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CEGIS(T)

Program synthesis is hard



CEGIS(T)

Program synthesis is hard

CEGIS framework that uses a theory solver to
e verify generalized candidate solutions
e return more general counterexamples

CEGIS(T) is able to synthesize programs containing
arbitrary constants that elude other solvers.
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dPVx.o(P, x)

SYNTHESIZE
VERIFY
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AP .Vx;.o(P, x)

VERIFY
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Is it a plant?




No
Is it a plant?
Yes
Does it have legs? \ l O—’
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Is it a plant?

Does it have legs?

Canl eat it?

-

No

Yes \

errm.. l
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Is it a plant?

Does it have legs?

Canl eat it?

-

SYNTHESIZE

























Safety invariant

int x = 5;

while ( x < 1000)
X++

assert( 5 < x && x < 1005)

find inv(x) such that:

init(x) = inv(x)

init(x) <= x=20

trans(x,x’) < x'=x

inv(x) A (x < 1000) A trans(x,x’) = inv(x’)

inv(x) A (x < 1000) = (x < 1005) A (x > 35)

25




Safety invariant

int x = 5;

while ( x < 1000)
X++

assert( 5 < x && x < 1005)

init(x) <= x=20

trans(x,x’) < x'=x

inv(x) =4 < x) A x < 1003)
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Possible solution:
inv(ix) =4 <x)A(x < 1003)

SYNTHESIZE

inv(x) = (x < 95 . X
inv(x) = (x < 96

And so on ..
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Can we ask more general
questions?
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SYNTH VERIFY
Yes
Is it/a plant? Yes j
Does it
o G
/have legs” errm.\ o
— Can | eat \

it?

SYNTH VERIFY
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SYNTHESIZE VERIFY
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% No, it’s not a plant
No, it has \
2 <4 legs
6t ae \ a

yd 3
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No, it’s not a plant
No, it has
<8 Iegs
06 8'%

No, |

can’t S|t
on it
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Can we give more general
answers?
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More general questions

+

More general answers

CEGIS(T)
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PROPOSITIONAL
SAT SOLVER

Theory Solver
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CEGIS(T)

| SYNTHESIZE
VERIFY

‘_ ----------------

-------------------
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—p SYNTHESIZE
VERIFY

“

first order solver
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—p SYNTHESIZE

DEDUCTION Generalize :
candidate :

first order solver
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Generalize

Candidate

()

Generalized candidate
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Deduction

dvVx.o(P*|v], x)

P*[v] P*|v]

BLOCK SOLUTION

Is there a value for v that makes (x < v) a valid invariant
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—p| SYNTHESIZE x

— P

“

\/ .| DEDUCTION Generalize |
: candidate :

first order solver
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First order solver

Solves 1st order formula with;
e Arbitrary propositional

structure
* 1 quantifier alternation

Paper presents 2 versions:
e SMT

o FM
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CEGIS(T) - SMT

dvVx.o(P*|v], x)

P*[v] P*|v]

BLOCK SOLUTION



CEGIS(T) - SMT

JvVx.o(P*[v],x) A(v<c) || dvVx.o(P*[v],x) A (v > c)

2 P*[Vv] V> cC v<c¢ P*|Vv]
BLOCK CONSTRAINT CONSTRAINT SOLUTION
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Target:
inv(ix) =4 <x)A(x < 1003)
JvVx.o(P*[v],x) A(v<c) || dvVx.o(P*[v],x) A (v > c)

P* = (x < 9)5)

P*[v] = (x <)

2 P*[Vv] V> cC v<c P*|Vv]
BLOCK CONSTRAINT CONSTRAINT SOLUTION
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Target:
inv(ix) =4 <x)A(x < 1003)
dvVx.o(P*[v],x) A(v <95) || AvVx.o(P*[v],x) A (v > 95)

P* = (x < 9)5)

P*[v] = (x <)

P[] y > 95 y < 95 P*[v]

BLOCK CONSTRAINT CONSTRAINT SOLUTION
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Target:
inv(ix) =4 <x)A(x < 1003)

UNSAT UNSAT

AvVx.o(P*[v],x) A(v <95) || AvVx.o(P*[v],x) A (v > 9]5)

P[] y > 95 y < 95 P*[v]

BLOCK CONSTRAINT CONSTRAINT SOLUTION
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Target:
inv(ix) =4 <x)A(x < 1003)

UNSAT
AvVx.o(P*[v],x) A(v <95) || AvVx.o(P*[v],x) A (v > 9]5)

P[] y > 95 y < 95 P*[v]

BLOCK CONSTRAINT CONSTRAINT SOLUTION
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Target:
inv(ix) =4 <x)A(x < 1003)
JvVx.o(P*[v],x) A (v < 9])

UNSAT

JvVx.o(P*[v],x) A (v > 95)

P[] y > 95 y < 95 P*[v]

BLOCK CONSTRAINT CONSTRAINT SOLUTION



Target:
inv(ix) =4 <x)A(x < 1003)
JvVx.o(P*[v],x) A (v <95

SAT

dvVx.o(P*[v],x) A (v, > 95)

P[] y > 95 y < 95 P*[v]

BLOCK CONSTRAINT CONSTRAINT SOLUTION
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Target:
inv(ix) =4 <x)A(x < 1003)

TIMEOUT TIMEOUT

dvVx.o(P*[v],x) A (vy < 95)| dvVx.o(P*[v],x) A (vi > 95)

P[] y > 95 y < 95 P*[v]

BLOCK CONSTRAINT CONSTRAINT SOLUTION
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Experiments

Benchmarks:

* Bitvectors

e Syntax-guided Synthesis competition
(without the syntax)

e | oop invariants

 Danger invariants

Solvers:

e CVC4

e EUSolver, E3Solver, LooplnvGen —
bitvectors with no grammar unsupported
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Experiments

40

SOLVED
CVC4 - 29
CEGIS(T) - 49

[1,10] [10,100] [100,3600]
TIME (s)
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Experiments - update

40

SOLVED
CVC4 - 59
CEGIS(T) - 44

<1s [1,10] [10,100] [100,3600]

CVC4 v1.7 TIME (s)
CEGIS(T) updated
more benchmarks 50
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CEGIS(T) in CVC4

Ongoing work: beyond constants
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CEGIS(T) in CVCA4

CVC4 implementation of CEGIS(T)
e CVC4 version 1.7

e Makes self-call to CVC4 SMT solver
e Supports CEGIS(T) with a syntactic template

61



CEGIS(T) in CVCA4
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CEG

equal performance

u
I S I I n CVC4 X CEGIS(T) vs add const
O CEGIS(T) vs CEGIS
®® ®R® ® ® ® ?

1800 ®

1350

®
%
®
® ®
450 900 1350 1800
time(s)

BV-invertibility benchmarks
CEGIS(T) solves 8 unigue benchmarks

avg. ~20s faster on mutually solved benchmarks
VBS solver gains avg. 48s on mutually solved benchmarks
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CEGIS(T)

CEGIS(T) solves program synthesis via 1st order
solvers that support quantifiers:
 Enables use of existing solvers

Algorithmic insights:

e verify generalized candidate solutions
* return generalized counterexamples
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CEGIS(T)
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CEGIS(T) in CVC4

Ongoing work: beyond constants
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Beyond constants?

SYNTHESIZE




d constants? |
BeyOr‘Via Oracle Guided Synthesis

SYNTHESIZE

RESPONSE

ORACLE

€ emerging field 1;
1 Intmdllction o
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Beyond constants:
general queries and responses

SYNTHESIZE

RESPONSE

ORACLE
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CEGIS(T) as oracle guided
synthesis
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Beyond constants:
general queries and responses

SYNTHESIZE

RESPONSE

ORACLE

- Future direction for SyGuS

- Syntax extension in SyGuS-IF

- What type of queries/responses? Any!
(Provided the response can be expressed a

logical constraint)

/2



Conclusions

CEGIS(T) solves program synthesis via 1st order
solvers that support quantifiers

Algorithmic insights:
* verify generalized candidate solutions
e return generalized counterexamples

Broader communication is good!
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Conclusions

CEGIS(T) solves program synthesis via 1st order
solvers that support quantifiers

Algorithmic insights:
* verify generalized candidate solutions
e return generalized counterexamples

Broader communication is good!
It’s an owl!!

What is it?
/ > O s~
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