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Overview

Generalization of Rely-Guarantee
Program logic for dynamic concurrency

— Fork/join; interference changes over time

Separating conjunction splits interference
(with the help of fractional permissions)

Soundness wrt highly instrumented semantics
(technical appendix contains erasure details)
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Raw language semantics

* Local semantics (single thread):
(C,o)~oy (C",07")

* Global semantics (collection of threads):
(0,0) = (07,0")

e Simplifying restriction: no memory allocation,
no local variables



Raw language semantics

[E],=n (C.o)~op, (C'L07)
(x:=E,0)~,, (skip.o[x+— n])  (Skip:C,0)~,, (C,o) (C.C',0)~>,, (C",C",07)
[E]r=1
fork (1.C) . . . Jjoin 1 ]
(x:=fork C,o) ~»,, (skip,o[x 1]) (join E,0) ~»,, (skip, o)

o -— fork (1,.C») —
6(n=C (C.a)~n(C".0") o) =C (C.o) ~op  (C'.0") tr¢dom())

(0,0) ==, (07, 0]t = C7]) (0.0) =, (07,0t = C'W [t - Ca])

——

= join 1 = . — join 1, —
0()=C (C,o) oy (C',07) () = skip )=C (C,o0) oy, (C',0") 1 édom(o)

((Teg) = (07 &g[f = Cf] \TE}) (0,0) ==y, abort
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Recall: Rely-guarantee conditions

* Interference becomes part of specification, in the
form of two binary relations: {P, R} = S sat (G, Q)

 “Rand G summarise the properties of the individual atomic
actions invoked by the environment (in the case of R) and the

thread itself (in the case of G).” afeiadis) Q
. G G G .
Program ! ~\A ~AA ~\A :

Environment g\~ vy~ vy~
' R R R R

0



From R-G to D-G

* Recall Rely-Guarantee:
Ri.GiH{P1}C1 {01} GI1 SRy Ry.Gor{P2} Co {02} G2 CRy

RiNRy,,GiUG2H{PIAP2} Ci || C2 {Q1A Q1)

* Doesn’t make sense for dynamic concurrency:

Interference before a fork is not the same as after a fork



From R-G to D-G

What about specs of the following form? {(R, G), P} C {(R', G"), P'}

{(R1,G1),P} C{..} G1SR, AG,SR,
{(R,G),P} fork C{(R,,G,),...}

Attempt to adapt R-G rule:

{(R1,G),P} C {..}
{(R1,G1) *(R2,G5), P} fork C{(R,,G,),...}

(RllGl)*(RZIGZ) — (Rl ﬂR2,61UGZ) lfGl ng/\Gz gRl

Rewrite as via separation between R,G:

Doesn’t work: no cancellativity
A*Bl :A*Bz = B1:B2
(R,G) * (Ry,G1) = (R,G) * (R2,G2) = (Ry,G1) = (R, Gy)

(Not per se unsound, but traditional approach to proving soundness not
applicable)



From R-G to D-G

 Butidea is right! Want simple rules:

tP1} C {P7)

(P+P;] x = fork C [P+Thread(x. Py)} %)

— — (JOIN)
{PxThread(E, P")} join E {P+P"}

* Let’s do this, and throw in fractional
permissions, too.



Permissions

Can look at
the store

o € States = Vars— Vals
a € Actions def lo[x n],o[x— n"]| o € States A n +n')

f € FractionDG ¥ {(deny.x) |7 e (0,1)} U {(guar,x)|x e (0,1)} U {0,1)
pre PermDG = Actions — FractionDG

(me, —env)
uar deny

(me, env \ / —me, ~env)

(ﬂme enu)



Permissions

(me, —enuv)

1
./ \.
uar de mj

(me, env \ / —me, menuv)
def

Dpx ™ @0 le
[deny.m@{deny,n’} el it r+ 1’ < | then (deny.m+x")
eglseif r+ 7" = 1 then | else undef

(‘!TI?E env)

(guar, )@ (guar,n’) def ifr+n" < 1then(guar.m+ ")
elseifr+n" = 1then 1 else undef

lox ™ xo1 % if x = 0 then 1 else undef

Addition is commutative, associative, cancellative, and has 0 as a unit

element. Lifting addition pointwise to pr € PermDG, can define a separation
logic.



Permission examples

* Notation:

v AwB E ((o[xv].o[xV]) | o e StateAvEAAY € BAVE V)

X, def {f ifan'
0 otherwise
* Example: [x:Z s {1,2,3}],
* Splitting property:
[x: A~ BUB'|; & [x: A~ Blsx[x: A~ B¢
(x: Aw Blfapr & [x: A~ Blrx|x: A~ Blp

 Example:
[X: Z~{1.2,3}]] = [x: Zw |]1*[x: Z 2] *[x: Z > 3]



Permission examples
* Another splitting property:

Precise
wrt. what?
If P precise and satisfiable, then: )

(P —=:full) « P < full

 Example:
full = ([x: Z ~ {1,2,3}]; = full) = [x: Z ~> {1,2,3}];



Extracting R-G

(me, —env)

PN

qguar deny
nM'énLH\\\‘ //// —me., —enu)
(ﬂnn'fnb)

pr.R pr.G
[_] € PermDG — P(Actions) x P(Actions)

[ pri dff (la | pr(a) = (quar,_) V pr(a) = 0},

{a | pr(a) =(guar, )V pr(a)=1})




Assertions

P.Q = B| pr | ull | falsé | Thread(E,P) | P= Q| PxQ | P~ Q| Ax.P

o, pr,yE B — ([Blo=tAMa.pr(a)=0)A(y=0)
a,pr.yE pr = (y=0)A(pr=pr)
a, pr.y = full — (y=0)AMa.pr(a)=1) pr = Aa. 1
o, pr.yE Thread(E,.P) — y=[[E]ls;+— P]
a.pr,yE Py P> & dApri.pr,y1,Y2. pr=pri@proAy =y ¥y
Ao, pri.yr E POA(o,pra.y2 E Pa)
where & means the union of disjoint sets.
a, pr.y = Py —= P> == ¥pri.pra,y1.y2. pra= pr&pri Aya =y yg

A (o, pri.yy E Py) implies (o, pra,y2 E Pa)
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Recall: Raw language semantics

* Local semantics (single thread):
(C,o)~oy (C",07")

* Global semantics (collection of threads):
(0,0) = (07,0")

e Simplifying restriction: no memory allocation,
no local variables



Instrumented language semantics

* Local semantics (single thread):
(CAO) ~o i (C' L6 ((C.o, pr,y)|

* Global semantics (collection of threads):
(0,0) = (07,0")

e Simplifying restriction: no memory allocation,
no local variables



Recall: Raw language semantics

[E],=n (C,0)~oy (C"07)
(x:=E,0)~,, (skip.o[x+— n])  (Skip:C,0)~,, (C,o) (C.C',0)~>,, (C",C",07)
[E]r=1
fork (1.C) . . . Jjoin 1 ]
(x:=fork C,o) ~»,, (skip,o[x 1]) (join E,0) ~»,, (skip, o)

— — fork [IE.CQ} —
0t)y=C (C,o)~opy (C',0) 3t)y=C (C,o) ~op  (C'0") t2¢dom()

——

(0,0) ==, (07, 0]t = C7]) (0.0) =, (07,0t = C'W [t - Ca])

——

= join 1 = . — join 1, —
6(1)=C (C,o)~oy (C",d") &) =skip )=C (C,o0) oy, (C',0") 1 édom(o)

((}-eg) = (07 &g[f = Cf] \TE}) (0,0) ==y, abort



Instrumented language semantics

[Elr=n (o.0lx—n]) eprG [El-=n (o.clx—n]) ¢ prG
(x:=E.o.pr.y)~o (skip.o[x — n]. pr.y) (x:= E,o, pr,y) ~ abort

I[E]](_r =1 }/(f) — Q UJ”"’J”' t: Q

r

[El-=1t t¢&dom(y)
. . join (t.pr'y’) . s
(Join E.o, pr.y) ~> (skip.o.prepr’.(y\nDwy")  (join E.o. pr,y) ~> abort

t¢dom(y) o, pr'vEP pr=prepr” y=y'wy’ (o.clx—1])eprG

fork (t.C.pr' ")
(x:= fl)I‘k|p_Q| C.o.pr.y) or rup_“ (skip.o[x 1], pr” .yt — Q))

o, pr,y E P=true (o,olx—=t]) ¢ pr.G

(x :=fork(p ) C.o, pr.y) ~ abort (x :=fork;pg) C,o, pr.y)~»> abort

Only the father can join his children.



Instrumented language semantics

Rules for interference: Wy
necessary?
(o,0") € pr.R -

(C,o, pr,y) 5 (C,0’, pr,y)

Y(t— C,pr,y)€d. (o,0") € pr.R

(0,0) —s (o”,0)



Instrumented language semantics

(C,o,pr,y)~ (C",o",pr',y") (0,0) — (o’ 9)
(o, [t C,pr,ylw o) = (o, [t C’, pr',yTwd)

fork (1,.C>.pra.y2) N
(C,o, pr,y) or ma‘” Y (C’,O",pl”,y’) (O‘,O)I%(G",/)

(o, [ty = C,pr,ylWé) = (o, [t +— C’, pr' .y 18 [tr > Ca, pra,y2] W)

join (1>,prr.y»)

(C,o, pr,y) ~> (C", o, pr',y") (0.0) N (o’ &)
(oo [11 = C, pr.ylWln - skip, pra. y21W6) = (o7, [t = C', pr'.y" W)




Instrumented language semantics

(C, o, pr,y)~» abort (C.opr.y)~ (C.o.pr'.y') =35 . (0.0) — (0, 6"))

(o[t — C, pr,y]wo) = abort (o, [t— C,pr,y]¥d) = abort

join (t.pr3.y3) join (f2.pra.y2)

(C,o, pr.y) ~ (C".o’.pr'.y) —((C,o.pr.y) ~ (C'. o’ pr'.y') )

(o, [t = C, pr,y|W [t - sKkip. pry.y2]1Wo) = abort
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The Rules (1)

P precise (P} C {P>} x ¢ tv(P * P3)
Thread(x, Py) = P3; = P4 allowed([x:= %] P3)
(P = P3} x :=forkip, p,] C {P4}

consequence built in due to stability

(FORK)

(JOIN)

(P« Thread(E, P’)} join E {P = P’}

Thread(E,P’) may not be stable, so can’t use frame rule; but
the stability of the postcondition follows from that of the

precondition



The Rules (2)

* Implicit assumption: any assertion is stable.
if o, pr,y E Pand (o,0") € pr.R, then o', pr,y E P

(so pr’s are trivially stable)

 Writes must be allowed.
allowed(K,P) &

if o, pr,y E Pand (o,0") € K, then (o,0") € pr.G.



The Rules (3)

Py = Pf P‘i} ( !} Pé P,
P} C {P>}

(P} C{P’"} stable(P)

} C

(P Po} C{P" Po)

{
{

(CONS)

(FRAME)

= [E/x]P" allowed([x:= E].P)

(PYx:=E{P") (ASSN)
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Soundness: Definitions

= {P}C{Q} asserts that, if o, pr,y = P, then

(1) + (C,o, pr,y) safe; and
(2) if (C,o, pr,y) ~" (skip,o”, pr',y"),

then o', pr’,y’

- furk[p_Q| Cwa
Fskipwa
- C[ : Cg wa

o

Includes interference steps

= {PIC{O} A FC wa
always
FCiwa A FCr wa



Soundness Theorems

 Local soundness:

If H{P}C{Q}, then = {P}C{Q} and + C wa.

* Global soundness:
If - {P}C{Q} and 0,1, = P, then
— (o, [t— C,1,0]) =™ abort), and
— if (o[t C,1,0])) =" (o, [t skip, pr,y])

then o', pr,y

= (. \

Includes interference steps
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Example (ver 1)

{ full}
tl :=fork (x :=1;)

t2 :=fork (x := 2;)

join t1;



Example (ver 1)

CFull }{ (Full = T1) * T1 ) Sl g
tl := fork (x := 1;)
{ (full = T1) * Thread(t1, T1) ) habati

{G2} x:= 2 {G2}

t2 := fork (x := 2;)
{(full = T1-G2) * Thread(t1, T1) * Thread(t2, G2) }

join tl;

{ (full = G2) * Thread(t2, G2) }
X:=2;

{?77}
join t2;

{x=2}



Example (ver 1)

Ti=[x: Z-{1}],

{full } { (full=T1) *T1} G2=[x: Z - {2}]osg4

tl := fork (x := 1;)
{ (full = T1) * Thread(t1, T1) } {Gl}x:=1{G1}

{G2} x :=2{G2}
t2 :=fork (x := 2;)
{(full—=T1-G2-G2) * Thread(tl, T1) * G2 * Thread(t2, G2) }
join tl;
{ (full - G2 -G2) * G2 * Thread(t2, G2) }
X:=2;
{ (full - G2 -G2) * G2 * Thread(t2, G2) * x =2}

join t2; Need to check stability!
{x=2}




Example (ver 2)

(T *Gr+Gr+D3yx Dy L' «x # 1)

tl := forkiy,«x=1)7,] (if(x==1) error; x := 1)
{Gr#GrxD3yx Dy« L'« Thread(t1,7))

t2 := fork|G,.«p;.G.«py] (X := 2; if(x==3) error)
G2+ D3+ L' «Thread(t1,7T) = Thread(t2,G»> = D3)}

jolin t1i;
{T,«GrxD3«L" «Thread(t2,G; * D3)}

X = 2;
(T *Gr«D3y*L"«Thread(t2,Gr *D3)*x = 2}

joln t2;
{T|>%=Gg>l<G2 >~:=D3 >~I<D3 *L’$X:2}

def def def
where 7| = [x: Zw 1], Gy = [X: ZWZ]%g,D:; = [x: Zw?»]%d,

and L’ dgf[x:Zw{l,Z,B}]l—*full



Example (ver 2)

* Motivating example in the paper: R-G proof
requires auxiliary state!

 But same is true for D-G when we make a
simple change to previous example.



Example (ver 3)

(T %Gr*Gr*xD3xD3y*L «x# 1)
tl := forkip,«x=1)7,] (if(x==1) error; x := 1)
{GrxGr D3y« Dy« L' «Thread(t1,7T)} |x:=3;x:=2;
t2 1= fork|G,«p;.GyxDs] (x—=2; if (x==3) error)
G2+ D3+ L' «Thread(t1,7T) = Thread(t2,G»> = D3)}
jolin t1i;
{T;*Gr+Dy*L"«Thread(t2,G»r = D3))
X = 2;
(T *Gr«D3y*L"«Thread(t2,Gr *D3)*x = 2}
joln t2;
{T|$GQ*G2>€=D3 >€<D3=%<L’>%¢X:2}

where T et [x: Z~> 1]1, Go def [X: Z ~> 2] o Ds def [X: Zw?»]%d,

and L’ dgf[x:Zw{l,Z,B}]l—*full

1
;
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Encoding R-G

See paper.
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Related Work

* Fork/join generally ignored

* Feng et al., Hobor et al.: no join, argue that
threads can synchronize explicitly. Not
compositional: interference must be specified

globally

 Gotsman et al. (storable locks): “this is achieved
by defining an invariant over protected sections of the
heap, which makes compositional reasoning about inter-
thread interference impossible”



