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def out := 
  match True with
  | True → e
  | False → f

func out() {
  lp.switch true
    true → { e }
    false → { f }
}

func out() {
  %ve = rgn.val { e }
  %vf = rgn.val { f }
  %r = select true, %ve, %vf
  rgn.run %r
}
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Continuations == SSA - A Solved Problem ?
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The Abstraction Gap of Functional IR vs SSA IR in Lean4

Lean4 λpure λrc LLVMC

Abstraction Gap

lp rgn

lp

1. Embed

2. Optimize 3. Lower
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SSA Primitives for Strict Functional IRs + Ref-Counting

lp.construct : (!lp.t)* -> !lp.t
lp.construct %<arg>* { tag = <tag> }

lp.getlabel : !lp.t -> i8
lp.getlabel %<val>

lp.project: !lp.t -> !lp.t
lp.project %<data>, <constant-index>

lp.switch: i8 -> ()
lp.switch %<tag> 
  <alt-0> → {
    // rhs-0
  },
  <alt-1> → {
    // rhs-1
  },
  ...
  @default → {
    // rhs-default
  }

Algebraic Data Types

lp.int: i64 → !lp.t
lp.int %<v>

lp.joinpoint : ()
lp.joinpoint @<label> {
    // after-jump
  }, {
    // pre-jump
  }

lp.jump : (!lp.t)* -> () 
lp.jump @<label> %<arg>*

lp.pap: (!lp.t)* -> !lp.t
lp.pap @<fn-name> %<arg>* 

lp.papextend: !lp.t x (!lp.t)* -> !lp.t
lp.papextend %<closure>, %<arg>*

lp.bigint: !lp.t
lp.bigint <constant-bigint>

lp.inc: !lp.t -> ()
lp.inc %<v>

lp.dec: !lp.t -> ()
lp.dec %<v>

Numerics

Reference Counting Join Points

Closures
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A Feature Complete Embedding into SSA+Regions

Lean4 λpure λrc LLVMC

Abstraction Gap

lp rgn

lp

1. Embed

2. Optimize 3. Lower✔
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Optimizing match via Classical SSA Transforms

def out :=
  match True with
  | True   → 1
  | False  → 2

func out() {
  lp.switch true
    true  → { return 1 }
    false → { return 2 }
}

func out() {
   return 1
}

rgn.run (rgn.val %l)
    → inline %l

%l = 1
%r = 2
%z = select true, %l, %r
return %z

%l = 1
%r = 2
%z = %l
return %z

%l = 1
return %l

select true %l, %r → %l 

func out() {
  %l = rgn.val { 
         return 1
       }
  %r = rgn.val { 
         return 2
       }
  %z = select true, %l, %r
  rgn.run %z
}

func out() {
  %l = rgn.val { 
         return 1
       }
  %r = rgn.val {
         return 2
       }
  %z = %l 
  rgn.run %z
}

func out() {
  %l = rgn.val {
         return 1
       }
  rgn.run %l
}

func out() {
  return 1
}

?
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End To End Pipeline for Functional IRs in SSA

Lean4 λpure λrc LLVMC

Abstraction Gap

lp rgn

lp

1. Embed

2. Optimize 3. Lower✔
✔ ✔
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Full Correctness On the Lean4 Test Suite

Test suite: 648/648 [Golden tests]
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Full Correctness On the Lean4 Test Suite

Test suite: 648/648 [Golden tests]
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More Semantic Guarantees!

✔



Performance Parity with Existing Backend
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binarytrees
binarytrees-int 
const_fold 
deriv
filter
qsort 
rbmap_checkpoint
unionfind 

Lean4 Benchmark Suite
functional binary tree lookup, insert, and delete.
functional int binary tree lookup, insert, and delete.
constant folding on expression language.
symbolic derivative on expression trees.
filtering values from a linked list.
real in-place quicksort using Lean4 arrays.
red-black tree insertion and lookup
Tarjan’s union-find algorithm.



Why lz
Functional IR SSA + Regions

lp & rgn
def out :=
  match True with
  | True   → 1
  | False  → 2

func out() {
  lp.switch true
    true → { return 1 }
    false → { return 2 }
}

func out() {
  %l = rgn.val { return 1 }
  %r = rgn.val { return 2 }
  %out = select true, %l, %r
  rgn.run %out
}

func out() { return 1 }

select true %l, %r → %l 
rgn.run (rgn.val %r) → inline %r
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Performance Parity

Test suite: 648/648 Golden Tests

This presentation and recording belong to the authors. No distribution is allowed without the authors' permission



Research → Production: Real World Concerns
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LLVM

Other Users in Production (GHC)

Lean4, C Bindings

MLIR

Lean4: early adopter

Lean4, C Bindings, C++ defined IR

 


