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HPC Learning Path  

• CSAPP

• Computer Arch: A Quantitative 
Approach

• Parallel Programming

• OSTEP

• Computer Network

• Compiler

• ----

• CMU 445 Database

• MIT 6.824 Distributed System

• Linux/git/C++/Python/slurm

• MPI/OpenMP

• CUDA

• Pytorch/Triton

• asm, ptx, Tensor Core, NPU

• Intel VTune / Nvidia Profiler / TAU

• gdb/perf/ebpf

• K8s, docker, MIG

• RDMA, All-to-All, dragonfly, CXL

• MoE, Diffusion

• Distributed Training, MegatronLM

• SFT, LoRA, RAG

• Inference, KVCache

• Simulator

• Paper



GEMM Learning

Content

• 1. What is HGEMM
• GEMM -> SGEMM -> HGEMM (Lab1)

• Parallel SGEMM (Lab2)

• 2. CUDA
• CUDA 101 (Lab3)

• Tensor Core (Lab4)

• 3. Profiler: Nsight
• Nsys

• NCU (Lab5)

Level

• Beginner

• Medium

• Hard



GEMM

• General Matrix Multiplication



GEMM’s history: BLAS 

Jack Dongarra

BLAS level 1 (1979)

BLAS level 2 (1988)

BLAS level 3 (1990)

Basic Linear Algebra Subprograms (BLAS) is a

specification that prescribes a set of low-level

routines for performing common linear algebra

operations such as vector addition, scalar

multiplication, dot products, linear combinations,
and matrix multiplication.

matrix-vector operations

vector-vector operations

matrix-matrix operations

GEMM

GEMV

Cedar Computer 1985



GEMM’s API  

Parameter Meaning

A, B Input matrices

C Output matrix (may contain initial values)

M, N, K Matrix dimensions: A[M×K], B[K×N], C[M×N]

α, β Scalars: C = αAB + βC

lda, ldb, ldc Leading dimensions (row stride for 2D arrays)



SGEMM

• Single precision General Matrix Multiplication



Double precision General Matrix Multiplication



Simplified DGEMM

• Note: In this competition, you are allowed 
to use the simplified version of matrix 
multiplication: C = A × B 

• That means you do not need to include 
the scalar values alpha and beta as in 
the full GEMM formula (C = αAB + βC). 
Just compute the product of matrix A and 
matrix B directly and store the result in 
matrix C.

• Whether M, N, and K are passed as 
function parameters is not required

Important Note



What’s the difference between float and double?



What’s the difference between float and double?

Float ConverterLab01

https://flop.evanau.dev/float-converter


FP64, FP32, FP16



What’s HGEMM

half: Half-precision floating-point library

https://half.sourceforge.net/
https://half.sourceforge.net/
https://half.sourceforge.net/
https://half.sourceforge.net/
https://half.sourceforge.net/


Parallelizing HGEMM using OpenMP 



s

B[k][j], B[k][j+1], ..., B[k][j+15]

Block size ↓ cache hit ↓ memory ↓

Block size ↑ cache hit ↑ memory ↑
Find a balance:



Matrix Tiling technique Original

Matrix Tiling

C[i][j] += A[i][k] * B[k][j];

B[kk][jj], B[kk][jj+1], B[kk][jj+2], B[kk][jj+3],

B[kk+1][jj], B[kk+1][jj+1], ...



Utilize Memory Access Pattern
For Raising Cache hit closer

Lab02: perf

perf stat -e cache-misses,cache-references,dTLB-load-misses



TLB sometimes can be a bound!

GEMM caching - 知乎

https://zhuanlan.zhihu.com/p/69700540
https://zhuanlan.zhihu.com/p/69700540
https://zhuanlan.zhihu.com/p/69700540


SOSP24: Powerinfer
Utilize Memory Access Pattern

PowerInfer: Fast Large Language Model Serving with a Consumer-grade 

GPU

https://arxiv.org/pdf/2312.12456
https://arxiv.org/pdf/2312.12456
https://arxiv.org/pdf/2312.12456
https://arxiv.org/pdf/2312.12456
https://arxiv.org/pdf/2312.12456


Using specific hardware: SIMD 

SISD                                   SIMD





Loop unrolling 

Superscalar Processor

ILP: Instruction-Level Parallelism



What is CUDA?

CUDA Toolkit Documentation 12.9 Update 1

A development environment for creating high performance GPU-accelerated applications.

https://docs.nvidia.com/cuda/


GPU

CPU

Host
Device



Hello, CUDA!

Lab03: CUDA



GPU Hierarchy



Warp ：the smallest scheduling unit in GPU execution.



HGEMM in CUDA



Tiling in CUDA

penny-xu.github.io/blog/tiled-matrix-multiplication/

https://penny-xu.github.io/blog/tiled-matrix-multiplication
https://penny-xu.github.io/blog/tiled-matrix-multiplication
https://penny-xu.github.io/blog/tiled-matrix-multiplication
https://penny-xu.github.io/blog/tiled-matrix-multiplication
https://penny-xu.github.io/blog/tiled-matrix-multiplication
https://penny-xu.github.io/blog/tiled-matrix-multiplication
https://penny-xu.github.io/blog/tiled-matrix-multiplication


Loop Unrolling in CUDA

CUDA ---- Branch Divergence and 

Unrolling Loop - 苹果妖 - 博客园

Loop Unrolling Impact on CUDA Matrix Multiplication 

Operations | IEEE Conference Publication | IEEE Xplore

https://www.cnblogs.com/1024incn/p/4548056.html
https://www.cnblogs.com/1024incn/p/4548056.html
https://www.cnblogs.com/1024incn/p/4548056.html
https://www.cnblogs.com/1024incn/p/4548056.html
https://www.cnblogs.com/1024incn/p/4548056.html
https://www.cnblogs.com/1024incn/p/4548056.html
https://www.cnblogs.com/1024incn/p/4548056.html
https://www.cnblogs.com/1024incn/p/4548056.html
https://ieeexplore.ieee.org/document/10819077
https://ieeexplore.ieee.org/document/10819077


V100



Tensor Cores

Tensor Core Unit (TCU) is increasingly integrated into 

modern high-performance processors to enhance 

matrix multiplication performance.

4x108 = 432 
Tensor Cores 
in A100



Each tensor core can complete a single 4x4 
matrix-multiply-and-accumulation (MACC) each 
clock cycle

M. A. Raihan, N. Goli and T. M. Aamodt, "Modeling Deep Learning Accelerator Enabled GPUs," 2019 IEEE International Symposium on Performance 
Analysis of Systems and Software (ISPASS), Madison, WI, USA, 2019, pp. 79-92, doi: 10.1109/ISPASS.2019.00016. 

Tensor Cores



Hello, Tensor Core!

yan-ipdps20.pdfLab04: Tensor Core

https://github.com/Bruce-Lee-LY/cuda_hgemm

https://www.cse.ust.hk/~weiwa/papers/yan-ipdps20.pdf
https://www.cse.ust.hk/~weiwa/papers/yan-ipdps20.pdf
https://www.cse.ust.hk/~weiwa/papers/yan-ipdps20.pdf


How to use Tensor Core: WMMA

https://cx9898.github.io/post/CUDA%20-bian-cheng-shi-yong-
%20Tensor%20core%20-xiang-jie.html

code-samples/posts/tensor-cores/simpleTensorCoreGEMM.cu at master · NVIDIA-
developer-blog/code-samples

https://github.com/NVIDIA-developer-blog/code-samples/blob/master/posts/tensor-cores/simpleTensorCoreGEMM.cu
https://github.com/NVIDIA-developer-blog/code-samples/blob/master/posts/tensor-cores/simpleTensorCoreGEMM.cu
https://github.com/NVIDIA-developer-blog/code-samples/blob/master/posts/tensor-cores/simpleTensorCoreGEMM.cu
https://github.com/NVIDIA-developer-blog/code-samples/blob/master/posts/tensor-cores/simpleTensorCoreGEMM.cu
https://github.com/NVIDIA-developer-blog/code-samples/blob/master/posts/tensor-cores/simpleTensorCoreGEMM.cu
https://github.com/NVIDIA-developer-blog/code-samples/blob/master/posts/tensor-cores/simpleTensorCoreGEMM.cu
https://github.com/NVIDIA-developer-blog/code-samples/blob/master/posts/tensor-cores/simpleTensorCoreGEMM.cu
https://github.com/NVIDIA-developer-blog/code-samples/blob/master/posts/tensor-cores/simpleTensorCoreGEMM.cu
https://github.com/NVIDIA-developer-blog/code-samples/blob/master/posts/tensor-cores/simpleTensorCoreGEMM.cu
https://github.com/NVIDIA-developer-blog/code-samples/blob/master/posts/tensor-cores/simpleTensorCoreGEMM.cu
https://github.com/NVIDIA-developer-blog/code-samples/blob/master/posts/tensor-cores/simpleTensorCoreGEMM.cu


How WMMA works 

A100
3060

理解Tensor Core - 知乎

device-specific machine code (SASS)

Parallel Thread eXecution (PTX)

device-specific machine code (SASS)

https://zhuanlan.zhihu.com/p/75753718
https://zhuanlan.zhihu.com/p/75753718
https://zhuanlan.zhihu.com/p/75753718
https://zhuanlan.zhihu.com/p/75753718


How TCU computes?

Segments

As can be seen in this figure, matrix-multiply accumulate 
operations are implemented via a new SASS instruction, 
HMMA

Implemented 
on Hardware



PPoPP24 Best Paper

Accelerate Stencil Computing in HPC using Tensor Cores



Observation: Similarity with Convolution

Motivation: Accelerate Stencil like Convolution?



Image2rol->GEMM



Nsight Compute Profiler

Normal CUDA Function

Nsight CUDA Profiling



nsys
• a system-wide performance analysis tool designed to visualize an application’s algorithms



ncu



ncu

Lab05: NCU



PTX / SASS

Parallel Thread Execution ISA

deepseek-ai/DeepGEMM: DeepGEMM: clean and 

efficient FP8 GEMM kernels with fine-grained scaling

A100
3060

device-specific machine code (SASS)

Parallel Thread eXecution (PTX)

https://docs.nvidia.com/cuda/archive/12.0.1/pdf/ptx_isa_8.0.pdf
https://github.com/deepseek-ai/DeepGEMM
https://github.com/deepseek-ai/DeepGEMM
https://github.com/deepseek-ai/DeepGEMM
https://github.com/deepseek-ai/DeepGEMM
https://github.com/deepseek-ai/DeepGEMM
https://github.com/deepseek-ai/DeepGEMM
https://github.com/deepseek-ai/DeepGEMM
https://github.com/deepseek-ai/DeepGEMM
https://github.com/deepseek-ai/DeepGEMM
https://github.com/deepseek-ai/DeepGEMM


Compute Intensity Performance = Bandwidth × Compute Intensity



Roofline model



Roofline Model



Why ≠0?

log



FMA: Fused Multiply-Add



Roofline Models 

ASPLOS’ 25



Idea: Parallel Solution



LogP

• The LogP model is a simple framework for analyzing parallel computing systems. It abstracts the 
performance of distributed-memory parallel architectures by focusing on four key parameters:

• - **L (Latency)**: The time it takes to send a small message between two processors across the network.

• - **o (Overhead)**: The time a processor spends managing communication (e.g., initiating or receiving a 
message).

• - **g (Gap)**: The minimum time interval between consecutive message transmissions or receptions, 
reflecting network bandwidth limitations.

• - **P (Processors)**: The number of processors in the system.

• The model assumes that processors operate asynchronously and communicate by sending fixed-size 
messages. It simplifies real-world complexities by focusing on communication costs rather than 
computation details. LogP is useful for designing and analyzing parallel algorithms, as it helps predict 
performance bottlenecks related to communication latency, overhead, and bandwidth constraints. It’s 
particularly effective for understanding algorithms on distributed systems like clusters or early parallel 
computers.

并行计算理论(002)-并行计算模型 - 知乎

https://zhuanlan.zhihu.com/p/148647732
https://zhuanlan.zhihu.com/p/148647732
https://zhuanlan.zhihu.com/p/148647732
https://zhuanlan.zhihu.com/p/148647732
https://zhuanlan.zhihu.com/p/148647732
https://zhuanlan.zhihu.com/p/148647732


High level technique 

• Amdahl’s Law

• LogP Model

• Roofline Model

• Share Memory

• SASS/PTX

• Warp Divergence

• Bank Conflict

• Double buffer

V100 Data Center GPU | NVIDIA

volta-architecture-whitepaper.pdf

https://www.nvidia.cn/data-center/v100/
https://images.nvidia.com/content/volta-architecture/pdf/volta-architecture-whitepaper.pdf
https://images.nvidia.com/content/volta-architecture/pdf/volta-architecture-whitepaper.pdf
https://images.nvidia.com/content/volta-architecture/pdf/volta-architecture-whitepaper.pdf
https://images.nvidia.com/content/volta-architecture/pdf/volta-architecture-whitepaper.pdf
https://images.nvidia.com/content/volta-architecture/pdf/volta-architecture-whitepaper.pdf


666 赛题

• Greetings, pioneers! | SUSTCSC

• 我真的好懒啊，我不想做了，这些都是google+GPT就能学会的东西。但是一想想这PPT就
讲出了我的人生，真是忍不住轻哼起来

https://handicraft-computing-team.github.io/sustcsc-doc/pages/intro/advanced.html
https://handicraft-computing-team.github.io/sustcsc-doc/pages/intro/advanced.html
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