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Curry-Howard Correspondence

* Type Theories are Proofs Systems
* Types are Propositions

 Programs are Proofs

 Hence, Proof Search is Program Synthesis

o Separation Logic is a Type Theory of state



I'his Work

Program Syntnesis
USINg
Separation Logic



| et’'s swap values of two distinct pointers
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L )
et's swap values of two distinct pointers
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void swap(loc x, loc vy)



“separately”

{ x » a[x]y » b}

volid swap(loc x, loc vy)

{ x » b(x]y » a }

Peter W. O'Hearn, John C. Reynolds, Hongseok Yang:
Local Reasoning about Programs that Alter Data Structures. CSL 2001
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let a2 = *x;
let b2 = *y;
{ X » a2 xy e b2 }
?27?

{ Xp» b2 xyw» a2}
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let a2 = *x;

let b2 = *y;

*X = b2:
{ Xp» b2 xyw» b2 }
?7?

{ Xp» b2 xyw» a2}
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let a2 = *x;
let b2 = *y;
*xX = b2;
*y = az2;
{ X » b2 xym» a2 }

?7?

{ X » b2 xywm» a2 }
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let a2 = *x;
let b2 = *y;
*X = b2;
*y = az2;
{ X » b2 xyw» a2 }
27

{ X » b2 xyw» a2}

X » D2 *xywp»pa2 F Xw» D2 *xy e a2
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let a2 = *x;
let b2 = *y;
*X = b2;
*y = az2;
{ X » b2 xyw» a2 }
27

{ X » b2 xyw» a2}

x|—>b2>|<yn—>a2|—x|->b2>|<yn—>a2¢
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vold swap(loc x, loc y) {

let aZz

let b2

*X

*Y

b2:

az2:;
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*X;

*Yi:



Reasoning with Symbolic Heaps



Symbolic Heap Entailment

P = Q

Any heap (state) that satisfies | also satisties Q.



Program Validity wrt. Pre/Postcondition

Py {Q}

f the Initial state satisfies P then, after ¢
terminates, the final state satisfies Q.
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Transforming Entaillment

(our work)

P Q

[ here exists a program ¢, such that
for any initial state satistying B
c, after It terminates,
will transtform to a state satistying Q.
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P = QO  implies P o O

“Proof”;  skip
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XH—>a ~» X4

"Proof’: *x 42
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X3 w X 4) | *x = 42
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P Q | C

P transtorms to Q via a program c.
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Synthetic Separation Logic



r;PwQ|c
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r;PwQ|C

e (I, P, Q) — goal
» GV (I, P, Q) — ghost variables (scope: pre/postcondition)

« EV (I', P, Q) — existentials (scope: postcondition)
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[, {emp} w» {emp} | 2?2
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[ {emp} «» {emp} | skip

29

(

—-mp)



ae GV(Il, R Q)

{xmas P} {Q}] 22
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ae GV(l,R Q) y 1s fresh
Lyslya{x—»y«Prw[ya{ Q}le

(Reac

r;{XHG*D}W{Q}‘lety= *Xs C
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[ { X - %

Vars(e) € [

Plw {Xxex Q|22
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Vars(e) C

[ {xPexPlw{xrmresxQl}|c

(Write)

[({XP-«P}lw{xmexQ}|*x = e; c
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4

>« R} {Q«R}|22
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EV(L, B Q) nVars(R) = @
P { Qe

(Frame)
B{P*R}»{Q=R}lc
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ae GV(,PQ) v is fresh

" {emp} -» {empl | skip  (Emp) Ly salixmy « Pl [yfal{ Q) e

(Read)
r;{XHG*P}W{Q}‘lety= *X; C
EV(I, B Q) n Vars(R) = @ Vars(e) € [
[ {P}w»{Q}]c [ {xPexP}w{xrpexQl}|c
(Frame) (Write)

{P«R}w»{Qx+R}|c x> -xPlw{xoesQl|*x = e; o
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(x=axymb)
void swap(loc x, loc vy)

(x> bxyma)
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{X,Y};{XI—)G*YI—)b}W {x|—>b>x<>/|—>a}

38
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{x,yyal}; {xmalxym»b}w {X>bxymal}| ?2?

(Read)
{Xy}i{xmaxymb}w {xmbsxyma} | let a2 = *x; 22
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{x,v,a2,b2}; {x»a2«xy»b2} w» {xX—blxymal} | 22

(Read)
{X,y,a2};{xmalxy>Db}w» {Xmb=xymal}| let b2 = *y; 2?2

(Read)
{Xy},{x—»axy—»b}w {xmbxy—a} | let a2 = *x; ??
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{x,v,a2,b2}; {x»b2xy»b2} » {xX—»blxymal} | 22

(Write)
Ix,v,a2,b2}; {x—a2s«y—»b2} » {X—»blxymal} | #*x = b2; 22

(Read)
{X,yyal};{x»alxym»b}w {Xm»bxymal}l| let b2 = *y; ?2?

(Read)

{XY} i {xpasxymblw {xmpbsxy—»al | let a2 = *x; 22
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{x,y,a2,b2}; {y—» b2} w» {y—al} | 22

(Frame)
{x,v,a2,b2}; {x» b2 xy»b2} w» {X—»blxymal} | 22
(Write)
{x,v,a2,b2}; {x—a2+«y—»Db2} » {x—blsxymal} | *x = Db2; 2?
(Read)
{X,yyal};{x»alxym»b}w {Xebxymal}l| let b2 = *y; ?2?
(Read)

{Xy}i{x—»axy—»b}w» {xmbsxyma} | let a2 = *x; ??
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{><,y,a2,b2}; {Y'_)az} > {YHaZ} ‘ X,

(Write)
{X,y,a2,b2};{y»Db2} w» {ymal} | *y = a2; ??

(Frame)
{x,y,az,bZ}; {x|—>b2>x<>/|—>b2} "> {X|—>b2>x<>/|—>a2} ‘ ?7
(Write)
{X,y,a2,b2}; {xm=alsymDbl} = { x> Dblsymal} | *x = b2; 22
(Read)
{X,yyal};{x»alxym»b}w {Xebxymal}l| let b2 = *y; ?2?
(Read)

{X,Y};{xl—)a*yl—)b}w {XI—)b*yl—)d} | let a2 = *x; 2?27
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{xvy,a2,b2}; {emp} w» {emp} | 22

(Frame)

{xya2,b2};{ymal} « {ymalj}| 22

(Write)
{xya2,b2}; {ym=Dl}w {ymal} | *y = a2; ??

(Frame)
{x,v,a2,b2}; {x»b2+xy»Db2} » {X—»blxymal} | 22
(Write)
{x,v,a2,b2}; {x—a2«y—»b2} » {xXx—»blxymal} | #*x = b2; 2°?
(Read)
{X,yyal};{x»alxym»b}w {Xmbxymal}l| let b2 = *y; ?2?
(Read)

{X Y} {xmaxy-»b}w {x—bsymal | let a2 = *x; 2°?
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(Emp)
{xVy,a2,b2}; {emp} w {emp} | skip

(Frame)

{><,y,a2,b2}; {Y'_)az} > {y|—>a2} ‘ 292

(Write)

{(xya2,b2}; {y=bl} =~ {y~al} |[+y = a2;]??

{x,v,a2,b2}; {x>b2sy»b2}l = {x=Db2sxy—al} | 22

<
(xya2};{xma2symb}w {xobxyral}| [let b2 = *y;] 22
(
{X,Y};{XI—)G*yl—)b}w {X|—>b>x<>/|—>a} ‘ ??

(Frame)

(Write)

Read)

Read)
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vold swap(loc x, loc y) {

let aZz

let b2

*X

*Y

b2:

az2:;
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*X;

*Yi:



Pure Parts



APy {Q) | e



[ {@Pr»{WQ} | ¢



lNnductive Predicates
ana Becursion
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predicate Iseg (loc X, set s) {
Xx=0 A {s=0 - emp }

XFOA {s={vus ;[x2]*xm v (x+I)>y=xlsegys)]

Iseg (V, s')

n




predicate Iseg (loc x, set s) {
Xx=0 A {s=0 . emp }
XFOA {s={v}us ;[x2]«xmvs(x+|)-y=xlseg(ys)}

{ Iseg (X, 5) }

vold listfree(loc x)

{ €Mp
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predicate Iseg (loc X, set s) { segl|(x,s) } void listfree(loc X em
o0 A s em) {segJix9)) (Loc x) {emp}

XFOA {s={us [x2]xxPVvs (Xt |)-yxlsegys) ]}

([Ise] (. 5) )

{ €Mp J

54



predicate Iseg (loc X, set s) {

X=0|A {s=0U . emp }
/\ {s={vlus ;[x2]xxm Vv X+ |)-yxlseg(ys)}

{Isegl (x,5) } void listfree(loc x) {emp}

{ Iseg (x,s) }

27

{ €Mp J
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predicate Iseg (loc X, set s) { {Isegl (x,5) } void listfree(loc x) {emp}

if (x == 0) {
{x=0;lseg (x,5) }

?27?
{ emp }
} else {

{x # 0;lsegl (x,5) }

?7?

1 €Mp J
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predicate Iseg (loc X, set s) { {Isegl (x,5)} void listfree(loc x) {emp}

?7?
{ emp }
} else {

{X#FOAs={}US ;[X2]xxVvs(X+|)=y=xlsegl (ys)}

27

1 €Mp J
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predicate Iseg (loc x, set s) {
Xx=0 A {s=0 . emp }
XFOA {s={v}us ;[x2]«xmvs(x+|)-y=xlseg(ys)}

{Isegl (x,5) } void listfree(loc x) {emp}

if (x == 0) {
{(x=0As=g; emp }

skip
{ emp }
} else {

{X#FOAs={}US ;[X2]xxVvs(X+|)=y=xlsegl (ys)}

27

1 €Mp J
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predicate Iseg (loc x, set s) {
Xx=0 A {s=0 . emp }
XFOA {s={v}us ;[x2]«xmvs(x+|)-y=xlseg(ys)}

{Isegl (x,5) } void listfree(loc x) {emp}

if (x == 0) { } else {

{x#0As={v}us ;[x 2] >x<><I—>V>x<>x< segl (y,s) }

27

L €Mp ;
}
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predicate Iseg (loc x, set s) {
Xx=0 A {s=0 . emp }
XFOA {s={v}us ;[x2]«xmvs(x+|)-y=xlseg(ys)}

{Isegl (x,5) } void listfree(loc x) {emp}

if (x == 0) { } else {

let nxt2 = *(x + 1);

{X#FO0As={vus |[X2] «xxr Vv (XT|)nxt2]«lsegl (nxtl,s) }

27

{ €Mp J
}
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predicatg Iseg{(loc X, set s) { {Isegl (x,5) }| void listfree(loc x) |{emp }
X=U A {S=0O |

; emp
XFOA {s={us [x2]xxPVvs (Xt |)-yxlsegys) ]}

if (x == 0) { } else {

let nxt2 = *(x + 1);

free(x);

{x#F 0 As={vjus ;llsegl (nxt s')|}
?7?

{ €Mp J
}
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predicate Iseg (loc x, set s) {
Xx=0 A {s=0

, emp }
XFOA {s={us [x2]xxPVvs (Xt |)-yxlsegys) ]}

if (x == 0) { } else {

let nxt2 = *(x + 1);
free(x);

listfree(nxt2);

{x# 0As={vjus ;emp}

27

{ €Mp J
'
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{Isegl (x,5) } void listfree(loc x) {emp}



predicate Iseg (loc x, set s) {
Xx=0 A {s=0 . emp }

XFOA {s={us [x2]=xm v (x+t1])ry=xlseg(ys)]

{Isegl (x,5) } void listfree(loc x) {emp}

if (x == 0) { } else {

let nxt2 = *(x + 1);
free(x);

listfree(nxt2);

skip;
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void listfree(loc x) {

if (x == 0) { } else {

let nxt2 = *(x + 1);
free(x);

listfree(nxt2);

oz



All Rules



STARPARTIAL
x+i1#£y+1 ¢¢ dEPANx+1#EyYy+1)
> T {gb’; (x,1) e>x<<y, l’> r—>e'*P}~>{Q}|c

3. T; {gb (x,1) — e>x<<y, L’> — e'*P}'\»{Q}|c

OPEN
D £ p(xi){&s {15 Rj}>j€1...N €2
¢ < MaxUnfold o £ [x; = y;] Vars(y;) €T

$j = pnlol& nloly;  Pj = [[o]R;1° « [P]
Vjiel...N, XI5 {¢;; Pt~ {Q} ¢

¢ £ if ([o]&1) {c1} else {if ([0]&) . . .else {cn}}
E5Ts {¢s P p (G0}~ {Q) e

ABDUCECALL
F=f&i): {$riPrsFri{yr: Op} € 2
Ff has no predicate instances lo|Pr =P
Fr # emp F' £ [O']Ff 2T {¢p; F}~o {¢;F’}| C1
05 {g; P+ F' + Rp~> {Q}] ez

2 {g P« Fx Ri~>{Q} cp5e2

READ
acGV(T, P, Q) y ¢ Vars (I, P, Q)

rv{y};ly/al{¢g;<{x, 1) » axP}~|y/al{Q}]|c
20 {d;(x, 1)y > axPl~{Q}|lety = x(x + 1); ¢

CLOSE

D £ pE & x> Ri}) jer. N €
¢ < MaxUnfold o= [xi — yi]
forsome k,1 <k <N R 2 [[o]R 1!

S0 AP~ Y Alo)ée Alolxk: Q= R} e
S5T5 (P {§:.0 5 p @)

C

CALL
F=fFG7):{gp Pri{ys Ort € X
R=‘[o]Pf ¢ =[ocl¢r
¢’ = [olyr R £ [[0]Qf] e; =[o]x;
Vars(e;) C I > T {gb/\gb';P*R’}’\»{Q}lc

X {p; P+ R~ {Q}| f(ei);c

ALLOC
R =z n]**Foci<n {2z, i) > e;)) zeEV(I[, P, Q) FREE
({yyu{z}) nvars(, P, Q) = 0
R/ é [y’ Tl] * *OSiSn ((y’ l> = ti)
S5 ¢ P R'p~ {y; 0 RY| ¢
2T {p; Py~ {y; O« R}|let y = malloc(n);c

R =[x, n] * Fo<i<n ((x, i) — €;)
Vars({x} U {e;}) C I 2T {p; P~ {Q} ] c

2T {p; P« R}~ {Q}| free(n);c

WRITE
Vars(e) C I I {g;(x, 1) mexP~{y;{(x, 1) > exQ}|c

F;{¢;(x,t)r—>e'>x<P}fv> {g&;(x,t)He*Q}‘ *(x +1)=e;c

UNIFYHEAPS
FRAME

EV(I, P, Q)NVars(R) =0
frameable (R’) I; {¢; P}~ {y;0}] c

I {¢; P+« Ry~ {Y; 0« R}|c

[6]R" = R
frameable (R’) 0 #dom(o) CEV(T, P, Q)
T; {P+ R}~ [ol{y; 0+ R'}|c
T {$: P+ R}~ {y: 0« R'}| ¢

NurLLNoTLVAL
x#0¢ ¢ P EPAx#0
S {d (x. 1) o e x Pl {Q)]

X {p; (x, 1) » ex P~ {Q}|c

INDUCTION Emp
f £ goal’s name EV(I, P, Q) =10 o=y

I'; {¢;emp}~> {y;emp}| skip

xX; = goal’s formals
Pr£p'(i)« [P1  Qf £ [Q]
F 2 FxD): {dps Pri{r Or}
2, Fi s {dsp'(Ui) = P~ {Q}]

=05 g p’(U7) « P~ {Q}

INCONSISTENCY
b= L

I; {¢; P}~ {Q}|error

SUBSTLEFT
¢ =>x=y
I [y/x{g; P~ [y/x|[{&Q}] c

I'; {g; Py~ {Q}]c

Pick UNIFYPURE

y e EV(T, P, Q) [o]y’ = ¢’
Vars(e) e T UGV (T, P, Q) 0 # dom (o) CEV(I, P, Q)
Iy {¢; P~ e/yl{y; O}lc I {Pi~[o{Q}]c

I'; {¢g; Py~ {y;Q}lc T {¢p A ¢'s PE~{y A Y50} c

SUBSTRIGHT
x € EV(T, P, Q)

2 AP~ le/x[{y, O}l c
2 {Pr~>{y Ax=e;0}|c

60



Theorem |

P Qlc  imples {P} ¢ {Q]

6/



Theorem 2.

il P-'W)Q|C

then ¢ terminates.
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Synthesis Algorithm



Proof Search Algorithm

Goal-driven, with backtracking (in CPS), trying a fixed set of rules;
Branching. some rules emit many alternatives;
Along with the program, emits the complete proof tree.

Optimisations: Invertible Rules (cf. Focusing in Proof Theory),
ohased search, "Early Falilure” rules
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| Imitations

Specifications have to be inductive
Only structural recursion wrt. inductive predicates (/.e., no QuickSort)
Unfolding of predicates up to a fixed depth

Limitations of used decision procedures for the pure logic fragment
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Implementation



SUSLIK

(Synthesis using Separation Logik)

e GitHub repository: https://github.com/TyGuS/suslik

e Online Demo: http://comcom.csail.mit.edu/comcom/;

/3

ESUSLIK

.


https://github.com/TyGuS/suslik
http://comcom.csail.mit.edu/comcom/#SuSLik

Demo?”?



Group Description Code Code/Spec | Time  T-phase T-inv  T-fail T-com  T-all | T-IS
swap two 12 0.9% <0.1 <01 <01 <01 <0.1 <0.1
Integers min of two? 10 0.7x 0.1 0.1 0.1 <0.1 0.1 0.2
length?!+ 21 1.2x 0.4 0.9 0.5 0.4 0.6 14 | 29x
max’ 27 1.7x 0.6 0.8 0.5 0.4 0.4 0.8 | 20x
min 27 1.7x 0.5 0.9 0.5 0.4 0.5 1.2 | 49x
singleton? 11 0.8x <0.1 <0.1 <01 <01 <0.1 <0.1
Linked dispose 11 28x | <0.1 <01 <01 <01 <0.1 <0.1
List initialize 13 14x | <0.1 0.1 01 <0.1 01 <0.1
copy’ 35 2.5% 0.2 0.3 0.3 0.1 0.2 -
append? 19 1.1x 0.2 0.3 0.3 0.2 0.3 0.7
delete3 44 2.6X 0.7 0.5 0.3 0.2 0.3 0.7
prepend! 11 0.3x 0.2 1.4 83.5 0.1 0.1 - 48x
Sorted insert! 58 1.2x 48 : : : 5.0 - | ex
list insertion sort! 28 1.3x 1.1 1.8 1.3 1.2 1.2 742 | 82«
size 38 2.7% 0.2 0.3 0.2 0.2 0.2 0.3
dispose 16 4.0x <0.1 <0.1 <01 <01 <0.1 <0.1
Tree copy 55 3.9% 0.4 49.8 - 0.8 1.4 -
flatten w/append | 48 4.0x 0.4 0.6 0.5 0.4 0.4 0.6
flatten w/acc 35 1.9x 0.6 1.7 0.7 0.5 0.6 -
insert! 58 1.2x 31.9 - - - - - 11x
BST rotate left! 15 0.1x 37.7 - - - - - 0.5x
rotate right? 15 0.1x 17.2 - - - - - 0.8x

! From (Qiu and Solar-Lezama 2017)
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2 From (Leino and Milicevic 2012)

3 From (Qiu et al. 2013)



Group Description Code | Code/Spec|| Time  T-phase T-inv  T-fail T-com  T-all | T-IS
swap two 12 0.9% <0.1 <0.1 <01 <01 <0.1 <0.1
Integers min of two? 10 0.7x 0.1 0.1 0.1 <0.1 0.1 0.2
length?!+ 21 1.2x 0.4 0.9 0.5 0.4 0.6 14 | 29x
max’ 27 1.7x 0.6 0.8 0.5 0.4 0.4 0.8 | 20x
min 27 1.7x 0.5 0.9 0.5 0.4 0.5 1.2 | 49x
singleton? 11 0.8x <0.1 <0.1 <01 <01 <0.1 <0.1
Linked dispose 11 28x || <0.1 <01 <01 <01 <0.1 <0.1
List initialize 13 14x || <0.1 01 01 <0.1 01 <0.1
copy’ 35 2.5% 0.2 0.3 0.3 0.1 0.2 -
append? 19 1.1x 0.2 0.3 0.3 0.2 0.3 0.7
delete3 44 2.6X 0.7 0.5 0.3 0.2 0.3 0.7
prepend! 11 0.3x 0.2 1.4 83.5 0.1 0.1 - 48x
Sorted insert! 58 1.2x 48 : : : 5.0 - | ex
list insertion sort! 28 1.3x 1.1 1.8 1.3 1.2 1.2 742 | 82«
size 38 2.7% 0.2 0.3 0.2 0.2 0.2 0.3
dispose 16 4.0x <0.1 <0.1 <01 <01 <0.1 <0.1
Tree copy 55 3.9% 0.4 49.8 - 0.8 1.4 -
flatten w/append | 48 4.0x 0.4 0.6 0.5 0.4 0.4 0.6
flatten w/acc 35 1.9x 0.6 1.7 0.7 0.5 0.6 -
insert! 58 1.2x 31.9 - - - - - 11x
BST rotate left! 15 0.1x 37.7 - - - - - 0.5x
rotate right? 15 0.1x 17.2 - - - - - 0.8x

I From (Qiu and Solar-Lezama 2017)
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2 From (Leino and Milicevic 2012)

3 From (Qiu et al. 2013)



Group Description Code Code/Spec | Time  T-phase T-inv  T-fail T-com  T-all
swap two 12 0.9% <0.1 <0.1 <01 <0.1 <0.1 <0.1
Integers min of two? 10 0.7x 0.1 0.1 0.1 <0.1 0.1 0.2
length!- 21 1.2x 0.4 0.9 0.5 0.4 0.6 1.4
max’ 27 1.7x 0.6 0.8 0.5 0.4 0.4 0.8
min 27 1.7x 0.5 0.9 0.5 0.4 0.5 1.2
singleton? 11 0.8x <0.1 <01 <01 <0.1 <01 <0.1
Linked dispose 11 28x | <0.1 <01 <01 <01 <0.1 <0.1
List initialize 13 14x | <0.1 0.1 01 <0.1 01 <0.1
copy’ 35 2.5% 0.2 0.3 0.3 0.1 0.2 -
append? 19 1.1x 0.2 0.3 0.3 0.2 0.3 0.7
delete? 44 2.6X 0.7 0.5 0.3 0.2 0.3 0.7
prepend? 11 0.3x 0.2 1.4 83.5 0.1 0.1 -
Sorted insert! 58 1.2x 48 : : : 5.0 :
list insertion sort! 28 1.3x 1.1 1.8 1.3 1.2 1.2 742
size 38 2.7% 0.2 0.3 0.2 0.2 0.2 0.3
dispose 16 4.0x <0.1 <01 <01 <01 <0.1 <0.1
Tree copy 55 3.9% 0.4 49.8 - 0.8 1.4 -
flatten w/append | 48 4.0x 0.4 0.6 0.5 0.4 0.4 0.6
flatten w/acc 35 1.9x 0.6 1.7 0.7 0.5 0.6 -
insert? 58 1.2x 31.9 - - - - -
BST rotate left! 15 0.1x 37.7 - - - - -
rotate right? 15 0.1x 17.2 - - - - -

I From|(Qiu and Solar-Lezama 2017) ¢ From (Leino and Milicevic 2012) 3 From (Qiu et al. 2013)
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o lake Away

e Separation Logic (SL) is a Proof System for heap-manipulating programs.

* Synthetic Separation Logic (SSL) expresses program synthesis
as algorithmic proof search for SL-style specifications.

 SuSLIK is a deductive synthesis tool implementing fast proof search in SSL.

~N

g
Thanks!
g
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