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(x y : BV w), x + y = y + x

(x' y' w' : BV 65), w' <= 64 ->
  let x := x' & (1 <<< w' - 1)
  let y := y' & (1 <<< w' - 1)
  x + y = y + x
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What's InstCombine?

X + X    →    X <<< 1

-A + -B  →  - (A + B)

-A + B   →   B - A

  LLVM’s Amazing Peephole Optimizer!

… and thousands more!



Is InstCombine Code Common (in lines of code)?

InstCombine is larger than Vectorize?! 😱



Declarative Code Hidden in Plain Sight C++

InstCombine yearns
  to be declarative!

It facilitates 

● verification
● maintenance
● optimization
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Idealized Pipeline For Extracting Declarative Rewrites

InstCombine
Test Suite
src-a.ll
src-b.ll
src-c.ll
src-d.ll

llvm-opt src.ll -instcombine -o tgt.ll 

x * 4 x << 2

x * 2^c = x << c

Guess Generalized Rewrite
Verify Correctness

http://src-a.ll
http://src-c.ll
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LLVM Has “Verify” Already: Alive!

define i32 @src(i32) {
  %r = udiv i32 %0, 8192
  ret i32 %r
}

define i32 @tgt(i32) {
  %r = lshr i32 %0, 13
  ret i32 %r
}

Transformation seems to be correct!



LLVM Has “Verify” Already: Alive! – It’s used Daily!
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LLVM Has “Verify” Already: Alive!

define i32 @src(i32) {
  %r = udiv i32 %0, 8192
  ret i32 %r
}

define i32 @tgt(i32) {
  %r = lshr i32 %0, 13
  ret i32 %r
}

Transformation seems to be correct!
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LLVM Has “Verify” Already: Alive!

define i32 @src(i32) {
  %r = udiv i32 %0, 1
  ret i32 %r
}

define i32 @tgt(i32) {
  %r = lshr i32 %0, 13
  ret i32 %r
}
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LLVM Has “Verify” Already: Alive!

define i32 @src(i32) {
  %r = udiv i32 %0, 1
  ret i32 %r
}

define i32 @tgt(i32) {
  %r = lshr i32 %0, 13
  ret i32 %r
}

Transformation doesn't verify!

ERROR: Value mismatch

Example:
i32 %#0 = #x00000001 (1)

Source:
i32 %r = #x00000001 (1)

Target:
i32 %r = #x00000000 (0)
Source value: #x00000001 (1)
Target value: #x00000000 (0)
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LLVM Has “Verify” Already: Alive!

define i32 @src(i32) {
  %r = udiv i32 %0, 1
  ret i32 %r
}

define i32 @tgt(i32) {
  %r = lshr i32 %0, 13
  ret i32 %r
}

Transformation doesn't verify!

ERROR: Value mismatch

Example:
i32 %#0 = #x00000001 (1)

Source:
i32 %r = #x00000001 (1)

Target:
i32 %r = #x00000000 (0)
Source value: #x00000001 (1)
Target value: #x00000000 (0)
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LLVM Has “Verify” Already: Alive!

define i32 @src(i32) {
  %r = udiv i32 %0, 1
  ret i32 %r
}

define i32 @tgt(i32) {
  %r = lshr i32 %0, 13
  ret i32 %r
}

Transformation doesn't verify!

ERROR: Value mismatch

Example:
i32 %#0 = #x00000001 (1)

Source:
i32 %r = #x00000001 (1)

Target:
i32 %r = #x00000000 (0)
Source value: #x00000001 (1)
Target value: #x00000000 (0)



15

Idealized Pipeline For Extracting Declarative Rewrites

InstCombine
Test Suite
src-a.ll
src-b.ll
src-c.ll
src-d.ll

llvm-opt src.ll -instcombine -o tgt.ll 

x * 4 x << 2

x * 2^c = x << c

Guess Generalized Rewrite 
Verify Correctness ✅

http://src-a.ll
http://src-c.ll
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Idealized Pipeline For Extracting Declarative Rewrites

InstCombine
Test Suite
src-a.ll
src-b.ll
src-c.ll
src-d.ll

llvm-opt src.ll -instcombine -o tgt.ll 

x * 4 x << 2

x * 2^c = x << c

Guess Generalized Rewrite
Verify Correctness ✅ 

http://src-a.ll
http://src-c.ll


How To Guess Good Width Generic Rewrites?
(x y : BV 3), x + y = y + x

(x y : BV w), x + y = y + x

(x : BV 5), (x << 4) >> 4 = x & 1

(x : BV w), (x << (w - 1)) >> (w - 1)) = x & 1

Problem 1: Constant Generalization

Problem 2: Precondition Generation
(x : BV 3), (x.zext 4).sext 7 = x.zext 7

🧞 "Alive, is this rewrite true?"

🤔 How to come up with (w - 1)?

(x : BV w3), w3 < w4 <= w7 => 
  (x.zext w4).xsezt w7 = x.sext w7

🤔 How to come up with (w3 < w4 <= w7)? Hydra Generates 
Potentially Likely Candidates 😊



Manasij
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Idealized Pipeline For Extracting Declarative Rewrites

InstCombine
Test Suite
src-a.ll
src-b.ll
src-c.ll
src-d.ll

llvm-opt src.ll -instcombine -o tgt.ll 

x * 4 x << 2

x * 2^c = x << c

Guess Generalized Rewrite ✅
Verify Correctness ✅

http://src-a.ll
http://src-c.ll
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Did Sid Think This Is A Lightning Talk By Accident? 😨

InstCombine
Test Suite
src-a.ll
src-b.ll
src-c.ll
src-d.ll

llvm-opt src.ll -instcombine -o tgt.ll 

x * 4 x << 2

x * 2^c = x << c

Guess Generalized Rewrite ✅
Verify Correctness ✅

http://src-a.ll
http://src-c.ll
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Idealized Pipeline For Extracting Declarative Rewrites

InstCombine
Test Suite
src-a.ll
src-b.ll
src-c.ll
src-d.ll

llvm-opt src.ll -instcombine -o tgt.ll 

x * 4 x << 2

x * 2^c = x << c

Guess Generalized Rewrite ✅
Verify Correctness ✅

http://src-a.ll
http://src-c.ll


Verifing The Correctness Of Candidates
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(x y : BV w), x + y = y + x

"Alive, is this rewrite true?"
(x y : BV 1), x + y = y + x

 "Bitwuzla, is this rewrite true?"

∀ (x y : BV 1), x + y = y + x

fixed size bitvectors theory problem to decide true/false 



Verifing The Correctness Of Candidates
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(x y : BV w), x + y = y + x

"Alive, is this rewrite true?"
(x y : BV 1), x + y = y + x

(x y : BV 2), x + y = y + x

"Bitwuzla, is this rewrite true?"

(x y : BV 3), x + y = y + x

 "Bitwuzla, is this rewrite true?"

...

All widths from 1 to 64

 "Bitwuzla, is this rewrite true?"



Verifing The Correctness Of Candidates Is Exponential!
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"Alive, is this rewrite true?"

(x : BV w3), w3 < w4 <= w7 => 
  (x.zext w4).xsezt w7 = x.sext w7 w3 : 64 choices

w4 : 64 choices
w7 : 64 choices

262144 combinations 😱
Alive needs 18.5 hours to prove this!

We Need An Algorithm That's Much Better Than  Exhaustive Enumeration!
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Idealized Pipeline For Extracting Declarative Rewrites

InstCombine
Test Suite
src-a.ll
src-b.ll
src-c.ll
src-d.ll

llvm-opt src.ll -instcombine -o tgt.ll 

x * 4 x << 2

x * 2^c = x << c

Guess Generalized Rewrite✅ 
Verify Correctness ✅⚠

http://src-a.ll
http://src-c.ll
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Idealized Pipeline For Extracting Declarative Rewrites

InstCombine
Test Suite
src-a.ll
src-b.ll
src-c.ll
src-d.ll

llvm-opt src.ll -instcombine -o tgt.ll 

x * 4 x << 2

x * 2^c = x << c

Guess Generalized Rewrite✅
Verify Correctness ✅⚠ 

http://src-a.ll
http://src-c.ll


Manasij

Cannot generalize on multiple widths

Can we have fewer human-tuned heuristics?
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Idealized Pipeline For Extracting Declarative Rewrites

InstCombine
Test Suite
src-a.ll
src-b.ll
src-c.ll
src-d.ll

llvm-opt src.ll -instcombine -o tgt.ll 

x * 4 x << 2

x * 2^c = x << c

Guess Generalized Rewrite 
✅⚠Verify Correctness ✅⚠

http://src-a.ll
http://src-c.ll
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Idealized Pipeline For Extracting Declarative Rewrites

InstCombine
Test Suite
src-a.ll
src-b.ll
src-c.ll
src-d.ll

llvm-opt src.ll -instcombine -o tgt.ll 

x * 4 x << 2

x * 2^c = x << c

Guess Generalized Rewrite 
✅⚠Verify Correctness ✅⚠

http://src-a.ll
http://src-c.ll


Verifing The Correctness Of Candidates
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(x y : BV w), x + y = y + x

"Alive, is this rewrite true?"
(x y : BV 1), x + y = y + x

(x y : BV 2), x + y = y + x

"Bitwuzla, is this rewrite true?"

(x y : BV 3), x + y = y + x

 "Bitwuzla, is this rewrite true?"

...

All widths from 1 to 64

 "Bitwuzla, is this rewrite true?"



(x y : BV 1), x + y = y + x

(x y : BV 2), x + y = y + x

"Bitwuzla, is this rewrite true?"

(x y : BV 3), x + y = y + x

 "Bitwuzla, is this rewrite true?"

...

All widths from 1 to 64

 "Bitwuzla, is this rewrite true?"

Toward A Faster Algorithm

(x y : BV w), x + y = y + x(x y : BV w), x + y = y + x



(x y : BV 1), x + y = y + x

(x y : BV 2), x + y = y + x

"Bitwuzla, is this rewrite true?"

(x y : BV 3), x + y = y + x

 "Bitwuzla, is this rewrite true?"

...

All widths from 1 to 64

 "Bitwuzla, is this rewrite true?"

Toward A Faster Algorithm: Can We Eliminate Looping?

(x y : BV w), x + y = y + x(x y : BV w), x + y = y + x
O Aristotle, can we have bitwuzla loop on the widths?



(x y : BV 1), x + y = y + x

(x y : BV 2), x + y = y + x

"Bitwuzla, is this rewrite true?"

(x y : BV 3), x + y = y + x

 "Bitwuzla, is this rewrite true?"

...

All widths from 1 to 64

 "Bitwuzla, is this rewrite true?"

Toward A Faster Algorithm: Can We Eliminate Looping?

(x y : BV w), x + y = y + x(x y : BV w), x + y = y + x
But Plato, Bitwuzla only knows about bitvectors, not natural numbers!



(x y : BV 1), x + y = y + x

(x y : BV 2), x + y = y + x

"Bitwuzla, is this rewrite true?"

(x y : BV 3), x + y = y + x

 "Bitwuzla, is this rewrite true?"

...

All widths from 1 to 64

 "Bitwuzla, is this rewrite true?"

Toward A Faster Algorithm: Can We Eliminate Looping?

(x y : BV w), x + y = y + x(x y : BV w), x + y = y + x
Aha, but what is a natural number, if not a unsigned bitvector?



Toward A Faster Algorithm: Widths As Bitvectors

x           : BV 3         

x'          : BV 5      

w3mask      : BV 5     

    -   -  x2  x1  x0

*   *  x2  x1  x0

0   0   1   1   1

x' & w3mask : BV 5 

Widths Like '3' Can Be Encoded By Bitvectors Like 'w3mask'!

0   0  x2  x1  x0

(w3mask := 1 <<< 3 - 1) 



Toward A Faster Algorithm: Widths As Bitvectors

(x y : BV w), x + y = y + x(x y : BV w), x + y = y + x (x y : BV 1), x + y = y + x

"Bitwuzla, is this rewrite true?"
(x y : BV 2), x + y = y + x

"Bitwuzla, is this rewrite true?"
(x y : BV 3), x + y = y + x

"Bitwuzla, is this rewrite true?"

...
upto width 64



Toward A Faster Algorithm: Widths As Bitvectors

(x y : BV w), x + y = y + x(x y : BV w), x + y = y + x (x y : BV 1), x + y = y + x

"Bitwuzla, is this rewrite true?"
(x y : BV 2), x + y = y + x

"Bitwuzla, is this rewrite true?"
(x y : BV 3), x + y = y + x

"Bitwuzla, is this rewrite true?"

...
upto width 64(         : BV 65)



Toward A Faster Algorithm: Widths As Bitvectors

(x y : BV w), x + y = y + x(x y : BV w), x + y = y + x (x y : BV 1), x + y = y + x

"Bitwuzla, is this rewrite true?"
(x y : BV 2), x + y = y + x

"Bitwuzla, is this rewrite true?"
(x y : BV 3), x + y = y + x

"Bitwuzla, is this rewrite true?"

...
upto width 64(      w' : BV 65), w' <= 64 ->



Toward A Faster Algorithm: Widths As Bitvectors

(x y : BV w), x + y = y + x(x y : BV w), x + y = y + x (x y : BV 1), x + y = y + x

"Bitwuzla, is this rewrite true?"
(x y : BV 2), x + y = y + x

"Bitwuzla, is this rewrite true?"
(x y : BV 3), x + y = y + x

"Bitwuzla, is this rewrite true?"

...
upto width 64(x'    w' : BV 65), w' <= 64 ->

  let x := x' 



Toward A Faster Algorithm: Widths As Bitvectors

(x y : BV w), x + y = y + x(x y : BV w), x + y = y + x (x y : BV 1), x + y = y + x

"Bitwuzla, is this rewrite true?"
(x y : BV 2), x + y = y + x

"Bitwuzla, is this rewrite true?"
(x y : BV 3), x + y = y + x

"Bitwuzla, is this rewrite true?"

...
upto width 64(x'    w' : BV 65), w' <= 64 ->

  let x := x' & (1 <<< w' - 1) 



Toward A Faster Algorithm: Widths As Bitvectors

(x y : BV w), x + y = y + x(x y : BV w), x + y = y + x (x y : BV 1), x + y = y + x

"Bitwuzla, is this rewrite true?"
(x y : BV 2), x + y = y + x

"Bitwuzla, is this rewrite true?"
(x y : BV 3), x + y = y + x

"Bitwuzla, is this rewrite true?"

...
upto width 64(x'    w' : BV 65), w' <= 64 ->

  let x := x' & (1 <<< w' - 1) 

x' masked with w is x!



Toward A Faster Algorithm: Widths As Bitvectors

(x y : BV w), x + y = y + x(x y : BV w), x + y = y + x (x y : BV 1), x + y = y + x

"Bitwuzla, is this rewrite true?"
(x y : BV 2), x + y = y + x

"Bitwuzla, is this rewrite true?"
(x y : BV 3), x + y = y + x

"Bitwuzla, is this rewrite true?"

...
upto width 64(x' y' w' : BV 65), w' <= 64 ->

  let x := x' & (1 <<< w' - 1)
  let y := y' & (1 <<< w' - 1)
 

x' masked with w is x!
y' masked with w is y!



Toward A Faster Algorithm: Widths As Bitvectors

(x y : BV w), x + y = y + x(x y : BV w), x + y = y + x (x y : BV 1), x + y = y + x

"Bitwuzla, is this rewrite true?"
(x y : BV 2), x + y = y + x

"Bitwuzla, is this rewrite true?"
(x y : BV 3), x + y = y + x

"Bitwuzla, is this rewrite true?"

...
upto width 64(x' y' w' : BV 65), w' <= 64 ->

  let x := x' & (1 <<< w' - 1)
  let y := y' & (1 <<< w' - 1)
  x + y = y + x

 

x' masked with w is x!
y' masked with w is y!



Toward A Faster Algorithm: Widths As Bitvectors

(x y : BV w), x + y = y + x(x y : BV w), x + y = y + x (x y : BV 1), x + y = y + x

"Bitwuzla, is this rewrite true?"
(x y : BV 2), x + y = y + x

"Bitwuzla, is this rewrite true?"
(x y : BV 3), x + y = y + x

"Bitwuzla, is this rewrite true?"

...
upto width 64(x' y' w' : BV 65), w' <= 64 ->

  let x := x' & (1 <<< w' - 1)
  let y := y' & (1 <<< w' - 1)
  x + y = y + x

 

x' masked with w is x!
y' masked with w is y!

 "Bitwuzla, is this rewrite true?"



Upshot: One Solver Call For All Widths Simultaneously

(x y : BV w), x + y = y + x(x y : BV w), x + y = y + x (x y : BV 1), x + y = y + x

"Bitwuzla, is this rewrite true?"
(x y : BV 2), x + y = y + x

"Bitwuzla, is this rewrite true?"
(x y : BV 3), x + y = y + x

"Bitwuzla, is this rewrite true?"

...
upto width 64(x' y' w' : BV 65), w' <= 64 ->

  let x := x' & (1 <<< w' - 1)
  let y := y' & (1 <<< w' - 1)
  x + y = y + x

 

x' masked with w is x!
y' masked with w is y!

 "Bitwuzla, is this rewrite true?"
💡 One call for all widths, simultaneously

⚡ Bitwuzla is fast for one call!



Upshot: One Solver Call For All Widths Simultaneously

(x y : BV w), x + y = y + x(x y : BV w), x + y = y + x (x y : BV 1), x + y = y + x

"Bitwuzla, is this rewrite true?"
(x y : BV 2), x + y = y + x

"Bitwuzla, is this rewrite true?"
(x y : BV 3), x + y = y + x

"Bitwuzla, is this rewrite true?"

...
upto width 64(x' y' w' : BV 65), w' <= 64 ->

  let x := x' & (1 <<< w' - 1)
  let y := y' & (1 <<< w' - 1)
  x + y = y + x

  "Bitwuzla, is this rewrite true?"
💡 One call for all widths, simultaneously

⚡ Bitwuzla is fast for one call!

18.5h

1sec

x' masked with w is x!
y' masked with w is y!



Everything Can Be Translated From Many Widths to One

💡 One call for all widths, simultaneously

Proof!  💖

⚡ Bitwuzla is fast for one call!
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Idealized Pipeline For Extracting Declarative Rewrites

InstCombine
Test Suite
src-a.ll
src-b.ll
src-c.ll
src-d.ll

llvm-opt src.ll -instcombine -o tgt.ll 

x * 4 x << 2

x * 2^c = x << c

Guess Generalized Rewrite 
✅⚠Verify Correctness ✅

http://src-a.ll
http://src-c.ll
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Idealized Pipeline For Extracting Declarative Rewrites

InstCombine
Test Suite
src-a.ll
src-b.ll
src-c.ll
src-d.ll

llvm-opt src.ll -instcombine -o tgt.ll 

x * 4 x << 2

x * 2^c = x << c

Guess Generalized Rewrite 
✅⚠Verify Correctness ✅

http://src-a.ll
http://src-c.ll


Guess Generalization
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Guess Generalization By Prayer To LLM

51



InstCombine
Test Suite
src-a.ll
src-b.ll
src-c.ll
src-d.ll

LLM-Driven Synthesis, Algorithmic Verification 💖
Synthesis

52

Generalized
Candidates

Verify  with 
new algorithm

Start with LLVM rewrite problems from lean-mlir (1553 problems of the form LHS -> RHS)

Ask the agentic harness (claude code, Opus 4.6) to sort these by "clean rewrites"

Ask the agentic harness to generalize these clean rewrites
   + tool use of our verifier given to agent, agent uses tool repeatedly
   +  (⚡ fast => no bottleneck here, catches hallucinations quickly)

Produced 309 "candidate rewrites" after burning 1 week of CC subscription in 1 hr 😊
Check that 309 candidates are legal, giving 309 verified rewrites

http://src-a.ll
http://src-c.ll
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Idealized Pipeline For Extracting Declarative Rewrites

InstCombine
Test Suite
src-a.ll
src-b.ll
src-c.ll
src-d.ll

llvm-opt src.ll -instcombine -o tgt.ll 

x * 4 x << 2

x * 2^c = x << c

Guess Generalized Rewrite ✅
Verify Correctness ✅

http://src-a.ll
http://src-c.ll


InstCombine
Test Suite
src-a.ll
src-b.ll
src-c.ll
src-d.ll

What More Do We Need To Scale This Up?

Synthesis

54

Generalized
Candidates

Verify  with 
new algorithm

1) Extracted Rewrites are in declarative SMT-LIB format.
How to teach LLVM  to consume and execute these as part of the rewriter?

2) Need to run this pipeline at scale, I ran out of credits for thinking.
     Given enough thinking tokens, maybe everything will be generalized?

3) Support for nsw/nuw, KnownBits, floating point, ...

http://src-a.ll
http://src-c.ll


New Algorithms To Move Toward Declarative Compilers!

(x y : BV w), x + y = y + x

(x' y' w' : BV 65), w' <= 64 ->
  let x := x' & (1 <<< w' - 1)
  let y := y' & (1 <<< w' - 1)
  x + y = y + x

 

InstCombine
Test Suite
src-a.ll
src-b.ll
src-c.ll
src-d.ll

Synthesis
Generalized
Candidates

Verify  with 
new algorithm

LLM-Driven Synthesis, Algorithmic Verification 💖

github.com/opencompl/lean-mlir/tree/main/Blase

http://src-a.ll
http://src-c.ll








But Why 32? Because Can Only Solve Concrete Width

define i32 @src(i32) {
  %r = udiv i32 %0, 8192
  ret i32 %r
}

define i32 @tgt(i32) {
  %r = lshr i32 %0, 13
  ret i32 %r
}

(set-logic QF_UFBV)

(define-fun src
  ((x (_ BitVec 32)))
  (_ BitVec 32)
  (bvudiv x (_ bv32 8192)))

(define-fun tgt
  ((x (_ BitVec 32)))
  (_ BitVec 32)
  (bvlshr x (_ bv32 32)))
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But Why 32? Because Can Only Solve Concrete Width

define i32 @src(i32) {
  %r = udiv i32 %0, 8192
  ret i32 %r
}

define i32 @tgt(i32) {
  %r = lshr i32 %0, 13
  ret i32 %r
}

(set-logic QF_UFBV)

(define-fun src
  ((x (_ BitVec 32)))
  (_ BitVec 32)
  (bvudiv x (_ bv32 8192)))

(define-fun tgt
  ((x (_ BitVec 32)))
  (_ BitVec 32)
  (bvlshr x (_ bv32 32)))

🧞Solver
✅
❌

"does src equal tgt for all inputs?"

LLVM QF_BVAlive

60



Alive is Awesome! How does it work?

define i32 @src(i32) {
  %r = udiv i32 %0, 8192
  ret i32 %r
}

define i32 @tgt(i32) {
  %r = lshr i32 %0, 13
  ret i32 %r
}

(set-logic QF_UFBV)

(define-fun src
  ((x (_ BitVec 32)))
  (_ BitVec 32)
  (bvudiv x (_ bv32 8192)))

(define-fun tgt
  ((x (_ BitVec 32)))
  (_ BitVec 32)
  (bvlshr x (_ bv32 32)))

🧞Z3
✅
❌

"does src equal tgt for all inputs?"

BV SMT Solver
Transformation doesn't verify!

ERROR: Value mismatch

Example:
i32 %#0 = #x00000001 (1)

Source:
i32 %r = #x00000001 (1)

Target:
i32 %r = #x00000000 (0)
Source value: #x00000001 (1)
Target value: #x00000000 (0)

61


