
CS 380 - GPU and GPGPU Programming
Lecture 8: GPU Architecture, Pt. 5
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Reading Assignment #5 (until Oct 4)

Read (required):

• Programming Massively Parallel Processors book, 2nd edition (!),
Chapter 4 (Data-Parallel Execution Model) [beginning is very similar to Chap. 4, 1st ed.]

• NVIDIA CUDA C++ Programming Guide (11.4.2, Sep 2021):
Read Chapter 2.6 (Compute Capability);
go through Appendix K (Compute Capabilities);
go through Chapter 5.4 (Maximize Instruction Throughput)
https://docs.nvidia.com/cuda/pdf/CUDA_C_Programming_Guide.pdf

Read (optional):

• NVIDIA Fermi (GF100) white paper (CC 2.x; for historical reasons and comparison to current GPUs):

https://www.nvidia.com/content/PDF/fermi_white_papers/NVIDIA_Fermi_Compute_Architecture_Whitepaper.pdf

• NVIDIA Pascal (GP100) white paper (CC 6.x):

https://images.nvidia.com/content/pdf/tesla/whitepaper/pascal-architecture-whitepaper.pdf

• NVIDIA Volta (V100) white paper (CC 7.0; tensor cores):

http://images.nvidia.com/content/volta-architecture/pdf/volta-architecture-whitepaper.pdf

• NVIDIA Turing (TU102, TU104, TU106) white paper (CC 7.5; ray tracing cores):

https://www.nvidia.com/content/dam/en-zz/Solutions/design-visualization/technologies/turing-
architecture/NVIDIA-Turing-Architecture-Whitepaper.pdf
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Quiz #1: Oct 4

Organization

• First 30 min of lecture

• No material (book, notes, ...) allowed

Content of questions

• Lectures (both actual lectures and slides)

• Reading assigments

• Programming assignments (algorithms, methods)

• Solve short practical examples



Where this is going…
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SIGGRAPH 2009: Beyond Programmable Shading: http://s09.idav.ucdavis.edu/ 

My “enthusiast” chip!

32 cores, 16 ALUs per core (512 total) = 1 TFLOP  (@ 1 GHz)
5



NVIDIA Fermi Architecture (2010)



NVIDIA Fermi Architecture (2010)
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Now: NVIDIA GPU Details
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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

• GF100, ... (GTX 480, ...)
GF110, ... (GTX 580, ...)

Kepler (CC 3.x): 2012

• GK104, ... (GTX 680, ...)
GK110, ... (GTX 780, GTX Titan, ...)

Maxwell (CC 5.x): 2015

• GM107, ... (GTX 750Ti, ...)
GM204, ... (GTX 980, Titan X, ...)
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Pascal (CC 6.x): 2016

• GP100 (Tesla P100, ...)

• GP10x: x=2,4,6,7,8, ...
(GTX 1080, Titan X Pascal...)

Volta (CC 7.0): 2017/2018

• GV100, ...
(Tesla V100, Titan V, ...)

Turing (CC 7.5): 2018/2019

• TU102, TU104, TU106, TU116, ...
(Titan RTX, RTX 2070, 2080, 2080Ti, ...)

Ampere (CC 8.0/8.6): 2020

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

Hopper, Lovelace: ?



Instruction Throughput

Instruction throughput numbers in CUDA C Programming Guide (Chapter 5.4)
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see NVDIA CUDA C Programming Guides (different versions)
performance guidelines/multiprocessor level; compute capabilities

Instruction Latencies and Instructions / SM
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CC 2.0 
(Fermi)

2.1 
(Fermi)

3.x 
(Kepler)

5.x 
(Maxwell)

6.0 
(Pascal)

6.1/6.2 
(Pascal)

7.x
(Volta, Turing)

8.x 
(Ampere)

# warp sched. 
/ SM

2 2 4 4 2 4 4 4

# ALU dispatch
/ warp sched.

1 (over
2 clocks)

2 (over
2 clocks)

2 1 1 1 1 1

SM busy with
# warps + inst

L 2L 8L 4L 2L 4L 4L 4L

inst. pipe 
latency (L)

22 22 11 9 6 6 4 4

SM busy with
# warps

22
22

+ ILP
44

+ ILP
36 12 24 16 16



Interlude: Instruction Pipelining

Most basic way to exploit instruction-level parallelism (ILP)

Problem: hazards (different solutions: bubbles, …)
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NVIDIA Tesla Architecture
CC 1.x, 2007-2009

G80, G9x: 2007 (Geforce 8800, ...)
GT200: 2008/2009 (GTX 280, ...)

(this is not the Tesla product line!)



NVIDIA Tesla Architecture (not the Tesla product line!),
G80: 2007, GT200: 2008/2009

G80: first CUDA GPU!

CC 1.x Multiprocessor

• Streaming Processor (SP)  [or: CUDA core; or: FP32 / FP64 / INT32 core, ...]

• Streaming Multiprocessor (SM)

• Texture/Processing Cluster (TPC)

Courtesy AnandTech



NVIDIA Tesla Architecture (not the Tesla product line!),
G80: 2007, GT200: 2008/2009

• G80/G92:     8 TPCs * ( 2 * 8 SPs ) = 128 SPs [= CUDA cores]

• GT200:        10 TPCs * ( 3 * 8 SPs ) = 240 SPs [= CUDA cores]

• Arithmetic intensity has increased (num. of ALUs vs. texture units)

G80 / G92 GT200
Courtesy AnandTech



NVIDIA Fermi Architecture
CC 2.x, 2010

GF100, ... (GTX 480, ...)
GF110, ... (GTX 580, ...)



22

NVIDIA Fermi Architecture (2010)

Full size

• 4 GPCs

• 4 SMs each

• 6 64-bit
memory
controllers
(= 384 bit)



NVIDIA Fermi (GF100) Die Photo

Full size

• 4 GPCs

• 4 SMs each
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NVIDIA Fermi SM (2010)

CC 2.0 Multiprocessor

Streaming processors now called
CUDA cores

32 CUDA cores per Fermi
streaming multiprocessor (SM)

16 SMs = 512 CUDA cores

CPU-like cache hierarchy

• L1 cache / shared memory

• L2 cache

Texture units and caches now in SM

(instead of with TPC=multiple SMs in G80/GT200)



25

Graphics Processor Clusters (GPC)

(instead of TPC on GT200)

4 SMs

32 CUDA cores / SM

4 SMs / GPC =
128 cores / GPC

Decentralized rasterization
and geometry

• 4 raster engines

• 16 ”PolyMorph” engines



Dual Warp Schedulers



Dual Warp Schedulers



NVIDIA Fermi Architecture (2010)



NVIDIA Fermi Architecture (2010)



NVIDIA Fermi Architecture (2010)



NVIDIA Fermi Architecture (2010)



NVIDIA Kepler Architecture
CC 3.x, 2012

GK104, ... (GTX 680, ...)
GK110, ... (GTX 780, GTX Titan, ...)



NVIDIA Kepler Architecture (2012)



GK104 SMX

CC 3.0 Multiprocessor

• 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)



Instruction Throughput

Instruction throughput numbers in CUDA C Programming Guide (Chapter 5.4)
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see NVDIA CUDA C Programming Guides (different versions)
performance guidelines/multiprocessor level; compute capabilities

Instruction Latencies and Instructions / SM
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CC 2.0 
(Fermi)

2.1 
(Fermi)

3.x 
(Kepler)

5.x 
(Maxwell)

6.0 
(Pascal)

6.1/6.2 
(Pascal)

7.x
(Volta, Turing)

8.x 
(Ampere)

# warp sched. 
/ SM

2 2 4 4 2 4 4 4

# ALU dispatch
/ warp sched.

1 (over
2 clocks)

2 (over
2 clocks)

2 1 1 1 1 1

SM busy with
# warps + inst

L 2L 8L 4L 2L 4L 4L 4L

inst. pipe 
latency (L)

22 22 11 9 6 6 4 4

SM busy with
# warps

22
22

+ ILP
44

+ ILP
36 12 24 16 16



GK110 SMX

CC 3.5 Multiprocessor

• 192 CUDA cores
(192 = 6 * 32)

• 64 DP units

• 32 LD/ST units

• 32 SFUs

• 16 texture units

New read-only
data cache (48KB)



NVIDIA Kepler Architecture (2012)

Three different versions

• Compute capability 3.0 (GK104)

– Geforce GTX 680, …

– Quadro K5000

– Tesla K10

• Compute capability 3.5 (GK110)

– Geforce GTX 780 / Titan / Titan Black

– Quadro K6000

– Tesla K20, Tesla K40

• Compute capability 3.7 (GK210)

– Tesla K80

– Came out much later (~end of 2014)



NVIDIA Kepler / GK104 Structure

Full size

• 4 GPCs

• 2 SMXs each

= 8 SMXs,
1536 CUDA cores
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NVIDIA Kepler / GK110 Structure (1)

Full size

• 15 SMXs
(Titan Black;
Titan: 14)

• 2880 CUDA
cores
(Titan Black;
Titan: 2688)

• 5 GPCs of
3 SMXs each



NVIDIA Kepler / GK110 Structure (2)

Titan (not Black)

• 14 SMXs

• 2688 CUDA
cores

• 5 GPCs with
3 SMXs or
2 SMXs each
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NVIDIA Maxwell Architecture
CC 5.x, 2015

GM107, ... (GTX 750Ti, ...)
GM204, ... (GTX 980, Titan X, ...)



NVIDIA Maxwell Architecture (2015)



NVIDIA Maxwell Die Photo



Instruction Throughput

Instruction throughput numbers in CUDA C Programming Guide (Chapter 5.4)
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see NVDIA CUDA C Programming Guides (different versions)
performance guidelines/multiprocessor level; compute capabilities

Instruction Latencies and Instructions / SM
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CC 2.0 
(Fermi)

2.1 
(Fermi)

3.x 
(Kepler)

5.x 
(Maxwell)

6.0 
(Pascal)

6.1/6.2 
(Pascal)

7.x
(Volta, Turing)

8.x 
(Ampere)

# warp sched. 
/ SM

2 2 4 4 2 4 4 4

# ALU dispatch
/ warp sched.

1 (over
2 clocks)

2 (over
2 clocks)

2 1 1 1 1 1

SM busy with
# warps + inst

L 2L 8L 4L 2L 4L 4L 4L

inst. pipe 
latency (L)

22 22 11 9 6 6 4 4

SM busy with
# warps

22
22

+ ILP
44

+ ILP
36 12 24 16 16



Maxwell (GM) Architecture

CC 5.x Multiprocessor (SMM)

• 128 CUDA cores

• 4 DP units

4 partitions inside SMM

• 32 CUDA cores each

• 8 LD/ST units each

• Each has its own warp scheduler,
two dispatch units, register file

Shared memory and L1 cache now
separate!

• L1 cache shares with texture cache

• Shared memory is its own space



Maxwell (GM) Architecture

First gen.

GM107

(GTX 750Ti)

5 SMMs

(640 CUDA 
cores in 
total)



Maxwell (GM) Architecture

Second gen.

GM204

(GTX 980)

16 SMMs

(2048 CUDA 
cores in 
total)

4 GPCs of 4 
SMMs



Maxwell (GM) vs. Kepler (GK) Architecture

GK107 vs. GM107



Maxwell (GM) vs. Kepler (GK) Architecture

GK107 vs. GM204



NVIDIA Pascal Architecture
CC 6.x, 2016

GP100, GP10x: x=2,4,6,7,8, ...
(GTX 1080, Titan X Pascal...)



KAUST   King Abdullah University of Science and Technology 56

NVIDIA Pascal Architecture (2016)



Instruction Throughput

Instruction throughput numbers in CUDA C Programming Guide (Chapter 5.4)
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see NVDIA CUDA C Programming Guides (different versions)
performance guidelines/multiprocessor level; compute capabilities

Instruction Latencies and Instructions / SM
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CC 2.0 
(Fermi)

2.1 
(Fermi)

3.x 
(Kepler)

5.x 
(Maxwell)

6.0 
(Pascal)

6.1/6.2 
(Pascal)

7.x
(Volta, Turing)

8.x 
(Ampere)

# warp sched. 
/ SM

2 2 4 4 2 4 4 4

# ALU dispatch
/ warp sched.

1 (over
2 clocks)

2 (over
2 clocks)

2 1 1 1 1 1

SM busy with
# warps + inst

L 2L 8L 4L 2L 4L 4L 4L

inst. pipe 
latency (L)

22 22 11 9 6 6 4 4

SM busy with
# warps

22
22

+ ILP
44

+ ILP
36 12 24 16 16



NVIDIA Pascal GP100 SM

CC 6.0 Multiprocessor

• 64 CUDA cores

• 32 DP units

2 partitions inside SM

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

• Each has its own warp scheduler, two dispatch units, register file



NVIDIA Pascal GP104 SM

CC 6.1/6.2 Multiprocessor

• 128 CUDA cores

4 partitions inside SM

• 32 CUDA cores; 8 LD/ST units

• Each has its own warp scheduler,
two dispatch units, register file



NVIDIA Pascal Architecture (2016)

Total chip capacity on Tesla P100 (GP100)

• 56 SMs

• 64 CUDA cores / SM = 3,584 CUDA cores in total

• 32 DP units / SM = 1,792 DP units in total

• 28 TPCs (2 SMs per TPC)

• 6 GPCs

Maximum capacity would be 60 SMs and 30 TPCs
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NVIDIA Volta Architecture
CC 7.0, 2017/2018



NVIDIA Volta Architecture (2017/2018)



Instruction Throughput

Instruction throughput numbers in CUDA C Programming Guide (Chapter 5.4)
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see NVDIA CUDA C Programming Guides (different versions)
performance guidelines/multiprocessor level; compute capabilities

Instruction Latencies and Instructions / SM
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CC 2.0 
(Fermi)

2.1 
(Fermi)

3.x 
(Kepler)

5.x 
(Maxwell)

6.0 
(Pascal)

6.1/6.2 
(Pascal)

7.x
(Volta, Turing)

8.x 
(Ampere)

# warp sched. 
/ SM

2 2 4 4 2 4 4 4

# ALU dispatch
/ warp sched.

1 (over
2 clocks)

2 (over
2 clocks)

2 1 1 1 1 1

SM busy with
# warps + inst

L 2L 8L 4L 2L 4L 4L 4L

inst. pipe 
latency (L)

22 22 11 9 6 6 4 4

SM busy with
# warps

22
22

+ ILP
44

+ ILP
36 12 24 16 16



NVIDIA Volta SM

CC 7.0 Multiprocessor

• 64 FP32 + INT32 cores

• 32 FP64 cores

• 8 tensor cores
(FP16/FP32 mixed-precision)

4 partitions inside SM

• 16 FP32 + INT32 cores each

• 8 FP64 cores each

• 8 LD/ST units 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

Markus Hadwiger, KAUST 70



Kepler – Volta
Specs



Turing (vs. Pascal)

Apart from RT cores, Volta and Turing are very similar
(and both have compute capability 7.x: Volta: 7.0, Turing: 7.5)
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TU104 TU104



NVIDIA Turing Architecture
CC 7.5, 2018/2019

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



NVIDIA Turing Architecture (2018/2019)

TU 102

(Geforce:

RTX 2080 Ti,

Quadro:

RTX 6000,

RTX 8000, …)



NVIDIA Turing Architecture (2018/2019)

TU 104

(Geforce:

RTX 2080,

Quadro:

RTX 5000, …)



NVIDIA Turing Architecture (2018/2019)

TU 106 (Geforce RTX 2070, …)



Instruction Throughput

Instruction throughput numbers in CUDA C Programming Guide (Chapter 5.4)

Markus Hadwiger, KAUST 77



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

Instruction Latencies and Instructions / SM
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CC 2.0 
(Fermi)

2.1 
(Fermi)

3.x 
(Kepler)

5.x 
(Maxwell)

6.0 
(Pascal)

6.1/6.2 
(Pascal)

7.x
(Volta, Turing)

8.x 
(Ampere)

# warp sched. 
/ SM

2 2 4 4 2 4 4 4

# ALU dispatch
/ warp sched.

1 (over
2 clocks)

2 (over
2 clocks)

2 1 1 1 1 1

SM busy with
# warps + inst

L 2L 8L 4L 2L 4L 4L 4L

inst. pipe 
latency (L)

22 22 11 9 6 6 4 4

SM busy with
# warps

22
22

+ ILP
44

+ ILP
36 12 24 16 16



NVIDIA Turing SM

CC 7.5 Multiprocessor

• 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 each

• 2 Turing tensor cores each

• Each has: warp scheduler,
dispatch unit, 16K register file



NVIDIA Ampere Architecture
CC 8.0/8.6, 2020

GA100, GA102, GA104, ...
(A100, RTX 3070, RTX 3080, RTX 3090, ...)



NVIDIA Ampere GA100 Architecture (2020)

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



Instruction Throughput

Instruction throughput numbers in CUDA C Programming Guide (Chapter 5.4)
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see NVDIA CUDA C Programming Guides (different versions)
performance guidelines/multiprocessor level; compute capabilities

Instruction Latencies and Instructions / SM
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CC 2.0 
(Fermi)

2.1 
(Fermi)

3.x 
(Kepler)

5.x 
(Maxwell)

6.0 
(Pascal)

6.1/6.2 
(Pascal)

7.x
(Volta, Turing)

8.x 
(Ampere)

# warp sched. 
/ SM

2 2 4 4 2 4 4 4

# ALU dispatch
/ warp sched.

1 (over
2 clocks)

2 (over
2 clocks)

2 1 1 1 1 1

SM busy with
# warps + inst

L 2L 8L 4L 2L 4L 4L 4L

inst. pipe 
latency (L)

22 22 11 9 6 6 4 4

SM busy with
# warps

22
22

+ ILP
44

+ ILP
36 12 24 16 16



NVIDIA GA100 SM

CC 8.0 Multiprocessor

• 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 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

CC 8.6 Multiprocessor

• 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

• 16+16 FP32 + 16 INT32 cores

• 4 LD/ST units each

• 1 3rd gen tensor core each

• Each has: warp scheduler,
dispatch unit, 16K register file



Comparison CC 3.5 – 8.6
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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



Thank you.


