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What Is a Compiler

compiler

/kəmˈpʌɪlə/

noun

a program that converts instructions into a machine-code or lower-level form so that they 
can be read and executed by a computer.

"conversion would require more than just running it through a different compiler"



What Is a Compiler



What Is a Compiler

lexical analysis

syntax analysis

semantic analysis

proofs
abstract interpretation

graph theory

set theory

encoding

algebras



Format parser

What Is a Compiler

Just-in-Time (JIT) Compiler

Just-in-Time (JIT) Compiler

configuration.proto

browser

config.cpp

config.pb

Source-to-Source Compiler



How Does a Compiler Work

Frontend:
understand the 
input language

Backend:
generate the 
output language
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Frontend:
understand the 
input language

Backend:
generate the 
output language

Intermediate Representation (IR)



How Does a Compiler Work

Frontend:
understand the 
input language

Backend:
generate the 
output language

Middle-end:
make faster

Most of Compiler research 
happens here!



How Does a Compiler Work

RetargetableMulti-language



How Does a Compiler Work

RetargetableMulti-language

LLVM



How Does a Compiler Work

LLVM

≠

MLIR



How Does a Compiler Work

LLVM

≠

MLIR



What Is MLIR

MLIR

/əm əl ʌɪ ɑːʳ/

acronym

Multi-Level Intermediate Representation. A unifying software framework for 
compiler development.

"everybody thought ML for MLIR stood for Machine Learning"



MLIR Structure

%res:2 = "mydialect.morph"(%input#3) {some.attribute = true, other_attribute = 1.5}

 : (!mydialect<"custom_type">) -> (!mydialect<"other_type", !mydialect<"other_type">)

                                   loc(callsite("foo" at "mysource.cc":10:8))

OperationValue (result) Use of Value 
(operand)

Attribute dictionary
(static info about operation)

Type
(static info about value)

Source Location
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MLIR Structure



Little Builtin, Everything Customizable

No fixed set of:
- Operations
- Attributes
- Types

Bring your own anything:
- As long as you define and verify semantics
- Group into “dialects”



Representation Matters

#include <math.h>

double foo(double x) {

   return log(exp(x));

}

call exp

call log

return

define double @foo(double noundef %0) {

 %2 = tail call double @llvm.exp.f64(double %0)

 %3 = tail call double @llvm.log.f64(double %2)

 ret double %3

}

clang -S -emit-llvm  -O3
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double foo(double x) {
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}

call exp

call log

return

define double @foo(double noundef %0) {

 ret double %0

}

clang -S -emit-llvm -ffast-math -O3



Representation Matters

#include <math.h>

double foo(double x) {

   return log1p(expm1(x));

}

call expm1

call log1p

return

define double @foo(double noundef %0) {

 %2 = tail call fast double @expm1(double %0)

 %3 = tail call fast double @log1p(double %2)

 ret double %3

}

clang -S -emit-llvm -ffast-math -O3
log (1 + x)

ex - 1 log (1 + ex-1)= log ex = x ???

LLVM IR has intrinsics for ex and 
log, but not for expm1 and log1p



Representation Matters

#include <math.h>

double foo(double x) {

   return log1p(expm1(x));

}

call expm1

call log1p

return

func.func @bar(%0 : f64) -> f64 {

 %1 = math.expm1 %0 fastmath<fast> : f64

 %2 = math.log1p %1 fastmath<fast> : f64

 return %2 : f64

}

log (1 + x)
ex - 1

In MLIR, these live in the Math 
dialect and are “optional”.



What Can Be Represented

48 dialects

“upstream”

arith

math

Arithmetic operations

Mathematical functions (≈ libm)

arith.addf %a, %b

math.exp %a



What Can Be Represented

48 dialects

“upstream”

memref

ptr

Multidimensional memory references

Pointers



What Can Be Represented

48 dialects

“upstream”

cf

scf

Graph Control flow (goto)

Structured Control flow (loops)



What Can Be Represented

48 dialects

“upstream”

linalg

tensor
tosa

Structured Linear Algebra

Tensor Arithmetics (ML-style)

linalg.generic {
 iterators = ["parallel", "parallel", "reduction"],
 indexing_maps = [
   affine_map<(i, j, k) -> (i, k),
   affine_map<(i, j, k) -> (k, j),
   affine_map<(i, j, k) -> (i, j)
 ]
} ins(memref<?x?xf32>, memref<?x?xf32>)
outs(memref<?x?xf32>) {
^bb0(%a: f32, %b: f32, %c: f32):
 %0 = arith.mulf %a, %b : f32
 %1 = arith.addf %0, %c : f32
 yield %c : f32
}

tosa.matmul



What Can Be Represented

48 dialects

“upstream”

mesh

mpi

Distributed Computation

MPI



What Can Be Represented

48 dialects

“upstream”

acc

openmp

OpenACC “pragmas”

OpenMP “pragmas”

OpenACC



What Can Be Represented

48 dialects

“upstream”

gpu

nvgpu

GPU programming abstraction

CUDA abstraction
(we also have ROCm equivalent)

 func.func @no_args(%sz : index) {
   // Normal (host) function.
   gpu.launch blocks(%bx, %by, %bz) 
              in (%grid_x = %sz, %grid_y = %sz, %grid_z = %sz)
              threads(%tx, %ty, %tz) 
              in (%block_x = %sz, %block_y = %sz, %block_z = %sz) {
     // GPU kernel. Code motion is allowed between the two.
     gpu.terminator
   }
   return
 }

nvgpu.tma.async.load

nvgpu.mma.sync



What Can Be Represented

48 dialects

“upstream”

https://mlir.llvm.org/users/

100s

“downstream”

https://mlir.llvm.org/users/


How to Handle Generality: Traits

 %3 = arith.addi %1, %2

 %4 = matrix.multiply %5, %6

Traits: [Associative, Commutative, Pure, ...
         SameOperandAndResultType]

Traits: [Associative, AntiCommutative, Pure, ...
         LoopDecomposable]

void transformation(Operation *op) {

   if (op->hasTrait<Associative>()) {

       Value operand = op->getOperand(0);

       op->setOperand(0, op->getOperand(1));

       op->setOperand(1, operand);

   }

}

Transformations reason about 
traits, not individual operations



How to Handle Generality: Interfaces

 %3 = arith.addf %1, %2

 %4 = matrix.multiply %5, %6

Traits: [Associative, Commutative, Pure, ...
         SameOperandAndResultType]

Traits: [Associative, Pure, ...
         LoopDecomposable]

Ifaces: [ConditionallyAssociative, ...
         ConditionallyCommucative]

Ifaces: [AntiCommutative]

bool AddFOp::isAssociative() “override” {

   return getFastMathAttr().isAllowReassoc();

}

Value MatrixMultiplyOp::buildInverse(OpBuilder &b, ...)

     “override” {

   return b.create<MatrixInverseOp>(...).getResult();

}



Why Bother?



Why Bother? Climate Model Domain Compilers

https://dl.acm.org/doi/pdf/10.1145/3469030

https://dl.acm.org/doi/pdf/10.1145/3469030
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Why Bother? Climate Model Domain Compilers

https://dl.acm.org/doi/pdf/10.1145/3469030

Over STELLA (COSMO) Over Dawn (FV3)

On V100-SXM2

https://dl.acm.org/doi/pdf/10.1145/3469030


Why Bother? CFD Domain Optimization

https://research.google/pubs/code-generation-for-data-dependent-stencils/

https://research.google/pubs/code-generation-for-data-dependent-stencils/


Why Bother? CFD Domain Optimization

https://research.google/pubs/code-generation-for-data-dependent-stencils/

Speedup over Pluto compiler
on 2x Intel Xeon 6152 CPUs (NUMA)

https://research.google/pubs/code-generation-for-data-dependent-stencils/


Why Bother? CFD Domain Optimization

https://research.google/pubs/code-generation-for-data-dependent-stencils/

Comparable to elsA (ONERA)
Keeps using memory instead of MPI

https://research.google/pubs/code-generation-for-data-dependent-stencils/


Why Bother? Programs as Mathematical Objects

* textbook material

i

j
k

for i in range(N):

  for j in range(M):

    for k in range(P):

      C[i][j] += A[i][k] + B[k][j]

{(i, j, k) : i,j,k ∈ Z, 0 ≤ i < N  ʌ 0 ≤ j < M  ʌ 0 ≤ k < P}
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Why Bother? Programs as Mathematical Objects

https://ieeexplore.ieee.org/abstract/document/9563011

Connecting C and C++, and any MLIR loops,
to pre-existing Polyhedral optimization tools

https://ieeexplore.ieee.org/abstract/document/9563011


Why Bother? Programs as Mathematical Objects

https://ieeexplore.ieee.org/abstract/document/9563011

Faster than pre-existing Polyhedral optimization tools
thanks to higher-level abstraction

https://ieeexplore.ieee.org/abstract/document/9563011


Why Bother? Raise the Abstraction Level

https://ieeexplore.ieee.org/abstract/document/9370332

BLASNaive loops

Pre-existing

https://ieeexplore.ieee.org/abstract/document/9370332


Why Bother? Raise the Abstraction Level

https://ieeexplore.ieee.org/abstract/document/9370332

Can target BLAS, which is (obviously) faster than any 
automatically compiled code. On Intel i9-9900K.

https://ieeexplore.ieee.org/abstract/document/9370332


Why Bother? Modernize and Port Legacy Code

https://ieeexplore.ieee.org/abstract/document/10444828

https://ieeexplore.ieee.org/abstract/document/10444828


Why Bother? Modernize and Port Legacy Code

https://ieeexplore.ieee.org/abstract/document/10444828

Older CUDA code is made faster (better shmem use)
And also runs on AMD transparently!

https://ieeexplore.ieee.org/abstract/document/10444828


How to Start Using It

https://mlir.llvm.org/getting_started/

https://mlir.llvm.org/getting_started/


How to Start Using It

https://www.youtube.com/watch?v=lXAp6ZAWyBY

https://www.youtube.com/watch?v=lXAp6ZAWyBY


Little Builtin, Everything Customizable

No fixed set of:
- Operations
- Attributes
- Types

Bring your own anything:
- As long as you define and verify semantics
- Group into “dialects”

Define your abstraction
Reuse existing when possible



How to Start Using It

Contact these people

https://llvm.discourse.group/c/mlir/31 https://discord.gg/xS7Z362

https://mlir.llvm.org/

Open Meeting: Thursdays, 18:00 CEST

https://llvm.discourse.group/c/mlir/31
https://discord.gg/xS7Z362
https://mlir.llvm.org/

