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Getting Started to GPU Programming 
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n What is CUDA (Compute Unified Device Architecture) ? 
q CUDA® is a parallel computing platform and programming model that 

enables dramatic increases in computing performance by harnessing the 
power of the graphics processing unit (GPU). 

Source:  https://developer.nvidia.com/cuda
Source: https://docs.nvidia.com/cuda/cuda-programming-guide/01-introduction/introduction.html

Figure 1 The GPU Devotes More Transistors to Data Processing



From One GPU to GPU Systems

3Source: https://nvidianews.nvidia.com/file/nvidia-h100-nvl-gpu
Source:https://www.nvidia.com/en-us/data-center/gb200-nvl72

Figure 2 Different Vendor ‘ s Software Stack

Figure 2 H100

Figure 2 h100

Figure 3 NVL72

GPU programming is no longer only about one GPU.

https://nvidianews.nvidia.com/file/nvidia-h100-nvl-gpu
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GPU programming is no longer only about one GPU.
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Source: https://arxiv.org/pdf/2607.24653

https://nvidianews.nvidia.com/file/nvidia-h100-nvl-gpu


Why CUDA？

5Source: https://images.nvidia.com/nvimages/gtc/pdf/gtc24-spring-best-of-highlight.pdf
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Where Does CUDA Fit?
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n CUDA GPU Computing 
q Kernels
q memory
q GPU threads

n NCCL GPU 
Communication
q AllReduce
q AllGather

MPI → Process Communication / Coordination
NCCL → GPU Communication 
CUDA → GPU Computing 

n MPI Process 
Communication Figure 3 NCCL DeepLearning stack

Source:  https://docs.nvidia.com/dgx-superpod/dgx-explained/network-operator/latest/validation.html



 Processes to CUDA Threads
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n Process
q A running instance of a program, usually with its own address space.

n CPU Thread
q An execution unit inside a process. Threads in the same process share 

memory.
n CUDA Thread

q A lightweight execution unit running on the GPU.

Figure 3 Processes, CPU Threads, and CUDA Threads



How Are CUDA Threads Organized?
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n Key ideas
q A thread is the basic execution unit of a CUDA kernel.
q A block is a group of CUDA threads.
q A grid is a group of thread blocks
q threadIdx.x is the thread’s x-coordinate within its block.

n Example

1 block x 4 threads/block =4 CUDA threads

Figure 4  GPU GRid block and Threads



MPI Processes to CUDA Threads
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n Process
q A running instance of a program, usually with its own address space.

n CPU Thread
n An execution unit inside a process. Threads in the same process share 

memory.
n CUDA Thread

n A lightweight execution unit running on the GPU.

Figure 3 Processes, CPU Threads, and CUDA Threads

MPI → Communication between processes
CUDA → Parallel computation with GPU threads
NCCL → Collective communication between GPUs



How does CUDA work
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n Host
q  The CPU side of a CUDA program
q Prepares data and controls execution.

n Device
q The GPU side of a CUDA program
q Performs parallel computation 

n Kernel
q A function executed on the GPU 
q  Run by many CUDA threads in parallel

Figure 5 Processes, CUDA 

Host–Device Execution Model



How does CUDA work

11

n Host
q  The CPU side of a CUDA program
q Prepares data and controls execution.

n Device
q The GPU side of a CUDA program
q Performs parallel computation 

n Kernel
q A function executed on the GPU 
q  Run by many CUDA threads in parallel

Host controls the program;
Device performs the parallel work.

Source:  https://docs.nvidia.com/cuda/pdf/CUDA_C_Programming_Guide.pdf

Figure 6: Heterogeneous 

Programmin



How Do We Program CUDA

n Other ways to use NVIDIA GPUs
q Python

n CUDA Python
n PyTorch
n CuPy
n Numba

n Others
q CUDA Fortran
q Java bindings

n CUDA C ++ Used in this tutorial

We use CUDA C++ for it exposes the programming model directly.



Where Do We Program CUDA

13

Classroom Demonstration：by WEB https://cuda.godbolt.org

Other Choices：LeetGPU Playground / cuda.live Playground 



TACC : Turing AI Computing Cloud
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Homework subbmission ( by submit a Job ): https://tacc.ust.hk/



Anatomy of a CUDA C++ Program
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n GPU / Device Code
q Defines the CUDA kernel
q Executed on the GPU 
q Run by many CUDA threads 

n CPU / Host Code
q Prepares input data 
q Manages GPU memory 
q Transfers data between CPU and GPU 
q Launches the CUDA kernel 
q Collects the results

A CUDA C++ program contains both CPU code and GPU code.

Two Parts in One .cu File



Kernel Launch and Device printf
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Expected Output

Why four GPU messages? 

1 block × 4 threads 
= 

4 CUDA threads 

Each CUDA thread executes hello() once.



NVCC Compiles a CUDA Program
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CUDA C++ 
Source Code

Host Code
 (CPU Assembly)

Device Code
 (PTX)

Output



1 D Vector Addition
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∀� ∈ {0,1, . . . , � − 1} ,  � =  � +  � =   
�0 + �0

⋯
��−1 + ��−1

 

∀� ≠ �,   �� �� ����������� ��(��, ��) 

One output element �� <——> One CUDA thread​

Note：A is a 1-dimensional tensor in common machine-learning terminology

�, �, � ∈  ℝ�



Mapping CUDA Threads to 1D Data
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� = ��������. � × ��������. �＋�ℎ�������. �
n blockIdx.x   Which block am I in?
n blockDim.x  How many threads are in one block?
n threadIdx.x  Which thread am I inside this block?

Figure 7 Mapping CUDA Threads to 1D Data

 



1D CUDA Kernel for Addition
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Each CUDA thread computes one output element

One Thread, One Output Element

n int i = ... Which element do I process?

n if (i < N) Is the index valid?

n C[i] = A[i] + B[i] Do my computation

Figure 8 CUDA Kernel for Vector Addition 



Data Movement and Execution Flow
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2 D Matrix Addition

22Source:  https://arxiv.org/pdf/1706.03762

Figure 9 The Transformer

model architecture

�,�, �’ ∈  (ℝ ∪ {±∞})�×�

n L：sequence length
n S: attention score matrix
n M: attention mask

��,�’  =  ��,� +  ��,� 

 

�00 �01 �02 �03
�10 �11 �12 �13
�20 �21 �22 �23
�30 �31 �32 �33

 +  

0 −∞ −∞ −∞
0 0 −∞ −∞
0 0 0 −∞
0 0 0 0

 

The same operation is applied independently 
to every (���, ���).

=  

�00 −∞ −∞ −∞
�10 �11 −∞ −∞
�20 �21 �22 −∞
�30 �31 �32 �33

 



Mapping CUDA Threads to 2D Data
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col   = blockIdx.x × blockDim.x + threadIdx.x
row = blockIdx.y × blockDim.y + threadIdx.y

Figure 10 Mapping 2D Threads to a Matrix

 



2D CUDA Kernel for Addition
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(��������. �,  �ℎ�������. �) ⟶ ���  
(��������. �,  �ℎ�������. �) ⟶ ���  

(���,  ���) ⟶ ��� × ���� + ���  
����� ⟶ ���[�����]  



2 D Matrix Multiplication
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� =  
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Matrix Multiplication ⊂ GEMM ( General Matrix Multiplication)
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Figure 9 The Transformer

model architecture

Matrix Multiplication
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Toward Efficient Matrix Computation
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Less expensive multiplications

304040 + 505040 = ？ 809080 eazy to calculate
304040 * 505040 = ？difficult to do mental arithmetic

More cheaper addition

�(�3) �(����27  ) = �(�2.807)

1969
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Reduce both storage and computation

Toward Efficient Matrix Computation

=？

4 × 4 + 0 × 0 + 4 × 5 + 0 × 0 + 3 × 5 + 0 × 0 = 51

4 × 4 + 4 × 5 + 3 × 5 = 51
6 multiplications + 5 additions

3 multiplications + 2 additions  FASTER



Takeaways: How to Think in CUDA
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A simple learning path Examples

1D example
vectorAdd

col   = blockIdx.x × blockDim.x + threadIdx.x
row = blockIdx.y × blockDim.y + threadIdx.y

� = ��������. � × ��������. �＋�ℎ�������. �

1D or 2D, the key question is always the same: 

For these introductory element-wise kernels, each thread owns one output element.

1. Find independent work

2. Map work to threads

3. Compute the index

4. Write one output

2D example
addMask

Any question please connect via zchenkv [at] connect.ust.hk


