
CS 380 - GPU and GPGPU Programming
Lecture 11: GPU Architecture, Pt. 9;

GPU Compute APIs, Pt. 1
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Reading Assignment #6 (until Oct 7)

Read (required):

• Programming Massively Parallel Processors book (4th edition),
Chapter 3 (Multidimensional grids and data)

Read (optional):

• Inline PTX Assembly in CUDA:   Inline_PTX_Assembly.pdf

• Dissecting GPU Architectures through Microbenchmarking:

Volta: https://arxiv.org/abs/1804.06826

Turing: https://arxiv.org/abs/1903.07486

https://developer.download.nvidia.com/video/gputechconf/gtc/2019/presentation/
s9839-discovering-the-turing-t4-gpu-architecture-with-microbenchmarks.pdf

Ampere:  https://www.nvidia.com/en-us/on-demand/session/gtcspring21-s33322/
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Next Lectures

Lecture 12: Tue,  Oct 1  (make-up lecture; 14:30 – 15:45)

Lecture 13: Thu,  Oct 3

Lecture 14: Mon, Oct 7

Lecture 15: Tue,  Oct 8  (make-up lecture; 14:30 – 15:45)

Lecture 16: Thu,  Oct 10

no lecture on Oct 14 !

Lecture 17: Tue, Oct 15: Vulkan tutorial ? (tbd)

Lecture 18: Thu, Oct 17: Quiz #2 (only quiz)

Lecture 19: Mon, Oct 21

Lecture 20: Tue,  Oct 22  (make-up lecture; 14:30 – 15:45)

Lecture 21: Thu,  Oct 24



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, ...)
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]: 2020

• GA100, GA102, GA104, GA106, ...
(A100, RTX 3070, 3080, 3090 (Ti), RTX A6000, ...)

Hopper [CC 9.0], Ada Lovelace [CC 8.9]: 2022/23

• GH100, AD102, AD103, AD104, ...
(H100, L40, RTX 4080 (12/16 GB), 4090, RTX 6000, ...)

Blackwell [CC 10.0]: coming in 2024/25

• GB200/GB202, GB20x, ...?
(RTX 5080/5090, GB200 NVL72, HGX B100/200, ...?)

see https://en.wikipedia.org/wiki/List_of_Nvidia_graphics_processing_units
and https://en.wikipedia.org/wiki/CUDA



NVIDIA Volta Architecture
2017/2018

(compute capability 7.0/7.2)

GV100 (cc 7.0), ... (Titan V, Tesla V100, ...)
GV10B, GV11B (cc 7.2), ... (Tegra Xavier, ...)



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



Tensor Cores

Mixed-precision, fast matrix-matrix multiply and accumulate

From this, build larger sizes, higher dimensionalities, ...

[+Tensor cores on later architectures add more data types/precisions!]
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NVIDIA Volta Architecture (2017/2018)

Total chip capacity on Tesla V100 (GV100 architecture)

• 80 SMs

• 64 FP32 cores / SM = 5,120 FP32 cores in total

• 64 INT32 cores / SM = 5,120 INT32 cores in total

• 32 FP64 cores / SM = 2,560 FP64 cores in total

• 4 FP16/FP32 mixed-prec. tensor cores = 650 tensor cores in total

• 40 TPCs (2 SMs per TPC)

• 6 GPCs

Maximum capacity would be 84 SMs and 42 TPCs
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NVIDIA Turing Architecture
2018/2019

(compute capability 7.5)

TU102, TU104, TU106, TU116, ... (cc 7.5)
(Titan RTX, RTX 2070, 2080, 2080Ti, Tesla T4, ...)



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



NVIDIA Ampere Architecture
2020

(compute capability 8.0/8.6/8.7)

GA100 (cc 8.0), ... (A100, ...)
GA10x (cc 8.6), ... (RTX 3070, RTX 3080, RTX 3090, ...)
GA10B (cc 8.7), ... (Jetson, DRIVE, ...)

(x=2,3,4,6,7)



NVIDIA Ampere GA100 Architecture (2020)

GA 100 (A100 Tensor Core GPU) Full GPU: 128 SMs (in 8 GPCs/64 TPCs)



Instruction throughput numbers in CUDA C Programming Guide (Chapter 8.4)

Instruction Throughput



see NVIDIA CUDA C Programming Guides (different versions)
performance guidelines/multiprocessor level; compute capabilities

ALU Instruction Latencies and Instructs. / SM
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8.9/9.0 
(Ada/Hopper)

8.0/8.6 
(Ampere)

7.x
(Volta, Turing)

6.1/6.2 
(Pascal)

6.0 
(Pascal)

5.x 
(Maxwell)

3.x 
(Kepler)

2.1 
(Fermi)

2.0 
(Fermi)

CC

444424422
# warp sched. 

/ SM

11111122 (over
2 clocks)

1 (over
2 clocks)

# ALU 
dispatch

/ warp sched.

4L4L4L4L2L4L8L2LL
SM busy with
# warps + inst

444669112222
inst. pipe 

latency (L)

161616241236
44

+ ILP
22

+ ILP
22

SM busy with
# warps



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 Ampere GA10x Architecture (2020)

GA 102 (RTX 3070, 3080, 3090) Full GPU: 84 SMs (in 7 GPCs/42 TPCs)



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



Specs CC 3.5 – 9.0
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Ampere: 8.0, 8.6, 8.7
(8.9 / Ada missing in table)

(CUDA C Programming Guide
11.8, Table 15)



NVIDIA Ampere GA102 Architecture (2020)

GA 102 (RTX 3070, 3080, 3090, A40) Full GPU: 84 SMs (in 7 GPCs/42 TPCs)

• 64K 32-bit registers / SM = 256 KB register storage per SM

• 128 KB shared memory / L1 per SM

For 84 SMs on full GPU [RTX 3090: 82 SMs]

• 21 MB register storage, 10.5 MB shared mem / L1 storage =
31.5 MB context+”shared context” storage !

• L2 cache size on A40, RTX 3090: 6 MB

• 10,752 FP32 cores (128 FP32 cores per SM) [RTX 3090: 10,496]

• 129,024 max threads in flight (max warps / SM = 48) [RTX 3090: 125,952]



NVIDIA Ampere GA100 Architecture (2020)

GA 100 (A100) Full GPU: 128 SMs (in 8 GPCs/64 TPCs)

• 64K 32-bit registers / SM = 256 KB register storage per SM

• 192 KB shared memory / L1 per SM

For 128 SMs on full GPU [A100: 108 SMs]

• 32 MB register storage, 24 MB shared mem / L1 storage =
56 MB context+”shared context” storage !

• L2 cache size on A100: 40 MB

• 8,912 FP32 cores (64 FP32 cores per SM) [A100: 6,912]

• 262,144 max threads in flight (max warps / SM = 64) [A100: 221,184]



Turing vs. Ampere GA102
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Turing vs. Ampere GA102
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Turing vs. Ampere GA102
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Tensor Cores: Many Mixed Precision Options
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New in Ampere: TF32, BF16, FP64

plus FP64 (new in Ampere; GA100 only)

plus INT4/INT8/binary data types (already introduced in Turing)



Tensor Cores: Sparsity Support
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Sparse MMA instructions

2:4 structured sparsity



NVIDIA Hopper Architecture
2022

(compute capability 9.0)

GH100 (cc 9.0), ... (H100, ...)



NVIDIA Hopper GH100 Architecture (2022)

GH 100 (H100 Tensor Core GPU) Full GPU: 144 SMs (in 8 GPCs/72 TPCs)



Instruction throughput numbers in CUDA C Programming Guide (Chapter 8.4)

Instruction Throughput



see NVIDIA CUDA C Programming Guides (different versions)
performance guidelines/multiprocessor level; compute capabilities

ALU Instruction Latencies and Instructs. / SM
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8.9/9.0 
(Ada/Hopper)

8.0/8.6 
(Ampere)

7.x
(Volta, Turing)

6.1/6.2 
(Pascal)

6.0 
(Pascal)

5.x 
(Maxwell)

3.x 
(Kepler)

2.1 
(Fermi)

2.0 
(Fermi)

CC

444424422
# warp sched. 

/ SM

11111122 (over
2 clocks)

1 (over
2 clocks)

# ALU 
dispatch

/ warp sched.

4L4L4L4L2L4L8L2LL
SM busy with
# warps + inst

444669112222
inst. pipe 

latency (L)

161616241236
44

+ ILP
22

+ ILP
22

SM busy with
# warps



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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NVIDIA Hopper GH100 Architecture (2022)

GH 100 (H100) Full GPU: 144 SMs (in 8 GPCs/72 TPCs)

• 64K 32-bit registers / SM = 256 KB register storage per SM

• 256 KB shared memory / L1 per SM

For 144 SMs on full GPU [SXM5: 132; PCIe: 114]

• 36 MB register storage, 36 MB shared mem / L1 storage =
72 MB context+”shared context” storage !

• L2 cache size on H100: 50 MB

• 18,432 FP32 cores (128 FP32 cores per SM) [SXM5: 16,896]

• 294,912 max threads in flight (max warps / SM = 64) [SXM5: 270,336]



New in CC 9.0: Thread Block Clusters

New thread hierarchy level!
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all blocks of a cluster are on the same GPC !all threads of a block are on the same SM !



Tensor Cores: More Mixed Precision Options
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New in Hopper: FP8

plus other data types from before (INT4/INT8/binary, …)



Tensor Cores: Hopper vs. Ampere

(preliminary)
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Tensor Memory Accelerator (TMA)

Asynchronous transfers
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Hopper vs. Ampere (1)

(preliminary)
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Hopper vs. Ampere (2)

(preliminary)
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Compute Capabilities
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NVIDIA Ada Lovelace Architecture
2022/2023

(compute capability 8.9)

GA10x (cc 8.9), ... (RTX 4080 12 GB, RTX 4080 16GB,
RTX 4090, RTX 6000, L40, ...)(x=2,3,4,6,7)



NVIDIA Ada Lovelace AD10x Architecture (2022)

Full AD 10x                                    Full GPU: 144 SMs (in 12 GPCs/72 TPCs)



NVIDIA Ada Lovelace AD102 Architecture (2022)

AD 102 (RTX 4090, …) Full RTX 4090: 128 SMs (in 11 GPCs/64 TPCs)



GPC

Full GPC

• 6 TPCs

• 12 SMs

• 16 ROPs
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Instruction throughput numbers in CUDA C Programming Guide (Chapter 8.4)

Instruction Throughput



see NVIDIA CUDA C Programming Guides (different versions)
performance guidelines/multiprocessor level; compute capabilities

ALU Instruction Latencies and Instructs. / SM
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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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NVIDIA Ada Lovelace AD10x Architecture (2022)

AD 10x / AD 102 (RTX 4090) Full GPU: 144 SMs (in 12 GPCs/72 TPCs)

• 64K 32-bit registers / SM = 256 KB register storage per SM

• 128 KB shared memory / L1 per SM

For 144 SMs on full GPU [RTX 4090: 128; RTX 4080 16GB: 76; RTX 4080 12GB: 60]

• 36 MB register storage, 18 MB shared mem / L1 storage =
54 MB context+”shared context” storage !

• L2 cache size on RTX 4090: 72 MB

• 18,432 FP32 cores (128 FP32 cores per SM) [RTX 4090: 16,384]

• 294,912 max threads in flight (max warps / SM = 64) [RTX 4090: 262,144]



Comparisons

RTX GPUs
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Comparisons

RTX GPUs
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GPU Compute APIsGPU Compute APIs



NVIDIA CUDA

• Old acronym: “Compute Unified Device Architecture”

• Extensions to C(++) programming language

• __host__, __global__, and __device__ functions

• Heavily multi-threaded

• Synchronize threads with __syncthreads(), ...

• Atomic functions
(before compute capability 2.0 only integer, from 2.0 on also float)

• Compile .cu files with NVCC

• Uses general C compiler (Visual C, gcc, ...)

• Link with CUDA run-time (cudart.lib) and cuda core (cuda.lib)
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Teaser: Simple Typical CUDA Kernel (SM Perspective)







CUDA Compilation Trajectory
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CUDA Compiler Driver 
(NVCC) docs:

CUDA_Compiler_Driver_NVCC.pdf



CUDA Compilation Trajectory / Code Gen
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from https://docs.nvidia.com/cuda/pdf/CUDA_Compiler_Driver_NVCC.pdf



CUDA Compilation Trajectory / Code Gen

Also look at compatibility guides: 

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

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



CUDA Multi-Threading

CUDA model groups threads
into thread blocks; blocks into grid

Execution on actual
hardware:

• Thread blocks assigned to SM
(up to 8, 16, or 32 blocks per SM;
depending on compute capability)

• 32 threads grouped into a
warp (on all compute capabilities)
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Threads in Block, Blocks in Grid

• Identify work of thread via
– threadIdx

– blockIdx
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…
float x = 
input[threadIdx];
float y = func(x);
output[threadIdx] = y;
…

threadIdx

Thread Block 0

…
…
float x = 
input[threadIdx];
float y = func(x);
output[threadIdx] = y;
…

Thread Block 1

…
float x = 
input[threadIdx];
float y = func(x);
output[threadIdx] = y;
…

Thread Block N - 1
76543210 76543210 76543210

© David Kirk/NVIDIA and Wen-mei W. Hwu, 2007-2009

ECE 498AL, University of Illinois, Urbana-Champaign
blockIdx == 0 blockIdx == 1



CUDA Memory Model and Usage

•cudaMalloc(), cudaFree()

•cudaMallocArray(),
cudaMalloc2DArray(),
cudaMalloc3DArray()

•cudaMemcpy()

•cudaMemcpyArray()

• Host host
Host device
Device device

• Asynchronous transfers
possible (DMA)
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Grid

Global
Memory

Block (0, 0) 

Shared Memory

Thread (0, 0) 

Register
s

Thread (1, 0) 

Register
s

Block (1, 0) 

Shared Memory

Thread (0, 0) 

Register
s

Thread (1, 0) 

Register
s

Host

© David Kirk/NVIDIA and Wen-mei W. Hwu, 2007-2009

ECE 498AL, University of Illinois, Urbana-Champaign







* brand new on Hopper: thread block clusters

*











cached on Fermi or newer!

cached on Fermi 
or newer!



* cached on Fermi or newer!

* YES

* YES



(Memory) State Spaces

PTX ISA 7.8 (Chapter 5)



Thank you.


