ≤ b
}

X X 2 1 4 1 2 . . .

mr ms

• Synchronisation via shared variables s and r

• Auxiliary variables
• ms = #messages sent
• mr = #messages received

• Safety invariant 0 ≤ ms −mr ≤ b
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Lamport’s Proof

Let n = ms −mr
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Owicki-Gries Proof of Lamport’s Buffer

{
ms = mr = s = r = 0 ∧ 0 < b ∧ ¬js ∧ ¬jr

}{
nc ≤ s− r ≤ b ∧ ¬js ∧ I

}
while true

inv nc ≤ s− r ≤ b ∧ ¬js ∧ I{
nc ≤ s− r ≤ b ∧ ¬js ∧ I

}
wait s− r < b end;{
nc ≤ s− r < b ∧ ¬js ∧ I

}
⟨ms := ms + 1; js := true⟩;{
nc − 1 ≤ s− r < b ∧ js ∧ I

}
⟨s := s+ 1; js := false⟩{

I ∧ ¬js
}

{
0 ≤ s− r ≤ np ∧ ¬jr

}
while true
inv 0 ≤ s− r ≤ np ∧ ¬jr{

0 ≤ s− r ≤ np ∧ ¬jr
}

wait s− r > 0 end{
0 < s− r ≤ np ∧ ¬jr

}
⟨mr := mr + 1; jr := true⟩;{
0 < s− r ≤ np + 1 ∧ jr

}
⟨r := r + 1; jr := false⟩{

¬jr
}{

I
}

• Define I =̂ 0 ≤ n ≤ b

• Highlighted assertions can be omitted
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Lamport Buffer under SC

Isabelle/HOL Demo
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Relaxed Memory
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(Modern?) Multiprocessors and Languages

Hardware memory models

Thread . . . Thread

Store
Buffer

...

Store
Buffer

Shared Memory

• Store buffer:

Intel (FIFO)

Arm, Power (Weakly ordered)

• Shared memory:

Intel, Armv8/v9 (Multi-copy atomic)

Armv7, Power (Not multi-copy atomic)

Language memory models
C11, C20, RC11, OCaml, Java, LLVM,

WASM . . .

Kernel memory models
Linux, OpenBSD, . . .

Heterogenous models
CUDA, PTX, RDMA, Px86, . . .
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Message Passing Under Relaxed Memory

y = 0
x := 1;
y := 1

r := y;
s := x

Is the final outcome r = 1 ∧ s ̸= 1 allowed?

• Arm ✓

• Intel-TSO ✗

• C11 - it depends

Conclusion: Relaxed memory makes concurrency
much more complicated

... but this is not a new phenomenon!
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Relaxed Memory (Historically)

2004

Memory consistency hierarchy
[Steinke and Nutt, 2004]

1996

[Adve and Gharachorloo, 1996]
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Relaxed Memory (Historically)

1993

1988
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Relaxed Memory (Historically)

1993 1988
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Relaxed Memory (Historically)

1979

... achieving sequential consistency may not be
worth the price of slowing down the processors.

In
this case, one must be aware that conventional meth-
ods for designing multiprocess algorithms cannot
be relied upon to produce correctly executing pro-
grams. Protocols for synchronizing the processors
must be designed at the lowest level of the machine
instruction code, and verifying their correctness be-
comes a monumental task.
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must be designed at the lowest level of the machine
instruction code, and verifying their correctness be-
comes a monumental task.
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Relaxed Memory (Recently)

2010s/2020s explosion of formal models and results

• [Batty et al., 2011] presented the first formalisation of the C11 memory model

• [Alglave et al., 2014] defined the axiomatic CAT language for formalising consistency models

• [Lahav et al., 2017] discovered inconsistencies in the C11 specification, and proposed a fix
called RC11

For this tutorial, we focus on RC11 —

• Program verification focusses on language-level relaxed-memory

• Rely on compiler to map to hardware memory model
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Repaired C11 (RC11)
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Repairing C11

[Lahav et al., 2017] discovered three key problems with the C11 memory model

1 Compilation from C11 to PowerPC is unsound

2 Fences (used to enforce instruction order) are too weak

3 Model allows out-of-thin-air reads

Proposed RC11 memory model as a fix

• Introduces an axiom that maintains program order

• Allows us to view weak memory programs as an interleaving of threads

• Relaxed behaviour induces delayed propagation of writes
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RC11 Memory Accesses

Non atomic

Relaxed

Release Acquire

Sequentially consistent

Atomic

We will focus on relaxed, release and acquire
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RC11 Models

y = 0

[x] :
X
= 1;

[y] :
X
= 1

r :
X
= [y];

s :
X
= [x]

Axiomatic (aka declarative) semantics

wrX(x, v), wrX(y, 0)

wrX(x, 1)

wrX(y, 1)

rdX(y, 1)

rdX(x, 0)

po po

po po

mo

mo

rf

rffr

Allowed

wrX(x, v), wrX(y, 0)

wrX(x, 1)

wrX(y, 1)

rdX(y, 1)

rdX(x, 2)

po po

po po

mo

mo

rf

Disallowed
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Axiomatic Models
• Often the “authoritative” formal model, particularly in hardware E.g.,

https://github.com/herd/herdtools7/blob/master/herd/libdir/aarch64.cat

(*** External visibility requirement ***)
irreflexive ob as external

(*** Internal visibility requirements ***)
irreflexive [Exp & R]; ((po & same -loc) | rmw); [Exp & W];

rfi; [Exp & R] as coRW1 -Exp
irreflexive [Imp & Tag & R]; (po & same -loc); [Exp & Tag & W];

rfi; [Imp & Tag & R] as coRW1 -MTE
irreflexive [Exp & W]; (po & same -loc); [Exp & W];

(ca & int); [Exp & W] as coWW -Exp
irreflexive [Exp & W]; (po & same -loc); [Exp & R];

(ca & int); [Exp & W] as coWR -Exp
irreflexive [Exp & Tag & W]; (po & same -loc); [Imp & Tag & R];

(ca & int) as coWR -MTE

• ... but cannot directly be connected to traditional operational proof techniques

• ... however every axiomatic model gives rise to 1-1 operational model

— check the axioms of the memory model at every step
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RC11 Models II
Example 1.

y = 0

[x] :
X
= 1;

[y] :
X
= 1

r :
X
= [y];

s :
X
= [x]

Operational (view-based) models [Kang et al., 2017,Kaiser et al., 2017]

[
r 7→?,
s 7→?

] x
0

T1,T2

0
y

T1,T2
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RC11 Models II
Example 2.

x = y = 0

r :
X
= [x];

[y] :
X
= 1

s :
X
= [y];

[x] :
X
= 1

Operational (view-based) models [Kang et al., 2017,Kaiser et al., 2017]

[
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Verification
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RC11: Towards a Reasoning Framework

• View model for RC11 supports interleaved execution

• Allows relaxed behaviours — reads may return stale values
• Difficulty comes from the state model

• Loc → Val states only valid for thread-local variables
• View-based states required to model shared variables

Key idea: develop high-level assertions directly over view states
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RC11: View assertions

Only a handful of assertions needed to handle most examples

• Last value predicate x⟨⟨τ
thread τ is viewing the last-written value for shared variable x

• Values view function |τ⟩x
the set of values that thread τ can see for shared variable x

• Definite value predicate x
τ
= xv

x⟨⟨τ ∧ |τ⟩x = {xv}
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View Assertions (Example)

Consider the state σ:

x
0

T1

1

T2

0
y

T2

0
y

1

T1

The following properties hold for σ:

¬ x⟨⟨T1 ∧ y⟨⟨T1 |T1⟩x = {0, 1} y
T1= 1

x⟨⟨T2 ∧ ¬ y⟨⟨T2 |T2⟩x = {1} x
T2= 1
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Verifying Load Buffering

x = y = 0 ∧ s = r = 0
Thread a{
y = 0 ∧ s = 0

}
r := x;{
y = 0 ∧ s = 0

}
y := 1{
r = 0 ∨ s = 0

}

Thread b{
x = 0 ∧ r = 0

}
s := y;{
x = 0 ∧ r = 0

}
x := 1{
r = 0 ∨ s = 0

}{
r = 0 ∨ s = 0

}

x
a
= 0 ∧ y

b
= 0 ∧ s = r = 0

Thread a{
y

b
= 0 ∧ s = 0

}
r :

X
= [x];{
y

b
= 0 ∧ s = 0

}
[y] :

X
= 1{

r = 0 ∨ s = 0
}

Thread b{
x

a
= 0 ∧ r = 0

}
s :

X
= [y];{
x

a
= 0 ∧ r = 0

}
[x] :

X
= 1{

r = 0 ∨ s = 0
}{

r = 0 ∨ s = 0
}
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Load Buffering in RC11

Isabelle/HOL Demo
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Lamport Buffer {
s

p
= sv ∧ r

c
= rv ∧Vpc ∧ b > 0 ∧ sv − rv = n ∧ ¬js ∧ ¬jr ∧ I

}{
s

p
= sv ∧ Vp ∧ ¬js ∧ I ∧

(∀rv. r c
= rv ⇒ nc ≤ sv − rv)

}
sp :

X
= s;{

s
p
= sp ∧ Vp ∧ ¬js ∧ I ∧

(∀rv. r c
= rv ⇒ nc ≤ sp − rv)

}
do rp :

X
= r;{

s
p
= sp ∧ Vp ∧ ¬js ∧ I ∧

(∀rv. r c
= rv ⇒ nc ≤ sp − rv ∧ rp ≤ rv)

}
until sp − rp < b;{
s

p
= sp ∧ (∃rv. r c

= rv) ∧ ¬js ∧ I ∧
(∀rv. r c

= rv ⇒ nc ≤ sp − rv < b)

}
⟨ms := ms + 1; js := true⟩;{
s

p
= sp ∧ js ∧ I ∧

(∀rv. r c
= rv ⇒ nc − 1 ≤ sv − rv)

}
⟨s : X= sp + 1, js := false⟩{

s
p
= sp + 1 ∧ ¬js ∧ I

}

{
r

c
= rv ∧ Vc ∧ ¬jr ∧

(∀sv. s p
= sv ⇒ sv − rv ≤ np)

}
rc :

X
= r;{

r
c
= rc ∧ Vc ∧ ¬jr ∧

(∀sv. s p
= sv ⇒ sv − rc ≤ np)

}
do sc :

X
= s{

r
c
= rc ∧ Vc ∧ ¬js ∧

(∀sv. s p
= sv ⇒ sc ≤ sv ∧ sv − rc ≤ np)

}
until sc − rc > 0;{
r

c
= rc ∧ ¬jr ∧

(∀sv. s p
= sv ⇒ 0 < sv − rc ≤ np)

}
⟨mr := mr + 1; jr := true⟩;{
r

c
= rc ∧ jr ∧

(∀sv. s p
= sv ⇒ sv − rc ≤ np + 1)

}
⟨r :

X
= rc + 1, jr := false⟩{

s
p
= sp + 1 ∧ ¬jr

}{
I
}
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Lamport Buffer in RC11

Isabelle/HOL Demo
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Lamport Buffer

{
ms = mr = s = r = 0 ∧ 0 < b ∧ ¬js ∧ ¬jr

}{
nc ≤ s− r ∧ ¬js ∧ I

}
while true
inv nc ≤ s− r ∧ ¬js ∧ I{

nc ≤ s− r ∧ ¬js ∧ I
}

wait s− r < b end;{
nc ≤ s− r < b ∧ ¬js ∧ I

}
⟨ms := ms + 1; js := true⟩;{
nc − 1 ≤ s− r ∧ js ∧ I

}
⟨s := s+ 1; js := false⟩{

I ∧ ¬js
}

. . .

{
I
}

{
...
}{

s
p
= sv ∧ Vp ∧ ¬js ∧ I ∧

(∀rv. r c
= rv ⇒ nc ≤ sv − rv)

}
sp :

X
= s;{

s
p
= sp ∧ Vp ∧ ¬js ∧ I ∧

(∀rv. r c
= rv ⇒ nc ≤ sp − rv)

}
do rp :

X
= r;{

s
p
= sp ∧ Vp ∧ ¬js ∧ I ∧

(∀rv. r c
= rv ⇒ nc ≤ sp − rv ∧ rp ≤ rv)

}
until sp − rp < b;{
s

p
= sp ∧ (∃rv. r c

= rv) ∧ ¬js ∧ I ∧
(∀rv. r c

= rv ⇒ nc ≤ sp − rv < b)

}
⟨ms := ms + 1; js := true⟩;{
s

p
= sp ∧ js ∧ I ∧

(∀rv. r c
= rv ⇒ nc − 1 ≤ sv − rv)

}
⟨s : X= sp + 1, js := false⟩{
s

p
= sp + 1 ∧ ¬js ∧ I

}

. . .

{
I
}
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Lamport Buffer in RC11

Isabelle/HOL Demo
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Formal Model
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Syntax

Exp ::= v | r | ⊖e | e1 ⊕ e2 Aux ::= v | r | a | ⊖f | f1 ⊕ f2

Asgn ::= r := e | r :
M
= x | x :

M
= e

Com ::= a | ⟨a; a := f⟩ | c1; c2 | if b then c1 else c2 | do c until b

Prog ::= λτ ∈ Tid . c
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Operational Semantics (Uninterpreted)

Rd

γ
⟨x,read(v),M⟩−−−−−−−−→τ γ′

⟨σ, γ, r :
M
= x⟩ −→τ ⟨σ[r 7→ v], γ′,⊥⟩

Wr

γ
⟨x,write(JeKσ),M⟩−−−−−−−−−−→τ γ′

⟨σ, γ, x :
M
= e⟩ −→τ ⟨σ, γ′,⊥⟩

Prog
⟨σ, γ,Π(τ)⟩ −→τ ⟨σ′, γ′, c′⟩

⟨σ, γ,Π⟩ −→ ⟨σ′, γ′,Π[τ 7→ c′]⟩
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RC11 State

• Use encoding by [Castañeda et al., 2024]

• Only need two components ⟨m,V⟩
• m = set of timestamped messages (writes)
• V = view of each thread

• Each message µ = ⟨x, v, t, V, M⟩ where:
• x ∈ Var is the variable of the message
• v ∈ Val is the written value
• t ∈ Q is the timestamp
• V ∈ View =̂ Var → Q is the view of the

message (ignored for now)
• M ∈ {X, R} is the memory ordering

• Thread view: V ∈ Tid → View

Isabelle/HOL encoding

record (’Var, ’Val) Msg =
var :: ’Var
val :: ’Val
ts :: TS
view :: "’Var View"
mord :: Mord

record (’Tid, ’Var, ’Val) C11State =
msgs :: "(’Var, ’Val) Msg set"
TView :: "’Tid ⇒ ’Var View"
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RC11 Relaxed Reads / Writes

read-rlx
e = ⟨x, read(v), X⟩ ⟨x, v, t, , ⟩ ∈ m
V(τ)(x) ≤ t V ′ = V(τ)[x 7→ t]

⟨m,V⟩ e−→τ ⟨m,V[τ 7→ V ′]⟩

write-rlx-rel
e = ⟨x,write(v), M⟩ V ′ = V(τ)[x 7→ t]

V(τ)(x) < t t ̸∈ ts(m|x)
µ = ⟨x, v, t, V ′, M⟩

⟨m,V⟩ e−→τ ⟨m ∪ {µ},V[τ 7→ V ′]⟩

• read-rlx reads from the message with timestamp t

• write-rlx-rel introduces a new write message with fresh timestamp t

definition "readRlxTrans τ x µ σ ≡
let V’ = (TView σ τ)(x := ts µ) in

σ ;; updateTView τ V’"

definition "readRlx τ x v σ σ’ ≡
∃ µ ∈ (obs τ σ)|x .

val µ = v ∧ σ’ = readRlxTrans τ x µ σ"

definition "writeTransExp b τ x v t σ ≡
let V’ = (TView σ τ)(x := t);

µ = (| var=x, val=v, ts=t,
view=V’, mord=b |)

in σ ;; updateMsgs µ ;; updateTView τ V’"

definition "writeTrans b τ x v σ σ’ ≡
∃ t. validFreshTS σ τ x t ∧

σ’ = writeTransExp b τ x v t σ"
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Formalising View Assertions
• Last value predicate: Thread τ is viewing the last-written value for x

x⟨⟨τ =̂ λ⟨m,V⟩. V(τ)(x) = max(ts(m|x))

definition lastView :: "..." ("_⟨⟨_ _" ...)
where "lastView x τ σ ≡ ∀ ts ∈ tss ((msgs σ)|x). ts ≤ TView σ τ x "

• Values view function: The set of values that thread τ can see for x

obs(τ) =̂ λ⟨m,V⟩. {µ ∈ m | ts(µ) ≥ V(τ)(var(µ))}
|τ⟩x =̂ λσ. val(obs(τ)(σ)|x)

definition valsView :: ... ("|_⟩_ _" ...)
where "valsView τ x σ ≡ vals ((obs τ σ)|x)"

• Definite value predicate

x
τ
= xv =̂ x⟨⟨τ ∧ |τ⟩x = {xv}
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Hoare Triples

Definition

Given assertions P,Q : Σ× Γ → B, thread τ ∈ Tid , command c ∈ Com and program
Π ∈ Prog :{

P
}
τ ▷ c

{
Q
}
=̂ ∀σ, γ. P (⟨σ, γ⟩) ∧ ⟨σ, γ, c⟩ −→∗

τ ⟨σ′, γ′,⊥⟩ ⇒ Q(⟨σ′, γ′⟩){
P
}
Π
{
Q
}
=̂ ∀σ, γ. P (⟨σ, γ⟩) ∧ ⟨σ, γ,Π⟩ →∗ ⟨σ′, γ′, λτ. ⊥⟩ ⇒ Q(⟨σ′, γ′⟩)
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RC11 Axioms

Examples:

rd-stable{
x

τ
= xv

}
τ ′ ▷ r :

M
= y

{
x

τ
= xv

} wr-latest

{
x⟨⟨τ

}
τ ▷ x :

M
= e

{
x

τ
= e

}
Example soundness proof for wr-latest:

lemma wrAtLast_stable_sameTh: "x⟨⟨τ σ ⇒ writeStep τ y v σ σ’ ⇒ x⟨⟨τ σ’"
by (auto simp add: unfold_defs, auto)

lemma lastView_Wr: "x⟨⟨τ σ ⇒ writeStep τ x v σ σ’ ⇒ |τ⟩x σ’ = {v}"
apply (auto simp add: unfold_defs, auto)
apply ((metis Msg.select_convs(2))+)[2]
by (metis Msg.select_convs(1,2,3) dual_order.refl)+

lemma DVal_Update_Wr:
"x⟨⟨τ σ ⇒ writeStep τ x v σ σ’ ⇒ x =τ v σ’"
by (meson defVal_def lastView_Wr wrAtLast_stable_sameTh)
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Release-Acquire
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Lamport Buffer

while true

sp :
X
= s;

do rp :
X
= r;

until sp − rp < b;
⟨ms := ms + 1; js := true⟩;
⟨s : X= sp + 1, js := false⟩

while true

rc :
X
= r;

do sc :
X
= s

until sc − rc > 0;
⟨mr := mr + 1; jr := true⟩;
⟨r :

X
= rc + 1, jr := false⟩

• Program guarantees the invariant I = 0 ≤ ms −mr ≤ b under RC11

• Question: What is the problem?

• Answer: Messages sent by the producer may not arrive at the consumer in time

• This problem is due to weak memory effects
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Message Passing

Relaxed accesses
y = 0

[x] :
X
= 1;

[y] :
X
= 1

r :
X
= [y];

s :
X
= [x]

wrX(x, v), wrX(y, 0)

wrX(x, 1)

wrX(y, 1)

rdX(y, 1)

rdX(x, 0)

po po

po po

mo

mo

rf

rffr

Allowed

Release-acquire

y = 0

[x] :
X
= 1;

[y] :
R
= 1

r :
A
= [y];

s :
X
= [x]

wrX(x, v), wrX(y, 0)

wrX(x, 1)

wrR(y, 1)

rdA(y, 1)

rdX(x, 0)

po po

po po

mo

mo

rf

fr sw

Disallowed

wrX(x, v), wrX(y, 0)

wrX(x, 1)

wrR(y, 1)

rdA(y, 1)

rdX(x, 1)

po po

po po

mo

mo

swrf

Allowed
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Message Passing

Relaxed accesses
y = 0

[x] :
X
= 1;

[y] :
X
= 1

r :
X
= [y];

s :
X
= [x]

wrX(x, v), wrX(y, 0)

wrX(x, 1)

wrX(y, 1)

rdX(y, 1)

rdX(x, 0)

po po

po po

mo

mo

rf

rffr

Allowed

Release-acquire

y = 0

[x] :
X
= 1;

[y] :
R
= 1

r :
A
= [y];

s :
X
= [x]

wrX(x, v), wrX(y, 0)

wrX(x, 1)

wrR(y, 1)

rdA(y, 1)

rdX(x, 0)

po po

po po

mo

mo

rf

fr sw

Disallowed

wrX(x, v), wrX(y, 0)

wrX(x, 1)

wrR(y, 1)

rdA(y, 1)

rdX(x, 1)

po po

po po

mo

mo

swrf

Allowed
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Message Passing

Relaxed accesses
y = 0

[x] :
X
= 1;

[y] :
X
= 1

r :
X
= [y];

s :
X
= [x]

wrX(x, v), wrX(y, 0)

wrX(x, 1)

wrX(y, 1)

rdX(y, 1)

rdX(x, 0)

po po

po po

mo

mo

rf

rffr

Allowed

Release-acquire

y = 0

[x] :
X
= 1;

[y] :
R
= 1

r :
A
= [y];

s :
X
= [x]

wrX(x, v), wrX(y, 0)

wrX(x, 1)

wrR(y, 1)

rdA(y, 1)

rdX(x, 0)

po po

po po

mo

mo

rf

fr sw

Disallowed

wrX(x, v), wrX(y, 0)

wrX(x, 1)

wrR(y, 1)

rdA(y, 1)

rdX(x, 1)

po po

po po

mo

mo

swrf

Allowed
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RA Synchronisation (Operationally)

Recall. Write rule models both relaxed and releasing writes

write-rlx-rel
e = ⟨x,write(v), M⟩ V ′ = V(τ)[x 7→ t]

V(τ)(x) < t t ̸∈ ts(m|x)
µ = ⟨x, v, t, V ′, M⟩

⟨m,V⟩ e−→τ ⟨m ∪ {µ},V[τ 7→ V ′]⟩

Key ideas.

• Each message records the view of the executing thread at the time of writing

• The view indicates the thread’s happens-before knowledge (at the time of writing)

• Later if RA synchronisation occurs,
view transfer ⇔ happens-before transfer
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RA Synchronisation

Write transition: Recall M ∈ {X, R}

write-rlx-rel
e = ⟨x,write(v), M⟩ V ′ = V(τ)[x 7→ t]

V(τ)(x) < t t ̸∈ ts(m|x)
µ = ⟨x, v, t, V ′, M⟩

⟨m,V⟩ e−→τ ⟨m ∪ {µ},V[τ 7→ V ′]⟩

Acquiring reads:

acq-rf-rlx
e = ⟨x, read(v), A⟩ ⟨x, v, t, , X⟩ ∈ m

V(τ)(x) ≤ t V ′ = V(τ)[x 7→ t]

⟨m,V⟩ e−→τ ⟨m,V[τ 7→ V ′]⟩

acq-rf-rel
e = ⟨x, read(v), A⟩ ⟨x, v, t, V, R⟩ ∈ m

V(τ)(x) ≤ t V ′ = V(τ) ⊔ V

⟨m,V⟩ e−→τ ⟨m,V[τ 7→ V ′]⟩

where V1 ⊔ V2 =̂ λx ∈ Var .max{V1(x), V2(x)}
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RA in Isabelle

acq-rf-rlx
e = ⟨x, read(v), A⟩ ⟨x, v, t, , X⟩ ∈ m

V(τ)(x) ≤ t V ′ = V(τ)[x 7→ t]

⟨m,V⟩ e−→τ ⟨m,V[τ 7→ V ′]⟩

acq-rf-rel
e = ⟨x, read(v), A⟩ ⟨x, v, t, V , R⟩ ∈ m

V(τ)(x) ≤ t V ′ = V(τ) ⊔ V

⟨m,V⟩ e−→τ ⟨m,V[τ 7→ V ′]⟩

where V1 ⊔ V2 =̂ λx ∈ Var .max{V1(x), V2(x)}

definition maxView:: "... w" ("_ ⊔ _" [100, 100]) where
"maxView V1 V2 ≡ λ x. max (V1 x) (V2 x)"

definition
"readAcqTrans τ x µ σ ≡
let V’ = if mord µ = rlx then (TView σ τ)(x := ts µ) else (view µ) ⊔ (TView σ τ) in
σ ;; updateTView τ V’"
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Recap: Relaxed Message-Passing Execution

y = 0

[x] :
X
= 1;

[y] :
X
= 1

r :
X
= [y];

s :
X
= [x]

[
r 7→?,
s 7→?

] x
0

T1,T2

0
y

T1,T2

y = 0

[x] :
X
= 1;

[y] :
R
= 1

r :
A
= [y];

s :
X
= [x]

[
r 7→?,
s 7→?

] x
0

T1,T2

0
y

T1,T2
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View-Transfer Assertion

Use dynamic modal predicate π
τ
⇝ φ

• π is predicate over messsages (a read filter)

• all messages observable to τ satisfying π are releasing

• performing an acquiring read when the read trigger holds guarantees φ after the read

σ

π
τ
⇝ φ

obs(τ) π

R
update τ ’s view in σ

σ′

φ
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Formalising the View-Transfer Assertion

σ

π
τ
⇝ φ

obs(τ) π

R

update τ ’s
view in σ

σ′

φ

acq-rf-rel
e = ⟨x, read(v), A⟩ ⟨x, v, t, V , R⟩ ∈ m

V(τ)(x) ≤ t V ′ = V(τ) ⊔ V

⟨m,V⟩ e−→τ ⟨m,V[τ 7→ V ′]⟩

Construct the intersection:

filt(τ, π) =̂ λα. {µ ∈ obs(τ)(α) | π(µ)}

Define modal view transfer:

π
τ
⇝ φ =̂ λα. let α = ⟨σ, ⟨m,V⟩⟩ in

∀µ ∈ filt(τ, π)(α). ord(µ) = R ∧ φ(⟨σ, ⟨m,V[τ 7→ V(τ) ⊔ view(µ)]⟩⟩)
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Formalising the View-Transfer Assertion
Special case:

(x = xv)
τ
⇝ φ =̂ (λµ. var(µ) = x ∧ val(µ) = xv)

τ
⇝ φ

Whenever τ acquire-reads xv for x, φ is guaranteed in the post state

Using the special case of view-transfer is easy

acq-view-transfer

{
x = xv

τ
⇝ φ

}
τ ▷ r :

A
= x

{
r = xv ⇒ φ

}
lemma
"(x = xv) ⇝τ φ σ

⇒ σ τ ▷ r :=A [x] σ’
⇒ r = xv → φ σ’"

by (auto simp add: unfold_defs)

Establishing view-transfer is not

rel-def-view-set
∀i ∈ S. x ̸= yi{

xv /∈ |τ ′⟩x ∧ (∀i ∈ S.yi
τ
= yvi)

}
τ ▷ x :

R
= xv{

x = xv
τ ′
⇝ (∀i ∈ S.yi

τ ′
= yvi)

}
lemma
"wfs σ ⇒ x ̸= y ⇒ v /∈ |τ’⟩x σ ⇒ y =τ u σ

⇒ σ τ ▷ [x] :=R v σ’

⇒ (x = v) ⇝τ ′
(λ σ. y =τ

′
u σ) σ’"

proof
(approx 30 lines)
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View-Transfer in Action

y = 0

[x] :
X
= 1;

[y] :
R
= 1

r :
A
= [y];

s :
X
= [x]

[
r 7→?,
s 7→?

] x
0

T1,T2

0
y

T1,T2
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View-Transfer in Action

{
x⟨⟨T1 ∧ 1 /∈ |T2⟩y

}
Thread T1{
1 /∈ |T2⟩y ∧ x⟨⟨T1

}
[x] :

X
= 1;{

1 /∈ |T2⟩y ∧ x
T1= 1

}
[y] :

R
= 1{

true
}

Thread T2{
y = 1

T2⇝ (x
T2= 1)

}
r :

A
= [y];{

r = 1 ⇒ x
T2= 1

}
s :

X
= [x]{

r = 1 ⇒ s = 1
}{

r = 1 ⇒ s = 1
}
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View-Transfer in Action

Isabelle/HOL Demo
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Questions?

1 Background
• Sequential consistency
• Owicki-Gries reasoning
• Isabelle/HOL
• Examples: Message passing,

Lamport buffer

2 Relaxed Memory
• Motivation
• RC11 Memory Model (Relaxed

Accesses)

3 Verification
• Owicki-Gries reasoning, revisited
• Examples, revisited
• Isabelle/HOL

4 Formal Model

5 Release/Acquire Accesses
• Lamport buffer, revisited again
• Message passing
• Isabelle/HOL
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