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IR: Intermediate Representation

p-q



IR: Intermediate Representation

func @conorm(%p: !cmath.complex<std.f32>,
%q: !cmath.complex<std.f32>) -> !std.f32 {

%pq = cmath.mul(%p, %q) : !std.f32
.Z) * (Z %conorm = cmath.norm(%pq) : !std.f32

return %conorm : !std.f32



IR: Intermediate Representation

func @conorm(%p: !cmath.complex<std.f32>,
%q: !cmath.complex<std.f32>) -> !std.f32 {

%pq = cmath.mul(%p, %q) : !std.f32
.Z) * (Z %conorm = cmath.norm(%pq) : !std.f32

return %conorm : !std.f32

easy to analyze, transform and output
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pdl_interp
gpu
memref
nvwm
async
math
complex
x86vector
pdl

amx
affine
tensor

sparse_tensor
emitc
arm_neon
builtin

in 2-3 years, ~900 operations belonging to ~30 abstractions



Old Compiler Pipelines

C/C++ X86



Old Compiler Pipelines

C/C++ X86
Big abstraction gap!



Traditional Compiler Pipelines

C/C++ g LLVM-IR 4 X86



Traditional Compiler Pipelines

Smaller gap

Smaller gap

X86
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Traditional Compiler Pipelines
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Traditional Compiler Pipelines

—

—

Retargeting
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Recent Compiler Pipelines

C/C++

LLVM-IR
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Recent Compiler Pipelines

C/C++

LLVM-IR
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Recent Compiler Pipelines

C/C++

LLVM-IR
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MLIR Compiler Pipeline

— — N

| e

Rust —>m'—> —’
DSL ]
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MLIR Compiler Pipeline

Payload Structure

Tensor

— & —a

. "’m’_’ Standard
N

PDL

i
PDL-interp ;

Sysrlerm ;
LLVM IR SPIR-V

from Alex Zinenko



MLIR Compiler Pipeline

Payload Structure

External Dialect
External Format

Utility

Tensor

. _‘
Rust —>m'—>

DSL

11

{ Standard
__(scalar) __

LLVM IR

from Alex Zinenko



The number of IRs is exploding!




IRs in @MLIR

1000 A
o oo ® 4
Pe o

800 - .
0 P 2.1x%
_5 #ops
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o
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o e
400 A )
20 months
200 T T T T T T T T T T T

PIFIIFyIg ey
QN O ON SN D
9 S ~ o O O o I ~ o

in 2-3 years, ~900 operations belonging to ~30 abstractions

spv

llvm

tosa

std
arm_sve
shape
rocdl

arith
vector
pdl_interp
gpu
memref
nvwm
async
math
complex
x86vector
pdl

amx
affine
tensor
quant

. scf
linalg
sparse_tensor
emitc
arm_neon
builtin
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PLDI’20 with Fabian Schuiki, Andreas Kurth, Luca Benini
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LLHD: A Multi-Level IR for Hardware Design



Redundancy in Hardware Design Languages

High-Level : Low-Level : Hardware Design Stack
Languages i Languages I
Second-Class I First-Class |

|
| |
| , STOP
SpinaIHDL—:—> S. Verilog —  Synth
: . Proprietary
HLS VHDL | Redundant —_— LEC
: . Complex
MyHDL I I C pt —> Verifier
| |

22



LLHD: A Multi-Level IR for Hardware Design

High-Level : Low-Level : Hardware Design Stack
Languages i Languages I
Second-Class : First-Class :
| |
Chisel : :
\
|
SpinalHDL | t Synth —>-
|
1
HLS I LEC
|
|
|
MyHDL | S. Verilog 7/) Verifier
| |
VHDL
Behavioural IR Structural IR Netlist IR

23



LLHD: Compilation Flow siTmulauo?

module acc (input clk, input [31:0] x, input en, output [31:0] q); .
bit [31:0] d, q; S. Verilog
always_ff @(posedge clk) q <= #lns d; t L L L L
always_comb begin
d <= #2ns q; () g L
if d <= #2 ; = Ll L Z Ll oy
if (en) ns g+x; o) “—ULL;J)U)EE'-‘-W _, :""Uu)t/)
end (@) a0 —0O0 0 w o A0 —
endmodule 2 w - - N Z
entity @acc (i1$ %clk, i32% %x, i1$ %en) entity @acc_ff (i1$ %clk, i32% %d) -> (i32% %q) entity @acc_comb (i32% %q, i132% %x, i1$ %en) -> (i32%
-> (132% %q) A { %d) {
é;;kz :rgr?3;;$%§Clk %delay = const time 1ns %qp = prb 132% %q
%xp = prb i32% %x %clkp = prb i1$ %clk %xp = prb i32% %x
éenp = p;g i1$ fen N %dp = prb i32% %d %enp = prb i1$ %en
%sum = a i32 °°QP) o°Xp . o, o, . o, o o, _ . o, o
reg 132% %q, %sum rise %clkp if %enp reg i132% %q, %dp rise %clkp after %delay %sum = add 132 %qp, %xp
} %delay = const time 2ns

%dns = [%gp, %sum]
%dn = mux 132 %dns, %enp
drv i32% %d, %dn after %delay

wait %entry for %q, %x, %en

24



CIRCT: More Dialects

Upstream MLIR

‘ SCF ‘ ‘Afﬁne

‘Arith‘

Standard ‘

1

1

1

CIRCT

Scheduling

rq

‘ Handshake ‘ FIRRTLParser

PyCDE ‘

e

‘ FSM ‘ ‘FIRRTL‘ ‘ ESI

RTL dialects

-Cpp
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PLDI’20 with Fabian Schuiki, Andreas Kurth, Luca Benini

5

-
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How Can | Build IRs?



The Usual Cost of Building a New IR

Knowledge

—

— Re-Implemented ©

Can we avoid
this cost?
)

27



Building a Modern Compiler IR — using MLIR

Domain
Knowledge

MLIR Dialect
Declaration

Parser
Printer
Pass-Manager

Dead Code Elim

Peephole Opts

—> LLVM-IR

— Auto-generated or reused

—

28



Defining an IR in MLIR: Easy or Painful?

C++ Template Meta Programming

TableGen _ LLVM Terminology
Build Systems

N

-

N

y 7,
o

Compiler Experts: Everybody Else:
Defining IRs in MLIR is easy! Defining IRs in MLIR is confusing!
vs. gcc, LLVM backends, ... vs. Python, Domain-Specific Languages, ...

29



class XOrIOpAdaptor {
public:
XOrIOpAdaptor (::mlir::ValueRange values, ::mlir::DictionaryAttr attrs = nullptr, ::mlir::RegionRange regions = {});
X0rIOpAdaptor (XOrIOp&op) ;
::imlir::ValueRange getOperands();
std::pair<unsigned, unsigned> getODSOperandIndexAndLength(unsigned index);
ValueRange getODSOperands (unsigned index);
Value 1hs();
::Value rhs();
DictionaryAttr getAttributes();
LogicalResult verify(::mlir::Location loc);

ValueRange odsOperands;
::DictionaryAttr odsAttrs;
RegionRange odsRegions;

ublic ::mlir::0p<XOrIOp, ::mlir::OpTrait::ZeroRegion, ::mlir it::OneResult, ::mlir:: it i s:mlir::OpTrait::ZeroSuccessor
ameOperandsAndResultType, ::mlir::MemoryEffectOpInterface i Lir: :VectorUnrollopInterfac i i Elementwise, ::mli Scalarizable

using Adaptor = XOrIOpAdaptor;
static ::llvm::ArrayRef<::1lvm::StringRef> getAttributeNames() {
return {};

static constexpr ::llvm::StringlLiteral getOperationName() {
return ::llvm::Stringliteral("arith.xori");
}

Std::pair<unsigned, unsigned> getODSOperandIndexAndLength(unsigned index);
operand_range getODSOperands (unsigned index);

MutableOperandRange lhsMutable();

MutableOperandRange rhsMutable();
unsigned> getODSResultIndexAndLength(unsigned index);
result_range getODSResults(unsigned index);

static void build(::mlir::0pBuilder &odsBuilder, ::mlir::OperationState &odsState, ir::Type result, ::mlir::Value lhs, ::mlir::Value rhs);
static void build ir::0OpBuilder &odsBuilder, i perationState &odsState, ir::TypeRange resultTypes, ::mlir::Value lhs, lir::value rhs);

static void build ir::OpBuilder &, ::mlir::OperationState &odsState, ::mlir::Ty resultTypes, ::mlir::ValueRange operands, rrayRef<::mlir::NamedAttribute> attributes = {});

static void build(::mlir::OpBuilder &odsBuilder, ::mlir::OperationState &odsState, ::mlir::Value lhs, ::mlir::Value rhs)

static void build(::mlir::OpBuilder &odsBuilder, ir::Operationstate &odsState, ir::ValueRange operands, ::llvm::ArrayRef<::mlir::NamedAttribute> attributes = {});
simlir::LogicalResult verify();

static void getCanonicalizationPatterns(::mlir::RewritePatternSet &results, ::mlir::MLIRContext context);

s:mlir::OpFoldResult fold Lir::Attribute> operands)

static ::mlir::ParseResult parse ::OpAsmParser &parser, ::mlir::OperationState &result);

void print(::mlir::OpAsmPrinter &p);

void getEffects(::mlir::SmallvectorImpl<: :mlir::SideEffects::EffectInstance<: :mlir::MemoryEffects::Effect>> &effects)

:NOperands<2>: : Im

:Vectorizable,




IRDL: An IR Definition Language



The IR Definition Language

S
’
f N
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The IR Definition Language

(Domain-Specific) Compiler

’—> Vec

Source —> AST L

atne — scF
|

Neon —

Std  —

—>

i

l GPU <.

CPU

GPU-A

GPU-B
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The IR Definition Language

(Domain-Specific) Compiler

’—> Vec Neon —1—

Source —> AST
L — std |-

Affine — SCF :{ /'/4
GPU < '~

CPU

GPU-A

GPU-B
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The IR Definition Language

(Domain-Specific) Compiler

’—> Vec Neon —— CPU
Source —> AST
L ; Std —— GPU-A
/4
Affine — SCF % 1%
GPU <.~ GPU-B

L

CArr

o v v ey

IR Language Server IR Statistics IR Refactoring More IR Tools



IRDL Obijectives

S~

Q, & o

Concise Introspectable Dynamic Generable

36



MLIR: A unified SSA representation of IRs

%res = std.add(%lhs, %rhs) : (!std.i32, !std.i32) -> !std.i32
Results Operands Operation type
\/

Operation and
dialect name

37



MLIR: A unified SSA representation of IRs

%res = std.constant() { value =42 } : () -> !std.i32
N J

'

Attributes

38



MLIR: A unified SSA representation of IRs

%res = std.constant() : () -> !lstd.i32

std.constant verifier:
Missing attribute "value"

39



Verifiers check IR Invariants!




Example: A Complex-Number Dialect

Before optimization:

p| - |q|

After optimization:

p-q

func @conorm(%p: !cmath.complex<std.f32>,

%q: !cmath.complex<std.f32>) -> !std.f32 {
%norm_p = cmath.norm(%p) : !std.f32
%norm_q cmath.norm(%q) : !std.f32
%conorm = std.mul(%norm_p, %norm_q) : !std.f32
return %conorm : !std.f32

func @conorm(%p: !cmath.complex<std.f32>,

%q: !cmath.complex<std.f32>) -> !std.f32 {
%pq = cmath.mul(%p, %q) : !std.f32
%conorm = cmath.norm(%pq) : !std.f32
return %conorm : !std.f32

41



Example: A Complex-Number Dialect

Before optimization:

p| - |q|

After optimization:

p-q

func @conorm(%p: !cmath.complex<std.f32>,

%q: !cmath.complex<std.f32>) -> !std.f32 {
%norm_p = |cmath.norm|%p) : !std.f32
%norm_q = cmath.norm(%q) : !std.f32
%conorm std.mul(%norm_p, %norm_q) : !std.f32
return %conorm : !std.f32

func @conorm(%p: !cmath.complex<std.f32>,

%q: !cmath.complex<std.f32>) -> !std.f32 {
%pq =%p, %q) : !std.f32
%conorm = cmath.norm(%pq) : !std.f32
return %conorm : !std.f32
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Example: A Complex-Number Dialect

func @conorm(%p:|!cmath.comp1ex<std.f32>,
%q: !cmath.complex<std.f32>) -> !std.f32 {
%norm_p = cmath.norm(%p) : !std.f32
%norm_q cmath.norm(%q) : !std.f32
(Z| %conorm = std.mul(%norm_p, %norm_q) : !std.f32
return %conorm : !std.f32

Before optimization:

p

func @conorm(%p: !cmath.complex<std.f32>,

After optimization: %q: !cmath.complex<std.f32>) -> !std.f32 {
%pq = cmath.mul(%p, %q) : !std.f32
LZ) . (Z| %conorm = cmath.norm(%pq) : !std.f32
return %conorm : !std.f32

43



Defining cmath in IRDL

Dialect {

A Dialect is a single self-contained text.

44



Defining cmath in IRDL

Dialect { A Dialect is a single self-contained text.

Type {
Parameters ( : !FloatType) A Type can be parametric.
3

45



Defining cmath in IRDL

Dialect { A Dialect is a single self-contained text.

Type {
Parameters ( : !FloatType) A Type can be parametric.
3

Alias = !complex<!FloatType>

An Alias abbreviates lengthy types.

46



Defining cmath in IRDL

A Dialect is a single self-contained text.

Dialect {

Type {

Parameters ( : !FloatType) A Type can be parametric.
}
Alias = !complex<!FloatType> . _

An Alias abbreviates lengthy types.

Operation {

ConstraintVar (T: !AnyComplex)

Operands ( : IT, : IT)

}

° |
Results ( 2 IT) ——— An Operation defines the actual IR.

Format "$lhs, $rhs : $T.elementType"
¥

47
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Making IRDL complete



How to define the si1zed_vector type?

Type {
Parameters ( : !Any, : 222)
Summary "A vector with known size"
¥
New constraints Turing-Completeness

4 \ 4

NO SCALABILITY NO INTROSPECTION

49



IRDL-C++: Augmenting IRDL with C++

Constraint ¢ #AnyInteger {
CppConstraint Local Constraints defined in C++

}

50



IRDL-C++: Augmenting IRDL with C++

Constraint ¢ #AnyInteger {
CppConstraint "$_self.value() >= 0" Local Constraints defined in C++

}

Type {
Parameters ( : !'Any, : #non_neg_int)

}

51



IRDL-C++: Augmenting IRDL with C++

Constraint ¢ #AnyInteger {
CppConstraint "$_self.value() >= 0" Local Constraints defined in C++
}
Type {
Parameters ( ¢ !Any, ¢ #non_neg_int)
}
Operation {

ConstraintVars (T: !Any)

Operands ( ¢ Vector<T, #non_neg_int>,
¢ Vector<T, #non_neg_1int>)

Results ( ¢ Vector<T, #non_neg_1int>)



IRDL-C++: Augmenting IRDL with C++

Constraint ¢ #AnyInteger {
CppConstraint "$_self.value() >= 0" Local Constraints defined in C++
}
Type {
Parameters ( ¢ !Any, ¢ #non_neg_int)
}
Operation {

ConstraintVars (T: !Any)

Operands ( ¢ Vector<T, #non_neg_int>,
¢ Vector<T, #non_neg_1int>)

Results ( ¢ Vector<T, #non_neg_1int>)

CppConstraint "lhs().size().value() + 1»
rhs().size().value() ==J Global Constraints defined in C++

res().size().value()"




Still mostly introspectable :-)

But we lose dynamicity :-(




IRDL-C++: Augmenting IRDL with C++

TypeOrAttrParam {
Summary "A string parameter" -1
CppClassName "charx" R . . "
CppParser "parseStringParam($self)" Extensible with additional C++ structs
CppPrinter "printStringParam($se1f)"_J
}
Type {
Parameters ( ¢ StringParam)
}

55



A Game of Abstractions



How do we build ...7?

set—logic QF LIA)

declare—fun x () Int)

declare—fun y () Int)

declare—fun z () Int)

assert (= (+ (x 6 x) (x 2 y) (x 12 z)) 30))
assert (= (+ (x 3 x) (x 6 y) (x 3 z)) 12))
(check—sat)

(
(
(
(
(
(

SMT Solvers Verification

EDA Tools
Generators 57



How do we build ...7?

(set—logic QF_LIA)
(declare—fun x () Int)
(declare—fun y () Int)
(declare—fun z () Int)

(assert (= (+ (x 6 x) (x 2 y) (x 12 z)) 30))
A (assert (= (+ (x 3 x) (x 6 y) (x 3 z)) 12))
ey 1 frass (check—sat)

Compilers SMT Solvers Verification

EDA Tools
Generators 58



How do we build ...7?

(set—logic QF LIA)

(declare—fun x () Int)

(declare—fun y () Int)

(declare—fun z () Int)

(assert (= (+ (x 6 x) (x 2 y) (x 12 z)) 30))
(assert (= (+ (x 3 x) (x 6 y) (x 3 z)) 12))
(check—sat)

Compilers SMT Solvers

IRDL interface

EDA Tools

Generators

Verification

59
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Use case 1: Analysis of MLIR dialects



ranslation of MLIR dialects to IRDL

MLIR

Semi-automatic
translation

irdl.dialect affine {
irdl.operation affine.apply {

irdl.dialect arith { arith.irdl

Variadic
}
irdl.op

}
irdl.op

}
irdl.op

And<Cj

}
irdl.op
Variadic
}
irdl.op
Variadic
}
irdl.op
Variadic
}
irdl.op
And<Cj

}

irdl.operation arith.addf {
el

AnyOf<A
ShapedT
ShapedT

AnyOf<A
ShapedT
ShapedT

AnyOf<A

ShapedT

ShapedT
}

irdl.ope

AnyOf<C
AnyOf<§
ShapedT
AnyOf<§
Shaped

AnyOf<C
AnyOf<s
ShapedT
AnyOf<§
Shaped

AnyOf<C

AnyOf<s

ShapedT

AnyOf<§

ShapedT
}

irdl.ope

AnyOf<C
AnyOf<s
ShapedT
AnyOf<§
Shaped

AnyOf<C
AnyOf<s

affine.irdl

T NNS Tunas

irdl.dialect linalg { |Ina|g .irdl

irdl.type range {
irdl.parameters()

}
irdl.operation linalg.index {

irdl.results(result: CppClass<:miir::indexType>)
}

irdl.operation linalg.init_tensor {
rdl.operands(sizes: Variadic<CppClass<:miir::IndexType>>)
irdl.results(result: And<CppClass<::mlir::TensorType>, Any>)

}

irdl.operation linalg.pad_tensor {
irdl.operands(source: And<CppClass<:mlir:TensorType>, Any>,
low: Variadic<CppClass<:mlir::IndexType>>,
high: Variadic<CppClass<::mlir::indexType>>)
irdl.results(result: And<CppClass<::mlir::TensorType>, Any>)

}

irdl.operation linalg.range {
irdl CppClass<tmiir::indexType>

max: CppClass<:mlir::indexType>,

step: CppClass<:mlir::IndexType>)

irdl.results(__empty__: CppClass<RangeType>)

}

irdl.operation linalg.tensor_collapse_shape {
irdl.operands(src: And<CppClass<:mlir::TensorType>, Any>)
irdl.results(result: And<CppClass<::mlir::TensorType>, Any>)

}

irdl.operation linalg.tensor_expand_shape {
irdl.operands(src: And<CppClass<:mlir::TensorType>, Any>)
irdl.results(result: And<CppClass<::mlir::TensorType>, Any>)

}

irdl.operation linalg.tiled_loop {
irdl.operands(lowerBound: Variadic<CppClass<:: mur IndexType>>
upperBound: Variadic<CppClass<::mlir::indexTyp
step: Variadic<CppClass<:miir::indexType>>,
inputs: Variadic<Any>
outputs: Variadic<And<CppClass<:mlir::ShapedType>, Any>>)
irdl.results(results:
Variadic<And<And<CppClass<:mlir::TensorTyp
CPPPredicate<'$_self.cast<::mi hapedType>() hasRank()>>, Any>>)
}

Automatic
analysis

0% 25% S0% 75% 100%

% 25% s0% 75% 100%
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MLIR: The # of Operations in default dialects

vector
pdl_interp
gpu
memref
nvvm
async
math
complex
x86vector
pdl

amx
affine
tensor
quant

scf

linalg
sparse_tensor
emitc

arm _neon
builtin

10

100
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Operand

use in operations across MLIR dialects

amx

0 1

2 =

arm neon

arm_sve
x86vector
vector
inalg
tensor
gpu

scf
memref
affine

pd

Ilvm

tosa

spv

std

rocdl
math
nvvm

pdl interp
arith
complex
shape
sparse_tensor
async
quant
emitc
builtin

overall

0%

3+

25% 50% 75% 100%

Many three-operand-ops in
arm_neon and arm_sve.



MLIR IR Operations do not require many return types

0 1 . 2

gpu
x86vector
async

shape

arm neon

math

arith

complex

tosa

arm sve

rocd

quant

tensor

std

nvvm We rarely use more than
spv

nalg two return values!

sparse_tensor
vector
amx
llvm
emitc
affine
pd
memref
scf
pdl_interp
builtin

overall

0% 25% 50% 75% 100%
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Most types do not require C++

Structural Definition

builtin
llvm
spv
async
pdl
quant
shape
gpu
emitc
linalg
arm_sve

IRDL

B IRDL-C++

10

15

Verifier Definition

builtin
[lvm
spv
async
pdl
guant
shape
gpu
emitc
linalg
arm_sve

IRDL

M IRDL-C++

10

15
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Most operations do not require C++

Structural Definition Verifier Definition
IRDL B IRDL-C++
IRDL  |IRDL-C++
sparse_tensor ——
memref — sparse_tensor
pdl interp — affine I ——
linalg — vector
affine - nalg
async - pdi
od - scf
llvm 1 memref .|
builtin builtin _-
tosa tensor =
ocf emitc ]
quant Spv —
Spv nvvm [———|
vector amx E—
x86vector shape NS
arm_neon gpu —
math quant —
emitc std S—
arith pdl_interp =
rocdl [lvm E—
nvvm arith [
shape async —
std tosa -
gpu x86vector -
complex arm neon
tensor math
arm sve rocd|
amx complex
arm sve
overall 1
overall  E—

0% 25% 50% 75'0/ 10'00/ y ; ; ; y
o o ° o o 0% 25% 50% 75% 100%



Use case 2: Bridging xDSL to MLIR



IRDL in xDSL

@irdl_attr_definition
class (ParametrizedAttribute):

= "vector"

: ParameterDef[ArrayAttr[IntegerAttr]]
¢ ParameterDef[Attribute]
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Conclusion



Conclusion

(Domain-Specific) Compiler

Vec Neon = CPU
Source ——~ AST
Std GPU-A

Affine — SCF

IR Language Server IR Statistics IR Refactoring More IR Tools

=t e |
3 b s ety |

st
|
-

|
-

|
-

ey X

affine.ird
arith.irdl

Ty linalg.irdl

A Game of Abstractions L
= —
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