
big ideas 
in program synthesis

Nadia Polikarpova
PLMW@POPL’23



2

goal: automate programming



program synthesis

3

programsearch

program 
space

specification



program synthesis: specs

4

programsearchspecification

program 
space

examples
programs

logic
types

natural language
…



program synthesis: challenge

5

programsearch

program 
space

specification



program synthesis: search strategies

6

programsearchspecification

enumerative
stochastic

constraint-based
neural

…



big ideas*

7
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big idea: 
programs that behave the same on spec are redundant

- only need to keep one
- savings compound!
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snippy

http://loopy.goto.ucsd.edu/editor
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problem: isolate least significant zero bit in a bitvector

easy to implement as a loop:

can we do this more efficiently with bitwise operations? 

0010 0101 →  0000 0010

bit[W] isolate0 (bit[W] x) {  // W: bitvector size
bit[W] res = 0;
for (int i = 0; i < W; i++)  

if (!x[i]) { res[i] = 1; return res; } 
}



example: isolate zero
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~bv
bv+bv bv|bv
bv&bv bv^bv

x 0 1 …

program 
space

?
bit[W] isolate0 (bit[W] x) {

bit[W] res = 0;
for (int i = 0; i < W; i++)  

if (!x[i]) { res[i] = 1; 
return res; 

} 
}



demo
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~x & (x + 1)

0010 0101

1101 1010 0010 0110

0000 0010

+1~

&
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~bv
bv+bv bv|bv
bv&bv bv^bv

x 0 1 …

program 
space

bit[W] isolate0 (bit[W] x) {
bit[W] res = 0;
for (int i = 0; i < W; i++)  

if (!x[i]) { res[i] = 1; 
return res; 

} 
}

~x & (x + 1)?
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i made up a secret rule

left “koan” satisfies the rule
and right does not

can you guess the rule?



the zendo game
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learner teacher

initial koans

learning fails learning succeeds

guess

new koan
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program

counter-
example
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inductive 
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verification 
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inductive 
synthesizer

verification 
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~x & (x+1)

0001 → 0010

0000 → 0001
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big idea: 
iteratively learn from counter-examples

- inductive synthesizer + verification oracle
- can use constraint solver to implement both! 
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challenge 1: too many programs
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challenge 2: checking each program is hard
challenge 1: too many programs
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deductive synthesis
big idea: look for the proof to find the program



example: swap

swap values of two distinct pointers in C*
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void swap(int* x, int* y)

*simple C-like language with pointers

*



specifying swap in separation logic
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a

start state:

end state:

x

b

y

b

x

a

y

in separation logic:

{ x ↦ a * y ↦ b }

{ x ↦ b * y ↦ a }

void swap(int* x, int* y)



specifying swap in separation logic

41

a

start state:

end state:

x

b

y

b

x

a

y

in separation logic:

{ x ↦ a * y ↦ b }

{ x ↦ b * y ↦ a }

void swap(int* x, int* y)

ghost variablesprogram variables
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{ x ↦ a * y ↦ b }

{ x ↦ b * y ↦ a }

void swap(int* x, int* y)

void swap(int* x, int* y) {
int a1 = *x;
int b1 = *y;
*x = b1;
*y = a1;

}

program 
spaceC programs



example: swap
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?{ x ↦ a * y ↦ b }

{ x ↦ b * y ↦ a }

void swap(int* x, int* y)

void swap(int* x, int* y) {
int a1 = *x;
int b1 = *y;
*x = b1;
*y = a1;

}

program 
spaceC programs
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unguided search

??
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void swap(int* x, int* y) {

}

unguided search

??

C does not stop us from doing any of that…

… but separation logic does!
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spec-guided search
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spec-guided search



{ x ↦ a1 * y ↦ b }

{ x ↦ b * y ↦ a1 }

??

let a1 = *x;

spec-guided search
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let a1 = *x;

let b1 = *y;

*x = b1;
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int a1 = *x;

int b1 = *y;

*x = b1;

*y = a1;

void swap(int* x, int* y) {

}

spec-guided search
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big idea: 
look for the proof the find the program

- space of proofs is more restricted!
- bonus: provably correct result! 
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{             } ⇝ {               }
x x

specification
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how do humans do it?

1. learn from others

2. learn by doing!
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corpus of tasks
positives
[0] → []

[4 0 8] → [4 8]

evens
[3] → []

[7 6 3 2] → [6 2]

…

sort
[9 2 7 1] → [1 2 7 9]

[3 8 9 4 2] → [2 3 4 8 9]
[6 2 2 3 8 5] → [2 2 3 5 6 8]

search

DSL

map fold
if cons >

length range

programs learning

new operations

filter
maximum

nth_largest

sort
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sort
in learned DSL

\xs → map 
(\n → nth_largest xs (n + 1)) 
(range (length xs))

sort
in original DSL

\xs -> map 
(\n -> car (fold (fold xs nil (\z u -> if n +        
1 > length (fold xs nil (\v w -> if z > v 
then cons v w else w)) then cons z u else
u)) nil (\a b -> if nil? (fold (fold xs nil 
(\c d -> if n + 1 > length (fold xs nil (\e 
f -> if c > e then cons e f else f)) then
cons c d else d)) nil (\g h -> if g > a then 
cons g h else h)) then cons a b else b))) 

(range (length xs))



library learning
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big idea: 
learn useful abstractions by solving similar tasks 
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big ideas in program synthesis
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