
 Thursday, 24 September 2026  ·  iSing Lab, HKUST

TA：Zhuo CHEN
zchenkv@connect.ust.hk

CSIT6000V
Advanced AI Computing and Systems

·2026 FALL·

Tutorial 3 : CUDA Programming II



From GEMM to Flash Attention

2

n GEMM Operator
n Tiled GEMM

n Softmax Operator
n Stable Softmax
n Online Softmax

n Attention Operator
n Basic Attenion Operator
n Flash Attention Operator

GEMM Operator Softmax Operator Attention Operator Advanced AI Computing and Systems



Review：Matrix Multiplication
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Review : Matrix Operation
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Recondier attention

���������(�, �, �) = ������� 
���

��
 �

2 GEMM S  =  QKT (gemm 1)

           O = PV      (gemm2)

1 Softmax P  =  softmax(
�
��

)
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�

��
  (softmax1)
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Naive GEMM data path
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n Each thread independently loads A and B from global memory
n The same input values are repeatedly fetched by different threads
n Computation is cheap; global-memory traffic becomes the bottleneck



Shared-Memory Tiling GEMM
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Shared-Memory Tiling GEMM
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�00 = �00�00 + �01�10 + �02�20 + �03�30
A: �00 �01 �02 �03     4 loads
B: �00 �10 �20 �30     4 loads
Total = 8 global loads

�01 = �00�01 + �01�11 + �02�21 + �03�31
A: �00 �01 �02 �03     4 loads
B: �01 �11 �21 �31     4 loads
Total = 8 global loads



Shared-Memory Tiling GEMM
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�00 = �00�00 + �01�10 + �02�20 + �03�30
A: �00 �01 �02 �03     4 loads
B: �00 �10 �20 �30     4 loads
Total = 8 global loads

�01 = �00�01 + �01�11 + �02�21 + �03�31
A: �00 �01 �02 �03     4 loads
B: �01 �11 �21 �31     4 loads
Total = 8 global loads



Shared-Memory Tiling GEMM

10GEMM Operator Softmax Operator Attention Operator Advanced AI Computing and Systems

�00 = �00�00 + �01�10 + �02�20 + �03�30
A: �00 �01 �02 �03     4 loads
B: �00 �10 �20 �30     4 loads
Total = 8 global loads

A: �10 �11 �12 �13     4 loads
B: �00 �10 �20 �30     4 loads
Total = 8 global loads

�10 = �10�00 + �11�10 + �12�20 + �13�30



Shared-Memory Tiling GEMM
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Thread A loads B loads Total
T00 4 4 8
T01 4 4 8
T10 4 4 8
T11 4 4 8
Total 16 16 32 global loads
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�00 �01 �02 �03
�10 �11 �12 �13
�20 �21 �22 �23
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 = �

�00 = �00�00 + �01�10 + �02�20 + �03�30

�01 = �00�01 + �01�11 + �02�21 + �03�31

�10 = �10�00 + �11�10 + �12�20 + �13�30
�11 = �10�01 + �11�11 + �12�21 + �13�31
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Shared-Memory Tiling GEMM
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�00 = �00�00 + �01�10 + �02�20 + �03�30

�01 = �00�01 + �01�11 + �02�21 + �03�31

�11 = �10�01 + �11�11 + �12�21 + �13�31

A 0, :    � 0, :   ��� �� �ℎ����
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�00
(1) = �02�20 + �03�30

4 + 4 + 4 + 4  =  16 global loads  <  32 global loads 
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Shared-Memory Tiling GEMM
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Shared-Memory Tiling GEMM
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Shared-Memory Tiling GEMM
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This allocates a tile for matrix A ,B in shared memory.
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Shared-Memory Tiling GEMM
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tx / ty is the x / y -coordinate of the current 
thread inside the thread block

Computes the global row / column index of the output 
element handled by this thread.
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Shared-Memory Tiling GEMM
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tile by tile



Shared-Memory Tiling GEMM
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A tile → As
B tile → Bs



Shared-Memory Tiling GEMM
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All threads in the block wait here until the entire A tile 
and B tile have been loaded into shared memory.



Shared-Memory Tiling GEMM
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The thread multiplies one element from its row of A's 
tile with one element from its column of B's tile.



From Max to Softmax
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From Softmax to Stable Softmax I
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From Softmax to Stable Softmax I
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From Softmax to Stable Softmax II
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Translation Invariance of Softmax

�������(�) � =
���

 �=1
� ���

� =  

1
1
⋮
1

 



From Softmax to Stable Softmax III
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Stable Softmax Workflow I
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Stable Softmax Workflow II
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Stable Softmax Workflow I
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Stable Softmax Workflow III
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Achieve Naive Stable Softmax
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Stable Softmax Pipeline
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From Softmax to Online Softmax
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��−1:  �ℎ� ������� �� �ℎ� ����� � − 1 ������ �������.
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From Softmax to Online Softmax
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Achieve Naive Online Softmax
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Parallel Online Softmax
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Parallel Online Softmax

36

�� =���
�∈�

�� , �� = 
�∈�

���−��

�� =���
�∈�

�� , �� = 
�∈�

���−��

� =���
�∈�

�� , � = 
�∈�∪�

���−�

��:  �ℎ� ������� �� �ℎ� ���  �  ��������.

��:  �ℎ� ������� �� �ℎ� ���  �  ��������.

��:  �ℎ� ���������� ������ ���������� ��� �ℎ� ���  �  ��������

��:  �ℎ� ���������� ������ ���������� ��� �ℎ� ���  �  ��������

� :   �ℎ� ��� ������ ���������� ��� �ℎ� ���  � ��� �  ��������

� :  �ℎ� ������� �� �ℎ� ���  � ��� �  ��������.

GEMM Operator Softmax Operator Attention Operator Advanced AI Computing and Systems



Parallel Online Softmax

37

�� =���
�∈�

�� , �� = 
�∈�

���−��

�� =���
�∈�

�� , �� = 
�∈�

���−��

� =���
�∈�

�� , � = 
�∈�

���−��

� = 
�∈�∪�

���−�

  =  
�∈�

���−� + 
�∈�

���−�

  = ���−� 
�∈�

���−�� + ���−� 
�∈�

���−��

  = �����−� + �����−�

� =���
 

(��, ��)

GEMM Operator Softmax Operator Attention Operator Advanced AI Computing and Systems

(��, ��) ⊕ (��, ��) = (�, �����−� + �����−�)
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(��−1, ��−1)
 
⊕ (��, 1)

 
�������� �������� ��� ��������

(��, ��)
 
⊕ (��, ��)

 
one subset another subset

(��, ��) ⊕ (��, ��) = (�, �����−� + �����−�)
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Achieve Parallel Online Softmax
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���������(�, �, �) = ������� 
���

��
 �

Why is naive attention slow? FlashAttention: built on two ideas

S = QKᵀ,      P = softmax(S),      O = PV

• Materializes the full score matrix S = QKᵀ 
and probability matrix P = softmax(S)

• High HBM traffic: write S, read S, write 
P, read P

• Time and memory grow quadratically 
with sequence length: O(N²)

1.  Tiled GEMM
Compute QKᵀ and PV block by block instead of
materializing the full N × N matrix.

blockwise  QᵢKⱼᵀ

2.  Online Softmax
Maintain running statistics while scanning blocks:

(��, ��) ⊕ (��, ��) = (�, �����−� + �����−�)

Why faster?
• No full attention matrix in HBM
• Much lower memory traffic
• Exact attention, not approximation



Fulture CUDA Programming
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What we have explained
Core algorithmic idea: Tiled GEMM + Online Softmax

• Avoid writing the full S = QKᵀ and P = softmax(S)

• Maintain running m and ℓ while scanning tiles

• A small teaching kernel shows the math, not production 
scheduling

What real FlashAttention-1 adds
• One fused kernel: QKᵀ → online softmax → PV
• Careful SRAM/shared-memory/register tiling
• Backward pass with recomputation to save memory
• Causal mask, dropout, variable length, occupancy details

FlashAttention evolves with GPU architecture

FA-1
A100 / Ampere

IO-aware tiling; exact attention; 
no S/P matrix in HBM

FA-2
A100 / Ampere

Less non-matmul FLOPs; 
betterblock/warp partitioning; 

~2× vs FA-1

FA-3
H100 / Hopper

TMA + async Tensor Cores; 
warp specialization; 
FP8; 1.5–2× vs FA-2

FA-4
B200 / Blackwell

Async MMA pipeline; tensor
memory; 2-CTA MMA; software

exp/rescale

MHA / MQA / GQA
Share or group K,V heads.
Main win: smaller KV cache in decoding.

FlashAttention family
Exact full attention with IO-aware tiling.
Avoid materializing S and P in HBM.

PagedAttention / KV manager
Page KV cache into memory blocks.
Serving memory manager, not new math.


