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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/
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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
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NVIDIA Architectures (since first CUDA GPU)

Tesla [CC 1.x]: 2007-2009

• G80, G9x: 2007 (Geforce 8800, ...)
GT200: 2008/2009 (GTX 280, ...)

Fermi [CC 2.x]: 2010 (2011, 2012, 2013, …)

• GF100, ... (GTX 480, ...)
GF104, ... (GTX 460, ...)
GF110, ... (GTX 580, ...)

Kepler [CC 3.x]: 2012 (2013, 2014, 2016, …)

• GK104, ... (GTX 680, ...)
GK110, ... (GTX 780, GTX Titan, ...)

Maxwell [CC 5.x]: 2015

• GM107, ... (GTX 750Ti, ...); [Nintendo Switch]
GM204, ... (GTX 980, Titan X, ...)

Pascal [CC 6.x]: 2016 (2017, 2018, 2021, 2022, …)

• GP100 (Tesla P100, ...)

• GP10x: x=2,4,6,7,8, ...
(GTX 1060, 1070, 1080, Titan X Pascal, Titan Xp, ...)
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Volta [CC 7.0, 7.2]: 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, GA106, ...; [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



Tensor Cores (1st – 5th Generation)
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Tensor Cores (1st – 5th Generation)
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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
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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
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NVIDIA GA100 SM

Multiprocessor: SM (CC 8.0)

• 64 FP32 + 64 INT32 cores

• 32 FP64 cores

• 4 3rd gen tensor cores

• 1 2nd 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 3rd gen tensor core each

• Each has: warp scheduler,
dispatch unit, 16K register file
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NVIDIA GA10x SM

Multiprocessor: SM (CC 8.6)

• 128 (64+64) FP32 + 64 INT32 cores

• 2 (!) FP64 cores

• 4 3rd gen tensor cores

• 1 2nd gen RT (ray tracing) core

4 partitions inside SM

• 32 (16+16) FP32 + 16 INT32 cores

• 4 LD/ST units; 4 SFUs each

• 1 3rd gen tensor core each

• Each has: warp scheduler,
dispatch unit, 16K register file
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NVIDIA GH100 SM

Multiprocessor: SM (CC 9.0)

• 128 FP32 + 64 INT32 cores

• 64 FP64 cores

• 4x 4th gen tensor cores

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

4 partitions inside SM

• 32 FP32 + 16 INT32 cores

• 16 FP64 cores

• 8x LD/ST units; 4 SFUs each

• 1x 4th gen tensor core each

• Each has: warp scheduler,
dispatch unit, 16K register file
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Tensor Cores (1st – 5th Generation)
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NVIDIA AD102 SM

Multiprocessor: SM (CC 8.9)

• 128 (64+64) FP32 + 64 INT32 cores

• 2 (!) FP64 cores (not in diagram)

• 4x 4th gen tensor cores

• 1x 3rd 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 4th gen tensor core each

• Each has: warp scheduler,
dispatch unit, 16K register file
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Tensor Cores (1st – 5th Generation)
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NVIDIA Blackwell SM

CC 12.0 SM (GB 202 Multiprocessor)

• 128 FP32/INT32 cores

• 2 FP64 cores

• 4x 5th gen tensor cores

• ++ thread block clusters, DPX insts., FP8, NVFP4, TMA

4 partitions inside SM

• 32 FP32/INT32 cores

• 4x LD/ST units each

• 1x 5th gen tensor core

• Each has: warp scheduler,
dispatch unit, 16K register file
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NVIDIA Blackwell SM

CC 10.3 SM (GB300 Blackwell Ultra)

• 128 FP32/INT32 cores

• 64(?) FP64 cores

• 4x 5th gen tensor cores

• Tensor Memory Accelerator (TMA)

• ++ thread block clusters, DPX insts., FP8, NVFP4,
256 KB Tensor Memory (TMEM), needs 4 warps =
warp group for full TMEM access (1 warp/partition)

4 partitions inside SM

• 32 FP32/INT32 cores

• 8x LD/ST units each

• 1x 5th gen tensor core

• 64 KB Tensor Memory (TMEM)

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

Markus Hadwiger, KAUST 22



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]

• TCGEN05.MMA (TensorCore 5th 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!
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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)

High-level options

• NVIDIA cuBLAS

• NVIDIA cuDNN,

• Integration into TensorFlow, ...
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CUTLASS 4.3.1 (November 2025)
https://github.com/NVIDIA/cutlass









Tensor Cores

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

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)
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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!)
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Ampere Tensor Cores: Mixed Precision
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New in Ampere: TF32, BF16, FP64

plus FP64 (new in Ampere; GA100 only)

plus INT4/INT8/binary data types (experimental; introduced in Turing)



Ampere Tensor Cores: Sparsity Support

Markus Hadwiger, KAUST 44

Sparse MMA instructions

2:4 structured sparsity



Tensor Cores: More Mixed Precision Options
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New in Hopper: FP8

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



Tensor Cores: Hopper vs. Ampere

(preliminary)
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Tensor Memory Accelerator (TMA)

Asynchronous transfers

Markus Hadwiger, KAUST 47











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)

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

Dimensions m,n,k:   m x k matrix_a;   k x n matrix_b;   m x n accumulator
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CUDA C Warp Matrix Functions (WMMA)

Data types (T)

wmma API splits

this into fragments
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Volta/Turing/Ampere/Hopper/Ada:



CUDA C Warp Matrix Functions (WMMA)

Data types (T)

wmma API splits

this into fragments

Markus Hadwiger, KAUST 54

Ampere/Hopper only:

Turing/Ampere/Ada:

Ampere/Hopper/Ada only:



CUDA C Warp Matrix Functions (WMMA)

Warp Level Matrix Multiply Accumulate (WMMA)

CUDA C++ Programming Guide 13.0, Chapter 10.24
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PTX ISA 9.0, Chapter 9.7.14

PTX WMMA and MMA Instructions
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PTX ISA 9.0

PTX WMMA and MMA Instructions
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Load and store: wmma

PTX WMMA and MMA Instructions
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Load and store: wmma

PTX WMMA and MMA Instructions
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wmma example

PTX WMMA and MMA Instructions
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mma: fixed assigments of matrix fragments to registers in each thread of warp

PTX WMMA and MMA Instructions
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mma: fixed assigments of matrix fragments to registers in each thread of warp

PTX WMMA and MMA Instructions
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mma: fixed assignments of matrix fragments to registers in each thread of warp

PTX WMMA and MMA Instructions
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Sparse matrices: mma.sp

PTX WMMA and MMA Instructions
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Load and store: mma ldmatrix

Warp-wide load matrix instruction

PTX WMMA and MMA Instructions
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PTX WMMA to SASS

Raihan et al., 2019

Get SASS code from cuobjdump disassembly

Micro-benchmarking
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PTX WMMA to SASS

Raihan et al., 2019

Get SASS code from cuobjdump disassembly
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PTX WMMA to SASS

Raihan et al., 2019

Get SASS code from cuobjdump disassembly
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PTX WMMA to SASS

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



PTX WMMA to SASS

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



https://developer.download.nvidia.com/video/gputechconf/gtc/2020/presentations/
s21745-developing-cuda-kernels-to-push-tensor-cores-to-the-absolute-limit-on-
nvidia-a100.pdf













































































































Thank you.


