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Writes new optimizations
Cares deeply about low level
details
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Compilation Flow: Batch Matmul

-PYy

import jax

def batch matmul (a: jax.Array[128, 80, 321,
b: jax.Array[128, 32, 320]) ->
jax .Array[128, 80, 3201]:

return jax.batch matmul (a, b)




Compilation Flow: Batch Matmul

import Jjax Py func.func public @batch_matmul(%arg®: tensor<128x80x32xf32>, .mlir
%argl: tensor<128x32x320xf32>) ->
) (tensor<128x80x320xf32>) {
def batch matmul (a: jax.Array[128, 80, 321, // prepare output

b: jax.Array[128, 32, 320]) -> %0 tensor.empty() : tensor<128x80x320xf32>

jax .Array[128, 80, 320]: %cst = arith.constant 0.0 : 32

%1 linalg.fill ins(%cst) outs(%0)
%2 linalg.batch_matmul ins(%arg@, %argl) outs(%1)
return %2 : tensor<128x80x320xf32>

return jax.batch matmul (a, b)

--convert_to_stable_hlo --convert_to_linalg




Compilation Flow: Batch Matmul

Linalg applying recipe MLIR

~5 loc > 600 loc --convert_to_llvmir




Expressing Optimization Recipe
P gvp P Transform Dialect

.mlir

- Available to expert users only
- Construction is error prone
- Hard to prototype new recipes

)

(-]
(-]

()

> 200 loc!

Level of abstraction too low for
use cases




Python transforms

from mlir.dialects import linalg

import Jjax

def batch matmul (a: jax.Array([128, 80, 32],
b: jax.Array[128, 32, 320]) ->
jax .Array[128, 80, 320]:
return jax.batch matmul (a, b)
def schedule (module: OpHandle) =-> None:

matmul = module.match ops (linalg.BatchMatmulOp
fill = module.match ops (linalg.FillOp)

for all = matmul. tile to forall (tile sizes=[64,
fill. fuse into (for_all)

for all2 = matmul. tile to forall (tile sizes=[4,
#

jit (batch matmul, schedule, input)

)

64,

32,

17)

11)

-PYy

func.func public @batch_matmul(%arg®: tensor<128x86x32xf32>,

%argl: tensor<128x32x320xf32>)->

(tensor<128x80x320xf32>) {
// prepare output

%0 = tensor.empty() : tensor<128x80x320xf32>

%cst = arith.constant 0.0 : 32

%1 = linalg.fill ins(%cst) outs(%0)

%2 = linalg.batch_matmul ins(%arg@, %argl) outs(%1)

return %2 tensor<128x80x320xf32>

.mlir




Python transforms

def schedule (module: OpHandle) -> None:

matmul = module.match ops (linalg.BatchMatmulOp )
fill = module.match ops (linalg.FillOp)
for all = matmul. tile to forall (tile sizes=[64, 64, 1])

fill. fuse into (for_all)
for all2 = matmul. tile to forall (tile sizes=[4, 32, 1])
#

-Py

Generates transform IR

func.func public @batch_matmul(%arg®: tensor<128x86x32xf32>,

%argl: tensor<128x32x320xf32>)->

(tensor<128x80x320xf32>) {
// prepare output

%0 = tensor.empty() : tensor<128x80x320xf32>

%cst = arith.constant 0.0 : 32

%1 = linalg.fill ins(%cst) outs(%0)

%2 = linalg.batch_matmul ins(%arg@, %argl) outs(%1)

return %2 : tensor<128x80x320xf32>

.mlir

transform.sequence (%$module: !transform.op<module>) {

smatmul = transform.match_op name “linalg.batch_matmul” in %module

/7 [ ]

$forall, %tiled = transform.tile_to_forall_op %matmul tile sizes [64, 64, 1]
/7.

$fused, %containing = transform.fuse_into_containing_op %forall

/7 [ ]

$forallO, %tiled0 =
/1 1. ]

transform.tile_to_forall_op %tiled tile sizes [4, 32, 1]

.mlir




Python transforms

.mlir

def schedule (module: OpHandle) -> None: - PY func.func public @batch_matmul(%arg®: tensor<128x86x32xf32>,
matmul = module.match ops (linalg.BatchMatmulOp ) %argl: tensor<128x32x320xf32>)->
fill = module.match ops (linalg.FillOp) (tensor<128x80x320xf32>) {
for all = matmul. tile to forall (tile sizes=[64, 64, 1]) // prepare output
£ill. fuse into (for_all) %0 = tensor.empty() : tensor<128x80x320xf32>
for all2 = matmul. tile to forall (tile sizes=[4, 32, 1]) %cst = arith.constant 0.6 : f32
# %1 = linalg.fill ins(%cst) outs(%0)
%2 = linalg.batch_matmul ins(%arg@, %argl) outs(%1)
return %2 : tensor<128x80x320xf32>
}
Generates transform IR #
/nject
transform.sequence (%$module: !transform.op<module>) { 'mllr
smatmul = transform.match_op name “linalg.batch_matmul” in %module
/7 [ ]
$forall, %tiled = transform.tile_to_forall_op %matmul tile sizes [64, 64, 1]
/7.
$fused, %containing = transform.fuse_into_containing_op %forall
/7 [ ]
$forall0, %tiled0 = transform.tile_to_forall_op %tiled tile sizes [4, 32, 1]
/71




Python transforms

def schedule (module: OpHandle) -> None: .F)y
matmul = module.match ops (linalg.BatchMatmulOp )
fill = module.match ops (linalg.FillOp)
for all = matmul. tile to forall (tile sizes=[64, 64, 1])
fill. fuse into (for_all)
for all2 = matmul. tile to forall (tile sizes=[4, 32, 1])
#
Generates transform IR
sequence (%module: !transform.op<module>) ({

%containing =

’

transform.match_op name “linalg.batch_matmul” in %module

transform.fuse_into_containing_op %forall

$tiled0 =

stiled = transform.tile_to_forall_op %matmul tile sizes [64, 64, 1]

transform.tile_to_forall_op %tiled tile sizes [4, 32, 1]

func.func public @batch_matmul(%arg®: tensor<128x86x32xf32>,

%argl: tensor<128x32x320xf32>)->
(tensor<128x80x320xf32>) {

repare output

= tensor.empty() : tensor<128x80x320xf32>

= arith.constant 0.0 : f32

= linalg.fill ins(%cst) outs(%0)

= linalg.batch_matmul ins(%arg@, %argl) outs(%1)

rn %2 : tensor<128x80x320xf32>

/1l p
%0
%cst
%1
%2
retu
}
/ nject
.mlir

--apply_transform_script

func.func public @batch_matmul(%arg®: tensor<128x80x32xf32>,

%argl: tensor<128x32x320xf32>) ->
(tensor<128x80x320xf32>) {

: tensor<128x80x320xf32>

: f32

%0 = tensor.empty()
%cst = arith.constant 6.0
scf.forall (64, 64, 1) {
%1 = linalg.fill
scf.forall (4, 32, 1) {
%2 = linalg.batch_matmul
/L]

.mlir

.mlir




builtin.module { %20 = transform.structured.match ops{[*func.func’]} in %argd : (!transform.any_op) -> !transform.any_op
module { apply_patterns to %26 {

transforn.sequence  failures (propagate) { transforn. apply_patterns. Linalg. tilingcanonicalization
“bb8(%argd: !transform.any transform.apply_patterns.iree.fold_fill_into_j
rancforn. irce. regisior naseh_callbacks // Callback just also provides a handle to the fillop transform.apply_patterns.scf . for_loop. Canonsentization
%0:2 = transform.iree.match_callback failures(propagate) "batch_matmul®(%arge) : (!transform.any_op) -» (Itransform.any_op, !transform.any_op) transforn.apply_patterns.canonicalization
%forall_op, %tiled_op (rznsfcrm structured. tile_to_forall op %0#1 nun_threads [] tile_sizes [64, 64, 1](napping = [#gpu.block<z>, figpu.blockey>, #gpu.blockex>]) : (!transform.any_op) } : !transform.any_op
(‘(ransfnrm any_op, !transform.any. Leinstorn sren. apply_licm %20 : !transforn.any_op
L ranstorn. structured matoh ops{["func.func1) in %argd : (ltransforn.any_op) > ltransforn.any_op transforn.iree. apply_cse %26 : !transform.any_op
zpply patterns to %1 transforn. structured naskedvectorize itiled_op.1 vector_sizes [0, 2, 4] ¢ ttransforn.anyop
transfarn.apply.patterns. Linaly. tiling.canonicslization transform.structured.masked_vectorize %tiled_op_5 vector_sizes [32, 1, 1] : !transform.any_op
transform.apply_patterns. iree.fold_fill_into. 1S Cranaforn.Structured natch ope(l’ func.Tunc’1) in %args © (!transforn any op) = iiranchorn.any_op
transform.apply_patterns. scf . for_loop_ canonmeluatmn apply_patterns to %21 {
transforn.apply_patterns. canonicalizatior transforn.apply_patterns.vector . lower_masked_transfers
) : ttransform.any_op } : itransforn.any_oj
transform.iree.apply_licn %1 : !transform.any_op %22 = transforn.structured.vectorize %21 : (!transform.any_op) -> !transform.any_op
transform.iree.apply_cse %1 : !transform.any_op apply_patterns to %22 {
#fused-op, wnew-containing.op = transforn. structured. fuse.into_containing-op 4040 into %forall.op : (ltransforn.any.op, ttransform.any_op) -> (ttransforn.any_op, !transforn.any._op) transforn. apply._patterns. Linalg. tilingcanonicalization
transform.iree.populate_workgroup_count_region_using_nun_threads_slice %forall_op : (!transform.any_op) - transform.apply_patterns.iree.fold_fill_ir
stiled Linslg_op, tloops = transforn.structured. tile tiled-oolo, 9, 9, 1] : (‘(ransfurm any-op) > Uranstorn.any_op. 1transforn.any_op) transforn.apply_patterns.scf. for_loop_ Canonsantization
nsforn.structured.pad %tiled_linalg_op {copy_back = false, pack_paddings = [1, 1, 1, 11, pad_to_multiple_of = [1, 1, 1, 1], padding_dinensions = [6, 1, 2, 3], padding_values = transforn.apply_patterns.canonicalization
CK @E@E@Eec@a Fao. o asasaveras . Fao, 0.000000e:08 - F3013 T (!transiorn any. p) - (-uansform any_op, !transforn.any_op) } : !transform.any_op
= getprodicerof operand wa(2] : (:transforn.any_op) > :transforn.any o Leinstorn sren. spply_Lien 522 : 1transforn. om0
P it any_of ranstorn.ope “tensor.pad’> transforn.iree. apply_cse %22 form.
55 < ransfarm.stractured harst ped 44 b (T ransforn.op<" tensor .pad’») -» Itransforn.any_op 15 eransforn.cerustored. natch ope ([ fune. fonc’ ) in %arg : (ltransforn.any_op) -» !transforn.any-op
%6 = transform.structured.match ops{[" fimc. funct 1) in %arge . (1sranstorn.any.op) - 1transforn.any o apply_patterns to %23
apply_patterns to %6 transforn.apply_patterns.canonicalization
transfarn.apply.patterns. Linaly. tiling.canonicslization } : !transform.any_oj
transform.apply_patterns. iree.fold_fill_into. transforn. iree.apply_Licn 123 : !transforn.any-op
transform.apply_patterns. scf . for_loop_ camoniontization transforn.iree. apply_cse %23 : !transform.any_op
transform.apply_patterns.canonicalization Lraneforn. iree.himinate.enpty.toncors %argd - (ltransforn.any_op) -»
transform.apply_patterns. tensor . fold_tensor_subset_ops %24 = transform.iree.bufferize {target_gpu} %argd : (!transform.any op) -> ttransform.any_op
transform.apply_patterns. tensor .merge_consecutive_insert_extract_slice
) : ttransform.any_op 125 = trancforn.structured match ops{[ fung.funcr |} in 124 : (‘transforn.any.on) - ttransforn.any_op
transform.iree.apply_licn %6 : !transform.any_op transforn. iree.apply_buffer_optinizations <25 : (itransforn.any_op) > () // N0 effect e
transform.iree.apply_cse %6 : !transform.any_op %26 = transform.structured.match ops{["func.func’]} i (Itransforn. zny op) > 1 trancforn.any_op
transforn.iree.forall_to_workgroup %26 : (!transform. zny op) -»
%7 = transform.structured.match ops{["linalg.fill"]} in %arge : (!transform.any_op) -» !transforn.any_op transforn. iree map_nested_forall_to_gpu_threads %26 workgroup_dins = [64, 2, 1] warp_dims = [2, 2, 1] : (!transform.any_op) -> ()
%8 = transform.structured.match ops{["func.func’]} in %arge : (!transform.any_op) -> !transform.any_op %27 = transforn.iree.elininate_gpu_barriers %26 : (!transform.any_op) -> !transform.any_op
apply_patterns to %8 { apply_patterns to %27 {
transfarn.apply.patterns. Linaly. tiling.canonicslization transforn. apply_patterns. Linalg. tilingcanonicalization
transform.apply_patterns. iree.fold_fill_into. transform.apply_patterns.iree.fold_fill_into_j
transform.apply_patterns. scf . for_loop_ canonmeluatmn transform.apply_patterns.scf. for_ loup,cznun)czlnzuon
transform.apply_patterns.canonicalizatior transforn.apply_patterns.canonicalization
} : ttransform.any_op } : Itransform.any_op
transforn. iree.apply_Licn 4c : ltransforn.any. o Leinstorn sren. spply_Lien 527 : ttransforn.any.. o
transform.iree.apply_cse %8 : !transform.any. transforn.iree. apply_cse %2 any_of
502 transtorn. iruttared match opsi{l tencor parallel insert_slice” 1) in sargd : (-uansform any_op) -> !transform.any_op Lransforn iree hotstostatic_allos %07 o (1iranctorn.any_op) = ()
transform.structured. insert_slice_to_copy %9 : (!transform.any_op) - !transform.any. apply_patterns to %2
gerproduser of operand 12(5] : (1tranctorn.any.op) 5. 1sranctorn. any_op transforn.apply_patterns.menref. fold_menref_alias_ops
et_producer_of _operand %2[1] : (!transforn.any_op) -» !transform.any_op } : ttransform.any_op
213 = transforn.structured. renrite-in_destination_passing.style 412 : (i trineforn.any_op) -» Itransforn.any. apply patterns 0 509 {
forall_op_8, %tiled_op_1 = (rznsfcrm Cructured ThectooTorallop 11 num_threads (1, 32, 4] tile.sizes [](napping = [#gpu.linear<es, fgpu.linear<y=, fgpu.linear<xs]) : (!transforn.any_op) transform.apply_patterns.menref .extract_address_computations
-> (1transform.any_op, Veraneforn any. } : ttransform.any_op
T4 = transform.structured nateh ops{["func.func’1} in %args : (!transforn.any_op) -> !transforn.any_op apply_patterns to %27 {
apply_patterns to ¥14 transforn. apply_patterns. Linalg. tilingcanonicalization
transfarn.apply.patterns. Linaly. tiling.canonicslization transform.apply_patterns.iree.fold_fill_ir
transform.apply_patterns. iree.fold_fill_into. transforn.apply_patterns.scf. for_loop_ Canonsentization
transforn.apply_patterns. scf . for_loop_ canonmeluatmn transforn.apply_patterns.canonicalization
transforn.apply_patterns.canonicalizatior } : !transform.any_op
) : ttransform.any_op Leinstorn sren. spply_Licn 527 : 1eransforn.any.. o
transform.iree.apply_licm %14 : !transform.any_op transforn.iree. apply_cse %27 : !transform.any.
transform.iree.apply_cse %14 : !transform.any_op 128 = transforn.structured.natch ops ([ sc. By n w27 (ttransforn.any._op) -> Itransform.ops"scf .for">
15 < Uransforneructured match opo{l ocf 1111 in  forallop0 : (ttransforn.any_op) -> !transforn.any_op transforn.iree.synchronize_loop %28 : (!transform.op<”scf.for”>
transforn. scf. take_assuned_branch 115 take_else_branch : (1cransforn.any._op 420 < CranafornStrucured hosot. redundant.vector tranafers 127« (1tfansforn.any_op) - !transforn.any_op
“forall_op_2, %tiled_op_3 = (rznsfcrm Sructured tile.to_foralloop 413 num_threads (8, 16, 1] tile_sizes [1(napping = [#gpu.linear<es, fgpu.linear<y=, fgpu.linear<xs]) : (!transforn.any_op) apply_patterns to %29 {
-> (1transform.any_op, Veraneforn any. transforn. apply_patterns. Linalg. tilingcanonicalization
5= ranetorn.structured-nateh ops{["func. func 1) in %argd : (Itransform.any_op) -» Itransforn.any_op transform.apply_patterns.iree.fold_fill_into_j
apply_patterns to %16 transform.apply_patterns.scf . for_ loup,cznun)czlnzuon
transfarn.apply.patterns. Linaly. tiling.canonicslization transforn.apply_patterns.canonicalization
transform.apply_patterns. iree.fold_fill_into. } : !transform.any_op
transform.apply_patterns. scf . for_loop_ canonmeluatmn Leinstorn sren. spply_Lien %29 : ttransforn.any_op
transform.apply_patterns.canonicalizatior transforn.iree. apply_cse %29 : !transform.any_op
) : ttransform.any_op Lraneforn. iree. apply butfer optinisations 425 o (1transforn.any_op) = ()
transform.iree.apply_licm %16 : !transform.any_ o %30 = transforn.iree eliminate_gpu_barriers %29 : (!transform.any_op) -> !transform.any_op
transform.iree.apply_cse %16 : !transforn.any_o apply_patterns to %36 {
“forall_op_4, %tiled_op_5 = (rznsfcrm Sirictured. tile_to_forall_op %18 nun_threads [2, 64, 1] tile_sizes [](napping = [#gpu.linear<es, fgpu.linear<y=, fgpu.linearcxs]) : (!transforn.any_op) transforn. apply_patterns. Linalg. tiling.canonicalization
> (1trancforn-any.op, lirancforn.any transform.apply_patterns.iree.fold_fill_into_j
S anetorn. structured-nateh ops{[*func. func 1) in %argd : (Itransform.any_op) -» Itransforn.any_op transform.apply_patterns.scf. for_ loup,cznun)czlnzuon
apply_patterns to %17 transforn.apply_patterns.canonicalization
transfarn.apply.patterns. Linaly. tiling.canonicslization } : ttransform.any_op
transform.apply_patterns. iree.fold_fill_into. Leinstorn sren. apply_licm %30 : !transform.any_op
transform.apply_patterns. scf . for_loop_ canonmeluatmn transforn.iree. apply_cse %30 : !transform.any_op
transform.apply_patterns.canonicalizatior apply_patterns to %38
) : ttransform.any_op transforn.apply_patterns.menref . fold_nenref_alias_ops
transform.iree.apply_licm %17 : !transform.any_ o } : Itransforn.any_oj
transform.iree.apply_cse %17 : !transforn.any_o %31 = transform.structured.match ops{['menref.alloc”]} in %38 : (!transform.any_op) - !transform.op<’memref.alloc">
“forall_op_6, %tiled_op_7 = (rznsfcrm Ciricturen tile_to_forall_op %  nun_threads [1, 2, 64] tile_sizes [1(napping = [#gpu.threadszs, #gpu.threadsys, #gpy.thread<xs]) : (!transforn.any_op) %32 = transform.memref .nultibuffer %31 {factor = 2 : 164, skip_analysis} : (transform.op<'memref.alloc’>) -» !transform.any_op
-> (transform.any_op, !transform.any. apply_patterns to %30
T8 = transforn.structured. nateh ops{["func.func’1} in %args : (!transforn.any_op) -> !transforn.any_op transforn.apply_patterns.vector . transfer_to_scf  max_transfer_rank = 1 full unroll = true
apply_patterns to %18 } : ttransform.any_op
transforn.apply.patterns. Linaly. tiling.canonicslization apply patterns 0 %36 {
transform.apply_patterns. iree.fold_fill_into. transforn. apply_patterns. Linalg. tilingcanonicalization
transform.apply_patterns. scf . for_loop_ canonmeluatmn transform.apply_patterns.iree.fold_fill_into_j
transform.apply_patterns.canonicalizatior transform.apply_patterns.scf. for_ loup,cznun)czlnzuon
} : ttransform.any_op transforn.apply_patterns.canonicalization
transform.iree.apply_licm %18 : !transform.any_ o } : ttransform.any_op
transform.iree.apply_cse %18 : !transforn.any_o Leinstorn sren. spply_Lien %30 : teransforn.any_op
“forall_op_8, %tiled_op_9 = (rznsfcrm Stricturen tile_to_forall_op %7 nun_threads [1, 2, 64] tile_sizes [1(napping = [#gpu.threadsz», #gpu.threadsys, #gpu.thread<xs]) : (!transforn.any_op) transforn.iree. apply_cse %38 : !transform.any_op
> (1traneforn-any.op, lirancforn.any Lransforn iree.creato asyne groups 136 - (1transforn.any_op) -» ()
anetorn. structared-nateh ops{*func. func 1) in %argd : (Itransform.any_op) -» Itransforn.any_op apply_patterns to %38 {
apply_patterns to %19 transforn. apply_patterns. Linalg. tiling.canonicalization
transfarn.apply.patterns. Linaly. tiling.canonicslization transform.apply_patterns.iree.fold_fill_into_j
transform.apply_patterns. iree.fold_fill_into. nansfom..apply,pmems.scf.for,loup,cznumzhuuon
transform.apply_patterns. scf . for_loop_ canonmeluatmn transform.apply_patterns.canonicalizatio
transform.apply_patterns.canonicalizatior transforn.apply_patterns.menref . fold.| nenref_alias_ops
} : ttransform.any_op } : ttransform.any_op
transform.iree.apply_licm %19 : !transform.any_op Leinstorn sren. spply_Lien %30 : 1eransforn.any_op
transform.iree.apply_cse %19 : !transform.any_op fransforn.iree apply_cse 130 : itransforn.an

op
noforn Surutured nateh ope([" vec(or contract”]} in %36 : ('transform. o op) -> !transform.any_op
(ransf m. 1oop.get_parent. transform.any_op) -> !transform.any.




builtin.module {
module {

o
(‘(ransfnrm any_op, !transform.an)

P)
%, %_ = transforn.structured.pad %tiled_linalg.op {copy_back = false, pack_paddings = [1, 1, 1, 11, pad_to_nultipleof = [1, 1, 1, 1], padding_dimensions = [8, 1, 2, 3], padding_values = transforn. sy patterns.canonicalzation
[6.080005e+30 132, . 00000erb0 : 132, 0.000B00es0G o 13315 7 (1 ranstorm.any-op) -5 (eranstorn.any_op. \eransiorn-any-op) } : ttransform.an

%3 = get_producer_of operand %2[2] : (Itransforn.any_op) -» !transforn.any_op Lransforn iree.apbly.Licn %22 : ltransforn.any_op
%4 = cast %3 : !transform.any_op to !transforn.op<"tensor.pad transforn.iree.apply_cse %22 : !transform.any_op
%5 = transform.structured.hoist_pad % by 1 loops : (!transforn.op<’tensor.pad’>) -» !transforn.any_op 43 < Cranaforneratured natch ope{l"furc. fanc'1) in %args : (1transforn.any_op) -> !transforn.any_op
%6 = transform.structured.match ops(['func.func']} in %argd : (itransform.any_op) -> !transfor.any_op apply_patterns to %23
apply_patterns to %6 transforn.apply_patterns.canonicalization

transfora.apply_ptterns. inalg. tiling conenicalization } : transforn.any_op

transform.sequence
Abb8(%argh:

fa)lures(propage(e) {
ttransform. an

transforn.iree.register_ metch callbacks // Callback just also provides a handle to the fillop

%0:2 = transform.iree.match_callback failures(propagate)
rall_op, %tiled_op = (ransfcrm structured. tile_to_forall_op %61

ranstorn. structured-matoh ops{["func. func'1) in %argd
apply patterns to %1
transfarn.apply.patterns. Linaly. tiling.canonicslization
transform.apply_patterns. iree.fold_fill_ir
transform.apply_patterns. scf . for_loop_ camoniontization
transform.apply_patterns.canonicalization
) : ttransform.any_
transform.iree.apply_licn %1
transform.iree.apply_cse %1 :
“fused_op,

: transform.any_op
ttransform.an

tiled_linalg_op, %loops =

transform.structured.tile %tiled_op[e, ©, 8, 16

batch_natmul” (%arg8) :

1

“new_containing_op = transform.structured. fuse_into_containing_op %6#8 into %forall_op
transforn.iree.populate_workgroup_count_region_using_nun_threads_slice %forall_op

(ttransform. any
nun_threads [] tile_sizes (64, 64,

(!transform.any_op) -> !transform.any_op

_op) -> (!transform.any_op,
11 (mapping = [#gpu.blocksz,

(ttransforn.any_op,
ttransform.any_op) -

(stransforn.any op) > T eransforn.any_op,

ttransform.any_op)

ttransform.any_op)
hapu-blockey>,

> (ttrans

itransform.any_o

#gpu.blockex>]) :

forn.any_op,

(ttransform.any_op) ->

ttransform. any_op)

%20 = transforn.structured.match ops{[“func.func']) in %arge

apply_patterns to %26 {
transform.apply_patterns.linalg. tiling_ cenonlcelue(mn
transform.apply_patterns.iree.fold_fill_ir
transforn.apply_patterns.scf. for_loop_ Canonssaization
transforn.apply_j patcerns. canonicalization

} ¢ ttransform.an

Lransforn. iree.apbly-Licn 120 ©

ttransform.any_op
transforn.iree.apply_cse %20

ttransform.any_op

transform.structured.masked_vectorize %tiled_op_1 vector_sizes [64, 2, 4] :

transform.structured.masked_vectorize %tiled_op_5 vector_sizes [32,

%21 = transforn.structured.match ops{["func.func']} in %arge

apply_patterns to %21
transforn.apply_patterns.vector . lower_masked_transfers

} : itransforn.any_oj

%22 = transforn.structured.vectorize %21

apply_patterns to %22 {
transform.apply_patterns.linalg. tiling_ cenonlcelue(mn
transform.apply_patterns.iree.fold_fill_ir
transforn.apply_patterns.scf. for_loop_ Canonssaization

: (ttransform.any_op) -> !transform.any_op

itransform.any_op

1, 1] ¢ itransforn.any_op
(Ftranstorn any_op) = itrancforn.any_op

(ttransforn.any_op) -> !transform.any_op

(ttransform.any_op,
14 = transform.structur
apply_patterns to %14
transform.apply_patter
transform.apply_patter

transforn.apply_patter
) : ttransform.any_op
transform.iree.apply_lic
transform.iree.apply_cse|
%15 = transform.structur
transform. scf . take_assun
%forall_op_2, %tiled_op_
(ttransform.any_op, !transfy
6 = transforn.structur
apply_patterns to %16
transform.apply_patter
transform.apply_patter

transforn.apply_patter
) : ttransform.any_op

transform.iree.apply_lici
transform.iree.apply_cse|

%forall_op_0, %tiled_op_1 =

%14 = transform.structured.match ops{["func.func"]} in %arg@

apply_patterns to %14 {
transform.apply_patterns.linalg.tiling_canonicalization
transform.apply_patterns.iree.fold_fill_into_pad
transform.apply_patterns.scf.for_loop_canonicalization
transform.apply_patterns.canonicalization

}

transform.iree.apply_licm %14

transform.iree.apply_cse %14

%15 = transform.structured.match ops{["scf.if"]} in %forall_op_0

transform.scf.take_assumed_branch %15 take_else_branch

%forall_op_2, %tiled_op_3 =

%16 = transform.structured.match ops{["func.func"]} in %arg@

apply_patterns to %16 {
transform.apply_patterns.linalg.tiling_canonicalization
transform.apply_patterns.iree.fold_fill_into_pad
transform.apply_patterns.scf.for_loop_canonicalization
transform.apply_patterns.canonicalization

%13 num_threads [8,

}
transform.iree.apply_licm %16
transform.iree.apply_cse %16
%forall_op_4, %tiled_op_5

16,

BRSO S EFuC NN EoNAoRaINGE 1 nun_threads [2, 64,

%11 num_threads [1, 32, 4]

1]

1]

('transform.any_op) -> ()

mref .alloc'>
>) -> itransform.any_op

transform.iree.apply_licm %18 :
transforn.iree.apply_cse %18 :

(1transform.any op, !transfor.any.

—op
10 = transforn.structured. naten ops{["func.func’1} in %arge :

apply_patterns to %19

transfarn.apply.patterns. Linaly. tiling.canonicslization
1

transform.apply_patterns. iree.fold_fill_ir

transform.apply_patterns. scf . for_loop_ caonioutization
transform.apply_patterns.canonicalization

) : ttransform.any_
transforn.iree.apply_licn %19 :
transforn.iree.apply_cse ¥19 :

Leransforn.any.. o )
ttransform.an
rorall. 5.5, Hitedopd = transform.stractured. tile_to_forall_op %7

ttransform.any_op
ttransform.any_op

transforn. apply_patterns. canonicalszation
: ttransforn
Lransforn iree.apbly.Licn %30 : ltransforn.any_op
transforn.iree. apply_cse %38 : !transform.any_op
transforn.iree.create_async_groups %36 : (!transform.any_op) -» ()
apply_patterns to %38 {
transform.apply_patterns.linalg. tiling_ cenonlcelue(mn
transform.apply_patterns.iree.fold_fill_ir
transforn.apply_patterns.scf. for_loop_ cznon)czl)zzuon
transform.apply_patterns.canonicalizatio
transforn.apply_j pmems.memref.fom,memref,ahzs ops
} ¢ ttransform.an
Lransforn. iree.apbly.Licn %30 : ltransforn.any_op
transforn.iree. apply_cse %30 : !transform.any_op
453< Uransforn.ceruatured match ope{l” vector contract]) in %0 :
form. 1 f : (rtransform. an '

nun_threads (1, 2, 64] tile_sizes [I(mepping = [#gpu.thread<z>, #gpu.thread<y>, figpu.threadex>]) : (!transforn.any_op)

(ttransform.any_op) -> !transform.any_op

(ttransform.any_op) -> !transform.any_op
ansforn. a




-> (ttransforn.any_op, !transf

builtin.module {
module {

transforn. sequence fa)lures(propage(e) {
“bb8(%arge: !transform.any_o

%20 = transform.structured.match ops{[*func.func’]} in %argd : (!transform.any_op) -> !transform.any_op
apply_patterns to %26 {

transform.apply_patterns.linalg. tiling_ cenonlcelue(mn
transform.iree. register_| ot callbacks // Callback just also provides a handle to the fi

%0:2 = transform.iree.match_callback failures(propagate) "batch_matmul”(%a
rall_op, %tiled_op = (ransfnrm structured. tile_to_forall_op %61

o
(‘(ransform any_op, !transform.an)

ranstorn. structured-matoh ops{["func. func'1) in %argd

apply patterns to %1 {
transform.apply_patterns. linalg. tiling_

transform.apply_patterns.iree.fold_fill_ir
transforn.apply_patterns.scf. for_loop_ Canonssaization
70) - (1transfornany_op) > (Itransforn.any_op, !transforn.any_op) transforn.apply_j potcerns. canonicalization

numthreads. [ tile sizes (64, 64, 1)(napping = (Fgpo.blockezs, Agpu-blockeys, #gpu.blockexs]) : (ttransform.any_op) -» } ¢ ttransform.an

Lransforn. ires.apbly.Licn %20 : ltransforn.any_op
(ttransforn.any_op) -> !transform.any_op transforn.iree. apply_cse %26 : !transform.any_op
canenicalization

transforn. structured naskedvectorize itiled-op.1 vector_sizes [0, 2, 4] : ttransforn.anyop
transform.structured.masked_vectorize %tiled_op_5 vector_sizes [32, 1, 1] : !transforn.any_op
transforn.apply_patterns. iree.fold_fill_into_pad 12 Cranaforn.Structured natch ope(l’ func.Tunc’1) in %arge o (!transforn any op) - Iirancforn.any_op
Lransforn. sbply-patterns . sef for-loop-canonicatization apply_patterns to %21
transform.apply_patterns.canonicalization transforn.apply_patterns.vector . lower_masked_transfers
) : ttransform.any_ } : itransforn.any_oj
transform.iree.apply_licn %1 : !transform.any_op %22 = transforn.structured.vectorize %21 : (!transforn.any_op) -> !transform.any_op
transform.iree.apply_cse %1 : !transform.any_op apply_patterns to %22 {
#fused-op, wnew-containing.op = transform. structured. fuse.into_containing-op 4040 into xforall.op : (ltransform.any.op, ttransforn.any_op) -> (ttransforn.any_op
transform.iree.populate_workgroup_count_region_using_nun_threads_slice %forall_op

tiled_linalg_op, %loops =

%5 = transform.structured.hoist_pad %4 by

%6 = transform.structured.match ops{["func.func’]} in %arge

apply_patterns to %6

transforn.structured.tile %tiled_op[o, 8, 8, 16]

%2, % = transform.structured.pad %tiled_linalg_op {copy_back = false,

[0.000606e+00 : 32, 0.000666e+00 : 32, 0.000686e+00 : 32])
%3 =

: (ttransform.any_op) -> !transform.any_op

. ttransform.any_op)
ttransform.any_op

transform.apply_patterns.linalg. tiling_ cenonlcelue(mn

transform.apply_patterns.iree.fold_fill_ir
(stransforn.any op) > Transtorn.any_op. ttransforn.any._op) transforn.apply_patterns.scf. for_loop_ Canonssaization
pack_paddings = [1, 1, 1, 1], pad_to_nultiple_of = [1, 1, 1, 1], padding_dinensions = [8, 1, 2, 3], padding_values =
(1transforn’any_op) -> (!transform. eny op, !transform.any_op)

transforn.apply_j potcerns. canonicalization

} ¢ ttransform.an
Lransforn iree.apbly.Licn %22 : ltransforn.any_op
: ttransform.any_op to !transform.op<"tensor.pad’> transforn.iree. apply_cse %22 : !transform.any_op
1 loops : (!transform.op<"tensor.pad”») -> !transform.any_op 43 < Cranafornceriatured natch ope{l"furc. fanc'1} in %arge
(Itransforn.any_op) -> !transform.any_op

(!transforn.any_op) -» !transform.any_op
apply_patterns to %23
transfarn.apply.patterns. Linal. tiling:canonicslization

{
transforn.apply_patterns.canonicalization
} : !transforn.any_op

14 = transform.structur
apply_patterns to %14 {
transforn.apply_patter
transforn.apply_patter
transforn.apply_patter
transforn.apply_patter

) : ttransform.any_op
transform.iree.apply_lic
transforn. iree.apply_cse
%15 = transform.structur
transform. scf . take_assun
forall_op_2, %tiled_op_
(ttransform.any_op, !transfy
6 = transforn.structur
apply_patterns to %16 {
transforn.apply_patter
transforn.apply_patter
transforn.apply_patter
transforn.apply_patter

) : ttransform.any_op
transform.iree.apply_lic
transforn. iree.apply_cse
forall_op_4, %tiled_op_
nsforn.any_op, !transfl

= transform.structur

transforn. apply_pattdr
} : ttransform.any_op

transform.iree.apply_lici
transform.iree.apply_cse
%forall op_8, tiled op_9 = transform.structured. tile_to_forall op %7

(1transform.any op, !transfor.any.

%forall_op_0, %tiled_op_1 = transform.structured.tile_to_forall_op %11 num_threads [1, 32, 4]

%14 = transform.structured.match ops{["func.func"]} in %arg@

apply_patterns to %14 {
transform.apply_patterns.linalg.tiling_canonicalization
transform.apply_patterns.iree.fold_fill_into_pad
transform.apply_patterns.scf.for_loop_canonicalization
transform.apply_patterns.canonicalization

¥

transform.iree.apply_licm %14

transform.iree.apply_cse %14

%15 = transform.structured.match ops{["scf.if"]} in %forall_op_0
transform.scf.take_assumed_branch %15 take_else_branch

%forall_op_2, %tiled_op_3 = transform.structured.tile_to_forall_op %13 num_threads [8, 16, 1] N

%16 = transform.structured.match ops{["func.func"]} in %arg@

apply_patterns to %16 {
transform.apply_patterns.linalg.tiling_canonicalization
transform.apply_patterns.iree.fold_fill_into_pad
transform.apply_patterns.scf.for_loop_canonicalization
transform.apply_patterns.canonicalization

}

transform.iree.apply_licm %16
transform.iree.apply_cse %16
%forall_op_4, %tiled_op_5

et

transform.structured.tile_to_forall_op %10 num_threads [2, 64, 1]

nun_threads [1, 2, 64] tile_sizes [](mapping = [#gpu.thread<z>

o
10 = transforn.structured. naten ops{["func.func’1} in %arge :

apply_patterns to %19

apply_patterns to %30
transfarn.apply.patterns. Linaly. tiling.canonicslization

transform.apply_patterns. iree.fold_fill_ir
transform.apply_patterns. scf . for_loop_canon:
transform.apply_patterns.canonicalization

} : ttransform.any_op

. #gpu.thread<y>, #gpu.thread<x=]) : (!transform.any_op) transforn.iree.apply_cse %30 : !transform.any_op
transforn. iree create asyne_groups %30 - (1 transforn.any_op) -> ()
: (ttransform.any_op) -> !transform.any_op i
transform.apply_patterns.linalg. tiling_ cenonlcelue(mn
transform.apply_patterns.iree.fold_fill_ir
transforn.apply_patterns.scf. for_loop_ cznon)czl)zzuon
e ization transform.apply_patterns.canonicalizatio

Lraneforn. abaly_patterns menrer  fold menref_alias_ops
transform.iree.apply_licm %19 : !transform.any_op

transform. iree.apply_cse %19 : !transform.any.

} : ttransform.any_op
transforn.iree. apply_licm %36 : !transform.any_op
“op transforn.iree. apply_cse %30 : !transform.any_op
%33 = transform.structured.match ops{[" vector.contract”]} in %38 :
form. 1 : (rtransform. an '

(ttransform.any_op) -> !transform.any_op
ansforn. a

ttransform.any_op) -> ()

f.alloc

) -> Itransform.any_op




builtin.module {
odule {
transforn.sequence fatlures (propagate) {
~bb8(%argd: !transforn.any_op
ranefora Aree.regiater, aetth.callbacks // Callback just
%8:2 = transforn.iree.match_callback failures(propagate) *
%forall_op, %tiled_op =
(ttransforn.any_op, Itransforn.any_op)
{Tanaforn. structured maich ops{[*func. func'1} in %args : (!transforn.any_op) -> !transforn.any_op
aDDlY.thterns o %1
patterns. linalg. tili
transfarm apply patterns.iree.fold Fill.into.pad
patterns. scf . for_loop.
TR e
) : ttransform.any_op
transforn.iree.apply_licn %1
transform.iree.apply_cse %1 :
%fused_op, %new_containing_op

o provides a handle to the fillop

atch.matnul" (%a7g0) : (1transforn.any.op) -» (!transform.any.op, !transforn.any.op
Lransform.structured.tile.to_forall.op %#1  nun_threads (1 tile.sises 64, 64, 11(mopping = [Fapu-blockezs, #apu-blockeys, #gpu.blockexs]) i (Itransforn.any_op) -»

itransform.any_op
ttransform.any_op

transform. structured. fuse_into_containing_op %#@ into %forall_op
transform.iree.populate_workgroup_count_region_using_nun_threads_slice %forall_op
e

: (ttransforn.any_op,
linalg_op, %loops = transform.structured. tile tiled_op(d, 0, 0

ttransform.any_op) -> (!transform.any_op,
© (!transform.any_op) -> ()
] @ (transform.any_op) -> (!transform.any_op, !transform.any_op)
alse, pack_paddings = [1, 1, 1, 1], pad_to_multiple_of = [1, 1, 1, 1], padding_dimensions = [0, 1
[CH anawneoan ¢ (!transform.any_op) -> (!transform.any_op, !transform.any_op)
= get_producer_of_operand %2[2] : (!transform.any_op) -> !transform.any_op
cast %3 : !transform.any_op to !transform.op<"tensor.pad">
transform.structured.hoist_pad % loops : (!transform.op<"tensor.pad’>) > !transform.any_op
transform. structured.match ops{[*func.func’]} in %arge : (!transform.any_op) -> !transforn.any_op
aDDly.uztterns to %6 {
patterns.linalg. tili
transfarm apply patterns.iree. fold T into.pad
patterns. scf . for_loop.
oy aDDlY.Datterns canonicalizati
transforn. apply._patterns. tensor . fold_tensor-subset_ops
tri patterns. tensor.merg _insert_extract_slice
ransfwm.any,ou
transform.iree.apply_licm %6 : !transforn.any_op
transform.iree.apply_cse %6 : !transform.any_op

ttransform.any_op)

2, 3], padding_values =

%7 = transform.structured.match ops{["linalg.fill"]} in %argd : (!transform.any_op) -> !transform.any_op
%8 = transform.structured.match ops{["func.func’]} in %arge : (!transform.any_op) -> !transform.any_op
SR )
patterns.linalg. tili
transfarm apply patterns.iree. fold- T into.pad
patterns. scf . for_loop.
transfarm apuly patterns. canonicalization
ransfor. any_op
o 56

itransform.any_op

%20 =

Cransforn.structurad.astch ops{[func.func]) in %argd : (1transfora.any_op) -> Itransfora.any_op
apply_patterns to %20 {
transform.apply._patterns. linalg. uunq_menmnuuon
transform.apply_patterns.iree.fold_fill_int
transform.apply_patterns. scf . for_loop_ R AT RE
transform.apply_patterns.canonicalization
} : ttransform.any_op
transform.iree.apply_licm %26 : !transform.any_op
transform.iree.apply_cse %20 : !transform.any_op
transforn. structured.masked_vectorize %tiled_op_1 vector_sizes [64, 2, 4]
transforn.structured masked_vectorize %tiled_op_§ vector_sizes (32,
%421 = transforn.structured.match ops{["func.func"]} in %arge

Itransform.any_op
Itransform.any_o

1 P
%argd : (1transforn.any_op) -> Itransfor.any_op
apply_patterns to %21 {

transforn.apply_patterns. vector . lover_nasked_transfers
} : ttransform.any_o
%22 = transform.structured.vectorize %21 : (!transform.any_op) -> !transform.any_op
apply_patterns to %22 {
transform.apply_patterns. linalg. :mnq_canemoanuuon
transform.apply_patterns. iree.fold_fill_int
transform.apply_patterns.scf. for_loop._¢ S —
transform.apply_patterns.canonicalization
} : Itransform.any_op
transforn. iree.apply_licn %22 : !Itransform.any_op
transform.iree.apply_cse %22 : !transform.any_op
%23 = transform.structured.match ops{["func.func"]} in %argd : (!transform.any_op) -» !transform.any_op
apply_patterns to %23 {
transform.apply_patterns.canonicalization
} : Itransform.any_op
transforn. iree.apply_licn %23 : Itransform.any_op
transform.iree.apply_cse %23 : !transform.any_op
transforn. iree.eliminate_empty_tensors %argd : (!transform.any_op) -> ()
%24 = transform.iree.bufferize {target_gpu} %argé : (!transform.any_op) -> !transform.any_op

transform. structured.match ops{[“func.func*]} in %24 : (!transforn.any_op) -> !transforn.any_op
transforn.iree.apply_buffer_optimizations %25 : (transform.any_op) -> () // NO effect here
%26 = transforn. structured.match ops{[*func.func’]} in %24 : (1transform.any_op) -> !transform.any_op
transform.iree.forall_to_workgroup %26 : (!transform.any_op) -> ()
transforn. iree map_nested.forall_to_gpu_threads %26 workgroup_dins = [64, 2, 1] warp_dins
%27 = transforn.iree.eliminate_gpu_barriers %26 : (!transform.any_op) -> !transform.any_op
apply_patterns to %27 {
S T b e
transform.apply_patterns.iree.fold_fill_int

2, 2, 1]

transform.iree.apply_cse %
%9

-ansform.any_op
ransforn. seruciured match ope{ - tencor parallel insert_slice’]) dn %arge

o/ ”
: (ttransforn.any_op) -> > na e rs
transform.structured.insert_slice_to_copy % : (!transform.any_op) -> !transform.any_op (o]
%11 = get_producer_of _operand %2[0] : (‘trznsform any_op) -> !transform.any_op
%12 = get_producer_of_operand %2[1] : (!transform.any_op) -> !transform.any.
3=t d.rewrite_in_destination_passing_style %12 : (Itransforn.any_op) -> Itransform.
ransform. strustured. tile.to_forall.op 411 nun_threads (1, 32, 4] tile_siz88 [T(RAPPING =" [#GPU TIREEPEES) WGPU  TINEareys WGPU TIREAFSrT) ¥ (VCrancrorm any op)
itransform.any_op
= transform.structured.match ops([ func.func"]} in %argd : (!transform.any_op) -> !transform.any_op
SIS )

-> (!transform.any_op,

transform.apply_patterns. scf. for_ Loor. canonscauzmen

nsform. any_op
isform. any_oj

27 : (Itransforn.any_op) -> ()

jold_menref_alias_ops

patterns.linalg. tili
transfarm spply_patterns.ires. fold.. T into.pad
patterns. scf . for_loop.
transfarm apuly patterns. canonicalization
ransform. any_of
e e e e T e
transform.iree.apply_cse %14 : !transforn.any_o
15 = transforn.structured.match ops{["scf.if']} in forall.0p.0 : (1transforn.any_op) -> !transforn.any_op
transforn.scf. take_assumed_branch %15 take_else_branch : (!transform.any.op) -

#forall_op_2, %tiled_op_3 trznsform Siructured. tile to_foralloop %13 num._inreads (8, 16
-> (ttransforn.any_op, itransforn.a

. 1] tile_sizes [](mapping =
= transforn. structured.match ops([ func.func"]} in %argd : (!transform.any_op) -> !transform.any_op
aDDly patterns to 416 {
patterns.linalg. tili
transfarm apply patterns.iree.fold T into-pad
patterns. scf . for_loop.
transfarm apuly patterns. canonicalization
ransform. any_of
transform.iree.apply_licn %16 : !transform.any_op
transform.iree.apply_cse %16 : !transforn.any_op
%forall op_4, %tiled_op.5 = trznsform structured. tile_to_forall_op %10 . 1] tile_sizes [](mapping
-> (ttransform.any_op, !transforn.any_op
= transform.structured.match ops([ func.func"]} in %arge : (!transform.any_op) -> !transform.any_op
SIR T
patterns.linalg. tili
transfarm apply patterns.iree.fold- T into.pad
patterns. scf . for_loop.
transfarm apuly patterns. canonicalization
ransform. any_of
e e et T R e N G T
transform.iree.apply_cse %17 : !transforn.any_op
%forall_op_6, %tiled_op_7 = trznsform structured. tile_to_forall_op %2
-> (ttransform.any_op, !transforn.an
transforn. structured.match ops([ func.func"]} in %argd : (!transform.any_op) -> !transform.any_op
SIS (T
patterns.linalg. tili
transfarm apply patterns.iree. fold- T into.pad
patterns. scf . for_loop.
transfarm.aDDlY.Datterns.canun)calnanon
} : 'transform.any_of
transform.iree.apply_licn %18 : !transform.any_op
transform.iree.apply_cse %18 : !transforn.any_op
%forall_op_8, %tiled_op_9 = trznsform structured. tile_to_forall_op %7
-> (ttransform.any_op, !transforn.an
%19 = transforn.structured.match ops([ func.func"]} in %argd : (!transform.any_op) -> !transform.any_op
SR )
patterns.linalg. tili
transfarm apply patterns.iree. fold T into.pad
patterns. scf . for_loop.
transfarm.aDDlY.Datterns.canun)calnanon
} @ !transform.any_of
transform.iree.apply_licn %19 : !transform.any_op
transform.iree.apply_cse %19 : !transforn.any_op

[#gpu.linear<z>, #gpu.linear<y>, #gpu.linear<x>]) : (!transform.any_op)

num_threads [2, 64,

[#gpu.linear<z>, #gpu.linear<y>, #gpu.linear<x>]) : (!transform.any_op)

nun_threads [1, 2, 64] tile_sizes [](mapping = [#gpu.thread<z>, #gpu.thread<y>, #gpu.thread<x>]) : (!transform.any_op)

nun_threads [1, 2, 64] tile_sizes [](mapping =

[#gpu.thread<z>, #gpu.thread<y>, #gpu.thread<x>]) : (!transform.any_op)

transform. iree.apply_cse %29 :

transforn. iree.apply_buffer_optimizations %29 :
%30

0
-  (1tranaforn. any.op) -> Itransform.any_op
apply_patterns to %30 {

transform.iree.apply_licn %30 :
transform.iree.apply_cse %30 :
apply_patterns to %30

} :_!transforn.any_op

_address_

apply_patterns to %27

+

transform.apply_patterns. linalg. :mnq_cmemoanuuon
transform.apply_patterns. iree.fold_fill_int
transform.apply_patterns.scf. for_loop._¢ S —
transform.apply_patterns.canonicalization

: Itransform.any_op

transforn. iree.apply_licn %27 : Itransform.any_op

transform. iree.apply_cse %27 :
%28 =

transform. iree.synchronize_loop %28

%29 = transform.structured.hoist_redundant_vector_transfers %27
apply_patterns to %29

+

tr

Itransform.any_op
Cransforn structared match ope{l sCF for ) in %27 :

2 (ttransform.op<"scf . for">)

transform.apply_patterns. linalg. :mnq_canemoanuuon
transform.apply_patterns. iree.fold_fill_int
transform.apply_patterns.scf. for_loop_¢ S —
transform.apply_patterns.canonicalization

: Itransform.any_op
ansforn.iree.apply_licm %29

Itransform.any_op
Itransform.any_op

(transform.any_op) -
transforn. iree_eliminate_gpu_barriers %29

transform.apply_patterns. linalg. :mnq_canemoanuuon
transform.apply_patterns. iree.fold_fill_int
transform.apply_patterns.scf. for_loop._¢ S —
transform.apply_patterns.canonicalization

} : Itransform.any_op

t

)t
%31

%32

transform.iree.apply_licn %30 :
transform.iree.apply_cse %38
transform.iree.create_async_groups %39 :

Itransform.any_op
Itransform.any_op
ransform.apply_patterns.menref . fold_menref_alias_ops
Itransform. any_op

transform. structured.match ops{[“menref alloc’]) in %30 :
transforn.menref .multibuffer %31 {factor = 2

_to_: max_transfer_rank = 1 full_unroll = true
Itransform.any_op

transform.apply_patterns. linalg. :mnq_canemoanuuon
transform.apply_patterns. iree.fold_fill_int
transform.apply_patterns.scf. for_loop_¢ S —
transform.apply_patterns.canonicalization

} : Itransform.any_op

Itransform.any_op
Itransform.any_oj
(ttransform.any_op) -> ()

apply_patterns to %30
transform.apply_patterns. linalg. :mnq_canemoanuuon
transforn.apply_patterns. iree.fold_fill_int
transform.apply_patterns.scf. for_loop._¢ S —
transform.apply_patterns.canonicalization
transforn.apply_patterns.memref . fold_memref_alias_ops

} : Itransform.any_op

transform.iree.apply_licn %30 :
transform.iree.apply_cse %30 :

T

Itransform.any_op
Itransform.any_op
trancform structured mateh onell” vertor contrac

13 in %38 - (1+ransform anv on) —> Itransform anv on

: (ttransforn.any_op) -> !transform.any_op

: (ttransform.any_op) -> ()

(ttransforn.any_op) -> !transform.op<’scf. for'>

: (ttransforn.any_op) ~> !transforn.op<menref alloc">
1 i64, skip_analysis} : (!transform.op<’menref.alloc">
apply_patterns to %30 {

transforn.apply_patterns. vector . transfer_to_scf
)
apply_patterns to %30

> Itransform.any_op



builtin.module {
odule {

transform. sequence fe)]ures(Drovaga(e) {

"bbe(%argd: !transform.any_oj
transform.iree. reg:s(er,ma(cn,canbacks /1 Callback just
%0:2 = transform.iree.match_callback failures(propagate) '
#forall_op, %tiled_op = (ransform structured. tile_to_forall_op %0#1

ensforn.any_op, !transform.any.

{Fanaforn. structured match oDs([ func.func"]} in %arge :

“fused_op, %new_containing_op = transforn.structured. fuse_into_containing_op %@#e into %forall_op
transform.iree.populate_workgroup_count_region_using_nun_threads_slice %forall_op : (!transform.any_op) -> ()
xmed linalg_op, %loops = transform.structured.tile %tiled_op(8, 0, 8, 1
ransform. structured.pad %tiled_linalg_op {copy_back = false, pack_paddings = [1, 1,
a.aaaaaaeoaa : £32, 06.600000e+66 : 132, 6.600000+68 : f32]) : (Itransform.any_op) -» (!transform.any_op,

= get_producer_of _operand %2(2] : (!transform.any_op) -> !transform.any_op

cast W ; itransforn.any-op to ‘transfurm op<” tensor pad>

transform.structured.hoist_pad : (!transforn.op<"tensor.pad”>) -> !transform.any_op
ranaforn.stroctored. nateh ope(l fenc. fon T} in %argo . (15ranstorn.any.op) = 1trancrorn.any o

B

} in %arge : (!transforn.any_op) -> !transform.any_op
(ttransform.any_op) -> !transforn.any_op

o provides a handle to the fillop
atch.matnul” (%arg8) : (1transfornany
nun_threads [] tile_sizes [54 64, 1](mapping =

(!transform.any_op) -> !transform.any_op

x7 = transform.structured.match ops{["linalg.fill"
<transforn.structured.match ops{[ func.func']} in %args :

op) -> (!transform.any_op,

(!transform.any_op,

: (ttransform.any_op) > (!transform.any_op,
1, 11, pad_to_nultiple_of
itransform.any_op)

%420 = transforn.structured.match ops{["func.func"]} in %argd :

#gpu.blockex>]) : (!transform.any_op) -> -

transform.structured.masked_vectorize %tiled_op_1 vector_sizes [64, 2, 4] : !transform.any_op
transform.structured.masked_vectorize %tiled_op_5 vector_sizes [32, 1. 1] : !transform.any_ op
%01 = transforn.structured ratch ope(l- func.fonc-1) in %arge : (1transforn.any.0p) -» Itransform.any_op
apply_patterns to %21 {

transform.apply.. potterns.vector lower_masked_transfers

: ttransform. any.
Lo\t anatorn. steetured. vectorize 21

(ttransform.any_op) -> !transform.any_op

ttransform.any_op)
[#gpu.block<z>, #gpu_blockey>,

(ttransform.any_op) -> !transform.any_op

ttransform.any_op) -> (!transform.any_op, !transform.any_op)
Itransform.any.

=0, 100 Daddmg dimensions = [6, 1, 2, 3], padding_values =

%23 = transform.structured.match ops{["func.func’]} in %arge : (!transform.any_op) -> !transform.any_op

e

transform.iree.bufferize {targetgpu} %argd : (!transform.any_op) -> !transform.any_op

%25 = transform. structured.match ops{["func.func’ ]} in %24 : (!transforn.any_op) —> !transforn.any_op
transforn.iree.apply._buffer_optinizations %25 : (!transforn.any.op) -> () // NO effect here

%26 = transform.structured.match ops{["func.func’]} in %24 : (!transform.any_op) -> !transform.any_op
transform.iree.forall_to_workgroup %26 : (!transform.any_op) -> ()
transforn.iree.map_nested_forall_to_gpu_threads %26 workgroup_dims = [64, 2, 1] warp_dins
%27 = transform.iree.elininate_gpu_barriers %26 : (!transform.any_op) -> !transform.any_op

2, 2, 1]

‘transform. structured.match ops{|"tensor. Dara]lel insert_slice’]} in %argd : (!tri
transform. structured. insert_slice_to_cop (ttransform.any_op) -> transfors
get_producer _of _operand %2[8] : 1‘(ransfcrm any_op) -> !transform.any_op
get_producer_of _operand %2[1] : (!transform.any_op) -> !transform.any_o
= transform.structured. rewrite_in_destination_passing_style %12 : (!transform.any.
%forall_op_0, %tiled_op_1 ransform structured.tile_to_forall_op %11  nun_threads [
> (ttranstorn.any_op. ttransforn.any.
transform.structured.match ops([ func.func"]} in %arge :

%15 = transforn.structured.match ops{["scf.if"]} in %forall_op_e : (Itransform.any_op) -> !transform.any_op
transform. scf . take_assumed_branch %15 take_else_branch : (!transform.any_op) -> (
%forall_op_2, %tiled_op_3 = (ransform structured.tile_to_forall_op %13  num_threads (8, 16,
> (teransforn.any_op. ttransforn.any.
516 = transform.structured.match ops([ func.func"]} in %arge :
%forall_op_4, %tiled_op_5 (ransform structured. tile_to_forall_op %18

> (ttranstorn.any_op. ttransforn.any.
transform. structured.match ops([ func.func"]} in %arge :

%forall_op_6, %tiled_op_7 = (ransform structured. tile_to_forall_op %2
> (ttranstorn.any_op. ttransforn.any.
transform.structured.match ops([ func.func"]} in %arge :

%forall_op_8, %tiled_op_9 (ransform structured. tile_to_forall_op %7
> (ttranstorn.any._op. ttransforn.any.
transform. structured.match ops([ func.func"]} in %arge :

4

(ttransform.any_op) -> !transform.any_op

(ttransform.any_op) -> !transform.any_op

num_threads (2, 64,

(ttransform.any_op) -> !transform.any_op

nun_threads [1, 2, 64] tile_sizes [](mapping

(ttransform.any_op) -> !transform.any_op

nun_threads [1, 2, 64] tile_sizes [](mapping

(ttransform.any_op) -> !transform.any_op

1] tile_sizes [](mapping =

1] tile_sizes [](mapping

ny_op) -> ()

different types of “Enablers” here

ransfora, structured.satch ops{[7scffor”) in %27 : (1transforn.any.op) -> teransforn.ope"sof.for">
transforn.iree.synchronize_loop (!transform.op<"scf.for">) —>
152 o rorn. 2truerared hosat redur\dant vector_transfers %27 : (!transform.any_op) -> !transform.any_op

- E

cransfora. iree. apply_buffer optiizstions %29 : (1transforn.any.op) - ()
Sransforn. ree ol iminate.gpu. barriers 429 © (1tranaforn any op) > transforn.any_op

[#gpu. Linear<z>, #gpu.linear<y>, #gpu.linear<x>]) : (1transforn.any_op) E

apply_patterns to %30
transforn.apply.. patterns menref . fold_nenref_alias_ops
) © Itransform.any_op
%31 sforn. structured.match ops{[“menref.alloc’]) in %30 : (Itransform.any_op)
: (ttransform. any_op) %32 = transform.menref.multibuffer %31 {factor = 2 : 164, skip_analysis) : (!transform
apply_patterns to %30 {
Eransforn.spply.patterns.vector transfer.to.scf
) . itransforn.an

-> Itransforn.op:

op<"menref .allo

= [#gpu.thread<z>, #gpu.threadsy>, #gpu. thread<x>])

max_transfer_rank = 1 full_unroll = true

= [#gpu.thread<z>, #gpu.thread<y>, #gpu.thread<x>]) : (!transform.any_op)

transform.iree.create_async_groups %38

e raneform structured mateh ons{l” veetor contract®l} in %38 -

2 (! transform.any_op) > ()

(1eransform anv on) —> ltransfarm anv on

: (ttransform.any_op) -> ()

menref.alloc">

itransform.any_op



Enabler Categories by example: Loop Interchange

Observation: Interchanging the loops here might increase locality

scf.for % = 0 to 4096 {
%hoistable = ...
scf.for %1 = 0 to 4096 {
%$res = memref.load %values[%i, %]]

func.call Quse (%res, S%hoistable)

outer for.interchange(inner for)

- Only safe if we have a perfect loop nest



Enabler Categories by example: Loop Interchange

Observation: Interchanging the loops here might increase locality

scf.for % = 0 to 4096 {

$hoistable

scf.for %i 0 to 4096 {

[o)

%$res = memref.load %values[%i, %]]

func.call Quse (%res, S%hoistable)

outer for.interchange(inner for)

- Only safe if we have a perfect loop nest



Enabler Categories by example: Loop Interchange

Observation: Interchanging the loops here might increase locality

%hoistable

scf.for % = 0 to 4096 { scf.for %3 = 0 to 4096 {

hoistable =
scf.for %1 = 0 to 4096 { scf.for %1 = 0 to 4096
%$res = memref.load %values[%i, %]] $res = memref.load %values[%i, %7]
func.call Quse (%res, S%hoistable) func.call Quse(%res, %hoistable)
} }
} ~ A }

# adhoc solution for this specific payload program
outer for.apply licm() # loop invariant code motion

outer for.interchange(inner for)

- Only safe if we have a perfect loop nest
- Every user: “What canonicalizations do | have to apply to this specific payload?”



Enabler Categories by example

with handle.apply patterns() :
structured.ApplyTilingCanonicalizationPatternsOd)
loop. ApplyForLoopCanonicalizationPatternsOd)

transform. ApplyCanonicalizationPatternsOq()

handle.apply licm()
handle.apply cse()



Enabler-Categories by example

with handle.apply patterns() :
structured.ApplyTilingCanonicalizationPatternsOd)
loop. ApplyForLoopCanonicalizationPatternsOd)

transform. ApplyCanonicalizationPatternsOq()

handle.apply licm()
handle.apply cse()



Normalforms ]by example

\_} Inspired by term rewriting

class PerfectForNestForm(Normalform) :
def apply(cls, handle: OpHandle) -> None:
with handle.apply patterns() :
structured.ApplyTilingCanonicalizationPatternsOd)
loop. ApplyForLoopCanonicalizationPatternsOd)

transform. ApplyCanonicalizationPatternsOq()

handle.apply licm()
handle.apply cse()

Explicitly capture the structure we expect in the IR
Defined by the transforms to reach this specific IR structure



Normalforms by example

%$hoistable

scf.for % = 0 to 4096 {

%$hoistable

scf.for %3 = 0 to 4096 {

scf.for %i 0 to 4096 { scf.for %1 = 0 to 4096

[o) o

$res = memref.load $%$values[%i, %7] $res = memref.load %$values[%i, %7]

func.call Quse (%res, S%hoistable) func.call (Quse(%res, %hoistable)

~_

# General solution for loop interchange

outer for.interchange(inner for)



Normalforms by example: Hierarchy

AnyForm

ForAll+For+WhileNestForm

Strictness

ForAll+ForNestForm

PerfectForNestForm




Normalforms by example: Hierarchy

AnyForm

scf.for {
scf.for {

// ...
ForAll+For+WhileNestForm

Strictness

ForAll+ForNestForm

PerfectForNestForm




Normalforms by example: Hierarchy

AnyForm

scf.for {

scf.forAll {

// ...
ForAll+For+WhileNestForm

Strictness

ForAll+ForNestForm

PerfectForNestForm




Normalforms by example: Hierarchy

AnyForm
scf.for {
scf.forAll {
wn
3 _ scf.while {
c ForAll+For+WhileNestForm
- // ...
.0
S }
e
» )
ForAll+ForNestForm
}
PerfectForNestForm




Normalforms by example: Hierarchy

Strictness

AnyForm

ForAll+For+WhileNestForm

ForAll+ForNestForm

PerfectForNestForm

Weakest form. All valid IR can be
considered to be in AnyForm

scf.for {
arith.constant
scf.forAll {
scf.while {

/]



Normalforms by example: Hierarchy

AnyForm

ForAll+For+WhileNestForm MemrefNoAliasForm? DefineYourOwnForm

Strictness

ForAll+ForNestForm

PerfectForNestForm




Normalforms by example: Autonormalization

@transform(required_normalfonFPerfectForNestForm

enforced normalformPerfectForNestForm

Precondition

def interchange(self: OpHandle, other loop: OpHandle) -> OpHandle:
#0...]

Schedule

def schedule(module: OpHandle) -> None:

Postcondition

Example Payload IR

Normalform



Normalforms by example: Autonormalization

@transform(required_normalfonFPerfectForNestForm
enforced normalformPerfectForNestForm

def interchange(self: OpHandle, other loop: OpHandle)

# [...]

Schedule

def schedule(module: OpHandle) -> None:

-> OpHandle:

Precondition
Postcondition
Example Payload IR
module {

scf.for %3 = 0 to 4096 {
%hoistable = ...
scf.for $1 = 0 to 4096 ({
$res = memref.load $values[%i, %71
)

func.call @Quse (%res, %hoistable

}

scf.for %3 = 0 to 2048 {
%hoistable = ...
scf.for %1 = 0 to 2048 {

$res = linalg.generic %$values //...

Normalform

AnyForm



Normalforms by example: Autonormalization

@transform(required_normalfonFPerfectForNestForm
enforced normalformPerfectForNestForm

def interchange(self: OpHandle, other loop: OpHandle)

# [...]

Schedule

def schedule(module: OpHandle) -> None:

outer for = module.match ops(scf.ForOp, match n only=0)

Precondition

Postcondition

-> OpHandle:

Example Payload IR

module {

——escf.for $J = 0 to 4096 {

%hoistable = ...
scf.for $1 = 0 to 4096 {
$res = memref.load $values[%i, %71

func.call @Quse (%res, %hoistable)

}
scf.for %3 = 0 to 2048 {

%hoistable .
scf.for %1 = 0 to 2048 {

$res = linalg.generic %$values //...

Normalform

AnyForm

AnyForm



Normalforms by example: Autonormalization

@transform(required_normalformPerfectForNestForm Precond|t|on
enforced normalformPerfectForNestForm Postcond|t|on
def interchange(self: OpHandle, other loop: OpHandle) -> OpHandle:
#[...]
Schedule Example Payload IR Normalform
def schedule(module: OpHandle) -> None: module ({ AnyForm
outer for = module.match ops(scf.ForOp, match n only=0) ————escf.for $j = 0 to 4096 { AnyForm
%hoistable =

inner for = outer for.match ops(scf.ForOp) o scf.for %1 = 0 to 4096 { AnyForm

Q

$res = memref.load $values[%i, %71

func.call @Quse (%res, %hoistable)

}
scf.for %3 = 0 to 2048 {
%hoistable

scf.for %1 = 0 to 2048 {

)

$res = linalg.generic %$values //...




Normalforms by example: Autonormalization

@transform(required_normalfonFPerfectForNestForm
enforced normalformPerfectForNestForm

def interchange(self: OpHandle, other loop: OpHandle)
#[...]

Schedule

def schedule(module: OpHandle) -> None:

outer for = module.match ops(scf.ForOp, match n only=0)

inner_ for = outer for.match ops(scf.ForOp)

————escf

load = inner formatch ops(memref.LoadOp)

}

%hoistable =

Precondition
Postcondition
-> OpHandle:
Example Payload IR
module {

.for %3 = 0 to 4096 {

o scf.for %1 = 0 to 4096 ({

Q

$res = memref.load $values[%i, %71

func.call @Quse (%res, %hoistable)

scf.for %3 = 0 to 2048 {
%hoistable

scf.for %1 = 0 to 2048 {

) -

$res = linalg.generic %$values //...

Normalform

AnyForm

AnyForm

AnyForm

AnyForm



Normalforms by example: Autonormalization

@transform(required_normalfonFPerfectForNestForm
enforced normalformPerfectForNestForm

def interchange(self: OpHandle, other loop: OpHandle)
#[...]

Schedule

def schedule(module: OpHandle) -> None:

outer for = module.match ops(scf.ForOp, match n only=0)

inner_ for = outer for.match ops(scf.ForOp)

————escf

load = inner formatch ops(memref.LoadOp)

outer for.interchange (inner for)

}

%hoistable =

Precondition
Postcondition
-> OpHandle:
Example Payload IR
module {

.for %3 = 0 to 4096 {

o scf.for %1 = 0 to 4096 ({

Q

$res = memref.load $values[%i, %71

func.call @Quse (%res, %hoistable)

scf.for %3 = 0 to 2048 {
%hoistable

scf.for %1 = 0 to 2048 {

) -

$res = linalg.generic %$values //...

Normalform

AnyForm

AnyForm

AnyForm

AnyForm



Normalforms by example: Autonormalization

@transform(required_normalfonFPerfectForNestForm

#

outer for

def schedule(module: OpHandle)

inner for

load

inner formatch ops(memref.LoadOp)
outer for.interchange (inner for)

enforced normalformPerfectForNestForm
def interchange(self: OpHandle, other loop: OpHandle)
[...]

Schedule

-> None:

module.match ops(scf.ForOp, match n only=0)
outer for.match ops(scf.ForOp)

Precondition

Postcondition
-> OpHandle:

Example Payload IR

module {

———escf.for %j

0 to 4096

e scf.for %1 =

0 to 4096 {
e 3res =

memref.load $values[%i, %7J]
func.call @Quse (%res, %hoistable)

}

scf.for %3 = 0 to 2048 |

Autonormalization here!

Normalform

PerfectForNestForm

PerfectForNestForm

PerfectForNestForm

PerfectForNestForm

outer for.normalize (PerfectForNestForm)
7




Normalforms by example: Autonormalization

@transform(required_normalfonFPerfectForNestForm

def interchange(self: OpHandle, other loop: OpHandle)
#[..

def schedule(module: OpHandle)

outer for

inner for

load

enforced normalformPerfectForNestForm

-]

Schedule

-> None:

= outer for.match ops(scf.ForOp)

= module.match ops(scf.ForOp, match n only=0)

Precondition
Postcondition
-> OpHandle:
Example Payload IR
module {

— 1 escf.for i = 0 to 4096 {

= inner formatch ops(memref.LoadOp)

o scf.for $j = 0 to 4096 ({

Q

outer for.interchange (inner for)

outer for 2

= module.match ops(scf.ForOp, match n only=2)

e 3res = memref.load $values[%i, %7j]

func.call @Quse (%res, %hoistable)

}

- e scf.for $j = 0 to 2048 {

%hoistable
scf.for %1 = 0 to 2048 {

)

$res = linalg.generic %$values //...

Normalform

PerfectForNestForm

PerfectForNestForm

PerfectForNestForm

PerfectForNestForm

AnyForm



Normalforms by example: Autonormalization

@transform(required_normalfonFPerfectForNestForm

enforced normalformPerfectForNestForm

def interchange(self: OpHandle, other loop: OpHandle)

# 0.

def schedule(module: OpHandle)

outer for

inner for

load

-]

Schedule

-> None:

module.match ops(scf.ForOp, match n only=0)

Precondition

——+——escf.for %i =

Postcondition

-> OpHandle:

Example Payload IR

module {

0 to 4096

outer for.match ops(scf.ForOp)

o scf.for 3j = 0 to 4096 ({

Q

inner formatch ops(memref.LoadOp)

outer for.interchange (inner for)

outer for 2

inner for 2

module.match ops(scf.ForOp, match n only=2)

outer for 2match ops(scf.ForOp)

e 3res = memref.load $values[%i, %7j]

func.call @Quse (%res, %hoistable)

}

- e scf.for $j = 0 to 2048 {
%hoistable =
scf.for %1 = 0 to 2048 {

)

$res = linalg.generic %$values //...

Normalform

PerfectForNestForm

PerfectForNestForm

PerfectForNestForm

PerfectForNestForm

AnyForm

AnyForm



Normalforms by example: Autonormalization

@transform(required_normalfonFPerfectForNestForm
enforced normalformPerfectForNestForm

def interchange(self: OpHandle, other loop: OpHandle)

# [...]

Schedule

def schedule(module: OpHandle) -> None:

Precondition
Postcondition
-> OpHandle:
Example Payload IR
module {

— 1 escf.for %1 = 0 to 4096 {

outer for = module.match ops(scf.ForOp, match n only=0)
inner_ for = outer for.match ops(scf.ForOp)
load = inner formatch ops(memref.LoadOp)

outer for.interchange (inner for)

outer for 2 = module.match ops(scf.ForOp, match n only=2)
inner for 2 = outer for 2match ops(scf.ForOp)
linalg op = inner for 2match ops(linalg.GenericOp)

o scf.for 3j = 0 to 4096 ({

Q

e 3res = memref.load $values[%i, %7j]

func.call @Quse (%res, %hoistable)

}
- e scf.for $j = 0 to 2048 {

%hoistable

scf.for %1 = 0 to 2048 {

)

$res = linalg.generic %$values //...

Normalform

PerfectForNestForm

PerfectForNestForm

PerfectForNestForm

PerfectForNestForm

AnyForm

AnyForm
AnyForm



Normalforms by example: Autonormalization

@transform(required_normalfonFPerfectForNestForm

enforced normalformPerfectForNestForm

def interchange(self: OpHandle, other loop: OpHandle)

# [...]

Schedule

Precondition
Postcondition
-> OpHandle:
Example Payload IR
module {

L escf.for %1 = 0 to 4096 {

def schedule(module: OpHandle) -> None:
outer for = module.match ops(scf.ForOp, match n only=0)
inner_ for = outer for.match ops(scf.ForOp)

load = inner formatch ops(memref.LoadOp)

outer for.interchange (inner for)

o scf.for 3j = 0 to 4096 ({

Q

e 3res = memref.load $values[%i, %7j]
func.call @Quse (%res, %hoistable)

}

I e scf.for $j =0

to 2048 {
%hoistable

outer for 2 = module.match ops(scf.ForOp, match n only=2)
inner for 2 = outer for 2match ops(scf.ForOp)
linalg op = inner for 2match ops(linalg.GenericOp)

linalg op.tile(using=scf.ForAllOp, tile sizes=[32,

scf.for %1 = 0 to 2048 {

)

321)

$res = linalg.generic %$values //...

Normalform

PerfectForNestForm

PerfectForNestForm

PerfectForNestForm

PerfectForNestForm

AnyForm

AnyForm

AnyForm



Normalforms by example: Autonormalization

@transform(required_normalfonFPerfectForNestForm
enforced normalformPerfectForNestForm
def interchange(self: OpHandle, other loop: OpHandle)
#[...]

Schedule

def schedule(module: OpHandle) -> None:

Precondition
Postcondition
-> OpHandle:
Example Payload IR
module {

L escf.for %1 = 0 to 4096 {

Normalform

PerfectForNestForm

PerfectForNestForm

outer for = module.match ops(scf.ForOp, match n only=0)
inner_ for = outer for.match ops(scf.ForOp)
load = inner formatch ops(memref.LoadOp)

Autonormalization here!

outer for.interchange (inner for)

NestForm

outer for.normalize (PerfectForNestForm) priestForm

}
scf.for %3 = 0 to 2048 {

outer for 2 = module.match ops(scf.ForOp, match n only=2)
inner for 2 = outer for 2match ops(scf.ForOp)
linalg op = inner for 2match ops(linalg.GenericOp)

scf.for %1 = 0 to 2048 {

)

%res = linalg.generic %values //...

linalg op.tile(using=scf.ForAllOp, tile sizes=[32, 32])

PerfectForNestForm

PerfectForNestForm

PerfectForNestForm



Normalforms by example: Autonormalization

@transform(required_normalfonFPerfectForNestForm
enforced normalformPerfectForNestForm

def interchange(self: OpHandle, other loop: OpHandle)

# [...]

Schedule

def schedule(module: OpHandle) -> None:

outer for =

inner for =

load =

outer for.match ops(scf.ForOp)

outer for.interchange (inner for)

outer for 2 =

inner for 2 =
linalg op =
linalg op.tile(using=scf.ForAllOp,

module.match ops(scf.ForOp, match n only=0)

Precondition

-> OpHandle:

inner formatch ops(memref.LoadOp)

module.match ops(scf.ForOp, match n only=2)

outer for 2match ops(scf.ForOp)

l———escf.for %$i =

o scf.for $j =

}

inner for 2match ops(linalg.GenericOp)

tile sizes=[32,

\
321)

- e scf.for %j =

scf.for %1 =

—— $res =

Postcondition

Example Payload IR

module {

0 to 4096

0 to 4096 {
$res = memref.load $values[%i, %71

func.call @Quse (%res, %hoistable)

0 to 2048 {

0 to 2048 {
scf.forAll {

linalg.generic %values //...

}

Normalform

ForAll+ForNestForm

PerfectForNestForm

PerfectForNestForm

PerfectForNestForm

ForAll+ForNestForm

ForAll+ForNestForm
ForAll+ForNestForm



def schedule(module: OpHandle) -> None:

Normalforms by example: Autonormalization

@transform(required_normalfonFPerfectForNestForm
enforced normalformPerfectForNestForm
def interchange(self: OpHandle, other loop: OpHandle)
#[...]

Precondition

Postcondition
-> OpHandle:

Schedule —

No Autonormalization required!

module {

scf.for %1 = 0 to 4096 {

outer for = module.match ops(scf.ForOp|, match n only=0)
inner_ for = outer for.match ops(scf.FofOp)
load = inner formatch ops(memref|LoadOp)

o scf.for 3j = 0 to 4096 ({

Q

e 3res = memref.load $values[%i, %7j]

module.normalize PerfectForNestForn)
PR |
outer for.interchange (inner for)

func.call @Quse (%res, %hoistable)

}
scf.for %3 = 0 to 2048 {

scf.for %1 = 0 to 2048 {

)

outer for 2 = module.match ops(scf.ForOp, match n only=2)
inner for 2 = outer for 2match ops(scf.ForOp)
linalg op = inner for 2match ops(linalg.GenericOp)

linalg op.tile(using=scf.ForAllOp, tile sizes=[32, 32])

$res = linalg.generic %$values //...

Normalform

PerfectForNestForm

PerfectForNestForm

PerfectForNestForm

PerfectForNestForm

PerfectForNestForm

PerfectForNestForm

PerfectForNestForm



Designer of the transform thinks of the expected
IR structure once, instead of every user every time



Parametric Schedules: Autotuning

def parametric_schedule(matmul: jasc.OpHandle) -> None: -PYy
outer_tile_x = param()
outer_tile_y = param(range: [1, 2, 4, 8])
forall = matmul.tile(tile_sizes=[outer_tile_x, outer_tile_y])
forall_2 = matmul.tile(tile_sizes=[param(divides: outer_tile_x),

Parametric schedule enables:
- Ship a parametric schedule, tune on user device
- Want to keep your model sizes secret but still
collaborate? -> Model sizes become params

param(divides: outer_tile_y)])

Generates parametric transform IR

.mlir

transform.sequence (%matmul) {
%outer tile x = transform.param
%outer tile y = transform.param range [1, 2, 4, 8]
Stiled = transform.structured.tile %matmul [%outer tile x, %outer tile y]
%inner tile x = transform.param divides[%outer tile x]
%inner tile y = transform.param divides[%outer tile y ]
%inner tiled = transform.structured.tile %tiled[%inner tile x, %inner tile y]




Autoscheduling enabled by Normalforms

- Autoscheduler does not have to generate “enabling” transforms anymore
- Easier to generate a valid schedule
- Extensible autoscheduling beyond just built-ins



Final schedule:

def batch matmul schedulgmodule: OpHandle) -> None: py

func = module.match ops(func.FuncOp)
matmul = module.match ops(linalg.BatchMatmulOp)
for all = matmul.tile to forall(tile sizes=[64, 64, 1], mapping=block mapping)

Rough steps:

func.match ops(linalg.FillOp).fuse into(for all).tile to forall(num threads=[64, 2, 1])

padded input0O, padded inputl, copy op= matmul.tile([0, 0, O, 16]).tiled linalg oppad() 1. T|||n9
padded inputO.tile to forall(num threads=[1, 32, 4]).tiled op.masked vectorize([64, 2, 4]) 2 Vectorization
padded inputl.tile to forall(num threads=[8, 16, 11]) 3 LOWGr tO required Ievel
matmul.tile to forall(num threads=[1, 2, 64]) P
- - 4. GPU specific transforms

copy op.tile to forall(num threads=[2, 64, 1]).tiled op.masked vectorize([32, 1, 1])
func.lower vector masked transferd).generalize named ops().vectorize() .bufferize()
gpu_launch op = module.gpu lowering()

gpu_launch opmatch ops(scf.ForOp).synchronize loop()

func.hoist redundant vector transferg)

gpu_launch_op barrier elimination() Transforms on different levels
1 h ltibuff H
gpu_taunch_opmultibufrer() of abstraction expressed

gpu_launch op.create async groups()
gpu_launch oppipeline shared memory copieq)
func.lower tensor masks()

# lower to llvm




Well, actually!

1. Schedule completely drives
the compiler

def schedule(module: OpHandle) -> None:
# [...]
# lower to llvm is actually:
module.convert linalg to loops pasq)
module.convert scf to cf pasg()
module.lower affine pass()
module.convert vector to llvm pasg)
module.convert math to llvm pasg)
module.finalize memref to llvm conversion pass$)
module.func to llvm pass()

module.reconcile unrealized casts pasd)

Every pass can be initiated through this interface
module.run pass(”MyPassName”)



Well, actually!

1.

Schedule completely drives
the compiler

def schedule(module: OpHandle) -> None:

# [...]

# lower to llvm is actually:

module.
module
module
module
module
module
module

module

convert linalg to loops pasq)

.convert scf to cf pasg()

.lower affine pass()
.convert vector to llvm pasg)
.convert math to llvm pasg)

.finalize memref to llvm conversion pass$)
.func to 1llvm pass()

.reconcile unrealized casts pasg)

Every pass can be initiated through this interface

module.

run_pass(”MyPassName”)

Constructing new Passes on-the-fly

with handle.apply patterns():
structured. ApplyTilingCanonicalizationPatternsOgp)
loop. ApplyForLoopCanonicalizationPatternsOp)

transform ApplyCanonicalizationPatternsOg)

- Not possible with MLIR out-of-the-box
- Combination of patterns does not have to be known
statically

-> We can precisely choose only the patterns we actually need



Contributions

| can now play with Finally accessible
how my research autotuning on
ML modelis more than the
compiled usual built-ins
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Normalforms
spare me hours of

guesswork every

week
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Compiler Engineer

) Matthias Springer



