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This paper describes a deductive approach to synthesizing imperative programs with pointers from declarative
specifications expressed in Separation Logic. Our synthesis algorithm takes as input a pair of assertions—
a pre- and a postcondition—which describe two states of the symbolic heap, and derives a program that
transforms one state into the other, guided by the shape of the heap. Our approach to program synthesis
is grounded in proof theory: we introduce the novel framework of Synthetic Separation Logic (SSL), which
generalises the classical notion of heap entailment P ⊢ Q to incorporate a possibility of transforming a heap
satisfying an assertion P into a heap satisfying an assertion Q. A synthesized program represents a proof
term for a transforming entailment statement P ! Q, and the synthesis procedure corresponds to a proof
search. The derived programs are, thus, correct by construction, in the sense that they satisfy the ascribed
pre/postconditions, and are accompanied by complete proof derivations, which can be checked independently.

We have implemented a proof search engine for SSL in a form of the program synthesizer called SuSLik.
For efficiency, the engine exploits properties of SSL rules, such as invertibility and commutativity of rule
applications on separate heaps, to prune the space of derivations it has to consider. We explain and showcase
the use of SSL on characteristic examples, describe the design of SuSLik, and report on our experience of
using it to synthesize a series of benchmark programs manipulating heap-based linked data structures.

CCS Concepts: • Theory of computation→ Logic and verification; • Software and its engineering→
Automatic programming;
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1 INTRODUCTION

Consider the task of implementing a procedure swap(x, y), which swaps the values stored at
two distinct heap locations, x and y. The desired effect of swap can be concisely captured via
pre/postconditions expressed in Separation Logic (SL)—a Hoare-style program logic for specifying
and verifying stateful programs with pointers (O’Hearn et al. 2001; Reynolds 2002):

{x "→ a ∗ y "→ b} void swap(loc x, loc y) {x "→ b ∗ y "→ a} (1)

This specification is declarative: it describes what the heap should look like before and after
executing swap without saying how to get from one to the other. Specifically, it states that the
program takes as input two pointers, x and y, and runs in a heap where x points to an unspecified
value a, and y points to b. Both a and b here are logical (ghost) variables, whose scope captures both
pre- and postcondition (Kleymann 1999). Because these variables are ghosts, we cannot use them
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Curry-Howard Correspondence

• Type Theories are Proofs Systems 

• Types are Propositions  

• Programs are Proofs 

• Hence, Proof Search is Program Synthesis

• Separation Logic is a Type Theory of state
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This Work
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Program Synthesis 
using  

Separation Logic



Let’s swap values of two distinct pointers
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Let’s swap values of two distinct pointers

a bx y↦ ↦
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Let’s swap values of two distinct pointers

b ax y↦ ↦
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void swap(loc x, loc y)
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Peter W. O'Hearn, John C. Reynolds, Hongseok Yang: 
Local Reasoning about Programs that Alter Data Structures. CSL 2001

void swap(loc x, loc y)

{ x ↦ a * y ↦ b }

{ x ↦ b * y ↦ a }

“separately”



{ x ↦ a * y ↦ b }

{ x ↦ b * y ↦ a }

??
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{ x ↦ a2 * y ↦ b }

{ x ↦ b * y ↦ a2 }

??

let a2 = *x;
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{ x ↦ a2 * y ↦ b2 }

{ x ↦ b2 * y ↦ a2 }
??

let a2 = *x;

let b2 = *y;
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{ x ↦ b2 * y ↦ b2 }

{ x ↦ b2 * y ↦ a2 }

let a2 = *x;

??

let b2 = *y;

*x = b2;
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{ x ↦ b2 * y ↦ a2 }

{ x ↦ b2 * y ↦ a2 }

let a2 = *x;

??

let b2 = *y;

x ↦ b2 * y ↦ a2

x ↦ b2 * y ↦ a2

*x = b2;

*y = a2;
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{ x ↦ b2 * y ↦ a2 }

{ x ↦ b2 * y ↦ a2 }

let a2 = *x;

??

let b2 = *y;

x ↦ b2 * y ↦ a2 x ↦ b2 * y ↦ a2⊢

*x = b2;

*y = a2;

 14



let a2 = *x;

{ x ↦ b2 * y ↦ a2 }

{ x ↦ b2 * y ↦ a2 }
??

let b2 = *y;

x ↦ b2 * y ↦ a2 x ↦ b2 * y ↦ a2⊢

*x = b2;

*y = a2;
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let a2 = *x;

let b2 = *y;

*x = b2;

*y = a2;

void swap(loc x, loc y) {

}

 16



Reasoning with Symbolic Heaps
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Symbolic Heap Entailment

P Q⊢

Any heap (state) that satisfies P,  also satisfies Q.
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Program Validity wrt. Pre/Postcondition

{ P } { Q }

If the initial state satisfies P,  then, after c 
terminates, the final state satisfies Q.

c
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Transforming Entailment

P Q⇝

There exists a program c, such that  
for any initial state satisfying P,   

c, after it terminates,  
will transform to a state satisfying Q.

(our work)
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P Q⇝P Q⊢ implies

“Proof ”: skip
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⇝x ↦ a

“Proof ”: *x = 42

x ↦ 42
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⇝x ↦ a *x = 42x ↦ 42 |
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P Q⇝ | c

P transforms to Q via a program c.
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Synthetic Separation Logic
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P Q⇝ | cГ ;
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P Q⇝ | cГ ;

• (Г, P, Q) — goal 

• GV (Г, P, Q) — ghost variables (scope: pre/postcondition) 

• EV (Г, P, Q) — existentials (scope: postcondition)
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Г; {emp} ⇝ {emp} | ?? 
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Г; {emp} ⇝ {emp} | skip      (Emp)
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a ∈ GV(Г, P, Q)

Г; { x ↦ a ∗ P } ⇝ { Q } | ??  

 30



          a ∈ GV(Г, P, Q)         y is fresh                        
   Г, y ; [y/a]{ x ↦ y ∗ P } ⇝ [y/a]{ Q } | c
————————————————— (Read)
Г; { x ↦ a ∗ P } ⇝ { Q } | let y = *x; c  
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Г; { x ↦ - ∗ P } ⇝ { x ↦ e ∗ Q } | ?? 

Vars(e) ⊆ Г
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                         Vars(e) ⊆ Г
        Г ; { x ↦ e ∗ P } ⇝ { x ↦ e ∗ Q } | c
—————————————————— (Write)
Г; { x ↦ - ∗ P } ⇝ { x ↦ e ∗ Q } | *x = e; c  
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Г; { P ∗ R } ⇝ { Q ∗ R } | ??

 34



   EV(Г, P, Q) ∩ Vars(R) = ∅ 
      Г ; { P } ⇝ { Q } | c
——————————— (Frame)
Г; { P ∗ R } ⇝ { Q ∗ R } | c  
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   EV(Г, P, Q) ∩ Vars(R) = ∅ 
      Г ; { P } ⇝ { Q } | c
——————————— (Frame)
Г; { P ∗ R } ⇝ { Q ∗ R } | c  

                         Vars(e) ⊆ Г
        Г ; { x ↦ e ∗ P } ⇝ { x ↦ e ∗ Q } | c
—————————————————— (Write)
Г; { x ↦ - ∗ P } ⇝ { x ↦ e ∗ Q } | *x = e; c  

          a ∈ GV(Г, P, Q)         y is fresh                        
   Г, y ; [y/a]{ x ↦ y ∗ P } ⇝ [y/a]{ Q } | c
————————————————— (Read)
Г; { x ↦ a ∗ P } ⇝ { Q } | let y = *x; c  

Г; {emp} ⇝ {emp} | skip      (Emp)
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void swap(loc x, loc y)

{ x ↦ a ∗ y ↦ b }

{ x ↦ b ∗ y ↦ a }
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⇝ { x ↦ a ∗ y ↦ b } { x ↦ b ∗ y ↦ a }{ x, y } ; | ??
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⇝ { x ↦ a ∗ y ↦ b } { x ↦ b ∗ y ↦ a }{ x, y } ; | let a2 = *x; ??
(Read)

⇝ { x ↦ a2 ∗ y ↦ b } { x ↦ b ∗ y ↦ a2 }{ x, y, a2 } ; | ??
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⇝ { x ↦ a ∗ y ↦ b } { x ↦ b ∗ y ↦ a }{ x, y } ; | let a2 = *x; ??
(Read)

⇝ { x ↦ a2 ∗ y ↦ b } { x ↦ b ∗ y ↦ a2 }{ x, y, a2 } ; | let b2 = *y; ??

⇝ { x ↦ a2 ∗ y ↦ b2 } { x ↦ b2 ∗ y ↦ a2 }{ x, y, a2, b2 } ; | ??
(Read)
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⇝ { x ↦ a ∗ y ↦ b } { x ↦ b ∗ y ↦ a }{ x, y } ; | let a2 = *x; ??
(Read)

⇝ { x ↦ a2 ∗ y ↦ b } { x ↦ b ∗ y ↦ a2 }{ x, y, a2 } ; | let b2 = *y; ??

⇝ { x ↦ a2 ∗ y ↦ b2 } { x ↦ b2 ∗ y ↦ a2 }{ x, y, a2, b2 } ; | *x = b2; ??
(Read)

⇝ { x ↦ b2 ∗ y ↦ b2 } { x ↦ b2 ∗ y ↦ a2 }{ x, y, a2, b2 } ; | ??
(Write)

 41



⇝ { x ↦ a ∗ y ↦ b } { x ↦ b ∗ y ↦ a }{ x, y } ; | let a2 = *x; ??
(Read)

⇝ { x ↦ a2 ∗ y ↦ b } { x ↦ b ∗ y ↦ a2 }{ x, y, a2 } ; | let b2 = *y; ??

⇝ { x ↦ a2 ∗ y ↦ b2 } { x ↦ b2 ∗ y ↦ a2 }{ x, y, a2, b2 } ; | *x = b2; ??
(Read)

⇝ { x ↦ b2 ∗ y ↦ b2 } { x ↦ b2 ∗ y ↦ a2 }{ x, y, a2, b2 } ; | ??
(Write)

(Frame)
⇝ { y ↦ b2 } { y ↦ a2 }{ x, y, a2, b2 } ; | ??
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⇝ { x ↦ a ∗ y ↦ b } { x ↦ b ∗ y ↦ a }{ x, y } ; | let a2 = *x; ??
(Read)

⇝ { x ↦ a2 ∗ y ↦ b } { x ↦ b ∗ y ↦ a2 }{ x, y, a2 } ; | let b2 = *y; ??

⇝ { x ↦ a2 ∗ y ↦ b2 } { x ↦ b2 ∗ y ↦ a2 }{ x, y, a2, b2 } ; | *x = b2; ??
(Read)

⇝ { x ↦ b2 ∗ y ↦ b2 } { x ↦ b2 ∗ y ↦ a2 }{ x, y, a2, b2 } ; | ??
(Write)

(Frame)
⇝ { y ↦ b2 } { y ↦ a2 }{ x, y, a2, b2 } ; |

(Write)

*y = a2; ??

⇝ { y ↦ a2 } { y ↦ a2 }{ x, y, a2, b2 } ; | ??
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⇝ { x ↦ a ∗ y ↦ b } { x ↦ b ∗ y ↦ a }{ x, y } ; | let a2 = *x; ??
(Read)

⇝ { x ↦ a2 ∗ y ↦ b } { x ↦ b ∗ y ↦ a2 }{ x, y, a2 } ; | let b2 = *y; ??

⇝ { x ↦ a2 ∗ y ↦ b2 } { x ↦ b2 ∗ y ↦ a2 }{ x, y, a2, b2 } ; | *x = b2; ??
(Read)

⇝ { x ↦ b2 ∗ y ↦ b2 } { x ↦ b2 ∗ y ↦ a2 }{ x, y, a2, b2 } ; | ??
(Write)

(Frame)
⇝ { y ↦ b2 } { y ↦ a2 }{ x, y, a2, b2 } ; |

(Write)

*y = a2; ??

⇝ { y ↦ a2 } { y ↦ a2 }{ x, y, a2, b2 } ; | ??

⇝ { emp } { emp }{ x, y, a2, b2 } ; | ??
(Frame)
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⇝ { x ↦ a ∗ y ↦ b } { x ↦ b ∗ y ↦ a }{ x, y } ; | let a2 = *x;
(Read)

⇝ { x ↦ a2 ∗ y ↦ b } { x ↦ b ∗ y ↦ a2 }{ x, y, a2 } ; | let b2 = *y;

⇝ { x ↦ a2 ∗ y ↦ b2 } { x ↦ b2 ∗ y ↦ a2 }{ x, y, a2, b2 } ; | *x = b2;
(Read)

⇝ { x ↦ b2 ∗ y ↦ b2 } { x ↦ b2 ∗ y ↦ a2 }{ x, y, a2, b2 } ; | ??
(Write)

(Frame)
⇝ { y ↦ b2 } { y ↦ a2 }{ x, y, a2, b2 } ; |

(Write)

*y = a2;

⇝ { y ↦ a2 } { y ↦ a2 }{ x, y, a2, b2 } ; | ??

⇝ { emp } { emp }{ x, y, a2, b2 } ; | skip
(Frame)

(Emp)

??

??

??

??
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let a2 = *x;

let b2 = *y;

*x = b2;

*y = a2;

void swap(loc x, loc y) {

}
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Pure Parts
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Г ;  { P } ⇝ { Q }  | c
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Г ;  { φ; P } ⇝ { ψ; Q }  | c
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Inductive Predicates  
and Recursion
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v y
x x + 1

v’ y’
y y + 1

… w 0
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predicate lseg (loc x, set s) {
   |  x = 0  ⋀  { s = ∅         ;  emp }
   |  x ≠ 0 ⋀  { s = {v} ∪ s’   ; [x, 2] ∗ x ↦ v ∗ (x + 1) ↦ y ∗ lseg(y, s’) }
}

v y
x x + 1

v’ y’
y y + 1

… w 0

z}|{

lseg (x, s)

z }| {
lseg (y, s’)
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void listfree(loc x)

{ lseg (x, s) }

{ emp }

predicate lseg (loc x, set s) {
   |  x = 0  ⋀  { s = ∅         ;  emp }
   |  x ≠ 0 ⋀  { s = {v} ∪ s’   ; [x, 2] ∗ x ↦ v ∗ (x + 1) ↦ y ∗ lseg(y, s’) }
}
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{ lseg1 (x, s) } void listfree(loc x) { emp }

{ lseg0 (x, s) }

{ emp }

??

predicate lseg (loc x, set s) {
   |  x = 0  ⋀  { s = ∅         ;  emp }
   |  x ≠ 0 ⋀  { s = {v} ∪ s’   ; [x, 2] ∗ x ↦ v ∗ (x + 1) ↦ y ∗ lseg(y, s’) }
}
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{ lseg1 (x, s) } void listfree(loc x) { emp }

{ lseg0 (x, s) }

{ emp }

??

predicate lseg (loc x, set s) {
   |  x = 0  ⋀  { s = ∅         ;  emp }
   |  x ≠ 0 ⋀  { s = {v} ∪ s’   ; [x, 2] ∗ x ↦ v ∗ (x + 1) ↦ y ∗ lseg(y, s’) }
}
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{ lseg1 (x, s) } void listfree(loc x) { emp }

{ x = 0 ; lseg0 (x, s) }

{ emp }

predicate lseg (loc x, set s) {
   |  x = 0  ⋀  { s = ∅         ;  emp }
   |  x ≠ 0 ⋀  { s = {v} ∪ s’   ; [x, 2] ∗ x ↦ v ∗ (x + 1) ↦ y ∗ lseg(y, s’) }
}

} else {

}

??

{ emp }

??

{ x ≠ 0 ; lseg0 (x, s) }

if (x == 0) {
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{ lseg1 (x, s) } void listfree(loc x) { emp }

{ x = 0 ⋀ s = ∅ ;  emp }

{ emp }

predicate lseg (loc x, set s) {
   |  x = 0  ⋀  { s = ∅         ;  emp }
   |  x ≠ 0 ⋀  { s = {v} ∪ s’   ; [x, 2] ∗ x ↦ v ∗ (x + 1) ↦ y ∗ lseg(y, s’) }
}

} else {

}

??

{ emp }

??

{ x ≠ 0 ⋀ s = {v} ∪ s’   ; [x, 2] ∗ x ↦ v ∗ (x + 1) ↦ y ∗ lseg1 (y, s’) }

if (x == 0) {
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{ lseg1 (x, s) } void listfree(loc x) { emp }

{ x = 0 ⋀ s = ∅ ;  emp }

{ emp }

if (x == 0) {

predicate lseg (loc x, set s) {
   |  x = 0  ⋀  { s = ∅         ;  emp }
   |  x ≠ 0 ⋀  { s = {v} ∪ s’   ; [x, 2] ∗ x ↦ v ∗ (x + 1) ↦ y ∗ lseg(y, s’) }
}

} else {

}

skip

{ emp }

??

{ x ≠ 0 ⋀ s = {v} ∪ s’   ; [x, 2] ∗ x ↦ v ∗ (x + 1) ↦ y ∗ lseg1 (y, s’) }
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{ lseg1 (x, s) } void listfree(loc x) { emp }predicate lseg (loc x, set s) {
   |  x = 0  ⋀  { s = ∅         ;  emp }
   |  x ≠ 0 ⋀  { s = {v} ∪ s’   ; [x, 2] ∗ x ↦ v ∗ (x + 1) ↦ y ∗ lseg(y, s’) }
}

}

{ emp }

??

{ x ≠ 0 ⋀ s = {v} ∪ s’   ; [x, 2] ∗ x ↦ v ∗ (x + 1) ↦ y ∗ lseg1 (y, s’) }
if (x == 0) { } else {
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{ lseg1 (x, s) } void listfree(loc x) { emp }predicate lseg (loc x, set s) {
   |  x = 0  ⋀  { s = ∅         ;  emp }
   |  x ≠ 0 ⋀  { s = {v} ∪ s’   ; [x, 2] ∗ x ↦ v ∗ (x + 1) ↦ y ∗ lseg(y, s’) }
}

}

{ emp }

??

{ x ≠ 0 ⋀ s = {v} ∪ s’   ; [x, 2] ∗ x ↦ v ∗ (x + 1) ↦ nxt2 ∗ lseg1 (nxt2, s’) }

let nxt2 = *(x + 1);

if (x == 0) { } else {
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{ lseg1 (x, s) } void listfree(loc x) { emp }

if (x == 0) {

predicate lseg (loc x, set s) {
   |  x = 0  ⋀  { s = ∅         ;  emp }
   |  x ≠ 0 ⋀  { s = {v} ∪ s’   ; [x, 2] ∗ x ↦ v ∗ (x + 1) ↦ y ∗ lseg(y, s’) }
}

} else {

}

{ emp }

??

{ x ≠ 0 ⋀ s = {v} ∪ s’   ; lseg1 (nxt2, s’) }

free(x);

let nxt2 = *(x + 1);
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{ lseg1 (x, s) } void listfree(loc x) { emp }

if (x == 0) {

predicate lseg (loc x, set s) {
   |  x = 0  ⋀  { s = ∅         ;  emp }
   |  x ≠ 0 ⋀  { s = {v} ∪ s’   ; [x, 2] ∗ x ↦ v ∗ (x + 1) ↦ y ∗ lseg(y, s’) }
}

} else {

}

{ emp }

??

{ x ≠ 0 ⋀ s = {v} ∪ s’   ; emp }

free(x);

let nxt2 = *(x + 1);

listfree(nxt2);
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{ lseg1 (x, s) } void listfree(loc x) { emp }

if (x == 0) {

predicate lseg (loc x, set s) {
   |  x = 0  ⋀  { s = ∅         ;  emp }
   |  x ≠ 0 ⋀  { s = {v} ∪ s’   ; [x, 2] ∗ x ↦ v ∗ (x + 1) ↦ y ∗ lseg(y, s’) }
}

} else {

}

skip;

free(x);

let nxt2 = *(x + 1);

listfree(nxt2);
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if (x == 0) { } else {

}

free(x);

let nxt2 = *(x + 1);

listfree(nxt2);

void listfree(loc x) {

}
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All Rules

 65
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I��������
f , goal’s name

xi , goal’s formals
Pf , p1(�i ) ⇤ dP e Qf , dQ e
F , f (xi ) :

�
�f ; Pf

 �
�f ;Qf

 
�, F; � ;

�
� ;p0(�i ) ⇤ P

 
{ {Q}

�� c
� ; � ;

�
� ;p0(�i ) ⇤ P

 
{ {Q}

�� c

E��
EV (� , P, Q) = ; � ) �

� ; {� ; emp}{ {� ; emp} | skip

I������������
� ) ?

� ; {� ; P }{ {Q} | error

N���N��LV��
x , 0 < � �0 , � ^ x , 0

� ; � ;
�
�0; hx, � i 7! e ⇤ P

 
{ {Q}

�� c
� ; � ; {� ; hx, � i 7! e ⇤ P }{ {Q} | c

S����L���
� ) x = �

� ; [�/x ]{� ; P }{ [�/x ]{Q} | c
� ; {� ; P }{ {Q} | c

S���P������
x + � , � + �0 < � �0 , � ^ (x + � , � + �0)

� ; � ;
�
�0; hx, � i 7! e ⇤

⌦
�, �0

↵
7! e0 ⇤ P

 
{ {Q}

�� c
� ; � ;

�
� ; hx, � i 7! e ⇤

⌦
�, �0

↵
7! e0 ⇤ P

 
{ {Q}

�� c

R���
a 2 GV (� , P, Q) � < Vars (� , P, Q)

� [ {� } ; [�/a]{� ; hx, � i 7! a ⇤ P }{ [�/a]{Q} | c
� ; � ; {� ; hx, � i 7! a ⇤ P }{ {Q} | let � = ⇤(x + �); c

O���
D , p(xi )

⌦
� j ,

�
�j , Rj

 ↵
j21. . .N 2 �

` < MaxUnfold � , [xi 7! �i ] Vars (�i ) ✓ �
� j , � ^ [� ]� j ^ [� ]�j Pj , d[� ]Rj e`+1 ⇤ dP e

8j 2 1. . .N , � ; � ;
�
� j ; Pj

 
{ {Q}

�� c j
c , if ([� ]�1) {c1 } else {if ([� ]�2) . . . else {cN }}

� ; � ;
n
� ; P ⇤ p` (�i )

o
{ {Q}

��� c

C����
D , p(xi )

⌦
� j ,

�
�j , Rj

 ↵
j21. . .N 2 �

` < MaxUnfold � , [xi 7! �i ]
for some k, 1  k  N R0 , d[� ]Rk e`+1
� ; � ; {P }{

�
� ^ [� ]�k ^ [� ]�k ;Q ⇤ R0 �� c

� ; � ; {P }{
n
� ;Q ⇤ p` (�i )

o��� c
A�����C���

F , f (xi ) :
�
�f ; Pf ⇤ Ff

 �
�f ;Qf

 
2 �

Ff has no predicate instances [� ]Pf = P
Ff , emp F 0 , [� ]Ff � ; � ; {� ; F }{

�
� ; F 0 �� c1

� ; � ;
�
� ; P ⇤ F 0 ⇤ R

 
{ {Q}

�� c2
� ; � ; {� ; P ⇤ F ⇤ R }{ {Q} | c1; c2

C���
F , f (xi ) :

�
�f ; Pf

 �
�f ;Qf

 
2 �

R =` [� ]Pf � ) [� ]�f
�0 , [� ]�f R0 , d[� ]Qf e ei = [� ]xi

Vars (ei ) ✓ � � ; � ;
�
� ^ �0; P ⇤ R0 { {Q}

�� c
� ; � ; {� ; P ⇤ R }{ {Q} | f (ei ); c

A����
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�
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P���
� 2 EV (� , P, Q)
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frameable

�
R0� ; , dom (� ) ✓ EV (� , P, Q)

� ; {P ⇤ R }{ [� ]
�
� ;Q ⇤ R0 �� c

� ; {� ; P ⇤ R }{
�
� ;Q ⇤ R0 �� c

F����
EV (� , P, Q) \ Vars (R) = ;

frameable
�
R0� � ; {� ; P }{ {� ;Q } | c

� ; {� ; P ⇤ R }{ {� ;Q ⇤ R } | c

P���
� 2 EV (� , P, Q)

Vars (e) 2 � [ GV (� , P, Q)
� ; {� ; P }{ [e/�]{� ;Q } | c

� ; {� ; P }{ {� ;Q } | c

U����P���
[� ]� 0 = �0

; , dom (� ) ✓ EV (� , P, Q)
� ; {P }{ [� ]{Q} | c

� ;
�
� ^ �0; P

 
{

�
� ^� 0;Q

 �� c

S����R����
x 2 EV (� , P, Q)

� ; � ; {P }{ [e/x ]{� , Q } | c
� ; � ; {P }{ {� ^ x = e ;Q } | c

Fig. 12. All rules of SSL. Grayed parts are parameters; instantiating them di�erently yields di�erent rules.

Proc. ACM Program. Lang., Vol. 1, No. 1, Article . Publication date: July 2018.

Structuring the Synthesis of Heap-Manipulating Programs :13

I��������
f , goal’s name

xi , goal’s formals
Pf , p1(�i ) ⇤ dP e Qf , dQ e
F , f (xi ) :

�
�f ; Pf

 �
�f ;Qf

 
�, F; � ;

�
� ;p0(�i ) ⇤ P

 
{ {Q}

�� c
� ; � ;

�
� ;p0(�i ) ⇤ P

 
{ {Q}

�� c

E��
EV (� , P, Q) = ; � ) �

� ; {� ; emp}{ {� ; emp} | skip

I������������
� ) ?

� ; {� ; P }{ {Q} | error

N���N��LV��
x , 0 < � �0 , � ^ x , 0

� ; � ;
�
�0; hx, � i 7! e ⇤ P

 
{ {Q}

�� c
� ; � ; {� ; hx, � i 7! e ⇤ P }{ {Q} | c

S����L���
� ) x = �

� ; [�/x ]{� ; P }{ [�/x ]{Q} | c
� ; {� ; P }{ {Q} | c

S���P������
x + � , � + �0 < � �0 , � ^ (x + � , � + �0)

� ; � ;
�
�0; hx, � i 7! e ⇤

⌦
�, �0

↵
7! e0 ⇤ P

 
{ {Q}

�� c
� ; � ;

�
� ; hx, � i 7! e ⇤

⌦
�, �0

↵
7! e0 ⇤ P

 
{ {Q}

�� c

R���
a 2 GV (� , P, Q) � < Vars (� , P, Q)

� [ {� } ; [�/a]{� ; hx, � i 7! a ⇤ P }{ [�/a]{Q} | c
� ; � ; {� ; hx, � i 7! a ⇤ P }{ {Q} | let � = ⇤(x + �); c

O���
D , p(xi )

⌦
� j ,

�
�j , Rj

 ↵
j21. . .N 2 �

` < MaxUnfold � , [xi 7! �i ] Vars (�i ) ✓ �
� j , � ^ [� ]� j ^ [� ]�j Pj , d[� ]Rj e`+1 ⇤ dP e

8j 2 1. . .N , � ; � ;
�
� j ; Pj

 
{ {Q}

�� c j
c , if ([� ]�1) {c1 } else {if ([� ]�2) . . . else {cN }}

� ; � ;
n
� ; P ⇤ p` (�i )

o
{ {Q}

��� c

C����
D , p(xi )

⌦
� j ,

�
�j , Rj

 ↵
j21. . .N 2 �

` < MaxUnfold � , [xi 7! �i ]
for some k, 1  k  N R0 , d[� ]Rk e`+1
� ; � ; {P }{

�
� ^ [� ]�k ^ [� ]�k ;Q ⇤ R0 �� c

� ; � ; {P }{
n
� ;Q ⇤ p` (�i )

o��� c
A�����C���

F , f (xi ) :
�
�f ; Pf ⇤ Ff

 �
�f ;Qf

 
2 �

Ff has no predicate instances [� ]Pf = P
Ff , emp F 0 , [� ]Ff � ; � ; {� ; F }{

�
� ; F 0 �� c1

� ; � ;
�
� ; P ⇤ F 0 ⇤ R

 
{ {Q}

�� c2
� ; � ; {� ; P ⇤ F ⇤ R }{ {Q} | c1; c2

C���
F , f (xi ) :

�
�f ; Pf

 �
�f ;Qf

 
2 �

R =` [� ]Pf � ) [� ]�f
�0 , [� ]�f R0 , d[� ]Qf e ei = [� ]xi

Vars (ei ) ✓ � � ; � ;
�
� ^ �0; P ⇤ R0 { {Q}

�� c
� ; � ; {� ; P ⇤ R }{ {Q} | f (ei ); c

A����
R = [z, n] ⇤ ⇤0in (hz, i i 7! ei ) z 2 EV (� , P, Q)�

{� } [
�
ti
 �

\ Vars (� , P, Q) = ;
R0 , [�, n] ⇤ ⇤0in (h�, i i 7! ti )
� ; � ;

�
� ; P ⇤ R0 { {� ;Q ⇤ R }

�� c
� ; � ; {� ; P }{ {� ;Q ⇤ R } | let � = malloc(n); c

F���
R = [x, n] ⇤ ⇤0in (hx, i i 7! ei )

Vars ({x } [ {ei }) ✓ � � ; � ; {� ; P }{ {Q} | c
� ; � ; {� ; P ⇤ R }{ {Q} | free(n); c

W����
Vars (e) ✓ � � ; {� ; hx, � i 7! e ⇤ P }{ {� ; hx, � i 7! e ⇤Q } | c
� ;

�
� ; hx, � i 7! e0 ⇤ P

 
{ {� ; hx, � i 7! e ⇤Q }

�� ⇤(x + �) = e ; c
U����H����

[� ]R0 = R
frameable

�
R0� ; , dom (� ) ✓ EV (� , P, Q)

� ; {P ⇤ R }{ [� ]
�
� ;Q ⇤ R0 �� c

� ; {� ; P ⇤ R }{
�
� ;Q ⇤ R0 �� c

F����
EV (� , P, Q) \ Vars (R) = ;

frameable
�
R0� � ; {� ; P }{ {� ;Q } | c

� ; {� ; P ⇤ R }{ {� ;Q ⇤ R } | c

P���
� 2 EV (� , P, Q)

Vars (e) 2 � [ GV (� , P, Q)
� ; {� ; P }{ [e/�]{� ;Q } | c

� ; {� ; P }{ {� ;Q } | c

U����P���
[� ]� 0 = �0

; , dom (� ) ✓ EV (� , P, Q)
� ; {P }{ [� ]{Q} | c

� ;
�
� ^ �0; P

 
{

�
� ^� 0;Q

 �� c

S����R����
x 2 EV (� , P, Q)

� ; � ; {P }{ [e/x ]{� , Q } | c
� ; � ; {P }{ {� ^ x = e ;Q } | c

Fig. 12. All rules of SSL. Grayed parts are parameters; instantiating them di�erently yields di�erent rules.

Proc. ACM Program. Lang., Vol. 1, No. 1, Article . Publication date: July 2018.

Structuring the Synthesis of Heap-Manipulating Programs :13

I��������
f , goal’s name

xi , goal’s formals
Pf , p1(�i ) ⇤ dP e Qf , dQ e
F , f (xi ) :

�
�f ; Pf

 �
�f ;Qf

 
�, F; � ;

�
� ;p0(�i ) ⇤ P

 
{ {Q}

�� c
� ; � ;

�
� ;p0(�i ) ⇤ P

 
{ {Q}

�� c

E��
EV (� , P, Q) = ; � ) �

� ; {� ; emp}{ {� ; emp} | skip

I������������
� ) ?

� ; {� ; P }{ {Q} | error

N���N��LV��
x , 0 < � �0 , � ^ x , 0

� ; � ;
�
�0; hx, � i 7! e ⇤ P

 
{ {Q}

�� c
� ; � ; {� ; hx, � i 7! e ⇤ P }{ {Q} | c

S����L���
� ) x = �

� ; [�/x ]{� ; P }{ [�/x ]{Q} | c
� ; {� ; P }{ {Q} | c

S���P������
x + � , � + �0 < � �0 , � ^ (x + � , � + �0)

� ; � ;
�
�0; hx, � i 7! e ⇤

⌦
�, �0

↵
7! e0 ⇤ P

 
{ {Q}

�� c
� ; � ;

�
� ; hx, � i 7! e ⇤

⌦
�, �0

↵
7! e0 ⇤ P

 
{ {Q}

�� c

R���
a 2 GV (� , P, Q) � < Vars (� , P, Q)

� [ {� } ; [�/a]{� ; hx, � i 7! a ⇤ P }{ [�/a]{Q} | c
� ; � ; {� ; hx, � i 7! a ⇤ P }{ {Q} | let � = ⇤(x + �); c

O���
D , p(xi )

⌦
� j ,

�
�j , Rj

 ↵
j21. . .N 2 �

` < MaxUnfold � , [xi 7! �i ] Vars (�i ) ✓ �
� j , � ^ [� ]� j ^ [� ]�j Pj , d[� ]Rj e`+1 ⇤ dP e

8j 2 1. . .N , � ; � ;
�
� j ; Pj

 
{ {Q}

�� c j
c , if ([� ]�1) {c1 } else {if ([� ]�2) . . . else {cN }}

� ; � ;
n
� ; P ⇤ p` (�i )

o
{ {Q}

��� c

C����
D , p(xi )

⌦
� j ,

�
�j , Rj

 ↵
j21. . .N 2 �

` < MaxUnfold � , [xi 7! �i ]
for some k, 1  k  N R0 , d[� ]Rk e`+1
� ; � ; {P }{

�
� ^ [� ]�k ^ [� ]�k ;Q ⇤ R0 �� c

� ; � ; {P }{
n
� ;Q ⇤ p` (�i )

o��� c
A�����C���

F , f (xi ) :
�
�f ; Pf ⇤ Ff

 �
�f ;Qf

 
2 �

Ff has no predicate instances [� ]Pf = P
Ff , emp F 0 , [� ]Ff � ; � ; {� ; F }{

�
� ; F 0 �� c1

� ; � ;
�
� ; P ⇤ F 0 ⇤ R

 
{ {Q}

�� c2
� ; � ; {� ; P ⇤ F ⇤ R }{ {Q} | c1; c2

C���
F , f (xi ) :

�
�f ; Pf

 �
�f ;Qf

 
2 �

R =` [� ]Pf � ) [� ]�f
�0 , [� ]�f R0 , d[� ]Qf e ei = [� ]xi

Vars (ei ) ✓ � � ; � ;
�
� ^ �0; P ⇤ R0 { {Q}

�� c
� ; � ; {� ; P ⇤ R }{ {Q} | f (ei ); c

A����
R = [z, n] ⇤ ⇤0in (hz, i i 7! ei ) z 2 EV (� , P, Q)�

{� } [
�
ti
 �

\ Vars (� , P, Q) = ;
R0 , [�, n] ⇤ ⇤0in (h�, i i 7! ti )
� ; � ;

�
� ; P ⇤ R0 { {� ;Q ⇤ R }

�� c
� ; � ; {� ; P }{ {� ;Q ⇤ R } | let � = malloc(n); c

F���
R = [x, n] ⇤ ⇤0in (hx, i i 7! ei )

Vars ({x } [ {ei }) ✓ � � ; � ; {� ; P }{ {Q} | c
� ; � ; {� ; P ⇤ R }{ {Q} | free(n); c

W����
Vars (e) ✓ � � ; {� ; hx, � i 7! e ⇤ P }{ {� ; hx, � i 7! e ⇤Q } | c
� ;

�
� ; hx, � i 7! e0 ⇤ P

 
{ {� ; hx, � i 7! e ⇤Q }

�� ⇤(x + �) = e ; c
U����H����

[� ]R0 = R
frameable

�
R0� ; , dom (� ) ✓ EV (� , P, Q)

� ; {P ⇤ R }{ [� ]
�
� ;Q ⇤ R0 �� c

� ; {� ; P ⇤ R }{
�
� ;Q ⇤ R0 �� c

F����
EV (� , P, Q) \ Vars (R) = ;

frameable
�
R0� � ; {� ; P }{ {� ;Q } | c

� ; {� ; P ⇤ R }{ {� ;Q ⇤ R } | c

P���
� 2 EV (� , P, Q)

Vars (e) 2 � [ GV (� , P, Q)
� ; {� ; P }{ [e/�]{� ;Q } | c

� ; {� ; P }{ {� ;Q } | c

U����P���
[� ]� 0 = �0

; , dom (� ) ✓ EV (� , P, Q)
� ; {P }{ [� ]{Q} | c

� ;
�
� ^ �0; P

 
{

�
� ^� 0;Q

 �� c

S����R����
x 2 EV (� , P, Q)

� ; � ; {P }{ [e/x ]{� , Q } | c
� ; � ; {P }{ {� ^ x = e ;Q } | c

Fig. 12. All rules of SSL. Grayed parts are parameters; instantiating them di�erently yields di�erent rules.
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{ P } { Q }cimplies

Theorem 1:

P Q⇝ | c
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then c terminates.

P Q⇝ | cIf

Theorem 2:
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Synthesis Algorithm
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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),  
phased search, “Early Failure” rules
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Limitations

• Specifications have to be inductive 

• Only structural recursion wrt. inductive predicates (i.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
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SuSLik

(Synthesis using Separation Logik)

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

• Online Demo: http://comcom.csail.mit.edu/comcom/#SuSLik
 73
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Table 1. Benchmarks and S�SL�� results. For each benchmark, we report the size of the synthesized Code (in
AST nodes) and the ratio Code/Spec of code to specification; as well as synthesis times (in seconds): with all
optimizations enabled (Time), without phase distinction (T-phase), without invertible rules (T-inv), without
early failure rules (T-fail), without the commutativity optimization (T-com), and without any optimizations
(T-all). T-IS reports the ratio of synthesis time in I��S��� to Time. “-” denotes timeout of 120 seconds.

Group Description Code Code/Spec Time T-phase T-inv T-fail T-com T-all T-IS

Integers
swap two 12 0.9x < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1
min of two2 10 0.7x 0.1 0.1 0.1 < 0.1 0.1 0.2

Linked
List

length1,2 21 1.2x 0.4 0.9 0.5 0.4 0.6 1.4 29x
max1 27 1.7x 0.6 0.8 0.5 0.4 0.4 0.8 20x
min1 27 1.7x 0.5 0.9 0.5 0.4 0.5 1.2 49x

singleton2 11 0.8x < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1
dispose 11 2.8x < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1
initialize 13 1.4x < 0.1 0.1 0.1 < 0.1 0.1 < 0.1
copy3 35 2.5x 0.2 0.3 0.3 0.1 0.2 -

append3 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

Sorted
list

prepend1 11 0.3x 0.2 1.4 83.5 0.1 0.1 - 48x
insert1 58 1.2x 4.8 - - - 5.0 - 6x

insertion sort1 28 1.3x 1.1 1.8 1.3 1.2 1.2 74.2 82x

Tree

size 38 2.7x 0.2 0.3 0.2 0.2 0.2 0.3
dispose 16 4.0x < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1
copy 55 3.9x 0.4 49.8 - 0.8 1.4 -

�atten w/append 48 4.0x 0.4 0.6 0.5 0.4 0.4 0.6
�atten w/acc 35 1.9x 0.6 1.7 0.7 0.5 0.6 -

BST
insert1 58 1.2x 31.9 - - - - - 11x

rotate left1 15 0.1x 37.7 - - - - - 0.5x
rotate right1 15 0.1x 17.2 - - - - - 0.8x

1 From (Qiu and Solar-Lezama 2017) 2 From (Leino and Milicevic 2012) 3 From (Qiu et al. 2013)

(1) Generality: Is S�SL�� general enough to synthesize a range of nontrivial programs with pointers?
(2) Utility: How does the size of the inputs required by S�SL�� compare to the size of the generated

programs? Does S�SL�� require any additional hints apart from pre- and post-conditions? What
is the quality of the generated programs?

(3) E�ciency: Is it e�cient? What is the e�ect of optimizations from Sec. 5 on synthesis times?
(4) Comparison with existing tools: How does S�SL�� fare in comparison with existing tools for

synthesizing heap-manipulating programs, speci�cally, I��S��� (Qiu and Solar-Lezama 2017)?

6.1 Benchmarks
In order to answer these questions, we assembled a suite of 22 programs listed in Tab. 1. The
benchmarks are grouped by the main data structure they manipulate: integer pointers, singly linked
lists, sorted singly linked lists, binary trees, and binary search trees.

To facilitate comparison with existing work, most of the programs are taken from the literature on
synthesis and veri�cation of heap-manipulating programs: the I��S��� synthesis benchmarks (Qiu
and Solar-Lezama 2017), the J������� synthesis benchmarks (Leino and Milicevic 2012), and the
D���� veri�cation benchmarks (Qiu et al. 2013). We manually translated these benchmarks into
the input language of S�SL��, taking care to preserve their semantics. D���� and I��S��� use
the D���� dialect of separation logic as their speci�cation language, hence the translation in this
case was relatively straightforward. As an example, consider an I��S��� speci�cation and its
S�SL�� equivalent in Fig. 15. The “??” are part of the I��S��� spec language, denoting unknown
holes to be �lled by the synthesizer. The main di�erence between the two pre-/post-condition
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Table 1. Benchmarks and S�SL�� results. For each benchmark, we report the size of the synthesized Code (in
AST nodes) and the ratio Code/Spec of code to specification; as well as synthesis times (in seconds): with all
optimizations enabled (Time), without phase distinction (T-phase), without invertible rules (T-inv), without
early failure rules (T-fail), without the commutativity optimization (T-com), and without any optimizations
(T-all). T-IS reports the ratio of synthesis time in I��S��� to Time. “-” denotes timeout of 120 seconds.

Group Description Code Code/Spec Time T-phase T-inv T-fail T-com T-all T-IS
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dispose 11 2.8x < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1
initialize 13 1.4x < 0.1 0.1 0.1 < 0.1 0.1 < 0.1
copy3 35 2.5x 0.2 0.3 0.3 0.1 0.2 -

append3 19 1.1x 0.2 0.3 0.3 0.2 0.3 0.7
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copy 55 3.9x 0.4 49.8 - 0.8 1.4 -
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�atten w/acc 35 1.9x 0.6 1.7 0.7 0.5 0.6 -
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insert1 58 1.2x 31.9 - - - - - 11x
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rotate right1 15 0.1x 17.2 - - - - - 0.8x

1 From (Qiu and Solar-Lezama 2017) 2 From (Leino and Milicevic 2012) 3 From (Qiu et al. 2013)

(1) Generality: Is S�SL�� general enough to synthesize a range of nontrivial programs with pointers?
(2) Utility: How does the size of the inputs required by S�SL�� compare to the size of the generated

programs? Does S�SL�� require any additional hints apart from pre- and post-conditions? What
is the quality of the generated programs?

(3) E�ciency: Is it e�cient? What is the e�ect of optimizations from Sec. 5 on synthesis times?
(4) Comparison with existing tools: How does S�SL�� fare in comparison with existing tools for

synthesizing heap-manipulating programs, speci�cally, I��S��� (Qiu and Solar-Lezama 2017)?

6.1 Benchmarks
In order to answer these questions, we assembled a suite of 22 programs listed in Tab. 1. The
benchmarks are grouped by the main data structure they manipulate: integer pointers, singly linked
lists, sorted singly linked lists, binary trees, and binary search trees.

To facilitate comparison with existing work, most of the programs are taken from the literature on
synthesis and veri�cation of heap-manipulating programs: the I��S��� synthesis benchmarks (Qiu
and Solar-Lezama 2017), the J������� synthesis benchmarks (Leino and Milicevic 2012), and the
D���� veri�cation benchmarks (Qiu et al. 2013). We manually translated these benchmarks into
the input language of S�SL��, taking care to preserve their semantics. D���� and I��S��� use
the D���� dialect of separation logic as their speci�cation language, hence the translation in this
case was relatively straightforward. As an example, consider an I��S��� speci�cation and its
S�SL�� equivalent in Fig. 15. The “??” are part of the I��S��� spec language, denoting unknown
holes to be �lled by the synthesizer. The main di�erence between the two pre-/post-condition
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optimizations enabled (Time), without phase distinction (T-phase), without invertible rules (T-inv), without
early failure rules (T-fail), without the commutativity optimization (T-com), and without any optimizations
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(4) Comparison with existing tools: How does S�SL�� fare in comparison with existing tools for

synthesizing heap-manipulating programs, speci�cally, I��S��� (Qiu and Solar-Lezama 2017)?

6.1 Benchmarks
In order to answer these questions, we assembled a suite of 22 programs listed in Tab. 1. The
benchmarks are grouped by the main data structure they manipulate: integer pointers, singly linked
lists, sorted singly linked lists, binary trees, and binary search trees.

To facilitate comparison with existing work, most of the programs are taken from the literature on
synthesis and veri�cation of heap-manipulating programs: the I��S��� synthesis benchmarks (Qiu
and Solar-Lezama 2017), the J������� synthesis benchmarks (Leino and Milicevic 2012), and the
D���� veri�cation benchmarks (Qiu et al. 2013). We manually translated these benchmarks into
the input language of S�SL��, taking care to preserve their semantics. D���� and I��S��� use
the D���� dialect of separation logic as their speci�cation language, hence the translation in this
case was relatively straightforward. As an example, consider an I��S��� speci�cation and its
S�SL�� equivalent in Fig. 15. The “??” are part of the I��S��� spec language, denoting unknown
holes to be �lled by the synthesizer. The main di�erence between the two pre-/post-condition
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• 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.

To Take Away

Thanks!
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