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Need LOTS of Transformers

LLVM IR

  47 binary integer ops.

LLVM Intrinsics

1,713 x86_64
1,286 AMD GPU

726 RISC-V
1,673 AArch 64
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Overfow

Top Bot
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Intervals
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f #
Known Bits

f #
Sign

f #
Mod P ...

g x h #
D1 x D2



f # Operation

Domain

Compiler IR

Long-Term Goal



Design point: Bulk Automation
- Minimize user input
- Coverage over precision
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IR = MLIR

Nice To Meet You

26 ops ~ complementary to LLVM
14 ops ~ more precise



Nice To Meet You flled edge-cases in 10+ yr old transformers

Known Bits  ~1,000 lines Constant Range  ~2,000 lines
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Known Bits Constant Range

Integer intervals [a, b)
Signed and Unsigned

[1, 4)

1 2 3

Partial bit vectors

10??

8 9 10 11

Tested on 8-bit and 64-bit integers
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... but synthesis doesn't scale?

Idea : build up a meet of several transformers
f1 #   ⊓   f2 #   ⊓ ... ⊓   fn #

  - dynamically adapt score function to cover input space

Give each transformer one simple job
Add AddNsw

AddNswNuw AddNuw
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Example: Interval Max

Synth
  f1 #   (a, b) = [ 0, max(a.hi, b.hi)]
  f2 #   (a, b) = [ a & b, MAX_INT]
  f3 #   (a, b) = [ a.lo, a.hi | b.hi ]
  f4 #   (a, b) = [ b.lo, MAX_INT]

Input: the Domain and Op



What are we looking for?

The best abstract transformer:
f #   = 𝛼 ◦ f* ◦ 𝛾





Optimal in the limit
    mutate is invertible

Sound at each step



Nice To Meet You
1. Eval + Verify
2. Condition Synth

https://github.com/dominicmkennedy/synth-xfer
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https://mlir.llvm.org/

SSA : Single Static Assignment

One syntax, many dialects

Our dialect: xDSL-SMT

U. Cambridge
https://github.com/opencompl/xdsl-smt

CGO'25 PLDI'25



Example: MLIR vs. SMT-LIB

x * 2 != x + x

%x = smt.declare_const : !smt_int.int
%two = smt_int.constant 2
%mul_two = smt_int.mul %x, %two
%add_twice = smt_int.add %x, %x
%eq = smt.distinct %mul_two, %add_twice
       : !smt_int.int
smt.assert %eq
smt.check_sat

(declare-const x Int)
(assert
  (distinct (* x 2) (+ x x)))
(check-sat)
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Synthesized urem

Meet of 9
candidates

Recovers LLVM heuristics

f2 improves precision



Evaluation 1: Per-Operator Precision

Complementary on 26 / 40 ops

Known Bits

Constant Range



Evaluation 2: SPEC CPU 2017 Known Bits



Evaluation 2: SPEC CPU 2017 Known Bits

Meet of synth & LLVM transformers

# KB Baseline KB
openssl +2 1.3 M
ffmpeg +14 3.7 M
cvc5 +0 16 M



Evaluation 2: SPEC CPU 2017 Known Bits

Synth vs. LLVM-- Synth always loses!

Precision Time

perlbench -3.76% -1.5s

gcc -1.78% -6s

mcf 0 -0.2s

omnetpp -0.24% -0.1s

xalancbmk -6.92% -1s

x264 -11.79% -6s

deepsjeng -5.12% -0.3s

leela -23.22% -0.2s

xz -6.26% -0.5s



Evaluation 3: Product: Known Bits x Constant Range



Evaluation 4: Specialization

Observation: tranformers compose poorly
f2 #   ◦ f1 #    <   (f1+f2) #



Evaluation 4: Specialization



Future Directions

Project-Specifc
Transformers

Quickly
 Exploring Domains

GenAI in the Loop



GenAI in the Loop

DSL Choice Templates Improve Candidates



f # 40 binary integer ops

Domains = Known Bits, Constant Range

IR = MLIR

Nice To Meet You

Meet of sound
candidates

Dynamic cost function

Condition abduction MLIR + z3 Verifcation
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