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What is the right specification?
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Common approach:
e Use contextual refinement as spec
e Use linearizability to prove it




inc 3 AX. FAA(X, 1)
P77
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However, we also have:
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where incS £ M. letVv = IX: X+ V +1

but incS 3 Ax. FAA(X, 1)!



There is something FAA has that incS
does not:




There is something FAA has that incS
does not: the invariant rule!

{P I} FAA(x,1) {Q* I}
|+ {P} FAA(x,1) {Q}
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Logically atomic Hoare triples

. Define (x. P) e (Q)
2. Prove (v./ — V) inc(¢) (¢ — v +1)

-

3. Prove

(x.Pxl)e(QxI)
1 F (x.P)e(Q)

4. Profit!



Plan for this talk:
Logical atomicity vo., vo.2, v1




Logical Atomicity,
vO.1: the basics



Weaker Specification

rec inc(X) = let v = Ix;
if CAS(X,V,V + 1) thenV

else inc(X)
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Weaker Specification
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V. {¢ — v} incS(¢) {{ — v+ 1}

take ! give
(s v if'_ﬂhul
| v

incS



ISCtr(¢, 7) F (v. CtrV(v, v)) inc(¢) (CtrV(v, v + 1))

>20 =q
’

take | ' give
Jv. CtrV(v,v) | CtrV(y, v + 1)

|
l
v

B —

inc



ISCtr(¢, 7) F (v. CtrV(v, v)) inc(¢) (CtrV(v, v + 1))

linearization point

e -
take ! ' give
v. CtrV(v,v) | | CtrV(y,v +1)
| "

inc



(v. CtrV(v, v)) inc(f) (CtrV(y,v +1))" =
Vo, AU — wp inc(f) {d)

LP,
Mask: 7O
take ! ' give
v. CtrV(v,v) | | CtrV(y,v +1)

TEooo

AU )

Mask: T

inc
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V. AU - wp inc(¢) {d}
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V. AU - wp inc(¢) {d}
AU 2 T="3v. Ctrv(y, v) * (CtrV(y, v + 1) ‘=" @)

3v. CtrV(y,v) CtrV(y,v+1)
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(x. P(x)) e (Q(x))¢ £ V. AU — wp e {d}
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(x. P(x)) e (Q(x))* =
Vo. (%@ Ix. P(x) * (Q(x) = "&° ¢)> s wp, e {®)

Vx. {P(x)} e {Q(x)}+ <—
V. <Hx. P(x) * (Q(x) —x <D)> — Wp,e{d}
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(x. P(x)) e (Q(x))¢ £ V. AU — wp e {d}
AU 2 “2"3x. P(x) * (Q(x) "=k ©)
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Let us prove

IsCtr(¢,~) -
(v.CtrV(~,Vv)) inc(¢) (CtrV(y,v + 1))
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We now have
IsCtr(¢,~) F
(v.CtrV(~,v)) inc(¢) (CtrV(~,v + 1))

What about the invariant rule?




Invariant rule

Given: (P)e (Q)'

x.Pxlhe(Qxh® NCE

TV F (x.Pye (@)FWV
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Invariant rule

Given: vo. (TP« (P~ 57 @) ~wp e {0}

Show: @N - wp e {True}

It suffices to show:

@N - TE@P % (P —x V)ETTrue)
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Invariant rule

Given: Vo. (TEQP N d))) — wp e {®}
Show: @N - wp e {True}
It suffices to show:
P TEYP (P BT True)
This is (almost) the invariant accessor!
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Invariant rule

Given: Vo. (TEwP * (P -k wETCI))) -+ wp e {d}

x.Pxlhe(QxNh® NCE

1M (. Pye (@

This is (almost) the invariant accessor!
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Logically atomic Hoare triples

1. Define (x. P) e (Q)
2. Prove (v. CtrV(~,v)) inc(¢) (CtrV(v,v + 1))
3. Prove

(X.Pxl)e(Q=xlI)

- (x. P) e (Q)

Goals achieved... for weaker spec
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Logically atomic Hoare triples

1. Define (x. P) e (Q)
2. Prove (v. CtrV(~,v)) inc(¢) (CtrV(v,v + 1))
3. Prove

(X.Pxl)e(Q=xlI)

- (x. P) e (Q)

Goals achieved... for weaker spec
What about (v. 7+ v) inc(¢) (£ +— v +1)?
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Mask: ()

Mask: T

(V.0 — v)inc(d) (€ — v +1)T

linearization point
>0 -

\
/

give
14

=V +1

takei
v.l—v

\
1
|
|
!
!
!
|
:
\/

inc

16



We can only use the atomic update once,
at the linearization point!

rec inc(x) = let v = Ix;
if CAS(X, V.V -+ 1) then v

else inc(x)

16



Logical Atomicity,
v0.2: aborting

(the Good)



(V. V) inc(f) ({ v +1)T

“peek” linearization point
L >0
take | | take | |

VA=V 1 V. L=V 1

|  give | | give

i L=V i y v+
_

inc

18



(V. V) inc(f) ({ v +1)T

“aborting”

“comitting”

give
l—vVv+1

take
vl —v

18



AU 2 "2%3v. ¢ v« LPC,
(t—v+1"2T0)

|I>

LPC,

“aborting”

0 “comitting”

0 T

take
vl —v
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AU 2 "2%3v. ¢ v« LPC,
LPC, £ ’/\(ér—>v+1ek®ET¢)

“Additive” conjunction = Internal choice

“aborting”

“comitting”

()
——( ¢
give

{— Vv +1
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AU 2 "2%3v. ¢ v« LPC,
LPC, 2 ({ v+ "B AUA(L = v+ 1+ "BT o)

“aborting”

“comitting”

()
——( ¢
give

{— Vv +1
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“aborting”

“comitting”
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——( ¢
give

{— Vv +1
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Logically atomic Hoare triples

. Define (x. P) e (Q)
2. Prove (v./ — V) inc(¢) (¢ — v +1)

-

3. Prove

(x.Pxl)e(QxI)
1 F (x.P)e(Q)

4. Profit!
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Logically atomic Hoare triples

1. Define (x. P) e (Q)
2. Prove (v./ — v)inc({) ({ — v +1)
3. Prove

(x.Pxl)e(QxI)
1 F (x.P)e(Q)

4. Profit! Publish!
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Related work: HOCAP

VX. Xcont 'ﬁx* P C Xcont |£>XU{y}*Q
{bag(x) * P}x.Push(y){bag(x) * Q}
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Related work: HOCAP

VX. Xcont 'ﬁx* P C Xcont |£>XU{y}*Q
{bag(x) * P}x.Push(y){bag(x) * Q}

——————————————————

IsCtr(¢, ) F (w.v sk lev 1] cb) i

,,,,,,,,,,,,,,,

wp inc(f) {®}

20



Related work: HOCAP

Iris-style logically atomic spec:

IsCtr(¢,v) = (v. Ctr\{(, v)) inc(¢) (CtrV(y,v + 1)) W

HOCAP-style logically atomic spec:

,,,,,,,,,,,,,,,

wp inc(¢) {®}

IsCtr(¢, ) F (wﬁ.v‘f Sk lev 1] x cb) i
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Related work: HOCAP

Iris-style logically atomic spec:

(v.L = V) inc(f) (0 — v +1)"

HOCAP-style logically atomic spec:

77
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HOCAP-style logical atomicity is a pattern,
not an abstraction—it is unclear how to
even state the invariant rule.
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Related work: TaDA

e has invariant rule, aborting and arbitrary
pre-/postconditions
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Related work: TaDA

e has invariant rule, aborting and arbitrary
pre-/postconditions

e ties atomicity to level of abstraction

TaDA cannot prove
(V.0 — V) inc(f) ({ — v +1)T
as there is no abstraction!

21
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Many of these use helping,
which logical atomicity vo.2
does not support!

22



Logical Atomicity,
v1: laters

(the Ugly)



Helping occurs when one threads’
linearization point is executed by
another thread.

24



Helping occurs when one threads’
linearization point is executed by
another thread.

kAU %L
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>AU is useless!
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A proposition P is laterable if it can be split into
“something persistent” and “something later”
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Laterability

A proposition P is if it can be split into
“something persistent” and “something later”

create: >I9|<gmN
open: 1N V=k i

close: |7V wnl =k

25



A proposition P is laterable if it can be split into
“something persistent” and “something later”

Laterable assertions P can be losslessly put into
an invariant:

P=3Q. Q| *(>Q=P)
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A proposition P is laterable if it can be split into
“something persistent” and “something later”:

laterable(P) = P -+ 3Q. >Q * O(>Q — oP)

Laterable assertions P can be losslessly put into
an invariant:

P=3Q. Q| *(>Q=P)
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laterable(> P)

timeless(P)

laterable(P)

persistent(P)

laterable(P)
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timeless(P)
laterable(P)

laterable(> P)

persistent(P)

laterable(P)

laterable(P) laterable(Q)

laterable(P x Q)

26



Needed for helping:
laterable(AU)




laterable(make_laterable(P))

make_laterable(P) - P
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laterable(make_laterable(P))

make_laterable(P) - P

laterable(I) ol P
[ - make_laterable(P)
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make_laterable(P) =

JQ. >Q+0O(>Q = P)
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Defining logically atomic triples (v1)

(x. P(x)) e (v. Q(x,Vv))¢ £ Vb. AU - wp- e {d}

AU £ pU. make_laterable (‘SE}@ 3x. P(x) *

((P(x) I=KE U) A (Wv. Q(x, v) "=k CD(v))))
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Laterable atomic updates?

Ugly introduction rule:

laterable(I)
"7 3. P(X) + ((P(X) '=K5T) A (9. Qx, v) '=K° o(v) )
M+ AU
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Laterable atomic updates?

Ugly introduction rule:

laterable(I)
"7 3. P(X) + ((P(X) "= T) A (9. Q(x, v) '=K° (V) )
M+ AU
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Laterable atomic updates!

We can now do helping:

AU =% 3Q. >Q * (>Q=> AU)

=k|...xQx... x(>Q= AU)

30



Logical Atomicity lets us give

e concise and powerful

e Hoare-style specifications

¢ to concurrent data structures
e that make use of helping.
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