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CS 380 - GPU and GPGPU Programming
Lecture 10: GPU Architecture, Pt. 8
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Reading Assignment #5 (until Oct 6)

Read (required):

« Programming Massively Parallel Processors book (4t edition),
Chapter 2 (Heterogeneous data parallel computing)

* CUDA NVCC documentation [NVCC is the CUDA compiler]
(currently CUDA 13.0.1, Sep 2, 2025):

https://docs.nvidia.com/cuda/pdf/CUDA Compiler Driver NVCC.pdf

Read Chapters 1 — 4, and Chapter 6 (GPU Compilation); get an overview of the rest



Quiz #1: Oct 6

Organization
* First 30 min of lecture

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

Content of questions
* Lectures (both actual lectures and slides)
* Reading assignments
* Programming assignments (algorithms, methods)

« Solve short practical examples



GPU Architecture:

Real Architectures




A,
(¢

NVIDIA Architectures (since first CUDA GPU)

Tesla[cc 1.x5: 2007-2009 Voltacc 7.0,7.21: 2017/2018
+ G80, G9x: 2007 (Geforce 8800, ...) + GV100, ...
GT200: 2008/2009 (GTX 280, ...) (Tesla V100, Titan V, Quadro GV100, ...)
Fermi[cc 2.x): 2010 (2011, 2012, 2013, ...) Turing [cc 7.5]: 2018/2019
« GF100, ... (GTX 480, ...) « TU102, TU104, TU106, TU116, TU117, ...
GF104, ... (GTX 460, ...) (Titan RTX, RTX 2070, 2080 (Ti), GTX 1650, 1660, ...)

GF110, ... (GTX 580, ...)
Ampere [CC 8.0, 8.6, 8.7, 8.8]: 2020

Kepler [CC 3.x: 2012 (2013, 2014, 2016, ...) * GA100, GA102, GA104, GA106, ...; [Nintendo Switch 2]

+ GK104, ... (GTX 680, ...) (A100, RTX 3070, 3080, 3090 (Ti), RTX A6000, ...)
GK110, ... (GTX 780, GTX Titan, ...)

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

- GH100, AD102/103/104/106/107, ...
. GM107, ... (GTX 750Ti, ...); [Nintendo Switch] (H100, H200, GH200, L20, L40, L40S, L2, L4,
GM204, ... (GTX 980, Titan X, ...) RTX 4080 (12/16 GB), RTX 4090, RTX 6000 (Ada), ...)

Maxwell [cc 5.x]: 2015

Pascal [cc 6.x]: 2016 (2017, 2018, 2021, 2022, ...) Blackwell [cC 10.0, 10.1(-11.0), 10.3, 12.0, 12.1]: 2024/2025

+ GP100 (Tesla P100, ...) + GB100, GB200, GB202/203/205/206/207, G10, ...
o (RTX 5080/5090, HGX B200/B300, GB200/GB300 NVL72,
+ GP10x: x=2,4,6,7,8, ...

(GTX 1060, 1070, 1080, Titan X Pascal, Titan Xp, ...) RTX 4000/5000/6000 PRO Blackwell, B40, ...)

_ see https://en.wikipedia.org/wiki/List _of Nvidia_graphics_processing units
Markus Hadwiger, KAUST and https://en.wikipedia.org/wiki/CUDA S



NVIDIA Tesla Architecture
2007-2009

(compute capability 1.x)

G80 (cc 1.0): 2007 (Geforce 8800, ...)
G9x (cc 1.1): 2008 (Geforce 9800, ...)
GT200 (cc 1.3): 2008/2009 (GTX 280, GTX 285, ...)

(this is not the Tesla product line!)



NVIDIA Tesla Architecture (not the Tesla product line!),

)

G80: 2007, GT200: 2008/2009

Streaming Processor (SP) Streaming (G80/G92) : :
- Multiprocessor (SM) TFE[ v e m{m]
[ lcache | | Geometry Controller | | Geometry Controller
[ MTissue ] | SMC | SMC
| Ccache | P
= |
T |

G80: first CUDA GPU! || || | |
m m Texture Units Texture Units

EHHHEIE 0

Multiprocessor: SM (CC 1.x) Texture L1 " Texture Lt

o

Courtesy AnandTech

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

 Texture/Processing Cluster (TPC)



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

-
(g}

« G80/G92: 8 TPCs*(2*8SPs)=128 SPs [= CUDA cores]
« GT200: 10 TPCs * (3 *8 SPs ) =240 SPs [= CUDA cores]

» Arithmetic intensity has increased (num. of ALUs vs. texture units)
TPC TPC TRC

[ =
[ mljiiL ) | | 1 |
: : e o= = 3 = _____a
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SM || SM SM || SM SM || EM
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Courtesy AnandTech

G80 / G92 GT200



NVIDIA Fermi Architecture
2010

(compute capability 2.x)

GF100 (cc 2.0), ... (GTX 480, ...)
GF104 (cc 2.1), ... (GTX 460, ...)
GF110 (cc 2.0), ... (GTX 580, ...)



NVIDIA Fermi (GF100) Architecture (2010)

Host Interface

Full size
e 4 GPCs
4 SMs each

* 6 64-bit
memory

controllers
(= 384 bit)
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Memory Controller

Memory Controller

Memory Controller

Raster Engine

Raster Engine
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Palymaorph Engine
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Polymorph Engine
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NVIDIA Fermi (GF100) Die Photo

Full size
e 4 GPCs
4 SMs each

.
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ALU Instruction Latencies and Instructs. / SM *So

CC 6-1/6.2 . 10.x,12.x
(Fermi) (Maxwell) | (Pascal) | (Pascal) (Blackwell)
2 4 2

# warp sched.

iy 2 4 4 4 4 4 4
#ALU "y ”
. over over
dispatch 2 clocks) 2 clocks) 2 1 1 1 1 1 1 1
/ warp sched.
St sty ity L oL 8L 4L oL 4L 4L 4L 4L 4L
# warps + inst
IS (Bllpte 22 22 11 9 6 6 4 4 4 4
latency (L)
SM busy with 22 44
i warne 22 A 36 12 24 16 16 16 16

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

Markus Hadwiger, KAUST 12



NVIDIA GF100 SM (2010)

Multiprocessor: SM (CC 2.0)

Streaming processors now called
CUDA cores

32 CUDA cores per Fermi GF100/GF110
streaming multiprocessor (SM)

Example GPU with 15 SMs = 480 CUDA cores (GTX 480)
Example GPU with 16 SMs = 512 CUDA cores (GTX 580)

CPU-like cache hierarchy
* L1 cache / shared memory

e L2 cache

Texture units and caches now in SM
(instead of with TPC=multiple SMs in G80/GT200)

(SM

Instruction Cache
Warp Scheduler Warp Scheduler

Dispatch Unit Dispatch Unit
. .

Register File (32,768 x 32-bit)
I S SRR T T
LD/ST

Core Core Core Core
LO/ST

]: Core Core Core

Core Core Core

Core Core Core

Core
LD/ST

LD/ST
LD/ST
LO/ST
LD/ST
LD/ST
LD/ST

Core

64 KB Shared Memory /L1 Cache.

PolyMorph Engine

|Attribute Setup| | Stream Output |13




Graphics Processor Clusters (GPC)

(instead of TPC on GT200) GPC

Raster Engine

4 SMs - — —— —
32 CUDA cores / SM — _ — _
4 SMs / GPC =

128 cores / GPC

Decentralized rasterization

and geometry —— i —

* 4 raster engines
* 16 "PolyMorph” engines

PolyMorph Engine

Raster Engine Vertex Fetch Tessellator Viewport Transform

Edge Setup > Rasterizer > Z-Cull
Attribute Setup Stream Output




Dual Warp Schedulers

Warp Scheduler Warp Scheduler

Instruction Dispatch Unit Instruction Dispatch Unit
[ W
FADD
FADD | RCP
FFMA FFMA
IADD | IADD
MOV LD
FFMA | " SIN
IADD ICMP |
FFMA ST
FFMA IADD




Dual Warp Schedulers

Warp 2 instruction 42

Warp 14 instruction 95

Warp 14 instruction 96

Warp 2 instruction 43

S

Cn

Warp 9 instruction 11

Warp 15 instruction 95

Warp 9 instruction 12

Warp 15 instruction 96



NVIDIA Fermi (GF104) Architecture (2010) ‘e

Host Interface

Full size GF104
- 2 GPCs e e e
« 4 SMs each . mail Em

Memory Controll
Jajjonuon Alowagy

* SM design
different from
GF100/ GF110!

» Fewer total SMs,
but each SM is
“superscalar”

Memory Controller
igjjonuon Lowapy

Markus Hadwiger, KAUST




ALU Instruction Latencies and Instructs. / SM *So

CC m 6-1/6.2 . 10.x,12.x
(Fermi) (Maxwell) | (Pascal) | (Pascal) (Blackwell)
2 2 4 2

# warp sched.

i 4 4 4 4 4 4
#ALU y o
g over over
dispatch 2 clocks) 2 clocks) 2 1 1 1 1 1 1 1
/ warp sched.
St sty ity L 2L 8L 4L 2L aL 4L 4L 4L 4L
# warps + inst
I [Pl 22 22 11 9 6 6 4 4 4 4
latency (L)
SM busy with 22 44
4 warps 22 i I 36 12 24 16 16 16 16

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

Markus Hadwiger, KAUST 18



NVIDIA GF104 SM (2010)

Warp Scheduler Warp Scheduler
Dispatch Unit  Dispatch Unit  Dispatch Unit  Dispatch Unit

Multiprocessor: SM (CC 2.1)

Streaming processors now called
CUDA cores

48 CUDA cores per Fermi GF104
streaming multiprocessor (SM)

Example GPU with 7 SMs = 336 CUDA cores (GTX 460)

2 dispatch units / warp scheduler: “superscalar”

CPU-like cache hierarchy

* L1 cache / shared memory
64 KB Shared Memory / L1 Cache
e L2 cache ° UniformCache

Tex Tex Tex Tex Tex Tex Tex Tex

Texture units and caches now in SM
(instead of with TPC=multiple SMs in G80/GT200)

Poly Morph Engine
[Vertex Foron | [ Tosseiiator ] [ yiwbom, |




NVIDIA Fermi GF100 Architecture (2010)

NVIDIA GeForce GTX 480 “core” CC 2.0, not 2.1!

- iRl = SIMD function unit,
control shared across 16 units
O O I O | { (1 MUL-ADD per clock)

- Groups of 32 fragments share an instruction
stream

Execution contexts . .
(128 KB) « Up to 48 groups are simultaneously interleaved

« Up to 1536 individual contexts can be stored
“Shared” scratchpad memory

(16+48 KB)

Source: Fermi Compute Architecture Whitepaper
CUDA Programming Guide 3.1, Appendix G

Kayvon Fatahalian, Graphics and Imaging Architectures (CMU 15-869, Fall 2011)




NVIDIA Fermi GF100 Architecture (2010)

NVIDIA GeForce GTX 480 “core” CC 2.0, not 2.1!

HiEIElENEElEl = SIMD function unit,
control shared across 16 units

O O I O | { (1 MUL-ADD per clock)
- D D D D D D D D | | |

ainlEEEE The core contains 32 functional units

E : - Two groups are selected each clock

Xecution contexts . .
(128 KB) (decode, fetch, and execute two instruction
streams in parallel)
“Shared” scratchpad memory
(16+48 KB)

Source: Fermi Compute Architecture Whitepaper
CUDA Programming Guide 3.1, Appendix G

Kayvon Fatahalian, Graphics and Imaging Architectures (CMU 15-869, Fall 2011)




NVIDIA Fermi GF100 Architecture (2010)

NVIDIA GeForce GTX 480 “SM” CC 2.0, not2.1!

Source: Fermi Compute Architecture Whitepaper
CUDA Programming Guide 3.1, Appendix G

HiliEEnElEEiEl = CUDA core
(1 MUL-ADD per clock)
|
- ] o _
il The SM contains 32 CUDA cores
E : « Two warps are selected each clock
Xecution contexts
(128 KB) (decode, fetch, and execute two warps in
parallel)
“Shared” (sf;it:: i;‘; it - Up to 48 warps are interleaved, totaling 1536
CUDA threads

Kayvon Fatahalian, Graphics and Imaging Architectures (CMU 15-869, Fall 2011)
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not 2.1!

CC 2.0,

NVIDIA GeForce GTX 480

There are 15 of these things on the GTX 480

That’s 23,000 fragments!

(or 23,000 CUDA threads!)
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NVIDIA Kepler Architecture
2012

(compute capability 3.x)

GK104 (cc 3.0), ... (GTX 680, ...)
GK110 (cc 3.5), ... (GTX 780, GTX Titan (Black), ...)
GK210 (cc 3.7), ... (Tesla K80)



NVIDIA Kepler Architecture (2012)

PCI Express 3.0 Host Interface
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Instruction Throughput

Instruction throughput numbers in older (<13) CUDA C Programming Guide (Chapter 8.4)

Compute Capability

SO 5.0,

37 5 2 2.3 6.0 6.1 6.2 7.x 8.0 8.6

16-bit
floating-
point
add, N/A 256 128 Z 256 128 256
multiply,
multiply-
add 128 for __nv_bfloat16

32-bit
floating-| 192 128 b4 128 64
point
add,
multiply,
multiply-
add
64-bit
floating-
point
add, 64 4 32 4 32 32 2
multiply, f /f
multiply-| /

add || 8 for GeForce GPUs, except for Titan GPUs 2 for compute capability 7.5 GPUs

8.9 9.0

128 256

128 for __nv_bfloat1é

128



ALU Instruction Latencies and Instructs. / SM *So

cC yX\) 2.1 5.x 6.0 | 6.1/6.2 . 10.x/12.x
(Fermi) | (Fermi) (Maxwell) | (Pascal) | (Pascal) (Blackwell)

# warp sched.

ey 2 2 4 4 2 4 4 4 4 4
#ALU y ”
R over over
dispatch 2 clocks) 2 clocks) 2 1 1 1 1 1 1 1
/ warp sched.
St sty ity L 2L 8L 4L 2L aL 4L 4L 4L 4L
# warps + inst
I [Pl 22 22 11 9 6 6 4 4 4 4
latency (L)
SM busy with 22 44
4 warps 22 I 36 12 24 16 16 16 16

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

Markus Hadwiger, KAUST 27



Viewpart Tranaform

Wiarp Scheduler _ Worp Bcheduisr || Warp Sehetuler Wiarp Soheduier

Dipeich Unit  Dispatch Bt Dispaich Unit  Dispstch Unil  OiEpatch Uit Dispacchilni Oipacch Unit Dispatch Uni
2 4 ks S £ 2 s +

Register File (65,536 x 32-bit)
4 & 2 . . £ B 4 &

Multiprocessor: SMX (CC 3.0) =

Core Caors 5FU [Core Cofm Core

192 CUDA cores GO R oo svu R O BN
(192 - 6 * 32) Cove| (Com SFU  [Coral Gom (Gors

32 LD/ST units G o o N

Com 5FU Cora Coma Core

32 SFUS Enm. SFU [Cora Care Cote

Core SFU Care
16 texture units G e sel [0 R
Gane SFL Gare

Core 5FuU Core

Two dispatch units per warp Core oot SFU  Gors Gore
scheduler exploit ILP GoR o sPu EBNE EOR
(instruction-level parallelism) Gor womt sru [Berd are

Cora SFU

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

Cors




Dispatch Dispatch Dispatch Dispatch Dispatch Dispatch Dispatch Dispatch
3 3+ 4 E s E S .. £ . B

G K1 1 O S M X Register File (65.536 x 32-bit)

e B 2 3 B s
Gm-ﬂ_m - SFU Core Core Core

£
Core
m-c:m re Co SFU |[Core [Core [Cort we Core
Core

Multiprocessor: SMX (CC 3.5) §° _ s 'sru G0 (GO

192 CUDA cores ' ¢ Core Co SFu
(192 =06 32) : ' ' ore SFU

64 DP units s
32 LD/ST units
32 SFUs

16 texture units

LDIST

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

PCI Express 3.0 Host Interface

Full size
e 4 GPCs
2 SMXs each

= 8 SMXs,
1536 CUDA cores

Memory Controller

Memory Controller

Raster Engine

. &
SHX

Pelymerph Engine 2.0
(s

GPC

Raster Engine

8
SMX
Polymorgh Engine 2.0
. |

R R T

fore s st

Jajonuon Alowap

P P X BN P PN

N R P P AR A

R O RS P IR A

— ]
Polymorph Engine 2.0
BMX
5

Raster Engine

e
Polymaorph Engine 2.0

X

GPG

—
Polymorph Engine 2.0

X

Raster Engine

Ja|jonuon Alowapy




NVIDIA Kepler / GK110 Structure (1) S

Full size

* 15 SMXs
(Titan Black;
Titan: 14)

PCl Express 3.0 Host Interface

« 2880 CUDA
cores

(Titan Black;
Titan: 2688)

5 GPCs of
3 SMXs each




AR
«)

NVIDIA Kepler / GK110 Structure (2)

Titan (not Black)
* 14 SMXs

« 2688 CUDA
cores

5 GPCs with
3 SMXs or
2 SMXs each




Bonus slides: NVIDIA GTX 680 (2012)

NVIDIA Kepler GK104 architecture SMX unit (one “core”)

Warp 0
Warp 1
Warp 2

Warp execution
contexts
(256 KB)

“Shared” memory
or L1 data cache
(64 KB)

Warp Selector

Warp Selector

Warp Selector

Warp Selector

B BE OO0 OO OO Og o Qo
HE DR Oo OO Qo Oo Qo Oo

HE O OO0 OO OO OO OO Qo
L]

HE BE O OO OO o Qo Qo

BE OE OO0 OO OO OO OO Qo

BHE B OO0 OO O Qg Qo 0o
BE O OO OO0 Qo O Qg Oo
BE O OO OO oo Om Qo O
BE BE OO OO OO0 O0 O8 O
BHE DR OO OO OO Oo Om oo
EE BE OO OO0 OO0 OO0 Od Oo
EE BE OO OO0 O0 OO0 0O Oo
EE BE OO OO OO0 O0 OO0 OO
BHE DR OO OO OO OO Om O
BHE BE OO OO OO Qo On O
BE BE OO0 OO OO0 O0 OO Oo

= SIMD function unit,
control shared across 32 units
(1 MUL-ADD per clock)

="special” SIMD function unit,
control shared across 32 units
(operations like sin/cos)

= SIMD load/store unit
(handles warp loads/stores, gathers/scatters)
CMU 15-418, Spring 2013



Bonus slides: NVIDIA GTX 680 (2012)

NVIDIA Kepler GK104 architecture SMX unit (one “core”)

Warp 0

Warp 1

Warp2

Warp execution
contexts
(256 KB)

“Shared” memory
or L1 data cache
(64 KB)

B SMX core resource limits;

Warp Selector
Warp Selector
Warp Selector

Wa_rp _Selei_:tot

HE BN OO0 00 OO0 OO0 00

o o i o
[ [ | [ [
00000000000 o00n
DOE0800000oo800n
) o i o
DODO000000068E00E
1 o o o o o
OD05E8000000o00n
1 o o o
EEEEEEEEEEEEEEE
1 o o [ o
O0000000000E000
1 o o o o e
000000000000040
18] o o
1 o o o e o e

Ll

= SIMD function unit,

control shared across 32 units
(1 MUL-ADD per dodk)

="special” SIMD function unit,
control shared aaoss 32 units
(operations like sin/cos)

= SIMD load/store unit
(handles warp loads/stores, gathers/scatters)

- Maximum warp execution contexts: 64 (2,048 total CUDA threads)
- Maximum thread blocks: 16

® SMX core operation each clock:
- Select up to four runnable warps from up to 64 resident on core (thread-level parallelism)
= Select up to two runnable instructions per warp (instruction-level parallelism)
- Execute instructions on available groups of SIMD ALUs, special-function ALUs, or LD/ST units

(WU 15418, Spring 2013



Bonus slides: NVIDIA GTX 680 (2012)

NVIDIA Kepler GK104 architecture

= NI HRRARRRRREEEEEEE| |==——— MW RERARRAAASS5355 ® 1 GHzdock
B e - O [y e . .
dogoooooooooooon gogoaoooooooooon .
S | — —— Eight SNX cores per chip
B e W gageaneaceazease ® 8x192=1,536 SIMD mul-add ALUs
= -3 0P
we— E;EEEEEE ® Up to 512 interleaved warps per chip
— | S i —— CEEEEE ,
~ | mmmm BEEREHBESEESSSES | | mmmm HB9BEHBRSHSSSSRS (16,384 CUDA threads/chip)
S| S
=1 - - " TDP: 195 watts
s ]
ks SEEBRNERGESERNE s BEESRESRESESEEEE
SiSsEsEsEENESE SEEEmEsmmmmmmmmm | L
——| mmEm ARBERAGRSARSSEES | mmmm ARRRRHARREAsEEsE| | (256 KB)
R I
] T
HRBABRAASARREAME — 192 GB/sec
s Memory
e T :ﬂﬂﬂﬂsﬁﬂﬂauﬂﬂﬂag hared+L1 Dgnﬂﬂﬂzﬂﬂnﬁgnﬂﬂﬂ e
(64 KB) EEEEGEEEEEEERaES {64 KB) BEEEEEEEEEEEaEag 256 bitinterface
EIEESSEEEENREEE SIEESSERSRENEEE DDR5 DRAM
Sl o i — T R
S|
s -
haredsl}  ppspymspmsmEaEEE e
SIENSSSEEESENEEY Smnssmmmmmmmace

(WU 15418, Spring 2013



NVIDIA Maxwell Architecture
2015

(compute capability 5.x)

GM107 (cc 5.0), ... (GTX 750Ti, ...)
GM204 (cc 5.2), ... (GTX 980, Titan X, ...)
GM20B (cc 5.3), ... (Tegra X1, ...)

\

Nintendo Switch/OLED (2017/2021)!
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NVIDIA Maxwell Architecture (2015)

PCI Express 3.0 Host Interface

Memory Controller

Memory Controller
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Instruction Throughput

Instruction throughput numbers in older (<13) CUDA C Programming Guide (Chapter 8.4)

Compute Capability

3.5, 5.0,

37 5 2 9.3 6.0 6.1 6.2 7.x 8.0 8.6

16-bit
floating-
point
add, N/A 256 128 Z 256 128 256
multiply,
multiply-
add 128 for __nv_bfloat16

32-bit
floating-| 192 128 b4 128 b4
point
add,
multiply,
multiply-
add
64-bit
floating-
point
add, 64 4 32 4 32 32 2

multiply, /f
multiply-

add 8 for GeForce GPUs, except for Titan GPUs 2 for compute capability 7.5 GPUs

8.9 9.0

128 256

128 for __nv_bfloat1é

128



ALU Instruction Latencies and Instructs. / SM *So

cC yX\) 2.1 . 6.0 | 6.1/6.2 . 10.x/12.x
(Fermi) | (Fermi) (Pascal) | (Pascal) (Blackwell)

# warp sched.

iy 2 2 4 4 2 4 4 4 4 4
#ALU y ”
R over over
dispatch 2 clocks) 2 clocks) 2 1 1 1 1 1 1 1
/ warp sched.
St sty ity L 2L 8L 4L 2L aL 4L 4L 4L 4L
# warps + inst
I [Pl 22 22 11 9 6 6 4 4 4 4
latency (L)
SM busy with 22 44
4 warps 22 T 36 12 24 16 16 16 16

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

PolyMorph Engine 3.0

Tessellator

|

I Viewport Transform

[ Attribute Setup

| |

Stream Output

Warp Scheduler

Dispatch Unit Dispatch Uni

+ +
Register File (16,384 x 32-bit)

Core Core |Core  LD/ST
Core Core LDIST
Core Core LDIST
Core | Core @ LDIST
Core
Core
Core

Core

. ._ : "ﬂﬂuﬂ au lu
Warp Scheduler

ispatch Unit Dispatch Unit

£z £

Register File (16,384 x 32-bit)
Core |  Core | Core LD/ST
Core Core Core LD/ST
Core Core Core LDIST
Core Core | LDIST
Core Core  LDIST
Core LDIST

LDIST

LDIST

Warp Scheduler

it | Dispatch Unit

SFU

SFU

SFU

SFU Core

SFU Core

SFU Core

SFU Core

SFU Core

T Sii1Cah

Core
Core
Core
Core
Core
SFU Core
SFU Core

SFU Core

Texture / L1 Cache

B3

Dispatch Unit
E 3

Register File (16,384 x 32-bit)

Core Core | Core LD/ST

Core

+

Core

Core

Core

Core

Core

Core

Core

Core

Core

LD/ST

LD/ST

LDIST

LD/ST

LD/ST

LDIST

LD/ST

Tex

Warp Scheduler

Dispatch Unit

Dispatch Unit
a

Register File (16,384 x 32-bit)

Core

Core

Core

Tex

Core | Core LOD/ST

Core

Core

Core

Core

Core

Core

Core

Core

LD/ST

LD/ST

LD/ST

LO/ST

LD/ST

LD/ST

LOVST
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Maxwell (GM) Architecture

FirSt gen PCI Express 3.0 Host Interface

GPC

Raster Engine

GM107 | = < LR £ =2 . E s Ts
SMM SMM SMM SMM | | ShMm
Polymorph Engine 2.0 Polymorph Engine 2.0 Polymorph Engine 2.0 Polymorph Engine 2.0 Polymorph Engine 2.0
- _——

(GTX 750Ti)

5 SMMs

(640 CUDA
cores in
total)

Memory Controller Memory Controller




Maxwell (GM) Architecture Sy

PCI Express 3.0 Host Interface

Second gen.

GM204
(GTX 980)

Memory Controller

16 SMMs

(2048 CUDA
cores in
total)

4 GPCs of 4
SMMs

o] SMM
T8 5




GK107 vs. GM107

| CUDA Cores
Base Clock

GPU Boost Clock
' GFLOPs

Texture Units
Texel fill-rate
Memory Clock
Memor‘r Bandwidth
' ROPs

L2 Cache Size

' TDP

Transistors

| Die Size

Manufacturing_ Process

384
1058 MHz
N/A
812.5
32

33.9 Gigatexels/sec

5000 MHz
80 GB/sec
16
256KB
64W
1.3 Billion
118 mm?
28-nm

Maxwell (GM) vs. Kepler (GK) Architecture

640
1020 MHz
1085 MHz

1305.6
40
40.8 Gigatexels/sec
5400 MHz
86.4 GB/sec
16
2048KB
60W
1.87 Billion
148 mm?
28-nm

P
L (O
(




Maxwell (GM) vs. Kepler (GK) Architecture

GK107 vs. GM204

GeForce GTX 680 (Kepler) GeForce GTX 980 (Maxwell)
SMs 8 16
CUDA Cores 1536 2048
Base Clock 1006 MHz 1126 MHz
GPU Boost Clock 1058 MHz 1216 MHz
GFLOPs 3090 4612
Texture Units 128 128
Texel fill-rate 128.8 Gigatexels/sec 144 1 Gigatexels/sec
Memory Clock 6000 MHz 7000 MHz
Memory Bandwidth 192 GB/sec 224 GB/sec
ROPs 32 64
L2 Cache Size 512KB 2048KB
TDP 195 Watts 165 Watts
Transistors 3.54 billion 5.2 billion
Die Size 294 mm? 398 mm?
Manufacturing Process 28-nm 28-nm




NVIDIA Pascal Architecture
2016

(compute capability 6.x)

GP100 (cc 6.0), ... (Tesla P100, ...)
(x=2,4,6,7,8) GP10x (cc 6.1), ... (GTX 1080, Titan X Pascal/Xp, Tesla P4/40, ...)
GM10B (cc 6.2), ... (Tegra X2, ...)



£y
=

L ((

=

 ((

NVIDIA Pascal Architecture (2016)

PCI Express 3.0 Host Interface

High Bandwidth Memory 2

i

Memory Controller

High Bandwidth Memory 2
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Memory Controller Memory Controller
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Instruction Throughput

Instruction throughput numbers in older (<13) CUDA C Programming Guide (Chapter 8.4)

Compute Capability

3.5, 9.0,

37 5 2 2.3 6.0 6.1 6.2 7.x 8.0 8.6

16-bit
floating-
point
add, N/A 256 128 2 256 128 256
multiply,
multiply-
add 128 for __nv_bfloat16

32-bit
floating-| 192 128 b4 128 b4
point
add,
multiply,
multiply-
add
64-bit
floating-

point
add, 64 4 32 4 32 32 2

multiply, /f
multiply-

add 8 for GeForce GPUs, except for Titan GPUs 2 for compute capability 7.5 GPUs

8.9 9.0

128 256

128 for __nv_bfloat1é

128



ALU Instruction Latencies and Instructs. / SM *So

CC 6.1I6.2 . 10.x,12.x
(Fermi) | (Fermi) (Maxwell) | (Pascal) | (Pascal) (Blackwell)
2 2 4 2

# warp sched.

ey 4 4 4 4 4 4
# ALU y ”
0 over over
dispatch 2 clocks) 2 clocks) 2 1 1 1 1 1 1 1
/ warp sched.
bl oy il L 2L 8L 4L oL 4L 4L 4L 4L aL
# warps + inst
TSt (S 22 22 11 9 6 6 4 4 4 4
latency (L)
SM busy with 22 44
i warne 22 A 36 12 24 16 16 16 16

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

Markus Hadwiger, KAUST 50



NVIDIA Pascal GP100 SM

Multiprocessor: SM (CC 6.0)

« 64 CUDA cores s Dispatch Uk ot v ot une

. Register File (32,768 x 32-bit) Register File (32,768 x 32-bit)
« 32 DP units
Core - Core  Core - LD/ST
16 LD/ST units - - e
+ 16 SFUs Ol

4 texture units

« 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.!)



Instruction Buffer
Warp Scheduler

Dispatch Unit
kS

Register File (16,384 x 32-bit)

Instruction Buffer
Warp Scheduler

Dispatch Unit
3

Register File (16,384 x 32-bit)

Dispatch Unit
&

Dispatch Unit
E 3

NVIDIA Pascal GP104 SM

Core Core Core LDIST Core Core Core

Core Core Core LD/ST Core Core Core

Multiprocessor: SM (CC 6.1/6.2)

Core

128 CUDA cores
32 LD/ST units
32 SFUs

8 texture units

Core Core LD/ST Core Core Core

Core Core LD/ST Core Core Core

Core | Core LD/ST SFU Core Core Core |Core LDIST SFU

Core | Core LD/ST SFU Core Core Core | Core LDIST SFU

Core | Core LD/ST SFU Core Core Core

Core Core LDIST SFU Core Core Core

Texture / L1 Cache

Warp Scheduler

Dispatch Unit
B3

Register File (16,384 x 32-bit)

4 partitions inside SM

Core

e 32 CUDA cores; 8 LD/ST units; 8 SFUs =

Core

Warp Scheduler

Dispatch Unit
kS

Register File (16,384 x 32-bit)

Dispatch Unit
4+

Dispatch Unit
3

Core Core Core Core Core Core

Core Core Core Core Core

Core Core Core Core

Core

Core Core Core Core Core

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

Core

Core Core Core Core Core

Core Core Core Core Core

Core SFU Core Core Core Core

Core SFU Core Core Core

Texture | L1 Cache




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

Markus Hadwiger, KAUST 53



NVIDIA GTX 1080 (2016)

This is one NVIDIA Pascal

GP104 streaming multi-processor (SM) unit

m ‘. el f

Warp Selector

elector Warp Selector

control shared across 32 units
(1 MUL-ADD per clock)

= SIMD special function unit
(sin, cos, etc.)

Warp s
o] om) ]| ] Y o o ] o) o] o ] Y o v ] o
O0C0 W OoOgo- N OO0 " OCEoE N
D000 W OoOgo- N OEOE N OoCE .
Oogg - B OoOo- B OEOo N CoDo N
OooQ - Oooo-m COoo-m E0Cc .
gogo m OOoc W Ooogr B Cooos .
O0ogEr B Oogg: B OohOo .D@@D [
Ooacrs OO m oo m Oooh: .
Registers for warp execution
W{a}rp w:rp contexts: max 64 w:;p W:;p
(256 KB)
“Shared” memory storage
(96 KB)
L1 cache
(48 KB)
l:l = SIMD functional unit, = load/store

SM resource limits:
- Max warp execution contexts:
64 (2,048 total CUDA threads)
- 96 KB of shared memory

CMU 15-418/618, Spring 2017



Running a single thread block on a SM “core”

B o (<1 ecode]
Warp Selector

Decode||Decode]
Warp Se!ector

Jac ol|Decode]
Warp Selector

Warp Selector

OEOo~E OOoO-E OO~ E Oooo~m
OooorE OOogO-E oo~ E SogD - .
15 0 ) ) ) Yo oo
OooQo~E Ooog-E Oooo~m Oogo N
[ ] ] ) o o o
15 ) ) v ) ) ) v )
Oooo~m SOogoErE Oooo-m S0O0E - .
OoooO"m OOoErE OOOoO"E CoooEm
Warp | Warp Warp registers: max 64 warps Warp | Warp
o | 2 | = (256 KB) SRR sa
“Shared” memory storage support

(96 KB)

(520 bytes)

L1 cache
(48 KB)

Recall, CUDA kernels execute as SPMD programs
On NVIDIA GPUs groups of 32 CUDA threads share an instruction stream. These groups called “warps”.

A convolve thread block is executed by 4 warps (4 warps x 32 threads/warp = 128 CUDA threads per block)
(Warps are an important GPU implementation detail, but not a CUDA abstraction!)

SM core operation each clock:
— Select up to four runnable warps from 64 resident on SM core (thread-level parallelism)
— Select up to two runnable instructions per warp (instruction-level parallelism) * (but here: only 1 ALU instr. !)

this is
GP104
(2016)

#define THREADS_PER_BLK 128

__global__

{

void convolve(int N, float* input,
float* output)

__shared__ float support[THREADS_PER_BLK+2];
int index = blockIdx.x * blockDim.x +
threadIdx.x;

support[threadIdx.x] = input[index];
if (threadIdx.x < 2) {
support[ THREADS_PER_BLK+threadIdx.x]
= input[index+THREADS_PER_BLK];

__syncthreads();

float result = @.06f; // thread-local
for (int i=@; i<3; i++)
result += support[threadIdx.x + i];

output[index] = result;

CMU 15-418/618, Spring 2017



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, ...)
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PCI Express 3.0 Host Interface

|

GPC GPC GPC
TPC TPC TPC TPC TPC TPC TPC TPC TPC TPC TPC TPC TPC TPC TPC TPC TPC TPC TPC TPC TPC
% SM sM SM sM SM SM SM SM sM SM sM SM SM SM SM SM SM SM SM SM SM =
2 =M R M = e M = =M R A =M =N =M e e M =M M 2 3
S || |[FESHE | S| S S—— —— f NN ||| S S S — — | | | p— I | —— —— —— — ]
= i ‘ | =]
5 i "
=2 f 2
< _—— e e e—me— —m— —— s _———— e e e e—m— = —— —_—— it _——— e —m— —m— —— 3
2 ‘ | g
) i | ! =
| i |
o - an
= e — (o]
o SM sm SM sm SM SM sm SM sMm SM sm sM SM sm sM sM SM s SM SM sM =
I —l——il————l——l——— — i — — — ———l—l——ll———l— N
|
)
£ || AN (MO N D YOO {0 Y OO O N DO 5
[=]
B | e e e e e e st | e e e e e e ] e e || 3
€ _a— e e e e e e _—— e e e e e —aa— _—— e e e =—a—
—_— O ‘ | g) A
- > =
=] 1
E - S
= g
-
(=]
g l i I i | | i E I I E i E ! i ! I I I l E g I l [ i E i I I l i ! I g E I I E I I I 3
o —
n o O
2 ||| s m || " —ms) | 55— —— s s | | | s |t ||| o | [ s | | s | | | || |
= | | | — | —— : e e (e e || (S " — e e e e || S | | — e — 2
E =
= I -]
g men s s e e e e ([ i i e e i ([ e i e e e g
o i — i —— i —— i — i — =
T SM SM SM SM sm sM SM SM sM SM SM SMm SM SM SM sm SM SM SM SM sM )
311 TRACTR TR TR T R RO YRT RO TR AT TR TR TR
ie ] L] ] ] ] [ ] [] [] ] | ] [] ] ] [ ] ] [ ] [ ] [] [ ] ] L] ] ] ] ] ] ] L] [l L] ] [ ] ] L] ] ] E]
- [=]
= = _—um— e e e e = = B B )
=] ﬁ‘
— O O
| | e ) et e et et et ettt | et et e e | et | | e )t} et e | e e el i) e Y
2 — — —— — | — | — — — — — — | — — — — —— — | — | — — o
= SM SM SM SM Sm SM sM SM sM SM SM SM SM SM SM sM SM SM SM SM sM =
TPC TPC TPC TPC TPC TPC TPC TPC TPC TPC TPC TPC TPC TPC TPC TPC TPC TPC TPC TPC TPC
GPC GPC GPC




Instruction Throughput

Instruction throughput numbers in older (<13) CUDA C Programming Guide (Chapter 8.4)

Compute Capability

3.5, 9.0,

37 5 2 2.3 6.0 6.1 6.2 X 8.0 8.6

16-bit
floating-
point
add, N/A 256 128 Z 256 128 256
multiply,
multiply-
add 128 for __nv_bfloat16

32-bit
floating-| 192 128 b4 128 64
point
add,
multiply,
multiply-
add

64-bit
floating-

point

add, 64 4 32 4 32 32 2
multiply, 4
multiply- /

add 8 for GeForce GPUs, except for Titan GPUs 2 for compute capability 7.5 GPUs

8.9 9.0

128 256

128 for __nv_bfloat1é

128



ALU Instruction Latencies and Instructs. / SM *So

cC yX\) 2.1 5.x 6.0 | 6.1/6.2 \;,I’t( 10.x/12.x
(Fermi) | (Fermi) (Maxwell) | (Pascal) | (Pascal) '{'u:’inz’) (Blackwell)
2 2 4 2

# warp sched.

e 4 4 4 4 4 4
#ALU y ”
R over over
dispatch 2 clocks) 2 clocks) 2 1 1 1 1 1 1 1
/ warp sched.
St sty ity L 2L 8L 4L oL 4L 4L 4L 4L 4L
# warps + inst
I [Pl 22 22 11 9 6 6 4 4 4 4
latency (L)
SM busy with 22 44
4 warps 22 A 36 12 24 16 16 16 16

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

Markus Hadwiger, KAUST 59



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

SM

L1 Instruction Cache

L0 Instruction Cache L0 Instruction Cache.
Warp Scheduler (32 thread/clk) Warp Scheduler (32 thread/clk)
Dispatch Unit (32 thread/clk) Dispatch Unit (32 thread/clk)
Register File (16,384 x 32-bit) Register File (16,384 x 32-bit)
FP64 INT INT FP32 FP32 FP64 INT INT [FP32 FP32
FP64 INT INT |FP32 FP32 FP64 INT INT FP32 FP32
FP64 INT INT FP32 FP32 FP64 INT INT |[FP32 FP32
FP64 INT INT |FP32 FP32 TENSOR TENSOR FP64 INT INT [FP32 FP32 TENSOR TENSOR
FP64 INT INT |FP32 FP32 CORE CORE FP64 INT INT FP32 FP32 CORE CORE
FP64 INT INT [FP32 FP32 FP64 INT INT FP32 FP32
FP64 INT INT FP32 FP32 FP64 INT INT [FP32 FP32
FP64 INT INT FP32 FP32 FP64 INT INT [FP32 FP32
LD/ LD/ LD/ LD/ LD/ LD/ LD/ LD! LD/ LD/ LD/ LD/ LD/ LD/ LD/ LD
ST ST ST ST ST ST ST ST SFU ST ST | ST ST ST ST ST ST SFU
Warp Scheduler (32 thread/clk) Warp Scheduler (32 thread/clk)
Dispatch Unit (32 thread/clk) Dispatch Unit (32 thread/clk)
Register File (16,384 x 32-bit) Register File (16,384 x 32-bit)
FP64 INT INT FP32 FP32 FP64 INT INT FP32 FP32
FP64 INT INT FP32 FP32 FP64 INT INT |[FP32 FP32
FP64 INT INT |FP32 FP32 FP64 INT INT [FP32 FP32
FP64 INT INT |FP32 FP32 TENSOR TENSOR FP64 INT INT FP32 FP32 TENSOR TENSOR
FP64 INT INT |FP32 FP32 CORE CORE FP64 INT INT FP32 FP32 GORE GORE
FP64 INT INT FP32 FP32 FP64 INT INT [FP32 FP32
FP64 INT INT [FP32 FP32 FP64 INT INT FP32 FP32
FP64 INT INT FP32 FP32 FP64 INT INT [FP32 FP32
LD/ LD/ LD/ LD/ LD/ LD/ LD/ LD/ LD/ LD/ LD/ LD/ LD/ LD/ LD/ LD
ST ESTH ESTH (FsSTY BsTH st B ST N ST SFU ST | |'ST ||"sT |[I'ST 'St |'sT | st ST SFU

128KB L1 Data Cache / Shared Memory

Tex Tex

Tex Tex




Tensor Cores (15t Generation)

Mixed-precision, fast matrix-matrix multiply and accumulate

D =

FP16 or FP32

FP16 or FP32

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

[+Tensor cores on later architectures add more data types/precisions!]

Markus Hadwiger, KAUST 61



Tensor Cores (15t — 5th Generation)

Tensor Core History & Features

/ \ / \ / Hopper \ / Blackwell \

Volta ¥ ﬁﬁgﬂfgm (sm_90a) GB100 (sm_100a)
(sm_70) =
FPS8/FP16/BF16 FP4/FP6/FP8/FP16
N FP16 FPIG Bm?gﬁ” Fied TF32/FP64 INTS/4/1 BF16/TF32/FP64 INT8/4
atacenter ' i
o 4k ; Sparsity Sparsity Spars!ty
-threads wide Block-scaling FPx
: 4-warp-wide
1024 FP16 Flops per warp-wide Shmem inputs 4 warps x 2 CTA async
clock per SM TMEM + Shmem
(4 x more Flops!) ggffls':‘f g bicr ] 4096 FP16 Flops
per clock per SM 8192 FP16 Flops/clock/SM

Ada Blackwell

Ampere
Turing GA10x (sm_86/87) (sm_89) GB20x (sm_120)
. (sm_75) SO — FP8/FP16 FP4/FP6/FPB/FP16
IE R e : . BF16/TF32/ BF16/TF32/ iNTB/4
Universal datacenter FP16 INT8/4/1 g\gﬁlja INT8/4/1 Sparsity
GPUs warp-wide Sparsity Block-scaling FPx
warp-wide . e
1024 FP16 Flops warp-wide warp-wide
Ber glockipersid i o 1024 FP16 Flops 1024 FP16 Flops
K j K PEFCIOER pex S / \ per clock per SM / K per clock per SM /
(Peak FP16 Flops per clock per SM, without sparsity) nViDIA I

Markus Hadwiger, KAUST 62



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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Kepler — Volta

Specs

Tesla Product Tesla K40 Tesla M40 Tesla P100 Tesla V100

SMs

TPCs

GK180 (Kepler)

GM200
(Maxwell)

24

24

GP100
(Pascal)

56

28

GV100 (Volta)

FP32 Cores / SM
FP32 Cores / GPU
FP64 Cores / SM
FP64 Cores / GPU
Tensor Cores / SM
Tensor Cores / GPU
GPU Boost Clock
Peak FP32 TFLOP/s’
Peak FP64 TFLOP/s’

Peak Tensor Core
TFLOP/s’

Texture Units

Memory Interface

Memory Size
L2 Cache Size

Shared Memory Size /
SM

Register File Size / SM
Register File Size / GPU
TDP
Transistors
GPU Die Size

Manufacturing Process

2880

64

960

NA

NA

810/875 MHz

5.04
1.68

NA

240

384-bit GDDR5

Up to 12 GB
1536 KB

16 KB/32 KB/48
KB

256 KB
3840 KB
235 Watts
7.1 billion
551 mm?

28 nm

3072

4

96

NA
NA

1114 MHz

6.8
.21

NA

192

384-bit GDDR5

Up to 24 GB
3072 KB

96 KB

256 KB
6144 KB
250 Watts
8 billion
601 mm?

28 nm

64
3584
32
1792
NA
NA
1480 MHz
10.6
5.3

NA

224

4096-bit
HBM2

16 GB
4096 KB

64 KB

256 KB
14336 KB
300 Watts

15.3 billion
610 mm?

16 nm
FinFET+

5120
32
2560
8
640
1455 MHz
15
75

120

320

4096-bit HBM2

16 GB
6144 KB

Configurable up to 96
KB

256KB
20480 KB
300 Watts
21.1 billion
815 mm?

12 nm FFN



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)

GeForce GeForce Quadro Quadro
GPU Features GTX 1080 RTX 2080 P5000 RTX 5000
Architecture Pascal Turing Pascal Turing
GPCs 4 6 4 6
TPCs 20 23 20 24
SMs 20 46 20 48
CUDA Cores / SM 128 64 128 64
CUDA Cores / GPU 2560 2944 2560 3072
Tensor Cores / SM NA 8 NA 8
Tensor Cores / GPU NA 368 NA 384
RT Cores NA 46 NA 48

TU104 TU104
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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 Architecture (2018/201

TU 102
(Geforce:

RTX 2080 Ti,
Quadro:

RTX 6000,

RTX 8000, ...)
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NVIDIA Turing Architecture (2018/2019) “

PCI Express 3.0 Host Interface
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Instruction Throughput

Instruction throughput numbers in older (<13) CUDA C Programming Guide (Chapter 8.4)

Compute Capability

3.5, 9.0,

37 5 2 2.3 6.0 6.1 6.2 X 8.0 8.6

16-bit
floating-
point
add, N/A 256 128 Z 256 128 256
multiply,
multiply-
add 128 for __nv_bfloat16

32-bit
floating-| 192 128 b4 128 64
point
add,
multiply,
multiply-
add

64-bit
floating-

point

add, 64 4 32 4 32 32 2
multiply, 4
multiply- /

add 8 for GeForce GPUs, except for Titan GPUs 2 for compute capability 7.5 GPUs

8.9 9.0

128 256

128 for __nv_bfloat1é

128



Instruction Throughput

Instruction throughput numbers in CUDA 13 C Best Practices Guide (Chapter 12.1, Table 5)

Compute
Capabil-
ity

5

Turing

8.0

8.6

Ampere

8.9

Ada

9.0

Hopper

10.0

’ 12.0

Blackwell
1

16-bit
floating-

point add,

multiply,
multiply-
add
(2-way
SIMD):
add.
f16x2

64

1287
4 64 for __nv_bfloat16

64

3 multiple instructions for __nv_bfloat16

128

64

32-bit
floating-

point add,

multiply,
multiply-
add:

add.f32

64

128

64-bit
floating-

point add,

multiply,
multiply-
add:
add.f64

32

64

64




ALU Instruction Latencies and Instructs. / SM *So

cC yX\) 2.1 5.x 6.0 | 6.1/6.2 \;,I’t( 10.x/12.x
(Fermi) | (Fermi) (Maxwell) | (Pascal) | (Pascal) '{'u:’inz’) (Blackwell)
2 2 4 2

# warp sched.

e 4 4 4 4 4 4
#ALU y ”
R over over
dispatch 2 clocks) 2 clocks) 2 1 1 1 1 1 1 1
/ warp sched.
St sty ity L 2L 8L 4L oL 4L 4L 4L 4L 4L
# warps + inst
I [Pl 22 22 11 9 6 6 4 4 4 4
latency (L)
SM busy with 22 44
4 warps 22 A 36 12 24 16 16 16 16

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

| Warp Schediler + Dispatch (32thread/clk) | |~ Warp Scheduler + Dispatch (32 thread/clk)

Register File (16,384 x 32-bit) Register File (16,384 x 32-bit)

TENSOR
CORES

TENSOR

INT32 FP32 CORES

INT32 FP32

LDIST LDIST LD/ST LD/ST SFU LD/ST LDIST LDIST LD/ST SFU

Warp Scheduler + Dispatch (32 thread/cik) Warp Scheduler + Dispatch (32 thread/clk)

Register File (16,384 x 32-bit) Register File (16,384 x 32-bit)

TENSOR
CORES

TENSOR

INT32 FP32 CORES

INT32 FP32

LDIST LDIST LDIST LDIST SFU LDIST LDIST LO/IST LDIST SFU

96KB L1 Data Cache / Shared Memory

Tex Tex




Tensor Cores (15t — 5th Generation)

Tensor Core History & Features

( \ / \ / Hopper \ / Blackwell \

Volta ol ﬁﬁgﬂfgm (sm_90a) GB100 (sm_100a)
(sm_70) &

FP8/FP16/BF16 FP4/FP6/FP8/FP16

N FP16 IS Bm?gﬁ” L TF32/FP64 INTS/4/1 BF16/TF32/FP64 INT8/4
atacenter 4 Sparsity Sparsity
GPUs 8-threads wide Sparsity Block-scaling FPx
: 4-warp-wide
1024 FP16 Flops per warp-wide Shmem inputs 4 warps x 2 CTA async
clock per SM TMEM + Shmem
(4 x more Flops!) ggffls':‘f g bicr ] 4096 FP16 Flops

per clock per SM 8192 FP16 Flops/clock/SM

Ada Blackwell

Ampere
Turlng GA10x (sm_86[87) (5m_89) GB20x (sm_l 20)
o g (sm_75) O — FPB/FP16 FP4/FPE/FPB/FP16
IE R e : . BF16/TF32/ BF16/TF32/ iNTB/4
Universal datacenter FP16 INT8/4/1 'NTB/A.'“ INT8/4/1 Sparsit
GPU Sparsity : REtElty
S warp-wide Sparsity Block-scaling FPx
warp-wide . e
1024 FP16 Flops warp-wide warp-wide
per clock per SM i o 1024 FP16 Flops 1024 FP16 Flops
\ / K PEFCIOER pex S / \ per clock per SM / K per clock per SM /
(Peak FP16 Flops per clock per SM, without sparsity) nViDIA I
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NVIDIA Ampere Architecture
2020

(compute capability 8.0/8.6/8.7)

GA100 (cc 8.0), ... (A100, ...)
(x=2,3,4,6,7) GA10x (cc 8.6), ... (RTX 3070, RTX 3080, RTX 3090, ...)
GA10B (cc 8.7), ... (Jetson, DRIVE, ...)



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

PCI Express 4.0 Host Interface

GPC GPC GPC GPC

Memory Controller

1|jonuo Kiowayy | 1ayj01u0) Kiowsyy

O
[
S
|
8

=

13jjonuon Kiowapy

Memory C

19|[0nu07 Kioway

Memory C

0 Aiowapy

Memory Controller

Memory Controller




Instruction Throughput

Instruction throughput numbers in CUDA 13 C Best Practices Guide (Chapter 12.1, Table 5)

Compute
Capabil-
ity

7.5

Turing

8.0

8.6

Ampere

8.9

Ada

9.0

Hopper

10.0

’ 12.0

Blackwell
1

16-bit
floating-

point add,

multiply,
multiply-
add
(2-way
SIMD):
add.
f16x2

64"

128°
4 64 for __nv_bfloat16

64

3 multiple instructions for __nv_bfloat16

128

64

32-bit
floating-

point add,

multiply,
multiply-
add:

add.f32

64

128

64-bit
floating-

point add,

multiply,
multiply-
add:
add.f64

32

64

64




ALU Instruction Latencies and Instructs. / SM *So

(Fermi) | (Fermi) (Maxwell) | (Pascal) | (Pascal) (Ampere) (Blackwell)
2 2 4 2

# warp sched.

e 4 4 4 4 4 4
#ALU y ”
R over over
dispatch 2 clocks) 2 clocks) 2 1 1 1 1 1 1 1
/ warp sched.
Sl Loty it L 2L 8L 4L oL 4L 4L 4L 4L 4L
# warps + inst
inst. pipe 22 22 11 9 6 6 4 4 4 4
latency (L)
SM busy with 22 44
4 warps 22BN I 36 12 24 16 16 16 16

see NVIDIA CUDA C Programming Guides (different versions)
performance guidelines/multiprocessor level; compute capabilities
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NVIDIA GA100 SM

Multiprocessor: SM (CC 8.0)
64 FP32 + 64 INT32 cores
32 FP64 cores
4 3 gen tensor cores

1 2" 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 37 gen tensor core each

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

L1 Instruction Cache

INT32 INT32

INT32 INT32

INT32 INT32

INT32 INT32

INT32 INT32

INT32 INT32

INT32 INT32

INT32 INT32

LD/ LD/
ST sT

Lo instruction Cache
Warp Scheduler (32 thread/clk)
Dispatch Unit (32 thread/clk)

Register File (16,384 x 32-bit)

FP32 FP32  FPe4
FP32 FP32  FP64
FP32 FP32  FPe4
FP32 FP32  FP64

TENSOR CORE
FP32 FP32  FPe4
FP32 FP32  FPe4

FP32 FP32 FP64

FP32 FP32 FP64

LD/ LD/ LD/ LD/ LD/ LD/
ST ST ST ST ST ST

INT32 INT32

INT32 INT32

INT32 INT32

INT32 INT32

INT32 INT32

INT32 INT32

INT32 INT32

INT32 INT32

LD/ Lor
ST ST

L0 Instruction Cache
Warp Scheduler (32 thread/clk)
Dispatch Unit (32 thread/clk)

Register File (16,384 x 32-bit)

FP32 FP32 FP64
FP32 FP32 FP64
FP32 FP32 FP64
FP32 FP32  FPo4
TENSOR CORE
FP32 FP32  FP64
FP32 FP32  FP64

FP32 FP32 FP&4

FP32 FP32  FP64

LD/ LD/ LD/ Lo/ LD/ LD/
ST ST ST ST ST ST SFU

INT32 INT32

INT32 INT32

INT32 INT32

INT32 INT32

INT32 INT32

INT32 INT32

INT32 INT32

INT32 INT32

LD/ LD/
ST sT

Warp Scheduler (32 thread/clk)
Dispatch Unit (32 thread/clk)

Register File (16,384 x 32-bit)

FP32 FP32  FP64
FP32 FP32  FP64
FP32 FP32  FP64
FP32 FP32  FP64
TENSOR CORE
FP32 FP32  FP64
FP32 FP32  FP64
FP32 FP32  FPe4
FP32 FP32  FP64

Lo/ LD/ LD/ LD/ LoD/ LD/
ST ST ST ST ST ST SFU

INT32 INT32

INT32 INT32

INT32 INT32

INT32 INT32

INT32 INT32

INT32 INT32

INT32 INT32

INT32 INT32

LD/ LD/
ST ST

Warp Scheduler (32 thread/clk)
Dispatch Unit (32 thread/clk)

Register File (16,384 x 32-bit)

FP32 FP32  FP64
FP32 FP32  FP64
FP32 FP32  FPo4
FP32 FP32  FPe4

TENSOR CORE
FP32 FP32  FP64
FP32 FP32  FPe4

FP32 FP32 FP64

FP32 FP32  FPo4

LD/ LD/ LD/ LD/ LD/ LD/
ST ST ST ST ST ST

192KB L1 Data Cache / Shared Memory

Tex

Tex




Tensor Cores (15t — 5th Generation)

Tensor Core History & Features

( \ / ) / Hopper \ / Blackwell \

Volta 5 ﬁ[)g?s?nrgo) (sm_90a) GB100 (sm_100a)
(sm_70) =

FP8/FP16/BF16 FP4/FP6/FP8/FP 16

FP16 SR TF32/FP64 INT8/4/1 BF16/TF32/FP64 INT8/4
Da’g;snter . Soarsity Sparsity Sparsity
S 8-threads wide Block-scaling FPx
! 4-warp-wide
1024 FP16 Flops per warp-wide Shmem inputs 4 warps x 2 CTA async
clock per SM TMEM + Shmem
(4 x more Flops!) ggfg,g&' g et 4096 FP16 Flops

per clock per SM 8192 FP16 Flops/clock/SM

Ada Blackwell

Ampere
Turing GA10x (sm_86/87) (sm_89) GB20x (sm_120)
. (sm_75) SO — FP8/FP16 FP4/FP6/FPB/FP16
IE R e : . BF16/TF32/ BF16/TF32/ iNTB/4
Universal datacenter FP16 INT8/4/1 g\gﬁlja INT8/4/1 Sparsity
GPUs warp-wide Sparsity Block-scaling FPx
warp-wide . e
1024 FP16 Flops warp-wide warp-wide
Ber glockipersid i o 1024 FP16 Flops 1024 FP16 Flops
K j K PEFCIOER pex S / \ per clock per SM / K per clock per SM /
(Peak FP16 Flops per clock per SM, without sparsity) nViDIA I
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NVIDIA Ampere GA10x Architecture (2020

GA 102 (RTX 3070, 3080, 3090)

Memory Controller

Memory Controller
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PCI Express 4.0 Host Interface

«

)]

-

Full GPU: 84 SMs (in 7 GPCs/42 TPCs)

TPC i)

e
™G

-
e

s
™G

-

PC
ot ¥ e

Raster Engine
-8 -

e e

s
PC

s M

e coms i v oo f v om |

su

£

s

M [T

M

-~

Raster Engine
- -8

PC

e
TS

-
™C

-3
™e

s

Raster Engine
e

PG PC

GPC GPC GPC GPC

Raster Engine
-8 -8

su

M

sM

M sM

18]j01U0D AIoWaN

Jajjonuo) Aloway

1ajjonuog Aoway

SN
-
TPC

™

[T

PG

- -8
Raster Engine

sm
—— e
P

¥
-

TPC

M
et e
TPC

-8 -8
Raster Engine

™
b .
TFC

s

PC

-s -8
Raster Engine

18jjoNU0D AowWwey

19]|0NU0D AlOLWa

18]j00U0) Alowap




NVIDIA GA10x SM

Multiprocessor: SM (CC 8.6)
» 128 (64+64) FP32 + 64 INT32 cores
« 2 () FP64 cores

« 4 31 gen tensor cores

« 1 2"d gen RT (ray tracing) core
4 partitions inside SM
» 32 (16+16) FP32 + 16 INT32 cores
* 4 LD/ST units; 4 SFUs each

« 1 3" gen tensor core each

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

INT32

INT32

LD/ST

LO i-Cache + Warp

Register File (16,384 x 32-bit)

LLLLL

Register File (16,384 x 32-bit)

LD/ST

+ Disp (32

TENSOR
CORE
3rd Gen

LLLLL

LO i-Cache + Warp Scheduler + Dispatch (32 thread/clk)

TENSOR
CORE
3rd Gen

LD/ST LD/ST SFU

—

—_—

— \“Zﬁﬂ"G

128KB L1 Data Cache / Shared Memory

RT CORE @

|
? n

LO i-Cache + Warp Schedul

+D
P

INT32

LLLLLLLLLL

Register File (16,384 x 32-bit)

(32 th

TENSOR
CORE
3rd Gen

+ Di

e

LO i-Cache + Warp Schedul

INT32

LD/IST LD/ST LD/ST LD/ST

{

eration

Register File (16,384 x 32-bit)

(32t

TENSOR
CORE
3rd Gen

SFU




Tensor Cores (15t — 5th Generation)

Tensor Core History & Features

( \ / \ / Hopper \ / Blackwell \

Volta ol ﬁﬁgﬂfgm (sm_90a) GB100 (sm_100a)
(sm_70) &

FP8/FP16/BF16 FP4/FP6/FP8/FP16

N FP16 IS Bm?gﬁ” L TF32/FP64 INTS/4/1 BF16/TF32/FP64 INT8/4
atacenter 4 Sparsity Sparsity
GPUs 8-threads wide Sparsity Block-scaling FPx
: 4-warp-wide
1024 FP16 Flops per warp-wide Shmem inputs 4 warps x 2 CTA async
clock per SM TMEM + Shmem
(4 x more Flops!) ggffls':‘f g bicr ] 4096 FP16 Flops

per clock per SM 8192 FP16 Flops/clock/SM

Ada Blackwell

Ampere
Turing GA10x (sm_86/87) (sm_89) GEZ0x(am. 120}
e (sm_75) e FPS/FP16 FP4/FP6/FPB/FP16
~ Gaming & BF16/TF32/ BFI6/TF32/ INT8/4
Universal datacenter FP16 INT8/4/1 g\]g?/sﬂ] INT8/4/1 Sparsity
GPUs N—— PSS Sparsity Block-scaling FPx
1024 FP16 Flops warp-wide warp-wide warp-wide
Ber glockipersid b L 1024 FP16 Flops 1024 FP16 Flops
K j \ P P / \ per clock per SM / K per clock per SM /
(Peak FP16 Flops per clock per SM, without sparsity) <nvipiA I
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Specs CC 3.5-9.0

Ampere: 8.0, 8.6, 8.7
(8.9 / Ada missing in table)

(CUDA C Programming Guide
11.8, Table 15)

Markus Hadwiger, KAUST

Compute Capability

Technical
Specifications

Maximum number
of resident grids per
device (Concurrent
Kernel Execution)

Maximum
dimensionality of grid of
thread blocks

Maximum x-dimension
of a grid of thread
blocks

Maximum y- or z-
dimension of a grid of
thread blocks
Maximum
dimensionality of a
thread block
Maximum x- or y-
dimension of a block
Maximum z-dimension
of a block

Maximum number of
threads per block

Warp size
Maximum number of
resident blocks per SM

Maximum number of

¥/
resident warps per SM ot

Maximum number of
resident threads per SM

Number of 32-bit 64 | 128
registers per SM K1 K

2048

Maximum number of
32-bit registers per
thread block

Maximum number of
32-bit registers per
thread

32 16 128 32

3.5|3.7(5.0/5.2|53|6.0 6.1 6.2|7.0(7.2|7.5|8.0|8.68.7|9.0

16 128 16 128

65535

1024

b4

1024

32

16 32 16 32

32 64 48 b4

1024 2048 1536 2048

64 K

b4 K
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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

GeForce RTX 2080 ' GeForceRTX2080 Super| GeForce RTX3080 10 GB
Graphics Card Founders Edition Founders Edition Founders Edition
GPU Codename TU104 TU104 GA102
GPU Architecture NVIDIA Turing NVIDIA Turing NVIDIA Ampere
GPCs 6 6 6
TPCs 23 24 34
SMs 46 48 68
CUDA Cores/SM 64 64 128
CUDA Cores / GPU 2944 3072 8704
Tensor Cores/ SM 8 (2nd Gen) 8 (2nd Gen) 4 (3rd Gen)
Tensor Cores / GPU 368 384 (2nd Gen) 272 (3rd Gen)
RT Cores 46 (1stGen) 48 (1stGen) 68 (2nd Gen)
GPU Boost Clock (MHz) 1800 1815 1710
Peak FP32 TFLOPS (non-Tensor)* 10.6 11.2 29.8
Peak FP16 TFLOPS (non-Tensor)* 21,7 22.3 29.8
Peak BF16 TFLOPS (non-Tensor)?! NA NA 29.8
PeakINT32 TOPS (non-Tensor)*3 10.6 11.2 14.9
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Turing vs. Ampere GA102

Peak FP16 Tensor TFLOPS 84.8 89.2 119/238?
with FP16 Accumulate?

Peak FP16 Tensor TFLOPS 42.4 44.6 59.5/1192
with FP32 Accumulate?

Peak BF16 Tensor TFLOPS NA NA 59.5/119?
with FP32 Accumulate?

Peak TF32 Tensor TFLOPS? NA NA 29.8/59.52
Peak INT8 Tensor TOPS! 169.6 1784 238/4762
Peak INT4 Tensor TOPS?! 339.1 356.8 476/9522
Frame Buffer Memory Size and 8192 MB 8192 MB 10240 MB
Type GDDR6 GDDR6 GDDR6X
Memory Interface 256-bit 256-bit 320-bit
Memory Clock (Data Rate) 14 Gbps 15.5 Gbps 19 Gbps
Memory Bandwidth 448 GB/sec 496 GB/sec 760 GB/sec
ROPs 64 64 96
Pixel Fill-rate (Gigapixels/sec) 115.2 116.2 164.2
Texture Units 184 192 272
Texel Fill-rate (Gigatexels/sec) 331.2 348.5 465

L1 Data Cache/Shared Memory 4416 KB 4608 KB 8704 KB

Markus Hadwiger, KAUST
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Turing vs. Ampere GA102

L2 Cache Size 4096 KB 4096 KB 5120 KB

Register File Size 11776 KB 12288 KB 17408 KB

TGP (Total Graphics Power) 225W 250 W 320W

Transistor Count 13.6 Billion 13.6 Billion 28.3 Billion

Die Size 545 mm? 545 mm? 628.4 mm?

Manufacturing Process TSMC12 nmFFN TSMC12 nmFFN Samsung 8 nm 8N NVIDIA
(FINFET NVIDIA) (FInFETNVIDIA) Custom Process

1. Peak rates are based on GPU BoostClock.
2. Effective TOPS / TFLOPS using the new Sparsity Feature
3. TOPS =IMAD-based integer math

Markus Hadwiger, KAUST 89



AR
2

Tensor Cores: Many Mixed Precision Options

New in Ampere: TF32, BF16, FP64 FP32 FP32
matrix matrix
< Range Precision
°;" exponent mantissa R
or e 193 Format to TF32
~ : and multiply
FP32 I
. e8 ' m10
TF32 Bl Ll : FP32 accumulate
eS| mi0
FP16 E—{IIID je
e8 m7
BF16 BIIIIIMN(IIIIITl< i
Matrix

plus FP64 (new in Ampere; GA100 only)
plus INT4/INT8/binary data types (already introduced in Turing)
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Tensor Cores: Sparsity Support

Sparse MMA instructions Sparse T T TTTTT] Input
_ Tensor Core ] 1§ ¥y activations
2:4 structured sparsity select 7 Uk -

dot-product

TR . 4

1

>

m—) |

Fine-grained Compress
structured
pruning i
Dense (2:4 non-zero) c: Non- Non- Output
trained _ " B Zero zero activations
weights Fine-tuning data indices

weights
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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)

PCI Express 5.0 Host Interface

Memory Controller
1agonuo) Alowayw

Memory Controller

1ajlonuo) oway

Memory Controller
Jajonuo) fiowaw

5 E
k]

g ;
(3] [e]
z 2
g g
= g

Memory Controller
iejonuo) Loway

Memory Controller
Jajonuon fioway




Instruction Throughput

Instruction throughput numbers in CUDA 13 C Best Practices Guide (Chapter 12.1, Table 5)

Compute | 7.5 8.0 8.6 8.9 9.0 10.0 ’ 12.0

Capabil- _
ity Turing Ampere Ada Hopper Blackwell

16-bit 64" 128" 64 128 64

floating- 4 64 for __nv_bfloat16
point add, | 64 for __nv_bfloat16

multiply, 3 multiple instructions for __nv_bfloat16
multiply-
add
(2-way
SIMD):
add.
f16x2

32-bit 64 128
floating-
point add,
multiply,
multiply-
add:
add.f32

64-bit 2 32 2 64 64 2
floating-
point add,
multiply,
multiply-
add:
add.f64




Instruction Throughput

Instruction throughput numbers in CUDA 13 C Best Practices Guide (Chapter 12.1, Table 5)

Compute
Capabil-
ity

7.5

Turing

8.0

8.6

Ampere

8.9

Ada

9.0
Hopper

10.0

’ 12.0

Blackwell
1

16-bit
floating-

point add,

multiply,
multiply-
add
(2-way
SIMD):
add.
f16x2

64"

1287
4 64 for __nv_bfloat16

64

3 multiple instructions for __nv_bfloat16

128

64

32-bit
floating-

point add,

multiply,
multiply-
add:

add.f32

64

128

64-bit
floating-

point add,

multiply,
multiply-
add:
add.f64

32

64

64




ALU Instruction Latencies and Instructs. / SM *So

ce 20 | 21 5x | 6.0 |6.1/62] [ 89901 10.x12.x
(Fermi) | (Fermi) (Maxwell) | (Pascal) | (Pascal) H!)ppae,r) (Blackwell)
2 2 4 2

# warp sched.

/ SM 4 4 4 4 4 4
#ALU y ”
R over over
dispatch 2 clocks) 2 clocks) 2 1 1 1 1 1 1 1
/ warp sched.
St sty ity L 2L 8L 4L oL 4L 4L 4L 4L 4L
# warps + inst
I [Pl 22 22 11 9 6 6 4 4 4 4
latency (L)
SM busy with 22 44
4 warps 22BN I 36 12 24 16 16 16 16

see NVIDIA CUDA C Programming Guides (different versions)
performance guidelines/multiprocessor level; compute capabilities
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I L1 Instruction Cache |
[ LO Instruction Cache I L0 Instruction Cache ‘\
Warp Scheduler (32 thread/clk) Warp Scheduler (32 thread/clk)
N V | D I A Dispatch Unit (32 thread/clk) Dispatch Unit (32 threadiclk)
Register File (16,384 x 32-bit) Register File (16,384 x 32-bit)
INT32 FP32 FP32 FP64 INT32 FP32 FP32 FP64
INT32 FP32 FP32 FP64 INT32 FP32 FP32 FP64
INT32 FP32 FP32 FP64 INT32 FP32 FP32 FP64
INT32 FP32 FP32 FP&4 INT32 FP32 FP32 FP64
M u |t| rocessor: S M CC 9 O INT32 FP32 FP32 FP64 INT32 FP32 FP32 FP64
p . . INT32 FP32 FP32 FP64 INT32 FP32 FP32 FP64
INT32 FP32 FP32 FP64 INT32 FP32 FP32 FP64
128 FP32 64 |NT32 INT32 FP32 FP32 FP64 TENSOR CORE INT32 FP32 FP32 FP64 TENSOR CORE

° + INT32 FP32 FP32 FP64 4™ GENERATION INT32 FP32 FP32 FP64 4" GENERATION
CO re S INT32 FP32 FP32 FP64 INT32 FP32 FP32 FP64
INT32 FP32 FP32 FP64 INT32 FP32 FP32 FP64
INT32 FP32 FP32 FP64 INT32 FP32 FP32 FP64
d 64 FP64 cores INT32 FP32 FP32 FP84 INT32 FP32 FP32 FP84
INT32 FP32 FP32 FP6d INT32 FP32 FP32 FP64
th INT32 FP32 FP32 FP64 INT32 FP32 FP32 FP64
INT32 FP32 FP32 FP64 INT32 FP32 FP32 FP64

* 4x 4" gen tensor cores
LD/ LD/ LD/ LD/ LD/ LD/ LDi LD/ SFU LD/ LD/ LD/ LD/ LD/ LD/ LD/ LD/ SFU

ST ST ST ST ST ST ST ST ST ST ST ST 8T ST ST sT

» ++ thread block clusters, DPX insts., FP8, TMA

| L0 Instruction Cache ] LO Instruction Cache |
1+ : H Warp Scheduler (32 thread/clk) Warp Scheduler (32 thread/clk)
4 pa rtltl O n S I n Sld e S M Dispatch Unit (32 thread/clk) Dispatch Unit (32 thread/clk)

32 F P32 + 1 6 I NT32 COFGS Register File (16,384 x 32-bit) Register File (16,384 x 32-bit)

INT32 'FP32 FP32 FPB4 INT32 'FP32 | FP32 FPB4
FP 4 INT32 FP32 FP32 FP64 INT32Z FP32 FP32 FP64
16 6 INT32 FP32 FP32 FP64 INT32 FP32 FP32 FP64
cores INT32 FP32 FP32 FP64 INT32 FP32 FPa2 FP6a
INT32 FP32 FP32 FP64 INT32 FP32 FP32 FP64
e INT32 FP32 FP32 FP64 INT32 FP32 FP32 FPB4
8X LD/ST UnItS, 4 SFUS eaCh INT32 FP32 FP32 FP64 INT32 FP32 FP32 FP64
INT32 FP32 FP32 FP64 TENSOR CORE INT32 FP32 FP32 FP64 TENSOR CORE
th INT32 |FP32 FP32 FP64 4™ GENERATION INT32 FP32 FP32 FP64 4™ GENERATION
1 INT32 |FP32 FP32 FP64 INT32Z FP32 FP32 FP84
X 4 gen tensor core eaCh INT32 FP32 FP32 FP84 INT32 FP32 FP32 FP84
INT32 FP32 FP32 FP&4 INT32 FP32 FP32 FP64
. INT32 FP32 FP32 FP64 INT32 FP32 FP32 FP64
Each has: warp SCthUler, INT32 FP32 FP32  FPs4 INT32 FP32 FP32  FPea
. . . . INT32 FP32 FP32 FPe4 INTaZ FP32 FP32 FP64
dlspatch unrt, 16K reg|ster f||e INT32 FP32 FP32 FP64 INT32Z FP32 FP32 FP64
LD/ LD/ LDi LD/ LD/ LD/ LDJ LD/ SFU LD/ LD/ LD/ LD/ LD/ LD/ LD/ LD/ SFU

ST ST ST ST ST ST ST ST ST ST ST ST ST ST ST ST

Tensor Memory Accelerator
256 KB L1 Data Cache / Shared Memory
Markus Hadwiger, KAUST Tex Tex Tex Tex




Tensor Cores (15t — 5th Generation)

Tensor Core History & Features

( \ / \ / Hopper \ / Blackwell \

Volta % ﬁﬁgﬂfgm (sm_90a) GB100 (sm_100a)
(sm_70) o

FP8/FP16/BF16 FP4/FP6/FP8/FP16

N FP16 IS Bm?gﬁ” L TF32/FP64 INT8/4/1 BF16/TF32/FP64 INT8/4
atacenter 4 Sparsity Sparsity
GPUs 8-threads wide Sparsity Block-scaling FPx
. 4-warp-wide
1024 FP16 Flops per warp-yide Shmem inputs 4 warps x 2 CTA async
clock per SM TMEM + Shmem
(4 x more Flops!) ggfglsflz geFrIc"spl\?l 4096 FP16 Flops

per clock per SM 8192 FP16 Flops/clock/SM

Ada Blackwell

Ampere
Turing GA10x (sm_86/87) (sm_89) GB20x (sm_120)
. (sm_75) SO — FP8/FP16 FP4/FP6/FPB/FP16
IE R e : . BF16/TF32/ BF16/TF32/ iNTB/4
Universal datacenter FP16 INT8/4/1 g\gﬁlja INT8/4/1 Sparsity
GPUs warp-wide Sparsity Block-scaling FPx
warp-wide . e
1024 FP16 Flops warp-wide warp-wide
Ber glockipersid i o 1024 FP16 Flops 1024 FP16 Flops
K j K PEFCIOER pex S / \ per clock per SM / K per clock per SM /
(Peak FP16 Flops per clock per SM, without sparsity) nViDIA I
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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; PCle: 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!

Grid with Clusters (H100)
Thread Block Cluster Thread Block Cluster

Grid (A100)

i

all threads of a block are on the same SM !  all blocks of a cluster are on the same GPC !

Il

A100 H100
Thread Block Thread Block Thread Block
SMEM SMEM SMEM

Markus Hadwiger, KAUST 100

Thread Block

SM to SM
Network

SMEM




Tensor Cores: More Mixed Precision Options

New in Hopper: FP8

i FP8 FP8
¢Range  Precision matrix e
‘» exponent mantissa ‘
e8 m23 ;
FP32 B Jh 2y
e5 m10 .
FP16 §—IIIDIIIIIT— e
e8 = m7
BF16 [T TR
, e5 ‘ﬁr‘nz
EI_‘[[[I:D L convert
e4d m3
B— I FP32|FP16|BF16|FP8
' matrix
9 M)
Allocate 1 bit to either Support for multiple accumulator
range or precision and output types

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

Markus Hadwiger, KAUST 101



Tensor Cores: Hopper vs. Ampere

(preliminary)

Markus Hadwiger, KAUST

FP8 Tensor
Core

FP16

FP16 Tensor
Core

BF16 Tensor
Core

FP32

TF32 Tensor
Core

FP64

FP64 Tensor
Core

INT8 Tensor
Core

H100 SXM5' H100 SXM5' H100 SXM5'
Sparse Speedup vs
A100
2000 TFLOPS | 4000 TFLOPS | 6.4x vs A100
FP16
78 TFLOPS | NA 120 TFLOPS NA 1.5x
312 TFLOPS | 624 TFLOPS | 1000 TFLOPS | 2000 TFLOPS | 3.2x
312 TFLOPS | 624 TFLOPS | 1000 TFLOPS | 2000 TFLOPS | 3.2x
19.5 TFLOPS | NA 60 TFLOPS NA 3.1x
156 TFLOPS | 312 TFLOPS | 500 TFLOPS 1000 TFLOPS | 3.2x
9.7 TFLOPS | NA 30 TFLOPS NA a.1x
19.5 TFLOPS | NA 60 TFLOPS NA 3.1x
624 TOPS 1248 TOPS | 2000 TFLOPS | 4000 TFLOPS | 3.2x
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Tensor Memory Accelerator (TMA)

Asynchronous transfers

A100 H100
Using LDGSTS instr Using TMA Unit

Addr gen by threads
SM SM
Registers ‘ Registers
Threads } Threads
SMEM L1 Cache SMEM ‘ L1 Cache

Data + Tranant Reads

Addr gen by TMA

Global Memory Global Memory

Markus Hadwiger, KAUST 103



Hopper vs. Ampere (1)

(preliminary)

GPU Features
GPU Architecture

GPU Board Form Factor

SMs

TPCs

FP32 Cores / SM

FP32 Cores / GPU

FP64 Cores / SM (excl. Tensor)
FP64 Cores / GPU (excl. Tensor)
INT32 Cores / SM

INT32 Cores / GPU

Tensor Cores / SM

Tensor Cores / GPU

GPU Boost Clock
(Not Finalized for H100) 3

Markus Hadwiger, KAUST

NVIDIA A100
NVIDIA Ampere

SXM4
108

54

64

6912

32

3456

64

6912

4

432

1410 MHz

NVIDIA H100 SXM5' NVIDIA H100 PCle!

NVIDIA Hopper
SXM5
132
66
128
16896
64
8448
64
8448
4

528

Not Finalized

NVIDIA Hopper
PCle Gen 5
114

57

128

14592

64

7296

64

7296

4

456

Not Finalized
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Hopper vs. Ampere (2)

(preliminary)

GPU Features

Texture Units

Memory Interface
Memory Size
Memory Data Rate!

Memory Bandwidth
(Not Finalized for H100)!

L2 Cache Size
Shared Memory Size / SM

Register File Size / SM
Register File Size / GPU
TDP!

Transistors

GPU Die Size

TSMC Manufacturing Process

Markus Hadwiger, KAUST

NVIDIA A100
432

5120-bit HBM2
40 GB

1215 MHz DDR
1555 GB/sec

40 MB

Configurable up to
164 KB

256 KB
27648 KB
400 Watts
54.2 billion
826 mm?2
7 nm N7

NVIDIA H100 SXM5' NVIDIA H100 PCle!

528

5120-bit HBM3
80 GB
Not Finalized

3000 GB/sec

50 MB

Configurable up to
228 KB

256 KB
33792 KB
700 Watts
80 billion
814 mm2

4N customized for
NVIDIA

456

5120-bit HBM2e
80 GB
Not Finalized

2000 GB/sec

50 MB

Configurable up to
228 KB

256 KB
29184 KB
350 Watts
80 billion
814 mm2

4N customized for
NVIDIA
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Data Center GPU
GPU Architecture

Compute Capability

Threads / Warp

Max Warps / SM

Max Threads / SM

Max Thread Blocks (CTAs) / SM

Max Thread Blocks / Thread Block
Clusters

Max 32-bit Registers / SM

Max Registers / Thread Block (CTA)
Max Registers / Thread

Max Thread Block Size (# of threads)
FP32 Cores / SM

Ratio of SM Registers to FP32 Cores
Shared Memory Size / SM

Compute Capabillities

NVIDIA Tesla V100

NVIDIA Volta
7.0

32

64

2048

32

NA

65536
65536
255
1024
64
1024

Configurable up to
96 KB

NVIDIA A100
NVIDIA Ampere

8.0
32
64
2048
32
NA

65536
65536
255
1024
64
1024

Configurable up
to 164 KB

NVIDIA H100
NVIDIA Hopper

9.0
32
64
2048
32
16

65536
65536
255
1024
128
212

Configurable up to
228 KB
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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,
(x=2,3,4,6,7) RTX 4090, RTX 6000, L40, ...



Controller

Memory

Memory Controller

ller

Memory

ary Controller

Mem

or

NVIDIA Ada Lovelace AD10x Architecture (2022

Full AD 10x

Full GPU: 144 SMs (in 12 GPCs/72 TPCs

PCI Expres

4.0 Host Interface

Optical Flow Accelerator NVENC NVENC NVENC NVDEC NVDEC NVDEC
GPC GPC GPC GPC GPC GPC
r Engine Raster Engine r Engine
c  TPC  TPC TPC  TPC  TPC TPC PC PC  TPC PC  TPC  TPC PC PC PC TPC TR PC TPC
SM SM SM | SM | sM SM SM SM SM SM  SM  SM SM SM SM SM  SM SM  SM
Il B = O = . [==] =1 HE . Il I . [==] = | HE . HE .
SM SM SM SM  SM  SM Y] SM SM  SM SM  SM  SM ] SM SM SM  SM SM  SM

SM  SM SM
- - L
SM  SM  SM  SM SM

TPC TPC TPC TPC TPC TPC

GPC

TPC

GPC

SM

TPC

GPC

SM  SM
- -
SM  SM
TPC  TPC

SM SM SM

TPC TPC TPC

GPC

SM SM
= -
SM SM
TPC TPC
GPC

SM  SM
- .
SM  SM
TPC PC
GPC

SM

Loway

TPC

K

o
o
3

Ja))

L0




Memary Contraller

ory Controller

Meman

v Cantroller

Ler || Mam

Mamaory Cor

Memory Controller

ry Cantroller

Meme

AD 102 (RTX 4090, ...)

Optical Flow Accelerator

PCI Express 4.0 Host Interface

NVENC

Full RTX 4090: 128 SMs (in 11 GPCs/64 TPCs)

NVDEC

GPC

TPC
SM

5

TPC

M

Rasis

ThG

TPC
M

TPG
M

GPE
Raster Engine
TPC PC TPC
SM 5 SM oM

GPC

PG
5M

TPC

Rbstar

TPE

M
TPC

SM 5M £ SM
TPC TPC TPC

5M 5M Sh 5M 5M
PG | TPC TPC TPC

SM
TPC

SM
TPC

Raster

18

Janjosjun] Ainliaw




GPC

Raster Engine
TPC TPC TPC TPC TPC TPC
SM SM SM SM

GPC

Full GPC
6 TPCs
12 SMs
16 ROPs

Markus Hadwiger, KAUST




Instruction Throughput

Instruction throughput numbers in CUDA 13 C Best Practices Guide (Chapter 12.1, Table 5)

Compute
Capabil-
ity

7.5

Turing

8.0

8.6

Ampere

8.9

Ada

9.0

Hopper

10.0

’ 12.0

Blackwell
1

16-bit
floating-

point add,

multiply,
multiply-
add
(2-way
SIMD):
add.
f16x2

64"

1287
4 64 for __nv_bfloat16

64

3 multiple instructions for __nv_bfloat16

128

64

32-bit
floating-

point add,

multiply,
multiply-
add:

add.f32

64

128

64-bit
floating-

point add,

multiply,
multiply-
add:
add.f64

32

64

64




ALU Instruction Latencies and Instructs. / SM *So

ce 20 | 21 5x | 6.0 |6.1/62] [ 89901 10.x12.x
(Fermi) | (Fermi) (Maxwell) | (Pascal) | (Pascal) H!)ppae,r) (Blackwell)
2 2 4 2

# warp sched.

/ SM 4 4 4 4 4 4
#ALU y ”
R over over
dispatch 2 clocks) 2 clocks) 2 1 1 1 1 1 1 1
/ warp sched.
St sty ity L 2L 8L 4L oL 4L 4L 4L 4L 4L
# warps + inst
I [Pl 22 22 11 9 6 6 4 4 4 4
latency (L)
SM busy with 22 44
4 warps 22BN I 36 12 24 16 16 16 16

see NVIDIA CUDA C Programming Guides (different versions)
performance guidelines/multiprocessor level; compute capabilities
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NVIDIA AD102 SM

Multiprocessor: SM (CC 8.9)
» 128 (64+64) FP32 + 64 INT32 cores
« 2 (1) FP64 cores (not in diagram)
* 4x 4th gen tensor cores

« 1x 3@ 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 4t gen tensor core each

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

Markus Hadwiger, KAUST

SM

LD i-Cache + Warp Scheduler + Dispatch (32 thread/clk)

Register File (16,384 x 32-bit)

FP32 T

/ FP32 GENERATION
INT32 TENSOR CORE

LD/ST Lo/sT LDiST LDIST SFU

L0 i-Cache + Warp Scheduler + Dispatch (32 thread/clk)

Register File (16,384 x 32-bit)

FP32 T

/ FP32 GENERATION
INT32 TENSOR CORE

LD/ST LDIST LD/ST LD/ST SFU

L0 i-Cache + Warp Scheduler + Dispatch (32 thread/clk)

Register File (16,384 x 32-bit)

FP32 L

/ FP32 GENERATION
INT32 TENSOR CORE

LD/IST LD/ST LDiST LD/ST SFU

L0 i-Cache + Warp Scheduler + Dispatch (32 thread/clk)

Register File (16,384 x 32-bit)

FP32 o

/ FP32 GENERATION
INT32 TENSOR CORE

LD/ST LDIST LD/ST LD/ST SFU

128 KB L1 Data Cache / Shared Memory

Tex

Tex

RT CORE
3rd Generation




Tensor Cores (15t — 5th Generation)

Tensor Core History & Features

( \ / \ / Hopper \ / Blackwell \

Volta ol ﬁﬁgﬂfgm (sm_90a) GB100 (sm_100a)
(sm_70) &

FP8/FP16/BF16 FP4/FP6/FP8/FP16

N FP16 IS Bm?gﬁ” L TF32/FP64 INTS/4/1 BF16/TF32/FP64 INT8/4
atacenter 4 Sparsity Sparsity
GPUs 8-threads wide Sparsity Block-scaling FPx
: 4-warp-wide
1024 FP16 Flops per warp-wide Shmem inputs 4 warps x 2 CTA async
clock per SM TMEM + Shmem
(4 x more Flops!) ggffls':‘f g bicr ] 4096 FP16 Flops

per clock per SM 8192 FP16 Flops/clock/SM

Ada Blackwell

Ampere
Turing GA10x (sm_86/87) (sm_89) GB20x (sm_120)
. (sm_75) SO — FPB/FP16 FP4/FPE/FPB/FP16
‘ saming & FP16 INT8/4/1 INT8/4/1 BF16/TF32/ BF16/TF32/ INT8/4
Universal datacenter /./ INT8/4/1 Sparsit
GPUs Sparsity Sparsit Block. sealing FP
warp-wide RAlSLY 9
warp-wide o Lsqm
1024 FP16 Flops warp-wide warp-wide
Ber glockipersid i o 1024 FP16 Flops 1024 FP16 Flops
K ) k perclock per S / \per clock per SM / K per clock per SM /
(Peak FP16 Flops per clock per SM, without sparsity) <nvipiA I
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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

Markus Hadwiger, KAUST

GeForce RTX 2080 GeForce RTX 4090
Graphics Card Ti GeForce RTX 3090 Ti
CUDA Cores 4352 10752 16384
GPCs 6 7 11
TPCs 34 42 64
SMs 68 84 128
GPU Boost Clock (MHz) 1635 1860 2520
FP32 TFLOPS 14.2 40 82.6
Tensor Cores 544 (2nd Gen) 336 (3rd Gen) 512 (4th Gen)
Tensor TFLOPS (FP8) N/A N/A 660.6/1321.27
RT Cores 68 (1st Gen) 84 (2nd Gen) 128 (3rd Gen)
RT TFLOPS 429 78.1 191
Texture Units 272 336 512
Texture Fill Rate 4447 625 1290.2
ROPS 88 112 176
Pixel Fill Rate 143.9 208.3 4435
Memory Size and Type 11 GB GDDR6 24 GB GDDR6X 24 GB GDDR6X
Memory Clock (Data Rate) 14 Gbps 21 Gbps 21 Gbps
Memory Bandwidth 616 GB/sec 1008 GB/sec 1008 GB/sec
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Comparisons

RTX GPUs

GeForce RTX 2080 GeForce RTX 4090

Graphics Card Ti GeForce RTX 3090 Ti
L1 Cache/Shared Memory 6528 KB 10752 KB 16384 KB
L2 Cache 5632 KB 6144 KB 73728 KB
TGP 260 W 450 W 450 W
Transistor Count 18.6 Billion 28.3 Billion 76.3 Billion
Die Size 754 mm? 628.4 mm?2 608.5 mm2
Manufacturing Process TSMC 12 nm FFN Samsung 8 nm 8N TSMC 4N NVIDIA

(FINFET NVIDIA) NVIDIA Custom Custom Process

Process

1- Using Sparsity feature
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NVIDIA Blackwell Architecture
2024/2025

(compute capability 10.x, 11.0, 12.x)

GB100/GB200 (cc 10.x), ... (HGX B100/B200/B300, GB200/GB300 NVL72, ...
(x=0,3)

GB20x (cc 12.0), ... (RTX 5050, 5060, 5070, 5080, 5090,
(x=2,3,5.6.7) RTX 4000, 5000, 6000 PRO Blackwell, ...)



LO#-Cache + Warp Scheduler + Dispatch (32 thread/clk) ‘ LOi-Cache + Warp Scheduler + Dispatch (32 thread/clk) |

Register File (16,384 x 32-bit) Register File (16,384 x 32-bit)

NVIDIA Blackwell SM

5TH 5TH

FP32 [ INT32 GENERATION FP32 /INT32 GENERATION
TENSOR CORE TENSOR CORE

CC 12.0 SM (GB 202 Multiprocessor)
* 128 FP32/INT32 cores
« 2 FP64 cores

« 4x 5t gen tensor cores
* ++ thread block clusters, DPX insts., FP8, NVFP4, TMA

Register File (16,384 x 32-bit) Register File (16,384 x 32-bit)

4 partitions inside SM sm s
FP32 /INT32 Tﬁrg:gg& FP32 /INT32 %gn;g&i
32 FP32/INT32 cores
e 4x LD/ST units each

« 1x 5t gen tensor core

128 KB L1 Data Cacr;e / Shared Memory
« Each has: warp scheduler, rex rex
dispatch unit, 16K register file 4TH GENERATION RT CORE

BN || O

Box Intersection Engine Triangle Cluster Intersection Engine Linear Swept Spheres

il =

Opacity Micromap Engine Triangle Cluster Compression Engine
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Tensor Cores (15t — 5th Generation)

Tensor Core History & Features

( \ / \ / Hopper \ / Blackwell \

Volta ol ﬁﬁgﬂfgm (sm_90a) GB100 (sm_100a)
(sm_70) &

FP8/FP16/BF16 FP4/FP6/FP8/FP16

N FP16 IS Bm?gﬁ” L TF32/FP64 INTS/4/1 BF16/TF32/FP64 INT8/4
atacenter 4 Sparsity Sparsity
GPUs 8-threads wide Sparsity Block-scaling FPx
: 4-warp-wide
1024 FP16 Flops per warp-wide Shmem inputs 4 warps x 2 CTA async
clock per SM TMEM + Shmem
(4 x more Flops!) ggffls':‘f g bicr ] 4096 FP16 Flops

per clock per SM 8192 FP16 Flops/clock/SM

Blackwell
GB20x (sm_120)

_ Ampere Ada
Turing GA10x (sm_86/87) (sm_89)

. (am_75) SO — FPB/FP16 FP4/FPG/FP8/FP16
~ Gaming & FP16 INT8/4/1 INTBIA/T BFi16/TF32/ BF16/TF32/ INT8/4
Universal datacenter Spar/si{y INT8/4/1 Sparsity
GPUs warp-wide Sparsity Block-scaling FPx
warp-wide . e
1024 FP16 Flops warp-wide warp-wide
Ber glockipersid i o 1024 FP16 Flops 1024 FP16 Flops
k j K PEFCIOER pex S / \ per clock per SM / K per clock per SM
(Peak FP16 Flops per clock per SM, without sparsity) <nvipiA I
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NVIDIA Blackwell GB202 Architecture (2025

GB 202 (RTX GPU Full GPU: 192 SMs in 12 GPCs, 96 TPCs,
24,576 FP32 cores)

PC1 Express 5.0 Host interface

Cptical Flow Engine NVENC

GPC
Raster Engine

Raater Engine Ruster Engine .
™C TPC ™ TRC E TPC  TPC

IO O

troller

ey

M SM M M

M M
e TeC

we e

P

wc e
Raster Fngme Raster Engme Raster Engine

Mamacy
Controlle
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NVIDIA Blackwell GB202 Architecture (2025)

GB 202 (RTX GPU) Full GPU: 192 SMs in 12 GPCs, 96 TPCs
(RTX 5090: 170 SMs, 11 GPCs, 85 TPCs)

« 64K 32-bit registers / SM = 256 KB register storage per SM
« 128 KB shared memory / L1 per SM

For 192 SMs on full GPU (RTX PRO 6000: 12 GPCs, 94 TPCs, 188 SMs = 24,064 FP32 cores)

« 48 MB register storage, 24 MB shared mem / L1 storage =
72 MB context+”’shared context” storage !

L2 cache size 128 MB (e.g., RTX PRO 6000) (RTX 5090: 96 MB, RTX 5080: 64 MB)

« 24,576 FP32 cores (128 FP32 cores per SM), 768 tensor cores
(RTX PRO 6000: 752 tensor cores; RTX 5090: 170 SMs = 21,760 FP32 cores, 680 tensor cores)

e 294,912 max threads in flight (max warps / SM = 48)
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Streaming Multiprocessor (SM)
L1 Instruction Cache
f LO Instruction Cache ] || | L0 Instruction Cache
‘Warp Scheduler (32 thread/clk) Warp Scheduler (32 thread/clk)
N V I D I A B I a C kwe I I S M Dispatch Unit (32 thread/clk) Dispatch Unit (32 thread/clk)
Register File (16,384 x 32-bit) Register File (16,384 x 32-bit)
64KB Tensor Memory (TMEM) 64KB Tensor Memory (TMEM)
CC 10.3 SM (GB300 Blackwell Ultra)
« 128 FP32/INT32 cores CORES. CORES
LOHMES (5TH GEN) CURES (5TH GEN)
» 64(?) FP64 cores
* 4x 5% gen tensor cores
LD/ST LD/ST LD/ST LD/ST LD/ST LD/ST LD/ST LDIST SFU LD/ST LD/ST LD/ST LD/ST LD/ST LD/ST LD/ST LDI/ST SFU

* Tensor Memory Accelerator (TMA) | rE—— J —

« ++ thread block clusters, DPX insts., FP8, NVFP4, — —
256 KB Tensor Memory (TMEM), needs 4 warps = =g e P
warp group for full TMEM access (1 warp/partition) psisaciiind b e filed s in s

64KB Tensor Memory (TMEM) 64KB Tensor Memory (TMEM)
4 partitions inside SM
» 32 FP32/INT32 cores
. — TENSOR — TENSOR
8x LD/ST units each CORES i S CORES = oo
1x 5" gen tensor core
64 KB Tensor Memory (TM EM) LD/ST LD/ST LD/ST LD/ST LD/ST LD/ST LDIST LDIST SFU LD/ST LD/ST LD/ST LD/ST LD/ST LD/ST LD/ST LDIST SFU
E.ach has: warp Sched.uler, _ Tensor Memory Accelerator (TMA)
dispatch unit, 16K register file t 256 KB L1 Data Cache / Shared Memory
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Tensor Cores (15t — 5th Generation)

Tensor Core History & Features

( \ / \ / Hopper \ ’/ Blackwell \

Volta ol ﬁﬁgﬂfgm (sm_90a) GB100 (sm_100a)
(sm_70) =

FP8/FP16/BF16 FP4/FPG/FP8/FP16

ot FP16 FPIG Bm?gﬁ” Fied TF32/FP64 INT8/4/1 BF16/TF32/FP64 INT8/4
atacenter ; Sparsity Sparsity
GPUs 8-threads wide Sparsity Block-scaling FPx
: 4-warp-wide
1024 FP16 Flops per warp-yide Shmem inputs 4 warps x 2 CTA async
clock per SM TMEM + Shmem
(4 x more Flops!) ggffls':‘f g bicr ] 4096 FP16 Flops

per clock per SM 8192 FP16 Flops/clock/SM

Ada Blackwell

Ampere
Turing GA10x (sm_86/87) (sm_89) GB20x (sm_120)
. (sm_75) SO — FP8/FP16 FP4/FP6/FPB/FP16
IE R e : . BF16/TF32/ BF16/TF32/ iNTB/4
Universal datacenter FP16 INT8/4/1 g\gﬁlja INT8/4/1 Sparsity
GPUs warp-wide Sparsity Block-scaling FPx
warp-wide . e
1024 FP16 Flops warp-wide warp-wide
Ber glockipersid i o 1024 FP16 Flops 1024 FP16 Flops
K j K PEFCIOER pex S / \ per clock per SM / K per clock per SM /
(Peak FP16 Flops per clock per SM, without sparsity) nViDIA I
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NVIDIA Blackwell Ultra (GB300) GPU

NVIDIA Blackwell Ultra GPU

x16 PCle Gen 6 High Bandwidth Interface 160 SMs per GPU: 640 Tensor Cores
256 GE/s CPU Host Interface 10TBE/s Die-to-Die 15 PetaFLOPS Dense NVFP4

HBM CTRL HBM CTRL /

GRAPHICS GRAPHICS GRAPHICS GRAPHICS
PROCESSOR PROCESSOR PROCESSOR | - L2 | PROCESSOR
CLUSTER CLUSTER CLUSTER | CACHE'| CLUSTER
(GPC) (GPC) (GPC) (GPC)

@
LTI"YK GIGATHREAD ENGINE WITH MIG CONTROL I>." GIGATHREAD ENGINE WITH MIG CONTROL
4

NVLink v5
1,800 GB/s to
NVLink Switch

NVLink-C2C
900GE/s Coherent
CPU-GPU Interface

GRAPHICS GRAPHICS GRAPHICS GRAPHICS
PROCESSOR PROCESSOR PROCESSOR PROCESSOR
CLUSTER CLUSTER CLUSTER CLUSTER
(GPC) (GPC) (GPC) (GPC)

Confidential Computing 288GBE HBM3E Memory
TEE-I/O Capable (12 Stacks, Up to 8 TB/s)
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Instruction Throughput

Instruction throughput numbers in CUDA 13 C Best Practices Guide (Chapter 12.1, Table 5)

Compute
Capabil-
ity

7.5

Turing

8.0

8.6

Ampere

8.9

Ada

9.0

Hopper

10.0

‘ 12.0

Blackwell
|

16-bit
floating-

point add,

multiply,
multiply-
add
(2-way
SIMD):
add.
f16x2

64"

1287
4 64 for __nv_bfloat16

64

3 multiple instructions for __nv_bfloat16

128

64

32-bit
floating-

point add,

multiply,
multiply-
add:

add.f32

64

128

64-bit
floating-

point add,

multiply,
multiply-
add:
add.f64

32

64

64




ALU Instruction Latencies and Instructs. / SM *So

CC 6-1/6.2 . 10.x,12.x
(Fermi) | (Fermi) (Maxwell) | (Pascal) | (Pascal) (Blackwell)
2 2 4 2

# warp sched.

/ SM 4 4 4 4 4 4
#ALU y ”
R over over
dispatch 2 clocks) 2 clocks) 2 1 1 1 1 1 1 1
/ warp sched.
St sty ity L 2L 8L 4L 2L 4L 4L 4L 4L 4L
# warps + inst
I [Pl 22 22 11 9 6 6 4 4 4 4
latency (L)
SM busy with 22 44
4 warps 22BN I 36 12 24 16 16 16 16

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