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Reading Assignments #10+11 (until Nov 16)

Read (required):

• Programming Massively Parallel Processors book, 5th edition
Chapter 11: Scan

• Warp Functions
– CUDA Programming Guide, Chapter 5.4.6

– In particular: Warp Shuffle Functions, Chapter 5.4.6.5

• Cooperative Groups API
– CUDA Programming Guide, Chapter 5.6.3
– https://developer.nvidia.com/blog/cooperative-groups/

Read (optional):

• Guy E. Blelloch: Prefix Sums and their Applications
– https://www.cs.cmu.edu/~guyb/papers/Ble93.pdf/



Memory and Cache Types

Global memory

• [Device] L2 cache

• [SM] L1 cache (shared mem carved out;  or L1 shared with tex cache)

• [SM/TPC] Texture cache (separate, or shared with L1 cache)

• [SM] Read-only data cache (storage might be same as tex cache)

Shared memory

• [SM] Shareable only between threads in same thread block
(Hopper/CC 9.x: also thread block clusters)

Constant memory: Constant (uniform) cache

Unified memory programming: Device/host memory sharing
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CUDA Memory:
Shared Memory
CUDA Memory:
Shared Memory



Memory and Cache Types

Global memory

• [Device] L2 cache

• [SM] L1 cache (shared mem carved out;  or L1 shared with tex cache)

• [SM/TPC] Texture cache (separate, or shared with L1 cache)

• [SM] Read-only data cache (storage might be same as tex cache)

Shared memory

• [SM] Shareable only between threads in same thread block
(Hopper/CC 9.x: also thread block clusters)

Constant memory: Constant (uniform) cache

Unified memory programming: Device/host memory sharing
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Memory Banks

all architectures
since Fermi:

32 banks

bank size:
4 bytes / bank

(only on Kepler:
optionally
configurable to
8 bytes / bank)
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© David Kirk/NVIDIA and Wen-mei W. Hwu, 2007-2009
ECE 498AL, University of Illinois, Urbana-Champaign
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Bank Addressing Examples

• No Bank Conflicts
– Linear addressing 

stride == 1

• No Bank Conflicts
– Random 1:1 Permutation

Bank 15

Bank 7
Bank 6
Bank 5
Bank 4
Bank 3
Bank 2
Bank 1
Bank 0

Thread 15

Thread 7
Thread 6
Thread 5
Thread 4
Thread 3
Thread 2
Thread 1
Thread 0

Bank 15

Bank 7
Bank 6
Bank 5
Bank 4
Bank 3
Bank 2
Bank 1
Bank 0

Thread 15

Thread 7
Thread 6
Thread 5
Thread 4
Thread 3
Thread 2
Thread 1
Thread 0

now: 32 banks!
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Bank Addressing Examples

• 2-way Bank Conflicts
– Linear addressing 

stride == 2

• 8-way Bank Conflicts
– Linear addressing 

stride == 8

Thread 11
Thread 10
Thread 9
Thread 8

Thread 4
Thread 3
Thread 2
Thread 1
Thread 0

Bank 15

Bank 7
Bank 6
Bank 5
Bank 4
Bank 3
Bank 2
Bank 1
Bank 0

Thread 15

Thread 7
Thread 6
Thread 5
Thread 4
Thread 3
Thread 2
Thread 1
Thread 0

Bank 9
Bank 8

Bank 15

Bank 7

Bank 2
Bank 1
Bank 0

x8

x8

now: 32 banks!



now: 32 but same rule: s must be odd!





multi-cast on Fermi and newer!







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, ...)

Rubin: 2026 ?     Feynman: 2028 ?
see https://en.wikipedia.org/wiki/List_of_Nvidia_graphics_processing_units
and https://en.wikipedia.org/wiki/CUDA



Compute Capab. 5.x (Maxwell)
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Compute Capab. 6.x (Pascal)
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Compute Capab. 7.x (Volta/Turing) [1]
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(from older CUDA Programming Guide, for reference)



Compute Capab. 7.x (Volta/Turing) [2]
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Compute Capab. 7.x (Volta/Turing) [3]
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Compute Capab. 7.x (Volta/Turing) [4]
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Compute Capab. 8.x (Ampere/Ada) [1]
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Compute Capab. 8.x (Ampere/Ada) [2]
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Compute Capab. 9.x (Hopper)
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Compute Capab. 10.x (Blackwell) [1]
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Compute Capab. 12.x (Blackwell) [2]
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read (LD) from shared memory

stride for read (LD) 
= 32

each of the 32 
warps has 32-way 
bank conflicts!



0 2
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read (LD) from shared memory

stride for read (LD) 
= 33

none of the 32 
warps has bank 
conflicts!



[TILE+1];

No bank conflicts anymore



Example: Matrix Multiplication
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__global__ void MatrixMul( float *matA, float *matB, float *matC, int w )
{

__shared__ float blockA[ BLOCK_SIZE ][ BLOCK_SIZE ];
__shared__ float blockB[ BLOCK_SIZE ][ BLOCK_SIZE ];

int bx = blockIdx.x; int tx = threadIdx.x;
int by = blockIdx.y; int ty = threadIdx.y;

int col = bx * BLOCK_SIZE + tx;
int row = by * BLOCK_SIZE + ty;

float out = 0.0f;
for ( int m = 0; m < w / BLOCK_SIZE; m++ ) {

blockA[ ty ][ tx ] = matA[ row * w +   m * BLOCK_SIZE + tx       ];
blockB[ ty ][ tx ] = matB[ col     + ( m * BLOCK_SIZE + ty ) * w ];
__syncthreads();

for ( int k = 0; k < BLOCK_SIZE; k++ ) {
out += blockA[ ty ][ k ] * blockB[ k ][ tx ];

}
__syncthreads();

}

matC[ row * w + col ] = out;
}

Caveat: for brevity, this code assumes matrix sizes 
are a multiple of the block size (either because 
they really are, or because padding is used; 
otherwise guard code would need to be added) 



Example: Matrix Multiplication
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__global__ void MatrixMul( float *matA, float *matB, float *matC, int w )
{

__shared__ float blockA[ BLOCK_SIZE ][ BLOCK_SIZE ];
__shared__ float blockB[ BLOCK_SIZE ][ BLOCK_SIZE ];

int bx = blockIdx.x; int tx = threadIdx.x;
int by = blockIdx.y; int ty = threadIdx.y;

int col = bx * BLOCK_SIZE + tx;
int row = by * BLOCK_SIZE + ty;

float out = 0.0f;
for ( int m = 0; m < w / BLOCK_SIZE; m++ ) {

blockA[ ty ][ tx ] = matA[ row * w +   m * BLOCK_SIZE + tx       ];
blockB[ ty ][ tx ] = matB[ col     + ( m * BLOCK_SIZE + ty ) * w ];
__syncthreads();

for ( int k = 0; k < BLOCK_SIZE; k++ ) {
out += blockA[ ty ][ k ] * blockB[ k ][ tx ];

}
__syncthreads();

}

matC[ row * w + col ] = out;
}

Caveat: for brevity, this code assumes matrix sizes 
are a multiple of the block size (either because 
they really are, or because padding is used; 
otherwise guard code would need to be added) 

here: no bank conflicts (using row-major order); 
but in general be careful with block sizes!



CUDA Memory:
Global Memory
CUDA Memory:
Global Memory

• Memory coalescing

• Cached memory access (L2 / L1)
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M2,0

M1,1

M1,0M0,0

M0,1

M3,0

M2,1 M3,1

Memory Layout of a Matrix in C

M2,0M1,0M0,0 M3,0 M1,1M0,1 M2,1 M3,1 M1,2M0,2 M2,2 M3,2

M1,2M0,2 M2,2 M3,2

M1,3M0,3 M2,3 M3,3

M1,3M0,3 M2,3 M3,3

M

row-major order !
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Memory Coalescing

• When accessing global memory, peak performance utilization 
occurs when all threads in a half warp (full warp on Fermi+) 
access continuous memory locations.

• Requirements relaxed on >=1.2 devices; L1 cache on Fermi!

Md Nd

W
ID
T
H

WIDTH

Thread 1
Thread 2

Not coalesced coalesced
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M2,0

M1,1

M1,0M0,0

M0,1

M3,0

M2,1 M3,1

Memory Layout of a Matrix in C

M2,0M1,0M0,0 M3,0 M1,1M0,1 M2,1 M3,1 M1,2M0,2 M2,2 M3,2

M1,2M0,2 M2,2 M3,2

M1,3M0,3 M2,3 M3,3

M1,3M0,3 M2,3 M3,3

M
T1 T2 T3 T4

Time Period 1

T1 T2 T3 T4

Time Period 2

Access 
direction in 
kernel code

…
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M2,0

M1,1

M1,0M0,0

M0,1

M3,0

M2,1 M3,1

Memory Layout of a Matrix in C

M2,0M1,0M0,0 M3,0 M1,1M0,1 M2,1 M3,1 M1,2M0,2 M2,2 M3,2

M1,2M0,2 M2,2 M3,2

M1,3M0,3 M2,3 M3,3

M1,3M0,3 M2,3 M3,3

M
T1 T2 T3 T4

Time Period 1

T1 T2 T3 T4

Time Period 2

Access 
direction in 
kernel code

…



Memory and Cache Types

Global memory

• [Device] L2 cache

• [SM] L1 cache (shared mem carved out;  or L1 shared with tex cache)

• [SM/TPC] Texture cache (separate, or shared with L1 cache)

• [SM] Read-only data cache (storage might be same as tex cache)

Shared memory

• [SM] Shareable only between threads in same thread block
(Hopper/CC 9.x: also thread block clusters)

Constant memory: Constant (uniform) cache

Unified memory programming: Device/host memory sharing
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Interlude: Vectorized Memory Access

See   https://devblogs.nvidia.com/cuda-pro-tip-increase-
performance-with-vectorized-memory-access/

SASS
LD.E.64, LD.E.128,
ST.E.64, ST.E.128



Interlude: Vectorized Memory Access

See   https://devblogs.nvidia.com/cuda-pro-tip-increase-
performance-with-vectorized-memory-access/

SASS
LD.E.64, LD.E.128,
ST.E.64, ST.E.128

SASS
LD.E.64, LD.E.128,
ST.E.64, ST.E.128
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Global Memory Access

all recent
compute capabilities
(- 12.x)

Beware:

Uncached here means 
not cached in L1

the L2 cache is
always used!



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, ...)

Rubin: 2026 ?     Feynman: 2028 ?
see https://en.wikipedia.org/wiki/List_of_Nvidia_graphics_processing_units
and https://en.wikipedia.org/wiki/CUDA



Compute Capab. 3.x (Kepler) [1]



Compute Capab. 3.x (Kepler) [2]



Compute Capab. 5.x (Maxwell)
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Memory type/access etc. organized using notion of state spaces

PTX State Spaces (1)
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PTX State Spaces (2)
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PTX Cache Operators

57



SASS LD/ST Instructions
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Architecture-dep.

Kepler:

(see also LDG.CI etc.)



Compute Capab. 6.x (Pascal)

Markus Hadwiger, KAUST 59



Compute Capab. 7.x (Volta/Turing)
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Compute Capab. 8.x (Ampere/Ada)
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Compute Capab. 9.x (Hopper)
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Compute Capab. 10.x (Blackwell) [1]
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Compute Capab. 12.x (Blackwell) [2]
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Thank you.


