<A NVIDIA

\ .
S— N
.

A Generalized Micro-kernel Abstraction
for GPU Linear Algebra

Vijay Thakkar (GaTech & NVIDIA Corporation), Cris Cecka (NVIDIA Corporation)

Richard Vuduc (Georgia Institute of Technology) 2023/08/28



How We Think About Linear Algebra

Accumulated Inner Product of Outer Products

B

for (int m = 0; m < M; ++m) {

for (int n = 0; n < N; ++n) {
... o
C(m,n) += A(m,k) * B(n,k);
' // end k
} // end n
A .. } o
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How We Think About Linear Algebra

Parallelism and locality are hierarchical ...

for (int cta n = 0; cta n < GemmN; cta n += CtaN)
D) for (int cta m = 0; cta m < GemmM; cta m += CtaM)
:) for (1int cta k = 0; cta k < GemmK; cta k += CtaK) {

// Copy from global to shared

for (int warp n = 0; warp n < CtaN; warp n += WarpN) {

for (int warp m = 0; warp m < CtaM; warp m += WarpM) {
for (int warp k = 0; warp k < CtaK; warp k += WarpK) {
gemm (a, b, c);
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How We Think About Linear Algebra

... often with multiple nested hierarchies of both threads and data

for (int cta n = cta n < GemmN; cta n += CtalN) {

07
for (int cta m = 0; cta m < GemmM; cta m += CtaM)
%% for (int cta k = 0; cta k < GemmK; cta k += CtaK)

// Copy from global to shared

for (int warp n = warp n < CtaN; warp n += WarpN)

07
for (int warp m = 0; warp m < CtaM; warp m += WarpM) {
k p—

for (int warp 0; warp k < CtaK; warp k += WarpK) {
... S
for (int mma k = 0; mma k < WarpK; mma k += MmaK) {
for (int mma n = 0; mma n < WarpN; mma n += MmaN)
for (1nt mma m O; mma m < WarpM; mma m += MmaM) {
// Compute in registers
... -

| O
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BLIS is awesome!

Key Features

* Easier portability through composability — write one micro-kernel, use everywhere
* Hierarchical library exposure for usability at all levels

* Rich support for input matrix layouts

* Rich support for data types, including complex domain

* Advanced multithreading support

* Ease of use and extensibility for custom kernels

* Core microkernel a single threaded agent issuing SIMD (usually 1D vector) instructions

* Partitioning for multi-threaded systems only affects outer-most loops

* Opinion: Success of BLIS can be attributed to its programming model aware but architecture
agnostic conceptualization of CPU linear algebra

Adapted from https://github.com/flame/blisttreadme

5™ loop around micro-kernel
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So why no GPU BLIS?

Partitioning patterns
GPUs: Core microkernel a multi-threaded agent (possibly warp-specialized), issuing native 3D tensor core instructions
No trivial way to generalize partitioning across > 1 generation of tensor cores
Copy and compute operations rarely share the same partitioning patterns

Parallel programming patterns
Deep software pipelines over programmer managed scratch pads
Warp-specialized async producer/consumer relationships
Arch specific asynchrony management

We do not have a programming model aware but architecture agnostic conceptualization of GPU linear algebra kernels

Partitioning := Determining which logical coordinates of data map to a given parallel agent 6 NVIDIA.
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0 TO ( TO [ TO { TO | TO [ TO [ TO [ TO | TO | TO | TO | TO | TO | TO | TO | TO
VO | VI | V2 | V3 | V4 | V5 | V6 | V7 | V8 | V9 | V10 | V11 | V12 [ V13 [ V14 [ V15
1 T0 ( TO [ TO { TO | TO [ TO [ TO [ TO | TO | TO | TO | TO | TO | TO | TO | TO
V16 | V17 | V18 [ V19 [ V20 | V21 | V22 | V23 [ V24 [ V25 [ V26 [ V27 | V28 | V29 | V30 | V31
2 TO ( TO [ TO { TO | TO [ TO [ TO [ TO | TO | TO | TO | TO | TO | TO | TO | TO
V32 | V33 | V34 | V35 [ V36 | V37 | V38 | V39 | V40 [ V41 [ V42 [ V43 | V44 | V45 | V46 | V4T
3 TO ( TO [ TO { TO | TO [ TO [ TO [ TO | TO | TO | TO | TO | TO | TO | TO | TO
V48 | V49 | V50 | V51 [ V52 | VB3 | Vb4 | V55 [ V56 [ VBT [ VB8 [ V59 | V60 | V61 | V62 | V63
4 TO ( TO [ TO { TO | TO [ TO [ TO [ TO | TO | TO | TO | TO | TO | TO | TO | TO
V64 | V65 | V66 | V67 [ V68 | V69 | V70 | V71 [ V72 [ V73 [ V74 [ V75 | V76 | V77 | V78 | V79
5 TO ( TO [ TO { TO | TO [ TO { TO [ TO | TO | TO | TO | TO | TO | TO | TO [ TO
V80 | V81 | V82 | V83 [ V84 | V85 | V86 | V8T [ V88 [ V89 [ V90 [ V91 | V92 | V93 | V94 | V95
6 TO | TO | TO | TO | TO | TO | TO | TO [ TO [ TO | TO | TO | TO | TO | TO | TO
V96 | VO7 | VI8 [ V99 | V100| V101| V102| V103 | V104 | V105( V106 | V107 | V108| V109| V110| V111
7 TO | TO | TO [ TO | TO | TO | TO | TO [ TO [ TO | TO | TO | TO | TO | TO | TO
V112|V113|V114| V115| V116| V117| V118| V119| V120| V121 | V122| V123 | V124 | V125| V126 | V127
8 TO | TO [ TO [ TO | TO | TO | TO | TO [ TO [ TO | TO | TO | TO | TO | TO | TO
V128 (V129 (V130 (| V131|V132| V133| V134 V135( V136 | V137| V138| V139| V140| V141| V142| V143
9 TO | TO [ TO [ TO | TO | TO | TO | TO [ TO [ TO | TO [ TO | TO | TO | TO | TO
V144|V145| V146 | V147| V148 | V149| V150| V151| V152| V153| V154 V155 V156 | V157 | V158 | V159
10 TO | TO | TO [ TO | TO | TO | TO | TO [ TO [ TO | TO | TO | TO | TO | TO | TO
V160|V161|V162| V163 | V164 | V165| V166| V167| V168| V169| V170 V171 V172| V173 | V174| V175
11 TO | TO | TO | TO | TO | TO | TO | TO [ TO [ TO [ TO | TO | TO | TO | TO | TO
V176 | V177| V178 | V179 V180 | V181 | V182| V183| V184| V185| V186 | V187 V188 | V189| V190 | V191
12 TO0 | TO | TO | TO | TO | TO | TO [ TO [ TO [ TO [ TO | TO | TO | TO | TO | TO
V192| V193 | V194| V195| V196 | V197| V198| V199| V200| V201 | V202 | V203 [ V204 | V205 | V206 | V207
13 TO0 | TO | TO | TO | TO | TO | TO | TO [ TO [ TO [ TO | TO | TO | TO | TO | TO
V208|V209|V210| V211 | V212| V213| V214| V215| V216| V217| V218 V219 | V220 | V221 | V222| V223
14 TO0 | TO | TO | TO | TO | TO | TO | TO [ TO [ TO [ TO | TO | TO | TO | TO | TO
V224|V225| V226 | V227 V228| V229| V230| V231| V232| V233| V234 | V235 V236 | V237| V238| V239
15 TO0 | TO | TO | TO | TO | TO | TO | TO [ TO [ TO [ TO | TO | TO | TO | TO | TO
V240|V241|V242| V243 | V244 | V245| V246 | V247| V248| V249 | V250 V251 [ V252 | V253 | V254 | V255

o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
TO ( TO | TO | TO | TO | TO | TO | TO [ TO [ TO [ TO | TO | TO | TO | TO | TO TO | TO | T1 | T1 | T2 | T2 | T3 | T3 | TO | TO | T1 [ T1 ( T2 | T2 | T3 | T3
VO | V64 [V128| V192 V256 | V320 (V384 | V448| V512| V576 | V640 | V704 | V768| V832| V896 | VI6O VO | V1 | VO | VI | VO | V1 | VO | VI | V4 | V5 | V4 | V5 [ V4 [ V5 [ V4 | V5
TO ( TO | TO | TO | TO | TO | TO [ TO [ TO [ TO [ TO | TO | TO | TO | TO | TO T4 | T4 | T5 | T5 | T6 | T6 | T7 | T7 | T4 | T4 | T5 [ T5 [ T6 | T6 | T7 | T7
V1 | V65 [V129| V193 | V257(V321|V385(V449| V513| V577| V641| V705| V769| V833 | V897 | VI61 VO | VI | VO | VI | VO | VI | VO | VI | V4 | V5 | V4 | V5 [ V4 [ V5 [ V4 [ V5
TO ( TO | TO | TO | TO | TO | TO [ TO ({ TO [ TO [ TO | TO | TO | TO | TO | TO T8 | T8 | T9 | T9 | T10 | T10 | T11 | T11 | T8 | T8 [ T9 [ T9 | T10 | T10 | T11 | T11
V2 | V66 [V130| V194 V258(V322(V386( V450( V514| V578| V642| V706 | V770| V834 | V898 | V962 VO | VI | VO | VI | VO | VI | VO | VI | V4 | V5 | V4 | V5 [ V4 [ V5 [ V4 | V5
T0 | TO [ TO | TO | TO | TO | TO | TO [ TO [ TO | TO | TO | TO | TO | TO | TO T12 [ T12 [ T13 | T13 | T14 | T14 | T15 [ T15 | T12 | T12 | T13 | T13 | T14 | T14 | T15 [ T15
V3 | V67 [V131| V195(V259(V323|V387|V451| V515| V579| V643 | V707| V771 V835| V899 | V963 VO | VI | VO | VI | VO | VI | VO | VI | V4 | V5 | V4 | V5 [ V4 [ V5 [ V4 [ V5
TO ( TO | TO | TO | TO | TO | TO [ TO ({ TO [ TO [ TO | TO | TO | TO | TO | TO T16 | T16 | T17 | T17 | T18 | T18 [ T19 [ T19 [ T16 | T16 | T17 | T17 | T18 | T18 | T19 [ T19
V4 | V68 [V132| V196 | V260 (V324 | V388( V452| V516| V580| V644 | V708 | V772 V836| V900 | VI64 VO | VI | VO | VI | VO | VI | VO | VI | V4 | V5 | V4 | V5 [ V4 [ V5 [ V4 | V5
T0O | TO [ TO | TO | TO | TO | TO | TO [ TO [ TO | TO | TO | TO | TO | TO | TO T20 [ T20 | T21 | T21 | T22 | T22 [ T23 [ T23 [ T20 | T20 | T21 | T21 | T22 | T22 | T23 [ T23
V5 | V69 [V133| V197 V261(V325(V389(V453| V517| V581| V645| V709| V773 V837| V901 | VI65 VO | VI | VO | VI | VO | V1 | VO | VI | V4 | V5 | V4 | V5 [ V4 [ V5 [ V4 [ V5
T0O | TO | TO | TO | TO | TO | TO | TO [ TO [ TO | TO | TO | TO | TO | TO | TO T24 | T24 | T25 | T25 | T26 | T26 | T27 [ T27 | T24 | T24 | T25 | T25 | T26 | T26 | T27 [ T27
V6 | V70 [V134| V198 V262 V326 | V390( V454 | V518| V582| V646 | V710| V774 V838 | V902 | VI6E6 VO | VI | VO | VI | VO | VI | VO | VI | V4 | V5 | V4 | V5 [ V4 [ V5 [ V4 | V5
TO | TO [ TO | TO | TO | TO | TO | TO [ TO [ TO | TO | TO | TO | TO | TO | TO T28 [ T28 [ T29 | T29 | T30 | T30 [ T31 [ T31 [ T28 | T28 | T29 | T29 | T30 | T30 | T31 [ T31
V7 | V71 [V135| V199 V263 | V327 | V391| V455| V519| V583 | V647 | V711 | V775| V839| V903 | VI6T VO | VI | VO | VI | VO | V1| VO | V1 | V4 | V5 | V4 | V5 [ V4 [ V5 [ V4 [ V5
TO ( TO | TO | TO | TO | TO | TO [ TO [ TO { TO [ TO [ TO | TO | TO | TO | TO TO | TO | T1 | T1 | T2 | T2 | T3 | T3 | TO | TO | T1 [ T1 ( T2 | T2 | T3 | T3
V8 | V72 [V136| V200 (| V264 (V328 V392( V456 | V520| V584| V648 | V712| V776| V840 | V904 | VI68 V2 | V3 | V2 | V3 | V2 | V3 | V2 | V3 | V6 | V7 | V6 | V7 [ V6 [ V7 [ V6 | VT
TO | TO [ TO | TO | TO | TO | TO | TO [ TO [ TO | TO | TO | TO | TO | TO | TO T4 | T4 | T5 | T5 | T6 | T6 | T7 | T7 | T4 | T4 | T5 [ T5 [ T6 | T6 | T7 | T7
V9 | V73 [ V137| V201 | V265(V329(V393| V457| V521| V585| V649 | V713 | V777| V841 | V905 | VI69 V2 | V3 | V2 | V3 | V2 | V3 | V2 | V3 | V6 | V7 | V6 | V7 [ V6 [ V7 [ V6 | VT
TO | TO [ TO | TO | TO | TO | TO | TO [ TO [ TO | TO | TO | TO | TO | TO | TO T8 | T8 | T9 | T9 | T10 | T10 | T11 | T11 | T8 | T8 [ T9 [ T9 | T10 | T10 | T11 | T11
V10 | V74 | V138| V202| V266 | V330| V394 | V458 | V522 | V586 [ V650 [ V714 V778| V842| VI06 | VI70 V2 | V3 | V2 | V3 | V2 | V3 | V2 | V3 | V6 | V7 | V6 | V7 [ V6 [ V7 [ V6 | VT
TO | TO | TO | TO | TO | TO | TO | TO [ TO [ TO | TO | TO | TO | TO | TO | TO T12 [ T12 [ T13 | T13 | T14 | T14 | T15 [ T15 | T12 | T12 | T13 | T13 | T14 | T14 | T15 [ T15
V11 | V75 | V139| V203| V267| V331| V395| V459 | V523 | V587 V651 [ VT715( V779 | V843| VI0T| V971 V2 [ V3 | V2 | V3 | V2 [ V3 [ V2 | V3 | V6 | VT | V6 | V7 | V6 [ V7 [ V6 | VT
TO | TO [ TO | TO | TO | TO | TO | TO [ TO [ TO | TO | TO | TO | TO | TO | TO T16 | T16 | T17 | T17 | T18 | T18 [ T19 [ T19 [ T16 | T16 | T17 | T17 | T18 | T18 | T19 [ T19
V12 | V76 | V140| V204| V268| V332| V396 | V460 | V524 | V588 | V652 V716 [ V780 | V844 | VI08| V972 V2 [ V3 | V2 | V3 | V2 [ V3 [ V2 | V3 | V6 | VT | V6 | V7 | V6 [ V7 [ V6 | VT
TO | TO [ TO | TO | TO | TO | TO | TO [ TO [ TO | TO | TO | TO | TO | TO | TO T20 [ T20 [ T21 | T21 | T22 | T22 [ T23 [ T23 [ T20 | T20 | T21 | T21 | T22 | T22 | T23 [ T23
V13 | V77 | V141| V205| V269| V333 | V397| V461 | V525 | V589 | V653 [ V717 | V781 | V845| VI09| V973 V2 [ V3 | V2 | V3 | V2 [ V3 [ V2 | V3 | V6 | VT | V6 | V7 | V6 [ V7 [ V6 | VT
TO | TO | TO | TO | TO | TO | TO | TO [ TO [ TO | TO | TO | TO | TO | TO | TO T24 [ T24 | T25 | T25 | T26 | T26 [ T27 [ T27 [ T24 | T24 | T25 | T25 | T26 | T26 | T27 [ T27
V14 | V78 [V142|V206| V270| V334 | V398 V462 | V526 | V590| V654 | V718 | V782| V846 | V910 | V974 V2 [ V3 | V2 | V3 | V2 [ V3 [ V2 | V3 | V6 | VT | V6 | V7 | V6 [ V7 [ V6 | VT
TO | TO [ TO | TO | TO | TO | TO | TO [ TO [ TO | TO [ TO | TO | TO | TO | TO T28 [ T28 [ T29 | T29 | T30 | T30 [ T31 [ T31 [ T28 | T28 | T29 | T29 | T30 | T30 | T31 | T31
V15 | V79 (V143 V207| V271| V335[ V399 | V463 | V527| V591| V655 | V719| V783 | V847 | V911 | VI75 V2 [ V3 | V2 | V3 | V2 [ V3 [ V2 | V3 | V6 | VT | V6 | V7 | V6 [ V7 [ V6 | VT
TO ( TO | TO | TO | TO | TO | TO | TO [ TO [ TO [ TO | TO | TO | TO | TO | TO T32 | T32 | T33 | T33 | T34 | T34 | T35 | T35 | T32 | T32 | T33 | T33 | T34 [ T34 [ T35 [ T35
V16 | V80 [ V144|V208| V272| V336 | V400 (| V464 | V528| V592| V656 | V720 | V784 | V848 | V912 | VI76 VO [ VI | VO | VI | VO [ VI [ VO | VI | V4 | V5 | V4 | V5 | V4 [ V5 [ V4 [ V5
TO0 ( TO | TO | TO | TO | TO | TO | TO [ TO [ TO [ TO | TO | TO | TO | TO | TO T36 | T36 | T37 | T37 | T38 | T38 | T39 | T39 | T36 | T36 | T37 | T37 | T38 [ T38 [ T39 [ T39
V17 | V81 [V145]|V209| V273| V337| V401 | V465 | V529| V593 | V657 | V721 | V785| V849 | V913 | V977 VO [ VI | VO | VI | VO [ VLI [ VO | VLl | V4| V5| V4 | V5 | V4 [ V5 [ V4 [ V5
T0 | TO | TO | TO | TO | TO | TO | TO [ TO [ TO | TO | TO | TO | TO | TO | TO T40 [ T40 | T41 | T41 | T42 | T42 | T43 [ T43 | T40 | T40 | T41 | T41 | T42 | T42 | T43 [ T43
V18 | V82 [V146| V210| V274| V338| V402 V466 | V530 | V594 | V658 | V722 | V786 | V850 V914 [ VI78 VO [ VI | VO | VI | VO [ V1 [ VO | VI | V4 | V5 | V4 | V5 | V4 [ V5 [ V4 [ V5
T0 | TO [ TO | TO | TO | TO | TO | TO [ TO [ TO | TO | TO | TO | TO | TO | TO T44 | T44 | T45 | T45 | T46 | T46 | T47 [ T47 | T44 | T44 | T45 | T45 | T46 | T46 | T47 | T47
V19 | V83 [V147| V211|V275|V339| V403 | V467 | V531 | V595| V659 | V723 | V787 | V851 [ VI15( V979 VO [ VI | VO | VI | VO [ VLI [ VO [ VLl | V4| V5| V4 | V5 | V4 [ V5 [ V4 [ V5
T0 ( TO | TO | TO | TO | TO | TO | TO [ TO [ TO [ TO | TO | TO | TO | TO | TO T48 | T48 [ T49 | T49 | T50 | T50 [ T51 [ T51 [ T48 | T48 | T49 | T49 | T50 | T50 | T51 [ T51
V20 | V84 [V148|V212| V276| V340(| V404 | V468 | V532| V596 | V660 | V724 | V788| V852 V916 [ VISO VO [ VI | VO | VI | VO [ VI [ VO | VI | V4 | V5 | V4 | V5 | V4 [ V5 [ V4 [ V5
T0 ( TO | TO | TO | TO | TO | TO [ TO [ TO [ TO [ TO | TO | TO | TO | TO | TO T52 | T52 | T53 | T53 | T54 | T54 | T55 | T55 | T52 | T52 | T53 | T53 | ThH4 [ ThH4 [ TH5 [ TH5
V21 | V85 | V149| V213| V277| V341| V405| V469 | V533 | V597 [ V661 [ V725| V789 | V853| VI17| V981 VO | VI | VO | VI | VO | V1 | VO | V1 | V4 | V5 | V4 | V5 [ V4 [ V5 [ V4 [ V5
TO ( TO | TO | TO | TO | TO | TO [ TO [ TO [ TO [ TO | TO | TO | TO | TO | TO T56 | T56 | T57 | T57 | T58 | T58 | TH9 | T59 | T56 | T56 | T57 | T5H7 | THS [ THS [ THY [ THI
V22 | V86 | V150| V214| V278|V342| V406 | V470| V534 | V598 | V662 | V726 [ V790 | V854 | VI18| V982 VO | VI | VO | VI | VO | VI | VO | VI | V4 | V5 | V4 | V5 [ V4 [ V5 [ V4 | V5
TO0 ( TO | TO | TO | TO | TO | TO [ TO [ TO [ TO [ TO | TO | TO | TO | TO | TO T60 | T60 | T61 | T61 | T62 | T62 | T63 | T63 | T60 | T60 | T61 | T61 | T62 [ T62 [ T63 [ T63
V23 | V87 | V151| V215|V279|V343| V407| V471 | V535 V599 | V663 [ V727 V791 | V855| VI19| V983 VO | VI | VO | VI | VO | VI | VO | VI | V4 | V5 | V4 | V5 [ V4 [ V5 [ V4 [ V5
TO0 ( TO | TO | TO | TO | TO | TO [ TO ({ TO [ TO [ TO | TO | TO | TO | TO | TO T32 | T32 | T33 | T33 | T34 | T34 | T35 | T35 | T32 | T32 | T33 | T33 | T34 [ T34 [ T35 [ T35
V24 | V88 | V152| V216|V280| V344| V408 | V472| V536 | V600 | V664 [ V728 V792| V856 | V920 | V984 V2 | V3 | V2 | V3 | V2 | V3 | V2 | V3 | V6 | V7 | V6 | V7 [ V6 [ V7 [ V6 | VT
TO ( TO | TO | TO | TO | TO | TO [ TO [ TO { TO [ TO | TO | TO | TO | TO | TO T36 | T36 | T37 | T37 | T38 | T38 | T39 | T39 | T36 | T36 | T37 | T37 | T38 [ T38 [ T39 [ T39
V25 | V89 | V153| V217|V281|V345| V409| V473 | V537 | V601 | V665( V729 V793| V857| V921| V985 V2 | V3 | V2 | V3 | V2 | V3 | V2 | V3 | V6 | V7 | V6 | V7 [ V6 [ V7 [ V6 | VT
TO | TO [ TO | TO | TO | TO | TO | TO [ TO [ TO | TO | TO | TO | TO | TO | TO T40 [ T40 | T41 | T41 | T42 | T42 | T43 [ T43 | T40 | T40 | T41 | T41 | T42 | T42 | T43 | T43
V26 | V90 | V154| V218|V282| V346| V410| V474 | V538 | V602 | V666 | V730 | V794 | V858| V922 | VI86 V2 | V3 | V2 | V3 | V2 | V3 | V2 | V3 | V6 | V7 | V6 | V7 [ V6 [ V7 [ V6 | VT
TO ( TO | TO | TO | TO | TO | TO [ TO [ TO [ TO [ TO | TO | TO | TO | TO | TO T44 | T44 | T45 | T45 | T46 | T46 | T47 | T47 | T44 | T44 | T45 | T45 | T46 | T46 | T47 | T47
V27 | VI1 | V155|V219| V283| V347| V411| V475| V539 | V603 [ V667 [ V731 | V795|V859| V923 | VI8T V2 | V3 | V2 | V3 | V2 | V3 | V2 | V3 | V6 | V7 | V6 | V7 [ V6 [ V7 [ V6 | VT
TO | TO [ TO | TO | TO | TO | TO | TO [ TO [ TO | TO | TO | TO | TO | TO | TO T48 [ T48 [ T49 | T49 | TS50 | T50 [ T51 [ T51 [ T48 | T48 | T49 | T49 | T50 | T50 | T51 [ T51
V28 | V92 | V156| V220| V284 | V348| V412| V476 | V540 | V604 [ V668 [ V732[ V796 | V860 | V924 | VIS8 V2 | V3 | V2 | V3 | V2 | V3 | V2 | V3 | V6 | V7 | V6 | V7 [ V6 [ V7 [ V6 | VT
TO | TO [ TO | TO | TO | TO | TO | TO [ TO [ TO | TO | TO | TO | TO | TO | TO T52 [ T52 [ T53 | T53 | T54 | TH4 | T55 [ TH5 [ T52 | TH52 | TH3 | TH3 | TH4 | T4 | T55 [ T55
V29 | V93 | V157| V221| V285|V349| V413 | V477 | V541 | V605 | V669 [ V733 | V797| V861| V925| V989 V2 | V3 | V2 | V3 | V2 | V3 | V2 | V3 | V6 | V7 | V6 | V7 [ V6 [ V7 [ V6 | VT
TO ( TO | TO | TO | TO | TO | TO [ TO [ TO { TO [ TO [ TO | TO | TO | TO | TO T56 | T56 | T57 | T57 | T58 | TH8 [ TH9 [ TH9 [ TH6 | TH6 | T57 | T57 | TH8 | TH8 | TH9 [ TH9
V30 | V94 | V158|V222| V286| V350| V414 | V478 | V542 | V606 [ V670 V734 | V798| V862| V926 | VI90 V2 | V3 | V2 | V3 | V2 | V3 | V2 | V3 | V6 | V7 | V6 | V7 [ V6 [ V7 [ V6 | VT
TO | TO [ TO | TO | TO | TO | TO | TO [ TO [ TO | TO | TO | TO | TO | TO | TO T60 [ T60 [ T61 | T61 | T62 | T62 [ T63 [ T63 [ T60 | T60 | T61 | T61 | T62 | T62 | T63 [ T63
V31 | V95 | V159| V223| V287| V351 | V415| V479| V543 | V607 [ V671 V735[ V799 | V863 | V927| V991 V2 | V3 | V2 | V3 | V2 | V3 | V2 | V3 | V6 | V7 | V6 | V7 [ V6 [ V7 [ V6 | VT
TO | TO [ TO | TO | TO | TO | TO | TO [ TO [ TO | TO | TO | TO | TO | TO | TO T64 [ T64 | T65 | T65 | T66 | T66 | T67 [ T67 [ T64 | T64 | T65 | T65 | T66 | T66 | T67 [ T67
V32 | V96 | V160| V224| V288| V352| V416| V480 | V544 | V608 V672( V736 | V80O | V864 | V928 | V992 VO | VI | VO | V1 | VO | V1 | VO | VI | V4 | V5 | V4 | V5 [ V4 [ V5 [ V4 [ V5
TO | TO | TO | TO | TO | TO | TO | TO [ TO [ TO | TO | TO | TO | TO | TO | TO T68 [ T68 [ T69 | T69 | T70 | T70 [ T71 [ T71 [ T68 | T68 | T69 | T69 | T70 | T70 | T71 [ T71
V33 | V97 | V161| V225| V289| V353 | V417| V481 | V545 | V609 [ V673 [ VT737| V801 | V865|V929| V993 VO [ VI | VO | VI | VO [ VL [ VO | V1l | V4| V5| V4 | V5 | V4 [ V5 [ V4 [ V5
TO | TO | TO | TO | TO | TO | TO | TO [ TO [ TO | TO | TO | TO | TO | TO | TO T72 | T72 | T73 | T73 | T74 | T74 [ T75 [ T75 | T72 | T72 | T73 | T73 | T74 | T74 | T75 [ T75
V34 | VI8 | V162| V226| V290| V354| V418 | V482| V546 | V610 | V674 VT38| V802 | V866 | V930 | V994 VO [ VI | VO | VI | VO [ VI [ VO | V1l | V4 | V5 | V4 | V5 | V4 [ V5 [ V4 [ V5
TO | TO [ TO | TO | TO | TO | TO | TO [ TO [ TO | TO | TO | TO | TO | TO | TO T76 | T76 | T77 | T77 | T78 | T78 [ T79 [ T79 [ T76 | T76 | T77 | T77 | T78 | T78 | T79 [ T79
V35 | V99 | V163| V227| V291| V355| V419| V483 | V547 | V611 | V675( V739 [ V803 | V867| V9I31| V995 VO [ VI | VO | VI | VO [ VL [ VO | V1l | V4| V5| V4 | V5 | V4 [ V5 [ V4 [ V5
T0 | TO [ TO | TO | TO | TO | TO | TO [ TO [ TO | TO [ TO | TO | TO | TO | TO T80 [ T8O [ T81 | T81 | T82 | T82 [ T83 [ T83 [ T80 | T8O | T81 | T81 | T82 | T82 | T83 [ T83
V36 [ V100 (|V164|V228|V292| V356 | V420 (| V484 | V548| V612| V676 | V740 | V804 | V868 [ V932 [ VI96 VO [ VI | VO | VI | VO [ VLI [ VO | V1l | V4 | V5 | V4 | V5 | V4 [ V5 [ V4 [ V5
TO | TO [ TO | TO | TO | TO | TO | TO [ TO [ TO [ TO [ TO | TO | TO | TO | TO T84 [ T84 [ T85 | T85 | T86 | T86 | T87 [ T87 [ T84 | T84 | T85 | T8 | T8 | T86 | T87 [ T87
V37 [ V101 | V165| V229| V293| V357 V421 | V485| V549 | V613 | V677| V741| V805| V869 | V933 | V997 VO [ VI | VO | VI | VO [ VLI [ VO | VLl | V4| V5| V4 | V5 | V4 [ V5 [ V4 [ V5
TO0 | TO | TO | TO | TO | TO | TO | TO [ TO [ TO [ TO | TO | TO | TO | TO | TO T88 | T88 | T89 | T89 | T90 | T90 | T91 | T91 | T88 | T88 | T89 | T8 [ T90 [ T90 [ T91 [ T91
V38 [ V102([V166| V230| V294 | V358 V422 V486 | V550 | V614 | V678 | V742| V806 | V870 | V934 V998 VO [ VI | VO | VI | VO [ VLI [ VO | VI | V4 | V5 | V4 | V5 | V4 [ V5 [ V4 [ V5
TO0 | TO | TO | TO | TO | TO | TO | TO [ TO [ TO [ TO | TO | TO | TO | TO | TO T92 | T92 | T93 | T93 | T94 | T94 | T95 | T95 | T92 | T92 | T93 | T93 | T94 [ T94 [ T95 | T95
V39 [ V103 [ V167| V231| V295| V359 | V423 | V487 | V551 | V615| V679 | V743 | V807 | V871 | VI35 V999 VO [ VI | VO | VI | VO [ VLI [ VO | VLl | V4| V5| V4 | V5 | V4 [ V5 [ V4 [ V5
TO | TO | TO | TO | TO | TO | TO | TO [ TO [ TO [ TO | TO | TO | TO | TO | TO T64 | T64 | T65 | T65 | T66 | T66 | T67 | T67 | T64 | T64 | T65 | T65 | T66 [ T66 [ T67 [ T67
V40 [ V104 V168|V232| V296| V360 | V424 | V488 V552 V616 | V680 | V744 | V808| V872| V936 V1000 V2 [ V3 | V2 | V3 | V2 [ V3 [ V2 | V3 | V6 | V7 | V6 | V7 | V6 [ V7 [ V6 | VT
TO0 | TO | TO | TO | TO | TO | TO | TO [ TO [ TO [ TO | TO | TO | TO | TO | TO T68 | T68 | T69 | T69 | T70 | T70 | T71 | T71 | T68 | T68 | T69 | T69 [ T70 [ T70 [ T71 [ T71
V41 [ V105(V169| V233| V297| V361 | V425 V489 | V553 | V617 | V681 | V745| V809 | V873 | V937 V1001 V2 [ V3 | V2 | V3 | V2 [ V3 [ V2 | V3 | V6 | VT | V6 | V7 | V6 [ V7 [ V6 | VT
TO0 | TO | TO | TO | TO | TO | TO [ TO [ TO [ TO [ TO | TO | TO | TO | TO [ TO T72 | T72 | T73 | T73 | T74 | T74 | T75 | T75 | T72 | T72 | T73 | T73 | T74 | T74 [ T75 [ T75
V42 | V106 | V170| V234| V298| V362| V426 | V490 | V554 | V618 | V682 V746 | V810 | V874 | V938 V1002 V2 | V3 | V2 | V3 | V2 | V3 | V2 | V3 | V6 | V7 | V6 | V7 [ V6 [ V7 [ V6 | VT
TO | TO | TO | TO | TO | TO | TO [ TO [ TO [ TO [ TO | TO | TO | TO | TO [ TO T76 | T76 | T77 | T77 | T78 | T78 | T79 | T79 | T76 | T76 | T77 | T77 | T78 [ T78 [ T79 [ T79
V43 | V107 | V171| V235| V299| V363 | V427| V491 | V555 V619 | V683 [ V747 | V811 | V875| V939 V1003 V2 | V3 | V2 | V3 | V2 | V3 | V2 | V3 | V6 | V7 | V6 | V7 [ V6 [ V7 [ V6 | VT
TO | TO | TO | TO | TO | TO | TO [ TO [ TO [ TO [ TO | TO | TO | TO | TO | TO T80 | T80 | T81 | T81 | T82 | T82 | T83 | T83 | T80 | T80 | T81 | T81 | T82 [ T82 [ T83 [ T83
V44 | V108 | V172| V236| V300| V364 | V428| V492| V556 | V620 | V684 [ V748 V812 | V876 | V940l V1004 V2 | V3 | V2 | V3 | V2 | V3 | V2 | V3 | V6 | V7 | V6 | V7 [ V6 [ V7 [ V6 | VT
TO | TO | TO | TO | TO | TO | TO [ TO [ TO [ TO [ TO | TO | TO | TO | TO [ TO T84 | T84 | T85 | T85 | T86 | T86 | T87 | T87 | T84 | T84 | T85 | T85 | T86 [ T86 | T87 [ T87
V45 | V109 | V173| V237| V301| V365| V429| V493 | V557 | V621 | V685 | V749 | V813 | V877| V941 V1005 V2 | V3 | V2 | V3 | V2 | V3 | V2 | V3 | V6 | V7 | V6 | V7 [ V6 [ V7 [ V6 | VT
TO | TO | TO | TO | TO | TO | TO [ TO [ TO [ TO [ TO | TO | TO | TO | TO [ TO T88 | T88 | T89 | T89 | T90 | T90 | T9L | T9L | T88 | T88 | T89 | T8Y [ T90 [ TY0 [ TI1 [ TI1
V46 | V110| V174| V238| V302| V366 | V430| V494 | V558 | V622 | V686 | V750 [ V814 | V878 | V942 V1006 V2 | V3 | V2 | V3 | V2 | V3 | V2 | V3 | V6 | V7 | V6 | V7 [ V6 [ V7 [ V6 | VT
TO | TO | TO | TO | TO | TO | TO [ TO ({ TO [ TO [ TO [ TO | TO | TO | TO [ TO T92 | T92 | T93 | T93 | T94 | T94 | T95 | T95 | T92 | T92 | T93 | T93 | T94 [ T94 [ TI5 [ TI5
V47 | VI111| V175| V239| V303| V367| V431 | V495| V559 | V623 | V687 [ V751 | V815| V879 | V943 V1007 V2 | V3 | V2 | V3 | V2 | V3 | V2 | V3 | V6 | V7 | V6 | V7 [ V6 [ V7 [ V6 | VT
TO | TO | TO | TO | TO | TO | TO [ TO [ TO [ TO [ TO | TO | TO | TO | TO | TO T96 | T96 | T97 | T97 | T98 | T98 | T99 | T99 | T96 | TY6 | T97 | T97 | T98 [ T98 [ TI9 [ TI9
V48 | V112| V176| V240| V304 | V368| V432| V496 | V560 | V624 [ V688 [ V752 | V816 | V880 | V944 V1008 VO | VI | VO | VI | VO | V1 | VO | VI | V4 | V5 | V4 | V5 [ V4 [ V5 [ V4 | V5
TO | TO [ TO | TO | TO | TO | TO | TO [ TO [ TO | TO | TO | TO | TO | TO | TO T100{T100|T101|T101|T102|T102|T103|T103|T100|T100|T101|T101|T102|T102|T103|T103
V49 | V113 | V177| V241| V305| V369 | V433 | V497 | V561 | V625 V689 [ V753 [ V817 [ V881 | V945 V1009 VO [ VI [ VO [ V1| VO | V1 | VO | V1 | V4 | V5 | V4 | V5 [ V4 | V5 | V4 | V5
TO | TO [ TO | TO | TO | TO | TO | TO [ TO [ TO | TO | TO | TO | TO | TO | TO T104 | T104 | T105 | T105|T106 | T106 | T107 | T107 | T104 | T104 | T105 | T105 | T106 [ T106 | T107|T107
V50 | V114 | V178| V242| V306 | V370| V434| V498 | V562 | V626 [ V690 [ V754 [ V818 | V882 | V946( V1010 VO [ VI [ VO [ VI | VO | V1 | VO | V1 | V4 | V5 | V4 | V5 [ V4 | V5 | V4 [ V5
TO | TO | TO | TO | TO | TO | TO [ TO { TO { TO [ TO [ TO | TO | TO | TO | TO T108| T108 | T109(T109(T110|T110|T111|T111|T108|T108|T109|T109(T110(T110|T111|T111
V51 | V115| V179| V243| V307| V371| V435| V499 | V563 | V627 [ V691 [ V755 V819 | V883 | V947 V1011 VO [ VI [ VO [ V1| VO | V1| VO | V1l | V4 | V5 | V4 | V5 | V4 | V5| V4 [ V5
TO | TO [ TO | TO | TO | TO | TO | TO [ TO [ TO | TO | TO | TO | TO | TO | TO T112|T112(T113 | T113|T114|T114|T115|T115|T112|T112|T113 [ T113|T114 | T114|T115| T115
V52 | V116 | V180| V244| V308| V372| V436| V500 | V564 | V628 [ V692 | V756 [ V820 [ V884 | V948 V1012 VO [ VI [ VO [ VI | VO | V1 | VO | V1 | V4 | V5 | V4 | V5 [ V4 | V5 | V4 | V5
TO | TO [ TO | TO | TO | TO | TO | TO [ TO [ TO | TO | TO | TO | TO | TO | TO T116|T116 | T117(T117(T118|T118|T119|T119|T116|T116 | T117|T117(T118(T118|T119|T119
V53 | VI17| V181| V245| V309| V373 | V437| V501 | V565 | V629 | V693 [ V757 [ V821 [ V885| V949 V1013 VO [ VI [ VO [ V1| VO | V1| VO | V1l | V4 | V5 | V4 | V5 | V4 | V5| V4 [ V5
TO | TO [ TO | TO | TO | TO | TO | TO [ TO [ TO | TO | TO | TO | TO | TO | TO T120( T120( T121 [ T121|T122|T122|T123|T123|T120|T120 | T121 [ T121|T122(T122|T123|T123
V54 | V118 | V182| V246 | V310| V374| V438| V502| V566 | V630 | V694 [ V758 [ V822 [ V886 | VI50| V1014 VO [ VI [ VO [ V1 | VO | V1 | VO | V1 | V4 | V5 | V4 | V5 [ V4 | V5 | V4 | V5
TO | TO [ TO | TO | TO | TO | TO | TO [ TO [ TO | TO | TO | TO | TO | TO | TO T124| T124 | T125(T125(T126 | T126 | T127|T127|T124|T124 | T125|T125|T126 (T126|T127| T127
V55 | V119| V183| V247| V311| V375| V439| V503 | V567 | V631 | V695 V759 [ V823 | V88T7| V951 V1015 VO | VI | VO | VI | VO | VL [ VO [Vl | V4| V5| V4 | V5| V4 | V5 | V4 | V5
TO | TO [ TO | TO | TO | TO | TO | TO [ TO [ TO | TO | TO | TO | TO | TO | TO T96 [ T96 | T97 | T97 | T98 | T98 [ T99 [ T99 [ T96 | T96 | TI7 | TI7 | TI8 | TI8 | T99 [ T9I9
V56 | V120| V184 | V248| V312| V376| V440| V504 | V568 | V632 | V696 [ V760 [ V824 [ V888 | V952 V1016 V2 [ V3 | V2 | V3 | V2 [ V3 [ V2 | V3 | V6 | VT | V6 | V7 | V6 [ V7 [ V6 | VT
TO | TO [ TO | TO | TO | TO | TO | TO [ TO [ TO | TO | TO | TO | TO | TO | TO T100{T100|T101|T101|T102|T102|T103|T103|T100|T100|T101|T101(T102(T102|T103|T103
V57 | V121|V185| V249| V313| V377| V441| V505 | V569 | V633 | V697 [ V761 [ V825| V889 | V953 V1017 V2 | V3 | V2 | V3 | V2 [ V3 [ V2 [ V3 | V6 | VT | V6 | V7 | V6 | V7 | V6 | VT
TO | TO [ TO | TO | TO | TO | TO | TO [ TO [ TO | TO | TO | TO | TO | TO | TO T104| T104 | T105 | T105|T106 | T106 | T107|T107|T104|T104 | T105|T105|T106 ( T106|T107|T107
V58 [ V122 V186| V250| V314| V378| V442 V506 [ V570 V634 | V698 | V762 | V826 | V890 | V954 V1018 V2 | V3 | V2 | V3 | V2 [ V3 [ V2 | V3 | V6 | VT | V6 | V7 | V6 | V7 | V6 | VT
TO | TO | TO | TO | TO | TO | TO | TO [ TO [ TO [ TO | TO | TO | TO | TO | TO T108|T108(T109(T109(T110|T110|T111|T111|T108|T108|T109|T109(T110(T110|T111|T111
V59 [ V123 | V187| V251| V315| V379| V443 | V507 V571 | V635 | V699 | V763 | V827| V891 | V955 V1019 V2 | V3 | V2 | V3 | V2 [ V3 [ V2 [ V3 | V6 | VT | V6 | V7 | V6 | VT | V6 | VT
T0 | TO [ TO | TO | TO | TO | TO | TO [ TO [ TO | TO | TO | TO | TO | TO| TO T112|T112(T113|T113|T114|T114|T115|T115|T112|T112|T113|T113|T114|T114|T115|T115
V60 [ V124 V188|V252| V316| V380| V444 V508 V572 V636 | V700| V764 | V828| V892| V956 V1020 V2 | V3 | V2 | V3 | V2 [ V3 [ V2 [ V3 | V6 | V7 | V6 | V7 | V6 | V7 | V6 | VT
T0 | TO [ TO | TO | TO | TO | TO | TO [ TO [ TO | TO | TO | TO | TO | TO | TO T116|T116 | T117(T117(T118|T118|T119|T119|T116|T116|T117|T117(T118(T118|T119|T119
V61 [ V125(V189| V253| V317| V381|V445( V509 V573 V637| V701 | V765| V829| V893 | V957 V1021 V2 | V3 | V2 | V3 | V2 [ V3 [ V2 [ V3 | V6 | VT | V6 | V7 | V6 | V7 | V6 | VT
T0 | TO [ TO | TO | TO | TO | TO | TO [ TO [ TO | TO | TO | TO | TO | TO | TO T120( T120( T121 | T121|T122|T122|T123|T123|T120|T120|T121 | T121|T122(T122|T123|T123
V62 [ V126 V190| V254 | V318| V382| V446 | V510 V574 V638 | V702| V766 | V830| V894 | V958 V1022 V2 | V3 | V2 | V3 | V2 [ V3 [ V2 [ V3 | V6 | V7 | V6 | V7 | V6 | V7 | V6 | VT
T0 | TO [ TO | TO | TO | TO | TO | TO [ TO [ TO | TO | TO | TO | TO | TO | TO T124|T124 | T125(T125(T126 | T126 | T127|T127|T124|T124 | T125|T125|T126 [ T126|T127| T127
V63 [ V127 V191| V255| V319| V383 | V447 V511 | V575 V639 | V703 | V767 | V831| V895| V959 V1023 V2 | V3 | V2 | V3 | V2 [ V3 [ V2 [ V3 | V6 | VT | V6 | V7 | V6 | V7 | V6 | VT

SM90_64x16x16_F32F16F16_SS

NVIDIA.



o Trivial Way To Express Canonical Loop Structures on GPUs

Bo..3 Bs..11 Bie..19 Baa..27

AO..3

o 1 2 3 4 5 6 7

o | To [ To | To | TO | T16 | T16 | T16 | T16
vo [ vi|ve|lv3a|vol|lvi|ve|vs \
{ [T T[T | T | i | T | T
vo | vi|ve|lv3a|volvi|ve2]|vs
5 | T2 [ T2 | T2 | T2 [ TI8 | T18 | T18 | T18
vo | vi|vz|lv3s|volvi|v2|vs
3 | T3 [ T3 | T3 | T3 | T19|T19| T | TI9 Q P 2
vo | vi|ve|lvs|vol|vi|v2|vs
0 1 2 3
—
A 0 7™ | T1 | T2 | T3 To [ 1o | T2 1 T2 L T0 L To | T2 | T2 (U | 1 1 VU | 1 1 1 e e e ettt atae et raaaertaeraseinss i n et e e e et e et eetaeeraeeneeetnresn N e e et e et et et e et e e et et et e ean et e e e e et e e et rtens ] . e ——————————— e et e e Attt £ £ 2t e et e e e aaas
vo | vo | vo | vo vo | va | vo|vi|valwvs| val| vs
1 [0 | 11| T2 | T3 T1 | T1 [ T1 | T1 [REES
vi | vi| vi| vi vo|lvi|vo|lvi|val|lvs|val|vs
o | o[ 11| T2 | T3 10 | 70 | T2 | T2 | TO | TO | T2 | T2
ve | va | v2 | v va | v3 | va|v3|wvelvr| ve| vy .
3 | 20| 11| T2 (138 T | T PP 1 | ™1 T3] T3
v3 | v3 | v3 | V3 va|lvs|ve|lvs]|vel|vi| ve| vr
—_— 4 |T16|T17 | T18 | T19 T16 | T16 | T18 | T18 | T16 | T16 | T18 | T18 QPZ
] ) ) vo | vo | vo | vo vo | vl | volvi|va|wvs | vsel| s
E D_ D_ 5 | T16 | T17 | T18 [ T19 T17 | T17 | T19 | T19 | T17 | T17 | T19 | T19
T vi | vi | vi| vi volvi|vo|lvi|valvs|valvs
==t U LD 6 | T16 | T17 | T18 | T19 T16 | T16 | T18 | T18 | T16 | T16 | T18 | T18
o v2 | v2 | v2 | v2 va |vs | ve|vs|vel|vr]| vel| vr
b = 7 | T16 | T17 | T18 | T19 T17 | T17 | T19 | T19 | T17 | T17 | T19 | T19
o v3a | va | v3 | V3 ve |vs|ve|vs|vel|vVvr]| Vve| vr

.......................................................................................................................................................................................................................................................................................................................................................

+

A16..19
QP1 QP3 \

L -

QP1 QP3

R L L L LR LR R L T A I I L LR L R R R R R R T L N LR R NN N EEy AR R R L TR

1 x SM70 MMA: 16-by-16-by-4

A24..27

Ll main memaory
B L3 cache
B registers

B L2 cache
[ L1 cache

| SM70_8x8x4_F32F16F16F32_NT
Tiled in a 2x2 shape

8 NVIDIA.



Volta pKernel: Spatially Interleaved MMAs for 128 bit smem loads

low high
Bo = Bs - Bg 11 Bi> 1cBie 10Bog 92Bos -7 B 64 bits 64 bits
128 blt | 0..3 4..7 : 8..11 12..15: 16..19 20..23: 24..27 Y28..31 Bo__3 88”11 Bl6__19 824”27 B4__7 812“15 BZO..23 828..31

vectors low

\ 64 bits

MMAO MMAZ

A12..15

______________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________ high T —

64 bits

A4..7

A20..23

L O O | | | W | W As. 15

MMA, MMA

A24..27

AZO..23

Azg. .31 Azg. .31

2x2 Spatial interleaving allows 128 smem loads,
Allowing us to feed 2 MMAs from a single load

9 NVIDIA.
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mEomwhos G m

Complicated Partitioning Patterns

Prevent us from writing canonical loops

for

e | -
T l | ||
WO |O il IE .
" N ' ’ LR .
il I
Blocked GEMM Thread Block Tile Warp Tile Thread Tile EpiTl_?gue Epilogue Modify for
ne Functor
= - > > —~ = for
Global Memory Shared Memory Register File SM CUDA Cores SMEM CUDA Cores Global Memory
B matrix data
addresgrg
0|16 32 48 #|R,.L
—l:I'I o116 1?| g1 |16|17 Ry.H
w2 3 18 19 2 |3 | 18| 19 sl Rp+1.L
2|l 4|5 20 21 4|5 20|21 Rp+1.H
wlle | 7 2 2 B | 7 22|28
64l]l8 |9 24| 25 8|9 2425
so|lwo 11 2 27 10 | 11 | 26 | 27 Rc+0.c+1; c+a..c+5
o6 |1z |13 28| 2| 12 | 13 [ 28 | 29
112 14|15|au|a1| 14 | 15 | 30 | 31 Re+2 c43: c46. 047
Bdasvwall A accaes Blasvwall B accnss
addr{tid] = addrtid*1] addr]tid] = addr{tid*2]
Figure 3b; Maxwell thread assignments for LOS.L matching
JRewo.ceticracrs | Bpoz | Boa.s | Bo 623 | Bo 2431 | Bo, 3230 | Bo 40.47 | Bo,4s.ss | Bo, s6.63 tp..t7
Sl e Bio7 | Bias | By te2s | By2aar |Biazas | Braoar | Brasss | Byssss |t .lyg
Bas Ba.n Bre.o Bas.s Coax RG+2._[:+3: c+6..c+7
b7 bia.s ten 20 w0 o Bso7 | Bzais |Bzis2s | Bazasr |Boazan | Bzaoar | Bzasss | Bz ssss | tig..193
La g 44 tig lza o7
o T ','; I.; Bso7 | Basis | Batsos| Bazear | Baazao| Baaoar | Baasss | Basssa | tag. . 1ay
L [ - Coaan = Cog g pr™ I:E:I DEH D‘Eu EE.' i
" tis Ia E:..:.'..B:.a Ao s " By l::ﬂ....;-ﬂﬂ Ap s ® Boa g LDG‘IEB rEQIEIEFQUEd {Hn--“"'ﬂ'}
Figure 1b: HMMA.884.F32.TN data layout.
Again, ignore the apparent isomorphism
pan |10 | Gomas= | | Camman= [ | Cunn = [ | Cunumr= between thread numbers and matrix indices. Boo7 | Broz | Baos | Bao? |Bosese|Braeas | Baszao|Basse
' be | b Py i Boa | | Aass " Baoar | | Aa e " Biga | | Pt " Baer
Bia1s | Boa.1s | Bas1s | Besis |Brao a7 | Bosoar | B3 ao a7 | Bz ap a7
b |1 EE.‘IE.23 EEI-.‘IE._E-E Eﬂ,1ﬂ-,..23 E1.1E..EEI Ei".dﬂ.ﬁﬁ E$.4E-..EE- Bﬂ,-‘-ﬂ..ﬁﬁ- E"I.d-E..ﬁ:'j-
ol 1 Ciarna= Craman= Cotre ew=| | Cra e 2 or=
Amp] - P o . -. .
tor R [RRRRRR | “ve-to " Buvo | SR |Ase.10 * Bovz B3 24.31 | B2 2431 | By, 24.31 | Bo,24.31 | B3 se.63 | Bz 56 63 | B1,s6.63 | Bo,s6.63
Shared memory after STS.128 w/swizzled thread id =
nor [ [ Caran= | | Conzman=| [cavzr. i 10=| [ Canananar= (tid[1:0] << 3) | (tid & 4) | (tid[4:3] " tid[1:0])
11:||1-:-:. Aag 21" Baa By zr " Baoan | |Peezr " Brawp| |Asesr " Baa s

Figura 2a: Composing apanss A16.4] * B[4, 16] = C[1E, 16]

warp-wide mulliply frorm faur A8, 4] * B[4, 8] = T8, B] 8-1hread mulliples.

(1nt cta n

(1nt cta m

for

for

for

r
for

for

(1nt cta k

(1nt warp n
(1nt warp m
(1nt warp k

(1nt mma k

< GemmN
m < GemmM ;
ta k < GemmK;

{ micro-kernel i
w

2?27?2727
II_= 1 ® 6 6 o o

cta n += CtalN) {
cta m += CtaM) {
cta k += CtaK)

/ Copy from global to shared

0; warp n < CtaN; warp n += WarpN) {

0; warp m < CtaM; warp m += WarpM) {
0; warp k < CtaK; warp k += WarpK) {

(1nt mma n

// Copy from shared to registers

0; mma k < WarpK; mma k += MmaK) {
0; mma n < WarpN; mma n += MmaN) {

(1nt mma m

0; mma m < WarpM; mma m += MmaM)

// Compute in registers

gemm (a,

o,

C)

4
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Wild Partitioning Patterns

Dozens of bespoke layouts/iterators in CUTLASS 2.x

I < NVIDIA.

* CUTLASS 2.x implements custom layout functors

* Mapping logical coord -> index

* These iterators implement post-partitioned layouts

* Thread layouts are implicit in the index computations

* Each new arch requires new layouts to be defined

* |Indexing math is hard to implement, harder still to maintain

11

An excerpt out of CUTLASS 2.x’s Volta SMEM access iterator
/// Returns the offset of a coordinate in linear memory.

CUTLASS_HOST_DEVICE

LongIndex operator()(TensorCoord const &coord) const {
int vec_contiguous_idx = coord.contiguous() / kElementsPerAccess;
int vec_strided idx = coord.strided() / kFactor;

int tile_contiguous_1idx =
vec_contiguous_idx / (TileShape::kContiguous / kFactor);
int tile_contiguous_residual =
vec_contiguous_idx % (TileShape::kContiguous / kFactor) +
((coord.strided() % kFactor) *x (TileShape::kContiguous / kFactor));
int tile_strided_residual = vec_strided_idx % TileShape::kStrided;

int partition_contiguous_idx =
tile_contiguous_residual / PartitionShape::kContiguous;
int partition_strided_idx =
tile_strided_residual / PartitionShape::kStrided;
int partition_contiguous_residual =
tile_contiguous_residual % PartitionShape::kContiguous;
int partition_strided_residual =
tile_strided_residual % PartitionShape::kStrided;

int permuted_vec_contiguous_within_partition =
partition_contiguous_residual ©~ (partition_strided_residual % 4);

int permuted_partition_contiguous_within_tile =
partition_contiguous_idx ©~ (partition_strided_idx % 2);

int element_contiquous = (tile_contiquous_idx % TileShape::kContiguous +
permuted_partition_contiguous_within_tile
PartitionShape: :kContiguous +
permuted_vec_contiquous_within_partition) x
KElementsPerAccess +
(coord.contiguous() % kElementsPerAccess);

int element_strided = vec_strided_idx;
return element_contiguous + element_strided * stride_[@] * kFactor;



Attack of Asynchronous Machines

GPUs require deeply async, managed, producer/consumer software pipelines

* Warp-specialization: Many sets of specialized threads form an async producer-consumer pipeline for strong scaling
* With newer architectures like Hopper, even the MMA instruction is asynchronous

* BLIS’s inner loop micro-kernel does not generalize well to this

Consumer #1

Time

—_
o] e
N

Consumer #2

PersistentTileSchedulerSm90 scheduler(problem_shape, blk_shape, cluster_shape)
// Data 1n via TMA // Mainloop, epilogue, and data out
while (work_tile_info.is_valid_tile) { while (work_tile_info.is_valid_tile) {
collective_mainloop.dma() collective_mainloop.mma()
Scheduler.advance_to_next_work() scheduler.advance_to_next_work(NumConsumers)
work_tile_info = scheduler.get_current_work() work_tile_info = scheduler.get_current_work()
) }

12 < NVIDIA I
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A BLIS-like Micro-kernel abstracti

CUTLASS 3




CUTLASS 3

Easier portability through composability — write one micro-kernel, use everywhere

Hierarchical library exposure for usability at all levels

Rich support for input tensor layouts

Rich support for data types, including complex domain

Advanced multithreading support: native treatment of thread layouts across the hierarchy

Ease of use and extensibility for custom kernels

CUTLASS 3.x provides a programming model aware but architecture agnostic conceptualization of GPU linear algebra

14 NVIDIA.



How can we generalize our abstractions across GPUs?

Global memory layouts do not change over GPU generations
A GPU can be modeled as any number of nested parallel agents with associated hierarchy of memory spaces

Nested tiling of computations across this hierarchy is a fundamental strategy for b/w efficient computation
Usually only the outermost tiling is dynamic (user input has dynamic shapes/strides)
Usually the innermost loop is fully static for ideal instruction scheduling and peak issue rate

Software pipelining with programmer managed asynchrony to hide latency to move data between data locales

Everything else can change every GPU generation:
Layouts of threads and data for arch-native MMA instruction set
Structure of async pipelines
Depth of the agent-locale hierarchy of the processor!

This parametrization is begging for an arch agnostic conceptualization!

15 NVIDIA.



CUTLASS 3 Conceptual GEMM Hierarchy

CUTLASS 3.0 computation hierarchy is not centered around the hardware hierarchy

Atom layer: Architecture instructions + associated meta-information

*  Conceptually: The fewest number of threads and values that must participate in an architecture accelerated specified math/copy op

*  Composition point for custom operators such as complex MMAs and semiring GEMMs

Tiled MMA/Copy: Core GPU micro-kernel interface

* Conceptually: Micro-kernel describing the complete spatial tiling of a math/copy operation

* Provides a consistent abstraction between arch agnostic outer loops and arch specific instructions.

Collective layer: Mainloops that orchestrate the copy/math micro-kernels with arch specific synchronization

* Conceptually: Micro-kernel describing the complete temporal tiling (pipeline) of a math/copy operation

*  Composition point for mainloop fusions such as 3xTF32

Kernel layer: Launch API, grid planning logic, load balancing schedules, and kernel thread marshalling

* Conceptually: A collection of all threadblock/clusters in the grid

 Composition point for kernel fusions such as B2B GEMM

Device layer: host side setup and interface

16 <A NVIDIA. I



CUTLASS 3.x Micro-kernel Abstraction

Spatial Micro-kernel: Tiled MMA and Copy

Generalizes partitioning across a GPU generations from Maxwell all the way to Hopper

Tiling and interleaving of arch-intrinsic “atoms” across threads and data -
Unified abstraction for describing highly optimized copy and math instruction sequences

Temporal Micro-kernel: CUTLASS Collective MMA and Epilogue

Composition of one or more spatial micro-kernels

Orchestrates the execution of multiple spatial micro-kernel “beats” with arch specific synchronization

The fully composed collectives compute tiles in global memory (can be partial tiles too!)

Provides a native tile-based programming model for GPU kernels

17 NVIDIA.



CuTe Layouts and Layout Algebra

cutlass/include/cute

Shape: (4, (2,2))
Stride: (2,(1,8))

* cute::Layout<Shape, Stride> Logical 1-D Logical n-D Logical h-D Linear 1-D
» Compact representation of all affine layouts coordinate coordinate coordinate storage index
* Hierarchical and multi-modal shapes & strides S T B gl Rl O [ e et 8 °

] ) ] . 1 5 9 |13 o 1,0/1,1/1,2 1,3 o 1,(0,0) | 1,(1,0) | 1,(0,1) |1,(1,1) 2 3 110 | 11
* Layouts always maintain logical consistency Coordinate Coordinate index
o ] 2 6 |10 | 14 PPNE 2,012,112,2 2,3 PPINg 2,(0,0) [ 2,(1,0) | 2,(0,1) | 2,(1,1) apping 4 | 5 12 | 13
* Can explicitly define thread layouts
3 7 | 11 |15 3,0/3,1 3,2|3,3 3,(0,0) |3,(1,0) |3,(0,1) |3,(1,1) 6 7 | 14 | 15
* Handles all coord->mapping 2 (1) N AL, (32,92)) ATK]
* Compose with swizzle functors Shape defines the coordinate mappings Stride defines the index mapping
(I) & (3,7) < (4, (J1,J2)) (i, (J1,J2)) <> [K]
0|16 4 E
Logical product: 0o |16 :|:: : ::
* Formalized algebra of layouts fa®gp = (fa,faogn) = (fa,hp) T o (1] — Elelle
* Allows for composability at all layers 2 | 18 23|  [s]e][2]z
"Produce a layout where every element of layout B is a layout A." s 125|132 |20
* Build complicated layouts from simple invariant layouts o 1° 10| 26 | [28] 30
11127 |15 31
0
- - - 2
Logical divide: 1
3
. 3
fa@gp = faco(g9m,95) = (hp,Llc) - 10 of21]3
(1] i ? @ 4 : 4 6 5 ?
Produce a layout of Bs from a layout A. —
- | 8] 8 [10f 9 |11
o
9
11

18 <ANVIDIA. I


https://github.com/NVIDIA/cutlass/tree/master/include/cute

subsumes every CUTLASS-2 iterator

e (Condense complexity to a single impl.
and vocab type

e Formal algebra to manipulate

Layout And Tensors

Bo.o.7 | Bo,s.15 | Bo,16.23 | Bo,24.31 | Bo,32.30 | Bo,40.47 | Bo,48.55 | Bo, 56.63
B1,0.7 | B1,s.15 | B1,16.23 | B1,24.31 | B1,32.30 | B1,40.47 | B1,48.55 | B1,56.63
B2 o7 | B2s.15s | B2 16.23 | B2 24.31 | B2,32.30 | B2,40.47 | B2,48.55 | B2, 56.63
B3 07 | B3 s.15 | B3 16.23 | B3 24.31 | B3 32.30 | B3 40.47 | B3,48.55 | B3 56.63
LDG.128 register quad (R, n+3)
Bo,o.7 | B1,0.7 | B2o0.7 | B3o.7 |Bo32.39 | B1,32.39 | B2 32.39 | B3 32.39
Bi1,8.15 | Bo,g.15 | B3 g.15 | B2 s.15 | B1,40.47 | Bo,40.47 | B3, 40.47 | B2 40.47
B2 16.23 | B3,16.23 | Bo,16.23 | B1,16.23 | B2,48.55 | B3, 48.55 | Bo,48.55 | B1,48.55
B3, 24.31 | B2,24.31 | B1,24.31 | Bo,24.31 | B3, 56.63 | B2 56.63 | B1,56.63 | Bo, 56.63

to..t7
ts..t45
tie..t23

t24..131

CUTLASS 2.Xx

VoltaTensorOpMultiplicar

RowMajor

ColumnMajor
RowMajorInterleaved
ColumnMajorInterleaved
PitchLinear

TensorNCHW

dCon

gr

U0

US

Bo.3 Bs.1 Bie.. Bza.
ta.7 tio. tao. t2g..
to.a 8.1 tis.. t24.
t
s o Co.3,03= Co.3, 8.11 Co.3, 16.19 Co.3
t, ta Ag.3* Bo.a Ag.3 " Bag.1 Aoz * Bis. A3z B
t
2| Cs.11, 0.3= Ca.11, 8.1 Cs.11: 16.19 Ca.1
N Ag.11 " Bo.a As.11 " Bag.1 Ag.11 " Bis.. Ag.11*B
tis| t7
toq |t
“I"®1 | Ci6.19, 0.3= Cis.19, 8.11 Ci16.19, 16.19 Cs.,
| | Ass1e *Bo.a | | Avs.1o ¥ Be.11 | |Ase.19 " Bie. Aw.19" B
ta7 | tig
o |t
. * Ca4.27,0.3= Co4.27,8.11= C24.27, 16.19= Co4.27, 24.27=
i t;1 l;:; Az4.27* Bo.s | | Aza.27 " Bg. 11| |Aza.27 * Big.1a| |Aza.27 * Baa 27

U0

U0
vie

US

US
US

ultiplicandCor

ultiplicandCor
dBCor

ColumnMajorVoltaTensorOpM

RowMajorVoltaTensorOpM
VoltaTensorOpMultiplicar

gr
gr
gr

Shared memory after STS.128 w/swizzled thread id =
(tid[1:0] << 3) | (tid & 4) | (tid[4:3] * tid[1:0])

composition

Figure 2a: Composing sparse A[16,4] * B[4, 16] = C[16, 16]
warp-wide multiply from four A[8, 4] * B[4, 8] = C[8, 8] 8-thread multiplies.

« complement .

S B e O Col MajorVoltaT OpMultipli dBC
o i ht : | ft - . oo (o fon]  fefee|oefen] Ry H orumniMajorvolitalensoruvpMmulLtliplicar ongruous
rlg _I nve rse J e _I nve rse addresses Bao | Bz | Bz | Bas Bzss | Ba7 | Bave | Baso | Rp+1.L . . .
) 0B e e e e e e RowMajorVoltaTensorOpMultiplicandBCongruous
\\ d t” . ] -
e proauc | LR R R R R EREEE. VoltaTensorOpMultiplicandCrosswise
t 16 2 3 18 19 2 3 18 19 t1 Ao | Avr | Aus | Ars Cio | Cis | Crz | Cis Ciis | Cir IEROEE ct+0..c+1; c+4..c+5
r 1 14 13 13 14 t4 13 t3 - [ ] [ ] L ]
AR TAS N B BEEE N BEEE 3 e W i i ColumnMajorVoltaTensorOpMultiplicandCrosswise
¢ d IVIde T as|| e | 72 28 6 | 7 2223 tlafafmelm] [0S [2I%] rls] . . . .
: BT B — - RowMajorVoltaTensorOpMultiplicandCrosswise
d N e B ERER R
r 80 10 | 11 | 26 27 10 | 11 | 26 | 27 Rc+0.c+1; c+4.c+5
f b th th d d d t taz v A [Ams Ansl - f500 S 1S SR e e |
Or O rea S a n a a E 96 || 12 | 13 28 | 29 12 | 13 | 28 | 29 t:; R PO c{ c;m c: c: ICEGJ czw c: c: Ma ny J ma ny mo re wee
o 12| |14 15 30 | a1 14 | 15 | 30 | 31 trg [Avs | Avsa | Ay |amo] [0 Gor G CQTI Feelo Rooicst.c
S
Max_well A accgss Max_well B accgss o —"_ I‘_
trldan comme ﬂtEd 3 WEEkS ago Author @ S addr[tid] = addr{tid*] addritid] = addr[tid*2] 5 5 3
Figure 3b: Maxwell thread assignments for LDS.U matching
Figure 1b: HMMA.884.F32.TN data layout.
Again, ignore the apparent isomorphism
, . between thread numbers and matrix indices.
Amazing! Thanks a lot for the explanation @thakkarV.
I've always found smem swizzling to be the trickiest part of et e o bortacor 1 —_— _— —_—
.. contiguous dim, K===> <=conti guousdimk  <=conti guous dim, <=contiguous dim, <=contiguous dim,
writing a fast gemm. It's crazy that you can replace thousands 0 5 16 2 n @ s s s__o 2o 0 3 648 CU I LASS 3 e X
0] O 1 2 3 4 5 6 7 1 0 3 2 5 4 7 6
of lines of smem swizzling code with a few lines of well- FAFANEEEY — S B N
desianed and composable abstractions T T s T | 6 [ 5 | 3 [ 39 AT AT T o e .
g p ' s| a0 | a1 | a2 | 43 | aa | a5 | a6 | a7 as | as a6 | a7 a0 | ;1 22 | a3 Layou t < S h a pe S t r] d e >
6] 48 49 50 51 52 53 54 55 55 54 53 52 51 50 49 438 ’
7] 56 57 58 59 60 61 62 63 62 63 60 61 58 59 56 57
I'm excited to start hacking on CuTe! o[ 7 o | s el v [ nl 7 = | O
10} 80 81 82 83 84 85 86 87 83 82 81 80 87 86 85 84
11) 88 89 90 91 92 93 94 95 90 91 88 89 94 95 92 93
— 12] 96 97 98 99 100 101 102 103 8 101 100 8 103 102 8 97 96 8 99 98
"/f %\"' 13| 104 105 106 107 108 109 110 111 108 109 110 111 104 105 106 107
@ \ ' .1 I 14] 112 113 114 115 116 117 118 119 119 118 117 116 115 114 113 112
llk\“ﬂ- — -F’/Il 15| 120 121 122 123 124 125 126 127 126 127 124 125 122 123 120 121
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Hierarchical Layouts

Tensors and Folded Modes

fa
] |
Shape: (2,2,2)
Stride: (4,1,2)

Which can be folded and viewed as a nested shape f(COOI"d) = hner_p rodguct (COOI"d, Strlde)

0 1
0 -> (0,0) | a b fA'
1T ->(1,0)] ¢ d > ) i - i ; -
) Shape: ((2,2),2)
2 -> (0,1) Stride: ((4,2),1)

3 -> (1,1)
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Logical 1-D
coordinate
0 4 8 | 12
1|5 9 |13
2 | 6 |10 | 14
3 7 |11 | 15
A(I)

Layout Mappings

Shape: (4, (2,2))
Stride: (2, (1,8))
Logical n-D Logical h-D Linear 1-D
coordinate coordinate storage index
0,0/ 0,1/0,2/0,3 ,(0,0) | 0,(1,0) | 0,(0,1) |0, (1,1) 0 1 8 O
Coordinate S e Rl e Coordinate R e el Index 2 | 3 |10 11
Mapping 2,012,111 2,2|2,3 Mapping ,(0,0) | 2,(1,0) | 2,(0,1) |2,(1,1) Mapping 4 5 12 13
3,013,1(3,2 3,3 ,(0,0) | 3,(1,0) | 3,(0,1) |3,(1,1) 6 7 | 14 | 15
A(1,7) A(1, (J1,3J2)) Alk]

Shape defines the coordinate mappings

(1) < (,5) < (i, (41, J2))

Stride defines the index mapping

(2, (J1,72)) < K]

21
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Layout Algebra: functional composition

Logical product:
fa®ge = (fa,facgs) = (fa,hp')

"Produce a layout where every element of layout B is a layout A."

Logical divide:

fa@gs = fao(9s,95) = (hp,lc)

"Produce a layout of Bs from a layout A."
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CUTLASS 3.x APl Entry Points

Spatial Microkernel layer: cute: : Tiled{Mma|Copy }<>

Robust representation power across a wide range GPU architectures

Temporal Microkernel layer : cutlass::gemm: :collective::Collective{Mma|Epilogue|Conv <>

Dispatched against by policies that also define the set of kernel schedules they can be composed with

Kernel layer: cutlass: :gemm: :kernel: :GemmUniversal<>
Treats GEMM as a composition of a collective mainloop and a collective epilogue
Each new kernel schedule is a specialization dispatched against with schedule tags

Device layer: cutlass: :gemm: :device: :GemmUniversalAdapter<>
Can be used with 2.x or 3.x APl kernels

A stateless wrapper around a kernel type

Static asserts everywhere to guard against invalid compositions or incorrect layouts
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»

Unified representation of arch prirﬁit' '
MMA Atoms /

es:

'



MMA Atom - Unified Abstraction for any MMA

Smallest amount of math that can be performed by one or more threads
Regardless of thread count in the collective

Regardless of architecture specific quirks (threads, quad-pairs, warps, warp-groups)

MMA atoms encode semantics of the operation not represented in the ISA
Value types the operation is performed on
Thread layout of collective operations
Data layouts:[ thr_id, val_id] domain to logical coord codomain

NVIDIA CONFIDENTIAL. DO NOT DISTRIBUTE. 25 NVIDIA.



Trivial Case First — SIMT FMA

struct MMA Traits<UniversalFMA<D,A,B,C>>
{

using ElementDVal
using ElementAVal
using ElementBVal
using ElementCVal

1
O o> O

// Logical shape of the MMA
using Shape_MNK = Shape<_ 1, 1, 1>;

// Logical thread id (tid) —> tidx

0
using ThrID = Layout<_1>;

0

T0
O ‘VO

T0
0 VO

// (Logical thread id (tid), Logical value id (vid)) —> coord

// (tid,vid) -—> (m,k)
using AlLayout = Layout<Shape<_1,_1>>;
// (tid,vid) -> (n,k)
using BLayout = Layout<Shape<_1,_1>>;
// (tid,vid) -> (m,n)
using CLayout = Layout<Shape<_1,_1>>;

&

NOTE: These layouts map thread/value ID (domain) to MNK logical coordinate. We
generally think of their inverse() : MNK->thr,val

T0
VO

UniversalFMA<double>
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template <>
struct MMA_Traits<SM61_DP4A>

{
using
using
using
using

using
using
using
using

Note the difference between architectural interface and logical element type.

Elem
Elenm

Elem

—t
]

~+

entDVal =
entAVal =
ElementBVal =
entCVal =

SIMD MMA Atoms — SM61 packed int8 FMA

nt32_t;
nt8_t;
Nt8_t;
nt32_t;

= e e

Layout<Shape<_1>>;

Layout<Shape<_1, _4>>;
Layout<Shape<_1, _4>>;
Layout<Shape<_1, _1>>;

10
Vo

10

Vi

T0
V2

T0

V3

10
VO

o 1 2 3

TO [ To | To [ TO

Vo | Vi | v2 | V3
SM61_DP4A
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First Tensor Core — Volta FP16 8x8x4

template <>
struct MMA_Traits<SM70_8x8x4_F32F16F16F32_NT>

{

using ElementDVal = float;

using ElementAVal = half_t;

using ElementBVal = half_t;

using ElementCVal = float;

using Shape_MNK = Shape<_8, _8, _4>;
using ThrID = Layout<Shape <_4, _2>,

Stride<_1,_16>>;

// (T8,V4) -> (M8,K4)
using AlLayout = Layout<Shape <Shape <_4,_2>,_4>,
Stride<Stride<_8,_4>, _1>>;

// (T8,V4) -> (N8,K4)
using ALayout = Layout<Shape <Shape <_4,_2>,_4>,
Stride<Stride<_8,_4>, _1>>;

// (T8,V8) -> (M8, N8)
using CLayout = Layout<Shape <Shape <_2, _2,_2>,Shape <_2,_2, _2>>,
Stride<Stride<_1,_16,_4>,Stride<_8,_2,_32>>>;

o 1 2 3
To | T1 | T2 | T3
VO | VO | VO | VO
TO | T1 | T2 | T3
Vi | V1 | VI | V1
TOo | T1 | T2 | T3
V2 | V2 | V2 | V2
TO | T1 | T2 | T3
V3 | V3 | V3 | V3
T16 | T17 | T18 | T19
Vo | VO | VO | VO
T16 | T17 | T18 | T19
Vi | V1 | VI | VI
T16 | T17 | T18 | T19
V2 | V2 | V2 | V2
T16 | T17 | T18 | T19
V3 | V3 | V3 | V3

o 1 2 3 4 5 6 7
To | TO | TO | TO | T16 | T16 | T16 | T16
VO | VI | V2 | V3 | VO | VI | V2 | V3
Tr | T1 | T1 | T1 | T17 | T17 | T17 | T17
Vo | VI | V2 | V3 | VO | V1 | V2 | V3
T2 | T2 | T2 | T2 | T18 | T18 | T18 | T18
Vo | VI | V2 | V3 | VO | V1 | V2 | V3
T3 | T3 | T3 | T3 | T19 | T19 | T19 | T19
VO | VI | V2 | V3 | VO | V1 | V2 | V3
o | To | T2 | T2 | TO | TO | T2 | T2
VO | VI | VO [ VI | V4 | V5 | V4 | V5
TDL | T1 (13 | T3 | T1 | T1 | T3 | T3
Vo | VI | VO | VI | V4 | V5 | V4 | Vi
1o | To | T2 | T2 | TO | TO | T2 | T2
V2 | V3 | V2 [ V3 | Vb | VT | V6 | V7
T | T1 | T3 | T3 | T1 | T1 | T3 | T3
V2 1 V3 | V2 | V3 | Vb | Vi | V6 | V7
T16 | T16 | T18 | T18 | T16 | T16 | T18 | T18
VO | VI | VO | VI | V4 | V5 | V4 | V5
Ti7 [ T17 | T19 | T19 | T17 { T17 | T19 | T19
VO | VI | VO | VI | V4 | V5 | V4 | V5
T16 | T16 | T18 | T18 | T16 | T16 | T18 | T18
V2 | V3 | V2 | V3 | Vb | V7 | V6 | V7
117 | 117 | 119 | 'T19 | 117 | 'T17 | T19 | 119
V2 | V3 | V2 | V3 | V6 | V7T | V6 | V7

SM70_8x8x4_F32F16F16F32_NT

28 <ANVIDIA. I




template <>
struct MMA_Traits<SM80_8x8x4_F64F64F64F64_TN>

{

sing
sing
sing
sing

C C C C

using

using

Ele
Ele
Ele
Ele

35 3 3 3

® ® ® D

ntDVal
ntAVal
ntBVal

ntCVal

Shape_MNK =

ThrID

doL
doL
doL

doL

Ampere FP64 MMA

ble;
ble;
ble;
ble;

Shape<_8,_8, _4>;

= Layout<_32>;

// (T32,V1) -> (M8,K4)

using ALayout =

// (T32,V1) -> (N8,K4)

using BlLayout =

// (T32,V2) -> (M8,N8)

using ClLayout =

Layout<Shape <Shape < _4,_8>,_1>,
Stride<Stride< _8,_1>,_0>>;

Layout<Shape <Shape < _4,_8>,_1>,
Stride<Stride< _8,_1>,_0>>;

Layout<Shape <Shape < _4,_8>,_2>,
Stride<Stride<_16,_1>, _8>>;

o 1 2 3
TO | T1 | T2 | T3
VO | VO | VO | VO
T4 | T5 | T6 | T7
VO | VO | VO [ VO
T8 | T9 | T10 | T11
VO | VO | VO | VO
T12 | T13 | T14 | T15
VO | VO [ VO | VO
T16 | T17 | T18 | T19
VO | VO | VO | VO
T20 | T21 | T22 | T23
VO | VO | VO | VO
T24 | T25 | T26 | T27
VO | VO [ VO | VO
T28 | T29 | T30 | T31
VO | VO | VO [ VO

o 1 2 3 4 & 6 7
TO | T4 | T8 | T12 [ T16 | T20 | T24 | T28
VO | VO | VO | VO | VO | VO [ VO | VO
T | TH | T9 | T13 | T17 | T21 | T25 | 129
Vo | VO | VO | VO | VO | VO | VO [ VO
T2 | T6 | T10 | T14 | T18 | T22 | T26 | T30
VO | VO | VO | VO | VO | VO | VO | VO
13 | T7 | T11 | T15 | T19 | T23 | 127 | 'T31
VO | VO | VO | VO | VO | VO | VO | VO
T0 | TO | T1 | T1 | T2 | T2 | T3 | T3
VO | VI | VO | VI | VO | VI | VO | VI
T4 | T4 | T5 | TH | T6 | T6 | T7 | T7
Vo | VI | VO | V1 | VO | V1 | VO | VI
Is | ITs | T9 | T9 | T10 | T10 | T11 | T11
Vo | VI | VO | V1 | VO | V1 | VO | V1

T12 | T12 | T13 | T13 | T14 | T14 | T15 | T15
VO | VI | VO | V1 | VO | V1 | VO | V1
T16 | T16 | T17 | T17 | T18 { T18 | T19 | T19
Vo | VI | VO | V1 | VO | V1 | VO | V1
T20 | T20 | T21 | T21 | T22 | T22 | T23 | 123
VO | VI | VO | V1 | VO | V1 | VO | V1
124 | 124 | T25 | T25 | T26 | T26 | T27 | 127
VO | V1 | VO | VI | VO [ V1 | VO | V1
128 | T28 | T29 | T29 | T30 | T30 | T31 | T31
Vo | VI | VO | V1 | VO | V1 | VO | VI

SM80_8x8x4_F64F64F64F64_TN
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template <>
struct MMA_Traits<SM80_16x8x8_F32F16F16F32_TN>

{

using ElementDVal = float;
using ElementAVal = half_t;
using ElementBVal = half_t;
using ElementCVal = float;
using Shape_MNK = Shape<_16,_8,_8>;
using ThrID = Layout<_32>;

// (T32,V4) -> (M16,K8)
using ALayout = Layout<Shape <Shape <
Stride<Stridec<

// (T32,V2) -> (N8,K8)
using BlLayout Layout<Shape <Shape <
Stride<Stridec<

// (T32,V4) -> (M16,N8)
using ClLayout Layout<Shape <Shape <
Stride<Stridec<

Ampere/Turing FP16 MMA

—41—8>; 1>;
_8,_1>,_0>>
—41—8>J 1>;
_8,_1>,_06>>

- e

- e

10

11

12

13

14

15

o 1 2 3 4 5 6 7
TO | TO | T1 [ T1 | T2 | T2 | T3 | T3
VO | V1 | VO | VI [ VO [ V1 | VO | V1
T4 | T4 | T5 | TS5 | T6 | T6 | T7 | T7
Vo | VI | VO [ V1 | VO | V1 [ VO | V1
T8 | T8 | T9 | T9 | T10 | T10 | T11 | T11
Vo | VI | VO [ V1 | VO | V1 | VO | V1

T12 | T12 | T13 | T13 | T14 | T14 | T15 | T15
VO | V1 | VO | VI [ VO | V1 | VO | V1
T16 | T16 | T17 | T17 | T18 | T18 | T19 | T19
Vo | VI | VO [ V1 | VO | V1 | VO | V1
T20 | T20 | T21 | T21 | T22 | T22 | T23 | T23
Vo | V1 | VO | VI [ VO | V1 | VO | V1
T24 | T24 | T25 | T25 | T26 | T26 | T27 | T27
Vo | V1 | VO | VI [ VO | V1 | VO | V1
T28 | T28 [ T29 | T29 | T30 | T30 | T31 | T31
VO | V1 | VO | VI [ VO | V1 | VO | V1
TO | TO | T1 ( T1 | T2 | T2 | T3 [ T3
V2 | V3 | V2 [ V3 | V2 | V3 | V2 | V3
T4 | T4 | T5 | T | T6 | T6 | T7 [ T7
V2 | V3 | V2 [ V3 | V2 [ V3 | V2 | V3
T8 | ITs | T9 | T9 | T10 | T10 | T11 | T11
V2 | V3 | V2 [ V3 | V2 | V3 | V2 | V3
T12 | T12 | T13 | T13 | T14 | T14 | T15 | T15
V2 | V3 | V2 [ V3 | V2 [ V3 | V2 | V3
T16 | T16 | T17 | T17 | T18 | T18 | T19 | T19
V2 | V3 | V2 [ V3 | V2 | V3 | V2 | V3
T20 | T20 | T21 | T21 | T22 | T22 | T23 | T23
V2 | V3 | V2 | V3 [ V2 | V3 | V2 | V3
T24 | T24 | T25 | T25 | T26 | T26 | T27 | T27
V2 | V3 | V2 [ V3 | V2 | V3 | V2 | V3
T28 | T28 [ T29 | T29 | T30 | T30 | T31 | T31
V2 | V3 | V2 [ V3 | V2 [ V3 | V2 | V3

SM80_16x8x8_F32F16F16F32_

o 1 2 3 4 5 6 7
TO | T4 | T8 | T12 | T16 | T20 | T24 | T28
VO | VO | VO | VO | VO [ VO | VO | VO
TO | T4 | T8 | T12 | T16 | T20 | T24 | T28
Vi | VvVl | Vl | Vl | VLl [ V1l | V1 | V1
T1 | TH | T9 | T13 | T17 | T21 | T25 | T29
Vo | VO | VO [ VO | VO [ VO | VO | VO
T1 | TH | T9 | T13 | T17 | T21 | T25 | T29
Vi | Vvl | Vl | VI [ V1l | V1 | V1 | V1
T2 | T6 | T10 | T14 | T18 | T22 | T26 | T30
VO | VO | VO | VO [ VO | VO | VO | VO
T2 | T6 | T10 | T14 | T18 | T22 | T26 | T30
Vi | VvVl | V1l | V1 [ V1 | V1 | V1 | V1
T3 | T7 | T11 | T15 | T19 | T23 | T27 | T31
VO | VO | VO [ VO | VO [ VO | VO | VO
T3 | T7 | T11 [ T15 | T19 | T23 | T27 | T31
Vi | vVl | V1l [ V1 [ V1 | V1 | V1 | V1
TO | TO | T1 ( T1 | T2 | T2 | T3 [ T3
VO | VI | VO | VI | VO [ V1 [ VO | V1
T4 | T4 | T5 | TS5 | T6 | T6 | T7 [ T7
Vo | VI | VO [ V1 | VO [ V1 | VO | V1
T8 | T8 | T9 | T9 | T10 | T10 | T11 | T11
VO | VI | VO [ V1 | VO [ V1 | VO | V1
T12 | T12 | T13 | T13 | T14 | T14 | T15 | T15
VO | V1 | VO | VI [ VO | V1 | VO | V1
T16 | T16 | T17 | T17 | T18 | T18 | T19 | T19
VO | VI | VO [ V1 | VO [ V1 | VO | V1
T20 | T20 | T21 | T21 | T22 | T22 | T23 | T23
VO | V1 | VO | VI [ VO | V1 | VO | V1
T24 | T24 | T25 | T25 | T26 | T26 | T27 | T27
VO | VI | VO | VI | VO [ V1 | VO | V1
T28 | T28 | T29 | T29 | T30 | T30 | T31 | T31
VO | V1 | VO | VI [ VO | V1 | VO | V1
TO | TO | T1 ( T1 | T2 | T2 | T3 [ T3
V2 | V3 | V2 | V3 | V2 [ V3 | V2 | V3
T4 | T4 | TS5 | T5 | T6 | T6 | T7 [ T7
V2 | V3 | V2 [ V3 | V2 | V3 | V2 | V3
T8 | ITs | T9 | T9 | T10 | T10 | T11 [ T11
V2 | V3 | V2 | V3 | V2 [ V3 | V2 | V3
T12 | T12 | T13 | T13 | T14 | T14 | T15 | T15
V2 | V3 | V2 [ V3 | V2 | V3 | V2 | V3
T16 | T16 | T17 | T17 | T18 | T18 | T19 | T19
V2 | V3 | V2 | V3 | V2 [ V3 | V2 | V3
T20 | T20 | T21 | T21 | T22 | T22 | T23 | T23
V2 | V3 | V2 [ V3 | V2 | V3 | V2 | V3
T24 | T24 | T25 | T25 | T26 | T26 | T27 | T27
V2 | V3 | V2 | V3 | V2 [ V3 | V2 | V3
T28 | T28 | T29 | T29 | T30 | T30 | T31 | T31
V2 | V3 | V2 [ V3 | V2 | V3 | V2 | V3

TN
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Tiled MMA

MMA_Atom,
AtomLayoutMNK
VallLayoutMNK ,
PermutationsMNK
TiledMMA
{
using ThrLayoutVMNK = decltype(tiled_product(AtomThrID{}, AtomLayoutMNK{}));
>

The innermost loop optimized sequence of math/copy instructions often tiled
Across both threads and data

We may wish to permute the data tilings for friendlier data layouts

Can make smem layouts easier to design (e.g. Volta interleaving)

Tiled MMA allows us to describe all these three as CuTe layouts!

Use the CuTe algebra to generate the TV layout partitioners from our atoms

Tiled MMA generalizes the partitioning of data across threads to all architectures
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MMA Op

Raw PTX

MMA Atom

Checked call interfaces
Fragment generation

MMA Atom
Example SM90 MMA

MMA Traits

PTX meta-info

MMA_Atom<SM90_16x8x4_F64F64F64F64_TN>{};

o s W N

co =~ o

10
11
12
13
14

15

o 1 2 3
T0 | T1 | T2 | T3
VO | VO | VO | VO
T4 | To | Te | TV
Vo | VO | VO | VO
T8 | T9 | T10 | T11
Vo | VO | VO | VO
T12 | T13 | T14 | T15
Vo | VO | VO | VO

Ti6 | T17 | T15 | T19
VO | VO | VO | VO
T20 | T21 | T22 | T23
Vo | VO | VO | VO
T24 | T25 | T26 | T27
VO | VO | VO | VO
T28 | T29 | T30 | T3l
Vo | VO | VO | VO
T0 | T1 | T2 | T3
V1 | V1 | V1 | V1
T4 | To | Te | TV
V1| V1 | V1 | V1
T8 | T9 | T10 | T11
Vi | V1 | V1 | V1
T12 | T13 | T14 | T15
Vi | V1 | V1 | V1
T16 | T17 | T1s | T19
V1 | V1 | V1 | V1
T20 | T21 | T22 | T23
Vi | V1 | V1 | V1
T24 | T25 | T26 | T27
Vi | V1 | V1 | V1
T28 | T29 | T30 | T3l
V1| V1 | V1 | V1

0 1 2 3 4 5 6 T
TO | T4 | T8 | T12 | T16 | T20 | T24 | T28
VO | VO [ VO | VO | VO | VO | VO | VO
T1 | T6 | TO | T13 | T17 | T21 | T25 | T29
Vol Vo [ VOl VO | VO | VO | VO | VO
T2 | T6 | T10 | T14 | T18 | T22 | T26 | T30
Vol VO [ VO | VO | VO | VO | VO | VO
T3 | T7 | T11 | T15 | T19 | T23 | T27 | T31
VO | VO | VO | VO | VO | VO | VO | VO
To | TO [ T1 | T1 | T2 | T2 | T3 | T3
VO | V1| VO [ V1| VO | V1| VO | V1
Td | T4 | T5 | T5 | T6 | Te | T7 | TT
Vo | V1 | Vo | vi| vo|l vl | vo | Vi
T8 | T& | To | T9 | T10 | T10 | T11 | T11
VO | VI | VO [ V1| VO | V1| VO | V1
Ti2 | Ti2 | T13 | T13 | T14 | T14 | T15 | T15
Vo | V1 | Vo | Vi vo | v | Vo | Vi
Ti16 | Ti6 | T17 | T17 | T1g | T18 | T19 | 'T19
VO | V1| VO [ V1| VO | V1| VO | V1
T20 | T20 | T21 | T21 | T22 | T22 | T23 | T23
Vo | V1 | Vo | vi| vo| vl | vo | Vi
T24 | T24 | T25 | T25 | T26 | T26 | T27 | T27
Vo | V1| VO [ V1| VO | V1| VDO | V1
T28 | T28 | T209 | T29 | T30 | T30 | T31 | T31
Vo | V1 | Vo | vi| vo|l vl | vo | Vi
To | TO [ T1 | T1 | T2 | T2 | T3 | T3
V2 | V3 | V2 | V3 | V2 | V3| V2 | V3
T4 | T4 | T5 | T5 | T6 | Te | T7 | T7T
V2 | V3 | V2 | V3 | V2 | V3| V2 | V3
T8, | T& | T9 | T9 | T10 | T10 | T11 | T11
V2 | V3 | V2 | V3| V2 | V3| V2 | V3
Ti2 | Ti2 | T13 | T13 | T14 | T14 | T15 | T15
V2 | V3 [ V2 | V3 | V2 | V3 | V2 | V3
Ti6 | Ti6 | T17 | T17 | T1ig | T18 | T19 | T19
V2 | V3 | V2 | V3 | V2 | V3| V2 | V3
T20 | T20 | T21 | T21 | T22 | T22 | T23 | T23
V2 | V3 | V2 | V3 | V2 | V3 | V2 | V3
T24 | T24 | T25 | T25 | T26 | T26 | T27 | T27
V2 | V3 | V2 | V3| V2 | V3| V2 | V3
T28 | T28 | T209 | T29 | T30 | T30 | T31 | T31
V2 | V3 | V2 | V3 | V2 | V3 | V2 | V3
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0 1 2 3 4 &5 6 ¥ 8 9 10 11 12 13 14 15

-t 0 T12 TR0 TS T76 Tsd Tz

I e Vil Vo Vi Vil Vo VD

T1 TS | T9 | T13 ) Ta7 | T21 |T25 | T20 | T6 | Tea | TT3 | T77 | Tsl | Ts6 | Tse | Tui

G 1 VD | Vo | Vo | Vol Vo | Vo] Vo | Vo | Vo | Vo | Vo | Vo | Vo | Vo | Vo | VD

. 9 T2 | T6 | Tio | T14 | Tas | T22 | T26 | Tap | T66 | Tvo | T74 | T7s | T2 | Ts6 | T9n | T9q

C n St ru Ct Ia r e r O e rat I O n S Vo [ vo | vo |l val] v | vo |l ve | vol|ve | vol] vol] va | va | v v | vo
O g p ETsT?TuT]&THTﬂamTﬂ]TETTnT‘ﬁTmTHTETTHITﬁ
Vo Vo | VOO VOO VI | V] Y VD VD] Vo | Vo | wvia ) WD v | Y| VD

0 1 2 3
. 0 T2 | T3 || T | ™| T3 Ts6 | To6 | TeT | Ter
MMA O MMA T T o~ T e Too Tem ol [ T
p ]f a. l S 1 6 | TT Ts | s | ™6 | ™6 | TT 70 | 70 | TR | TR
o o vo | Vo vo | vi | va | vi| ve vio | v1 | vo | w1
- T10 | P12 T8 | T8 | Two | T |'T12 74 | T71 | P75 | T
Raw PTX PTX meta-info 2 v [ vo | v | Ve | & IS va 1V e T
a T14 | T15 Ti3 | T13) T14 | T14 | T15 TTR I T7R | T79 | T7w
vo | Yo vo | vi | vae | vi| ve vio | v1 | vo | w1
A T1& | T18 17 | T17 | T18 | T28 | 1B 182 | Ts2 | 83 | TE2
v | W vo | v1 | va | vi | vo vir | vi | v | ¥
5 T22 | T23 T2 | T21 | T22 | T22 | T21 Teh | T=6 | TST | T8T
v | Yo vo | vi | va | V1| vo vir | v1 | vo | w1
" T26 | T27 a5 | T25 | T26 | T26 | T27 o0 | Too | o1 | To1
vo | Yo vo | vi | va | vi | Vo vio | v1 | v | v
?- TED | T3 Tx | T2u | T30 | T30 | T3 Tug | T94 | T9s | TOs
v | Yo vo | v1 | va | vi | vo vie | v1 | vo | Vi
8 T2 | T3 || T2 | ™| T3 Teé | To6 | TeT | Ter
V1 | ¥ va | va | va | va | va va | va | vz | s
g 6 | TT s | s | ™6 | ™6 | TF 70 | 70 | TR | TR
MM A At w1 | v1 va | va | vz | val ve va | va | vz | v3
Om 10 T10 | P12 9 | T8 | Two | T0 | T2 174 | T74 | T55 | TB
L Vi | ¥1 va | va | ve | va | v2 va | va | vz | s
1 Ti4 | T15 Ti3 | Ti3 | Ti4 | T14 | T15 TTRE | T7R | T7w | T
Checked call interfaces 11 14 | T [13 | T13 | T | Toe | T8 78 | T78 | T8 | T
: T1& | T18 717 | T17 | T18 | T28 | 1B 182 | Ts2 | Tss | TE3
Fragment generatlon 12 vi | V1 va | va | vz | va | w2 ve | va | v | va
13 2% | ' T23 T21 | T21 | T22 | T22 | T23 Tee | Ts6 | TST | TST
vi | V1 va | va | vz | va | v2 va | va | vz | v
14 T26 | T27 25 | T25 | T26 | T26 | T27 oo | Too | o1 | To1
. . Vi | W1 va | va | vz | va | v2 va | va | vz | s
Tlled_MMA mhna = make_tlled_mma( 16 T30 | T3l T29 | T20 | T30 | T20 [ TH Tua | Taa | Tos | T3
Vi | V1 va | va | vz | va | v2 va | va | vz | s
SM90_16x8x4 _F64F64F64F64 TN{} 16 Tad | T35 Ta3 | Tas | T34 | T34 | Td6 Tus | Tos | Taw | Tas
— — — ) v | Vi vo | vi | va | v1 | Vo vio | V1 | v | Vi

[ ]

¢ TER | T3n Ta7 | TaT | T38 | T3R8 | T35 Tio2] Tioz | T3 | TiHE
LaYOUt<Shape<—21—2>>{}) ) // 2X2 atom tlle 17 vo | Yo vo | vi | v | vi | vo vio | w1 | vo | V1
. 18 T4z | Tag a1 | Ta1 | Taz | Ta2 | Ta3 1106 | T106 |07 | T107
T l l e ‘} {‘ ‘} {‘ vo | ¥ vo | vi | va | vi| ve vo | vi | ve | va
19 Tde | T4AT Tds | Tdas | T46 | T46 | TA7 Tiio] T1101T111|T111
Vo | Yo vo | vi | vae | vi| v vir | v1 | vo | w1
Tso | T8 Tag | Tas | Tso | TS0 | T8 T114| T114 |T115|T215
Layout of MMA_Atoms 20 (50 | T 049 149 f 150 | 10 | T3 14| 1114|1315 |11
141 1 H Ts4 | TS5 T53 | T3 | Ts4 | T54 | TS5 T11&8| T118 | T119|T119
Partition utilities 21 v | i vo | v | v | v1 | v v | V1| v | va
99 TsE | 750 57 | T57 | TS6 | TS6 | TEB T122| T122 | T123 | T123
vo | Yo vo | vi | v | vi | vo vio | w1 | Mo | V1
23 Taz | ThH3 Tel | Tel | Ta2 | T2 | TH: Ti2e| Ti2e | Tr27 | T127
vir | Vo vo | v | vae | vi | vo vir | v1 | vo | vi
24 T34 | T35 33 | T33 | T34 | T34 | T35 Tos | Tos | Tos | Tos
vi | ¥1 va | va | v2 | va | v2 va | va | vz | s
25 TaE | T30 TaT | TaT | T3k | T38| T30 Tz | Tz | Tis | T
Vi | V1 va | va | vz | va | ve va | va | vz | Vs
o6 Taz | Tas a1 | Ta1 | Taz | Taz | Tas T106 | T106 | T1or | T107
vi | ¥1 va | va | vz | va | v2 va | va | vz | s
2-?- Tde | TAT Tds | Tds | T46 | T46 | T4AT Ti10| T1100T210 | T111
vi | V1 va | va | vz | val ve va | va | vz | Vs
g Tso | T8 Tag | Tan | Tso | Ts0 | TE T114| T124 |T215 ] T215
vi | ¥1 va | va | vz | va | v2 va | va | vz | s
Eg Ts4 | Tas T3 | Ts3 | Ts4 | T=4 | TS5 Ti1&| T118|T119|T119
vi | Vi va | va | ve | va | v2 va | va | vz | v
30 Tsk | TS0 57 | T57 | TS6 | TS8 | TSB T122| T122 | T12% | T1 23
Vi | ¥1 va | va | vz | va | v2 va | va | vz | Vs
31 Ta2 | TH: Tel | Tel | Ta2 | Ta2 | Thl Ti2e| T126 | T127 | T127
vi | Vi va | va | ve | va | ve va | va | vz | v
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MMA Op

Raw PTX

Tiled MMA

Construct larger operations

MMA Traits

PTX meta-info

MMA Atom

Checked call interfaces
Fragment generation

T1iledMMA

Layout of MMA_Atoms
Partition utilities

Tiled_MMA mma = make_tiled_mma(
SM90_16x8x4_F64F64F64F64_TN{},
Layout<Shape<_2, _2>>{},
Layout<Shape<_1,_1>>{},
tuple<Layout<_2,_8>,_,_>{});

// 2x2 atom tile
// 1x1 value tile
// M-perm

= L ]

on

10

11

12

13

14

15

16

17

18

159

20

21

22

23

24

25

26

27

28

29

30

31

] 1 2 3
T1 | T2 | T3
Vo | vo | Vo
T1 | T2 | T3
Vi vV1| Vi
T4 | Ts | 1Ta | 17
Vool Vo | wo | Wi
T4 | ITs | 1Ta | TI7
V1 | V1 | V1 V1
Ta | Tia | T11
Vo | vo | Vo
Ta | T10 | T11
Vi vi| Vi
T12 | T13 | T14 | T15
Vool Vo | wo | Wi
T12 | T13 | T14 | T15
V1 | V1| V1 V1
T17 | T18 | T19
Vo | vo | Vo
T17 | T18 | T19
V1| vl | V1
Ta | T21 | T22 | T23
Vo | vio | vo | WO
Ta | T21 | T22 | T23
V1 | V1| V1 V1
T | TH | T27
Vo | vo | vo
T25 | TH | T27
Vi vV1 | Vi
T28 | T2 | Tan | T
Vo | Vo | o | WO
T28 | T2 | Taa | TH
Vi | V1] vVl | V]
T3 | T4 | Tis
Vo | vo | Vo
T3 | Tia | Tas
V1| vV1 | Vi
Tah | Ta7 | T38| Tag
Vo | Vo | o | WO
Tah | 'T37T | T38| Ta9
V1 | V1 | V1 V1
Tdl | T42 | T43
Vo | vo | Vo
Tdl | T42 | T43
Vi vV1| Vi
Tdd | Td45 | Ta6 | T4T
Vool Vo | wo | Wi
Tdd | Td45 | T46 | T4T
V1 | V1 | V1 V1
Td49 | THd | Thl
Vo | vo | Vo
Tdg | Thid | Tl
Vi v1| Vi
Ts2 | T53 | Th54 | Tha
Vo | vio | vo | WO
Ts2 | T53 | Ts4 | Tha
V1 | V1| V1 V1
Ts7T | T58 | Ts9
Vo | vo | Vo
T57 | T58 | THa
V1| vl | V1
Te | Tel | Ta2 | TH3
Vo | vio | vo | WO
Tel | Tel | Ta2 | TH3
V1 | V1| V1 V1

T1 | T5 | Ta | T13 | T17 | T21 | T25 | T29 | Tes | T69 | TT3 | T77 | T81 | T8 | T89 | Tui
VOO VO Vo | Vo | Vo Vo VD VD VR | ve [ VD ] VD | Vo | VD | Ve | v
T2 Te | T10 | T4 | T18 | T22 | T26 | T30 | Tae6 | T70 | T'74 | T78 | T82 | T86 | T90 | Ta94
VOO VO Vo Vo [ Vo] VO VD VD VD Ve [ VD VD VD VD VD | VD
T | T7 | Tl | Ti15|T19 | T23 | T27 | T3 | Te7 | T71 | T'7s | T79 | T83 | T57 | T91 | T9s
VO | vo Vo | Vo | Vo Vol VD | VD VR VD | YD v ] VD | VD] VD | VD
Ty | T2 | T2 | T8 | T% Ta5 | THs | 166 | Tas | TET | TET

V1| Vo | V1| Ve | V1 VOO VL VD | VL] VD | VL

T1 | T2 | T2 | Tq% | T3 Tas | Tos | 166 | Ta6 | TET | TGT

W3 | V2 Ve | V| Vi VELVE | OVZ | VA VE| VI

Td | T4 | T | T [ T6 | Te | T7 | T7 | Te8 | T68 | T69 | TE9 | T70 | T70 | T71 | TT1
A 0 I N T I T T I T T A I O L I O O N T A L (A O 0 A A T T A T I O T O I
Td | T4 | T | T [ T6 | Te | T7 | T7 | T68 | T68 | T69 | TE9 | 1T70 | T70 | T71 | TT71
W2l OWE | V2| VE | V2 Ve VE VR VR VE | VE VR VE VR V2 VR
To | Tio | T10 | T11 | T11 T8 | T74 | T74 | T75 | TTR

V1| Vo | V1| Ve | V1 V1| vo | VI | VD | V1

Ta | Tio | Tio | T11 T3 | T74 | T7T4 | T75 | TT5

W3 | V2| V3| Va2 1 0 B T I T T O T

T2 | T12 | T13 | T13 | T | T4 | T15 | T15 | T76 | T | T77 | IT77 | T78 | T78 | T79 | TTW
A 0 I N T I T T I T T A I O L I O O N T A L (A O 0 A A T T A T I O T O I
T3 | T3 [ T4 | T4 | T15 | T15 | T76 | T | T77 | T77 | 1T7&8 | T78 | T79 | TTw

V2| W3 | V2 VI WVE VR VE VR | VE VR VEl VR VEZE] VR

T17 | T17 | T15 | T15 | T18 T81 | T's2 | T's2 | T83 | TH3

VO | VL vo | v VD VI | vp | VI VD | V1

T17 | T17 | T15 | T1s | T19 T81 | T82 | T's2 | T83 | T81

V2| V3 | V2| Ve | V2 Vil Ve | Vil V2| VI

TH | T20 | 'T21 | T21 | T22 | 'T22 | T23 | T23 | TB4 | T8R4 | TS | T8 | T86 | T86 | T8T | TAT
VO O VI Vo | VI Vo VL Ve VL VD VL VD VL VD VL VD | VL
TH) | T20 | T21 | T21 | T22 | T22 | T23 | T23 | T84 | T8R4 | TRS | T85 | T's6 | Ts6 | T87 | TAT
W2l OWE | V2| WE | V2 VE | VE VR VE VR | VE VR VElVE]VE VR
T | T2 | T26 | T2T 189 | ‘a0 | “['90 1 1

V1| Vo | VI | VD V1| Vo | V1 ‘l":ﬂl ‘{Fl

T2 | T26 | T26 | T27 189 | T90 | Tygo | Tl | T91

W3 | V2| V3| Va2 Vil VE | V| VE | VI

T28 | T28 | T29 | T29 | Tio | T30 | T31 | Ta31 | To2 | T92 | TH3 | T93 | T94 | T94 | T9s | T95
VO O| WL VD | VT | Vo VI VD VI VD VE VD VL VD[ VL VD | VL
T28 | T28 | T29 | T29 | Ti0 | ‘T30 | T31 | T31 | To2 | T92 | Tu3 | Ta3 | Ta9d4 | T94 | Tas | Tas
V2 W3 |V va v vae Ve VI Ve | VE [ VR VE | VEVELVEZ| VR
Ti3 | T4 | T4 | Tas Ta97 | T49s | Tus | T99 | T9a

V1| Vo | VI | v V1| ve | VI | VD | ¥

Ta3 | T4 | T34 | Tas T97 | T9= | T49s | T99 | T99

W3 | V2| V3| Va2 Vil VE | V| VE | VI

Tasi | Taa | T37 | Ta7 | Tas | Tas | T39 | T39 [T | T | 'T101 |"Trot Ui T TS | TS
VO | VI Vo | VI | Vo VI VD | VI VD] VL YD VL VD[ VL VD | VL
Tag | Tas | 'T37 | Ta7 | Tas | 'Tas | T39 | T39 |"Timd | T | Tio1 ("Trot Ui U2 TS | TS
W2 | OWE | V2| VE | V2 Ve VE VR VR VE | VE VR VE VR V2| VR
T41 | T42 TL0G |1 | TI0T | T

V1 | VO Yool VL | Vo | V1

T41 | T42 T10 | T |T0T | 1T

Wi | V2 VELOVE | VZ | Vi

T45 | T46 | 'T46 | TA7 | T47 |T108 | 'T108 | Trod [T riwo | riwa (Tl [ 'Tii

VI|Vo VI VD VI VD] VL VD VL VD[ VL VD | VL

T45 | T46 | 'T46 | TA47 | T47 |T108 |'T108 | Trod [T Ui riag (Tl T

VIl OVZ2OVE | VE | VRl VE ] OVE | OVE VR VEl VR V2| VR

T49 | TH0 | Ts50 T113|T113|'T114 |'T'114 | T115 | T115

V1| Vo | VI VoL VL vD | VL] VD | VL

T49 | T50 | 'T50 T113 | T113 | 114 | T114 |'T115 | T115

W3 | V2| V3 VELVE L OVZ | VA VE | VI

Ts2 | TH2 | T3 | TH3 | Thd | Thd | THS | THS |'T116 |'T116 |'T117 [ T117 | T118 ([ T118 | T119 | T119
VO | VI Vo VI Vo VLIV VL VD | VL YVD VL VD VL VD | VL
Ts2 | Ts2 | T3 | Ts3 | Tsd | Thd | Tas | TS5 |T116 | T11&6 |'T117 |'T117 | 'T118 |'T118 |'T'119 | T119
W2 OWE | V2| WE | V2 VR VE VR VE VR | VE VR VE VR VE VR
T57 | T57 | T68 | T5a T121 | T1Z1 |'T122 | T122 |'T123 | T123

VO | V1| Vo | vl VOO VL vD | VL] VD | YV

T57 | T57 | ThH8 | Th& T121 |'T121 [T122 | T122 |'T123 | T123

V2| V3| V2| V3 VELVE | OVZ | VA V2| VS

Tl | T60 | Tl | Tl | Ta2 | T2 | T63 | TGS |'T'124 |"T124 |'T125 ['T125 | 'T126 | T126 | T127 | T127
VO | VI Vo VI Vo VLIV VL VD | VL YVD VL VD VL VD | VL
Thd | T60 | T61 | Tal | T2 | 'T62 | T63 | T63 |T124 | T124 |'T125 |'T125 | 'T136 | 'T126 | 'T127 | T127
W2 OWE | V2| WE | V2 VR VE VR VE VR | VE VR VE VR VE VR
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Robust and Universal Representation Power
TiledMma across generations

// Hopper tensor core MMA, 128 threads // Maxwell SIMT fp32 MMA

TiledMma<MMA_Atom<SM90_64x128x16_F32F16F16_SS>> TiledMMA<
MMA_Atom<UniversalFMA<float>>,

Layout<Shape<_8, _16,_1>>, // Atom tiling
Layout<Shape<_2, _2,_1>>, // Val tiling

Tile<Underscore, // No Permute
// Volta tensor core MMA, 128 threads Layout<_2, _16>> // Permute N
TiledMma< > )
MMA_Atom<SM70_8x8x4_F32F16F16F32_NT>,
ComposedLayout<Swizzle<1,0,-1>{}, // Swizzled Atom layout

Layout<Shape <Shape <_2,_2>,Shape <_2,_2>>,
Stride<Stride<_1,_4>,Stride<_2,_8>>>>,

Layout<Shape<_2, _2>>{}, // 2x2x1 Val tiling
Tile<Layout<Shape<_4,_2,_2>,Stride<_1,_32,_8>>, // Permute M
Layout<Shape<_4,_2,_2>,Stride<_1,_32,_8>>> // Permute N

S

)

// Pascal int8->int32 SIMT MMA, 256 threads
TiledMma<
MMA Atom<SM61 DP4A> // Ampere tensor core MMA, 128 threads

.7 TiledMMA<
Layout<Shape<_16,_16>>, // 16x76x1 atom tiling
Layout<Shape< _4, _1>>, // 4x1x1 Val tiling MMA_Atom<SM80_16x8x8_F32TF32TF32F32_TN>,

- Layout<Shape <_2,_2,_1>
Tile<Layout<_4,_16>>. Permute M P = '
: . yOurs-%. - '/ ! Stride<_2,_1,_1>>, // 2x2x1 Atom tiling
' Layout<Shape<_1,_2,_1>> // 1x2x1 Val tiling

>

)

-

-

>
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0 1 2 3 4 &5 T 8 9 10 11 12 13 14 15

&
0 T | T4 | TR | T12 | T16 | T20 | T24 | T28 | Ted | TeR | T72 | T76 | TS | T84 | TSE | T92

e @, O e
Vib [ Vo | Vo | vo | vo | vo M| vo | va | vo | Vo | va | Vo | Vo | vo | Vo
enera Ize a r I Ion I n { | TU| Ts T8 [Ti3 | T17 T2 | T25 | T2 | TES | Te4 | T74 | T77 | T8l | Tss | Tas | Tad
Vb [ Vo | Vo | Vo | Vo | Vo | Vo | Vo | Vo | Vo | Vo | va | Vo | Vo | Vo | Vo

7 2 Te | 1D 114 | Tls | 132 | TG | L3 | Ies | LWk | 174 | LT8R | Ls2 | Lae | 19D | 14
ViR | Voo | VDO VD [ VD | Vo | Vo | VDO v | VO Vo Wa | VD Vo | Vi | VD

[ } [ )
Write canonical loops for all GPU N EY F o e e P B Fr e B e E e
lI|."‘IF lI|."I:I Vi Vi Vi 1I.'III Vi L Wil Wil Wil Wil Vi Vi Vi Vi

g 1 2 3

: 0 1o ) I o 12§ LA i | oy | 11 | T | T2 T | LS | LS | Ted | Ted | 165 | 165 | 'I66 | 166 | D67 | 16T
il il il L L | [ 1 [ 1 0 1 il 1 il 1 i 1 L 1
MMA Op MMA Traits valvafvafvel jvolvivolvivolvilvoviVolvivolvivovive |y
— — 1 1o ) 11 o 132 1'3 iy | 'O | Tl T T |12 | T3 | 13 | Ted | 'Ted | 165 | 165 | 166 | 166 | 167 | IG7
_ Vi | V| V| v ve [ v | vz | va | wve | vE [ va | va [ va | va | ve | va | vz | ova | ve | vs
RaW PTX PTX meta_l nfo 2l T4 ) T5 | I T 14 14 T T | Te | I | 17 | 17 | 'Tes | TeB | Tel | 1al | "Lk | 1570 | L7L | 171
Wil Wil Vil Vi Vi | V1 V| W1 Yol Wl Vi W1 Wil V1 Vil W1 Vi | V1 Vi | V1
3 A T B A I 'd |04 15 | 15 | T'e | Ie | 17 | 17 | I'es | IeB | Lty | "Ll | L5 | L7700 °LTL | LTL
vi | vl | V1| v ve | va | vz | va | vz | wvs | vz | wvs|va|va|va|va|ve|va|ve|va
4 - A B LI e I O I - I e I I R i A A (e e e R e O A O O A I A B
Vil | Wi | VO | Vi Ve | VIO VD | VL VD | VI Vo | W1 Vil | V1| VO | V1| VD V1| VD | VL
5 & | 19§ Ty 11l TR | TR | 'T% | Th | 110 | T1o | 711 | P11 | 0v2 | 172 | 173 193 |15 | 154 LTS | 1T
Vi | v | Vi | v ve [ wva | ve | va | ve | vs | va | va | va|va|va|va|ve|va|ve|va
— J12 1144 ) 11 | 'Lla T1E | U1E | ULE | ULE | Ul | F1d | 215 | P15 | U96 | 176 | 177 17T | LTR | LTE | LT | LT
Tensor A = // .. could be a ny 1 ayout 6 | va | vo | va | wve Vo | VI | Vo | i | v | va | v [ v | v | v va | v [ Vo [ v | ve | v
— 112 ) 113 | 114 | 'I'la 112 |11 | 1T'1d | 118 | 114 | Tl | 115 | FLS |06 | 196 | LT | L77 | L8 | LE | LTh | ITh
Tensor B = // .. could be a ny 1 ayout Tlvi|vi|wvi|w va | va | va | va | vz |va|ve|vs|ve|va|va|va|va|va|va| s
q ']I.';Ill.l'i '{lT 'Jli;]!'!- ']Ii:]".-l' -J'il:}E ']IiI:IEI.E j{}? ]_:I"IlT" '{llﬁ -}.,-lﬂ 'II.I;II“.-I '|I.';Il“.-| 'II.';IIHI 'JI.';II'HF 'Jli;i"nl ']Ii;ﬁl '{E"' 'Jlill'fn:.'.' ']Iill";"ll'li JIZII.'I-‘:'I:'I:
il il fl L] ¥ 1 [ 1 n 1 0 1 il 1 fl 1 iy 1 L 1
g 116 | 117 | T18 | 'I'1% 116 | 'Ile | T'17 | 117 | I'ls | T1s | T19 | F19 | Usd | Tedk | 181 § 181 | 182 | 182 | "I&E | DA
OIMn Vi | v | V1| v vz [ wva | vz | va | vz |vs|vz|vs|vz|va|va|va|vz|va|ve|wa
——— — TaE ) 1T21 | 122 | '123 1200|120 | 121 | 121 | 122 | W22 | T23 | T23 | Ted | 'Ied | 185 | 185 | I'sh | 186 | 18T | T'87
Checked Call interfaces Tlled MMA mma make tlled mma ( 10 Wil Wil Vil Vi Vi | V1 Voo W1 Vool Wl Vi W1 Wil V1 Vil W1 Vi | V1 Vi | V1
) | TR | 122 ) L2 120 20 | 21 | 21 | 122 | 132 | P23 | TER | Ued | 1ed | 1ss | &S | Lsh | LSk | L8T | LAT
E i i SM90_1 6X8X4 F64F64F64F64_TN { } iy vi | vi| v ve | Ve | vz | va | vz | vs | vz | vs | vz |va|ve|wva|ve|va|ve|wa
ragment generation < < >>{} : o P . PR PSR B P D DR S D D — p—
T2 | T25 | T26 | T27 T2 | T2 | T25 | T25 | T2 | T26 | T27 | TZ7 | TES | Tes | Ts% | Tsy | 90 | 190 | T491 | T91
L a yo u t S h a p e - 2 ) — 2 ) / / 2 X2 a t O m t 1 1 e 12 Vi | VO o VO | YD Wi WL Vo | VI VD] VI Vo | W1 Vil | V1| VO | V1| VD V1| VD | VL
-ayout<Shape<-. —18»{}» /7 1x1 value tile Y REEN | BEEREEEREEEERE
t u e < L a O u t < > > { } ) : / / M - e rm TER Ty ) CLEE | L] 2R | TU2E | 2% | 129 | 160 | 10 | Ea1 | CLA1 | s 12 Cled §oled | oled | oled s | LY
p y - = P=r = ! p 121 Vo | vo | Vo | vo VIE | VL VD | VL Ve | VL[ Vo | VL[ v | v | vo | v | ve | v [ v [ vl
TES | 124 ) 1A | 3] 128 | 128 | 1728 | 129 | 140 | Tdo | T3l | D31 | T2 | 1592 ) '19d | '19d | 1ed | 1ad | 19s | Y9GS
15w [ v | v | v Ve | wa | V2 | va | vz | vs | va | vs | vz |va|ve|va|ve|va|ve|vs
s i A O B T3 | L3Z | Lad | I8 | IS | 1L | Tada | Lda | U6 | 16 | 197 | 197 | 1898 | la9s | '19E | 19D
h h . 1 1 . h . 16 Vil | Y| YO | YD Ve | VI VD | VL VD | V] Vo | Wl Vil | V1| VO | V1| V| V1| Vi | VL
T r — M MA t r — mm a - t 1 e d — mm a ° g e t — S 1 C e ( t r e a d I d X * X ) ) 17 Ta2 ) T ) TEd | LS TAZ | 'IA3E | Tad | I35 | 1N | Tad | Ta5 | D45 | 16 | 16 | 197 | 197 | 198 | 198 | 1498 | 1495
. V| V1| V1| v vz | wva | vz | va | vz | vs | vz |vs|vz|va|ve|va|ve|va|ve|va
T l l e d ‘ V‘ ‘V ‘ 18 TG | 1AT | 1ER | IS Tae | Lae | 37 | 137 | Tds | Tas | 139 | D38 | T10ir | U100 10T | TIOT | U002 )11 T HES | '1T14ES
Wil Wil Vil Vi Vi | V1 Voo W1 Vool Wl Vi W1 Wil V1 Vil W1 Yo | V1 Vi | V1
19 JI."II:'H1 '{:'IZT Jli.:i!'!- ']Ii:.?'.-l' '{?E ']Iil:l-FE ]l:llll-l3'|" ]_:I"IE? J_:I':l:'l-ﬂ %ll:'l-ﬂ 'II.'lII"I-“.-I II.'|II:'|I".-| 'I:"%EHF 'I.;'lllll:ll:l 'l:l}ill. 'l:I:.IZIl 'l;:.il:.:.' 'l:l::l'IF'.E 'l:l:l'lﬁ 'l;:lllﬁ
T e o o 1 1 fll 1 2 4 . 3 ‘2 '3 2 & 2 & 2 '3 F2 4 . 4
Layo Ut Of IVI IVI A_AtO m S e n S O r t C rA = t h r - mm a * m a ke - f r a g me n t _A ( t h r - mm a * pa rt 1 t 10 n _A ( A ) ) y T ) Tdl | 142 | 14l Al | ldn | T4dL | 1Al | Td2 | T2 | 143 | Tda | 110d | U1od | UL | TL0S | U6 | 1L T |11
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Tiled Copy Copy Op Copy Traits

Raw PTX PTX meta-info

Layouts of COPYs

Copy_Atom copy_atom = Copy_Atom<SM75_U32x4_LDSM_N>{};

// tiled copy inherits accumulator layout from tiled_mma
TiledCopy tiled_copy = make_tiled_copy_A(copy_atom, tiled_mma); Copy_Atom
Checked call interfaces
ThrCopy thr_copy = tiled_copy.get_slice(thread_idx);
Tensor thr_A = thr_copy.partition_S(A); // V, M, K
Tensor cpy_rA = thr_copy.retile_D(rA); // V, M, K

// Perform a (V,M) -> (V,M) copy via LDSM

copy(copy_atom, thr_A(_,_,k_block), cpy_rA(_,_,k_block)); :
Ti1ledCopy

Layout of Copy Atoms
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Temporal Micro-kernel layer:
Collectives




CUTLASS 3: Collective API

cutlass::gemm::collective: :{Gemm|Epilogue}

* Implements a temporal microkernel template <

class DispatchPolicy,
class TileShape,

* Can be warp-specialized class ElementA,

* Can have async spatial microkernels (Producer-Consumer pipelines) class SmemlLayoutA,
class ElementB,

class SmemLayoutB,

» Dispatch policies used for composability with any outer loop schedule class ElementC,

class ArchTag,

class TiledMma,

* Pipelined execution of multiple spatial microkernels

* Each collective computes only one full or partial output tile

* Load balancing: stream/split K

* Output tile swizzling for L2 locality class GmemCopyAtomA
» Static or dynamic persistent scheduling class SmemCopyAtomA,
* Mainloop fusions class GmemCopyAtomB,
class SmemCopyAtomB
>
// Dispatch policy examples struct CollectiveMma;

// 2 stage pipeline through 1 stage in smem, 1 in rmem, with predicated gmem loads
struct MainloopSm70TwoStage;

// n-buffer in smem (cp.async), pipelined with registers, WITHOUT predicated gmem loads
struct MainloopSm8OCpAsyncUnpredicated;

// n-buffer in smem (TMA), pipelined with Hopper GMMA and TMA, Warp specialized dynamic
schedule
Struct MainloopSm98TmaGmmaWarpSpecialized;
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Writing Custom Kernels

Write custom mainloops (micro-kernels), compose with existing schedule (outer loops) via dispatch policies

Write custom schedules (outer loops), compose with existing mainloops (micro-kernels) via dispatch policies

Kernel layer totally agnostic of # of in/out tensors and the semantics of the computation itself

Kernel is a composition of a mainloop and an epilogue: compose any epilogue with mainloop

templatec<
1nt Stages_,
class ClusterShape_ = Shape<_1,_1,_1>,
class KernelSchedule KernelTmaWarpSpecialized

>

struct MyCustomHopperMainloopWoot {
constexpr static int Stages = Stages_;
using ClusterShape = ClusterShape_;
using ArchTag = arch: :Sm99;
using Schedule = KernelSchedule;
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Batched GEMM

template <class AEngine, class AlLayout,
class BEngine, class BlLayout,
class CEngine, class ClLayout>
CUTE_HOST_DEVICE constexpr void
gemm(Tensor<AEngine, ALayout> const& A, // (M,K,L)
Tensor<BEngine, BLayout> const& B, // (N,K, L)
Tensor<CEngine,CLayout> & C) // (M,N, L)
{
for (int 1 = 9; 1 < size<2>(A); ++1) {
for (int k = 0; k < size<1>(A); ++k) {
for (int m = 0; m < size<B@>(A); ++m) {
for (int n = 0; n < size<6>(B); ++n) {

) ;
cute::gemm(C(m,n,1), A(m,k,1), B(n,k,1));
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GETT

Rank-3 Algorithm

template <class AEngine, class AlLayout,
class BEngine, class BlLayout,
class CEngine, class ClLayout>
CUTE_HOST_DEVICE constexpr void
gett(Tensor<AEngine, ALayout> const& A, // (
Tensor<BEngine, BLayout> const& B, // (
Tensor<CEngine, CLayout> & C) // (

==X
= X X
— — r—
N— N

{
for (int 1 = 0; 1 < size<2>(A); ++1) A
for (int k = 0; k < size<1>(A); ++k) {
for (int m = 0; m < size<B@>(A); ++m) {
for (int n = 0; n < size<6>(B); ++n) {

) ;
cute::gemm(C(m,n,1), A(m,k,1), B(n,k,1));

} Cmnﬂp — Amnkpr Bfnrk < > C(mp) (f)(n

‘ "Row mode" \

):

AN B

(mp)(kr)(n)

f//f”

"Col mode"

(kr)(£)(n)

i "Reduction mode" \
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GETT Strides

Power of hierarchical layouts

// Stride for A multi-modes, major mode in contraction dims

using RowModeStridesA = Str1de<1nt64 t, inté4_t, int64_t, int64_t>;
using RedModeStridesA = Stride< Int<1>, int64_t, int64_t>;

using BatModeStridesA = Stride<int64_t, int64_t, int64_t, inté4_t>;

// Stride for B multi-modes, major mode in column dims

using ColModeStridesB = Str1de< Int<1>, int64_t, int64_t, int64_t>,;
using RedModeStridesB = Str1de<1nt64_t, inté4_t, int64_t>;

using BatModeStridesB = Stride<int64_t, int64_t, int64_t, inté4_t>;

// Stride for C multi-modes

Cmp) (£)(n

using RowModeStridesC = Stride<int64_t, int64_t, int64_t, int64_t>; "Row mode”
using ColModeStridesC = Str1de<1nt64_t, int64_t, int64_t, int64_t>;
using BatModeStridesC = Stride<int64_t, int64_t, int64_t, int64_t>;

// Compose full tensor strides from components, following mode order convention

using StrideA
using StrideB
using StrideC

Stride<RowModeStridesA, RedModeStridesA, BatModeStridesA>;
Stride<ColModeStridesB, RedModeStridesB, BatModeStridesB>;
Stride<RowModeStridesC, ColModeStridesC, BatModeStridesC>;

"Batch mode"

= A(mp) kr) (n) Birer) #)(n)

)

.
_
N

"Col mode" |

"Reduction mode"
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CUTLASS 3.0 GETT

CUTLASS 3.0 Hopper GEMMs are GETTs in Disguise

// Build the mainloop type
using CollectiveMainloop = typename cutlass::gemm::collective::CollectiveBuilderc<
ArchTag, OperatorClass,
ElementA, StrideA, AlignmentA,
ElementB, StrideB, AlignmentB,
ElementAccumulator,
TilesShape, ClusterShape,
cutlass::gemm: :collective: :StageCountAuto,
cutlass::gemm: :collective: :KernelScheduleAuto
>::CollectiveOp;

// Build the epilogue type
using CollectiveEpilogue = cutlass::epilogue: :collective: :DefaultEpiloguec<
StrideC,
StrideD,
cutlass::epilogue: :thread: :LinearCombination<
ElementC, 1, ElementAccumulator, ElementAccumulator>>;

// Compose both at the kernel layer, and define the type of our problem shape tuple
using GettKernel = cutlass::gemm: :kernel: :GemmUniversalc<
ProblemShape_MNKL, // still a rank-4 tuple, but now is hierarchical
CollectiveMainloop,
CollectiveEpilogue>;

// Device layer handle to the kernel
using Gett = cutlass::gemm: :device: :GemmUniversalAdapter<GettKernel>;

45 <ANVIDIA I



Conclusions

CUTLASS 3.x is an embodiment and generalization of the BLIS philosophy for GPU linear algebra
Arch agnostic, two level micro-kernel abstraction for GPU programming model
Usability and extensibility across the conceptual hierarchy
Emphasis on composability
Easy paths to incremental optimizations
Correctness by construction

Spatial Micro kernels provide a uniform representation for highly optimized math/copy operation sequences
Robust representation power across Maxwell, Pascal, Volta, Turing, Ampere, Hopper architectures
Native tile-based programming model with thread layouts as first-class citizens
Freely composable with temporal micro-kernels

Generalizes partitioning as composition followed by a slice

Temporal micro-kernels generalize deep async software pipelines
Each temporal micro-kernel uses arch-specific synchronization pattern
Allows for composability with arbitrary spatial micro-kernel for code reuse
Freely composable with any outer loops schedule
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Thank You!

Come check us out on GitHub!
Thriving community of HPC and ML experts
Nearly 2 million downloads per month
Adoption across hundreds of applications and frameworks
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Generalizing Partitioning
With CuTe




Layout Composition

f:(2,7) — offset

F:e < (i,7) — offset

(Fa o Fp)(c) = Fa(Fp(c)) = Fp(c)

where layout B has a compatible shape with layout B.

That is, all coordinates (1-D, n-D, h-D) of B are also coordinates of B
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Indexing/Slicing Into Hierarchical Layouts

Shape: ((2, (2, 2)), (2, (2, 2))) Layout mortonT make_layout(Shape<_2,_2>{}, Stride<_1,_2>{})
. Layout morton2 = blocked_product(morton1, mortoni);
Stride: ((1, (4,16)), (2, (8,32)))

Layout morton3 = blocked_product(mortonl, morton2);
II!! SN SN

Tensor A = make_tensor(counting{}, morton3);

* Logical coordinates are 1D, 2D, hD

| A(37) = 49
i — A(5,4) = 49
ﬂ § 44| 46 A((1,2),(0,2)) = 49
- R 45 | 47 A((1,(0,1)),(0,(0,1))) = 49
- 06 | 28 « Slice along logical sub-boundaries
s 57 | 59 e A(_,2) = [8; 9; 12; 13; 24; 26; 28; 29]
60 | 62 - A((_,1),(_,2)) = [36, 38;
61 | 63 | Lm 37, 39]
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Composition Power
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Composition Power




Composition Power

((2,3))
((1,4))

Values
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Composition Power

((2,3))
((1,4))

Values
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Composition Power

((2,3))
((1,4))

Values
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Composition Power

((2,3))
((1,4))

Values

((2, 2))
((2,12))

Threads
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Composition Power

Thr Val

((2, 2), (2,3)) A function from (tid,vid) to coord ¢
((2,12), (1,4))

((2, 2))
((2,12))

Threads
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Composition Power

((2,3))

((1,4))
Values Thr Val

8 — ((2, 2), (2,3)) A function from (tid,vid) to coord c
((2,12), (1,4))

((2, 2))
((2,12))

Threads
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Composition Power

((2,3))

((1,4))
Values Thr Val

8 — (2, 2), (2,3)) A function from (tid,vid) to coord c
((2,12), (1,4))

89

((2, 2))
((2,12))

Threads
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Composition Power

((2,3))
((1,4))
Values Thr Val

8 — (2, 2), (2,3)) A function from (tid,vid) to coord c
((2,12), (1,4))

((2, 2))
((2,12))

Threads

22

23

89
(TP TP T EEET] O —> —
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Composition Power

Thr Val
((2, 2), (2,3)) A function from (tid,vid) to coord c
O ((2,12), (1,4))
(2,2)) g )
(( ? )) I-E  Tensor input = make tensor (. . .);

composition (input, thr val);
input TV (tid, )

- [ -
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Composition Power

Moral of the story:
Thr  Val Given a map (thr,val) -> coord,
(2, 2), (2,3)) Partitioningis simply functional
(2, 2)) ‘,': ((2,12), (1,4))  composition followed by slicing
’ o
((2’12)) E 'T(-;nsor input = make tensor(. . .);
ITensor input TV = composition (input, thr val);

| Tensor thr input input TV (tid, ) ;
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