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Each domain get one dialect
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How many MLIR dialects redefine integer arithmetic?
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How many MLIR dialects redefine integer arithmetic?
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Why do we need so many arithmetic dialects?
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Why do we need so many arithmetic dialects?
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Has poison semantics?
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Why do we need so many arithmetic dialects?

arith
index
comb
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Has 4 value logic
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Why do we need so many arithmetic dialects?
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Why do we need so many arithmetic dialects?
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Why do we need so many arithmetic dialects?
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Is it cheap to add bits to the width?
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Why do we need so many arithmetic dialects?
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index ais
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E\c/)vrgrith These dialects are very different from | .\ iqth?
_ each others!
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This result in different sound optimizations
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This result in different sound optimizations

arith

index ) ¢

comb

hwarith X*2"y=x<<y if y<bitwidth
modarith N/A

bigint

smt
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This result in different sound optimizations

arith =

index ) ¢

comb ) ¢

hwarith (x*y)/x=y if x!=0
modarith N/A

bigint

smt (int) X

riscv (bv)
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This result in different sound optimizations

arith =
index ais

b : . :
com . These dialects have widely different
hwarith C ..

_ optimizations!

modarith
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Defining arithmetic optimization passes is costly

N -

Easy to get wrong Large amount of How to know if we
dialects/ops missed optimizations?
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QOur vision

InstCombine should be synthesized for each dialect
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QOur vision

Synthesize a base set of
optimizations and lowerings
with guarantees of
completeness

Use superoptimization
for additional rewrite
patterns
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Tool 1: Rewrite synthesizer

arith.irdl

PDL

Xx+0=x
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Tool 2 : Lowering synthesizer

smt.bv.ashr

%r = smt.bv.ashr %arg0, %argl -> !smt.bv<8>

y

arith.irdl

%0
%1
%2

arith.constant 7 : 18
arith.minui %argl, %0 : 18
arith.shrsi %arg0d, %1 : 18
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Tool 3 : Superoptimizer

%c2 = arith.constant 2 : i32
%r = arith.muli %argo, %c2 : 132

arith.irdl

%c2

07
o

= arith.constant 2 : 132
arith.muli %arg0®, %c2 : i32

y

07
0C

07
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arith.constant 1 : i32
arith.shli %arg0®, %c : 32
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Tool 3 : Superoptimizer

program.mlir

arith.irdl

index.irdl

PDL
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Enumerative synthesis

Spec: 2 x x »
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Enumerative synthesis
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Enumerative synthesis
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Enumerative synthesis

x+0
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Enumerative synthesis
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Program equivalence checking in MLIR
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Program equivalence checking in MLIR

First-Class Verification Dialects for MLIR

MATHIEU FEHR, University of Edinburgh, United Kingdom

YUYOU FAN, University of Utah, USA

HUGO POMPOUGNAC, Univ. Grenoble Alpes, Inria, CNRS, Grenoble INP, LIG Grenoble, France
JOHN REGEHR, University of Utah, USA

TOBIAS GROSSER, University of Cambridge, United Kingdom

MLIR is a toolkit supporting the development of extensible and composable intermediate representations (IRs)

called dialects; it was created in response to rapid changes in hardware platforms, programming languages,
and annlication domaine c1ich ac machine learnine MT IR ciinporte develonment teame creatino combilere
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Program equivalence checking in MLIR

func.func @foo(%x : i32) {

}

func.func @bar(%x : i32) {

}
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Program equivalence checking in MLIR

func.func @foo(%x : i32) { func. func @foo(%x :

) “e. )
func.func @bar (%x :
--arith-to-smt

func.func @bar(%x : 1i32) {

}

Ismt.bv<32>) {

Ismt.bv<32>) {
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Program equivalence checking in MLIR

func.func @foo(%x : i32) { func.func @foo(%x : !smt.bv<32>) {
1 +
func.func @bar(%x : !smt.bv<32>) {
--arith-to-smt
. %x = func.call @foo(%v)
func.func @bar(%x : i32) { %y = func.call @foo(%v)

%ne = smt.distinct %x, %y
+ smt.assert %ne



Enumerative synthesis
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Enumerating MLIR programs

] guided-tree-search ( Public

heuristically and dynamically sample (more) uniformly from large
decision trees of unknown shape

@c++ W13 %4

34



Enumerating MLIR programs

] guided-tree-search ( Public

heuristically and dynamically sample (more) uniformly from large
decision trees of unknown shape

®c++ w13 ¥4

int a = chooser->chose(2);
int b = chooser->chose(2);
llvm::terrs() << a << ", K< b << "\n";
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Enumerating MLIR programs

] guided-tree-search ( Public

heuristically and dynamically sample (more) uniformly from large
decision trees of unknown shape

®c++ w13 ¥4

while (auto chooser = guide.chooser()) {
int a = chooser->chose(2);
int b chooser->chose(2);
llvm::errs() << a << "," << b << "\n";
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Enumerating MLIR programs

while (auto chooser = guide.chooser()) {
int a = chooser->chose(2);
int b = chooser->chose(2);
llvm::errs() << a << "," << b << "\n";
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Enumerating MLIR programs

while (auto chooser = guide.chooser()) {
int a = chooser->chose(2);
int b = chooser->chose(2);
llvm::errs() << a << "," << b << "\n";

4
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Enumerating MLIR programs

while (auto chooser = guide.chooser()) { b
int a = chooser->chose(2);
int b = chooser->chose(2); © 1
llvm::errs() << a << "," << b << "\n"; // \\
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Enumerating MLIR programs

while (auto chooser = guide.chooser()) { b b
int a = chooser->chose(2);
int b = chooser->chose(2); © 1 ©
llvm::errs() << a << "," << b << "\n"; / \ /
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Enumerating MLIR programs

while (auto chooser = guide.chooser()) {
int a = chooser->chose(2);
int b = chooser->chose(2);
llvm::errs() << a << "," << b << "\n";
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Generating a program
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Generating a program

o
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Generating a program

o

(1) Chose op with the result type
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Generating a program

e

(1) Chose op with the result type
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Generating a program

e

(1) Chose op with the result type
(2) Chose number of operands
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Generating a program
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(1) Chose op with the result type
(2) Chose number of operands
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Generating a program

il

(1) Chose op with the result type
(2) Chose number of operands
(3) Chose type for each operand
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Generating a program
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(1) Chose op with the result type
(2) Chose number of operands
(3) Chose type for each operand

49



Generating a program
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Generating a program
il

132 132

(M
(2)
(3)
(4)

Chose op with the result type
Chose number of operands
Chose type for each operand
Recurse
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Generating a program
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Chose op with the result type
Chose number of operands
Chose type for each operand
Recurse
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Generating a verifying program

(1) Chose op with the result type
(2) Chose number of operands
(3) Chose type for each operand
(4) Recurse
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Generating a verifying program

(M
(2)
(3)
(4)

Chose
Chose
Chose

op with the result type
number of operands
type for each operand

Recurse
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Generating a verifying program

irdl.dialect
irdl.operation

}

%T = irdl.base
irdl.operands (
irdl.results (

)

{
{

"lbuiltin.integer"

T %T, T %T)
: %T)

IRDL

(M
(2)
(3)
(4)

Chose
Chose
Chose

op with the result type
number of operands
type for each operand

Recurse
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Enumerative synthesis

= Spec:2xx»
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Enumerative synthesis

Spec: 2 x x »

x+0
x+1

0+ x
1+ x
X+Yy

X
X
X
X
S

Check

Optimizations:

Take input program
Find equivalent
program
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Enumerative synthesis

Spec: 2 x x »

x+0
x+1

0+ x
1+ x
xX+y

X
X
X
X
S

Check

Optimizations:

- Take input program

- Find equivalent
program

Lowerings:

- Take input program
- Find refined program

64



Synthesizing all rewrites?
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Synthesizing all rewrites?

- Enumerate LHS programs
- Synthesize RHS program
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Synthesizing all rewrites?

Enumerate LHS programs
Synthesize RHS program

10B |

100M |

# Programs

100 |

M |

10k

1 2 3 4
# Connectors
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Synthesizing all rewrites?

10B |
100M |

- Enumerate LHS programs o

- Synthesize RHS program

# Programs

10k |

100 |

1 2 3 4
# Connectors

~100 000 000 000 000 candidates @
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Intuition: A lot of candidates are redundant

Spec: 2x x »
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Intuition: A lot of candidates are redundant

—_ O

x+0

X

X

X

X
Spec:2xx» x+1 4L} Check
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Our algorithm

Enumerator

Programs

v
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Our algorithm

Enumerator

Programs

v

classifier

A
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Our algorithm

Enumerator

Programs

* >

classifier

m Rewrites
>
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Our algorithm

Enumerator :
Programs
: >
v
R classifier
.......................................................................... J Rewrites
Skippables
Representatives |
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Our algorithm

Skippables

Representatives

/@\ Programs
; 5 >

classifier

m Rewrites
-
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Our algorithm

Programs
—> Filter .

Skippables

Representatives

classifier

m Rewrites
-

* >
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The classifier

Representatives

T

Programs

* >

classifier

Rewrites
Skippables
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Classifying programs progressively

Enumerated programs
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Classifying programs progressively

Enumerated programs

— T

Bucket 1 Bucket 2 Bucket 3
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Classifying programs progressively

Enumerated programs

/ \

Bucket 1 Bucket 2 Bucket 3

7N AN

E-class1 E-class 2 E-class3 E-class 4 E-class 5 E-class 6
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Choosing candidates and skippables

0 X
Clz{ C2: x+0
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Choosing candidates and skippables

0 X
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Choosing candidates and skippables

0+0

x—+0

0+ x
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Choosing candidates and skippables

x—+0

0+ x

.X'—l-y

y+X
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Creating the rewrites

X
x+0§)
0+ x

X+Yy

y+X

85



A better enumerator

Enumerator

Generator
Programs
———p Filter

TRepresentatives [ Skippables

>
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A generator using previous candidates

1) Choose an op with k operands /®\
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A generator using previous candidates

1) Choose an op with k operands /®\
2) Choose k representative

Xo * Yo X4
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A generator using previous candidates

1) Choose an op with k operands /G>\
2) Choose k representative

3) Unify their parameters
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Removing programs with skippable subprograms
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Removing programs with skippable subprograms
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Removing programs with skippable subprograms
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Removing programs with skippable subprograms
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Removing programs with skippable subprograms
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Removing programs with skippable subprograms
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Removing programs with skippable subprograms

PDL Bytecode

-y

AN

Ny
N
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Removing programs with skippable subprograms

Time (ms)

400 ’ | DL Bytecode

300
B
200 : I
100 i
0
200 400 600 800 1000 1200

Pattern Set Size
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Our algorithm

Enumerator
Generator g
: Programs
———p Filter . * >
A j e-class splitter
.......................................................................... J Rewrites

Skippables

Representatives
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Evaluating it on the SMT dialect

Types Booleans and bit-vectors of width 4.
Constants L1, T,0, and 1.

Operations All 30 operations from MLIR.
« Booleans algebra: =, A, v, &, —
Bitwise operations: ~, &, |, *, >, >, <
Bit-vector arithmetic: +, -, +¢, mod,, remg, +,, rem,

Bit-vector comparisons: <g, <y, <g, <y, 25 2w >ss >u
Other: if-then-else, #, =
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Evaluating it on the SMT dialect

Enumerator Result

Size S.Space Gen®® Enume? Reprves SkipPe  Time

0 6 100 % 100 % 100 % 0 0.96 s
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Evaluating it on the SMT dialect

Enumerator Result
Size S.Space Gen®® Enume? Reprves Skip®e  Time
0 6 100 % 100 % 100 % 0 0.96 s
1 372 100 % 100 % 20.7 % 115 Zlede 8
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Evaluating it on the SMT dialect

Enumerator Result
Size S.Space Gen®® Enume? Reprves Skip®e  Time
0 6 100 % 100 % 100 % 0 0.96 s
1 372 100 % 100 % 20.7 % 115 2l 'S
2 59.7k 16 % 8.9 % 4.5 % 1.3k 36.14 s
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Evaluating it on the SMT dialect

Enumerator Result
Size S.Space Gen®® Enume? Reprves Skip®e  Time
0 6 100 % 100 % 100 % 0 0.96 s
1 372 100 % 100 % 20.7 % 115 Zolede 8
2 59.7k 16 % 8.9 % 4.5 % 1.3k 36.14 s
3 14.7M 3.8 % 1.8 % 1.3 % 43.1k 11.7 h
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Speeding up our synthesis algorithm

Abstraction #Programs #Representatives #Repr. with refinements Time (s)

smt 6810 1367 N/A 73s
arith 6487 2115 1720 (only phase 1) 2770s
comb 2107 867 N/A 562 s

This is a 3-5x speedup for superoptimization!
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Synthesizing smt -> arith lowering

34 patterns total
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Synthesizing smt -> arith lowering

34 patterns total

- 17 patterns lowers to 1 operations
- At most 1 minute each
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Synthesizing smt -> arith lowering

34 patterns total

- 17 patterns lowers to 1 operations
- At most 1 minute each

- 2 patterns lowers to 2 operations (ashr and lhsr)
- Between 2 and 10 minutes each
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Synthesizing smt -> arith lowering

%r = smt.bv.udiv(%argd, %argl)

%cO =
%zdiv
%c—-1 =
%one =
%lhs =
%rhs =

arith.constant 0 : 18

arith.cmpi eq, %argl, %cO : 18
arith.constant -1 : 18
arith.constant 1 : 18

arith.select %zdiv, %c-1, %arg0 :
arith.select %zdiv, %one, %argl :

%r = arith.divui %lhs, %rhs : 18

lsmt.bv<8>

18
18
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Conclusion

- Simple peephole rewrites/lowerings should not be manually written
- Thisis afirst step towards synthesizing instcombine for MLIR

- Still alot of things to build (Generalization, Dataflow analysis)

Enumerator

Generator

/@\ Programs
————p Filter *

T e-class splitter

\/

Rewrites
_—

Skippables

Representatives |
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