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The need for domain-specific code generators

ATLAS generates optimized code for matrix multiplication:

for (j=0; j < nu; j++)

for (i=0; i < mu; i++)
{
if (AsglstC && 'k)
fprintf (fpout, "%hs %shd_%d = %shkd * %skd;\n",
.- spc, rC, i, j, rA, i, rB, j);
else
fprintf (fpout, "%s %skd_%d += %s%d * %s¥d;\n",
spc, rC, i, j, rA, i, rB, j);
opfetch(fpout, spc, nfetch, rA, rB, pA, pB,
mu, nu, offA, offB, 1da, 1db, mulA, mulB,
rowA, rowB, &ia, &ib);
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Code generators

Static data 2-level language

:

Specialized programs

Want safety: generate well-formed programs only
Want clarity: generators resembles textbook algorithms

Our contribution: a two-level language

with a sound type system (for safety)

and delimited control operators (for clarity)
in which to express existing code-generation techniques

and domain-specific optimizations
419
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Gibonacci example

Like Fibonacci, but not always starting with 1 and 1.

let gib x y =
let rec loop n =
if n = 0 then x else
if n = 1 then y else
loop (n-1) + loop (n-2)
in loop

gib1 15— 38

Other domains:
» Gaussian elimination
» Fast Fourier Transform
» Linear signal processing

» Embedded devices ...
6/19



Gibonacci example, specialized

Familiar from quasiquotation, macros, PE, or just printf.

let gib x y =
let rec loop n =
if n = 0 then x else
if n = 1 then y else
.<.7"(Loop (n-1)) + .7 (loop (n-2))>.
in loop

<fun x y -> .7 (gib .<x>. .<y>. 5)>.

—> .<fun x_0 -> fun y_1 >
((((y_1 + x.0) +y_1) + (y_1 +x_0)) +
((y_1 + x_0) + y_1))>.

Code values can be open when evaluating under generated A,
but the generated code is always well-scoped, because names
are generated and bound in one step.
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Gibonacci example, memoized
Keep a memo table as mutable state.
let gib x y = let memo = new_memo () in
let rec loop n =
if n = 0 then x else
if n = 1 then y else

memo loop (n-1) + memo loop (n-2)
in loop

gib1 15— 38
Other domain-specific optimizations:

» Dynamic programming
» Pivoting matrices

» Simplifying arithmetic on complex roots of unity . ..
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Gibonacci example, specialized, memoized?

A naive combination duplicates code, as when unfolding in PE.

let gib x y = let memo = new_memo () in
let rec loop n =
if n = 0 then x else
if n = 1 then y else
.<.7(memo loop (n-1)) + .7 (memo loop (n-2))>.
in loop

<fun x y -> .7 (gib .<x>. .<y>. 5)>.

—> .<fun x_0 -> fun y_1 >
((((y_1 + x.0) +y_1) + (y_1 +x_0)) +
((y_1 + x_0) + y_1))>.

Generating code fast is not generating fast code!
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Two problems

1. Code in state voids safety, due to scope extrusion.

let r = ref .<1>. in
Lfun y -> .7 (r = .<y>.; .<O>.)>.;
Ir

—> <y_1>.

2. Need to insert let at top, not to duplicate specialized code.
<fun x y -> .7(gib .<x>. .<y>. 4)>.

—> .<fun x_0 -> fun y_1 >
let t.2 =y_1 +x_0 in
let t_3 t_2 + y_1 in t_3 + t_2>.
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let t.3 =t 2+ y.1int3+ t 2>
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(Similar: need to insert if/assert.)
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Two solutions

1. Use CPS or monadic style to write the generator. (Maich
compiler, CPS translator (Danvy & Filinski), PE (Bondorf))
let gib x y =

let rec loop n k =
if n = 0 then k x else
if n = 1 then k y else
memo loop (n-1) (fun r1 ->
memo loop (n-2) (fun r2 ->
k .<.”rl1 + .7r2>.))

in loop
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Preventing scope extrusion

LR

=N
r’?\ﬁ\“\“‘\ \
/| "
I N

Custom generators # Fixed generator

Our contribution:

For safety, simply treat later binders as earlier delimiters
in the operational semantics and type system.

(Existing practice; Thiemann & Dussart’s constraint on state)
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Our source language \?

Expressions e :: | 2] et+e| Az.e | fix | ee

=z
| (e,e) | fst | snd | ifzetheneelsee
|

| {e} [ (&) | ~e

Cl(Aa.€) ] ~ Clele = v] 6.)
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Staging

Two levels: present 0, future 1.

Expressions e =z | i | e+e | Az.e | fix | ee
| (e,e) | fst | snd | ifzetheneelsee
|

| {e} | (e) | ~e

—— N——
Delimited control Code generation
(Felleisen, ..., Danvy & Filinski)

Cl(Aa.€) ] ~ Clele = v] 6.)
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Staging

Two levels: present 0, future 1.

Values 0 =z | Aze | (@Y | ---
1 |

v =z | Azt | vl

Contexts C° = C°e] | Cl°00] | CH~O) | OO | ---
Cl = ClOe] | ClviO)] | COUD] | ---
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Staging

Two levels: present 0, future 1.

let f = Az.z in (AL ~(f (1)) ~g, (At. ~((Az. 2)(t)))
~g, (At ~(1))

o (AL T)
Co(Az.e)v°] ~ C°[e[z := 0] (Bo)
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Control

Two operators: shift i, reset { }.

Expressions e =z | i | e+e | Az.e | fix | ee
| (e,e) | fst | snd | ifzetheneelsee

| i | {e} | (e | ~e

— —— N——
Delimited control  Code generation
(Davies & Pfenning, ..., Taha)

C%[(\z.e)v°] ~ Ce[z :=27]] (Bv)
CH~(wh)] ~ C[v'] (~)
CO[{v°}] ~ C°[°] {
CO{{D[hv°]}] ~ CO[{+°(Az. {D[z]})}]  (H°)
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Control

Two operators: shift 1, reset { }.

{141} 41w {2} +1

~ 0y 2+1
~y 3
C?(Az.e)v°] ~ C%le[z :=1"]] (Bu)
C~(wh] ~ CHw'] (~)
COl{v%}] ~ C°[v°] {
] [{v° %)
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Control

Two operators: shift 1, reset { }. Emulate state (Filinski).

const=Ay.Az.y get=H(Ak.Az.kzz) put=Az . H(Ak.)z.k2'2")

{const (get +40)} 2 ~> 40 {(Ak. Az. kzz)(Az. {const(z + 40)})} 2
~g, {Az.(Az.{const(z + 40)})zz} 2
5 (Az. (Az. {const(z + 40)})zz) 2
~g, (Az.{const(z + 40)}) 22
~g, {const(2+ 40)}2 ~g, {Az2.42}2 ~142

C%[(\z.e)v°] ~ Ce[z :=27]] (Bv)
CH~wh)] ~ CH v (~)
CO[{°}] ~ C°[’] {3

] [{v° )
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Staging + Control

Is scope extrusion possible?

{const (let z = (Ay. ~(put(y))) in get)} (0)
~~T {const (let z = (Ay. ~((y))) in get)} (¥)
~T {const get} (y)
~* {const ()} (y)
~T(y)
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Staging + Control

Is scope extrusion possible? No. Level-1 A delimits control.

{const (let z = (Ay. ~(put(y))) in get)} (0)
~T Lconst (let z = (Ay. ~{(Ak. Az. k(y)¥))(Az. {(~z)})}) in get)} (0)

Prevented in the operational semantics, the type system, and
the CPS translation:

[Az.e]1 = Ak. k (Az. ~([e]1(Az. 2)))
# Ak. [e]1(Az. k(Az. ~2))
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Applications

Can write:
» memoized Gibonnacci generator
» a memoizing fixpoint combinator for code generation
» dynamic programming
» Gaussian elimination
» combinators for CPS translation and partial evaluation

Cannot write:
» loop-invariant code motion
» inserting let/if/assert at outermost possible scope
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Type system

Environments contain bindings at two levels:
o= | Nz | {z:v)

Pull back from CPS translation.

(z:7)eT ((z:v)) el
PFXekz: (T — 1) — 70 T'F Ak k(z): ((v) = T9) = To
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Type system

Environments contain bindings at two levels:
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Conclusion

The first language for code generators with

» a sound type system, for safety:
generate well-formed programs only

» delimited control operators, for clarity:
generators resemble textbook algorithms

Key: treat later binders as earlier delimiters

Implemented in MetaOCaml (manual treatment) -~
and in Twelf

Extensions wanted:

control effects beyond nearest delimiter
changing answer types

(answer-type) polymorphism

more than 2 levels

eval and polymorphic lift

v

vV v vY
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