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Motivation

- Compilers are hard to get right1

- Mechanized proof is effective1, but proofs often tedious
- Example: CertiCoq’s backend

1Yang, Chen, Eide, and Regehr, 2011
2Appel and Jim, 1997
3Savary Bélanger and Appel, 2016
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1997: invented and used in SML/NJ1

2016: purely functional version proved correct2

300-line implementation
2000-line, semester-long proof
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- Proofs about program transformations seem to have similar structure:

Automation to the rescue?

transform e = e’

e ⟶* e’ where (⟶) is some rewriting relation

e and e’ are semantically equivalent

Lacey and De Moor, 2001
Cobalt, Rhodium (Lerner et al., 2005)
PTRANS (Mansky, 2014)

Proofs about object language semantics

Proofs about data structures and invariants This work
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Our tool

Rewriting relation (⟶)

“Use lookup tables to store bindings in scope”
“Use a counter variable to generate fresh names”

Specified how?
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Holes to fill by hand

Types ensure correctness



Specifying helper data structures: an example

b ::= true | false
e ::= x | let x = b in e | if x then e else e

let x = true in C[if x then e1 else e2]   ⟶   let x = true in C[e1]   ((case folding)

x ∉ FV(e)   (dead variable elimination)
—————————   (dead variable elimination)
let x = b in e   ⟶   e   (dead variable elimination)
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Implementing case folding

let x = true in C[if x then e1 else e2]   ⟶   let x = true in C[e1]    (case folding)

Pass around an extra parameter env mapping variables in scope to literals:

let x = b in
…
if x
then a
else b

Set env(x) to b

Lookup x in env; perform case folding accordingly
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Implementing dead variable elimination

        x ∉ FV(e)   (dead variable elimination)
        —————————   (dead variable elimination)
        let x = b in e   ⟶   e   (dead variable elimination)

Maintain a piece of state uses mapping variables to use counts.

let x = b in e

Check if uses(x) = 0; delete binding if so
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Example

let y = true in
let z = false in
if x then
   if y then a else b
else
   if z then c else d

env
∅

uses
x ↦ 1
y ↦ 1
z ↦ 1
a ↦ 1
b ↦ 1
c ↦ 1
d ↦ 1

Set env(y) to true; recur

8



Example

let y = true in
let z = false in
if x then
   if y then a else b
else
   if z then c else d

env
y ↦ true

uses
x ↦ 1
y ↦ 1
z ↦ 1
a ↦ 1
b ↦ 1
c ↦ 1
d ↦ 1

Set env(z) to false; recur
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Example

let y = true in
let z = false in
if x then
   if y then a else b
else
   if z then c else d

env
y ↦ true
z ↦ false

uses
x ↦ 1
y ↦ 1
z ↦ 1
a ↦ 1
b ↦ 1
c ↦ 1
d ↦ 1

x ∉ env; recur on branches
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Example

let y = true in
let z = false in
if x then
   if y then a else b
else
   if z then c else d

env
y ↦ true
z ↦ false

uses
x ↦ 1
y ↦ 1
z ↦ 1
a ↦ 1
b ↦ 1
c ↦ 1
d ↦ 1

env(y) = true; case fold!

Will be deleted; decrement uses(b) and uses(y)
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Example

let y = true in
let z = false in
if x then
   a
else
   if z then c else d

env
y ↦ true
z ↦ false

uses
x ↦ 1
y ↦ 0
z ↦ 1
a ↦ 1
b ↦ 0
c ↦ 1
d ↦ 1
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Example

let y = true in
let z = false in
if x then
   a
else
   if z then c else d

env
y ↦ true
z ↦ false

uses
x ↦ 1
y ↦ 0
z ↦ 1
a ↦ 1
b ↦ 0
c ↦ 1
d ↦ 1

env(z) = false; case fold!

Will be deleted; decrement uses(c) and uses(z)
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Example

let y = true in
let z = false in
if x then
   a
else
   d

env
y ↦ true
z ↦ false

uses
x ↦ 1
y ↦ 0
z ↦ 0
a ↦ 1
b ↦ 0
c ↦ 0
d ↦ 1
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Example

let y = true in
let z = false in
if x then
   a
else
   d

env
y ↦ true
z ↦ false

uses
x ↦ 1
y ↦ 0
z ↦ 0
a ↦ 1
b ↦ 0
c ↦ 0
d ↦ 1
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Example

let y = true in
let z = false in
if x then
   a
else
   d

env
y ↦ trueuses(z) = 0; z is dead

uses
x ↦ 1
y ↦ 0
z ↦ 0
a ↦ 1
b ↦ 0
c ↦ 0
d ↦ 1
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Example

let y = true in
if x then
   a
else
   d

env
y ↦ true

uses
x ↦ 1
y ↦ 0
z ↦ 0
a ↦ 1
b ↦ 0
c ↦ 0
d ↦ 1
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Example

uses(y) = 0; y is dead

let y = true in
if x then
   a
else
   d

env
∅

uses
x ↦ 1
y ↦ 0
z ↦ 0
a ↦ 1
b ↦ 0
c ↦ 0
d ↦ 1
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Example

if x then
   a
else
   d

env
∅

uses
x ↦ 1
y ↦ 0
z ↦ 0
a ↦ 1
b ↦ 0
c ↦ 0
d ↦ 1
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Specifying helper data structures

- At each step, there is a subterm in focus e and surrounding context C
- Can think of implementations as state machines with configurations (C, e)
- env and uses are related to (C, e) at each step by an invariant

       (C, e) ~ env ⟺ ∀ x b, env(x) = b ⟺ x bound to b in C
     (C, e) ~ uses ⟺ ∀ x n, uses(x) = n ⟺ x used n times in C[e]
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Our tool

Rewriting relation (⟶)

“Use lookup tables to store bindings in scope”
“Use a counter variable to generate fresh names”

Specified how?
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Holes to fill by hand

Types ensure correctness

Answer: by invariants, relating each data 
structure to intermediate states (C, e)



- Our tool also supports delayed computations and custom termination metrics
- Resulting framework is simple, but can express many of CertiCoq’s passes:

Our tool
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Demo
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Syntax

1Sozeau et al., 2020

1

e ::= x | let x = b in e | if x then e else e

C ::= □ | let x = b in C
       | if x then C else e
       | if x then e else C
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Rewrite rules
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let x = true in C[if x then e1 else e2] 
⟶   let x = true in C[e1]

x ∉ FV(e)
————————————————————

let x = b in e   ⟶   e



Invariants
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Preserving invariants across recursive calls
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Preserving invariants across recursive calls
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Deriving an implementation

MetaCoq + Ltac

rewrite rules + invariants specified in goal type
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Deriving an implementation



Deriving an implementation
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Deriving an implementation
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Evaluation
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- Compared lines of code & proof to manual implementations
- Measured run-times of CertiCoq on a suite of benchmarks



Line counts
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Run times (milliseconds)

Uncurrying
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Shrinking



Future work

- Make the generated Coq code more human-readable
- Cross-language transformations? (e.g. CPS/ANF conversion, closure 

conversion)
- Implement more transformations
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