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Last lecture
• Program synthesis

• Solver-aided languages

Today  
• Metasketches: building effective synthesis-aided tools

• MemSynth: an example of a metasketch-based tool

Reminders
• Course feedback form is open

• Project presentations on Friday

• Project reports and prototypes due Friday at 11:00pm
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Metasketches

James Bornholt, Emina Torlak, Luis Ceze, and Dan Grossman.
Optimizing Synthesis with Metasketches. POPL 2016.
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Metasketches
A framework that makes 
search strategy and optimality 
part of the problem definition
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ProgramSpecification
Program 
synthesis

Sketch

def f(x): 
  return Expr 

Expr := x | ?? | Expr op Expr 
  op := + | * | - | >> | << 
  ?? := integer constant
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def f(x): 
  return Expr 

Expr := x | ?? | Expr op Expr 
  op := + | * | - | >> | << 
  ?? := integer constant

Syntax
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Semantics Syntax

Counterexample-guided inductive synthesis [Solar-Lezama et al, 2006]
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Semantics Syntax

f(x) = 4x

x+x+x+x

Counterexample-guided inductive synthesis [Solar-Lezama et al, 2006]

All programs p for 
which p(x0) ≠ f(x0).
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Syntax

1. Search order is critical
2. Desire optimal solutions

x+x+x+x

x << 2

Counterexample-guided inductive synthesis [Solar-Lezama et al, 2006]
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1. Search order is critical
2. Desire optimal solutions

1. structured candidate space (𝓢, ≼)

2. cost function (κ)𝓢

3. gradient function (g)𝓢

A metasketch contains:
Program

Optimal 
Program

Superoptimizer

Shortest straight-line 
(SSA) program
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1. structured candidate space (𝓢, ≼)

2. cost function (κ)𝓢

3. gradient function (g)𝓢

A fragmentation of the candidate 
space, and an ordering on those 
fragments.
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1. structured candidate space (𝓢, ≼)

2. cost function (κ)𝓢

3. gradient function (g)𝓢
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def f(x): 
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  return r3

S3    (SSA programs of length 3)

S1

S2

S3

S4

S5

…

𝓢  = set of all SSA programs

+, -, <, if, …

Vars & constants

A fragmentation of the candidate 
space, and an ordering on those 
fragments.
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𝓢  = set of all SSA programs

≼

≼

≼

≼
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Ordering expresses 
high-level search 
strategy.

Here, ≼ expresses 
iterative deepening.
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1. structured candidate space (𝓢, ≼)

2. cost function (κ)𝓢

3. gradient function (g)𝓢

• a countable set 𝓢 of sketches

• a total order ≼ on 𝓢

𝓢  = set of all SSA programs

A fragmentation of the candidate 
space, and an ordering on those 
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def f(x): 
  r1 = ??op(??{x}) 
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S3

def f(x): 
  r1 = ??op(??{x}) 
  r2 = ??op(??{x,r1}) 
  return r2

S2

def f(x): 
  r1 = ??op(??{x}) 
  return r1

S1

…

Implemented as a 
generator that returns the 
next sketch in the space
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1. structured candidate space (𝓢, ≼)

2. cost function (κ)𝓢

3. gradient function (g)𝓢

𝓢  = set of all SSA programs

S1

S4

S5

…

S2

S3

κ : 𝓛 → ℝ
assigns a numeric cost to each 
program in the language 𝓛

κ(P) = i    for P ∈ Si ∈ 𝓢 

The number of variables 
defined in P

≼

≼

≼

≼

≼

Cost functions can be based 
on both syntax and semantics 
(dynamic behavior)
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2. cost function (κ)𝓢

3. gradient function (g)𝓢

𝓢  = set of all SSA programs

S1

S4

S5

…

S2

S3

g : ℝ → 2𝓢

g(c) is the set of sketches in 𝓢 that 
may contain a solution P with κ(P) < c

The gradient function 
overapproximates the 
behavior of κ on 𝓢

g(c) = { Si ∈ 𝓢 | i < c }

g(4) = {S1, S2, S3}

≼

≼

≼

≼

≼

Always sound for g to 
return all of 𝓢 if a tighter 
bound is unavailable.

g(c) always being finite is 
sufficient (not necessary) 
to guarantee termination.

κ(P) = i    for P ∈ Si ∈ 𝓢 
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1. structured candidate space (𝓢, ≼)

2. cost function (κ)𝓢

3. gradient function (g)𝓢
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search
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search

Local    
search

⟨𝓢, ≼, κ, g⟩

...

Coordinates the search 
for an optimal solution, 
offloading work to 
parallel local searches

An incremental form of 
CEGIS that can accept 
new information from the 
global search
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def inversek2j(float x, float y): 
  th2 = acos(((x*x) + (y*y) - 0.5) / 0.5) 
  th1 = asin((y * (0.5 + 0.5*cos(th2)) -  
              0.5*x*sin(th2)) / (x*x + y*y)) 
  return th1
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Synapse: 349 bytes
SyGuS: 7.1 MB
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Synapse reasons about complex costs
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κ(P)  = 
X

i

|P (xi)� yi|
Classification error executes the 
program for each point in the 
training set



Metasketches express structure and strategy
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S1

S2

S3

S4

S6
S5

S7

1. structured candidate space (𝓢, ≼)

2. cost function (κ)𝓢

3. gradient function (g)𝓢

A metasketch contains:

James Bornholt, Emina Torlak, Luis Ceze, and Dan Grossman.
Optimizing Synthesis with Metasketches. POPL 2016.
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MemSynth

James Bornholt and Emina Torlak.
Synthesizing Memory Models from Framework Sketches and Litmus Tests. PLDI 2017.
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ARM
RISC-V

Trippel et al.
ASPLOS’17

…

GPUs

Alglave et al.
ASPLOS’15

Accelerators …
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M T

T
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M

T

T
…

M

M

M
T

T
…

Verification 
Check that model M allows litmus test T

Synthesis 
Complete a framework sketch M to be correct for all tests T

Equivalence 
Synthesize a test T on which two models differ

Ambiguity 
Determine if a model uniqueness explains a set of tests T



Ocelot: bounded relational logic in Rosette
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finite 
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ROSETTE model
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No: there is a cycle in the happens-
before graph
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…

{} ⊆ hb ⊆ {E1, E2, E3, E4} × {E1, E2, E3, E4}

∀ ei, ej : Event | 
    i < j ∧ ei.thd = ej.thd ⇒ ⟨ei, ej⟩ ∈ hb  

…

no ^hb ∩ iden

Memory models as relational logic
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X = 1 Y = 1

Thread 1

Initially X = Y = 0

Thread 2

Can this program print two zeroes?

print Y print X
E1

E2 E4

E3



{⟨E1⟩,⟨E3⟩} ⊆ Write ⊆ {⟨E1⟩,⟨E3⟩}

{⟨E2⟩,⟨E4⟩} ⊆ Read ⊆ {⟨E2⟩,⟨E4⟩}

{⟨E1,1⟩,⟨E2,1⟩,…} ⊆ thd ⊆ {⟨E1,1⟩,⟨E2,1⟩,…}

…

{} ⊆ hb ⊆ {E1, E2, E3, E4} × {E1, E2, E3, E4}

∀ ei, ej : Event | 
    i < j ∧ ei.thd = ej.thd ⇒ ⟨ei, ej⟩ ∈ hb  

…

no ^hb ∩ iden

Memory models as relational logic
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X = 1 Y = 1

Thread 1

Initially X = Y = 0

Thread 2

Can this program print two zeroes?

print Y print X
E1

E2 E4

E3

Sequential consistency



{⟨E1⟩,⟨E3⟩} ⊆ Write ⊆ {⟨E1⟩,⟨E3⟩}

{⟨E2⟩,⟨E4⟩} ⊆ Read ⊆ {⟨E2⟩,⟨E4⟩}

{⟨E1,1⟩,⟨E2,1⟩,…} ⊆ thd ⊆ {⟨E1,1⟩,⟨E2,1⟩,…}

…

{} ⊆ hb ⊆ {E1, E2, E3, E4} × {E1, E2, E3, E4}

∀ ei, ej : Event | 
    i < j ∧ ei.thd = ej.thd ∧ ¬(ei ∈ Write ∧ ej ∈ Read)  
        ⇒ ⟨ei, ej⟩ ∈ hb

…

no ^hb ∩ iden

Memory models as relational logic

47

X = 1 Y = 1

Thread 1

Initially X = Y = 0

Thread 2

Can this program print two zeroes?

print Y print X
E1

E2 E4

E3

x86 (“total store order”)



{⟨E1⟩,⟨E3⟩} ⊆ Write ⊆ {⟨E1⟩,⟨E3⟩}

{⟨E2⟩,⟨E4⟩} ⊆ Read ⊆ {⟨E2⟩,⟨E4⟩}

{⟨E1,1⟩,⟨E2,1⟩,…} ⊆ thd ⊆ {⟨E1,1⟩,⟨E2,1⟩,…}

…

{} ⊆ hb ⊆ {E1, E2, E3, E4} × {E1, E2, E3, E4}

∀ ei, ej : Event | 
    i < j ∧ ei.thd = ej.thd ∧ ¬(ei ∈ Write ∧ ej ∈ Read)  
        ⇒ ⟨ei, ej⟩ ∈ hb

…

no ^hb ∩ iden

Verification
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X = 1 Y = 1

Thread 1

Initially X = Y = 0

Thread 2

Can this program print two zeroes?

print Y print X
E1

E2 E4

E3

M T



{⟨E1⟩,⟨E3⟩} ⊆ Write ⊆ {⟨E1⟩,⟨E3⟩}

{⟨E2⟩,⟨E4⟩} ⊆ Read ⊆ {⟨E2⟩,⟨E4⟩}

{⟨E1,1⟩,⟨E2,1⟩,…} ⊆ thd ⊆ {⟨E1,1⟩,⟨E2,1⟩,…}

…

{} ⊆ hb ⊆ {E1, E2, E3, E4} × {E1, E2, E3, E4}

∀ ei, ej : Event | 
    i < j ∧ ei.thd = ej.thd ∧ ?? 
        ⇒ ⟨ei, ej⟩ ∈ hb

…

no ^hb ∩ iden

Synthesis
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X = 1 Y = 1

Thread 1

Initially X = Y = 0

Thread 2

Can this program print two zeroes?

print Y print X
E1

E2 E4

E3

M
T

T
…



{⟨E1⟩,⟨E3⟩} ⊆ Write ⊆ {⟨E1⟩,⟨E3⟩}

{⟨E2⟩,⟨E4⟩} ⊆ Read ⊆ {⟨E2⟩,⟨E4⟩}

{⟨E1,1⟩,⟨E2,1⟩,…} ⊆ thd ⊆ {⟨E1,1⟩,⟨E2,1⟩,…}

…

{} ⊆ hb ⊆ {E1, E2, E3, E4} × {E1, E2, E3, E4}

∀ ei, ej : Event | 
    i < j ∧ ei.thd = ej.thd ∧ ?? 
        ⇒ ⟨ei, ej⟩ ∈ hb

…

no ^hb ∩ iden

Synthesis

49

X = 1 Y = 1

Thread 1

Initially X = Y = 0

Thread 2

Can this program print two zeroes?

print Y print X
E1

E2 E4

E3

M
T

T
…

Holes to be filled by 
relational expressions



{⟨E1⟩,⟨E3⟩} ⊆ Write ⊆ {⟨E1⟩,⟨E3⟩}

{⟨E2⟩,⟨E4⟩} ⊆ Read ⊆ {⟨E2⟩,⟨E4⟩}

{⟨E1,1⟩,⟨E2,1⟩,…} ⊆ thd ⊆ {⟨E1,1⟩,⟨E2,1⟩,…}

…

{} ⊆ hb ⊆ {E1, E2, E3, E4} × {E1, E2, E3, E4}

∀ ei, ej : Event | 
    i < j ∧ ei.thd = ej.thd ∧ ?? 
        ⇒ ⟨ei, ej⟩ ∈ hb

…

no ^hb ∩ iden

Synthesis
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X = 1 Y = 1

Thread 1

Initially X = Y = 0

Thread 2

Can this program print two zeroes?

print Y print X
E1

E2 E4

E3

M
T

T
…

Holes to be filled by 
relational expressions

Spec: model gives 
expected outcomes 
(allowed/not) on a set 
of litmus tests, from 
documentation or 
elsewhere



{} ⊆ Write ⊆ {⟨E1⟩,⟨E2⟩,⟨E3⟩,⟨E4⟩}

{} ⊆ Read ⊆ {⟨E1⟩,⟨E2⟩,⟨E3⟩,⟨E4⟩}

{} ⊆ thd ⊆ {E1, E2, E3, E4} × {1, 2}

…

{} ⊆ hb1 ⊆ {E1, E2, E3, E4} × {E1, E2, E3, E4}

{} ⊆ hb2 ⊆ {E1, E2, E3, E4} × {E1, E2, E3, E4}

∀ ei, ej : Event | 
    i < j ∧ ei.thd = ej.thd ∧ ¬(ei ∈ Write ∧ ej ∈ Read)  
        ⇒ ⟨ei, ej⟩ ∈ hb1

…

no ^hb1 ∩ iden

Equivalence
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X = 1 Y = 1

Thread 1

Initially X = Y = 0

Thread 2

Can this program print two zeroes?

print Y print X
E1

E2 E4

E3

T
M

M



{} ⊆ Write ⊆ {⟨E1⟩,⟨E2⟩,⟨E3⟩,⟨E4⟩}

{} ⊆ Read ⊆ {⟨E1⟩,⟨E2⟩,⟨E3⟩,⟨E4⟩}

{} ⊆ thd ⊆ {E1, E2, E3, E4} × {1, 2}

…

{} ⊆ hb1 ⊆ {E1, E2, E3, E4} × {E1, E2, E3, E4}

{} ⊆ hb2 ⊆ {E1, E2, E3, E4} × {E1, E2, E3, E4}

∀ ei, ej : Event | 
    i < j ∧ ei.thd = ej.thd ∧ ¬(ei ∈ Write ∧ ej ∈ Read)  
        ⇒ ⟨ei, ej⟩ ∈ hb1

…

no ^hb1 ∩ iden

Equivalence

50

X = 1 Y = 1

Thread 1

Initially X = Y = 0

Thread 2

Can this program print two zeroes?

print Y print X
E1

E2 E4

E3

T
M

M

Solve for a litmus test that 
two models disagree about



{} ⊆ Write ⊆ {⟨E1⟩,⟨E2⟩,⟨E3⟩,⟨E4⟩}

{} ⊆ Read ⊆ {⟨E1⟩,⟨E2⟩,⟨E3⟩,⟨E4⟩}

{} ⊆ thd ⊆ {E1, E2, E3, E4} × {1, 2}

…

{} ⊆ hb1 ⊆ {E1, E2, E3, E4} × {E1, E2, E3, E4}

{} ⊆ hb2 ⊆ {E1, E2, E3, E4} × {E1, E2, E3, E4}

∀ ei, ej : Event | 
    i < j ∧ ei.thd = ej.thd ∧ ¬(ei ∈ Write ∧ ej ∈ Read)  
        ⇒ ⟨ei, ej⟩ ∈ hb1

…

no ^hb1 ∩ iden

Equivalence
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?? ??

Thread 1

Initially X = Y = 0

Thread 2

Can this program print two zeroes?

?? ??
E1

E2 E4

E3

T
M

M

Solve for a litmus test that 
two models disagree about



Metasketches for memory models
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{⟨E1⟩,⟨E3⟩} ⊆ Write ⊆ {⟨E1⟩,⟨E2⟩,⟨E3⟩,⟨E4⟩}

{} ⊆ Read ⊆ {⟨E2⟩,⟨E4⟩}

{⟨E1,1⟩,⟨E2,1⟩,…} ⊆ thd ⊆ {⟨E1,1⟩,⟨E2,1⟩,…}

…

{} ⊆ hb1 ⊆ {E1, E2, E3, E4} × {E1, E2, E3, E4}

{} ⊆ hb2 ⊆ {E1, E2, E3, E4} × {E1, E2, E3, E4}

∀ ei, ej : Event | 
    i < j ∧ ei.thd = ej.thd ∧ ¬(ei ∈ Write ∧ ej ∈ Read)  
        ⇒ ⟨ei, ej⟩ ∈ hb1

…

no ^hb1 ∩ iden

?? = ?? ?? = ??

Thread 1

Initially X = Y = 0

Thread 2

Can this program print two zeroes?

?? ??E4

E3E1

E2



Metasketches for memory models
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{⟨E1⟩,⟨E3⟩} ⊆ Write ⊆ {⟨E1⟩,⟨E2⟩,⟨E3⟩,⟨E4⟩}

{} ⊆ Read ⊆ {⟨E2⟩,⟨E4⟩}

{⟨E1,1⟩,⟨E2,1⟩,…} ⊆ thd ⊆ {⟨E1,1⟩,⟨E2,1⟩,…}

…

{} ⊆ hb1 ⊆ {E1, E2, E3, E4} × {E1, E2, E3, E4}

{} ⊆ hb2 ⊆ {E1, E2, E3, E4} × {E1, E2, E3, E4}

∀ ei, ej : Event | 
    i < j ∧ ei.thd = ej.thd ∧ ¬(ei ∈ Write ∧ ej ∈ Read)  
        ⇒ ⟨ei, ej⟩ ∈ hb1

…

no ^hb1 ∩ iden

?? = ?? ?? = ??

Thread 1

Initially X = Y = 0

Thread 2

Can this program print two zeroes?

?? ??E4

E3

Fix some parts of the litmus 
test, but not all

E1

E2



Metasketches for memory models
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Slowest problem ~30x 
faster than Alloy



MemSynth can synthesize real models
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x86 PowerPC

10 tests (Intel manual)
2 seconds

768 tests (existing work)
16 seconds



MemSynth can synthesize real models
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x86 PowerPC

10 tests (Intel manual)
2 seconds

768 tests (existing work)
16 seconds

(define ppo 
  (& po (& (- (- (+ po dep) 
                 (& (join loc (~ loc)) 
                    (-> Write Write))) 
              (& (- po dep) 
                 (-> Read Write))) 
           (- (- po (-> Write Event)) 
              (- (-> Read Read) 
                 (& po dep)))))) 

(define grf 
  (-> none none)) 

(define fences 
  (+ 
   (^ (let ([poFpo (join (:> po Fence) po)]) 
        (+ 
         (:> 
          (+ (+ rf poFpo) (join poFpo poFpo)) 
          (+ (join poFpo Write) (join Write poFpo))) 
         (:> 
          (join (+ rf poFpo) (+ rf poFpo)) 
          (join (+ Read Write) (+ rf poFpo)))))) 
   (^ (let ([poLWFpo (join (:> po Lwsyncs) po)] 
            [RE+WW (+ (-> Read Event) (-> Write Write))]) 
        (:> 
         (:> 
          (+ (:> (& RE+WW poLWFpo) Write) 
             (join (& RE+WW poLWFpo) rf)) 
          (+ (join (& RE+WW poLWFpo) Write) 
             (join Write (& RE+WW poLWFpo)))) 
         (join 
          (+ Read Write) 
          (+ (<: Write rf) 
             (<: Write (& RE+WW poLWFpo)))))))))



MemSynth can find ambiguities in real models
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x86 PowerPC

10 tests (Intel manual)
2 seconds

768 tests (existing work)
16 seconds

3 missing litmus tests
(Intel manual identifies at 
least 4 different models!)

10 missing litmus tests
(existing testing identifies at 
least 11 different models!)



Summary
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Today
• Metasketches: scalable program synthesis

• MemSynth: a metasketch-based synthesis tool

Next lecture
• Project demos!

• 7 groups, 11 minutes per group
• Please be on time!


