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Next Lectures

Lecture 17: Tue,  Oct 28  (make-up lecture; 14:30-16:00, room 3123)

no lectures on Oct 30, Nov 3, Nov 6 ! (IEEE VIS conference)

Lecture 18: Mon, Nov 10

Lecture 19: Tue,  Nov 11  (make-up lecture; please choose times on discord!)

Lecture 20: Thu,  Nov 13

Lecture 21: Mon, Nov 17

Lecture 22: Tue,  Nov 18  (make-up lecture; please choose times on discord!)

Lecture 23: Thu,  Nov 20
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Reading Assignment #9 (until Nov 3)

Read (required):

• Programming Massively Parallel Processors book, 4th edition
Chapter 10: Reduction

• Optimizing Parallel Reduction in CUDA, Mark Harris,
https://developer.download.nvidia.com/assets/cuda/files/reduction.pdf

Read (optional):

• Faster Parallel Reductions on Kepler, Justin Luitjens
https://devblogs.nvidia.com/parallelforall/faster-parallel-reductions-kepler/

• CUDA Parallel Reduction implementation in CUDA SDK:
https://github.com/NVIDIA/cuda-samples/tree/master/Samples/

2_Concepts_and_Techniques/reduction/
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Reading Assignment #10 (until Nov 10)

Read (required):

• Programming Massively Parallel Processors book, 4th edition
Chapter 11: Prefix Sum (Scan) – an introduction to work efficiency in parallel algorithms

• Warp Shuffle Functions
– CUDA Programming Guide, Chapter 10.22

Read (optional):

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

• CUDA Cooperative Groups
– CUDA Programming Guide, Chapter 11
– https://developer.nvidia.com/blog/cooperative-groups/



CUDA Memory:
Global Memory
CUDA Memory:
Global Memory

• Memory coalescing

• Cached memory access (L2 / L1)



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
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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, ...)

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
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SASS LD/ST Instructions
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Architecture-dep.

Kepler:

(see also LDG.CI etc.)



Compute Capab. 6.x (Pascal)
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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]

Markus Hadwiger, KAUST 28



Compute Capab. 12.x (Blackwell) [2]
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CUDA Memory:
Uniforms & Textures

CUDA Memory:
Uniforms & Textures



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 and Cache Types

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

• [SM] Read-only data cache (storage might be same as tex cache)
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(Hopper/CC 9.x: also thread block clusters)
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Unified memory programming: Device/host memory sharing
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Map higher-dimensional space to 1D

• Z-order: Equivalent to quadtree (octree in 3D) depth-first traversal order

Space-Filling Curves: Morton Order (Z Order)

0000 0001 0010 0011

0100 0101 0110 0111

1000 1001 1010 1011

1100 1101 1110 1111

0000, 0001, 0010, 0011,0100, 0101, 0110, 0111, 1000, 1001, 1010, 1011,1100, 1101, 1110, 1111

0 1 2 34 5 6 7 8 9 10 1112 13 14 15

0 1 2 3

4 5 6 7

8 9 10 11

12 13 14 15

0000, 0001, 0100, 0101,0010, 0011, 0110, 0111, 1000, 1001, 1100, 1101,1010, 1011, 1110, 1111

0 1 4 52 3 6 7 8 9 12 1310 11 14 15







• CUDA “surfaces” are writeable textures!































Architectures, Memory Configurations and Types

for Different Compute Capabilities
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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



GK104 SMX

Multiprocessor: SMX (CC 3.0)

• 192 CUDA cores
(192 = 6 * 32)

• 32 LD/ST units

• 32 SFUs

• 16 texture units

Two dispatch units per warp
scheduler exploit ILP
(instruction-level parallelism)

Can dual-issue ALU instructions!
(“superscalar”)



GK110 SMX

Multiprocessor: SMX (CC 3.5)

• 192 CUDA cores
(192 = 6 * 32)

• 64 DP units

• 32 LD/ST units

• 32 SFUs

• 16 texture units

New read-only
data cache (48KB)



Compute Capab. 3.x (Kepler, Part 1)



Compute Capab. 3.x (Kepler, Part 2)



Compute Capab. 3.x (Kepler, Part 3)



Compute Capab. 3.x (Kepler, Part 4)



Maxwell (GM) Architecture

Multiprocessor: SMM (CC 5.x)

• 128 CUDA cores

• 4 DP units; 32 LD/ST units; 32 SFUs

• 8 texture units

4 partitions inside SMM

• 32 CUDA cores each

• 8 LD/ST units; 8 SFUs each

• Each has its own register file,
warp scheduler, two dispatch units
(but cannot dual-issue ALU insts.!)

Shared memory and L1 cache now
separate!

• L1 cache shares with texture cache

• Shared memory is its own space



Compute Capab. 5.x (Maxwell, Part 1)
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Compute Capab. 5.x (Maxwell, Part 2)
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Compute Capab. 5.x (Maxwell, Part 3)
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Compute Capab. 5.x (Maxwell, Part 4)
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NVIDIA Pascal GP100 SM

Multiprocessor: SM (CC 6.0)

• 64 CUDA cores

• 32 DP units

• 16 LD/ST units

• 16 SFUs

• 4 texture units

2 partitions inside SM

• 32 CUDA cores each; 16 DP units each; 8 LD/ST units each; 8 SFUs each

• Each has its own register file, warp scheduler, two dispatch units
(but cannot dual-issue ALU (single precision core) insts.!)



NVIDIA Pascal GP104 SM

Multiprocessor: SM (CC 6.1/6.2)

• 128 CUDA cores

• 32 LD/ST units

• 32 SFUs

• 8 texture units

4 partitions inside SM

• 32 CUDA cores; 8 LD/ST units; 8 SFUs

• Each has its own register file,
warp scheduler, two dispatch units
(but cannot dual-issue ALU insts.!)



Compute Capab. 6.x (Pascal, Part 1)
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Compute Capab. 6.x (Pascal, Part 2)
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Compute Capab. 6.x (Pascal, Part 3)
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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



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



Compute Capab. 7.x (Volta/Turing, Part 1)
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Compute Capab. 7.x (Volta/Turing, Part 2)
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Compute Capab. 7.x (Volta/Turing, Part 3)
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Compute Capab. 7.x (Volta/Turing, Part 4)
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Compute Capab. 7.x (Volta/Turing, Part 5)
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Compute Capab. 7.x (Volta/Turing, Part 6)
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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



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



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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Compute Capab. 8.x (Ampere/Ada, Part 1)



Compute Capab. 8.x (Ampere/Ada, Part 2)
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Compute Capab. 8.x (Ampere/Ada, Part 3)
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Compute Capab. 8.x (Ampere/Ada, Part 3)
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Compute Capab. 8.x (Ampere/Ada, Part 4)
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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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Compute Capab. 9.x (Hopper, Part 1)
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Compute Capab. 9.x (Hopper, Part 2)
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Compute Capab. 9.x (Hopper, Part 3)
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Compute Capab. 9.x (Hopper, Part 4)
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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
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Compute Capab. 10.x (Blackwell, Part 1)
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Compute Capab. 10.x (Blackwell, Part 2)
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Compute Capab. 10.x (Blackwell, Part 3)
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Compute Capab. 10.x (Blackwell, Part 4)
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Compute Capab. 12.x (Blackwell, Part 5)
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Compute Capab. 12.x (Blackwell, Part 6)
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Compute Capab. 12.x (Blackwell, Part 7)
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Compute Capab. 12.x (Blackwell, Part 8)
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Thank you.


