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Comparison

JH{P} C {Q} R,G+{P} C {Q}
CONCURRENT
SEPARATION RELY-
LOGIC GUARANTEE

uses invariants

(state — bool)

uses relations

(state x state — bool)

local reasoning global reasoning
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State

State = { (s,h,H) € Store x Heap x Heap | h L H }

Thread 1



Assertions

P:=e-»e|emp| P«P | PvP | ax.P

p =P [P] | pxp | pvp | Ix.p
sheP sHEP h=g
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S,h1,H F pP1 S,hz,H F P2 h=hiwvh>

S,h,H F p1¥p2
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Assertions

sheP sHEP h=o
shHEP J s,h,H k [P]

Y

S,hl,H F p1 S,hz,H F P2 h=hivh>
S,h,H F p1%p2

[x—>2] * y—3
2] * [y3]

Pl«[Q = [P Q]




Actions

s, Hi £ P s Hy EQ

((s,H1),(s,H2)) E P » Q

Y




Actions

s,HiEP s HxEQ
((s,HuH1),(s,HuH2)) E P » Q
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Proof rules

FRAME

vs,h,H,H".
R,GF{p} C{q} s,h,H E p
r stable under RuG A ((s,H),(s,H)) E R
mods(C) n fu(r) = SshH Ep

RGF{p*xr} C{q*r}

RULE OF CONSEQUENCE

BASIC

ROG H{p'} C{a'}
p=p’ q'=0 PPy c1Q) \
RCR' G'CG RGFPr el

R,G+ {p} C {q}
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Proof rules

SEQUENTIAL COMPOSITION

R,G+{p} Ci{q}
R,GF{q} Co {r}
R,GF{p} Ci;C2 {r}

PARALLEL COMPOSITION

Ru G2,GiF{p1} Ci {q:1}
Ru Gi,Go F {p2} C2 {q2}

R, G1u Go+ {p1 * p2} C1 | C2 {q1 * q2}
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Proof rules

ATOMIC (1)

L,G+ {p} atomic(C) {q}
p and g stable under R

R,G + {p} atomic(C) {q}

ATOMIC (2)

- {PxP'} C {QxQ’}
P»Q C G P and Q are precise
L,G+ {[PxF] x P'} atomic(C) {[QxF] * Q'}
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Proof rules

23 3

ATOMIC (2)

F{P+P'} C {QxQ’}
Pw»wQ C G P and Q are precise

L,G + {[PxF] * P'} atomic(C) {[QxF] *x Q'}
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Lock-coupling list

ya =

S0 oo | nul
e

lock(p) £ atomicp.ock =0 ( p.lock := tid )

unlock(p) £ atomic ( p.lock :=0)



Lock-coupling list

X X
LOCK: : ﬁ“ Y y > Vv y
X X

UNLOCK: : Vv y > @ Vv y

lock(p) £ atomicp.ock =0 ( p.lock := tid )

unlock(p) £ atomic ( p.lock :=0)
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Lock-coupling list

remove(e) £
local p,c,n,v; p := Head; lock(p); {c := p.next); {v := c.value);
while (v < e) (

lock(c); unlock(p); p := ¢; {c := p.next); {v := c.value);

)
if (v=ce)(

lock(c); <n := c.next); {(p.next := ny; unlock(p); dispose(c);
) else unlock(p)
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Lock-coupling list

remove(e) £

local p,c,n,v; p := Head; lock(p); {c := p.next); {v := c.value);

while (v < e) (

lock(c); unlock(p); p := ¢; {c := p.next); {v := c.value);

)
if (v=o-¢e)(

lock(c); <n := c.next); {(p.next := ny; unlock(p); dispose(c);
) else unlock(p)

X
REMOVE; : o | @] v |y -

A V< OO




Lock-coupling list

insert(e) £
local p,c,n,v; p := Head; lock(p); {c := p.next); {v := c.value);
while (v < e) (

lock(c); unlock(p); p := ¢; {c := p.next); {v := c.value);

)
if (v +#e)(

n := cons(0, e, c); {p.next := n);
)

unlock(p)
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Lock-coupling list

insert(e) £
local p,c,n,v; p := Head; lock(p); {c := p.next); {v := c.value);
while (v < e) (

lock(c); unlock(p); p := ¢; {c := p.next); {v := c.value);

)

if (v+e)(
n := cons(0, e, c); {(p.next := n);
)
unlock(p)
X
INSERT?: : u 3 s W y A u<v<w
X




LOCKtZ

UNLOCKtZ

REMOVE; :

INSERT: :

Lock-coupling list

X

y ~»v y

X

N I e IV I

A U<V<WwW




Lock-coupling list

For a thread with thread-id t, set:

R = Uys U{ LOCKy, UNLOCKy, REMOVEy, INSERTy }

G = U{LOCK:, UNLOCK:, REMOVE;, INSERT: }



Lock-coupling list

locate(e) {

local p,c,t;

{BA. Is(Head, A, nil) * s(A) A —co < e}
p := Head;

37 B. ls(Head, ¢,p) * N(p, —00, Z)
{ x s(Z, B,nil) * s(—o0-B)
lock(p);
JB. Is(Head, ¢,p) * L(p, —00, Z

{HZ' x ls(ZEB,nil) . 2(—053.3) =0 < e}

/\—oo<e}

c := p.next;)
dB. Is(Head, €, p) * L(p, —00, ¢)

{
{< * Is(c, B, nil) * s(—o0-B)
%

/\—oo<e}

t := c.value;)
JABZ. ls Head, A, p) * L(p, u, c) A< e}
* N ( c,t,Z) x Is(c, B,nil) x s(A-u-t-B)
while (t <e) {

W EIABZ. Is(Head, A, p) * L(p, u, c)
“|* N(c,t,Z) *Is(c, B,nil) * s(A-u-t-B)
lock(c);

JAB. ls(Head, A,p) * L(p,u, c)
{3“2' ¢ L(c,t, Z) % Is(Z, B,nil) * s(A-uwt-B) " © = e}
unlock(p);

JAB. Is(Head, A, c) * L(c,t, Z)

32 *ls(ZBml)*s(AtB) /\t<e}

/\u<e/\t<e}

HAB. Is(Head, A, p) * L(p,u, Z)
+15(Z, B,vil) « s(Aw-B) nus<e

* Is(c, B, nil) * s(A-u-B)
= c.value;)

JABZ. ls(Head A,p) * L(p,u,c) A< e}
1% N(c,t,Z) xIls(Z, B,nil) * s(A-u-t-B)

[
{!u TAB. ls(Head A,p) * L(p,u,c) Ay < e}
(t:
i

JABZ. Is(Head, A,p) x L(p, u, c)
* N(c,v,Z) *ls(Z, B,nil) * s(A-u-v-B)
return (p, c);

}

Juw.

/\u<e/\e§v}

add(e) { local x,y,z

{BA. Is(Head, A ml) s S(A)‘/\ —o0 < e}

(x,z) := locate(e);
17 AB. Is(Head, A, x) * L(x,u,z) * N(z,v, Z) Au<eAe< U}
x [s(Z, B, nil) * s(A-u-v-B) -
(t = z.value;) if(t #e){

JZAB. [s(Head, A, x) x L(x,u,z) * N(z,v, Z

{Eluv. x [s(Z, B,(nil) * S(A-ZL-U-BS ! ( ) Nu<ehes U}
y = cons(0, e, z);
{Eluv 17 AB. Is(Head, A, x) x L(x,u,z) x N(z,v,7)
“x Us(Z, B,nil) x s(A-u-v-B)

(x.next =y;)

{3uv. BZAB. Is(Head, A, x) * L(x,u,y) * N(y,e, Z) * Is(Z, B,nil) * s(A-u-e-B)[}

Juw.

*U(y,e,z)/\u<e/\e<v}

unlock(x);
{Jv. ’ElA. Is(Head, A, nil) S(A)‘}
}

remove(e) { local x,y,z,t;
{BA. Is(Head, A, nil) * s(A)| A —co < e Ae < +oo}
(x,y) = locate(e);

17 AB. Is(Head, A, x) * L(x,u,y) * N(y,v, Z)

x 1s(Z, B, nil) * s(A-u-v-B)

(t =y.value;) if(t=¢e) {

dZAB. Is(Head, A, x) x L(x,u,y) * N(y,e, Z

x 1s(Z, B,(nil) * 8(A~ZL-€-B() 4 v ) nes +OO}

o
Lock(y);
o
(z

Juw.

/\u<e/\e§v/\e<+oo}

dZAB. Is(Head, A,x) x L(x,u,y) * L(y,e, Z
x 1s(Z, B,(nil) * s(A~zL-e~B() 7 ) nes +oo}
:= y.next;)
JAB. Is(Head, A, x) * L(x,u,y) *x L(y, e, z
{ * 1s(z, B( ,nil) * S(A)'we'(B) )b ne< +OO}
(x.next := z;)

{Ju. BAB. Is(Head, A, x) x L(x,u, z) x Is(z, B, nil) * s(A-u-B)| % L(y, e, z)}

unlock(x);

{BA. Is(Head, A, nil) * s(A) x L(y, e,z)}

dispose(y);
} else { {3u. BZAB. Is(Head, A, x) * L(x,u,y) * Is(y, B, nil) x s(A-u-B)[}

unlock(x); }
{BA. Is(Head, A, nil) * s(A)[}




Lock-coupling list

add(e) { local x,y,z,t;
{BA. Is(Head, A, nil) * s(A)| A —co < e}

locate(e) { ' (x,z) := locate(e);
local p, ¢, t; ' E 17 AB. Is(Head, A, x) * L(x,u,z) * N(z,v, Z) <
{BA. Is(Head, A, nil) * s(A) A —co < e} wv. [ Is(Z, B,il) + s(A-u-v-B) Nu<eANe<w
p := Head, t=zvalue:) if(t*e){
{HZB- Is(Head, €,p) * N(p, —00,2Z) .~ _ e} S, PZAB. Is(Head, A,x) x L(x,u,z) * N(z,0,Z)| e
« Is(Z, B, nil) * s(—o0-B) uv. | Is(Z, B, nil) * s(A-u-v-B) u<eNhe <t
10Ck(§)3 e T 7 cons(0, e, z);
s(Head, ¢, p) * L(p, —00, Z)| SZAB. Is(Head, A,x) # I *N@zv,2) .,
A —00 < e s(He ,X) % L(x,u,z) *« N(z,v, Z) . '
{ x 1s(Z, B, nil) * s(—oc0-B) } {31/ « I5(Z. B, 1111) s(A-uwv-B) *xUl(y,e,z) Nu<eNe <t
(¢ := pmext;) (x.next =y;)
JB. Is(Head, ¢, p) * L(p, —00, ¢) A =L < & {311 EZ AB. Is(Head, A, x) * L(x,u,y) * N(y,e, Z) x Is(Z, B, nil) * 5(,14/-@]3)‘}
* Is(c, B,nil) * s(—o0-B)
(t: —HcAvg;uel ) {L( | unlock(x);
S » 44, P) * LAP, U, € Jv. HA. [s(Head, A, nil) * s(A
{Hu £7) « I5(c, B, nil) + s(A-u-t-B) Au < e} }{ v. | s(Hea nil) * s(A)[}
(t < e) {
13// . 4[32’ Zs(Head',A,p) . L(p - C> ‘A u < e/ t<e1 remove(e) { local x,v,Z,t;

ANu<eNe <v

g 17 AB. Is(Head, A, x) x L(x,u,z) * N(z,v, Z)
“ x Is(Z, B ml) x s(A-u-v-B)

xU(y,e,z) N\u<e/Ae<w

x [s(Z, B,nil) x s(A-u-v-B)
x.next = y;)
{Juwv. BZAB. Is(Head, A, x) * L(x,u,y) * N(y, e, Z) * Is(Z, B, nil) « s(A-u-e-B)|}

£ IZAB. b(fead, A.x) = L(x.1,2) » N(z,0. 2)
<

( * j\/(c,.v, 2) *1s(4, B, nil) * s{A-u-v-5) ) } else { {Elu. ’EIZAB. Is(Head, A, x) * L(x,u,y) * Is(y, B,nil) * S(A-U'B)‘}
return (p, c); unlock(x); }
} _ - . . {BA. Is(Head, A, nil) * s(A)[}




Lock-coupling list

locate(e) {

{HZ.

local p,c,t;
{BA. Is(Head, A, nil) * s(A) A —co < e}
p := Head;

37 B. ls(Head, ¢,p) * N(p, —00, Z)
{ x s(Z, B,nil) * s(—o0-B)
lock(p);
dB. Is(Head, €, p) * L(p, —00, Z)
x [s(Z. B, nil) ¥ s(—00-B)

/\—oo<e}

/\—oo<e}

add(e) { local x,y,z

{EA Is(Head, A ml) s S(A)‘/\ —o0 < e}

(x,z) := locate(e);
17 AB. Is(Head, A, x) * L(x,u,z) * N(z,v, Z)
x [s(Z, B, nil) * s(A-u-v-B)
(t = z.value;) if(t #e){

{Eluv 17 AB. Is(Head, A, x) x L(x,u,z) x N(z,v,7)
“x Us(Z, B,nil) x s(A-u-v-B)

y = cons(0, e, z);

[ 24T Eewd A0 w2 NG D),y o) ene <o)

Juw.

/\u<e/\e§v}

/\u<e/\e<v}

Tu.

{Hu.

JAB. Is(Head, A, x) * L(x,u,y) * L(y, e, z)
x [s(z, B, nil) x s(A-u-e-B)

N e < +00

(x.next := z; )

JAB. Is(Head, A, x) * L(x,u, z)

« Is(z, B, nil) * s(A-u-B) x L(y, e, z) }

L‘LllJ_\J\Jl\.ktJ/.
JAB. Is(Head, A, c) x L(c,t,Z) .
Q(Z B, nil) x s(A-t-B)

}

pi=c T~

* Is(c, B, nil) * s(A-u-B)

= c.value;)

’

HAB. Is(Head; * L(p,u, Z)
JuZ. * ZS(Z B, nil) * s(A-u ANu<e

Nu < e

(c:
{Elu EIAB ls(Head A,p) * L(p, u,c)
(¢
{ JABZ. ls(Head A,p) * L(p,u,c)

"% N(c,t,2) x1s(Z, B, ml)*s(AutB)/\u<e}

JABZ. Is(Head, A,p) x L(p, u, c)

o1 N(c,v,Z) *ls(Z, B,nil) x s(A-u-v-B)

return (p, c);

/\u<e/\e§v}

t =y.value;) if(t =e) |
g 37 AB. Is(Head, A, x) * L(x,u,y) * N(y,e, Z)
U Is(Z, B,nil) * s(A-u-e-B)

Ne < +>¢}

lock(y);
JdZAB. ls(Head, A, x) x L(x,u,y) * L(y,e, Z)
{3“' x Is(Z, B.(nil) * s(xl-z)re-B() / ’ he< +)<:}
z .= y.next:)
JAB. Is(Head, A, x) x L(x,u,y) * L(y, e, z)
{3“' * [s(z, b<’ nil) * ,s'(;l)-u-e-B) e hes +Z>C}
(x.next := z;)
{3u. JAB. Is(Head, A, x) * L(x,u, z) * ls(z, B, nil) x s(A-u-B) % L(y, e, z) }
THIGCK(X),
{BA. Is(Head, A, nil) * s(A) x L(y, e,z)}
dispose(y);
} else { {3u. BZAB. Is(Head, A, x) * L(x,u,y) * Is(y, B, nil) x s(A-u-B)[}
unlock(x); }
{BA. Is(Head, A, nil) * s(A)[}
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Special cases

PARALLEL COMPOSITION

Ru G2,Gi F {p1} Ci {q1}
Ru Gi1,Go F {p2} C2 {q2}
R, G1u G+ {pl X pz} Cy H Co {Q1 X qz}

R.Gtre {P} C{Q} «— R,Gtrasep { [P] } C{[Q]}
s {P} C{Q} «— 1,1 Fresep {P} C{Q}

Jrest {P} C{Q} «— JwJ, Jwlrgsep { P *[J] } C{Q x[J]}
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Multiple regions

State = { (s,h,H) € Store x Heap x Heap | h L H }

State = { (s,h,H) € Store x Heap x (RName — Heap) | h L H(r1) L ... L H(r) }

44



Local Rely-Guarantee

= 0= 1 x| := |A[ Iy] = |Af

while i<min([x],[y]) do
if A[i]>0 then
[x]:=i
else
=142
end if
end while

while j<min([x],[y]) do
if A[j]>0 then
[y]:=]
else
Ji=]+2
end if
end while

r:= min([x].[y])
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Summary

RGSep as Concurrent Separation Logic + Rely-Guarantee
Local state and shared state

Boxed assertions, new definition of x*

Verification of a fine-grained concurrent datastructure

Encoding CSL and RG

Extensions and further work



