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Synthesis Modulo Oracles

Elizabeth Polgreen
work with Sangita - Seshia and Andrew Reynolds

Is my program correct ?
No . but I can tell you that

on input 7 it should return 13 .

Iq:÷.
1
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Find a function that transforms Cat A into Cat B?
A B

Can I use program synthesis?
￼∃f . f(CatA) = CatB

f is complicated! Needs to:

• load the JPG image

• apply transformation to all the pixels

• output a new image

!! PROBLEM !!
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Find a function that transforms Cat A into Cat B?

- Load image 
- Compile f

- Apply f to all pixels 
- Output image f(pixel value, location)

￼∃f ∀pixels, locs . f(CatA(loc), loc) = CatB(loc)

Synthesiser needs to interpret CatA(loc)


!! PROBLEM !!

Can I use program synthesis?
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Find a function that transforms Cat A into Cat B?

Can I use program synthesis?

Give all pixels input-output examples prior to solving? 
￼∃f . f(122,0) = 141 ∧ … ∧ f(133,65536) = 144

We tried this!

- 65536 input-output examples

- Assumes that compiler/image 

processing library is all bug-free.


!! PROBLEM !!

Do I need to build a new solver?
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Find a digital controller K for this LTI system?

Can I use program synthesis?

￼∃k . Stable(A − Bk) ∧ ∀x . Safe(x)

472 A. Abate et al.
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Fig. 3. Completeness threshold for multi-staged verification. Ts is the time step for the
time discretization of the control matrices.

Then if x0 = x, we obtain

xk = (Ad − BdK)kx = (Ad − BdK)k
2n∑

i=1

αivi=
2n∑

i=1

αi(Ad −BdK)kvi=
2n∑

i=1

αix
i
k,

where xi
k denotes the trajectories obtained from the single vertex vi. We con-

clude that any k-step trajectory is encompassed, within a convex set, by those
generated from the vertices. "#

Illustrative Example. We illustrate our approach with an example, extracted
from [13]. Since we have not learned any information about the system yet, we
pick an arbitrary candidate solution (we always chooseK = [0 0 0]T in our exper-
iments to simplify reproduction), and a precision of Ip = 13, Fp = 3. In the first
verify stage, the safety check finds the counterexample x0 = [−0.5 0.5 0.5].
After adding the new counterexample to its sets of inputs, synthesize finds
the candidate solution K = [0 0 0.00048828125]T , which prompts the safety
verifier to return x0 = [−0.5 − 0.5 − 0.5] as the new counterexample.

In the subsequent iteration, the synthesizer is unable to find further suit-
able candidates and it returns UNSAT, meaning that the current precision is
insufficient. Consequently, we increase the precision the plant is modelled with
to Ip = 17, Fp = 7. We increase the precision by 8 bits each step in order
to be compliant with the CBMC type API. Since the previous counterexam-
ples were obtained at lower precision, we remove them from the set of coun-
terexamples. Back in the synthesize phase, we re-start the process with a
candidate solution with all coefficients 0. Next, the safety verification stage
provides the first counterexample at higher precision, x0 = [−0.5 0.5 0.5] and
synthesize finds K = [0 0.01171875 0.015625]T as a candidate that elimi-
nates this counterexample. However, this candidate triggers the counterexam-
ple x0 = [0.5 − 0.5 − 0.5] found again by the safety verification stage. In

We tried this!

- Verifier needs to find eigenvalues

- Extremely non-linear


!! PROBLEM !!

Do I need to build a new solver?
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static 
constraints

executable executable
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Find prime factors of a number?

Can I use SMT?
￼∃f1, f2 . isPrime( f1) ∧ isPrime( f2) ∧ f1 * f2 = x

isPrime is a recursive function!


!! PROBLEM 

Do I need to build a new solver?



Why don’t off-the-shelf solvers work?

• Parts are hard to model with static constraints e.g., the image 
processing library.


• Parts are hard to reason about e.g., eigenvalues, primes.


• Too many constraints, which ones are important? e.g., which 
pixels matter?

￼8

Solution: Use executable “oracles” 



Coming up
• Existing use of oracles


• Formal definition of oracle interfaces


• SMT with oracles (SMTO):  
    - when is it satisfiable/unsatisfiable 
    - algorithm


• Synthesis with oracles (SyMO): 
   - when are solutions correct 
   - unifying algorithm for solving 


• More cat pictures


• Prototype evaluation

￼9
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What is an oracle?
Synthesis Modulo Oracles

Elizabeth Polgreen
work with Sangita - Seshia and Andrew Reynolds

Is my program correct ?
No . but I can tell you that

on input 7 it should return 13 .

Iq:÷.
1

Query
Response

Is my program correct?Is this number prime?        No, it is not prime.
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Existing use of oracles:

• Existing synthesis algorithms are using oracles!


• Jha and Seshia[1] set out the theory behind this.


• Our contribution: defining satisfiability/synthesis modulo 
oracles problem and proposing a unifying algorithm

[1] A theory of formal synthesis via inductive learning - Jha and Seshia
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Existing use of oracles:

Query Response

• Counterexample Guided Inductive Synthesis [2]

Synthesis Modulo Oracles

Elizabeth Polgreen
work with Sangita - Seshia and Andrew Reynolds

Is my program correct ?
No . but I can tell you that

on input 7 it should return 13 .

Iq:÷.
1

Is my program “x + 5” correct?
No, it’s wrong on input 7

[2] Combinatorial sketching for finite programs - Solar Lezama et al



Synthesis Modulo Oracles

Elizabeth Polgreen
work with Sangita - Seshia and Andrew Reynolds

Is my program correct ?
No . but I can tell you that

on input 7 it should return 13 .

Iq:÷.
1

￼13

• CEGIS(T) [3]
Is my program “x + 5” correct?

No, but if you replace 5 with 1, it would be 

Existing use of oracles:

[3] Counterexample Guided Inductive Synthesis modulo Theories - Abate et al

Synthesis Modulo Oracles

Elizabeth Polgreen
work with Sangita - Seshia and Andrew Reynolds

Is my program correct ?
No . but I can tell you that

on input 7 it should return 13 .

Iq:÷.
1

• ICE learning [4]
Is my invariant 

“x > 5 ” correct?

Synthesis Modulo Oracles

Elizabeth Polgreen
work with Sangita - Seshia and Andrew Reynolds

Is my program correct ?
No . but I can tell you that

on input 7 it should return 13 .

Iq:÷.
Synthesis Modulo Oracles

Elizabeth Polgreen
work with Sangita - Seshia and Andrew Reynolds

Is my program correct ?
No . but I can tell you that

on input 7 it should return 13 .

Iq:÷.
No, and 

￼inv(0) = true
No, and

￼inv(100) = false
No, and 

￼inv(6) ⟹ inv(5)

[4] ICE: A robust framework for learning invariants - Garg et al
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Existing use of oracles:

• Program lifting [5]

[5] Program Lifting using Gray-Box Behavior - Collie et al

Synthesis Modulo Oracles

Elizabeth Polgreen
work with Sangita - Seshia and Andrew Reynolds

Is my program correct ?
No . but I can tell you that

on input 7 it should return 13 .

Iq:÷.
1

Is my program correct?
No, it’s wrong on 

this input

Synthesis Modulo Oracles

Elizabeth Polgreen
work with Sangita - Seshia and Andrew Reynolds

Is my program correct ?
No . but I can tell you that

on input 7 it should return 13 .

Iq:÷.
it should access 
these memory 

locations

Synthesis Modulo Oracles

Elizabeth Polgreen
work with Sangita - Seshia and Andrew Reynolds

Is my program correct ?
No . but I can tell you that

on input 7 it should return 13 .

Iq:÷.
the runtime 

complexity should 
be linear
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Examples

• Solver needs custom information about the oracles (what 
does the response from the oracle mean?) 

People use oracles, but they build their own custom solver. 
Why?

What if we could communicate this information to an off-
the-shelf SMT or SyGuS solver?
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• Existing use of oracles


• Formal definition of oracle interfaces


• SMT with oracles (SMTO):  
    - when is it satisfiable/unsatisfiable 
    - algorithm


• Synthesis with oracles (SyMO): 
   - when are solutions correct 
   - unifying algorithm for solving 


• More cat pictures


• Prototype evaluation



Synthesis Modulo Oracles

Elizabeth Polgreen
work with Sangita - Seshia and Andrew Reynolds

Is my program correct ?
No . but I can tell you that

on input 7 it should return 13 .

Iq:÷.
1
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What is an oracle?

• We define how the oracle is queried by defining an interface

￼     : query domain 
￼       : response co-domain 
￼  : assumption generator 
￼  : constraint generator

⃗y
⃗z

αgen
βgen

Query Response



Synthesis Modulo Oracles

Elizabeth Polgreen
work with Sangita - Seshia and Andrew Reynolds

Is my program correct ?
No . but I can tell you that

on input 7 it should return 13 .

Iq:÷.
1
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What is an oracle?

• We define how the oracle is queried by defining an interface

Query Response ￼     : query domain 
￼       : response co-domain 
￼  : assumption generator 
￼  : constraint generator

⃗y
⃗z

αgen
βgen

• and assumption and constraint generators, which generate: 
- assumptions the solver is allowed to make 
- and constraints the solver must abide by



Synthesis Modulo Oracles

Elizabeth Polgreen
work with Sangita - Seshia and Andrew Reynolds

Is my program correct ?
No . but I can tell you that

on input 7 it should return 13 .

Iq:÷.
1
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Example oracle: ￼𝒪prime

Is this number y prime?        
No, z=false, it is not prime.

￼     :  ￼  
￼       :  ￼  
￼  :  ￼  
￼  : ￼

⃗y (y : integer)
⃗z (z : bool)

αgen prime(y) = z
βgen ∅

￼∃x . prime(x) ∧ (x % 2 = 1)Solve:



Synthesis Modulo Oracles

Elizabeth Polgreen
work with Sangita - Seshia and Andrew Reynolds

Is my program correct ?
No . but I can tell you that

on input 7 it should return 13 .

Iq:÷.
1
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Example oracle: ￼𝒪prime

Is this number y prime?        
No, z=false, it is not prime.

￼     :  ￼  
￼       :  ￼  
￼  :  ￼  
￼  : ￼

⃗y (y : integer)
⃗z (z : bool)

αgen prime(y) = z
βgen ∅

￼∃x . prime(x) ∧ (x % 2 = 1)Solve:Synthesis Modulo Oracles

Elizabeth Polgreen
work with Sangita - Seshia and Andrew Reynolds

Is my program correct ?
No . but I can tell you that

on input 7 it should return 13 .

Iq:÷.
1

￼y = 1? ￼z = false

Okay, now I know I can assume
￼prime(1) = false

Synthesis Modulo Oracles

Elizabeth Polgreen
work with Sangita - Seshia and Andrew Reynolds

Is my program correct ?
No . but I can tell you that

on input 7 it should return 13 .

Iq:÷.
1



Synthesis Modulo Oracles

Elizabeth Polgreen
work with Sangita - Seshia and Andrew Reynolds

Is my program correct ?
No . but I can tell you that

on input 7 it should return 13 .

Iq:÷.
1
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Example oracle: ￼𝒪positive−witness

Is my program ￼  
correct?

f* I can tell you that on input 
7 it should return 13

￼     :  ￼  
￼       :  ￼  
￼  :  ￼  
￼  :  ￼

⃗y ( f* : int → int)
⃗z (z1 : int , z2 : int)

αgen ∅
βgen f(z1) = z2



Synthesis Modulo Oracles

Elizabeth Polgreen
work with Sangita - Seshia and Andrew Reynolds

Is my program correct ?
No . but I can tell you that

on input 7 it should return 13 .

Iq:÷.
1
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Synthesis Modulo Oracles

Elizabeth Polgreen
work with Sangita - Seshia and Andrew Reynolds

Is my program correct ?
No . but I can tell you that

on input 7 it should return 13 .

Iq:÷.
1

￼f* = x + 1 ￼z1 = 7, z2 = 13

Okay, now I know that a valid 
program ￼ must satisfy ￼f f(7) = 13

Synthesis Modulo Oracles

Elizabeth Polgreen
work with Sangita - Seshia and Andrew Reynolds

Is my program correct ?
No . but I can tell you that

on input 7 it should return 13 .

Iq:÷.
1

Is my program ￼  
correct?

f* I can tell you that on input 
7 it should return 13

￼     :  ￼  
￼       :  ￼  
￼  :  ￼  
￼  :  ￼

⃗y ( f* : int → int)
⃗z (z1 : int , z2 : int)

αgen ∅
βgen f(z2) = z3

Example oracle: ￼𝒪positive−witness
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Oracle function symbolsSynthesis Modulo Oracles

Elizabeth Polgreen
work with Sangita - Seshia and Andrew Reynolds

Is my program correct ?
No . but I can tell you that

on input 7 it should return 13 .

Iq:÷.
1

Is this number y prime?        
No, z=false, it is not prime.

￼     :  ￼  
￼       :  ￼  
￼  :  ￼  
￼  : ￼

⃗y (y : integer)
⃗z (z : bool)

αgen prime(y) = z
βgen ∅

An oracle function symbol is a 
symbol whose behaviour is defined 
to be the same as an external 
oracle.


Note: oracle must be functional


￼  is an oracle function symbolprime



Coming up
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• Existing use of oracles


• Formal definition of oracle interfaces


• SMT with oracles (SMTO):  
    - when is it satisfiable/unsatisfiable 
    - algorithm


• Synthesis with oracles (SyMO): 
   - when are solutions correct 
   - unifying algorithm for solving 


• More cat pictures


• Prototype evaluation



￼25

Satisfiability Modulo Theories and Oracles (SMTO)

An SMTO problem is a tuple: 
  ￼   : a set of ordinary function symbols 
 ￼  : a set of oracle function symbols 
  ￼   : a formula in a background theory 
 ￼  : a set of oracle interfaces

⃗f
⃗θ

ρ
⃗𝒪

￼     :  ￼  
￼       :  ￼  
￼  :  ￼  
￼  : ￼

⃗y (y : integer)
⃗z (z : bool)

αgen prime(y) = z
βgen ∅

Is this satisfiable? What is a valid assignment to ￼  and ￼ ?f1 f2

𝒪prime

  ￼   : ￼  
 ￼  : ￼  
  ￼   : ￼  
 ￼  :￼

⃗f {f1, f2}⃗θ {prime}
ρ prime( f1) ∧ prime( f2) ∧ ( f1 * f2 = 24)

⃗𝒪 {𝒪prime}
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Satisfiability Modulo Theories and Oracles (SMTO)

SAT? ￼     :  ￼  
￼       :  ￼  
￼  :  ￼  
￼  : ￼

⃗y (y : integer)
⃗z (z : bool)

αgen prime(y) = z
βgen ∅

𝒪prime

 ￼prime( f1) ∧ prime( f2) ∧ ( f1 * f2 = 24)

• If ￼  does what we expect, then yes! But we don’t know 
that


• If we haven’t called the oracle, an assignment must work for 
ALL possible behaviours of prime 


• When we call ￼ , we get assumptions about prime


• If the assumptions rule out all possible assignments: UNSAT

prime

𝒪prime
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Satisfiability Modulo Theories and Oracles (SMTO)

SAT? ￼     :  ￼  
￼       :  ￼  
￼  :  ￼  
￼  : ￼

⃗y (y : integer)
⃗z (z : bool)

αgen prime(y) = z
βgen ∅

𝒪prime

 ￼prime( f1) ∧ prime( f2) ∧ ( f1 * f2 = 24)

Satisfiable iff ￼  is satisfiable∃f1, f2 . ∀prime . A ⟹ ρ

Unsatisfiable iff ￼  is unsatisfiable∃f1, f2 . ∃prime . A ∧ ρ

Unknown otherwise

Conjunction of assumptions. True if no assumptions
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Satisfiability Modulo Theories and Oracles (SMTO)

SAT? ￼     :  ￼  
￼       :  ￼  
￼  :  ￼  
￼  :  ￼

⃗y (y : integer)
⃗z (z1 : bool, z2 : integer)

αgen prime(y) = z
βgen f1 < z2

𝒪prime

 ￼prime( f1) ∧ prime( f2) ∧ ( f1 * f2 = 24)

Constraints must be obeyed by the solver:

Satisfiable iff ￼  is satisfiable∃f1, f2 . ∀prime . A ⟹ (ρ ∧ B)

Unsatisfiable iff ￼  is unsatisfiable∃f1, f2 . ∃prime . A ∧ ρ ∧ B

Unknown otherwise

Conjunction of 
constraints. True if no 
constraints.
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Satisfiability Modulo Theories and Oracles (SMTO)

Satisfiable iff ￼  is satisfiable∃f1, f2 . ∀prime . A ⟹ (ρ ∧ B)
Unsatisfiable iff ￼  is unsatisfiable∃f1, f2 . ∃prime . A ∧ ρ ∧ B
Unknown otherwise

UNKNOWNUNSAT SAT

START
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Satisfiability Modulo Theories and Oracles (SMTO)

Satisfiable iff ￼  is satisfiable∃f1, f2 . ∀prime . A ⟹ (ρ ∧ B)
Unsatisfiable iff ￼  is unsatisfiable∃f1, f2 . ∃prime . A ∧ ρ ∧ B
Unknown otherwise

UNKNOWNUNSAT SAT

Generate assumptions
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Satisfiability Modulo Theories and Oracles (SMTO)

Satisfiable iff ￼  is satisfiable∃f1, f2 . ∀prime . A ⟹ (ρ ∧ B)
Unsatisfiable iff ￼  is unsatisfiable∃f1, f2 . ∃prime . A ∧ ρ ∧ B
Unknown otherwise

UNKNOWNUNSAT SAT

Generate assumptions
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Satisfiability Modulo Theories and Oracles (SMTO)

Satisfiable iff ￼  is satisfiable∃f1, f2 . ∀prime . A ⟹ (ρ ∧ B)
Unsatisfiable iff ￼  is unsatisfiable∃f1, f2 . ∃prime . A ∧ ρ ∧ B
Unknown otherwise

UNKNOWNUNSAT SAT

Generate constraints
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Satisfiability Modulo Theories and Oracles (SMTO)

Satisfiable iff ￼  is satisfiable∃f1, f2 . ∀prime . A ⟹ (ρ ∧ B)
Unsatisfiable iff ￼  is unsatisfiable∃f1, f2 . ∃prime . A ∧ ρ ∧ B
Unknown otherwise

UNKNOWNUNSAT SAT

Generate assumptions

CONFLICTING ASSUMPTIONS!!
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Satisfiability Modulo Theories and Oracles (SMTO)

Satisfiable iff ￼  is satisfiable∃f1, f2 . ∀prime . A ⟹ (ρ ∧ B)
Unsatisfiable iff ￼  is unsatisfiable∃f1, f2 . ∃prime . A ∧ ρ ∧ B
Unknown otherwise

UNKNOWNUNSAT SAT

Generate constraints

CHANGEABLE RESULT!!
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Satisfiability Modulo Theories and Oracles (SMTO)

A definitional SMTO problem is a tuple: 
  ￼   : a set of ordinary function symbols 
 ￼  : a set of oracle function symbols 
  ￼   : a formula in a background theory 
 ￼  : a set of oracle interfaces

⃗f
⃗θ

ρ
⃗𝒪

And:


• All oracle interfaces define oracle functions


• There are no constraint generators

Definitional

￼  No conflicting assumptions (only functional oracles) 
￼  No changeable results (no constraints)
⟹
⟹



Coming up
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• Existing use of oracles


• Formal definition of oracle interfaces


• SMT with oracles (SMTO):  
    - when is it satisfiable/unsatisfiable 
    - algorithm


• Synthesis with oracles (SyMO): 
   - when are solutions correct 
   - unifying algorithm for solving 


• More cat pictures


• Prototype evaluation
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Solving (definitional) SMTO

Satisfiable iff ￼  is satisfiable∃f1, f2 . ∀prime . A ⟹ ρ

Unsatisfiable iff ￼  is unsatisfiable∃f1, f2 . ∃prime . A ∧ ρ

UNSAT

SATOracle Consistency 
Checker

￼𝒪 ￼𝒪 ￼𝒪

SMT solver

￼model ￼assumptions
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Solving (definitional) SMTO

A ￼  true 
while(true) 
{ 
 if (￼ ) is UNSAT.  
   return UNSAT 
 else 
   if(model consistent with ￼ ) 
     return SAT 
   else 
     conjoin assumptions to A 
} 

←

ρ ∧ A

⃗𝒪

Satisfiable iff ￼  is satisfiable∃f1, f2 . ∀prime . A ⟹ ρ

Unsatisfiable iff ￼  is unsatisfiable∃f1, f2 . ∃prime . A ∧ ρ

UNSAT

SATOracle Consistency 
Checker

￼𝒪 ￼𝒪 ￼𝒪

SMT solver

￼model ￼assumptions
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Solving (definitional) SMTO

A ￼  true 
while(true) 
{ 
 if (￼ ) is UNSAT.  
   return UNSAT 
 else 
   if(model consistent with ￼ ) 
     return SAT 
   else 
     conjoin assumptions to A 
} 

←

ρ ∧ A

⃗𝒪

Satisfiable iff ￼  is satisfiable∃f1, f2 . ∀prime . A ⟹ ρ

Unsatisfiable iff ￼  is unsatisfiable∃f1, f2 . ∃prime . A ∧ ρ

UNSAT

SATOracle Consistency 
Checker

￼𝒪 ￼𝒪 ￼𝒪

SMT solver

￼model ￼assumptions



￼40

Solving (definitional) SMTO

A ￼  true 
while(true) 
{ 
 if (￼ ) is UNSAT.  
   return UNSAT 
 else 
   if(model consistent with ￼ ) 
     return SAT 
   else 
     conjoin assumptions to A 
} 

←

ρ ∧ A

⃗𝒪

Satisfiable iff ￼  is satisfiable∃f1, f2 . ∀prime . A ⟹ ρ

Unsatisfiable iff ￼  is unsatisfiable∃f1, f2 . ∃prime . A ∧ ρ

UNSAT

SATOracle Consistency 
Checker

￼𝒪 ￼𝒪 ￼𝒪

SMT solver

￼model ￼assumptions
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• Existing use of oracles


• Formal definition of oracle interfaces


• SMT with oracles (SMTO):  
    - when is it satisfiable/unsatisfiable 
    - algorithm


• Synthesis with oracles (SyMO): 
   - when are solutions correct 
   - unifying algorithm for solving 


• More cat pictures


• Prototype evaluation
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Synthesis Modulo Oracles (SyMO)
A SyMO problem is a tuple: 
  ￼             : a tuple of functions to synthesise 
 ￼            : a set of oracle function symbols 
 ￼    : a formula in a background theory,  
                  where ￼  is quantifier-free 
 ￼            : a set of oracle interfaces

⃗f
⃗θ

∀ ⃗x . ϕ
ϕ

⃗𝒪

￼     :  ￼  
￼       :  ￼  
￼  :  ￼  
￼  :  ￼

⃗y ( f* : int → int)
⃗z (z1 : Bool , z2 : int , z3 : int)

αgen corr( f*) = z1
βgen f(z2) = z3

𝒪corr

What is a valid ￼ ?f

  ￼            : ￼  
 ￼           : ￼  
 ￼   : ￼  
 ￼           :￼

⃗f {f}
⃗θ {corr}

∀ ⃗x . ϕ ∀x . corr( f ) ∧ f(x) < 256
⃗𝒪 {𝒪corr}
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Synthesis Modulo Oracles (SyMO)

￼∀x . ϕ : ∀x . corr( f ) ∧ f(x) < 256

What is a valid ￼ ?f

￼  is INVALID if there is an ￼  such that ￼  is falsef x ϕ

i.e., if the SMTO problem ￼  is SAT( ⃗x , ⃗θ , ¬ϕ{ ⃗f → ⃗f*}, ⃗𝒪 )

￼  is VALID if there is no ￼  such that ￼  is falsef x ϕ

i.e., if the SMTO problem ￼  is UNSAT( ⃗x , ⃗θ , ¬ϕ{ ⃗f → ⃗f*}, ⃗𝒪 )
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Synthesis Modulo Oracles (SyMO)
A SyMO problem is a tuple: 
  ￼             : a tuple of functions to synthesise 
 ￼            : a set of oracle function symbols 
 ￼    : a formula in a background theory,  
                  where ￼  is quantifier-free 
 ￼            : a set of oracle interfaces

⃗f
⃗θ

∀ ⃗x . ϕ
ϕ

⃗𝒪

And:


• All assumption generators define oracle 
function symbols


• All oracles are functional

￼  checking ￼  is valid is now definitional SMTO⟹ ⃗f



Coming up
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• Existing use of oracles


• Formal definition of oracle interfaces


• SMT with oracles (SMTO):  
    - when is it satisfiable/unsatisfiable 
    - algorithm


• Synthesis with oracles (SyMO): 
   - when are solutions correct 
   - unifying algorithm for solving 


• More cat pictures


• Prototype evaluation
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Solving SyMO
Constraints used to guide synthesis phase

Synthesis 
￼∃f . B

￼f*

UNSAT
No solution

SAT
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Solving SyMO
Constraints used to guide synthesis phase

SMTO solver 
￼( ⃗x , ⃗θ , ¬ϕ{ ⃗f → ⃗f*}, ⃗𝒪 )

Synthesis 
￼∃f . B

￼f*

UNSAT
Solution ￼f

UNSAT
No solution

SAT

SAT

￼ ⃗β

We also pass the assignment model back from the 
SMTO solver as a constraint
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Solving SyMO
Constraints used to guide synthesis phase

SMTO solver 
￼( ⃗x , ⃗θ , ¬ϕ{ ⃗f → ⃗f*}, ⃗𝒪 )

Synthesis 
￼∃f . B

￼ ⃗β ￼f*

UNSAT
Solution ￼f

UNSAT
No solution

SAT

SAT

Call additional oracles

￼ ⃗β
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Solving SyMO
Constraints used to guide synthesis phase

SMTO solver 
￼( ⃗x , ⃗θ , ¬ϕ{ ⃗f → ⃗f*}, ⃗𝒪 )

Synthesis 
￼∃f . B

￼ ⃗β ￼f*

UNSAT
Solution ￼f

UNSAT
No solution

SAT

SAT

Note: ￼  is guaranteed to satisfy ￼  so the SMTO 
solver doesn’t need to consider ￼  

 
Thus definitional SMTO!

f* B
B

Call additional oracles

￼ ⃗β



Coming up
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• Existing use of oracles


• Formal definition of oracle interfaces


• SMT with oracles (SMTO):  
    - when is it satisfiable/unsatisfiable 
    - algorithm


• Synthesis with oracles (SyMO): 
   - when are solutions correct 
   - unifying algorithm for solving 


• More cat pictures


• Prototype evaluation
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Find a function that transforms Cat A into Cat B?

- Load image 
- Compile f

- Apply f to all pixels 
- Output image 

￼f* : int → int

￼βgen : f(z1) = z2
￼αgen : corr( f*) = z3

￼(z1 : int, z2 : int, z3 : int)

￼∃f . ∀x . corr( f )
Oracle:
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SMTO solver 
￼( ⃗x , ⃗θ , ¬ϕ{ ⃗f → ⃗f*}, ⃗𝒪 )

Synthesis 
￼∃f . B

Oracle

￼   ￼  
￼  ￼  
￼  ￼

ϕ : corr( f )
A : ⊤
B : ⊤

?
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SMTO solver 
￼( ⃗x , ⃗θ , ¬ϕ{ ⃗f → ⃗f*}, ⃗𝒪 )

Synthesis 
￼∃f . B

Oracle

 ￼f* : 0

 ￼f* : 0

?

￼   ￼  
￼  ￼  
￼  ￼

ϕ : corr( f )
A : ⊤
B : ⊤



￼54

SMTO solver 
￼( ⃗x , ⃗θ , ¬ϕ{ ⃗f → ⃗f*}, ⃗𝒪 )

Synthesis 
￼∃f . B

Oracle

?

 ￼α : corr(0) = false

 ￼β : f(122) = 0

￼   ￼  
￼  ￼  
￼  ￼

ϕ : corr( f )
A : ⊤
B : ⊤
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￼   ￼  
￼  ￼  
￼  ￼

ϕ : corr( f )
A : ⊤ ∧ corr(0) = false
B : ⊤ ∧ f(122) = 0

SMTO solver 
￼( ⃗x , ⃗θ , ¬ϕ{ ⃗f → ⃗f*}, ⃗𝒪 )

Synthesis 
￼∃f . B

Oracle

?

 ￼α : corr(0) = false

 ￼β : f(122) = 0
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SMTO solver 
￼( ⃗x , ⃗θ , ¬ϕ{ ⃗f → ⃗f*}, ⃗𝒪 )

Synthesis 
￼∃f . B

Oracle

 ￼f* : 122

 ￼f* : 122

?

￼   ￼  
￼  ￼  
￼  ￼

ϕ : corr( f )
A : ⊤ ∧ corr(0) = false
B : ⊤ ∧ f(122) = 0
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SMTO solver 
￼( ⃗x , ⃗θ , ¬ϕ{ ⃗f → ⃗f*}, ⃗𝒪 )

Synthesis 
￼∃f . B

Oracle
 ￼α : corr(122) = false

 ￼β : f(141) = 114

￼   ￼  
￼  ￼  
￼  ￼

ϕ : corr( f )
A : ⊤ ∧ corr(0) = false
B : ⊤ ∧ f(122) = 0
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￼   ￼  
￼   ￼  
￼  ￼

ϕ : corr( f )
A : ⊤ ∧ corr(0) = false ∧ corr(122) = false
B : ⊤ ∧ f(122) = 0 ∧ f(141) = 114

SMTO solver 
￼( ⃗x , ⃗θ , ¬ϕ{ ⃗f → ⃗f*}, ⃗𝒪 )

Synthesis 
￼∃f . B

Oracle
 ￼α : corr(122) = false

 ￼β : f(141) = 114

?
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SMTO solver 
￼( ⃗x , ⃗θ , ¬ϕ{ ⃗f → ⃗f*}, ⃗𝒪 )

Synthesis 
￼∃f . B

Oracle

 ￼f* : 255 ⊕ x

 ￼f* : 255 ⊕ x

?

￼   ￼  
￼   ￼  
￼  ￼

ϕ : corr( f )
A : ⊤ ∧ corr(0) = false ∧ corr(122) = false
B : ⊤ ∧ f(122) = 0 ∧ f(141) = 114
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SMTO solver 
￼( ⃗x , ⃗θ , ¬ϕ{ ⃗f → ⃗f*}, ⃗𝒪 )

Synthesis 
￼∃f . B

Oracle

 ￼f* : 255 ⊕ x

 ￼f* : 255 ⊕ x

￼   ￼  
￼   ￼  
￼  ￼

ϕ : corr( f )
A : ⊤ ∧ corr(0) = false ∧ corr(122) = false
B : ⊤ ∧ f(122) = 0 ∧ f(141) = 114
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SMTO solver 
￼( ⃗x , ⃗θ , ¬ϕ{ ⃗f → ⃗f*}, ⃗𝒪 )

Synthesis 
￼∃f . B

Oracle

 ￼f* : 255 ⊕ x

 ￼f* : 255 ⊕ x ￼α : corr(255 ⊕ x) = true

￼   ￼  
￼   ￼  
￼  ￼

ϕ : corr( f )
A : ⊤ ∧ corr(0) = false ∧ corr(122) = false
B : ⊤ ∧ f(122) = 0 ∧ f(141) = 114

 ￼β : f(141) = 114
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SMTO solver 
￼( ⃗x , ⃗θ , ¬ϕ{ ⃗f → ⃗f*}, ⃗𝒪 )

Synthesis 
￼∃f . B

Oracle

 ￼f* : 255 ⊕ x
Solution!

￼   ￼  
￼   ￼  
￼  ￼

ϕ : corr( f )
A : ⊤ ∧ corr(0) = false ∧ corr(122) = false
B : ⊤ ∧ f(122) = 0 ∧ f(141) = 114



Coming up
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• Existing use of oracles


• Formal definition of oracle interfaces


• SMT with oracles (SMTO):  
    - when is it satisfiable/unsatisfiable 
    - algorithm


• Synthesis with oracles (SyMO): 
   - when are solutions correct 
   - unifying algorithm for solving 


• More cat pictures


• Prototype evaluation



Case studies
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https://github.com/polgreen/delphi
https://github.com/polgreen/oracles

Problem Delphi (oracles) CVC5 (no oracles)
# # s # s

SyMO Images 10 9 21.6s 0
Control 
stability

112 104 29.3s 16 19.4s

Control 
safety

112 31 59.9s 0

PBE 150 148 0.5s 150 <0.5s
SMTO Math 12 9 <0.5s 5 2.2s

Approximate model



SyGuS-IF extension

• Syntax for declaring oracle constraints, oracle assumptions 
and oracle functions
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Above, we distinguish a subclass of binder-free terms ÈBfTermÍ in the syntax above, which do not
contain bound (local) variables. Like sorts, the identifiers that comprise terms can either be defined by
the user or by background theories.

2.7.1 Term Annotations

In SMT-LIB, terms t may be annotated with attributes. The purpose of an attribute is to mark a term
with a set of special properties, which may influence the expected result of later commands. Attributes are
specified using the syntax (! t A1 . . . An) where t is a term and A1, . . . , An are attributes. An attribute
can be any The term above is semantically equivalent to t itself. Several attributes are standardized by
the SMT-LIB standard, while others may be user-defined.

2.8 Features

A feature ÈFeatureÍ is a keyword denoting a restriction or extension on the kinds of SyGuS commands
that are allowed in an input. It is an enumeration in the following syntax.

ÈFeatureÍ ::= : grammars | : fwd-decls | : recursion | : oracles | : weights

More details on features are given in Section 5.2.

2.9 Commands

A command ÈCmdÍ is given by the following syntax.

ÈCmdÍ ::= (assume ÈTermÍ )
| (check-synth)
| (chc-constraint ( ÈSortedV arÍú ) ÈTermÍ ÈTermÍ )
| (constraint ÈTermÍ )
| (declare-var ÈSymbolÍ ÈSortÍ )
| (declare-weight ÈSymbolÍ ÈAttributeÍú )
| (inv-constraint ÈSymbolÍ ÈSymbolÍ ÈSymbolÍ ÈSymbolÍ )
| (optimize-synth ( ÈTermÍú ) ÈAttributeÍú )
| (set-feature ÈFeatureÍ ÈBoolConstÍ )
| (synth-fun ÈSymbolÍ ( ÈSortedV arÍú ) ÈSortÍ ÈGrammarDefÍ? )
| ÈOracleCmdÍ
| ÈSmtCmdÍ

ÈOracleCmdÍ ::= (oracle-assume ( ÈSortedV arÍú ) ( ÈSortedV arÍú ) ÈTermÍ ÈSymbolÍ )
| (oracle-constraint ( ÈSortedV arÍú ) ( ÈSortedV arÍú ) ÈTermÍ ÈSymbolÍ )
| (declare-oracle-fun ÈSymbolÍ ( ÈSortÍú ) ÈSortÍ ÈSymbolÍ )
| (oracle-constraint-io ÈSymbolÍ ÈSymbolÍ )
| (oracle-constraint-cex ÈSymbolÍ ÈSymbolÍ )
| (oracle-constraint-membership ÈSymbolÍ ÈSymbolÍ )
| (oracle-constraint-poswitness ÈSymbolÍ ÈSymbolÍ )
| (oracle-constraint-negwitness ÈSymbolÍ ÈSymbolÍ )
| (declare-correctness-oracle ÈSymbolÍ ÈSymbolÍ )
| (declare-correctness-cex-oracle ÈSymbolÍ ÈSymbolÍ )

ÈSmtCmdÍ ::= (declare-datatype ÈSymbolÍ ÈDTDeclÍ )
| (declare-datatypes ( ÈSortDeclÍn+1 ) ( ÈDTDeclÍn+1 ))
| (declare-sort ÈSymbolÍ ÈNumeralÍ )
| (define-fun ÈSymbolÍ ( ÈSortedV arÍú ) ÈSortÍ ÈTermÍ )
| (define-sort ÈSymbolÍ ÈSortÍ )
| (set-info ÈKeywordÍ ÈLiteralÍ )
| (set-logic ÈSymbolÍ )
| (set-option ÈKeywordÍ ÈLiteralÍ )

6

https://github.com/SyGuS-Org/docs



Conclusion

• Defined oracle interfaces, grouping responses into 
assumptions and constraints


• Presented algorithms for SMTO and SyMO


• Performs synthesis with complex oracles without building 
new solvers

￼66



Conclusion

Oracles can be (almost) anything!


• Must be able to say “yes” or “no” for correctness


• Must provide semantic guidance to the learner


• Can be used with traditional SMT constraints
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Do you have oracles? Talk to us!
elizabeth.polgreen@ed.ac.uk

Synthesis Modulo Oracles

Elizabeth Polgreen
work with Sangita - Seshia and Andrew Reynolds

Is my program correct ?
No . but I can tell you that

on input 7 it should return 13 .
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sseshia@berkeley.edu

ajreynolds@gmail.com
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