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What’s missing to build

y p—
INV : Is (y,0) s (z,0) an automatic verifier?
while (x # 0

t = w;
{3z’ . t=x ANls (y,0) * (z — ') xIs (z’,0)}
{32 1s (y,0) % (t — z') s (2/,0)}
T = *t;
{3z x=2" Nls (y,0) % (t — 2') xIs (2’,0)}
{Is (y,0) * (t — x) *Is (x,0)}
¥t =Y,
{Is (y,0) * (t — ) *Is (x,0)}
y=t
{3y y=t ANls (y/,0) *x (t — ¢) xIs (,0)}
}{Is (y,0) xIs (x,0)}
{z=0Als (y,0) xIs (z,0)}
{Is (y,0)}
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s (x
{y5:< (3;())} What'’s missing to build

INV : s (y,0) * s (z,0) an automatic verifier?
while (z #0) {

{x£0 N ls (y,0) xIs (z,0)}
{3z’ 1s (y,0) x (x — 2') xIs (z',0)}

<éii; Als (4,0) ,)I(,Oﬂ_l.m&waJOOP
T .1l=X S\, x (x —x') *Is (2, . .

{3z 1s (y,0) * (t — ') xIs (’,0)} Invariant.

T = *x1;

{3z x=2" Nls (y,0) % (t — 2') xIs (2’,0)}

{ls (,0) * (t = z) * s (z,0)}
¥t =Y,

{3y y=t Nls (3/,0) x (t — /) xIs (x,0)}
}{Is (y,0) xIs (x,0)}
{z=0Als (y,0) xIs (z,0)}

{Is (¥,0)}
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s (x
{ys:( (3;())} What'’s missing to build

INV : s (y,0) * s (z,0) an automatic verifier?
while (xz #0) {

{x£0 Nls (y,0) xIs (z,0)}
{3z’ 1s (y,0) x (x — ') xIs (',0)}

{taz,?:x AT (3,0) % (@ 10 2) s (2. O} . !nfer a loop

{32/ 1s (y,0) * (t — ') s (2, 0)} Invariant.

{:ca;;t;:x, Als (5.0) 5 (£ o 2 % Is (27, 0)) 2. Massage assertions
{Is (y,0) * (t — ) xIs (z,0)} using Consequence.
{Tf (ygyo;) s (t— y) * s (z,0)} a) exposing pointsto.
y p—

{3y y=t Nls (3/,0) x (t — /) xIs (x,0)}
}{Is (y,0) xIs (x,0)}
{z=0Als (y,0) xIs (z,0)}

{Is (¥,0)}
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s (x
{ys:( (3;())} What'’s missing to build

INV : s (y,0) * s (z,0) an automatic verifier?
while (z #0) {

{x£0 N ls (y,0) xIs (z,0)}
{3z’ 1s (y,0) x (x — 2') xIs (z',0)}

é?ﬁ;x NN ¥a m= ey . !nfer a loop

{32'.1s (y,0) = (t — 2') s (z',0)} Invariant.

é;f;xf N OE =Py o 2. Massage assertions
{Is (y,0) % (t — 2) % Is (x,0)} using Consequence.
{Ti (:y,yo;) s (t— y) *ls (z,0)} a) exposing pointsto.

y=1 : :
{3 y=t Nls (v/,0) x (t — ¢') *Is (x,0)} b) removing equallt),°

}{Is (y,0) xIs (x,0)}

{z=0Als (y,0) xIs (z,0)}
{ls (y,0)}
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s (x
{y5:< 6;0)} What'’s missing to build

INV : s (y,0) * s (z,0) an automatic verifier?
while (z #0) {

{x£0 N ls (y,0) xIs (z,0)}
{3z’ 1s (y,0) x (x — 2') xIs (z',0)}

fg?ﬁ;x Al (.0) % (2 ) # 2 (.00} . !nfer a loop

{32’ Is (y,0) * (t — ') *Is (z,0)} Invariant.

{:ca;;t;:x/ Als (4.0) % (61 27) % 1s (o, O)) 2. Massage assertions
{Is (y,0) * (t — 2) % s (x,0)} using Consequence.
{Tf (:y,yo;) s (t— y) * s (z,0)} a) exposing pointsto.

y=t : :
(3. y=t Als (i, 0)  (t > o) +Is (z,0)} D) removing equality.

}{|s (y,0) s (z,0)} C) removing emp.

{r=0Als (y,0) xIs (z,0)}
s (y,0)}

Tuesday, 1 February 2011



s (z
{ys—( 6;())} What’s missing to build

INV : Is (y,0) s (z,0) an automatic verifier?
while (z # 0) {

{x£0 N ls (y,0) xIs (z,0)}
{3z’ 1s (y,0) x (x — 2') xIs (z',0)}

{g;,f;:x Missing components. . Infer a loop

(3/.1s (4 | . Abstraction. Invariant.

{g; Tpt;— , 2. Rearrangemen 0 2. Massage assertions
13- Pruning. using Consequence

{|S (yvo) | g q )

*t = Y; : :

(s (5.0) % (s y) % s (2,0)} a) exposing pointsto.

y=1 : :
(3. y=t Als (1/,0) % (t — /) +1s (z, 00 D) removing equality.

}{|s (y,0) s (z,0)} C) removing emp.

{z=0Als (y,0) xIs (z,0)}
{ls (y,0)}
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Symbolic heaps

® Assertions of the particular form:

E.F = x |0

I 2= E=F|E#F | true | Il AT’

Y = emp | (E—F) | Is(E,F) | true | X«
PQ = dr. IINX

® Restricted. No negation and no univ. quan.
o Fg

y=2zANls(x,0) *Is(y,0)
Fv'w’ s (z,v") x y — v x 0 — W’
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Why Symbolic Heaps!?
|. Easy to understand visually.
2. Easy to design heuristics for

abstraction. |

<«
O oo

B 0
M 2= E=F|E+F | true | IT AT’
Y = emp | (F—F) | Is(E,F) | true | X x '
P,Q == dZ2.IINXY

® Restricted. No negation and no univ. quan.
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Why Symbolic Heaps!?

X
|. Easy to understand visually. 4
2. Easy to design heuristics for :
abstraction. ~
II = E=F|E#F |true | II NI
Y = emp | (E—F) | Is(E,F) | true | X x X'

dx. [T N\ X

~
S
i

® Restricted. No negation and no univ. quan.
o Fg
=2 Als(x.0) xls (y.0

Jo'w’ s (z,v") x y — v x 0 — W'’
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Analysis algorithm

® |nput:a set (i.e., disjunction) of sym. heaps, and a
program.

® Output:a set of sym. heaps at each program point.
® Finds a proof sketch in separation logic.
® Algorithm:
® Abstractly run a program with sym. heaps.
® Accumulate all the obtained sym. heaps.

® Repeat until no changes.
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Analysis algorithm

® |nput:a set (i.e., disjunction) of sym. heaps, and a
program.

® Output: a set of sym. hege

. | Rearrangement +
® Finds a proof sketch in s| poof rule in sep. logic +

® Algorithm; Abstraction

® Abstractly run a program with sym. heaps.
® Accumulate all the obtained sym. heaps.

® Repeat until no changes.
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emp

h =0; Cl‘eate

while (nondet)

{

t = new(l);
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emp

h =0; create
h=0 A emp

while (nondet)

{

t = new(l);
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h

{

emp

:O;

h=0 A emp

while (nondet)

h=0 A emp

t = new(l);

create
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emp

h =0; Cl‘eate
h=0 A emp

while (nondet)

{

h=0 A emp

t = new(l);

at’. h=0 A t~t’

>!<t=h;

h=t;

t=0;
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emp

h =0; Cl‘eate
h=0 A emp

while (nondet)

{

h=0 A emp

t = new(l);

at’. h=0 A t~t’
*t:h;

3t’. h=0 A t~h

h=t;

t=0;
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emp

h =0; Cl‘eate
h=0 A emp

while (nondet)

{

h=0 A emp

t = new(l);

at’. h=0 A t~t’
*t:h;

h=0 A t—0

h=t;

t=0;
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emp

h

{

while (nondet)

:O;

h=0 A emp

h=0 A emp

t = new(l);

3t’. h=0 A t—t’
>!<t=h;
h=0 A t—0

h=t;

Jh’. h=t A h’=0 A t~0

t=0;

create
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emp

h =0; Cl‘eate
h=0 A emp

while (nondet)

{

h=0 A emp

t = new(l);

3t’. h=0 A t—t’
>!<t=h;
h=0 A t—0

h=t;

h=t A t—0

t=0;
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emp

h =0; Cl‘eate
h=0 A emp

while (nondet)

{

h=0 A emp

t = new(l);

3t’. h=0 A t—t’
>!<t=h;
h=0 A t—0

h=t;

h=t A t—0

t=0;
It’.t=0 A h=t’ A £'=0
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h

{

emp

:O;

h=0 A emp

while (nondet)

h=0 A emp

t = new(l);

at’. h=0 A t~t’

>!<t=h;

h=0 A t—0

h=t;

h=t A t—0

t=0;

t=0 A h—~0

create
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h

{

emp

:O;

h=0 A emp

while (nondet)

h=0 A emp

t = new(l);

at’. h=0 A t~t’

>!<t=h;

h=0 A t—0

h=t;

create

t=0 A h~0

h=t A t—0

t=0;

t=0 A h—~0

Tuesday, 1 February 2011



h

{

emp

:O;

h=0 A emp

while (nondet)

h=0 A emp

t = new(l);

at’. h=0 A t~t’

>!<t=h;

h=0 A t—0

h=t;

create

t=0 A h~0

t=0 A h~0

h=t A t—0

t=0;

t=0 A h—~0
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emp

h =0; Cl”eate
h=0 A emp t=0 A h-0
while (nondet)
{ h=0 A emp t=0 A h—0
t = new(l);
3. h=0 A t>t’ | |3C”. =0 A t>t” * h0
*t=h;
h=0 A t—~0
h=t;
h=t A t~0
t=0;
t=0 A h-0
}
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emp

h =0; Cl”eate
h=0 A emp t=0 A h-0
while (nondet)
{ h=0 A emp t=0 A h—0
= new(l);
3t h=0 A t-t’ 3t”. t->t” * h-0
*t=h;
h=0 A t~0
h=t;
h=t A t~0
t=0;
t=0 A h=0
}
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emp

h =0; Cl”eate
h=0 A emp t=0 A h-0
while (nondet)
{ h=0 A emp t=0 A h—0
t = new(l);
3t’. h=0 A t-t’ 3t”. t»t” * ho0
*t=h;
h=0 A t-0 3t”. t—h * h-0
h=t;
h=t A t~0
t=0;
t=0 A h-0
}
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emp

h =0; Cl”eate
h=0 A emp t=0 A h-0
while (nondet)
{ h=0 A emp t=0 A h—0
t = new(l);
3t’. h=0 A t->t’ 3t”. t»t” * ho0
*t=h;
h=0 A t-0 t—~h * h~0
h=t;
h=t A t-0
t=0;
t=0 A h—0
}
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emp

h =0; Cl”eate
h=0 A emp t=0 A h-0
while (nondet)
{ h=0 A emp t=0 A h—0
t = new(l);
3t’. h=0 A t-t’ 3t”. t»t” * ho0
*t=h;
h=0 A t-0 t—~h * h~0
h=t;
h=t A t~0 3h’. h=t A t—h’ * h’»0
t=0;
t=0 A h-0
}
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emp

h =0; Cl”eate
h=0 A emp t=0 A h-0
while (nondet)
{ h=0 A emp t=0 A h—0
t = new(l);
3t’. h=0 A t->t’ 3t”. t»t” * ho0
*t=h;
h=0 A t~0 t—~h * h—~0
h=t;
h=t A t~0 3h’. h=t A Is (t,0)
t=0;
t=0 A h—0
}
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emp

h =0; Cl”eate
h=0 A emp t=0 A h-0
while (nondet)
{ h=0 A emp t=0 A h—0
t = new(l);
3t’. h=0 A t->t’ 3t”. t»t” * ho0
*t=h;
h=0 A t~0 t—~h * h—~0
h=t;
h=t A t~0 h=t A Is(t,0)
t=0;
t=0 A h—0
}
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emp

h = 0; create
h=0 A emp t=0 A h-0

while (nondet)
{ h=0 A emp t=0 A h—0

t = new(l);

3t’. h=0 A t-t’ It”. t-t” * h-0
*t=h;
h=0 A t-0 t—~h * h~0
h=t;
h=t A t~0 h=t A Is(t,0)

t=0;

\ t=0 A h—~0 3t’.t=0 A h=t’ A Is(t’,0)
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emp

h =0; Cl”eate
h=0 A emp t=0 A h-0
while (nondet)
{ h=0 A emp t=0 A h—0
t = new(l);
3t’. h=0 A t-t’ It”. t-t” * h-0
*t=h;
h=0 A t-0 t—~h * h~0
h=t;
h=t A t~0 h=t A Is(t,0)
t=0;
\ t=0 A h~0 t=0 A Is(h,0)
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emp

t=0 A Is(h,0)

h =0; Cl”eate
h=0 A emp t=0 A h-0
while (nondet)
{ h=0 A emp t=0 A h—0
t = new(l);
3t’. h=0 A t-t’ 3t”. t»t” * ho0
*t=h;
h=0 A t-0 t—~h * h~0
h=t;
h=t A t~0 h=t A Is(t,0)
t=0;
\ t=0 A h~0 t=0 A Is(h,0)
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emp

h = 0; create
h=0 A emp t=0 A h-0 t=0 A Is(h,0)

while (nondet)
{ h=0 A emp t=0 A h—0

t = new(l);

3t’. h=0 A t-t’ It”. t-t” * h-0
*t=h;
h=0 A t-0 t—~h * h~0
h=t;
h=t A t~0 h=t A Is(t,0)

t=0;

\ t=0 A h~0 t=0 A Is(h,0) t=0 A Is(h,0)
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emp

h = 0; create
h=0 A emp t=0 A h-0 t=0 A Is(h,0)

while (nondet)
{ h=0 A emp t=0 A h—0

t = new(l);

3t’. h=0 A t-t’ It”. t-t” * h-0
*t=h;
h=0 A t-0 t—~h * h~0
h=t;
h=t A t~0 h=t A Is(t,0)

t=0;

\ t=0 A h~0 t=0 A Is(h,0) t=0 A Is(h,0)
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emp

h = 0; create
h=0 A emp t=0 A h-0 t=0 A Is(h,0)
while (nondet)
{ h=0 A emp t=0 A h—0
t = new(l);
3t’. h=0 A t-t’ It”. t-t” * h-0
*t=h;
h=0 A t-0 t—~h * h~0
h=t;
h=t A t~0 h=t A Is(t,0)
t=0;
t=0 A h~0 t=0 A Is(h,0) t=0 A Is(h,0)
i h=0 A emp |t=0 A h—0 t=0 A Is(h,0)
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create

The output is a proof sketch of

{ emp }create{ (h=0Aemp) V (t=0Ah~0) Vv (t=0Aals(h,0)) }
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Abstract semantics of atomic command A

(4) : SymHeap — P(SymHeap)'
(A) = Abso RuleApply 4 o Rearr4
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Abstract semantics of atomic command A
(4) : SymHeap — P(SymHeap)'
(A) = Abso RuleApply 4 oRearr 4

[Step|] Rearrange a symbolic heap, so that it pattern-
matches the precond. of an adjusted proof rule.

(3o’ IT A\ w—a' « Dysx=t{3az’. IT \ xr—t % X}
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{w—a’ x (II N X)) }rax=t{x—tx (II N X)}
{II N x—a’ « Xisx=t{I] \ x—t* X}

Conseq.

{32! IT A o « Dysx=t{3a’. [T A x—t % X}

Exist.

ymic command A

SymHeap) '

(A) = Abso RuleApply 4 oRearr 4

[Step|] Rearrange a symbolic heap, so that it pattern-
matches the precond. of an adjusted proof rule.

(3o’ IT A\ w—a' « Dysx=t{3az’. IT \ xr—t % X}
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{w—a’ x (II N X)) }rax=t{x—tx (II N X)}
{II N x—a’ « Xisx=t{I] \ x—t* X}

Conseq.

{32! IT A o « Dysx=t{3a’. [T A x—t % X}

Exist.

ymic command A

SymHeap) '

(A) = Abso RuleApply 4 oRearr 4

[Step|] Rearrange a symbolic heap, so that it pattern-
matches the precond. of an adjusted proof rule.

(3o’ IT A\ w—a' « Dysx=t{3az’. IT \ xr—t % X}

32" 1s (z, 2") * (2—2") * (2'—0)

<
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o—x' x (I N X)) ysxx=t{x—t*x (I N X .
{ {H/\a:r(—m:’ % L)’Lm:tiﬂ/\aﬂit* Z})} Conseq DMIC CoMm ma—nd A

Exist. )_|_

{32! IT A o « Dysx=t{3a’. [T A x—t % X}

SymHeap
(A) = Abso RuleApply 4 oRearr 4

[Step|] Rearrange a symbolic heap, so that it pattern-
matches the precond. of an adjusted proof rule.

(3o’ IT A\ w—a' « Dysx=t{3az’. IT \ xr—t % X}

32"\ 1s (x, 2") * (2—~2") x (2'—0)

<

{ 32 (2=2") A (z2—2x) * (—0), T2’z (x—2) s (', 2) * (22") % (2'—0) }
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Abstract semantics of atomic command A

(4) : SymHeap — P(SymHeap)'
(A) = Absa RuleApply 4 © Rearr4

[Step|] Rearrange a symbolic heap, so that it pattern-
matches the precond. of an adjusted proof rule.

[Step2] Apply the rule.

(3o’ IT A\ w—a' « Dysx=t{3az’. IT \ xr—t % X}

32" 1s (z, 2") * (2—2") * (2'—0)

<

{ 32 (2=2") A (z2—2x) * (—0), T2’z (x—2) *1s (', 2") * (22") % (2'—0) }
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Abstract semantics of atomic command A

(4) : SymHeap — P(SymHeap)'
(A) = Absa RuleApply 4 © Rearr4

[Step|] Rearrange a symbolic heap, so that it pattern-
matches the precond. of an adjusted proof rule.

[Step2] Apply the rule.

(3o’ IT A\ w—a' « Dysx=t{3az’. IT \ xr—t % X}

3215 (@, 2') % (22") % (/10)

<
{ 32 (2=2") A (z2—2x) * (—0), T2’z (x—2) *1s (', 2) * (z2") % (2'—0) }

{ 32 (2=2") A (z=2) * (x—t), T2'2'(x—t) x1s (2, 2) * (2—2") * (2'—0) }
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Abstract semantics of atomic command A

(4) : SymHeap — P(SymHeap)'
(A) = | Abs o RuleApply 4 o Rearr 4

[Step|] Rearrange a symbolic heap, so that it pattern-
matches the precond. of an adjusted proof rule.

[Step2] Apply the rule.
[Step3] Abstract symbolic heaps.

(3o’ IT A\ w—a' « Dysx=t{3az’. IT \ xr—t % X}

3215 (@, 2') % (22") % (/10)

<
{ 32 (2=2") A (z2—2x) * (—0), T2’z (x—2) *1s (', 2") * (22") % (2'—0) }

{ 32 (2=2") A (z=2) * (x—t), T2'2 . (x—t) x1s (2, 2) * (2—2") * (2'—0) }
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Abstract semantics of atomic command A

(4) : SymHeap — P(SymHeap)'
(A) = | Abs o RuleApply 4 o Rearr 4

[Step|] Rearrange a symbolic heap, so that it pattern-
matches the precond. of an adjusted proof rule.

[Step2] Apply the rule.
[Step3] Abstract symbolic heaps.

(3o’ IT A\ w—a' « Dysx=t{3az’. IT \ xr—t % X}
3z"1s (3, 2') * (2=2") * (2'—0)

<
{ 32" (x=2") A (z—2x) * (x—0), Fz'2".(xz—2") xls (2/,2") * (z=2") * (2'—0) }
{ 32" (a= )/\(‘&) « (zt), Fo'2’(zot) x s (27, 2) * (22) * (2'—0) }
A% - |

{ 32 (z=2") A (z—2) * (x—t), T2’ (1) xls (2, 2") * (2—2") * (2'—0) }
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Abstract semantics of atomic command A

(4) : SymHeap — P(SymHeap)'
(A) = | Abs o RuleApply 4 o Rearr 4

[Step|] Rearrange a symbolic heap, so that it pattern-
matches the precond. of an adjusted proof rule.

[Step2] Apply the rule.
[Step3] Abstract symbolic heaps.

(3o’ IT A\ w—a' « Dysx=t{3az’. IT \ xr—t % X}
3z"1s (3, 2') * (2=2") * (2'—0)

<
{ 32" (x=2") A (z—2x) * (x—0), Fz'2".(xz—2") xls (2/,2") * (z=2") * (2'—0) }
{ 32" (a= )/\(‘&) « (zt), Fo'2’(zot) x s (27, 2) * (22) * (2'—0) }
A% - |

{ (z+=x) * (x—t), F2'2".(z—t) *ls (2/,2") * (2=2") x (2'—0) }
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Abstract semantics of atomic command A

(4) : SymHeap — P(SymHeap)'
(A) = | Abs o RuleApply 4 o Rearr 4

[Step|] Rearrange a symbolic heap, so that it pattern-
matches the precond. of an adjusted proof rule.

[Step2] Apply the rule.
[Step3] Abstract symbolic heaps.

(3o’ IT A\ w—a' « Dysx=t{3az’. IT \ xr—t % X}
3z"1s (3, 2') * (2=2") * (2'—0)

<
{ 32" (x=2") A (z—2x) * (x—0), Fz'2".(xz—2") xls (2/,2") * (z=2") * (2'—0) }
{ 32" (a= )/\(‘&) « (zt), Fo'2’(zot) x s (27, 2) * (22) * (2'—0) }
A% - |

{ (zr—=x) * (x—t), Ja'2".(z—t) * true x (2—2") * (2'—0) }
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Abstract semantics of atomic command A

(4) : SymHeap — P(SymHeap)'
(A) = | Abs o RuleApply 4 o Rearr 4

[Step|] Rearrange a symbolic heap, so that it pattern-
matches the precond. of an adjusted proof rule.

[Step2] Apply the rule.
[Step3] Abstract symbolic heaps.

(3o’ IT A\ w—a' « Dysx=t{3az’. IT \ xr—t % X}
3z"1s (3, 2') * (2=2") * (2'—0)

<
{ 32" (x=2") A (z—2x) * (x—0), Fz'2".(xz—2") xls (2/,2") * (z=2") * (2'—0) }
{ 32" (a= )/\(‘&) « (zt), Fo'2’(zot) x s (27, 2) * (22) * (2'—0) }
A% - |

{ (z—=x) * (z—t), Fx'2".(z—1) x true x (Is (z,0)) }
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Abstract semantics of atomic command A

(4) : SymHeap — P(SymHeap)'
(A) = | Abs o RuleApply 4 o Rearr 4

[Step|] Rearrange a symbolic heap, so that it pattern-
matches the precond. of an adjusted proof rule.

[Step2] Apply the rule.
[Step3] Abstract symbolic heaps.

(3o’ IT A\ w—a' « Dysx=t{3az’. IT \ xr—t % X}
3z"1s (3, 2') * (2=2") * (2'—0)

<
{ 32" (x=2") A (z—2x) * (x—0), Fz'2".(xz—2") xls (2/,2") * (z=2") * (2'—0) }
{ 32" (a= )/\(‘&) « (zt), Fo'2’(zot) x s (27, 2) * (22) * (2'—0) }
A% - |

{ (z—x) * (1), (x—t) * true * (Is (2,0)) }
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Abstract semantics of atomic command A

(4) : SymHeap — P(SymHeap)'
(A) = Abso RuleApply 4 o/Rearr 4

[Step|] Rearrange a symbolic heap, so that it pattern-
matches the precond. of an adjusted proof rule.

[Step2] Apply the rule.
[Step3] Abstract symbolic heaps.

(3o’ IT A\ w—a' « Dysx=t{3az’. IT \ xr—t % X}

/ N
1z Is (z,0)
{ EI / ?
z'
<
{ 32 (x i
<
{ T
AN 7 AN 77 (LT 70~ eruacTT (10 (<5 UJ ) J
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Adjusting a proof rule

{E—FEqx (II N X))} xE=F{E—F x (Il A\ X))}
(IT A (E—Eg* 2)E=F{II A (E—F * 2)}

Update
Conseq.

Exist.

{3a’. IT A\ (B—Ey * X)}«E=F{3z". IT A (E—F = X)}

® Make a rule work for symbolic heaps.

® The precondition becomes a symbolic heap

with the accessed cell exposed.

® Use Consequence and the below equivalence:

(E:F N (20 * 21)) — D * (21 N E:F)
(E£F A (Zg % X1)) <= Xo* (X1 AN E£F)
® Use the existential elimination rule.

Tuesday, 1 February 2011




Adjusting a proof rule

{II N E—F x Y}x=«xE{3x'. x=F[x'/z] N (Il N E—F x X))[x'/z]}
{3y 1T N E—~F « X}oe=«E{3/z’ . a=E[z' /x] A (I N E—~F % X))z /x]}

® Make a rule work for symbolic heaps.

® The precondition becomes a symbolic heap
with the accessed cell exposed.

® Use Consequence and the below equivalence:
(E=F A (Zg % X1)) <= Xy * (X1 AN E=F)
(E£F A (Zg % X1)) <= Xo* (X1 AN E£F)

® Use the existential elimination rule.
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Rearr

Rearryq SymHeap—>73(5ym|'|eap)T

{32’ [T N (E—Ey* X2)}«E=F{32'. I A (E—F % X)}

® Transform a sym. heap so that it pattern-matches the
precondition of the rule.

® Unroll inductively defined predicates (e.g., Is) to
expose (E~F) about accessed cell E.

® Defined by rewriting rules and an allocatedness check.
o/ I AIs(E',F) %X ~p {3 . IIANE=F ANX, 3a'y.INE—y xls(y,F')« X}
(when IT = E=F')

. I ANE'—F' %% ~pg {3/. INE—F %X}
(when II = E=F')
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Rearr

Rearry : SymHeap — P(SymHeap

32" 1s (z, 2") * (2—2") % (2'—0)

)T

® Unroll inductively defined predicates (e.g., Is) to
expose (E~F) about accessed cell E.

® Defined by rewriting rules and an allocatedness check.

o/ I AIs(E',F) %X ~p {3 . IIANE=F ANX, 3a'y.INE—y xls(y,F')« X}
(when IT = E=F')

. I ANE'—F' %% ~pg {3/. INE—F %X}
(when II = E=F')
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Rearr

Rearry : SymHeap — P(SymHeap
32" 1s (x, 2") * (2—2") * (2'—0)

~>x

{ 32" a=2" A (2=2) % (2/'=0), T’z (z—a') xls (2',2") x (22") % (2'—0) }

)T

® Unroll inductively defined predicates (e.g., Is) to
expose (E~F) about accessed cell E.

® Defined by rewriting rules and an allocatedness check.

o/ I AIs(E',F) %X ~p {3 . IIANE=F ANX, 3a'y.INE—y xls(y,F')« X}
(when I = E=F')

. I ANE'—F' %% ~pg {3/. INE—F %X}
(when II = E=F')
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Rearr

Rearry, : SymHeap — P(SymHeap)'
32" 1s (z, 2") * (2—2") % (2'—0)
< bx
{ 32" a=2" A (2=2) % (2'—0), T’z (z—a’) xls (2, 2)) x (22") % (2'—0) }
~x :

{ 32 x=2" A (2=2) % (x—0), 'z’ .(v—z") xls (2/,2") * (2—2") * (2'—0) }

® Unroll inductively defined predicates (e.g., Is) to
expose (E~F) about accessed cell E.

® Defined by rewriting rules and an allocatedness check.

o/ I AIs(E',F) %X ~p {3 . IIANE=F ANX, 3a'y.INE—y xls(y,F')« X}
(when IT = E=F')

. I ANE'—F' %% ~pg {3/. INE—F %X}
(when II = E=F')
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Rearr

Rearry, : SymHeap — P(SymHeap)'
32" 1s (z, 2") * (2—2") % (2'—0)
< bx
{ 32" a=2" A (2=2) % (2/'=0), T’z (z—a') xls (2',2") x (22") % (2'—0) }
~x :

{ 32 x=2" A (2=2) % (x—0), 'z’ .(v—z") xls (2/,2") * (2—2") * (2'—0) }

® Unroll inductively defined predicates (e.g., Is) to
expose (E~F) about accessed cell E.

® Defined by rewriting rules and an allocatedness check.

o/ I AIs(E',F) %X ~p {3 . IIANE=F ANX, 3a'y.INE—y xls(y,F')« X}
(when IT = E=F')

. I ANE'—F' %% ~pg {3/. INE—F %X}
(when II = E=F')
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Rearr

Rearry : SymHeap — P(SymHeap

32" 1s (z, 2") * (2—2") % (2'—0)

)T

Lx
{ 32" a=2" A (2=2) % (2/'=0), T’z (z—a') xls (2',2") x (22") % (2'—0) }
return 2 :

{ 32 x=2" A (2=2) % (x—0), 'z’ .(v—z") xls (2/,2") * (2—2") * (2'—0) }

® Unroll inductively defined predicates (e.g., Is) to
expose (E~F) about accessed cell E.

® Defined by rewriting rules and an allocatedness check.

o/ I AIs(E',F) %X ~p {3 . IIANE=F ANX, 3a'y.INE—y xls(y,F')« X}
(when IT = E=F')

. I ANE'—F' %% ~pg {3/. INE—F %X}
(when II = E=F')
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Rearr
Rearry : SymHeap — P(SymHeap
Is(x, 0)
< Lx

)T

® Unroll inductively defined predicates (e.g., Is) to
expose (E~F) about accessed cell E.

® Defined by rewriting rules and an allocatedness check.

o/ I AIs(E',F) %X ~p {3 . IIANE=F ANX, 3a'y.INE—y xls(y,F')« X}
(when IT = E=F')

. I ANE'—F' %% ~pg {3/. INE—F %X}
(when II = E=F')
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Rearr

Rearry : SymHeap — P(SymHeap
Is(x, 0)

< Lx
{ 2=0Aemp, Jz'.(z—2z")*ls (z',0) }

)T

® Unroll inductively defined predicates (e.g., Is) to
expose (E~F) about accessed cell E.

® Defined by rewriting rules and an allocatedness check.

o/ I AIs(E',F) %X ~p {3 . IIANE=F ANX, 3a'y.INE—y xls(y,F')« X}
(when I = E=F')

. I ANE'—F' %% ~pg {3/. INE—F %X}
(when II = E=F')

Tuesday, 1 February 2011



Rearr

Rearry : SymHeap — P(SymHeap
Is(x, 0)

< Lx
{ 2=0Aemp,| 2. (z—2z) *ls (z',0) }

)T

® Unroll inductively defined predicates (e.g., Is) to
expose (E~F) about accessed cell E.

® Defined by rewriting rules andjan allocatedness check.

o/ I AIs(E',F) %X ~p {3 . IIANE=F ANX, 3a'y.INE—y xls(y,F')« X}
(when IT = E=F')

. I ANE'—F' %% ~pg {3/. INE—F %X}
(when II = E=F')
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Rearr

Rearry : SymHeap — P(SymHeap
Is(x, 0)

< Lx
{ 2=0Aemp, Jz'.(z—2z")*ls (z',0) }

)T

return T

® Unroll inductively defined predicates (e.g., Is) to
expose (E~F) about accessed cell E.

® Defined by rewriting rules and an allocatedness check.

o/ I AIs(E',F) %X ~p {3 . IIANE=F ANX, 3a'y.INE—y xls(y,F')« X}
(when IT = E=F')

. I ANE'—F' %% ~pg {3/. INE—F %X}
(when II = E=F')
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Rearr

Rearryq SymHeap—>73(5ym|'|eap)T

{32’ [T N (E—Ey* X2)}«E=F{32'. I A (E—F % X)}

® Transform a sym. heap so that it pattern-matches the
precd

Allocatedness check:
® Unro|l.Filter out inconsistent sym. heaps. |s) to

expoy2. Check the existence of E~F.

® Defined by rewriting rules andjan allocatedness check.
o/ I AIs(E',F) %X ~p {3 . IIANE=F ANX, 3a'y.INE—y xls(y,F')« X}
(when IT = E=F')

. I ANE'—F' %% ~pg {3/. INE—F %X}
(when II = E=F')
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Rearr

Rearryq SymHeap—>73(Sym|'|eap)T

[Exercise 1] Compute the following.
(1) Rearry—1(Is(z, y) * Is(y, z) * 2z +— 0)

(2) Rearry,—1(Is(x, y) * Is(y, z) * Is(z,0))

(3) Rearry,—1(z # 0 A (Is(z,y) *Is(y, z) x Is(z,0)))

® Unroll inductively defined predicates (e.g., Is) to
expose (E~F) about accessed cell E.

® Defined by rewriting rules and an allocatedness check.

o/ I AIs(E',F) %X ~p {3 . IIANE=F ANX, 3a'y.INE—y xls(y,F')« X}
(when IT = E=F')

. I ANE'—F' %% ~pg {3/. INE—F %X}
(when II = E=F')
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Correctness of Rearr

Suppose Rearra(P) = {Qy, ..., Q«} and A = (*E=F).
[Question] Does the below statement hold?

. P= QivQ2V... VQ
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Correctness of Rearr

Suppose Rearra(P) = {Qy, ..., Q«} and A = (*E=F).
[Question] Does the below statement hold?

Yes| |. P= QivQaV... VQu
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Correctness of Rearr

Suppose Rearra(P) = {Qy, ..., Q«} and A = (*E=F).
[Question] Does the below statement hold?

Yes| | P= Qi vQ2V... VQ

2.P= Qi forsomeiell,..k}.
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Correctness of Rearr

Suppose Rearra(P) = {Qy, ..., Q«} and A = (*E=F).
[Question] Does the below statement hold?

Yes| |. P= QivQyV... VQu
No|2. P= Qi forsomeice/{l,.., k}
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Correctness of Rearr

Suppose Rearra(P) = {Qy, ..., Q«} and A = (*E=F).
[Question] Does the below statement hold?

Yes| |. P= QivQyV... VQu
No|2. P= Qi forsomeice({l,.., k}.
3. P—=QivQa2V.. VQu
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Correctness of Rearr

Suppose Rearra(P) = {Qy, ..., Q«} and A = (*E=F).
[Question] Does the below statement hold?

Yes| |. P= QivQyV... VQu
No|2. P= Qi forsomeice({l,.., k}.

Yes| 3. P—= QivQaV... VQ
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Correctness of Rearr

Suppose Rearra(P) = {Qy, ..., Q«} and A = (*E=F).
[Question] Does the below statement hold?

Yes| | P= Qi vQ2V... VQ

No|2. P= Qi forsomeice({l,.., k}.

Yes| 3. P = QivQa2V... VQ.

4. Q= E~_ *true foralliell,..,k}.
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Correctness of Rearr

Suppose Rearra(P) = {Qy, ..., Q«} and A = (*E=F).
[Question] Does the below statement hold?

Yes| | P= Qi vQ2V... VQ

No|2. P= Qi forsomeice({l,.., k}.

Yes| 3. P = QivQa2V... VQ.

Yes| 4. Q= E~_ *true forallie({l,.., k}.
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Correctness of Rearr

Suppose Rearra(P) = {Q, ..., Q«} and A = (*E=F).
[Question] Does the below statement hold?

Yes| | P= Qi vQ2V... VQ

Yes| 3. P = QivQa2V... VQ.

Yes| 4. Q = E~_ *true forallie{l,.., k}.
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Abs

Abs : P(SymHeap)' — P(SymHeap)'
® Forget the length of linked lists, and simplify quantifiers.

® Map T to T.

® Defined by rewriting rules (true implications in sep. logic)

(Fy'z' . II N E—z' x2/—FxX) ~ (Jy.IINIs(E,F)«X)
(when o’ € FV(II, X, E, F))

(Fy'z' . II Nls(E, ') «Is (2, F)« X) ~ (3y.II Ns(E,F)x X)
(when ' € FV(II, X, E, F))

(Fy'a' I Az'—F %) ~ (Jy. II Atruex X)
(when z’ ¢ FV(II, X))

(Fy'z'.a’=ENITAE) ~ (3y.(II AX)[E/'))
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Abs

Az'z"y . w—a’ x x'—a” x s (2", 0) x y'—0

~

(Fy'a’ . II N B2’ x ' —F % X) ~ (Jy.II Nls(E,F) %)
(when o’ € FV(II, X, E, F))

(Fy'z' I Als(E,z") xls(z/,F)* X) ~ (Jy.II Nls(E,F)*X)
(when o’ € FV(II, X, E, F))

(Fy'a' I Az'—F %) ~ (Jy. II Atruex X)
(when z’ ¢ FV(II, X))

(Fy'a' . /=ENITAX) ~ (3. (II A X)[E/z'])
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Abs

Az'z"y. w—a’ x 2'—=a” x s (2", 0) * y'—0
A

A
Ja"y. s!x,x”! x s (2", 0) x y'+—0

(Fy'z' . I Als(E,z) «ls(z/,F)* X) ~ (3y.II Nls(E,F
(when o’ ¢ FV(II, X, E, F))

~—
*x
\g

~—

(Fy'a' I Az'—F %) ~ (Jy. II Atruex X)
(when z’ ¢ FV(II, X))

(Fya’ . /=ENITAX) ~ (3y.(II A D)E/z])
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Abs

Az'z"y . w—a’ x x'—a” x s (2", 0) x y'—0

~

Az’ s (z, x"") * 1s (", 0) * 3y'—0
A

. Is (x,0) * y'—0

(Fy'a' I Az'—F %) ~ (Jy. II Atruex X)
(when z’ ¢ FV(II, X))

(Fya’ . /=ENITAX) ~ (3y.(II A D)E/z])
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Abs

dx'2"y . w—a’ x 2’ —a’ +1s (2", 0) * y'—0
~
A"y s (x, ") * Is (2", 0) * y'+—0
D
. 1s (x,0) x y'+—0
D

s (x,0) * true

(Fy'a’ . II N B2’ x ' —F % X) ~ (Jy.II Nls(E,F) %)
(when o’ € FV(II, X, E, F))

(Fy'z' I Als(E,z") xls(z/,F)* X) ~ (Jy.II Nls(E,F)*X)
(when o’ € FV(II, X, E, F))

(Fy'a' I Az'—F %) ~ (Jy. II Atruex X)
(when z’ ¢ FV(II, X))

(Fy'a' . /=ENITAX) ~ (3. (II A X)[E/z'])
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Abs

Abs : P(SymHeap)' — P(SymHeap)'
® Forget the length of linked lists, and simplify quantifiers.

® Map T to T.

® Defined by rewriting rules (true implications in sep. logic)

(Fy'z' . II N E—z' x2/—FxX) ~ (Jy.IINIs(E,F)«X)
(when o’ € FV(II, X, E, F))

(Fy'z' . II Nls(E, ') «Is (2, F)« X) ~ (3y.II Ns(E,F)x X)
(when ' € FV(II, X, E, F))

(Fy'a' I Az'—F %) ~ (Jy. II Atruex X)
(when z’ ¢ FV(II, X))

(Fy'z'.a’=ENITAE) ~ (3y.(II AX)[E/'))
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Abs

[Exercise 2] Compute the following:
Abs({ dabcd. c=d N xr—a * a—bx y—b = Is(b, ¢) x Is(d, 0) })
Abs({ Jabcde. Is(x, a) *Is(a,0) * b—d * c—e })
Abs({ Jabcde. d=c N x+a x1s(a,0) x b—d * c—e })

[Exercise 3] Add other sensible rewriting rules.

(Fy'a’ . II N B2’ x ' —F % X) ~ (Jy.II Nls(E,F) %)
(when o’ € FV(II, X, E, F))

(Fy'z' I Als(E,z") xls(z/,F)* X) ~ (Jy.II Nls(E,F)*X)
(when o’ € FV(II, X, E, F))

(Fy'a' I Az'—F %) ~ (Jy. II Atruex X)
(when z’ ¢ FV(II, X))

(Fy'a' . /=ENITAX) ~ (3. (II A X)[E/z'])
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Correctness of Abs

Suppose Abs( {Pi, ..., P} ) = {Q, ..., Qu}.Then, the
below implication holds.

(Pi1VP2V... VPh) = (QivQa2V... VQn).

[Question] What about the other < direction?
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