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Lecture 26: Programming Tensor Cores
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Reading Assignment #14 (until Dec 8)

Read (required):

* Look at CUDA C++ Programming Guide 13.0
— Chapter 10.24 Warp Matrix Functions
— Chapter 10.29 Async. Data Copies using the Tensor Memory Accelerator (TMA)
— Chapter 10.30 Encoding a Tensor Map on Device

* Look at PTX Instruction Set Architecture 9.0 Tensor Core Instructions
— Chapter 5.5 Tensors
— Chapter 9.7.14 Warp Level Matrix Multiply-Accumulate Instructions
— Chapter 9.7.15 Async. Warpgroup Level Matrix Multiply-Accumulate Instructions
— Chapter 9.7.16 TensorCore 5th Generation Family Instructions

* Look at NVIDIA GTC talks

— GTC 2019: Programming Tensor Cores, Andrew Kerr et al.
https://developer.download.nvidia.com/video/gputechconf/gtc/2019/

presentation/s9593-cutensor-high-performance-tensor-operations-in-cuda-v2.pdf
— GTC 2025: Programming Blackwell Tensor Cores with CuTe and CUTLASS,

Cris Cecka, Mihir Awatramani
https://www.nvidia.com/en-us/on-demand/session/gtc25-s72720/



Quiz #3: Dec 11

Organization
* First 30 min of lecture

* No material (book, notes, ...) allowed

Content of questions
* Lectures (both actual lectures and slides)
* Reading assignments
* Programming assignments (algorithms, methods)

« Solve short practical examples



Programming Tensor Cores




NVIDIA Architectures (since first CUDA GPU)

Markus Hadwiger, KAUST

oy
—
«

Voltacc 7.0,7.21: 2017/2018

+ GV100, ...
(Tesla V100, Titan V, Quadro GV100, ...)

Turing [cc 7.5]: 2018/2019

+ TU102, TU104, TU106, TU116, TU117, ...
(Titan RTX, RTX 2070, 2080 (Ti), GTX 1650, 1660, ...)

Ampere [CC 8.0, 8.6, 8.7, 8.8]: 2020

- GA100, GA102, GA104, GA108, ...; [Nintendo Switch 2]
(A100, RTX 3070, 3080, 3090 (Ti), RTX A6000, ...)

Hopper [cc 9.0], Ada Lovelace [cC 8.9]: 2022/23

+ GH100, AD102/103/104/106/107, ...
(H100, H200, GH200, L20, L40, L40S, L2, L4,
RTX 4080 (12/16 GB), RTX 4090, RTX 6000 (Ada), ...)

Blackwell [cC 10.0, 10.1(-11.0), 10.3, 12.0, 12.1]: 2024/2025

+ GB100, GB200, GB202/203/205/206/207, G10, ...
(RTX 5080/5090, HGX B200/B300, GB200/GB300 NVL72,
RTX 4000/5000/6000 PRO Blackwell, B40, ...)

see https://en.wikipedia.org/wiki/List _of Nvidia_graphics_processing units
and https://en.wikipedia.org/wiki/CUDA 9



Tensor Cores (15t — 5t Generation)

Tensor Core History & Features

( \ / \ / Hopper \ / Blackwell \

Volta ol ﬁﬁgﬂfgm (sm_90a) GB100 (sm_100a)
(sm_70) &

FP8/FP16/BF16 FP4/FP6/FP8/FP16

N FP16 IS Bﬁ\}%}ﬁzl L TF32/FP64 INTS/4/1 BF16/TF32/FP64 INT8/4
atacenter 4 Sparsity Sparsity
GPUs 8-threads wide Sparsity Block-scaling FPx
: 4-warp-wide
1024 FP16 Flops per warp-wide Shmem inputs 4 warps x 2 CTA async
clock per SM TMEM + Shmem
(4 x more Flops!) ggffls';f g bicr ] 4096 FP16 Flops

per clock per SM 8192 FP16 Flops/clock/SM

Ada Blackwell

Ampere
. (sm_75) SO — FP8/FP16 FP4/FP6/FPB/FP16
IE R e : . BF16/TF32/ BF16/TF32/ iNTB/4
Universal datacenter FP16 INT8/4/1 'NTB/A.'“ INT8/4/1 Sparsit
GPUs Sparsity Sparsit Blo::k-icaliny FPx
warp-wide P y g
warp-wide . e
1024 FP16 Flops warp-wide warp-wide
Ber glockipersid i o 1024 FP16 Flops 1024 FP16 Flops
K j K PEFCIOER pex S / \ per clock per SM / K per clock per SM /
(Peak FP16 Flops per clock per SM, without sparsity) nViDIA I

Markus Hadwiger, KAUST 6



Tensor Cores (15t — 5th Generation)

Tensor Core History & Features

/ \ / \ / Hopper \ / Blackwell \

Volta ¥ ﬁﬁgﬂfgm (sm_90a) GB100 (sm_100a)
(sm_70) =
FPS8/FP16/BF16 FP4/FP6/FP8/FP16
N FP16 FPIG Bm?gﬁ” Fied TF32/FP64 INTS/4/1 BF16/TF32/FP64 INT8/4
atacenter ' i
o 4k ; Sparsity Sparsity Spars!ty
-threads wide Block-scaling FPx
: 4-warp-wide
1024 FP16 Flops per warp-wide Shmem inputs 4 warps x 2 CTA async
clock per SM TMEM + Shmem
(4 x more Flops!) ggffls':‘f g bicr ] 4096 FP16 Flops
per clock per SM 8192 FP16 Flops/clock/SM

Ada Blackwell

Ampere
Turing GA10x (sm_86/87) (sm_89) GB20x (sm_120)
. (sm_75) SO — FP8/FP16 FP4/FP6/FPB/FP16
IE R e : . BF16/TF32/ BF16/TF32/ iNTB/4
Universal datacenter FP16 INT8/4/1 g\gﬁlja INT8/4/1 Sparsity
GPUs warp-wide Sparsity Block-scaling FPx
warp-wide . e
1024 FP16 Flops warp-wide warp-wide
Ber glockipersid i o 1024 FP16 Flops 1024 FP16 Flops
K j K PEFCIOER pex S / \ per clock per SM / K per clock per SM /
(Peak FP16 Flops per clock per SM, without sparsity) nViDIA I

Markus Hadwiger, KAUST 7



NVIDIA Volta SM

Multiprocessor: SM (CC 7.0)
64 FP32 + 64 INT32 cores
32 FP64 cores
32 LD/ST units; 16 SFUs

8 tensor cores
(FP16/FP32 mixed-precision)

4 partitions inside SM

* 16 FP32 + 16 INT32 cores each
8 FP64 cores each
8 LD/ST units; 4 SFUs each
2 tensor cores each

Each has: warp scheduler,
dispatch unit, register file

SM

L1 Instruction Cache

L0 Instruction Cache L0 Instruction Cache.
Warp Scheduler (32 thread/clk) Warp Scheduler (32 thread/clk)
Dispatch Unit (32 thread/clk) Dispatch Unit (32 thread/clk)
Register File (16,384 x 32-bit) Register File (16,384 x 32-bit)
FP64 INT INT FP32 FP32 FP64 INT INT [FP32 FP32
FP64 INT INT |FP32 FP32 FP64 INT INT FP32 FP32
FP64 INT INT FP32 FP32 FP64 INT INT |[FP32 FP32
FP64 INT INT |FP32 FP32 TENSOR TENSOR FP64 INT INT [FP32 FP32 TENSOR TENSOR
FP64 INT INT |FP32 FP32 CORE CORE FP64 INT INT FP32 FP32 CORE CORE
FP64 INT INT [FP32 FP32 FP64 INT INT FP32 FP32
FP64 INT INT FP32 FP32 FP64 INT INT [FP32 FP32
FP64 INT INT FP32 FP32 FP64 INT INT [FP32 FP32
LD/ LD/ LD/ LD/ LD/ LD/ LD/ LD! LD/ LD/ LD/ LD/ LD/ LD/ LD/ LD
ST ST ST ST ST ST ST ST SFU ST ST | ST ST ST ST ST ST SFU
Warp Scheduler (32 thread/clk) Warp Scheduler (32 thread/clk)
Dispatch Unit (32 thread/clk) Dispatch Unit (32 thread/clk)
Register File (16,384 x 32-bit) Register File (16,384 x 32-bit)
FP64 INT INT FP32 FP32 FP64 INT INT FP32 FP32
FP64 INT INT FP32 FP32 FP64 INT INT |[FP32 FP32
FP64 INT INT |FP32 FP32 FP64 INT INT [FP32 FP32
FP64 INT INT |FP32 FP32 TENSOR TENSOR FP64 INT INT FP32 FP32 TENSOR TENSOR
FP64 INT INT |FP32 FP32 CORE CORE FP64 INT INT FP32 FP32 GORE GORE
FP64 INT INT FP32 FP32 FP64 INT INT [FP32 FP32
FP64 INT INT [FP32 FP32 FP64 INT INT FP32 FP32
FP64 INT INT FP32 FP32 FP64 INT INT [FP32 FP32
LD/ LD/ LD/ LD/ LD/ LD/ LD/ LD/ LD/ LD/ LD/ LD/ LD/ LD/ LD/ LD
ST ESTH ESTH (FsSTY BsTH st B ST N ST SFU ST | |'ST ||"sT |[I'ST 'St |'sT | st ST SFU

128KB L1 Data Cache / Shared Memory

Tex Tex

Tex Tex




Tensor Cores (15t — 5th Generation)

Tensor Core History & Features

( \ / \ / Hopper \ / Blackwell \

Volta ol ﬁﬁgﬂfgm (sm_90a) GB100 (sm_100a)
(sm_70) &

FP8/FP16/BF16 FP4/FP6/FP8/FP16

N FP16 IS Bm?gﬁ” L TF32/FP64 INTS/4/1 BF16/TF32/FP64 INT8/4
atacenter 4 Sparsity Sparsity
GPUs 8-threads wide Sparsity Block-scaling FPx
: 4-warp-wide
1024 FP16 Flops per warp-wide Shmem inputs 4 warps x 2 CTA async
clock per SM TMEM + Shmem
(4 x more Flops!) ggffls':‘f g bicr ] 4096 FP16 Flops

per clock per SM 8192 FP16 Flops/clock/SM

Ada Blackwell

Ampere
Turlng GA10x (sm_86[87) (5m_89) GB20x (sm_l 20)
o g (sm_75) O — FPB/FP16 FP4/FPE/FPB/FP16
IE R e : . BF16/TF32/ BF16/TF32/ iNTB/4
Universal datacenter FP16 INT8/4/1 'NTB/A.'“ INT8/4/1 Sparsit
GPU Sparsity : REtElty
S warp-wide Sparsity Block-scaling FPx
warp-wide . e
1024 FP16 Flops warp-wide warp-wide
per clock per SM i o 1024 FP16 Flops 1024 FP16 Flops
\ / K PEFCIOER pex S / \ per clock per SM / K per clock per SM /
(Peak FP16 Flops per clock per SM, without sparsity) nViDIA I

Markus Hadwiger, KAUST 9



NVIDIA Turing SM

Multiprocessor: SM (CC 7.5)
* 64 FP32 + INT32 cores
« 2 () FP64 cores

« 8 Turing tensor cores
(FP16/32, INT4/8 mixed-precision)

* 1 RT (ray tracing) core

4 partitions inside SM
* 16 FP32 + INT32 cores each
* 4 LD/ST units; 4 SFUs each
« 2 Turing tensor cores each

« Each has: warp scheduler,
dispatch unit, 16K register file

| Warp Schediler + Dispatch (32thread/clk) | |~ Warp Scheduler + Dispatch (32 thread/clk)

Register File (16,384 x 32-bit) Register File (16,384 x 32-bit)

TENSOR
CORES

TENSOR

INT32 FP32 CORES

INT32 FP32

LDIST LDIST LD/ST LD/ST SFU LD/ST LDIST LDIST LD/ST SFU

Warp Scheduler + Dispatch (32 thread/cik) Warp Scheduler + Dispatch (32 thread/clk)

Register File (16,384 x 32-bit) Register File (16,384 x 32-bit)

TENSOR
CORES

TENSOR

INT32 FP32 CORES

INT32 FP32

LDIST LDIST LDIST LDIST SFU LDIST LDIST LO/IST LDIST SFU

96KB L1 Data Cache / Shared Memory

Tex Tex




Tensor Cores (15t — 5th Generation)

Tensor Core History & Features

( \ / ) / Hopper \ / Blackwell \

Volta 5 ﬁ[)g?s?nrgo) (sm_90a) GB100 (sm_100a)
(sm_70) =

FP8/FP16/BF16 FP4/FP6/FP8/FP 16

FP16 SR TF32/FP64 INT8/4/1 BF16/TF32/FP64 INT8/4
Da’g;snter . Soarsity Sparsity Sparsity
S 8-threads wide Block-scaling FPx
! 4-warp-wide
1024 FP16 Flops per warp-wide Shmem inputs 4 warps x 2 CTA async
clock per SM TMEM + Shmem
(4 x more Flops!) ggfg,g&' g et 4096 FP16 Flops

per clock per SM 8192 FP16 Flops/clock/SM

Ada Blackwell

Ampere
Turing GA10x (sm_86/87) (sm_89) GB20x (sm_120)
. (sm_75) SO — FP8/FP16 FP4/FP6/FPB/FP16
IE R e : . BF16/TF32/ BF16/TF32/ iNTB/4
Universal datacenter FP16 INT8/4/1 g\gﬁlja INT8/4/1 Sparsity
GPUs warp-wide Sparsity Block-scaling FPx
warp-wide . e
1024 FP16 Flops warp-wide warp-wide
Ber glockipersid i o 1024 FP16 Flops 1024 FP16 Flops
K j K PEFCIOER pex S / \ per clock per SM / K per clock per SM /
(Peak FP16 Flops per clock per SM, without sparsity) nViDIA I

Markus Hadwiger, KAUST 11



NVIDIA GA100 SM

Multiprocessor: SM (CC 8.0)
64 FP32 + 64 INT32 cores
32 FP64 cores
4 3 gen tensor cores

1 2" gen RT (ray tracing) core

4 partitions inside SM

* 16 FP32 + 16 INT32 cores
8 FP64 cores
8 LD/ST units; 4 SFUs each
1 37 gen tensor core each

Each has: warp scheduler,
dispatch unit, 16K register file

L1 Instruction Cache

INT32 INT32

INT32 INT32

INT32 INT32

INT32 INT32

INT32 INT32

INT32 INT32

INT32 INT32

INT32 INT32

LD/ LD/
ST sT

Lo instruction Cache
Warp Scheduler (32 thread/clk)
Dispatch Unit (32 thread/clk)

Register File (16,384 x 32-bit)

FP32 FP32  FPe4
FP32 FP32  FP64
FP32 FP32  FPe4
FP32 FP32  FP64

TENSOR CORE
FP32 FP32  FPe4
FP32 FP32  FPe4

FP32 FP32 FP64

FP32 FP32 FP64

LD/ LD/ LD/ LD/ LD/ LD/
ST ST ST ST ST ST

INT32 INT32

INT32 INT32

INT32 INT32

INT32 INT32

INT32 INT32

INT32 INT32

INT32 INT32

INT32 INT32

LD/ Lor
ST ST

L0 Instruction Cache
Warp Scheduler (32 thread/clk)
Dispatch Unit (32 thread/clk)

Register File (16,384 x 32-bit)

FP32 FP32 FP64
FP32 FP32 FP64
FP32 FP32 FP64
FP32 FP32  FPo4
TENSOR CORE
FP32 FP32  FP64
FP32 FP32  FP64

FP32 FP32 FP&4

FP32 FP32  FP64

LD/ LD/ LD/ Lo/ LD/ LD/
ST ST ST ST ST ST SFU

INT32 INT32

INT32 INT32

INT32 INT32

INT32 INT32

INT32 INT32

INT32 INT32

INT32 INT32

INT32 INT32

LD/ LD/
ST sT

Warp Scheduler (32 thread/clk)
Dispatch Unit (32 thread/clk)

Register File (16,384 x 32-bit)

FP32 FP32  FP64
FP32 FP32  FP64
FP32 FP32  FP64
FP32 FP32  FP64
TENSOR CORE
FP32 FP32  FP64
FP32 FP32  FP64
FP32 FP32  FPe4
FP32 FP32  FP64

Lo/ LD/ LD/ LD/ LoD/ LD/
ST ST ST ST ST ST SFU

INT32 INT32

INT32 INT32

INT32 INT32

INT32 INT32

INT32 INT32

INT32 INT32

INT32 INT32

INT32 INT32

LD/ LD/
ST ST

Warp Scheduler (32 thread/clk)
Dispatch Unit (32 thread/clk)

Register File (16,384 x 32-bit)

FP32 FP32  FP64
FP32 FP32  FP64
FP32 FP32  FPo4
FP32 FP32  FPe4

TENSOR CORE
FP32 FP32  FP64
FP32 FP32  FPe4

FP32 FP32 FP64

FP32 FP32  FPo4

LD/ LD/ LD/ LD/ LD/ LD/
ST ST ST ST ST ST

192KB L1 Data Cache / Shared Memory

Tex

Tex




Tensor Cores (15t — 5th Generation)

Tensor Core History & Features

( \ / \ / Hopper \ / Blackwell \

Volta ol ﬁﬁgﬂfgm (sm_90a) GB100 (sm_100a)
(sm_70) &

FP8/FP16/BF16 FP4/FP6/FP8/FP16

N FP16 IS Bm?gﬁ” L TF32/FP64 INTS/4/1 BF16/TF32/FP64 INT8/4
atacenter 4 Sparsity Sparsity
GPUs 8-threads wide Sparsity Block-scaling FPx
: 4-warp-wide
1024 FP16 Flops per warp-wide Shmem inputs 4 warps x 2 CTA async
clock per SM TMEM + Shmem
(4 x more Flops!) ggffls':‘f g bicr ] 4096 FP16 Flops

per clock per SM 8192 FP16 Flops/clock/SM

Ada Blackwell

Ampere
Turing GA10x (sm_86/87) (sm_89) GEZ0x(am. 120}
e (sm_75) e FPS/FP16 FP4/FP6/FPB/FP16
~ Gaming & BF16/TF32/ BFI6/TF32/ INT8/4
Universal datacenter FP16 INT8/4/1 g\]g?/sﬂ] INT8/4/1 Sparsity
GPUs N—— PSS Sparsity Block-scaling FPx
1024 FP16 Flops warp-wide warp-wide warp-wide
Ber glockipersid b L 1024 FP16 Flops 1024 FP16 Flops
K j \ P P / \ per clock per SM / K per clock per SM /
(Peak FP16 Flops per clock per SM, without sparsity) <nvipiA I

Markus Hadwiger, KAUST 13



NVIDIA GA10x SM

Multiprocessor: SM (CC 8.6)
» 128 (64+64) FP32 + 64 INT32 cores
« 2 () FP64 cores

« 4 31 gen tensor cores

« 1 2"d gen RT (ray tracing) core
4 partitions inside SM
» 32 (16+16) FP32 + 16 INT32 cores
* 4 LD/ST units; 4 SFUs each

« 1 3" gen tensor core each

« Each has: warp scheduler,
dispatch unit, 16K register file

INT32

INT32

LD/ST

LO i-Cache + Warp

Register File (16,384 x 32-bit)

LLLLL

Register File (16,384 x 32-bit)

LD/ST

+ Disp (32

TENSOR
CORE
3rd Gen

LLLLL

LO i-Cache + Warp Scheduler + Dispatch (32 thread/clk)

TENSOR
CORE
3rd Gen

LD/ST LD/ST SFU

—

—_—

— \“Zﬁﬂ"G

128KB L1 Data Cache / Shared Memory

RT CORE @

|
? n

LO i-Cache + Warp Schedul

+D
P

INT32

LLLLLLLLLL

Register File (16,384 x 32-bit)

(32 th

TENSOR
CORE
3rd Gen

+ Di

e

LO i-Cache + Warp Schedul

INT32

LD/IST LD/ST LD/ST LD/ST

{

eration

Register File (16,384 x 32-bit)

(32t

TENSOR
CORE
3rd Gen

SFU




Tensor Cores (15t — 5th Generation)

Tensor Core History & Features

( \ / \ / Hopper \ / Blackwell \

Volta % ﬁﬁgﬂfgm (sm_90a) GB100 (sm_100a)
(sm_70) o

FP8/FP16/BF16 FP4/FP6/FP8/FP16

N FP16 IS Bm?gﬁ” L TF32/FP64 INT8/4/1 BF16/TF32/FP64 INT8/4
atacenter 4 Sparsity Sparsity
GPUs 8-threads wide Sparsity Block-scaling FPx
. 4-warp-wide
1024 FP16 Flops per warp-yide Shmem inputs 4 warps x 2 CTA async
clock per SM TMEM + Shmem
(4 x more Flops!) ggfglsflz geFrIc"spl\?l 4096 FP16 Flops

per clock per SM 8192 FP16 Flops/clock/SM

Ada Blackwell

Ampere
Turing GA10x (sm_86/87) (sm_89) GB20x (sm_120)
. (sm_75) SO — FP8/FP16 FP4/FP6/FPB/FP16
IE R e : . BF16/TF32/ BF16/TF32/ iNTB/4
Universal datacenter FP16 INT8/4/1 g\gﬁlja INT8/4/1 Sparsity
GPUs warp-wide Sparsity Block-scaling FPx
warp-wide . e
1024 FP16 Flops warp-wide warp-wide
Ber glockipersid i o 1024 FP16 Flops 1024 FP16 Flops
K j K PEFCIOER pex S / \ per clock per SM / K per clock per SM /
(Peak FP16 Flops per clock per SM, without sparsity) nViDIA I

Markus Hadwiger, KAUST 15



I L1 Instruction Cache |
[ LO Instruction Cache I L0 Instruction Cache ‘\
Warp Scheduler (32 thread/clk) Warp Scheduler (32 thread/clk)
N V | D I A Dispatch Unit (32 thread/clk) Dispatch Unit (32 threadiclk)
Register File (16,384 x 32-bit) Register File (16,384 x 32-bit)
INT32 FP32 FP32 FP64 INT32 FP32 FP32 FP64
INT32 FP32 FP32 FP64 INT32 FP32 FP32 FP64
INT32 FP32 FP32 FP64 INT32 FP32 FP32 FP64
INT32 FP32 FP32 FP&4 INT32 FP32 FP32 FP64
M u |t| rocessor: S M CC 9 O INT32 FP32 FP32 FP64 INT32 FP32 FP32 FP64
p . . INT32 FP32 FP32 FP64 INT32 FP32 FP32 FP64
INT32 FP32 FP32 FP64 INT32 FP32 FP32 FP64
128 FP32 64 |NT32 INT32 FP32 FP32 FP64 TENSOR CORE INT32 FP32 FP32 FP64 TENSOR CORE

° + INT32 FP32 FP32 FP64 4™ GENERATION INT32 FP32 FP32 FP64 4" GENERATION
CO re S INT32 FP32 FP32 FP64 INT32 FP32 FP32 FP64
INT32 FP32 FP32 FP64 INT32 FP32 FP32 FP64
INT32 FP32 FP32 FP64 INT32 FP32 FP32 FP64
d 64 FP64 cores INT32 FP32 FP32 FP84 INT32 FP32 FP32 FP84
INT32 FP32 FP32 FP6d INT32 FP32 FP32 FP64
th INT32 FP32 FP32 FP64 INT32 FP32 FP32 FP64
INT32 FP32 FP32 FP64 INT32 FP32 FP32 FP64

* 4x 4" gen tensor cores
LD/ LD/ LD/ LD/ LD/ LD/ LDi LD/ SFU LD/ LD/ LD/ LD/ LD/ LD/ LD/ LD/ SFU

ST ST ST ST ST ST ST ST ST ST ST ST 8T ST ST sT

» ++ thread block clusters, DPX insts., FP8, TMA

| L0 Instruction Cache ] LO Instruction Cache |
1+ : H Warp Scheduler (32 thread/clk) Warp Scheduler (32 thread/clk)
4 pa rtltl O n S I n Sld e S M Dispatch Unit (32 thread/clk) Dispatch Unit (32 thread/clk)

32 F P32 + 1 6 I NT32 COFGS Register File (16,384 x 32-bit) Register File (16,384 x 32-bit)

INT32 'FP32 FP32 FPB4 INT32 'FP32 | FP32 FPB4
FP 4 INT32 FP32 FP32 FP64 INT32Z FP32 FP32 FP64
16 6 INT32 FP32 FP32 FP64 INT32 FP32 FP32 FP64
cores INT32 FP32 FP32 FP64 INT32 FP32 FPa2 FP6a
INT32 FP32 FP32 FP64 INT32 FP32 FP32 FP64
e INT32 FP32 FP32 FP64 INT32 FP32 FP32 FPB4
8X LD/ST UnItS, 4 SFUS eaCh INT32 FP32 FP32 FP64 INT32 FP32 FP32 FP64
INT32 FP32 FP32 FP64 TENSOR CORE INT32 FP32 FP32 FP64 TENSOR CORE
th INT32 |FP32 FP32 FP64 4™ GENERATION INT32 FP32 FP32 FP64 4™ GENERATION
1 INT32 |FP32 FP32 FP64 INT32Z FP32 FP32 FP84
X 4 gen tensor core eaCh INT32 FP32 FP32 FP84 INT32 FP32 FP32 FP84
INT32 FP32 FP32 FP&4 INT32 FP32 FP32 FP64
. INT32 FP32 FP32 FP64 INT32 FP32 FP32 FP64
Each has: warp SCthUler, INT32 FP32 FP32  FPs4 INT32 FP32 FP32  FPea
. . . . INT32 FP32 FP32 FPe4 INTaZ FP32 FP32 FP64
dlspatch unrt, 16K reg|ster f||e INT32 FP32 FP32 FP64 INT32Z FP32 FP32 FP64
LD/ LD/ LDi LD/ LD/ LD/ LDJ LD/ SFU LD/ LD/ LD/ LD/ LD/ LD/ LD/ LD/ SFU

ST ST ST ST ST ST ST ST ST ST ST ST ST ST ST ST

Tensor Memory Accelerator
256 KB L1 Data Cache / Shared Memory
Markus Hadwiger, KAUST Tex Tex Tex Tex




Tensor Cores (15t — 5th Generation)

Tensor Core History & Features

( \ / \ / Hopper \ / Blackwell \

Volta ol ﬁﬁgﬂfgm (sm_90a) GB100 (sm_100a)
(sm_70) &

FP8/FP16/BF16 FP4/FP6/FP8/FP16

N FP16 IS Bm?gﬁ” L TF32/FP64 INTS/4/1 BF16/TF32/FP64 INT8/4
atacenter 4 Sparsity Sparsity
GPUs 8-threads wide Sparsity Block-scaling FPx
: 4-warp-wide
1024 FP16 Flops per warp-wide Shmem inputs 4 warps x 2 CTA async
clock per SM TMEM + Shmem
(4 x more Flops!) ggffls':‘f g bicr ] 4096 FP16 Flops

per clock per SM 8192 FP16 Flops/clock/SM

Ada Blackwell

Ampere
Turing GA10x (sm_86/87) (sm_89) GB20x (sm_120)
. (sm_75) SO — FPB/FP16 FP4/FPE/FPB/FP16
‘ saming & FP16 INT8/4/1 INT8/4/1 BF16/TF32/ BF16/TF32/ INT8/4
Universal datacenter /./ INT8/4/1 Sparsit
GPUs Sparsity Sparsit Block. sealing FP
warp-wide RAlSLY 9
warp-wide o Lsqm
1024 FP16 Flops warp-wide warp-wide
Ber glockipersid i o 1024 FP16 Flops 1024 FP16 Flops
K ) k perclock per S / \per clock per SM / K per clock per SM /
(Peak FP16 Flops per clock per SM, without sparsity) <nvipiA I

Markus Hadwiger, KAUST 17



NVIDIA AD102 SM

Multiprocessor: SM (CC 8.9)
» 128 (64+64) FP32 + 64 INT32 cores
« 2 (1) FP64 cores (not in diagram)
* 4x 4th gen tensor cores

« 1x 3@ gen RT (ray tracing) core

* ++ thread block clusters, FP8, ... (?)

4 partitions inside SM

» 32 (16+16) FP32 + 16 INT32 cores
* 4x LD/ST units; 4 SFUs each
« 1x 4t gen tensor core each

« Each has: warp scheduler,
dispatch unit, 16K register file

Markus Hadwiger, KAUST

SM

LD i-Cache + Warp Scheduler + Dispatch (32 thread/clk)

Register File (16,384 x 32-bit)

FP32 T

/ FP32 GENERATION
INT32 TENSOR CORE

LD/ST Lo/sT LDiST LDIST SFU

L0 i-Cache + Warp Scheduler + Dispatch (32 thread/clk)

Register File (16,384 x 32-bit)

FP32 T

/ FP32 GENERATION
INT32 TENSOR CORE

LD/ST LDIST LD/ST LD/ST SFU

L0 i-Cache + Warp Scheduler + Dispatch (32 thread/clk)

Register File (16,384 x 32-bit)

FP32 L

/ FP32 GENERATION
INT32 TENSOR CORE

LD/IST LD/ST LDiST LD/ST SFU

L0 i-Cache + Warp Scheduler + Dispatch (32 thread/clk)

Register File (16,384 x 32-bit)

FP32 o

/ FP32 GENERATION
INT32 TENSOR CORE

LD/ST LDIST LD/ST LD/ST SFU

128 KB L1 Data Cache / Shared Memory

Tex

Tex

RT CORE
3rd Generation




Tensor Cores (15t — 5th Generation)

Tensor Core History & Features

( \ / \ / Hopper \ / Blackwell \

Volta ol ﬁﬁgﬂfgm (sm_90a) GB100 (sm_100a)
(sm_70) &

FP8/FP16/BF16 FP4/FP6/FP8/FP16

N FP16 IS Bm?gﬁ” L TF32/FP64 INTS/4/1 BF16/TF32/FP64 INT8/4
atacenter 4 Sparsity Sparsity
GPUs 8-threads wide Sparsity Block-scaling FPx
: 4-warp-wide
1024 FP16 Flops per warp-wide Shmem inputs 4 warps x 2 CTA async
clock per SM TMEM + Shmem
(4 x more Flops!) ggffls':‘f g bicr ] 4096 FP16 Flops

per clock per SM 8192 FP16 Flops/clock/SM

Blackwell
GB20x (sm_120)

_ Ampere Ada
Turing GA10x (sm_86/87) (sm_89)

. (am_75) SO — FPB/FP16 FP4/FPG/FP8/FP16
~ Gaming & FP16 INT8/4/1 INTBIA/T BFi16/TF32/ BF16/TF32/ INT8/4
Universal datacenter Spar/si{y INT8/4/1 Sparsity
GPUs warp-wide Sparsity Block-scaling FPx
warp-wide . e
1024 FP16 Flops warp-wide warp-wide
Ber glockipersid i o 1024 FP16 Flops 1024 FP16 Flops
k j K PEFCIOER pex S / \ per clock per SM / K per clock per SM
(Peak FP16 Flops per clock per SM, without sparsity) <nvipiA I
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LO#-Cache + Warp Scheduler + Dispatch (32 thread/clk) ‘ LOi-Cache + Warp Scheduler + Dispatch (32 thread/clk) |

Register File (16,384 x 32-bit) Register File (16,384 x 32-bit)

NVIDIA Blackwell SM

5TH 5TH

FP32 [ INT32 GENERATION FP32 /INT32 GENERATION
TENSOR CORE TENSOR CORE

CC 12.0 SM (GB 202 Multiprocessor)
* 128 FP32/INT32 cores
« 2 FP64 cores

« 4x 5t gen tensor cores
* ++ thread block clusters, DPX insts., FP8, NVFP4, TMA

Register File (16,384 x 32-bit) Register File (16,384 x 32-bit)

4 partitions inside SM sm s
FP32 /INT32 Tﬁrg:gg& FP32 /INT32 %gn;g&i
32 FP32/INT32 cores
e 4x LD/ST units each

« 1x 5t gen tensor core

128 KB L1 Data Cacr;e / Shared Memory
« Each has: warp scheduler, rex rex
dispatch unit, 16K register file 4TH GENERATION RT CORE

BN || O

Box Intersection Engine Triangle Cluster Intersection Engine Linear Swept Spheres

il =

Opacity Micromap Engine Triangle Cluster Compression Engine

Markus Hadwiger, KAUST




Tensor Cores (15t — 5th Generation)

Tensor Core History & Features

( \ / \ / Hopper \ ’/ Blackwell \

Volta ol ﬁﬁgﬂfgm (sm_90a) GB100 (sm_100a)
(sm_70) =

FP8/FP16/BF16 FP4/FPG/FP8/FP16

ot FP16 FPIG Bm?gﬁ” Fied TF32/FP64 INT8/4/1 BF16/TF32/FP64 INT8/4
atacenter ; Sparsity Sparsity
GPUs 8-threads wide Sparsity Block-scaling FPx
: 4-warp-wide
1024 FP16 Flops per warp-yide Shmem inputs 4 warps x 2 CTA async
clock per SM TMEM + Shmem
(4 x more Flops!) ggffls':‘f g bicr ] 4096 FP16 Flops

per clock per SM 8192 FP16 Flops/clock/SM

Ada Blackwell

Ampere
Turing GA10x (sm_86/87) (sm_89) GB20x (sm_120)
. (sm_75) SO — FP8/FP16 FP4/FP6/FPB/FP16
IE R e : . BF16/TF32/ BF16/TF32/ iNTB/4
Universal datacenter FP16 INT8/4/1 g\gﬁlja INT8/4/1 Sparsity
GPUs warp-wide Sparsity Block-scaling FPx
warp-wide . e
1024 FP16 Flops warp-wide warp-wide
Ber glockipersid i o 1024 FP16 Flops 1024 FP16 Flops
K j K PEFCIOER pex S / \ per clock per SM / K per clock per SM /
(Peak FP16 Flops per clock per SM, without sparsity) nViDIA I
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Streaming Multiprocessor (SM)
L1 Instruction Cache
f LO Instruction Cache ] || | L0 Instruction Cache
‘Warp Scheduler (32 thread/clk) Warp Scheduler (32 thread/clk)
N V I D I A B I a C kwe I I S M Dispatch Unit (32 thread/clk) Dispatch Unit (32 thread/clk)
Register File (16,384 x 32-bit) Register File (16,384 x 32-bit)
64KB Tensor Memory (TMEM) 64KB Tensor Memory (TMEM)
CC 10.3 SM (GB300 Blackwell Ultra)
« 128 FP32/INT32 cores CORES. CORES
LOHMES (5TH GEN) CURES (5TH GEN)
» 64(?) FP64 cores
* 4x 5% gen tensor cores
LD/ST LD/ST LD/ST LD/ST LD/ST LD/ST LD/ST LDIST SFU LD/ST LD/ST LD/ST LD/ST LD/ST LD/ST LD/ST LDI/ST SFU

* Tensor Memory Accelerator (TMA) | rE—— J —

« ++ thread block clusters, DPX insts., FP8, NVFP4, — —
256 KB Tensor Memory (TMEM), needs 4 warps = =g e P
warp group for full TMEM access (1 warp/partition) psisaciiind b e filed s in s

64KB Tensor Memory (TMEM) 64KB Tensor Memory (TMEM)
4 partitions inside SM
» 32 FP32/INT32 cores
. — TENSOR — TENSOR
8x LD/ST units each CORES i S CORES = oo
1x 5" gen tensor core
64 KB Tensor Memory (TM EM) LD/ST LD/ST LD/ST LD/ST LD/ST LD/ST LDIST LDIST SFU LD/ST LD/ST LD/ST LD/ST LD/ST LD/ST LD/ST LDIST SFU
E.ach has: warp Sched.uler, _ Tensor Memory Accelerator (TMA)
dispatch unit, 16K register file t 256 KB L1 Data Cache / Shared Memory

Markus Hadwiger, KAUST Tex Tex Tex Tex




Tensor Core APIs (1)

Low-level options

« WMMA (Warp-level matrix multiply and accumulate; 4 quad pairs per warp)
— NVIDIA Volta — Ampere, Hopper
— CUDA C WMMA (Chapter 10.24)

— PTX wmma and mma (needed for some features; mma is PTX only) instructions
(PTX ISA 9.0 Chapter 9.7.14, 140 pages)

— SASS hmma instructions (not documented)

« WGMMA (Warpgroup-level matrix multiply and accumulate; 4 warps/warpgroup)
— NVIDIA Hopper
— PTX wgmma.mma_async (PTX ISA 9.0 Chapter 9.7.15, 53 pages); SASS
— Tensor memory accelerator (TMA) [no actual memory; only memory transfer]

« TCGENO5.MMA (TensorCore 5t generation family instructions; single-thread issue!)
— NVIDIA Blackwell (sm 10.0)
— PTX tcgen05.mma (PTX ISA 9.0 Chapter 9.7.16, 116 pages); SASS
— Tensor memory (TMEM) in the core (tcgen05.ld, tcgen05.st, tcgen05.cp); also use TMA!

Markus Hadwiger, KAUST 23



Tensor Core APIs (2)

Intermediate-level options (template libraries wrapping low-level code)

* NVIDIA CUTLASS (and CuTe)
Template abstractions for high-performance matrix-multiplies (GEMM)

CUTLASS 4.3.1 (November 2025)
https://github.com/NVIDIA/cutlass

High-level options
* NVIDIA cuBLAS
* NVIDIA cuDNN,

* Integration into TensorFlow, ...

Markus Hadwiger, KAUST 24



CUTLASS

Latency-tolerant pipeline from Global Memory
Conflict-free Shared Memory stores

Conflict-free Shared Memory loads

] H —
Blocked GEMM Thread Block Tile Warp Tile Tensor Op

L S -
v v

Global Memory Shared Memory Register File Tensor Cores

2 NVIDIA.




CUTLASS:

using Mma = cutlass::gemm::warp::DefaultMmaTensorOp<
GemmShape<64, 64, 16>,
half_t, LayoutA,
half_t, LayoutB,

float, RowMajor

>3
__shared__ ElementA smem_buffer_A[Mma::Shape::kM * GemmK];
__shared__ ElementB smem_buffer_B[Mma::Shape::kN * GemmK];
Mma::IteratorA iter_A({smem_buffer_A, lda}, thread_id);
Mma::IteratorB iter_B({smem_buffer B, ldb}, thread_id);
mE——]
PJ . Mma: :FragmentA frag_ A;
Mma: :FragmentB frag_B;
Mma: :FragmentC accum;
Mma mma;
accum.clear();
#pragma unroll 1
for (int k = @; k < GemmK; k += Mma::Shape::kK) {
Shared Memory Warp-level Tensor Cores

matrix multiply

iter_A.load(frag A);

iter_B.load(frag B);

++iter_A; ++iter_B;

mma(accum, frag_ A, frag B, accum);

}




CUTLASS:

using Mma = cutlass::gemm::warp::DefaultMmaTensorOp<
GemmShape<64, 64, 16>,
half_t, LayoutA,
half_t, LayoutB,
float, RowMajor

Tile Iterator Constructors: >;

Initialize pointers into permuted Shared Memory buffers -~ _zﬂgﬁgg_ Eigmggzg zm:m_gﬂggp_g%mg fgﬂgggf m : ggmﬂ
~ e e - — . e . F]

Mma::IteratorA iter_A({smem_buffer_A, lda}, thread_id);
Mma::IteratorB iter_B({smem_buffer B, 1ldb}, thread _id);

Fragments: Mma::FragmentA frag A;

Register-backed arrays holding each thread’s data @  ========- Mma::FragmentB frag_B;
Mma: :FragmentC accum;

Mma mma;

accum.clear();

Tile Iterator: #pragma unroll 1

load() - Fetches data from permuted Shared Memory buffers ~< _ T LHE k= R k< GemnKy k += Mmaz:Shape:kk) {

operator++() - advances to the next logical matrix in SMEM ~< .
~So ~ iter_A.load(frag A);
S iter_B.load(frag_B);

++iter_A; ++iter_B;
Warp-level matrix multiply:

Decomposes a large matrix multiply into Tensor Core operations —~ - _ _ _ _

mma(accum, frag A, frag B, accum);




Tensor Cores

Mixed-precision, fast matrix-matrix multiply and accumulate (mma)

D =

FP16 or FP32

FP16 or FP32

From this, build larger shapes (sizes), higher dimensionalities, ...

API currently only allows using larger shapes (16x16, ...)
in warps (wmma), warpgroups (wgmma),
warpgroups/CTA groups (tcgen05)

Markus Hadwiger, KAUST 28



Tensor Cores

Fused matrix multiply and accumulate
* Input matrices can be (at most) half-precision (FP16); (Ampere+ has more!)

* Accumulate can be FP16 or FP32; (Ampere+ has more!)

Sum with
FP16 Full precision FP32 Convert to
storage/input product accumulator FP32 result

more products

-_l—. 2N -
—© G
Fl6. :
P32

Markus Hadwiger, KAUST 29




PROGRAMMING TENSOR CORES IN CUDA

mma.sync (new instruction in CUDA 10.1)

Feeding the Data Path

CUTLASS 1.3 - Native Volta Tensor Cores GEMM

(March 20, 2019)




VOLTA MMA.SYNC

Warp-scoped matrix multiply instruction

mma.sync: new instruction in CUDA 10.1

Directly targets Volta Tensor Cores

Matrix multiply-accumulate
D=A"B+C
« A, B: half

« C, D: float or half

Warp-synchronous:

Four independent 8-by-8-by-4 matrix
multiply-accumulate operations




VOLTA MMA.SYNC

Warp-scoped matrix multiply instruction

Warp is partitioned into Quad Pairs = QPO ;
- QPO: To..T3 T16..T19 —
- QP1: T14..77 T20..723 f_
T QP

» QP2: 718..T11 T24..727
- QP3: T12..T15  T28..T31 Ex

(eight threads each) — Qe __
Each Quad Pair performs one 8-by-8-by-4 _ .qp3 —
matrix multiply =m |




COMPOSING MATRIX MULTIPLIES

Replicate data to compute warp-wide 16-by-16-by-4 matrix product

+ Ay, QPO,QP2
+ By QPO,QP1

A; 4t QP1, QP3
B 45t QP2, QP3

Bp..3 B4.7 Bgy.11 Bi12.15

Ag. 3 1
L app DL gpy 11
A4, 7 b Q Bl £ g ]
AB. 11+ |
= QP] — — QP} e
A2, 151 |

1 x mma.sync: 16-by-16-by-4

Bo.3 B4z Bo.3 B4.7 38.11 Bi2

.15 Ba.11 B12.15

|
=

.wv*.”__”m

B

Hi

i |




VOLTA MMA.SYNC D=A*B+C

PTX Syntax
mma.sync.aligned.m8n8k4.alayout.blayout.dtype.fl6.fl6.ctype d, a, b, c;

.alayout = {.row, .col};

.blayout = {.row, .col};

.ctype = {.f16, .¥32};

.dtype = {.f16, .f32}; ff"Tﬁifﬁﬁ
d: 8 x .dtype :

a: 4 x .f16 i

i 4. % ¥16 e

c: 8 x .ctype ;i;

Note: .f16 elements must be packed into .fl6x2

https:/ /docs.nvidia.com / cuda/ parallol- throad-execution/ index. himl#warp-level -matrix-instructions-mma




THREAD-DATA MAPPING - F16 MULTIPLICANDS

Distributed among threads in quad pair (QPO shown)

mma.sync.aligned.m8n8k4.alayout.blayout.dtype.f16.f16.ctype

.alayout = {.row, .col};
.blayout = {.row, .col};
a: 2 x .flex2 e = W
b: 2 x .f16x2 - -
B.row | TO Ti6
TL | T17
T2 Ti8
T3 T19
A.col
ro fri| T2 T3
q‘“
Rh“h
oI~ fjool o
Bm P = =] =
-]
21‘|'.:|n
o1 2 3 o1 2 3 4 5 & 7

COL-ROW (“NT”)

.l Il [ =

(FH) ma Ll (=]

] o L%} &

dJ aJ‘ bJ‘ CJ.

B.col JrojTi|T2) T3

Ti6
T1i7
Tig

Tig9

Fligh 01 2 3 4 5 &

ROW-COL (“TN”)

&ﬂ“’

L] L] et =)

-] (=0} um -



FEEDING THE DATA PATH

Efficiently storing and loading through shared memory

I R ==t =] '
—I 1
S = 3 Hlo|s (IO : |
L | | Fi.
vl | W | S i
— I HESm{@n=a il 1
| Ao O |
| H , &l 2R A i el v -_---"n
i | L
| _ P
Blocked GEMM I Thread Block Tile Warp Tile Thread Tile Epilogue Epilogue Modify
: Tile | Functor
” i 5 . 1 = N
Global Memory : Shared Memory Register File CUDA/Tensor Cores SMEM ,  CUDA Cores Global Memaory

See CUTLASS GTC 2018 talk for more details about this model.




CONFLICT-FREE ACCESS TO SHARED MEMORY

Efficiently storing and loading through shared memory

Bank conflicts between threads in the same phase
4B words are accessed in 1 phase

8B words are accessed in 2 phases:
* Process addresses of the first 16 threads in a warp

Process addresses of the second 16 threads in a warp

16B words are accessed in 4 phases: 128 bit access size

Each phase processes & consecutive threads of a warp

Slide borrowed from: Guillaume Thomas-Collignon and Paulius Micikevicius. "Volta Architecture and performance optimization.” GTC 2018.
http://on-demand. gputechconf.com/gtc/2018/ presentation/s81006-volta-architecture-and-performance-optimization. pdf




FEEDING THE DATA PATH

Efficiently storing and loading through shared memory

Must move data from shared memory to registers as efficiently as possible
128 bit access size
Conflict-free Shared Memory stores

Conflict-free Shared Memory loads

i — = i[o|o EEEE)
[] i |
! ]
. o B O (O L] [ 11
ﬂ ] I
i B HEEHHH
Blocked GEMM Thread Block Tile Warp Tile Thread Tile

- -

Global Memory Shared Memory Register File CUDA/Tensor Cores




MMA.SYNC GEMM: SPATIALLY INTERLEAVED

Accumulator tiles may not be contiguous

By - |— Bg 11 Bie 1 Baq, 27
[ E
Ao, 3 H - -
N
- QPO QP2
g ™ f
=i S Ag 11 I
e, Qp‘ﬂ P sz s
i A1 FEH H- u i
B @S| T g p: e
. ._fQFl KQFB
Az 27

1 x mma.sync: 16-by-16-by-4




MMA.SYNC GEMM: SPATIALLY INTERLEAVED

BU.,E E4..? BE"I_I Ell.lE Blﬁ,.lg 520.23524.,_2? BZB.,BI

Azg 31| | T T |

4 x mma.sync: 32-by-32-by-4 (spatially interleaved)

- —
AlE..lE 1 S

n‘2(]..23

Azs..31 H--HEEEH FEEHEERH R

BI}..E BE..ll BIE..IE 524..2?

Ba.7 Bia 15 Bag, 23Bag 31

s [

a
=

g
Ii




THREAD-DATA MAPPING - F16 MULTIPLICANDS

Tl T17
T2 | T18
T3 T1%9

A.col

1|T2] 13
64bits | |||

I
-l
=

Tl6
Ti8
T19

COL-ROW (“NT")



SPATIALLY INTERLEAVED: 128 BIT ACCESSES

BU.,E B4..? BE"I_I Ell.lE Blﬁ,.Lg 520.23524.,2? BZB.,BI

BI}..E BE..ll BIE..IE 524..2?

high
64 bits
Ba..7 Bi2.15Bag 23Bas 31

T

(spatially interleaved)

4 x mma.sync: 32-by-32-by-4




Ampere Tensor Cores: Mixed Precision

New in Ampere: TF32, BF16, FP64 FP32 FP32
matrix matrix
< Range Precision
°;" exponent mantissa R
or e 193 Format to TF32
~ : and multiply
FP32 I
. e8 ' m10
TF32 Bl Ll : FP32 accumulate
eS| mi0
FP16 E—{IIID je
e8 m7
BF16 BIIIIIMN(IIIIITl< i
Matrix

plus FP64 (new in Ampere; GA100 only)
plus INT4/INT8/binary data types (experimental; introduced in Turing)

Markus Hadwiger, KAUST 43



Ampere Tensor Cores: Sparsity Support

Sparse MMA instructions Sparse T T TTTTT] Input
_ Tensor Core ] 1§ ¥y activations
2:4 structured sparsity select 7 Uk -

dot-product

TR . 4

1

>

m—) |

Fine-grained Compress
structured
pruning i
Dense (2:4 non-zero) c: Non- Non- Output
trained _ " B Zero zero activations
weights Fine-tuning data indices

weights

Markus Hadwiger, KAUST 44



Tensor Cores: More Mixed Precision Options

New in Hopper: FP8

i FP8 FP8
¢Range  Precision matrix e
‘» exponent mantissa ‘
e8 m23 ;
FP32 B Jh 2y
e5 m10 .
FP16 §—IIIDIIIIIT— e
e8 = m7
BF16 [T TR
, e5 ‘ﬁr‘nz
EI_‘[[[I:D L convert
e4d m3
B— I FP32|FP16|BF16|FP8
' matrix
9 M)
Allocate 1 bit to either Support for multiple accumulator
range or precision and output types

plus other data types from before (INT4/INT8/binary, ...)

Markus Hadwiger, KAUST 45



Tensor Cores: Hopper vs. Ampere

(preliminary)

Markus Hadwiger, KAUST

FP8 Tensor
Core

FP16

FP16 Tensor
Core

BF16 Tensor
Core

FP32

TF32 Tensor
Core

FP64

FP64 Tensor
Core

INT8 Tensor
Core

H100 SXM5' H100 SXM5' H100 SXM5'
Sparse Speedup vs
A100
2000 TFLOPS | 4000 TFLOPS | 6.4x vs A100
FP16
78 TFLOPS | NA 120 TFLOPS NA 1.5x
312 TFLOPS | 624 TFLOPS | 1000 TFLOPS | 2000 TFLOPS | 3.2x
312 TFLOPS | 624 TFLOPS | 1000 TFLOPS | 2000 TFLOPS | 3.2x
19.5 TFLOPS | NA 60 TFLOPS NA 3.1x
156 TFLOPS | 312 TFLOPS | 500 TFLOPS 1000 TFLOPS | 3.2x
9.7 TFLOPS | NA 30 TFLOPS NA a.1x
19.5 TFLOPS | NA 60 TFLOPS NA 3.1x
624 TOPS 1248 TOPS | 2000 TFLOPS | 4000 TFLOPS | 3.2x

46



Tensor Memory Accelerator (TMA)

Asynchronous transfers

A100 H100
Using LDGSTS instr Using TMA Unit

Addr gen by threads
SM SM
Registers ‘ Registers
Threads } Threads
SMEM L1 Cache SMEM ‘ L1 Cache

Data + Tranant Reads

Addr gen by TMA

Global Memory Global Memory

Markus Hadwiger, KAUST 47



Hopper Tensor Cores - Blackwell Tensor Cores

Dy = zkAMxK * Byxn

MMA K

CTAM

CTAN

« 2x throughput vs Hopper: FP16, BF16, TF32, INT8, FP8

« Tensor Memory replaces Register Memory for Tensor Core input

and output.

+ Expands Async. MMA execution to Epilogues.

Blackwell

CTAAM
MMA M

CTAN InbUt ‘A Registers / Tensor Memory /
P Shared Memory Shared Memory
SCWE Operand
sourcing Input ‘B’ Shared Memory Shared Memory
5 (SHEN Accumulator ‘D’ Registers Tensor Memory
. Warpgroup \ .
Instruction issue (4 warps) I"thread
== Async. p
At execution i ;
Instructl.on Walrpgrogp wide SMEM mbarrier
completion arrive/waits

<ANVIDIA.




—— GEMMK —

—— GEMMK —

GEMM M

Blackwell Tensor Core

CTAM

CTAM

’ CTAN

B
(SMEM on SM 0)

(SMEM or RF
onSMO)

CTAN
Blackwell

tcgen05.mma

256

MMA M

CTAM

CTAM

Blackwell expands Tensor Core instruction to 2 SMs.

Pair of CTAs in 2x1 cluster execute an MMA across 2 SMs
< 2x1 cluster = 1 CTA pair

- 2x2 cluster > 2 CTA pairs in 1x2 layout

« 4x4 cluster > 8 CTA pairs in 2x4 layout

CTA Oin a 2x1 CTA pair is the “leader” CTA, elects 1 to thread
issue the MMA for both SMs/CTAs.

A, B and accumulator split evenly across 2 SMs; each SM
write/reads its local SMEM/TMEM.

<ANVIDIA.




tcgen05.mma 128x N x K

CTAK/
scale factor
width

CTAK/
scale factor

Blackwell Tensor Core

Support for New Block-scaled Formats

CTAN = MMAN

(SMEM)

Scale factor B
(TMEM)

Block-scaled type support in Tensor Core hardware: MXFP8,
MXFP6, MXFP4, NVFP4

MXFP8/FP6/FP4 support mixed AB input.

2x throughput vs Hopper FP8 for MXFP8/FP6/FP4.

4x throughput vs Hopper FP8 for NVFP4 and MXFP4 (non-mixed).

=MMAM

CTAM

\ width

A and B scaling factor matrices need to be sourced from TMEM..

Format name Data format ?grarl:‘at Can be mixed with
MXFP8 E4M3, E5M2 E8 or None MXFP6, MXFP4
MXFP6 E2M3, E3M2 E8 or None MXFP8, MXFP4
MXFP4 E2M1 E8 or None MXFP8, MXFP6
NVFP4 E2M1 E8, E4M3 -

<ANVIDIA.




Lane O
TMEM Lane 1
accessible by
warpOina
warp-group
Lane 31
Lane 32
TMEM
accessible by
warp 1ina
warp-group
Lane 63
TMEM Lane 64
accessible by
warp 2ina
warp-group
Lane 95
Lane 96
TMEM
accessible by
warp3ina
warp-group
Lane 127

Blackwell Tensor Memory (TMEM)

New memory on each SM for Tensor Core Inputs and Outputs

New memory on each SM; same size as the Register File: 256 KB.

TMEM shape: 128 lanes x 2 KB each (512 columns, 4 B per column).

+ Warps can only access TMEM within its sub-partition. Need a warpgroup to
access all of TMEM

Alloc/dealloc not automatically managed like SMEM.

- Kernels explicitly allocate and deallocate on the SM using tcgen05.alloc and
tcgenO5.dealloc instructions.

Used for Tensor Core (TC) ops. SIMT operations not supported on TMEM.

Warps explicitly move data in/out of TMEM before/after TC ops.
- RMEM €<= TMEM; tcgen05.load, tcgenO5.store PTX instructions

- TMEM €« SMEM; tcgen05.cp PTX instruction.

» Non-linear addressing; data is moved in blocks of pre-defined layouts.

<ANVIDIA.




CUDA C Warp Matrix Functions (WMMA)

Warp Level Matrix Multiply Accumulate (WMMA)
CUDA C++ Programming Guide (13.0), Chapter 10.24

namespace nvcuda: :wmma (and nvcuda: :wmma: : experimental)

template<typename Use, int m, int n, int k, typename T, typename Layout=void>
class fragment;

void load matrix sync(fragment<...> &a, const T* mptr, unsigned ldm);

void load matrix sync(fragment<...> &a, const T* mptr, unsigned ldm, layout t
layout) ;

void store matrix sync(T* mptr, const fragment<...> &a, unsigned ldm, layout t
layout) ;

void fill fragment (fragment<...> &a, const T& v);

void mma syne(fragment<...> &d, const fragment<...> &a, censt fragments<,..>

&b, const fragment<...> &c, bool satf=false);

Concept of a matrix fragment (section of a matrix split across threads in a warp)

Dimensionsm,n,k: mxk matrix a; kXn matrix b; mXn accumulator

Markus Hadwiger, KAUST 52



CUDA C Warp Matrix Functions (WMMA)

Data types (T)

wmma API splits

this into fragments

Markus Hadwiger, KAUST

Volta/Turing/Ampere/Hopper/Ada:

Matrix A Matrix B Accumulator Matrix Size (m-n-k)
__half __half float 16x16x16
__half __half float 32x8x16
__half __half float 8x32x16
__half __half __half 16x16x16
__half __half __half 32x8x16
__half __half __half 8x32x16
unsigned char unsigned char int 16x16x16
unsigned char unsigned char int 32x8x16
unsigned char unsigned char int 8x32x16
signed char signed char int 16x16x16
signed char signed char int 32x8x16
signed char signed char int 8x32x16

53



CUDA C Warp Matrix Functions (WMMA)

Data types (T)

Alternate Floating Point support: Ampere/Hopper/Ada Only'
Matrix A Matrix B Accumulator Matrix Size (m-n-k]
. __nv_bfloat1é __nv_bfloat1é float 16x16x16
wmma API split
a Sp S __nv_bfloat1é _nv_bfloat16 float 32x8x16
thIS Into fragments ~ nv bfloat1é ~ nv bfloat1é float 8x32x16
precision::tf32 precision::tf32 float 16x16x8
Double Precision Support: Ampere/Hopper Only
Matrix A Matrix B Accumulator Matrix Size (m-n-k]
double double double 8x8x4
Experimental support for sub-byte operations: Turing/Ampere/Ada:
Matrix A Matrix B Accumulator Matrix Size (m-n-k]
precision::u4 precision::u4 int 8x8x32
precision::s4 precision::s4 int 8x8x32
precision::b1 precision::b1 int 8x8x128
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CUDA C Warp Matrix Functions (WMMA)

Warp Level Matrix Multiply Accumulate (WMMA)
CUDA C++ Programming Guide 13.0, Chapter 10.24

$#include <mma.h>
using namespace nvcuda;

__global  void wmma ker (half *a, half *b, float *c) {
// Declare the fragments
wmma: : fragment<wmma: :matrix a, 16, 16, 16, half, wmma::col major> a frag;
wmma: : fragment<wmma::matrix b, 16, 16, 16, half, wmma::row major> b frag;
wnma: : fragment<wmma::accumulator, 16, 16, 16, float> c_ frag:;

// Initialize the output to zero
wmma: :£fill fragment (c_frag, 0.0f);

// Load the inputs
wmma: :load matrix sync(a _frag, a, 16);
wmma: : load matrix_sync(b_frag, b, 16);

// Perform the matrix multiplication
wmma: :mma_ sync(c_frag, a frag, b _frag, c frag):

// Store the output
wmma: :store matrix sync(c, c frag, 16, wmma::mem row major);
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PTX WMMA and MMA Instructions

PTX ISA 9.0, Chapter 9.7.14

Instruction  Sparsity Multiplicand Data-type Shape PTXISA version
wmma Dense Floating-point - .f16 .m16n16k16, PTXISA version 6.0
.m8n32k16, and
.m32n8klo6
wmma Dense Alternate floating-point .m16n16k16, PTX ISA version 7.0
format - .bf16 .m8n32k1l6, and
.m32n8k16
wmma Dense Alternate floating-point .m16nl6ks PTX ISA version 7.0
format - .t£32
wmma Dense Integer - .u8/.ss8 .m16nl6klé, PTX ISA version 6.3
.m8n32k16, and
.m32n8klo6
wmma Dense Sub-byte integer - .m8n8k32 PTX ISA version 6.3
.u4d/.s4 [preview feature)
wmma Dense Single-bit - .b1l .m8n8k128 PTX ISA version 6.3

[preview feature)
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PTX WMMA and MMA Instructions

PTXISA9.0

Instruction

mma

mma

mma

mma

mma

mma

mma

mma

mma

mma

mma

mma

Sparsity
Dense

Dense

Dense
Dense

Dense

Dense

Dense

Sparse
Sparse
Sparse
Sparse

Sparse

Multiplicand Data-type Shape

Floating-point - . £64

Floating-point - .f16

Alternate floating-point

format - .bf16

Alternate floating-point
format - .t£32

Integer - .us/.s8

Sub-byte integer -
.udf.s4

Single-bit - .b1

Floating-point - .£f16

Alternate floating-point
format - .bf16

Alternate floating-point
format - . t£32

Integer - .us/.s8

Sub-byte integer -
.ud/.s4

.m8n8k4
.m8ns8k4
.mlén8k8
.mlénB8klé

.ml16n8k8 and
.m16n8kl6

.mlé6n8k4 and

.mlén8k8
.m8n8klé

.m16n8k16 and
.mléen8k32

.m8nBk32
.m16n8k32 and
.mlén8k64d
.,m8nB8kl28,

.ml16nB8k128,

and .m16n8k256

.mlén8k16 and
.ml6én8k32
.m16n8k16 and
.mlén8k32
.m16n8k8 and
.m16n8k1l6
.m16n8k32 and
.mlénB8ke64

.mlén8ké4 and
.mlénB8kl28

PTX ISA version

PTX ISA version 7.0
PTX ISA version 6.4
PTX ISA version 6.5
PTX ISA version 7.0
PTX ISA version 7.0

PTX ISA version 7.0

PTX ISA version 6.5
PTX ISA version 7.0

PTX ISA version 6.5
PTX ISA version 7.0

PTX ISA version 7.0

PTX ISA version 7.1

PTX ISA version 7.1

PTX ISA version 7.1

PTX ISA version 7.1

PTX ISA version 7.1
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PTX WMMA and MMA Instructions

Load and store: wmma wmma.load

Collectively load a matrix from memory for WMMA

Syntax
Floating point format . £16 loads:
wmma.load.a.sync.aligned. layout. sl

wmma . load.b.sync.aligned. layout.
wmma.load.c.sync.aligned.layout.s

} .atype r, [p] {, stride};
} .btype r, [pl {, stride};
}.ctype r, [pl]l {, stride};

.layout .TowW, .coll};

.mlénl6kl6, .m8Bn32kl6, .m32n8kl6};
.global, .shared};
.f16 8, .us}l;
16,

’
P
ELo =327 s32 )

11

{
{
{
=
{
{

Alternate floating point format .bf16 loads:

{, stride}

stride}
{, stride}

wmma . load. a
wmma . load.k

sync.aligned.layout.s

sync.aligned.layout

wmma . load.c .aligned.layout.
.layout = {.row, .col};

.shape = {.ml6énl6k16, .m8n32kl6, .m32n8kl6};
SS = {.global, .shared};

.atype = {.bflé };

.btype = {.bfl6 };

.ctype = {.£32 };

Alternate floating point format .t£32 loads:

stride
stride
stride

hape{.ss}.atype r,
} .btype r,

s}.ctype r,

wmma .load.a.sync.aligned.layout.s
wmma . load.b.sync.aligned. layot
wmma . load.c.sync.aligned. layout
.layout = { ~ol};
. z {.mlénl6k8 }
= {.global, .shared};
1
{
{

[E=prapian
- % 0~

« YOW,

’
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PTX WMMA and MMA Instructions

Load and store: wmma

wmma.load

Collectively load a matrix from memory for WMMA

Syntax

Double precision Floating point . £64 loads:

X , stride}
[p] {, stride}
X , stride}

wnma . load.a.s
wmma . load.b.
wmma

ync.aligned. layout. sl
ync.aligned. layout.
sync.aligned.layout.
{ .xrow, .coll};

{ .m8n8k4d };

{.global, .shared};

{

{

{

pe{.
1aped .

shape{.ss

load.c.

.f64 }
.f64 }
.f64 }

e Na e

Sub-byte loads:

, stride}
, stride}
] {, stride}

wmma .load.a.sync.aligned. row. sl
wmma.load.b.sync.aligned.col
wmma . load.c.sync.aligned. layout

[p]
[pl
r,

{
{
[p

s}.ctype

“col);

.global, .shared};

Single-bit loads:

wmma.load.a.sync.aligned. row
wmma.load.b.sync.aligned.col.shape/({
wmma.load.c.sync.aligned. layout.shape{.ss}.ctype r
.layout = {.row, .col};

.shape = {.m8n8k128};

.global, .shared};

{
{
(i = b
{
{

.atype
.btype =

.ctype =

<Dl}:
w8325
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PTX WMMA and MMA Instructions

wmma example

~-glleball Cailligny 320 SET6 A 256, B256 ]
.global .align 32 .£32 C[256], D[256]

.reg .b32 a<8> b<8> c<8> d<&>;

.
4

wmma . load.a.sync.aligned.ml6nl6ékl6.global.row.f16
{a0, al, a2, a3, a4, ab, a6, a’l}, [A]l;

wmma . load.b.sync.aligned.mlénl6klé6.global.col.fl6
(b0, bl, b2, b3, B4, bS5, b6, bil, [Bi:;

wmma . load.c.sync.aligned.mlénléklé.global.row.f£32
sl o feiss Bl ©9n celas @l s el
wmma .mma .sync.aligned.mlénlékl6é.row.col.f£32.£32
(a0, Sdil a2y d S d A7 d 5 d 6 a )
{a0, al, a2, a3, a4, ab, a6, a’l},
ot el el eisia oyl leis) sl leif/ -
tel el N2, e3saA i Nc 5o a6 el :

wmma .store.d.sync.aligned.mlénlékl6.global.col.f£32
LD {doy 41, 42, d3, dd;, d5, 46, dil;:
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PTX WMMA and MMA Instructions

mma: fixed assigments of matrix fragments to registers in each thread of warp

9.7.13.4.2. Matrix Fragments for mma.m8n8k4 with .f64 floating
point type

A warp executing mma.m8n8k4 with . £64 floating point type will compute an MMA operation of
shape .m8ngk4.

Elements of the matrix are distributed across the threads in a warp so each thread of the warp
holds a fragment of the matrix.

» Multiplicand A:

Elements (low
.atype Fragment to high)

.64 A vector expression containing a single . £64 register, containing | a0
single .f£64 element from the matrix A.

Row\Col 0 1 2 3
0 T0:a0 T1:a0 T2:a0 T3:a0
1 T4:a0 T5:a0 T6:a0 T7:a0
2 ‘//
7 T28:a0 T29:a0 T30:a0 T31:a0

%laneid:{fragments}
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PTX WMMA and MMA Instructions

mma: fixed assigments of matrix fragments to registers in each thread of warp

9.7.13.4.1. Matrix Fragments for mma.m8n8k4 with .f16 floating

point type

A warp executing mma.m8ngk4 with .f16 floating point type will compute 4 MMA operations of

shape .m8ngk4.

Elements of 4 matrices need to be distributed across the threads in a warp. The following
table shows distribution of matrices for MMA operations.

MMA Computation
MMA computation 1

MMA computation 2
MMA computation 3

MMA computation 4

» Multiplicand A:

.atype Fragment

Threads participating in MMA computation

Threads with %1aneid 0-3 [low group) and 16-19
[high group)

Threads with %laneid 4-7 (low group) and 20-23
(high group)

Threads with %1laneid 8-11 (low group) and 24-27
(high group)

Threads with $laneid 12-15 [low group) and
28-31 (high group)

Elements (low
to high)

.f1é A vector expression containing two . £16x2 registers, with each a0, al, a2, a3
register containing two . £16 elements from the matrix A.

» Row Major:
MMA computation 1 MMA computation 3
Row\Cal [] 1 2 3 Row\Col 0 1 2 3
o T0:{ a0, a1, a2, a3 ) 2 T8:{ a0, a1, a2, a3)
; ! - '
3 T3:(a0,a1, a2, a3) s T11:{a0, a1, a2, a3}
4 T16:{ a0, a1, a2,a3) % T24:( a0, a1,a2,a3)
z | - +
7 T19:{a0,a1,a2,a3} & 127:(a0,a1,a2,a3)
MMA computation 2 MMA computationd
Row\Col o 1 2 3 Row\Col o 1 2 3
L T4 :{ a0, a1, a2, a3} ° T12 :{ a0, a1, a2, a3}
3 } : |
. T7:{a0, a1, a2, a3} 3 T15:{ a0, a1,a2, a3 }
4 T20:{ a0, a1,a2,a3} . T28:{ a0, al1,32,a3 )
- 1 . l
7 T23:{a0, 21,232,233} ? T31:{a0,a1,a2,a3}

%laneid:{fragments}
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PTX WMMA and MMA Instructions

mma: fixed assignments of matrix fragments to registers in each thread of warp

9.7.13.4.1. Matrix Fragments for mma.m8n8k4 with .f16 floating

point type

A warp executing mma.m8ngk4 with .f16 floating point type will compute 4 MMA operations of

shape .m8ngk4.

Elements of 4 matrices need to be distributed across the threads in a warp. The following
table shows distribution of matrices for MMA operations.

MMA Computation
MMA computation 1

MMA computation 2
MMA computation 3

MMA computation 4

Accumulators C (or DJ:

Threads participating in MMA computation
Threads with %1aneid 0-3 [low group) and 16-19
[high group)

Threads with %laneid 4-7 (low group) and 20-23
(high group)

Threads with %1laneid 8-11 (low group) and 24-27
(high group)

Threads with $laneid 12-15 [low group) and
28-31 (high group)

Elements (low

.ctype / .dtype Fragment to high)

.£16 A vector expression containing four . £16x2 registers, with
each register containing two . £16 elements from the matrix | c0, ¢1, ¢2, ¢3, c4,
C (or D). c5, cé, c7

-£32 A vector expression of eight . £32 registers.

» .ctypels .fl6
MMA computation 1 MMA computation 3
Row\Col | 0O 1 2 3 a s L] 7 Row\Col L} 1 2 3 4 5 L3

T0:{ c0, c1, c2, €3, ¢4, 5, ¢6, ¢7 }

T3:{c0, c1, €2, ¢3, c4, c5, c6, c7 }

T16:{ c0, 1, €2, €3, ¢4, ¢5, ¢6, ¢7 }

T19:{ 0, c1, c2, ¢3, ¢4, ¢5,¢6,c7 }

MMA computation 2

1 2 3 4 ] 5

7 Row\Col | 0 1

T8:{ (0, c1, €2, €3, ¢4, ¢5, ¢6,¢7 }

T11:{ ¢0, c1, €2, €3, 4, ¢5, 6, ¢7 }

T24:{ 0, c1, c2, 3, c4,¢5,¢6,¢7 )

T27:{¢0, 1, c2, c3, c4, ¢5,¢6, 7 }

MMA computationd
2 3 . 5 6

T4 : (<0, c1, 2, c3, ¢4, ¢5, ¢6,¢7 )

T7:{c0, c1, €2, ¢3, ¢4, ¢5, ¢6, c7 |

T20:(¢0, c1,c2, 3, ¢4, ¢5,¢6,¢7 }

T23:{ 0, c1, €2, €3, ¢4, ¢5, 6, ¢7 }

T12:{c0,c1, €2, €3, ¢4, ¢5,¢6,¢7 }

T15:{ 0, c1, €2, c3, ¢4, ¢5, ¢6, c7 }

T28:{c0,c1,c2,¢3,c4,5,¢6,¢7}

131:{ 0, c1, €2, 3, ¢4, ¢5, €6, 7 )

» .ctypelis .f32
MMA computation 1
R\C L] 1 2 3 4 H 6 7
o TO:{c0,c1} T2:{c0,c1} TO:{c4,c5} T2:{c4,c5}
1 Ti:{cO,c1} |FT3:{c0,c1} | T1:{c4,c5) | T13:{cs,c5)
2 | T0:{c2,c3} | T2:{c2,c3) | TO:{c6,c7} | T2:{c6,c7}
3 Ti:{c2,c3) | T3:{c2,c3} | T1:{c6,c7} | T3:{c6,c7}

4 | T16:{c0,c1} | T18:{c0,c1}
5 | T17:{c0,c1} | T19:(c0, c1}
6 | T16:{c2,c3} | T18:{c2,¢c3) | T16:{<c6,c7}
7 [T17:(e2, 3} | 119:(c2, c3)

T16:{c4,c5)}
T17:(c4,c5) | T19:(c4,c5)

Tﬂ:{ﬁ,cﬂ T19:(c6,c7}

T18:{c4,c5}

T18:{c6,c7}
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PTX WMMA and MMA Instructions

Sparse matrices: mma.sp

9.7.13.5. Matrix multiply-accumulate operation using
mma . sp INstruction with sparse matrix A

This section describes warp-level mma. sp instruction with sparse matrix A. This variant of
the mma operation can be used when A is a structured sparse matrix with 50% zeros in each
row distributed in a shape-specific granularity. For an MxNxK sparse mma.sp operation, the
MxK matrix A is packed into Mxk/2 elements. For each K-wide row of matrix A, 50% elements
are zeros and the remaining K/2 non-zero elements are packed in the operand representing
matrix A. The mapping of these K/2 elements to the corresponding K-wide row is provided
explicitly as metadata.

Original Sparse Input operands to
Matrix sparse mma instruction
opd A metadata

fe 16 > fe— —  j— —>
8 elements 8 elements
128 bits 16 bits
sparsity selector =0
TO Ll T2 T3 indicates that
OANACANADANANANER) thread TO contains
metadata.
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PTX WMMA and MMA Instructions

Load and store: mma Idmatrix

Warp-wide load matrix instruction

// Load a single 8x8 matrix using 64-bit addressing
.reqg .b64 addr;

.reg .b32 d;

ldmatrix.sync.aligned.m8n8.x1.shared.bl6 {d}, [addr];

// Load two 8x8 matrices in column-major format

.reg .b64 addr;

.reg .b32 d<2>;

ldmatrix.sync.aligned.m8n8.x2.trans.shared.bl6 {d0, dl}, [addr];

// Load four 8x8 matrices

.reg .b64 addr;

.reg .b32 d<4>;

ldmatrix.sync.aligned.m8n8.x4.b16 {d0, d1, d2, d3}, [addr];
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PTXWMMA to SASS

Raihan et al., 2019
Get SASS code from cuobjdump disassembly

Broken | HMMA

: . in to | HMMA
Micro-benchmarking —— mm;m; :

HMMA

HMMA

HMMA

Broken HMMA

inr tﬁo HMMA
wmma . mma —my .

HMMA

HMMA

HMMA

Markus Hadwiger, KAUST

Patched NOP
Using
radare2 NOP
®
@
@
NOP
HMMA
NOP
CS2R.32 RO; SR CILOCKLO
Patched HMMA
Using HMMA
radare? - 2
> @
L]
HMMA,,.1
HMMA |
CS2R.32 R1, SR CLOCKLC
HMMA
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PTXWMMA to SASS

Raihan et al., 2019
Get SASS code from cuobjdump disassembly

Cumulative
Clock Cycles

HMMA.884.F32.F32.STEP0 R8, R24.reuse.COL, R22.reuse.ROW, R8; 10
SpT]_|HMMA.884.F32.F32.STEP1 R10, R24.reuse.COL, R22.reuse.ROW, R10; 1Z
HMMA .884.F32.F32.STEP2 R4, R24.reuse.COL, R22.reuse.ROW, R4; 14

HMMA .884.F32.F32.STEP3 R6, R24.COL, R22.ROW, ROb; 18

[HMMA .884.F32.F32.STEPO R8, R20.reuse.COL, R18.reuse.ROW, RS8; 20

SET?2 HMMA .884.F32.F32.STEP1 R10, R20.reuse.COL, Rl8.reuse.ROW, R10; |22
HMMA .884.F32.F32.STEP2 R4, R20.reuse.COL, R1l8.reuse.ROW, R4; 24

| HMMA .884.F32.F32.STEP3 R6, R20.COL, R18.ROW, R6; 28

HMMA .884.F32.F32.STEPO R8, Rl4.reuse.COL, R12.reuse.ROW, RS8; 30

3 HMMA.884.F32.F32.STEP1 R10, R1l4.reuse.COL, Rl2.reuse.ROW, R10; | 32
SET 3+ HMMA .884.F32.F32.STEP2 R4, Rl4.reuse.COL, R1l2.reuse.ROW, R4; 34
| HMMA . 884.F32.F32.STEP3 R6, R14.COL, R12.ROW, R6; 38
(HMMA.884.F32.F32.STEPQ0 R8, Rl6.reuse.COL, R2.reuse.ROW, RS§; 40
SET4— HMMA .884.F32.F32.STEP1 R10, R1l6.reuse.COL, R2.reuse.ROW, R10; 40
HMMA .884.F32.F32.STEP2 R4, Rl6.reuse.COL, R2.reuse.ROW, R4; 44

| HMMA .884.F32.F32.STEP3 R6, R16.COL, R2.ROW, RO6; 54

(a) Disassembled SASS instructions for Mixed precision mode
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PTXWMMA to SASS

Raihan et al., 2019
Get SASS code from cuobjdump disassembly

Cumulative

Clock Cycles
QT HMMA.884.F16.F16.STEPO R4, R22.reuse.T, Rl2.reuse.T, R4; 12
-~~~ |HMMA.884.F16.F16.STEP1 R6, R22.T, R12.T, R6; 2
SET? HMMA.884.F16.F16.STEPO R4, Rlo.reuse.T, Rl4d.reuse.T, R4; 25
R HMMA .884.F16.F16.STEP1 R6, R16.T, R14.T, R6; 34
SET3_|HMMA.884.F16.F16.STEPO R4, RlB.reuse.T, R8.reuse.T, R4; 38
HMMA.884.Fl6.F16.STEP1 R6, R18.T, R8.T, RG6; 15
QET4 {HMMA.884.F16.F16.STEPO R4, R2.reuse.T, R1l0.reuse.T, R4; 51
- | HMMA.884.F16.F16.STEP1 R6, R2.T, R10.T, R6; 64

(b) Disassembled SASS instructions for FP16 mode
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PTXWMMA to SASS

Raihan et al., 2019, reverse-engineered matrix fragment assignment

Matrix Distribution within a warp in 16 and 8 bit mode Matrices Aand B

SIZE:16 x 16 x16 SIZE:32 x 8 x16

All SIZEs: ]

1
!

Matrices A and C Row Major Matrices A and C Column Major Matrix B
B Column Major B Row Major Matrix C

—8 —

Distribution within threadgroup
In 16 bit mode

Distribution within threadgroup
in 8 bit mode

16

32

SIZE:8 x32 x16

SIZE:16x16x16 |

32 o
!

| i Distribution within threadgroup
in 8 and 16 bit mode

Matrix A

SIZE:32x8x16, 8x32x16 ‘

A Matrix B Distribution within threadgroup

in 8 and 16 bit mode

C T -
-

Matrix C
Matrix C Thread 0

Threadgroup0 Threadgroup4 Threadgroup2 Threadgroupé
Threadgroupl Threadgroup5 Threadgroup3 Threadgroup?

Figure 8: Distribution of operand matrix elements to threads for tensor cores in the RTX 2080 (Turing).




PTXWMMA to SASS

Raihan et al., 2019, reverse-engineered Tensor core microarchitecture

I

FP16 Multiplier
\¥/ P32 Adder

[~
Accumulator Buffer

Register File

: Operand Fiuql 1 |
Operand Ruql 2 |
Operand Bus 3

TENSOR
CORE

-

|

K Gne 16-19]

£
l other execution units |

Lane 16-19

Lane 8-11
and 24-27

TENSOR

NS 27 core N 27 ~N >
/
Octet 3 Octet 2 Octet 1 I:I . |;|

H
<

Lane 4-7
and 20-23

Lane 12-15
and 28-21

N Lane 0-3

N
[\

Lane
24-27

Lane
Lane
20-23
<L} ne

/]Lane
%1 2
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\1?-15
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Writeback

Figure 13: Proposed Tensor Core Microarchitecture
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NVIDIA.

DEVELOPING CUDA KERNELS TO = %+ . \
PUSH TENSOR CORES TO THE- . -,-
ABSOLUTE LIMIT ON NVIDIA A100

Andrew Kerr, May 21, 2020

https://developer.download.nvidia.com/video/gputechconf/gtc/2020/presentations/
s21745-developing-cuda-kernels-to-push-tensor-cores-to-the-absolute-limit-on-

nvidia-ale0.pdf




NVIDIA AMPERE ARCHITECTURE

New and Faster Tensor Core Operations

Floating-point Tensor Core operations 8x and 16x faster than F32 CUDA Cores

Integer Tensor Core operations 32x and 64x faster than F32 CUDA Cores

New IEEE double-precision Tensor Cores 2x faster than F64 CUDA Cores

Additional Data Types and Mode

Bfloat16, double, Tensor Float 32

Asynchronous copy

Copy directly into shared memory - deep software pipelines

Many additional new features - see “Inside NVIDIA Ampere Architecture”

2 NVIDIA.




NG NVIDIA AMPERE ARCHITECTURE

Deep Learning and Math Libraries using Tensor Cores

CuUDNN, cuBLAS, cuTENSOR, cuSOLVER, cuFFT, cuSPARSE
“CUDNN V8: New Advances in Deep Learning Acceleration” (GTC 2020 - S21685)
“How CUDA Math Libraries Can Help you Unleash the Power of the New NVIDIA A100 GPU” (GTC 2020 - S21681)

“Inside the Compilers, Libraries and Tools for Accelerated Computing” (GTC 2020 - S21766)

CUDA C++ Device Code

CUTLASS, CUDA Math API, CUB, Thrust, libcu++

CUDA-accelerated math
libraries with host-side API

2 NVIDIA.
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NVIDIA.
CUDA




CUTLASS




CUTLASS

CUTLASS 2.2: optimal performance on NVIDIA Ampere Architecture

Higher throughput Tensor Cores: more than 2x speedup for all data types
New floating-point types: bfloat16, Tensor Float 32, double

Deep software pipelines with cp.async: efficient and latency tolerant

CUTLASS 2.1

Planar complex: complex-valued GEMMs with batching options targeting Volta and Turing Tensor Cores

BLAS-style host side API

CUTLASS 2.0: significant refactoring using modern C++11 programming

Efficient: particularly for Turing Tensor Cores

Tensor Core programming model: reusable components for linear algebra kernels in CUDA

Documentation, profiling tools, reference implementations, SDK examples, more..




CUTLASS PERFORMANCE ON NVIDIA AMPERE ARCHITECTURE

Mixed Precision Floating Point Double Precision Floating Point Mixed Precision Integer
250,000 20,000 1,000,000
Tensor Core - BF16, F16 Tensor Core - INT4
Tensor Core - Fé64
X 18,000 900,000 1
A
200,000 16,000 800,000
14,000 700,000
150,000 12,000 600,000
<2 < &
a o a
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= =1 16,000 CUDA Core - F64 O 500,000
IG) Tensor Core - TF32 IG] o v
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~ Y
0 0 0
N <O 0O NS VWO NS VWO N N O 0 VW I N O 0 W S N O 0 W < N VAN OO I ONWOITONOO S
NI NOXDNO ANTFTINONONDO MmO 0 94 N O N WO © A N W NN ~NONSSOANS O AdS O
"TOLRARETEAREERR S deREe g B 0E2 g “OASYNER2388333 3
GEMM K GEMM K GEMM K
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WHAT ARE TENSOR CORES?

Matrix operations: D = op(A, B) + C B

Matrix multiply-add

XOR-POPC

Input Data types: A, B

half, bfloat16, Tensor Float 32, double, int8, int4, bin1 C.D
/

Accumulation Data Types: C, D

half, float, int32_t, double




WHAT ARE TENSOR CORES?

Matrix operations: D = op(A, B) + C B n 5
Matrix multiply-add
XOR-POPC
K
. . k Y
M-by-N-by-K matrix operation A .

C,D

Warp-synchronous, collective operation

32 threads within warp collectively hold A, B, C, and D operands

m




NVIDIA AMPERE ARCHITECTURE - TENSOR CORE OPERATIONS

F16 * F16 + F16

mma.sync.m16n8k16 16-by-8-by-16
mma.sync.m16n8k8 PAoTRLoT RS 16-by-8-by-8 8x 8x
BF16 * BF16 + F32

mma.sync.m16n8k8 TF32 * TF32 + F32 16-by-8-by-8

mma.sync.m8n8k4 F64 * F64 + F64 8-by-8-by-4

mma.sync.m16n8k32 16-by-8-by-32

mma.sync.m8n8k16 58 58 + 532 8-by-8-by-16 16x

mma.sync.m16n8ké4 S4 * S4 + S32 16-by-8-by-64 32x

mma.sync.m16n8k256 Bl ~ Bl + S32 16-by-8-by-256 128x




TENSOR CORE OPERATION:

UNDAMENTAL SHAPE

64 bits

32 bits TO| T4 |18 |T12(|T16|T20|T24|T28
T1 | T5 |79 [r13(T17|T21|T25(T29
A

32 bits T2 | 76 [T10(T14(T18|T22|T26(T30

T3 | 77 [T11|T15(T19|T23|T27|T31
TO T1 T2 T3 TO T1 T2 T3
T4 TS T6 T7 T4 TS T6 T7
T8 T9 Ti0 | T11 T8 T9 T10 | Ti1
Ti2 | 113 | T14 | Tis T2 | T13 | T4 | Ti5
Ti6 | Ti7 | T8 | Ti9 T16 | T17 | T18 | TI9
T20 | T2t | T22 | 723 20 | T21 | T22 | T3
24 | T25 | 126 | T27 T24 | T25 | T26 | T27
T28 | T29 | T30 | T31 T28 | T29 | T30 | T31

2 x accumulators




S8 * S8 + 532

mma .sync.aligned
(via inline PTX)

bo
b,
32 bits| — TO| 14 | T8 |[T12[T16(T20(T24(T28
b,
b, T1|T5|T9 |T13|T17[T21|T25|T29
32 bits T2 | 76 [T10[T14|T18|T22|T26[T30
[bo [ by ba]bs|
e, o T3 | T7 |T11|T15|T19|T23|T27|T31
TO T1 T2 T3 TO T1 T T3
T4 T5 T6 T7 T4 T5 T6 T7
T8 T9 T10 Ti1 T8 T9 T10 Ti1
T12 | T13 | T14 T15 T12 | T13 | T14 | Ti15
Ti6 | T17 | Ti8 T19 Ti6 | T17 | T18 | T19
T20 | T21 | T22 T23 T20 | T21 | T22 | T23
T24 | T25 | T26 T27 T24 | T25 | T26 | T27
T28 | T29 | T30 T31 T28 | T29 | T30 T31

64 bits

-— >

int32 t D[2];
uint32_t const A;
uint32_t const B;
int32 t const C[2];

asm(

)s

mma.sync.aligned.m8n8k16.row.col.s32,.s8.s8.532

{ %, %1 3}, "
%2, .
%3, L

{ %, % }; "

"=r"(p[e]), "=r"(D[1])

"eU(A),  "rU(B),
"rr(clen), "r"(cl1])




EXPANDING THE M DIMENSION

32 bits TO| 14 |18 [T12[T16|T20(T24|T28
T1 |75 |T9 [T13(T17|{T21|T25[T29)
32 bits 12 | 76 [T10|T14[T18[T22|T26(T30
13 | 77 |T11|T15(T19|T23|T27|T31 et il
1
TO Tt T2 T3 TO T1 T2 T3 | | |
T4 TS 6 7 T4 TS T6 7
T8 9 | T10 | T11 T8 To | Ti0 | T11
T12 | T13 | T14 | T15 12 | T3 | 114 | T15
32 bits Ti6 | T17 | T8 | T19 T16 | T17 | T18 | T19
120 | T21 | T22 | T23 T20 | 7210 | T22 | T23
124 | 125 | T26 | T27 Tea | 125 | T26 | 727
T28 | T29 | T30 | T31 T28 | T29 | T30 | T31 . babits
0] n]w[o][f0]n]e][wo L T ]
T4 T T6 7 T4 5 T6 T7
T8 o | Ti0 | T11 8 9 | T10 | T12
112 | w3 | T4 | T8 T12 | T13 | T14 | Ti5
Tie | T17 | T18 | T19 T16 | T17 | T8 | Ti9
120 | T21 | T22 | T23 o | 721 | T2 | T23
T24 | T25 | T26 | T27 T24 | T25 | T26 | T27
728 | T29 | T30 | T31 T28 | T29 | T30 | T31
. ; . 1L b 470K
Warp-wide Tensor Core operation: 16-by-8-by-128b




F16 * F16 + F32

mma .sync.aligned
(via inline PTX)

ho float D[4];
32 bits | — TO| 4 |8 [r12|T16(T20|T24|T28 U:.Lnt?’Z_t const A[2];
uint32_t const B;
h :
! T1 | TS |T9 |T13|T17|T21|T25|T29| -F]'Oat ConSt C[4],
32 blts T2 | T6 [T10[T14[T18|T22|T26(T30]
ho | h |
T3 | 77 [T11|T15T10[T23|T27|T31 . asm(
- "mma.sync.aligned.ml6n8k8.row.col.f32.f16.f16.f32 "
T0 T1 T2 T3 TO T T T3 | Fo I I | Y 8
n n
T4 TS 6 7 T4 TS T6 7 { %o, %1, %2, %3 },
T8 T9 T10 Ti1 T8 T9 Ti0 Tii o { %4, %5 } s u
T12 Ti3 | Ti4 T15 T2 T3 | T4 | T15 " 5 -
56,
32 bits T1ie T17 T18 T19 Ti6 T17 T18 T19
T20 | T21 | T22 | T23 T20 | T21 | T2z | T23 " { %7, %8, %9, %18 };"
- h() ‘ hl I T24 T25 T26 T27 T24 T25 T26 T27 :
T28 | T29 | T30 | T31 T28 | T29 | T30 | T31 . S "=f"(D[@]), "=f"(D[1]), "=f"(D[2]), "=Ff"(D[3])
TO T1 T2 T3 TO T1 T2 T3 "o -
T4 T5 T6 17 T4 15 T6 T7 3 (A[@]), i (A[l])’
n n
T8 T9 | T0 | T11 T8 To | Tio | Tit r"(B),
n n n n
Ti2 | T3 | T4 | Tis5 T2 | T3 | T4 | Ti5 f*(c[e]), "f"(c[1])
Ti6 | T17 | T8 | Ti9 Ti6 | T17 | T8 | Ti9 i
T20 | T21 | T22 | T23 T20 | T2 | T22 | W23
T24 | T25 | T26 | T27 T24 | T25 | T2 | T27
T28 | T29 | T30 | T31 T8 [ T29 | T30 [ T31




TO| T4 [T8 [T12[T16(T20(T24[T28
32 bits

T1 |75 [T9 [T13|T17|T21|T25|T29

T2 | T6 [T10|T14T18(|T22|T26|T30

T3 | T7 [T11|T15|T19|T23|T27|T31

TO| 74 | T8 [T12|T16[T20|T24[T28

T1 |75 [T9 [T13(T17[T21|T25|T29

32 bits

T2 | T6 [T10[T14(T18[T22|T26[T30

T3 | T7 |T11[T15[T19(T23|T27|T31 64 bits
TO Ti T2 T3 TO T T2 T3 TO T1 ] T3 l [ I
T4 TS5 T6 T7 T4 T5 T6 T7 T4 TS T6 T7
18 T9 T10 Ti1 T8 T9 T10 T11 T8 T TI0 | Ti1
T12 T13 T14 T15 2 T13 | Ti4 T15 T12 T13 Ti4 | TIS
T16 T17 T18 T19 Ti6 | T17 | T18 T19 T16 T17 T8 | T19
T20 T21 T22 T23 T20 | T21 T22 T23 T20 T21 T22 | T3
T24 T25 126 T27 T24 | T25 | T26 T27 T24 T25 T26 | T27 .
T28 T29 T30 T31 T28 | T29 T30 T31 T28 T29 | T30 T31 64 bits
TO TL T2 T3 TO T1 T2 T3 TO T1 T2 T3 I:I:
T4 T5 T6 7 T4 T5 T6 T7 T4 5 6 T7
T8 T9 T10 T11 T8 T T10 Ti1 T8 T9 T0 | T11
T12 T13 T14 T15 T12 T3 | T14 | T15 T12 T13 T14 T15
T16 T17 T18 T19 T16 | T17 | T18 T19 Ti6 | T17 Ti8 | T19
T20 T21 T22 T23 T20 | T21 T22 T23 T20 T21 T22 T23
T24 T25 T26 T27 T24 T25 | T26 T27 T24 | T2s T26 | T27
T28 T29 T30 T31 T28 | T29 | T30 T31 T28 | T29 T30 | T31

Warp-wide Tensor Core operation: 16-by-8-by-256b




F16 * F16 + F32 mma.sync.aligned

(via inline PTX)

ho TO| T4 | T8 [T12|T16(T20(T24(T28)
32 bits
T1 |75 |79 [T13[T17|T21|T25[T29 float D[4],
h :
‘ uint32 t const A[4];
T2 [ T6 |T10{T14|T18|T22(T26{T30) = -
uint32 t const B[2];
73 [ 17 |T1afT1s{T10[T23|T27|T31 float const C[4];
TO| T4 |T8 [T12[T16|T20{T24|T28]
T1 [T5|T9 |T13[T17|T21({T25|T29
. asm(
. RO T | Fe [TRO| T TA8 T22 126 T30 "mma.sync.aligned.ml6n8kl6.row.col.f32.f16.f16.¥32 "
-hu -hl 1] Q, 0, n
: T3 | T7 |T11|T15|T19|T23(T27|T31 64 bits { Ae; Al; %2, %3 },
" %4, %5, %6, %7 "
0 (] 0 (¢]
TO Tl T2 T3 T0 T1 T2 T3 TO Ti T2 T3 | o | 5} | { ’ ? ? } ?
n 0, 0, n
T4 TS T6 T7 T4 TS T6 17 T4 TS5 T6 7 { %8 E) %9 } i}
T8 T9 T1i0 Ti1 T8 T9 T10 Ti1 T8 T9 Ti0 Ti1 n { %19) %11’ %12) %13 }; n
T12 T13 T14 T15 T12 T13 Ti4 T15 T12 Ti3 T14 T15
Ti6 | T17 | T18 | T19 Ti6 | Ti7 | Ti8 | T19 Ti6 | T17 | T18 | T19 .
111 n n L] n n n n
T20 | T21 | T22 | T23 T20 | T21 | T22 | T23 T20 | T21 | T22 | T23 =f (D[@]), =f (D[l]): =f (D[Z]), =f (D[3])
T24 | T25 | T26 | T27 T24 [ T25 | T26 | T27 T24 | T25 | T26 | T27 64 b s
4 bits
T8 [ T29 | T30 | T31 T28 | T20 | T30 | A1 T28 | T20 | T30 [ T31 < - non nn nn non
r*(A[e]), "r"(A[1]), "r"(A[2]), "r"(A[3]),
TO T1 T2 T3 TO T1 T2 T3 TO T1 T2 T3 r r3 "r‘"(B[B]), "PH(B[:L]),
T4 TS 6 7 T4 TS T6 7 T4 TS T6 T7 "'F"(C[@]), "‘F"(C[l]), "'F"(C[Z]), "'F"(C[3])
T8 T9 | T0 [ T11 T8 9 Ti0 | Ti1 T8 T Ti0 | Ti1 :
T12 | Ti3 | T14 | T15 T2 | T13 | T14 | T15 T12 | T13 | T14 | Ti5 ) 2
Ti6 | T17 | T18 | T19 Ti6 | T17 | T18 | T19 Ti6 | T17 | Ti8 | Ti9
T20 | T21 | T22 | T23 e [ | e T20 | T21 | T22 | T23
T24 | T25 | T26 | T27 T24 | T25 | T26 | T27 124 | T25 | T26 | T27
T28 | T20 | T30 | T31 T28 | T29 | T30 | T31 728 | T29 | T30 [ ™31




S8 * S8 + S32

mma .sync.aligned
(via inline PTX)

int32 t D[4];
uint32 t const A[4];
uint32 t const B[2];
int32 t const C[4];

"mma.sync.aligned.ml6n8k32.row.co0l.s32.58.58.532

TO| 74 |18 |T12|T16[T20|T24{T28
|71 | TS |19 [T13fTi7|T21|T25]T29]
T2 |76 [T10|T14(T18[T22|T26[T30)
T3 | 77 [T11|T15[T19(T23|T27[T31
TO| 74 |18 [T12|T16|T20|T24{T28
T1 |75 |[T9 [T13(|T17|T21|T25[T29)
0 asm(
32 bits
T2 | T6 [T10|T14{T18(T22|T26[T30)
[0 [ b, [ b, [ b5 ] -
T3 | 17 [T11|T15[T19(|T23(|T27|T31 64 bits
n
TO T1 72 T3 TO T1 T2 13 TO T1 T2 T3 | o \ (51 ‘
"
T4 T5 T6 T7 T4 TS T6 17 T4 5 T6 7
T8 T9 Ti0 | T11 T8 T9 TI0 | T11 T8 T9 Ti0 | Tit ™
Ti2 | T13 | T4 | Ti5 Ti2 | T3 | T14 | TS Ti2 | T13 | T14 | TS
T16 | Ti7 [ T8 | T19 T6 | Ti7 | T18 | T19 Ti6 | T17 | T18 | Ti9 &
T20 | T2t | T22 | T23 T20 | T21 | T22 | T23 T20 | T21 | T22 | T23
T24 | T25 | T26 | T27 T24 | T25 | T26 | T27 T24 | T25 | T26 | T27 .
. 5
T28 | T29 | T30 | T31 728 | T29 | T30 | T3L T28 | 129 | T30 | T3L 64 bits
TO T T2 3 TO T T2 3 TO T1 T2 T r2 I's
T4 15 T6 T7 T4 TS T6 T7 T4 5 T6 T7
8 T9 TI0 | T11 T8 T9 Ti0 | Ti1 8 T9 T1I0 | T11
T12 | T13 | T4 | T15 T2 | T13 | T4 | T15 T12 | T13 | T14 | TI15 ) 2
Ti6 | T17 | T8 | T19 Ti6 | T17 | T18 | T19 Ti6 | Ti7 | Ti8 | T19
T20 | T21 | T22 | T23 T20 [ T21 | T22 | T23 T20 | T21 | T22 | T23
T24 | T25 | T26 | T27 T24 [ T25 | T26 | T27 T24 | T25 | T26 | T27
728 | T29 | T30 | T31 T28 | T29 | T30 | T31 T28 | T29 | T30 | T31

{ %0, %1, %2, %3 1, i
{ %4, %5, %6, %7 1}, &
{ %8, %9 1, 5
{ %10, %11, %12, %13 };"

"=r"(D[e]), "=r"(D[11), "=r"(D[2]), "=r"(D[31)

“re(Afe]), "r"(A[1]), "r"(A[2]), "r"(A[3]),
“r*(B[e]), "r"(B[1]),
“rt(C[e]), "r"(C[1]), "r"(C[2]), "r"(C[3])




A /7 4
HALF-PRECISION : F16 * F16 +
e 1 1O
i
ho TO| T4 |T8 |T12|T16[T20(T24|T28
32 bits
T1 |75 |T9 [T13[T17[T21|T25/T29
h,
| T2 | T6 |T10|T14{T18(T22(T26(T30]
T3 | T7 |T11|T15[T19(T23(T27(T31
TO| T4 | T8 [T12|T16(T20(|T24|T28
T1| TS |T9 |T13[T17|T21[T25[T29
32 bits
T2 | T6 |T10|T14[T18[T22{T26/T30
L ho [ M ]
. T3 | 77 |T11{T15/T19(T23{T27|T31 32 bits
TO TL T2 T3 T0 Ti T2 T3 TO Tt T2 T3 l hg [ hy l
T4 T5 T6 T7 T4 Ts T6 T7 T4 TS5 T6 T7
C[o]
T8 T9 TiI0 | T11 T8 T9 Ti0 | Ti1 T8 T9 Ti0 | T11
T2 Ti3 Ti4 | Ti5 Ti2 | Ti3 | T14 T15 T12 T13 | Ti4 | Ti5
T16 T17 Ti8 | T19 Ti6 | Ti7 | T18 T19 T16 Ti7 | T18 | T19
T20 T21 T22 T23 T20 T21 T22 T23 T20 T21 | T22 | T23
T24 T25 | T26 | T27 T24 T25 | T26 | T27 T24 T25 | T26 | T27
T28 T29 T30 | T31 T28 | T29 | T30 | T3 T28 T29 | T30 | T31 32 bits
TO T T2 T3 TO T T2 T3 TO T T2 T3 h; hs3
T4 TS5 T6 T7 T4 T5 T6 T7 T4 TS5 T6 T7 1]
T8 T9 Ti0 | T11 T8 T9 T10 Ti1 T8 T Ti0 | Ti1
T2 | T13 | T14 | T15 T12 T13 T14 T15 Ti2 | T13 | T4 | TiS
Ti6 | T17 | T18 | T19 Ti6 | Ti7 | Ti8 | T19 Ti6 | T17 | T8 | Ti9
T20 T21 | T22 | T23 T20 | T21 T22 T23 T20 T21 | T22 | T23
T24 | T25 | T26 | T27 T24 | T25 T26 | T27 T24 | T25 | T26 | T27
T28 | T29 | T30 | T31 T28 | T29 | T30 T31 T28 | T29 | T30 | T31

mma .sync.aligned
(via inline PTX)

uint32 t
uint32 t const A[4];
uint32 t const B[2];
uint32 t const C[2];

asm(

D[2];

"mma.sync.aligned.ml6n8kl6.row.col.fl6.f16.f16.f16 "

{ %e,
%2,
%6,
%8,

P (e 8

%3, %4, %5 }, :

%1},
%7},
%9 };

"=r"(D[@]), "=r"(D[1])

“r*(Afle]),

“r*(A[1]), "r"(A[2]), "r"(A[3]),

“r"(B[e]), "r"(B[1]),
“rt(C[e]), "r"(C[1])




DOUBLE-PRECISION: F64 *
e 1 T

64 bits| |64 TO| 74 |18 [T12|T16{T20|T24|T28

T1 |75 |T9 [T13[T17|T21|T25[T29

64 bits T2 | T6 [T10|T14|T18|T22|T28|T20]

f64

T3 | 77 [T11|T15(T19|T23|T27|T31
TO T1 T2 T3 TO T1 T T3
T4 TS T T7 T4 TS 6 T7
T8 T9 Ti0 | T11 T8 T9 | T0 | T11
112 | T13 | T14 | T15 T2 | T13 | T14 | Ti5
Ti6 | T17 | T8 | T19 Tie | T17 | Ti8 | Ti9
120 | T21 | T22 | T22 T20 | T21 | T22 | T23
T24 | T25 | T26 | T27 T24 | T25 | T2 | T27
T28 | T20 | T30 | T31 T28 | T29 | T30 | T31

)4 + 7O
128 bits

——

uinted t

asm(

mma.sync.aligned.m8n8k4.row.col.f64.f64.f64.f64 "

{ %o,
%2,
%3,

{ %4,

"=1"(D[@]), "=1"(D[1])

iy,
“1"(B),
“1"(cle]), “1"(c[1])

D[2];
uint64 t const A;
uinte4_t const B;
uinté4_t const C[2];

%1},

%5 };

mma .sync.aligned
(via inline PTX)

n



CUTLASS: v

cutlass: :arch: :Mma

template <
TO| T4 | 18 [T12[T16[T20|T24|T28
32 bits
T1|T5 [T9 [T13(T17|{T21(T25|T29) typename Shape,
T2 | T6 [T10|T14[T18[T22|T26{T30)
int kThreads,
13 | 77 [T1a|T1s[re(T23|T27{T31
TO| T4 | T8 [T12(T16(T20|T24|T28 typename ElementA,
T1 | 75 |79 [T13[T17|T21|T25[T29|
typename LayoutA
. 3
32 blts T2 | T6 |T10{T14|T18|T22|T26|T30)
: T3 | 77 [TLL[T15[T19|T23|T27|T31 64 bits typename ElementB,
TO T T2 T3 TO T T2 T3 T0 T T2 T3 | | I
T4 TS5 T T7 T4 T5 76 7 T4 TS ™ 17 typename LayDUtB,
T8 TS T10 Ti1 T8 9. T10 T11 T8 To Ti0 i
mz | 1z | na | s nz [ niz | na | ms mz | 113 | 118 | 118
Ti6 | T17 | T8 | T19 Ti6 | T17 | T8 | T19 Ti6 | T17 | T8 | T9 typen ame Elementc,
T20 | T21 | T22 | T23 T20 | T2t | T22 | 723 T20 | T21 | T22 | T23
T24 | 7125 | T2 | T27 T24 | T25 | T26 | T27 T24 | T2s | T26 | T27 )
T8 | T20 | T30 | T3L 128 | T29 | T30 | T3 T2 | T20 [ T30 | ™A1 P 64 bits . typen ame Layout(:,
TO T T2 T3 TO T T2 T3 T0 T1 T2 T3
T4 5 6 17 T4 TS 6 7 T4 15 6 v
] 19 | 10 | T11 8 19 | T0 | T11 8 T | 10 | Tt typename Oper‘ator‘
T12 Ti3 T14 Ti5 Ti2 Ti3 Ti4 T15 T12 Ti3 T14 Tis >
T16 T17 Ti8 T19 Ti6 Ta7 Ti8 T19 TL6 Ti7 T18 TL9 .
struct Mma;
T20 | T21 | T22 | T23 T20 | T21 | T22 | 123 T20 | T21 | 122 | T23
T24 | T25 [ T26 | T27 T24 | T25 | T26 | T27 T24 | T2s | T26 | T27
T28 | T29 | T30 | T31 T28 | T29 | T30 | T31 Te8 | T29 | Tao | th




CUTLASS: wraps PTX in template

TO| 74 |18 [T12[T16[T20|T24|T28
32 bits
T1 | 75 |79 |TL3[T17(T21|T25[T29|
T2 | T6 |TL0|T14[T18|T22|T26[T30)
T3 | T7 |TL1|T15[T19[T23|T27|T31
TO| T4 | T8 [T12[T16[T20[T24|T28]
T1 | T5 | T |T13[T17(T21|T25[T29|
32 bits
T2 | T6 [T10|TL4|T18|T22(T26|T30)
T3 | T7 [TLL|TL5[T19|T23|T27|T31 64 bits
TO T T2 T3 TO T T2 T3 T0 T T2 T3 | | |
T4 TS T6 T7 T4 T5 T6 T7 T4 T5 T6 T7
T8 TS T10 Ti1 T8 9. T10 T11 T8 To Ti0 i
T2 | T13 | T14 | TI5 2 | T3 | 114 | 115 T2 | T13 | T14 | Ti5
Ti6 | T17 | T8 | Ti9 Ti6 | T17 | T8 | T19 Ti6 | T17 | T18 | Ti9
T20 | T21 | T22 | T23 T20 | T2t | T22 | T23 T20 | T21 | T22 | T23
T24 | T25 | T26 | T27 T24 | T25 | T26 | T27 T24 | T2s | T26 | T27 .
T8 | T20 | T30 | T3L 128 | T29 | T30 | T3 T28 | T20 | T30 | 31 P 64 bits .
TO T T2 T3 T0 T T2 T3 TO T1 T2 T3
T4 s 6 17 T4 s 6 7 T4 15 6 7
8 T9 | 10 | TI1 T8 19 | T10 | ™11 T8 To | o | 71
T12 Ti3 T14 Ti5 Ti2 Ti3 Ti4 T15 T12 Ti3 T14 Ti5
T16 T17 Ti8 T19 Ti6 Ta7 Ti8 T19 TL6 Ti7 T18 TL9
20 | t21 | T22 | T23 T20 | T21 | T22 | T23 T20 | T2r | 22 | 7123
T24 | T25 | T26 | T27 T24 | T25 | T26 | T27 T2a | Tes | T26 | T27
T28 | T29 | T30 | T™H1 T28 | T29 | T30 | T T28 | T29 | T30 | THL

cutlass: :arch: :Mma

__global__ void kernel() {

Array<half t, 8> A;
Array<half_t, 4> B;
Array< float, 4> C;

arch: :Mma< GemmShape<16, 8, 16>, 32,

mma{C, A, B, C);

> mma;







HELLO WORLD: TENS

Map each thread to coordinates of the matrix operation __global__ void tensor_core_example_8x8x16(

int32_t *D,
: uint32_t const *A,
uint32_t cons P

. . int32_t const *C) {
Perform the matrix operation

CUDA example

Store the result to memory

int outer = threadIdx.x / 4;
int inner = threadIdx.x % 4;

int c_row = threadIdx.x / 4;
int c_col = 2 * (threadIdx.x % 4);
32 bits TO| T4 | T8 [T12[T16[T20|T24|T28
; ] _ o . .
T1[T5|T9 [T13[T17[T21|T25[T29 }nt ab_?dx CHEECE AR Es Jiict
int cd_idx = c_row * 8 + c_col;
e o T2 | T6 |T10[T14[T18[T22|T26(T30)
asm(
"mma.sync.aligned.m8n8k16.row.col.s32.58.s8.s32 "
T3 | T7 |T11[T15|T19(T23|T27(T31 , " %0 . %1 "
64 bits { %6, %1 },
-_— " %2’ "
TO | T2 | T3 TO | 10 | T2 | T3 [::::::[:::::] ) %3, )
" %4, %5 }; "
T4 TS T6 T7 T4 TS5 T6 7 2 x accumulators s e
T8 9 T10 Ti1 T8 T9 T10 Ti1 "=P"(D[Cd_idX]), "=r‘"(D[cd_:‘de + 1])
T2 | T13 | T4 | Ti5 T2 | T13 | Ti4 | Ti5
Tie | T17 | T18 | T19 Tie | Ti7 | Ti8 | Tio r"(A[ab_idx]),
= "r"(B[ab_idx]),
T20 | T21 | T22 | T23 T20 T22 | T23 "ro(Cled_idx]), "r"(C[cd_idx + 1])
T24 | T25 | T26 | T27 T24 | T25 | T26 | T27 );
T28 | T29 | T30 | T31 T28 | T29 | T30 | T31 b




PERFORMANCE IMPLICATIONS

CUDA example

__global  void tensor_core_example 8x8x16(

int32_t

uint32_t const
uint32_t const

Load A and B inputs from memory: 2 x 4B per thread
Perform one Tensor Core operation: 2048 flops per warp

2048 flops require 256 B of loaded data
=>» 8 flops/byte

624 TFLOP/s (INT8)
1.6 TB/s (HBM2)

= 400 flops/byte

This kernel is global memory bandwidth limited.

int32_t const

int
int

int
int

int
int

asm(
"mma.

' “=p"(D[cd_idx]), "

. "r*(A[ab_idx]),
“r"(B[ab_idx]),

"r*(Cled_idx + 1])

outer
inner

c_row
c_col

ab_idx
cd_idx

{ %o,
%2,
%3,

{ %4,

"r"(Clcd_idx]),

threadIdx.x / 4;
threadIdx.x % 4;

threadIdx.x / 4;
2 * (threadIdx.x % 4);

outer * 4 + inner;
c_row * 8 + c_col;

sync.aligned.m8n8k16.row.col.s32.s8.s8.532 "

=r"(D[cd_idx + 1])



FEEDING THE DATA PATH

o s O " ' I “
Blocked GEMM Thread Block Tile Warp Tile Math Instruction Epilogue Epilogue Modify
Tile Functor
Global Memory Shared Memory Register File CUDA/Tensor Cores SMEM CUDA Cores Global Memory

Tiled, hierarchical model: reuse data in Shared Memory and in Registers

See CUTLASS GTC 2018 talk for more details about this model.




FEEDING THE DATA PATH

Latency-tolerant pipeline from Global Memory

Blocked GEMM Thread Block Tile Warp Tile Tensor Op
Global Memory Shared Memory Register File Tensor Cores

= NVIDI A



ASYNCHRONOUS COPY: _ .
New NVIDIA Ampere Architecture feature: cp.async —
Asynchronous copy directly from Global to Shared Memory 3 '
See “Inside the NVIDIA Ampere Architecture” for more details (GTC 2020 - S21730) s e =

Enables efficient software pipelines
Minimizes data movement: L2 = L1 RF <> SMEM becomes L2 =» SMEM
Saves registers: RF no longer needed to hold the results of long-latency load instructions

Indirection: fetch several stages in advance for greater latency tolerance

@ Circular buffer in Shared Memory i

ld.shared cp.async
f \ -t
Y
Committed Copies in flight SMEM write
Stage pointer




FEEDING THE DATA PATH

Conflict-free Shared Memory stores

Conflict-free Shared Memory loads

Blocked GEMM Thread Block Tile Warp Tile ! Tensor Op
Global Memory Shared Memory Register File ' Tensor Cores

= NVIDI A



GLOBAL MEMORY TO TENSOR CORES

Global Memory

Shared Memory

M dimension

————-

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

K dimension

r 1 o —
| i'
| | |
! - —_— {0 | S DS S

TO| 74 |78 [T12[T186[T20[T24[T28

T1| 75| T8 [T13[T17(T21(T25{T29]

T2 | T6 [T1DT14(T18|T22({T26|T30)

T3 | 77 |T11{T15[T19|T23|T27|T31

TO| 74 | T8 [T12{T16|T20|T24|T28]

Tensor cores T1 |75 T8 |T13[T17|T21[T25|T29

T2 | 76 [T10|T14(T18|T22[T26(T3D

T3 | 77 |T11|T15[T19|T23(T27|T31
T0 n 12 13 TO r1 T2 T3 TO (5% 12 I3
T4 5 T6 T7 T4 TS5 T6 T7 T4 TS5 6 7
T8 T9 T10 Ti1 T8 T8 T10 Ti1 T8 19 Ti0 Ti1
T2 | T3 | T4 | Ti15 T2 | T3 | T4 | T15 Tiz | T3 | T4 | T15
Ti6 T17 T8 T19 Ti6 T17 T18 Ti9 Ti6 Ti7 Tis Ti9
T20 | T21 | T22 | T23 T20 | T2t | T22 | T23 Teo | T2t | T2z | T23
T4 | T25 | T26 | T27 T24 | T25 | T26 | T27 T24 | T25 | T26 | T27
T8 | T2e | T30 | T31 T2g | T29 | T30 | T31 Tee | T29 | T30 | T3L
TO T1 2 T3 TO 1 12 13 TO T1 T2 T3
T4 T5 T6 T7 T4 TS 6 7 T4 TS5 T6 T7
T8 T9 T10 T11 T8 T Ti0 Ti1 T8 9 T0 Tii
TI2 | T13 | T14 | T15 Ti2 | T13 | T4 | Ti15 Tz | T13 | Ti4 | T15
T16 T17 T18 Ti% Ti6 T17 TiB Ti9 Ti6 Ti7 Ti8 Ti9
T20 | T21 | T22 | T23 T20 | T2 | T22 | T23 T20 | T2 | T22 | T23
T24 | T25 | T26 | T27 T24 | T25 | T26 | T27 T24 | T25 | T26 | T27
T28 | T29 | T20 | TA21 T2e | T29 | T30 | 21 T2 | T20 | T30 | T




LDMATRIX:

Each thread supplies a pointer to 128b row of data in Shared Memory
Each 128b row is broadcast to groups of four threads
(potentially different threads than the one supplying the pointer)

Data matches arrangement of inputs to Tensor Core operations

Shared Memory

Pointers
TO — TO il T2 T3
T1 e T4 T5 T6 17
T2  — T8 T9 Ti0 | Til
T3 R Ti2 | T13 | T4 | T15
T4 _— 716 | T17 | T18 | T19
:\ T5 —_— T20 | T21 | T22 | T23
= T6 —_— T24 | 7125 | T26 | T27
: L ) ‘ T7 —_— T28 T29 T30 T31
i | | Tj T8 —_— T0 T1 T2 T3
. T —— T4 T5 T6 T7
T10 — T8 T9 Ti0 A
Tl — 12 | T3 | T4 | 115
Shared Me mory Tensor Cores T2 — T16 | T17 | T18 | T19
T13 T20 | T21 | T22 | T23

Shared Memory
Pointers

T16
T17
T18
T19

TO | T4 | T8 (T12|T16(T20|T24|T28
T1|T5 |79 |T13|T17|T21|T25|T29
T2 | T6 |T10(T14[T18(T22|T26(T30
T3 | T7 |T11|T15(T19|T23|T27(T31
TO | T4 | T8 [T12|T16(T20|T24|T28
T1|T5|T9 |T13|T17|T21|T25(T29
T2 | T6 |T10[T14[T18|T22|T26(T30
T3 | T7 |T11|T15|T19(T23|T27|T31
TO T1 T2 T3 TO T1 T2 T3
T4 T5 6 T7 T4 T5 T6 T7
8 9 T10 T11 T8 T9 T10 Ti1
F12 Ti3 Ti4 T15 T12 T13 T14 Ti5
Ti6 Ti7 Ti8 T19 T16 T17 Ti8 T19
T20 T21 T22 T23 T20 T21 T22 T23
T24 T25 T26 T27 T24 T25 T26 T27
T28 T29 T30 T31 T28 T29 T30 T31
TO T1 T2 T3 TO T1 T2 T3
T4 T5 T6 T7 T4 T5 T6 T7
T8 T9 T10 Ti1 T8 T9 T10 Ti1
F12 T13 T14 T15 Ti2 T13 Ti4 T15
T16 T17 T18 T19 T16 T17 Ti8 T19




Shared Memory Matrix loaded by warp Data loaded by TO

LDMATRIX: PTX INSTRUCTION o — R T w

T1 E— T4 5 T6 T7
T2 E— T8 TS Ti0 | T11 /,[ h, ‘ hs ‘ R1
T3 Ti2 | Ti3 | T4 | T15 i
T4 i Ti6 | Ti7 | T8 | T | .7 /[ h, ‘ hs ‘ R2
TS5 — T20 T21 T22 T23~ & /
/
Each thread supplies a pointer to 128b row of data in Shared Memory ~ ° —~ il R o . A
- / / 32 bits
Ve
Each 128b row is broadcast to groups of four threads 198 — W[w[ws]/ [
— T4 T5 T6 17 V; /
s 4 ‘ . T10 — 18 | T9 | To | TIA /
(potentially different threads than the one supplying the pointer) T11 S | [
T2 — 116 | 17 | T8/ Tie /
Data matches arrangement of inputs to Tensor Core operations T3 — T20 [ Ta | a2 ||/
T14 S < T24 725, T26 T27

Ti6 —— TO T1 T2 /‘IFS
T17 —— T4 T5 T6 T7
T18 —m7mM» T8 To 10’ | T11
uint32_t R[4]; T19 — iz [ s /714 Ti5
= T20 - T16 T17 T18 T19
uint32 t smem_ptr;
- P 1k R — T20 | T21,| T22 | T23

asm volatile (
"ldmatrix.sync.aligned.x4.m8n8.shared.blé6

"{%0, %1, %2, %3}, [%4]; : T24 /> o v | v
. T25 —— T4 5 6 7
. T26 E— T T9 T10 11
"=r"(R[@]), "=r"(R[1]), "=r"(R[2]), "=r"(R[3]) 187 Tiz T3 | e :15
. T28 —— > Ti6 | Ti7 | TiB | T19
T ( Smem_pti“) T29 — 120 | T20 | T22 [ T23
)J T30 e T24 T25 T26 T27




GLOBAL MEMORY TO TENSOR CO

Global Memory

Shared Memory

TO | T4 (T8 |T12 |T16 |T20 (T24(T28
T1 | TS |T9 |T13|T17|T21)| 725|729
T2 |T6 |T10 |T14|T18|T22|T26| T30
T3 |T7 |Ti1|T15|T19|T23|T27|T31
TO | TL |T2 |T3 | T4 |T5 (T6 (T7 | T8 | T9 [T10 |T11 |T12 |T13 |T14 |T15
T16 |T17 |T18 |T19 (T20|T21|T22|T23|T24|T25|T26|T27|T28|T29| T30 T31

RE

= ‘7} i
i T ‘

TO | T4 |T8 [T12[T16[T20|T24|T28]

T1 |75 |T9 [T13(T17[T21[T25|T29)

T2 | T6 [T10(T14(T18(T22(T26|T30)

T3 | T7 [T11|T15(T19[T23|T27|T31

Tensor Cores T

To | T4 |T8 [T12(T26[T20[T24(T28

T1|T5 |T9 [T13[T17[T21|T25|T29)

T2 | T5 [T10(T14(T28(T22[T26[T30)

Shared Memory Shared Memory
Pointers Pointers

T3 | 17 [T11T15[T19(T23(T27[T31]
T0 e To 1 T2 T3 Ti6 — | 1 Ti T2 T T0 T i T3
T1 — T4 5 Th T7 T17  —— T4 TS T6 T T4 Ts T6 7
T2 _— T8 T9 TI0 | Ti1 T8 —m | T8 T9 Ti0 | Tl 18 TS Ti0 | Ti1
T3 —_— = T2 13 Ti4 T15 T19 S—— Ti2 Ti3 Ti4 T15 12 T13 114 115
T4 —_— Ti6 Ti7 T18 T19 T20 - . Ti5 T17 TI8 Ti9 Ti6 T17 Ti8 Ti9
T5 > T20 T21 T22 T23 T21 - T20 T2 T22 T23 20 T21 T22 T23
T6 . T24 | T25 | T26 | T27 T22 a T24 | T25 | T2e | T27 24 | T35 | 126 | T27
T7 5 728 [ T2s | 0 [ 73 T23 T28 | T20 | T30 | Tsi 28 [ T29 | 130 | TH1
T8 —_— To T1 T2 T3 T24 —— [ 1o i T2 T3 T0 1 T2 T3
9 _— T4 75 T6 T7 T25 ——= | 7. 15 T6 17 T4 5 6 s
TI0 —/0 — T8 ™ 10 | Tt T26 —> | 18 T TI0 | T1L 18 ] no | m
Tl @ — T2 | T13 | T14 | Ti5 T27 —— | 112 | T23 | T14 | TI5 T2 | T3 | T4 | Tis
Ti2 @ — Ti6 | T17 18 T19 T28 @ — = Ti6 | T17 | T18 | T19 Ti6 | T17 T18 T19
T3 — T20 T21 T22 T23 T29 — = T20 T21 | T22 T23 T20 T21 T22 T23
T4 — T24 | T25 | T25 | T27 T30 —— | T2a | T25 | T26 | T27 T24 | T25 | T26 | T27
T1i5 > T28 | T29 | T30 | T31 T31 — = T28 | T29 | T30 | T3t T28 | T29 | T30 | T3i




NVIDIA AMPERE ARCHITECTURE - SHARED MEMORY BANK TIMING

. . Phase 0: TO .. T7
Bank conflicts between threads in the same phase
Phase 1: T8 .. T15
Phase 2: T16 .. T23

Phase 3: T24 .. T31

16B words are accessed in 4 phases:

Each phase processes of a warp

Guillaume Thomas-Collignon and Paulius Micikevicius. "Volta Architecture and performance optimization.”
GTC 2018.




GLOBAL MEMORY TO TENSOR CORES

Global Memory

Cp.async

v

Shared Memory

l[dmatrix

Registers

T8

T12

Ti6

T20

T24

T28

Ti3

T17(T21

T25

T29

T10

Ti4

T18| T22

T26

T30

Ti1

T15

T19

T23

27

T31

T4

T9

T10

Ti1

Ti2

T1i3

T14

15

T17

T18

19

T20

T21

T22

T23

T24

T25

T26

27

T28

T29

T30

T31

Bank conflict on either store or load
from Shared Memory




GLOBAL TO SHARED MEMORY

Load from Global Memory

Load

Store

I _—— 1
| |
TO (T4 (T8 |T1i2 |T16 |T20|T24|T28 I I
|
!
|
T1 (TS5 (T9 |T13|T17|T21|T25|T29 I
|
]
|
T2 |T6 |T10|T14|T18|T22(T26( T30 I
|
|
T3 | T7 |T11|T15|T19|T23|T27|T31 I
== !
TO T1 T2 s T4 T5 T6 T7
T9 T8 Ti1 T10 T13 T12 T15 T14
T18 13 Ti6 T17 T22 T23 T20 T21
T27 T26 T25 T24 T31 T30 T29 T28

I
a
1
!
T
i
I
T
-
i

[onns
|
|
|
i
]
I e oy A s i i e =i
| ;
L i Permuted Shared Memory layout
1 XOR function maps thread index to Shared
4 Memory location
271
”’ e —— - — —— —— i —— — — — ————— — — -
&



GLOBAL TO SHARED MEMORY

Load from Globa

TO (T4

| Memory

§T8 |T12

T16 | T20

T24 | T28

ELATS

o | T13

T17|T21

T25|T29

T2 | T6

|
710 | T14
|

Ti8| T22

T26| T30

|
h11 T15

T19|T23

T27|T31

Store to Shared Memory

[ TO T1 T2 s T4 T5 T6 T7
To | T8 | Tt | Tio | T3 | Ti2 | Ti5 | Ti4
T18 13 Ti6 T17 T22 T23 T20 T21
T27 T26 T25 T24 T31 T30 T29 T28

. S e

Phase
Phase
Phase
Phase

e I17
. T15
. 123
o 131




GLOBAL TO SHARED MEMORY

Load from Global Memory

Load

Store

TO (T4

I
T8 (Ti2 §ri16 |T20|T24|T28
I I

I
|T9 T13 |T17| T21| T25( T29

TL | TS
I 1
[ i

T2 |T6 §T10 |T14|T18|T22| T26| T30
1
[ I
3 |17} !

IT11 T15 |T19 T23|T27(T31

[
|
|
|
|
!
|
|
|
I
]
4
|
|
|
|
Il
t
|
|
|
|
L

— =

Store to Shared Memory

TO T1 T2 s T4 T5 T6 T7
t T9 T8 Ti1 T10 T13 T12 T15 T14
T8 | Ti9 | T6 | Ti7 | T2 | Ta3 | T20 | T2
T27 T26 T25 T24 T31 T30 T29 T28
———— == e

I
a
1
!
T
i
I
T
-
i

Phase ©8: T@ .. T7

Phase 1: T8 .. T15
Phase 2: T16 T23
Phase 3: 724 .. T31




GLOBAL TO SHARED MEMORY

Load from Global Memory

Load

Store

T8 |Ti2

{ eyl

T16 |T20

IT24 | T28

I
To [T13

T17|T21

T25|T29

T2 | T6

T10 | T14

Ti8| T22

I
T26| T30

T11 |T15

—

T19|T23

T27|T31

[
|
|
|
|
!
|
|
|
I
]
4
|
|
|
|
Il
t
|
|
|
|
L

Store to Shared Memory

TO T1 T2 s T4 T5 T6 T7

T9 T8 Ti1 T10 T13 T12 T15 T14
- S G I . = e 8 N I N . i 8§ | . i & 8 |

T18 13 Ti6 T17 T22 T23 T20 T21

T27 T26 T25 T24 T31 T30 T29 T28

Phase ©8: T@ .. T7

Phase 1: T8 .. T15
Phase 2: T16 .. T23
Phase 3: 724 .. T31




GLOBAL TO SHARED MEMORY

Load from Global Memory

Load

Store

'.-.-.-.-I — =
| | |
TO T4 |T8 [T12 |T16 |T20§ T24 | T2}
I |
|
[ |
Tt [T5 |To [T13|T17|T21§T25(T29
' !
I
T2 |76 |T10|T14| T18 T22=T26 T30
!
| i
T3 |77 |T11|T15| T19 T23=T27 T31:
l == !
T0 T1 T2 T3 T4 T5 TS T7
T9 T8 T11 T10 T13 ) T15 T14
Ti8 T19 Ti6 T17 T22 T23 T20 T21
T27 T26 T25 T24 T31 T30 T29 T28
—— — —————

- S e

Phase 2: T16

Phase 3: T24 .. T31




FEEDING THE DATA PATH

Conflict-free Shared Memory loads

Blocked GEMM Thread Block Tile Warp Tile I Tensor Op
Global Memory 'Shared Memory Register File Tensor Cores

= NVIDI A



LOADING FROM SHARED MEMORY TO REGISTERS

Logical view of threadblock tile

T4

s

T6

T7

T10

p kil

T12 |T13

T14 |T15

T1i8 [T19

T20

T21

n22

T23

T24 | T25

T26

T27

T28| T29

T30| T31

Load Matrix

from Shared Memory

TO T16 T1 T17
T18 T2 T19 T3
T4 T20 TS5 T21
T22 T6 T23 7
T8 T24 T9 T25
T26 T1i0 T27 Ti1
T12 T28 T13 T29
T30 T14 31 T15

Shared Memory

Pointers

TO e T |1 | 3
T —_— T4 | Ts 7
T2 = T8 T9 | T10 | T11
T3 E— T12 T13 | Ti4 T15
T4 IE—— T16 T17 Ti8 T19
T5 —_— T20 T21 T22 T23
T6 —_— T24 T25 | 126 T27
T7 SRR = T28 T29 | T30 T31
T8 - TO T1 T2 T3
T9  — T4 T5 T6 T7
TI0 — & 8 T9 Ti0 | T11
Ti1 —_— Tiz | T3 | T4 | TiS
Ti2 _— T16 | T17 | T18 T19
T13 —_— T20 T21 T22 T23
T14 - = T24 T25 T26 T27

T28 [ T29 | T30 [ T31

TS — =

Shared Memory
Pointers

T16 —

T17 —

T3l =

TO | T4 | T8 [T12|T16|T20|T24|T28|
T1|T5|7T9 [T13[T17(T21|T25|T29
T2 | T6 |T10{T14(T18|T22|T26/T30)
T3 |T7 [T11|T15(T19|T23|T27|T31
TO | T4 | T8 |T12|T16|T20|T24|T28|
T1|TS5|T9 |T13|T17|T21|T25|T29]
T2 | T6 [T10|T14(T18|T22|T26/T30)
T3 |T7 [T11|T15(T19|T23|T27|T31
T0 i T2 13 TO T1 T2 T3
T4 T5 T6 T7 T4 T5 6 T7
T8 T9 T10 T11 T8 T Ti0 Ti1
Ti2 Ti3 T14 Ti5 T12 T13 T14 T1S
T16 Ti7 Ti8 T19 T16 T17 Ti8 T1S
T20 T21 T22 T23 T20 T21 T22 T23
T24 T25 T26 T27 T24 T25 T26 T27
T28 T29 T30 T31 T28 T29 T30 T31
TO T1 T2 T3 TO T T2 T3
T4 TS T6 7 T4 T5 T6 T7
T8 T9 T10 Ti1 T8 T9 Ti0 Ti1
Ti2 T13 T14 T15 T2 T13 T14 T15
Ti6 T17 Ti8 T19 Tié Ti7 Ti8 T19
T20 T21 T22 T23 T20 T21 T22 T23
T24 T25 T26 T27 T24 T25 T26 T27
T28 T29 T30 T31 T28 T29 T30 T31




LOADING FROM SHARED MEMORY TO REGISTERS

Logical view of threadblock tile

el (g

T4 | T5

T6 | T7

T8 | T9

T10 |T11

Ti2 [T13

T14 |T15

T18 |T19

T20|T21

T22|T23

T24 | T25

T26|T27

T28|T29

T30| T31

Load Matrix from Shared Memory

TO T16 T1 T17
T18 T2 T19 T3
T4 T20 TS T21
T22 T6 T23 T7
T8 T24 T9 T25
T26 T10 T27 T11
Ti2 T28 T13 T29
T30 Ti4 T31 T15

Shared Memory

Pointers
TO — o |1 [ |m=
T1 —_— T4 | Ts 7
T2 = T8 T9 | T10 | T11
T3 E— T12 T13 | Ti4 T15
T4 — Ti6 | T17 T18 T19
T5 SE—— T20 | T21 | T22 | T23
T6 —_— T24 | T25 | T26 | T27
17 » T28 T29 [ T30 T31
T8 - TO T1 T2 T3
9 — T4 | 15 T6 7
TI0 — & 8 T9 Ti0 | T11
T11 —_— T12 T13 T14 T15
Ti2 _— Ti6 | T17 | T8 | T19
T13 — T20 | T21 | T22 | T23
T14 - = T24 T25 T26 T27
T15 3 T28 | T29 | T30 | T31

Shared Memory
Pointers

T16 —

T17 —_—

T3l =

TO | T4 | T8 (T12|T16|T20|T24|T28|
T1|T5|7T9 [T13|T17|T21|T25]|T29
T2 | T6 |T10{T14|T18|T22|T26|T30]
T3 |T7 |T11|T15|T19|T23|T27|T31
TO | T4 |T8 [T12|T16(|T20|T24|T28|
T1|T5|T9 [T13|T17|T21|T25|T29
T2 | T6 |[T10|T14|T18|T22|T26|T30|
T3 | T7 |T11|T15|T19|T23|T27|T31
T0 T T2 T3 TO Tl T2 T3
T4 15 T6 T7 T4 15 6 T7
T8 T Ti0 T11 T8 T9 Ti0 Ti1
Ti2 Ti3 T14 Ti5 T12 T13 T14 Ti5
Ti6 ELT Ti8 T19 Ti6 T17 Ti8 T1S
T20 T21 T22 T23 T20 T21 T22 T23
T24 T25 T26 T27 T24 T25 T26 T27
T28 T29 T30 T31 T28 T29 T30 T31
TO T1 T2 T3 TO T1 T2 T3
T4 TS T6 7 T4 T5 T6 T7
T8 9 T10 Ti1 T8 T9 Ti0 Til
Ti2 T13 T14 T15 Ti2 Ti3 T14 T15
Ti6 T17 Ti8 T19 Ti6 Ti7 Ti8 T39
T20 T21 T22 T23 T20 T21 T22 T23
T24 T25 T26 T27 T24 T25 T26 T27
T28 T29 T30 T31 T28 T29 T30 T31




LOADING FROM SHARED MEMORY TO REGISTERS

Logical view of threadblock tile

T4 | TS

T6 | T7

TS

T10

T11

T12 |T13

T14 |T15

T18 |T19

T20(T21

T22|T23

T24

125

T26

27

T28| T29

T30| T31

Load Matrix

from Shared Memory

TO T16 T1 T17
Ti8 T2 T19 T3
T4 T20 T5 21
T22 T6 T23 T7
T8 T24 T9 T25
T26 T10 T27 Ti1
T12 T28 T13 T29
T30 Ti4 T31 T15

| S

Shared Memory

Pointers
TO —
T1 —_—
T2 —_—
T3 e
T4 —
TS5 —_—
T6 _—
T7 —
T8 S
T9 —_—
T10 —_—
T11 —_—

[ —

TS — =

TO | T4 | T8 [T12|T16|T20|T24T28
T1|T5|T9 [T13[T17(T21(T25/T29)
T2 |T6 [T10|T14|T18|T22|T26|T30|
T3 | 77 |T11T15[T19|T23|T27|T31
TO | T4 |78 |T12|T16|T20(|T24 728
T1|T5|T9 [T13[T17[T21[T25/T29)
T2 | 76 [T10{T14|T18|T22|T26/T30
Shared Memory
Pointers
T3 | 77 |T11(T15[T19(T23(|T27|T31
0 | 1| T 3 T16 —> Q10 [ n T2 T3 T0 Ho| @ T3
T4 | Ts 7 T17 — > | 14 15 6 T T4 T5 6 7
T8 T9 | T10 | T11 T18 —m > T8 T TI0 | Ti1 T8 T9 Ti0 | TIi1
T12 Ti3 | Ti4 T15 T19 —_— Ti2 Ti3 Ti4 T15 T12 T13 T14 T15
T16 T17 Ti8 T19 T20 —_— T16 T T8 T19 T16 T17 T18 T19
T20 | T21 | T22 | T23 T21 ——s QT20 |20 T2 |22 T20 | T21 | T22 | T23
T24 T25 | T26 T27 T22 > T24 T25 T26 T27 T24 T25 T26 T27
T26 [ T29 | T30 | T31 T23 T28 | T29 | T30 | T3t T28 | T29 | T30 | T31
T0 T T2 3 T2 —> | 10 T1 T2 3 T0 T T2 3
T4 5 16 7 T25 —— | 15 T6 7 T4 5 T6 7
8 To Ti0 | T11 T26 —> | 18 9 TI0 | T11 8 To | Ti0 | T11
Tiz | T13 | T4 | Tis T27 @ —m > Ti2 | Ti3 | T14 | Ti5 ri2 | 113 | 114 | 715
Ti6 | T17 | T18 | T19 T28 ——— | 116 | T17 | T18 | T19 Ti6 | T1i7 | T18 | T19
T20 | T21 | T22 | T23 T29 —m T20 | T21 | T22 | T23 T20 | T21 | T22 | T23
T24 125 T26 T27 T30 — T24 T25 T26 T27 T24 T25 T26 T27
T28 T29 T30 T31 T31 —_ T28 T29 T30 T31 T28 T29 T30 T31




LOADING FROM SHARED MEMORY TO REGISTERS

Logical view of threadblock tile

T4 | TS

T6 | T7

TS

T10

T11

T12 |T13

T14 |T15

T18 |T19

T20(T21

T22|T23

T24

125

T26

27

T28| T29

T30| T31

Load Matrix

from Shared Memory

TO T16 T1 T17
Ti8 T2 T19 T3
T4 T20 T5 21
T22 T6 T23 T7
T8 T24 T9 T25
T26 T10 T27 Ti1
T12 T28 T13 T29
T30 Ti4 T31 T15

| S

Shared Memory

Pointers
TO —
T1 —_—
T2 —_—
T3 e
T4 —
TS5 —_—
T6 _—
T7 —
T8 S
T9 —_—
T10 —_—
T11 —_—

[ —

TS — =

TO | T4 | T8 [T12|T16|T20|T24T28
T1|T5|T9 [T13[T17(T21(T25/T29)
T2 |T6 [T10|T14|T18|T22|T26|T30|
T3 | 77 |T11T15[T19|T23|T27|T31
TO | T4 |78 |T12|T16|T20(|T24 728
T1|T5|T9 [T13[T17[T21[T25/T29)
T2 | 76 [T10{T14|T18|T22|T26/T30
Shared Memory
Pointers
T3 | 77 |T11(T15[T19(T23(|T27|T31
0 | 1| T 3 T16 — | 10 [ m T2 T3 T0 Ho| @ T3
T4 | Ts 7 T17 — > | 14 15 6 T T4 T5 6 7
T8 T9 | T10 | T11 T18 —m > T8 T TI0 | Ti1 T8 T9 Ti0 | TIi1
T12 Ti3 | Ti4 T15 T19 —_— Ti2 Ti3 Ti4 T15 T12 T13 T14 T15
T16 T17 Ti8 T19 T20 —_— T16 T T8 T19 T16 T17 T18 T19
T20 | T21 | T22 | T23 T21 —— [T200 |20 T2 |22 T20 | T21 | T22 | T23
T24 T25 | T26 T27 T22 > T24 T25 T26 T27 T24 T25 T26 T27
T26 [ T29 | T30 | T31 T23 T28 | T29 | T30 | T3t T28 | T29 | T30 | T31
T0 T T2 3 T2 —> | 10 T1 T2 3 T0 T T2 3
T4 5 16 7 T25 —— 15 T6 7 T4 5 T6 7
8 To Ti0 | T11 T26 —> || 18 9 TI0 | T11 8 To | Ti0 | T11
Tiz | T13 | T4 | Tis T27 @ —m > Ti2 | Ti3 | T14 | Ti5 ri2 | 113 | 114 | 715
Ti6 | T17 | T18 | T19 T28 ——— [ 116 | T17 | T18 | T19 Ti6 | T1i7 | T18 | T19
T20 | T21 | T22 | T23 T29 —m T20 | T21 | T22 | T23 T20 | T21 | T22 | T23
T24 125 T26 T27 T30 — T24 T25 T26 T27 T24 T25 T26 T27
T28 T29 T30 T31 T31 —_ T28 T29 T30 T31 T28 T29 T30 T31




ADVANCING TO NEXT K GROUP

K=0..15 K=16 .. 31




ADVANCING TO NEXT

K GROUP

smem_ptr = row_idx * 8 + column_idx;

K=0..15 K=16..31
T0 T16 T1 T17 TO Ti6 T1 T17
T18 T2 T19 T3 T18 T2 T19 T3
T4 T20 T5 T21 T4 T20 T5 T21
T22 T6 T23 T7 T22 T6 T23 T7
T8 T24 T9 T25 T8 T24 9 T25
T26 T10 H27 Ti1 T26 T10 T27 T11
T12 T28 T13 T29 T12 T28 T13 T29
T30 T14 T31 T15 T30 T14 T31 T15

smem_ptr =smem_ptr " 2;




LOADING FROM SHARED MEMORY TO REGISTERS —

Logical view of threadblock tile

K=16..31

Phaseo TO | T1 | T2 | T3 | T4 |T5 | T6 | T7 | T8 (T9 |T10|T11|T12 |T13 |T14 |T15

T16 |T17 |T18 |T19|T20|T21|T22|T23|T24|T25|T26|T27|T28| T29| T30( T31

Load Matrix from Shared Memory

TO T16 T1 T17
Ti8 T2 T1S T3
T4 T20 T5 21
T22 T6 T23 T#
T8 T24 T9 T25
T26 T10 T27 F1l
T1i2 T28 T13 T29
T30 Ti4 T31 T15




LOADING FROM SHARED MEMORY TO REGISTERS —

Logical view of threadblock tile

| K=16..31

Phase 1 To [Tt |12 |73 | T4 | TS5 |76 | T7 | T8 | To |T10 |71t |T12 |T13 [T14 |T15

T16 |T17 |T18 |T19|T20|T21|T22|T23|T24 |T25|T26|T27|T28| T29| T30( T31

Load Matrix from Shared Memory

TO T16 il T17
Ti8 T2 T19 T3

T4 T20 TS5 T21
T22 T6 T23 TF

T8 T24 T9 T25

T26 T10 T27 T11
Ti2 T28 T13 T29
T30 T14 T31 T15




LOADING FROM SHARED MEMORY TO REGISTERS —

Logical view of threadblock tile

| K=16..31

Phase 2 T16 |T17 (T18 |T19 |T20 (T21|T22|T23|T24 |T25|T26(T27| T28| T29( T30 T31

Load Matrix from Shared Memory

TO T16 T1 T17
Ti8 T2 T19 T3
T4 T20 5 T21
T22 T6 T23 T7
T8 T24 9, T25
T26 T1i0 T27 Ti1
T12 T28 T13 T29
T30 T14 T31 T15




LOADING FROM SHARED MEMORY TO REGISTERS —

Logical view of threadblock tile

| K=16..31

Phase 3 T16 |T17 |T18 |T19|T20|T21|T22|T23|T24 |T25|T26|T27|T28| T29| T30( T31

Load Matrix from Shared Memory

TO T16 il T17
Ti8 T2 T19 T3

T4 T20 TS5 T21
T22 T6 T23 TF

T8 T24 T9 T25

T26 T10 T27 T11
Ti2 T28 T13 T29
T30 T14 T31 T15




CUTLASS

Latency-tolerant pipeline from Global Memory
Conflict-free Shared Memory stores

Conflict-free Shared Memory loads

] H —
Blocked GEMM Thread Block Tile Warp Tile Tensor Op

L S -
v v

Global Memory Shared Memory Register File Tensor Cores

2 NVIDIA.




CUTLASS:

using Mma = cutlass::gemm::warp::DefaultMmaTensorOp<
GemmShape<64, 64, 16>,
half_t, LayoutA,
half_t, LayoutB,

float, RowMajor

>3
__shared__ ElementA smem_buffer_A[Mma::Shape::kM * GemmK];
__shared__ ElementB smem_buffer_B[Mma::Shape::kN * GemmK];
Mma::IteratorA iter_A({smem_buffer_A, lda}, thread_id);
Mma::IteratorB iter_B({smem_buffer B, ldb}, thread_id);
mE——]
PJ . Mma: :FragmentA frag_ A;
Mma: :FragmentB frag_B;
Mma: :FragmentC accum;
Mma mma;
accum.clear();
#pragma unroll 1
for (int k = @; k < GemmK; k += Mma::Shape::kK) {
Shared Memory Warp-level Tensor Cores

matrix multiply

iter_A.load(frag A);

iter_B.load(frag B);

++iter_A; ++iter_B;

mma(accum, frag_ A, frag B, accum);

}




CUTLASS:

using Mma = cutlass::gemm::warp::DefaultMmaTensorOp<
GemmShape<64, 64, 16>,
half_t, LayoutA,
half_t, LayoutB,
float, RowMajor

Tile Iterator Constructors: >;

Initialize pointers into permuted Shared Memory buffers -~ _zﬂgﬁgg_ Eigmggzg zm:m_gﬂggp_g%mg fgﬂgggf m : ggmﬂ
~ e e - — . e . F]

Mma::IteratorA iter_A({smem_buffer_A, lda}, thread_id);
Mma::IteratorB iter_B({smem_buffer B, 1ldb}, thread _id);

Fragments: Mma::FragmentA frag A;

Register-backed arrays holding each thread’s data @  ========- Mma::FragmentB frag_B;
Mma: :FragmentC accum;

Mma mma;

accum.clear();

Tile Iterator: #pragma unroll 1

load() - Fetches data from permuted Shared Memory buffers ~< _ T LHE k= R k< GemnKy k += Mmaz:Shape:kk) {

operator++() - advances to the next logical matrix in SMEM ~< .
~So ~ iter_A.load(frag A);
S iter_B.load(frag_B);

++iter_A; ++iter_B;
Warp-level matrix multiply:

Decomposes a large matrix multiply into Tensor Core operations —~ - _ _ _ _

mma(accum, frag A, frag B, accum);







