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



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...

Markus Hadwiger, KAUST 4



My “enthusiast” chip!
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32 cores, 16 ALUs per core (512 total) = 1 TFLOP (@ 1 GHz)

SIGGRAPH 2009: Beyond Programmable Shading: http://s09.idav.ucdavis.edu/




NVIDIA Fermi Architecture (2010)

NVIDIA GeForce GTX 480 “SM”

LI O | (122
0| (1OE
L0 | (D2

Hijmjgyni|n

Hijmjgyini|n

L0 | (D2

LI O | (12
|| mignm|in

Execution contexts
(128 KB)

“Shared” scratchpad memory
(16+48 KB)

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

= CUDA core
(1 MUL-ADD per clock)

« The SM contains 32 CUDA cores

- Two warps are selected each clock
(decode, fetch, and execute two warps in
parallel)

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




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
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= 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)

(MU 15-418, Spring 2013



Bonus slides: NVIDIA GTX 680 (2012)

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

[ Warpo n e OOCOOOCO0OECECEEE []| =SIMDfunction unit,
::; - — w0 ] control shared across 32 units
: i : Y ) ) ] i ) o 5] (1 MUL-ADD per clodk)
e || eote]| OO0 DO0OOCOOCOOCOOO i il B
. ="special” SIMD function unit,
war;::::::io“ E Harp Setectr _ %%%%%%%%%%%%% . control shared aaoss 32 units
(256 KB) st || Deesda (operations like sin/cos)
wapsdetrr | (DO 000C0E00EECEEEE
(0 | 0 | e e o e . = SIMD load/store unit
ecode || Becade | OO0 O0E0EEEED (handles warp loads/stores, gathers/scatters)
s || ) ) ) ) i v o e v e
)| o) o ) ) i o] e e
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e 0OoO0000000000000d
I
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m SMX core resource limits:
= 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
(MU 15418, Spring 2013



Bonus slides: NVIDIA GTX 680 (2012)

NVIDIA Kepler GK104 architecture
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L2 cache
(256 KB)

® 1GHzclock

B Eight SMX cores per chip
® §x192=1,536 SIMD mul-add ALUs

=3 TFLOPs

® Up to 512 interleaved warps per chip
(16,384 CUDA threads/chip)

® TDP: 195 watts

192 GB/sec

-

Memory

256 bitinterface
DDR5 DRAM

QAU 15418, Spring 2013




NVIDIA GTX 1080 (2016)

This is one NVIDIA Pascal GP104 streaming multi-processor (SM) unit

[ e
etch, U Fetch,
LT I X
I fdeliDecode

m,, D 2C0deE ocg e
Warp Selector Warp S

elector Warp Selector

OooE- N OO0~ N DoE0-E Do~ .
OooQ = OEoo-E SO0 " OooE ™ .
Oooo-E COog-m OEgo~E OoCo™~ .
OO0 = Coog-= OEOE- " Do~ .
] ) Y o ] e ] o) o)
) o o) o] ) ] o | ) o )oY
oogo-m COoQ-m D00 E Oocc - N
OoCcm OO0E"m OOoorE OoOo =~ m
Warn | Wa Registers for warp execution &
op 1P contexts: max 64 :;p W:;p
(256 KB)
“Shared” memory storage
(96 KB)
L1 cache
(48 KB)

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

. = load/store

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

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”

N N | N
H () H H
H i H N
H ] | N
N () H N
H N | H
N (] H H
H m H N
Warp | Warp Warp registers: max 64 warps Warp | Warp
0 1 (256 KB) 62 | 63
“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) *

#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 = @.ef; // thread-local
for (int i=@; i<3; i++)

result += support[threadIdx.x + i];

output[index] = result;

CMU 15-418/618, Spring 2017



Now: NVIDIA GPU Detalls

Markus Hadwiger, KAUST 13



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, ...)

Markus Hadwiger, KAUST

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: ?

14



Instruction Throughput

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

Compute Capability
3.0, 5.0 | 50,152 D 6.0 6.1 6.2 Z.% 8.0 8.6

16-bit
floating-

point

add, N/A 256 128 2 256 128 256
multiply,
multiply-

add

32-bit
floating-

point

add, 192 128 64 128 64 128
multiply,
multiply-

add

64-bit
floating-
point
add, 64 4 32 4 32° 32 2
multiply,
multiply-
add

128 for __nv_bfloat1é
. 8 for GeForce GPUs, except for Titan GPUs
Markus Hadwiger, KAUST 3 2 for compute capability 7.5 GPUs 15



ceC . : : 5.x 6.0 6.1/6.2 7.x
(Maxwell) | (Pascal) | (Pascal) | (Volta, Turing)

# warp sched.

/'SM 2 2 4 4 2 4 4 4
#ALU dispatch 1 (over 2 (over 2 1 1 1 1 1
/ warp sched. 2 clocks) 2 clocks)
slilley sty L oL 8L 4L oL 4L 4L 4L
# warps + inst
inst. pipe 99 By, 1 9 5 5 N 4
latency (L)
SM busy with 22 44
# warps 22 + ILP +|LP 36 12 24 16 16

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

Markus Hadwiger, KAUST 16



Interlude: Instruction Pipelining

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

Problem: hazards (different solutions: bubbles, ...)

Clock cycle Clock Cycle
o 1 2 3 4 5 6 7 8 o 1 2 3 4 5 6 7 8 9
[ [
Waiting . . Waiting . .
instructions . . . Instructions . - . .
COJNENR CJNNEER
o e XOMERAXXKX X y [ (XD HEBEEB XXX X
% Stage 2: Decode D - . . & E Stage 2: Decode l:l Q . . . &
g Stage 3: Execute g g & |:| . . . & & % Stage 3: Execute g ’X{ x I:' O - . . % &
Stage 4: Writewbacli & & & @ D . . . & Stage 4:Write back IZ |E & EI . . . . %
| [N IO AN
Completed } |:| . . Completed D . .
instructions '} [:l . Instructions D -
! [] []
wikipedia

Markus Hadwiger, KAUST 17



NVIDIA Tesla Architecture
CC 1.x, 2007-2009

G380, 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

Streaming Processor (SP) Streaming = TPC {W [ TREC {m}

Multiprocessor (SM)

| Geometry Controller | 1 Geometry Controller |
J SMC ] SMC |

[ ][=]
G80: first CUDA GPU! L ||| ||
Texture Units Texture Units
CC 1.x Multiprocessor Texture L1 " |

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

« G80/G92: 8TPCs*(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)

s /e [ = | P I T T S R |
—|l—)||l—l|j—— I I il 1l |

U ['30 [ S S 1157

i HIIE 1 HE 1|

= =
e
|

] |
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Courtesy AnandTech

G80/ G92 GT200



NVIDIA Fermi Architecture
CC 2.x, 2010

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



NVIDIA Fermi Architecture (2010)

Host Interface

Full size
4 GPCs
4 SMs each

Raster Engine Raster Engine

Memory Controller
Jajjonuon Aowsay

hd 6 64'b|t . _ Polymarph Engire | Polymorph Engine Polymarph Engine
memory

controllers
(= 384 bit)

Memory Controller
Jajjonuon Aowap

romemeres oo

Memory Controller
Jajjonuon Klowey

Raster Engine Raster Engine




NVIDIA Fermi (GF100) Die Photo

Full size
4 GPCs
4 SMs each




(SM

Instruction Cache
NVIDIA Fermi SM (2010) DT [

I S S T LDJ.".ST

CC 2.0 Multiprocessor —— | el
Streaming processors now called rus | rumn i - —
CUDA cores LA 2 S —

32 CUDA cores per Fermi N LorsT
streaming multiprocessor (SM) r
16 SMs = 512 CUDA cores —
CPU-like cache hierarchy Core e

LD/ST

* L1 cache / shared memory R R L MR S KR
64 KB Shared Memory / L1 Cache

» L2 cache

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

|Attribute Setup| | Stream @24




Graphics Processor Clusters (GPC)

(instead of TPC on GT200) GPC

Raster Engine

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

128 cores / GPC

Decentralized rasterization

and geometry — i — 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
[T T
FADD | | LD |
FADD | RCP
FFMA | FFMA
IADD | IADD
MOV LD
FFMA | SIN
IADD ICMP |
_FFMA. | ST
FFMA IADD




Dual Warp Schedulers

Warp Scheduler

Instruction Dispatch Unit

A AAAAUARAAR

Warp 8 instruction 11
Warp 2 instruction 42

Warp 14 instruction 95

Warp 8 instruction 12

Warp 14 instruction 96

Warp 2 instruction 43

Warp Scheduler

Instruction Dispatch Unit

A AAAAAAARRAR

Warp 9 instruction 11
Warp 3 instruction 33

Warp 15 instruction 95

Warp 9 instruction 12
Warp 3 instruction 34

Warp 15 instruction 96




NVIDIA Fermi Architecture (2010)

NVIDIA GeForce GTX 480 “core”

L[]
L0

L)
L)L
L)

L
L)L
][]

Execution contexts
(128 KB)

“Shared” scratchpad memory
(16+48 KB)

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

= SIMD function unit,

control shared across 16 units
(1 MUL-ADD per clock)

- Groups of 32 fragments share an instruction
stream

« Up to 48 groups are simultaneously interleaved

« Up to 1536 individual contexts can be stored

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




NVIDIA Fermi Architecture (2010)

NVIDIA GeForce GTX 480 “core”

LI O | (12
|| migpim|n
Hj|migp(m|in
LI | (S E
LI O | (122
L0 | (1OE
L0 | (D2
LI | (S E

Execution contexts
(128 KB)

“Shared” scratchpad memory
(16+48 KB)

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

= SIMD function unit,
control shared across 16 units
(1 MUL-ADD per clock)

« The core contains 32 functional units

- Two groups are selected each clock
(decode, fetch, and execute two instruction
streams in parallel)

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




NVIDIA Fermi Architecture (2010)

NVIDIA GeForce GTX 480 “SM”

LI O | (122
0| (1OE
L0 | (D2

Hijmjgyni|n

Hijmjgyini|n

L0 | (D2

LI O | (12
|| mignm|in

Execution contexts
(128 KB)

“Shared” scratchpad memory
(16+48 KB)

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

= CUDA core
(1 MUL-ADD per clock)

« The SM contains 32 CUDA cores

- Two warps are selected each clock
(decode, fetch, and execute two warps in
parallel)

« Up to 48 warps are interleaved, totaling 1536
CUDA threads

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




o
-
o
N
()
|
)
S
@)
()
e
-
O
|
<C
=
| -
()
LL
<
Q
=
Z

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




NVIDIA Kepler Architecture
CC 3.x, 2012

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



Memory Controller Memory Controller Memory Controller

)

2012

PCI Express 3.0 Host Interface
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Memory Controller Memory Controller Memory Controller
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PolyMorph Engine 2.0
1 mowor ][ Viewseritomaiom
Attribute Satup | l . i : |

GK104 SMX

Warp Scheduler _ Worp Scheduler Winrp Stheduler Warp Soheduler

Déspeich Unit  Dispaich Unit Dispaich Unilt  Dispetch Uniit Digpatch Unit DispacchUnil Digpaech Unlt Dispotoh Uni

£ s 2 £ R 3 R 3 + R 4

Register Fila (65,536 x 32-bit)

4 & R 4+ 4+ 4+ &
Cormm Core LOST SFU Cofe Core Core Core

CC 3.0 Multiprocessor

Core Cors SFU  Core

e 192 CUDA cores i
(192 =6 * 32) | B

Core

e 32 LD/ST units '

Core

« 32 SFUs -

Cora

e 16 texture units

Core
Cora

Core

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




Instruction Throughput

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

Compute Capability
R 5.0, 5.2 D 6.0 6.1 6.2 Z.% 8.0 8.6

16-bit
floating-

point

add, N/A 256 128 2 256 128 256
multiply,
multiply-

add

32-bit
floating-

point

add, 192 128 64 128 64 128
multiply,
multiply-

add

b4-bit
floating-
point
add, 64" 4 32 4 57’ 32 2
multiply,
multiply-
add

128 for __nv_bfloat1é
. 8 for GeForce GPUs, except for Titan GPUs
Markus Hadwiger, KAUST 3 2 for compute capability 7.5 GPUs 35
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Instruction Latencies and Instructions / SM

ceC : . 5.X 6.0 6.1/6.2 7.x
(Maxwell) | (Pascal) | (Pascal) | (Volta, Turing)

# warp sched.

/'SM 2 2 4 4 2 4 4 4
#ALU dispatch 1 (over 2 (over 9 1 1 1 1 1
/ warp sched. 2 clocks) 2 clocks)
SM busy with L 2L 8L 4L 2L 4L 4L 4L
# warps + inst
inst. pipe 59 Y, 11 9 5 5 N 4
latency (L)
SM busy with 22 44
# warps = +ILP + ILP 36 12 24 16 16

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

Markus Hadwiger, KAUST 36



SMX
Warp Scheduler | Warp Scheduler Warp Scheduler | | Warp Scheduler

Dispatch Dispatch Dispatch Dispatch Dispatch Dispatch Dispatch Dispatch
3 + 3 E 8 1 I B 3

Register File (65,536 x 32-bit)

GK110 SMX

A . 8 i - E 2 B 4 & £ Ei kS . E 5 £
Care Cora| Corg 8T SFU Core [Core Care - LDIET  SFU

. Core - Core Core & SFU Core [Core Core - LotsT  SFU
CC 3.5 Multiprocessor & » 0 B ool R -+ =

. 192 CUDA cores — —— ::=: —
(192 =6 * 32) | ——— =M

* 64 DP units + (o0 = Il -

ST SFU Core - LovsT
* 32 LD/ST units LoisT SFU Cora - LorsT

g st SFU Core - LDST
[ ]
32 SFUs _ &l I o

* 16 texture units wer spu s [ -~
SFU Core - LDMET
SFU © Core - LosT

5FU

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

Raster Engine Raster Engine

F u | I S ize — N & S = & . 8

. 4 GPCs '

2 SMXs each

Memory Controller
Jajjonucg Kiowap

= 8 SMXs,
1536 CUDA cores

Memory Controller
J3|jonue) Alowapy

Polymorph Engine 2.0 Polymorph Engine 2.0 ] q 1 Polymorph Engine 2.0

3MX _‘Mf : SMX

e ‘_* & * = >
Raster Engine Raster Engine
PC

G



NVIDIA Kepler / GK110 Structure (1)

Full size

* 15 SMXs
(Titan Black;
Titan: 14)

PCI Express 3.0 Host Interface

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

5 GPCs of
3 SMXs each
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3 SMXs or
2 SMXs each

Titan (not Black)
cores

* 14 SMXs
« 2688 CUDA
e 5GPCsw




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

() o)} i o e o o
Ooooooooooooodoocd
w1 o} o i} i o ] e
{0 o ) ]
0 o i i o o v
Dooooodoooodoood
{7 i ] ] o

(o] ) ] ) o ]

[ )} i o ] o
OooooooO

] ) 7} o ] o
Oooooood

= 5 E E E S E
EEEAEEEE

I N N

1) [ I I

= 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)

(MU 15-418, Spring 2013



Bonus slides: NVIDIA GTX 680 (2012)

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

[ Warpo n e OOCOOOCO0OECECEEE []| =SIMDfunction unit,
::; - — w0 ] control shared across 32 units
: i : Y ) ) ] i ) o 5] (1 MUL-ADD per clodk)
e || eote]| OO0 DO0OOCOOCOOCOOO i il B
. ="special” SIMD function unit,
war;::::::io“ E Harp Setectr _ %%%%%%%%%%%%% . control shared aaoss 32 units
(256 KB) st || Deesda (operations like sin/cos)
wapsdetrr | (DO 000C0E00EECEEEE
(0 | 0 | e e o e . = SIMD load/store unit
ecode || Becade | OO0 O0E0EEEED (handles warp loads/stores, gathers/scatters)
s || ) ) ) ) i v o e v e
)| o) o ) ) i o] e e

“Shate:"memzry @@@@@@@@@@@@@@

e 0OoO0000000000000d
I
O0O000000Ocoboooohd
OO0O0000OO0O000000O000

m SMX core resource limits:
= 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
(MU 15418, Spring 2013



Bonus slides: NVIDIA GTX 680 (2012)

NVIDIA Kepler GK104 architecture
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L2 cache
(256 KB)

® 1GHzclock

B Eight SMX cores per chip
® §x192=1,536 SIMD mul-add ALUs

=3 TFLOPs

® Up to 512 interleaved warps per chip
(16,384 CUDA threads/chip)

® TDP: 195 watts

192 GB/sec

-

Memory

256 bitinterface
DDR5 DRAM

QAU 15418, Spring 2013




NVIDIA Maxwell Architecture
CC 5.x, 2015

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

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

Compute Capability
3.5, 3.7 [ 93 6.0 6.1 6.2 Z.% 8.0 8.6

16-bit
floating-

point

add, N/A 256 128 2 256 128 256
multiply,
multiply-

add

32-bit
floating-

point

add, 192 128 64 128 64 128
multiply,
multiply-

add

b4-bit
floating-
point
add, 64" 4 32 4 57’ 32 2
multiply,
multiply-
add

128 for __nv_bfloat1é
. 8 for GeForce GPUs, except for Titan GPUs
Markus Hadwiger, KAUST 4 2 for compute capability 7.5 GPUs 48
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Instruction Latencies and Instructions / SM

ceC . 21 . 6.0 6.1/6.2 7.x
(Fermi) (Pascal) | (Pascal) | (Volta, Turing)

# warp sched.

/'SM 2 2 4 4 2 4 4 4
#ALU dispatch 1 (over 2 (over 2 1 1 1 1 1
/ warp sched. 2 clocks) 2 clocks)
SM busy with L oL 8L 4L oL 4L 4L 4L
# warps + inst
inst. pipe 59 Y, 1 g 5 5 N 4
latency (L)
SM busy with 22 44
# warps = +|LP +ILP 36 12 24 16 16

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

Markus Hadwiger, KAUST 49



PolyMorph Engine 3.0

I[ Tessallator | Viewport Transform

somiesown | [ swamovpu___|

Maxwell (GM) Architecture ———

Warp Scheduler

Dispatch Unit Dispatch Unit Dispatch Unit Dispatch Unit
3 E + .

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

CC 5.x Multiprocessor (SMM)
b 128 CU DA Cores Core LD/ST Core Core Core  LDIST

Core LD/ST Core Core LD/ST

* 4 DP unlts Core SFU Core LD/ST
Core ! SFU Core LDIST

4 partitions inside SMM HE -~ = |l
» 32 CUDA cores each ——
« 8 LD/ST units each | s St | s s

Dispatch Unit Dispatch Unit Dispatch Unit Dispatch Unit
£ 4+ | 2 +

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

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

Core Core Core LDST Core Core |Core LDST

Core  Core Core  LD/ST Core Core Core LD/ST

Core Core | Core LDST Core Core |Core LDST

Shared memory and L1 cache now
separate! =

Core Core LoisT  SFU Core LDIST

* L1 cache shares with texture cache

LD/ST  SFU LOIST

» Shared memory is its own space [ =77

SFU

SFU

SFU

SFU

SFU

SFU

SFU

SFU



Maxwell (GM) Architecture

FirSt gen PCI Express 3.0 Host Interface

GPC

G M 1 07 SMM — SMM o SMMm = | smm s

Polymorph Engine 2.0 Polymorph Engine 2.0 Polymorph Engine 2.0 Polymorph Engine 2.0
= — ] =] e [

5 SMMs

(640 CUDA
cores in
total)

Memory Controller Memory Controller




Maxwell (GM) Architecture

PCI Express 3.0 Host Interface

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

GPU ~ GK107 (Kepler) ~ GM107 (Maxwell)
'CUDA Cores " 384 ' 640
Base Clock 1058 MHz 1020 MHz
GPU Boost Clock N/A 1085 MHz
GFLOPs 812.5 1305.6
Texture Units 32 40
Texel fill-rate 33.9 Gigatexels/sec 40.8 Gigatexels/sec
Memory Clock 5000 MHz 5400 MHz
Memory Bandwidth 80 GB/sec 86.4 GB/sec
ROPs 16 16
L2 Cache Size 256KB 2048KB
TDP 64W 60W
Transistors 1.3 Billion 1.87 Billion
Die Size 118 mm? 148 mm?
Manufacturing Process 28-nm 28-nm




Maxwell (GM) vs. Kepler (GK) Architecture

GK107 vs. GM204

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
CC 6.x, 2016

GP100, GP10x: x=2,4,6,7.8, ...
(GTX 1080, Titan X Pascal...)
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Instruction Throughput

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

Compute Capability
3.0, 5.0 | 50,152 D 6.0 6.1 6.2 Z.% 8.0 8.6

16-bit
floating-

point

add, N/A 256 128 2 256 128 256
multiply,
multiply-

add

32-bit
floating-

point

add, 192 128 64 128 64 128
multiply,
multiply-

add

b4-bit
floating-
point
add, 64 4 32 4 57’ 32 2
multiply,
multiply-
add

128 for __nv_bfloat1é
. 8 for GeForce GPUs, except for Titan GPUs
Markus Hadwiger, KAUST 3 2 for compute capability 7.5 GPUs 57
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Instruction Latencies and Instructions / SM

CC . . . 5.X 6.0 6.1/6.2 7.x
(Maxwell) || (Pascal) | (Pascal) | (Volta, Turing)

# warp sched.

/'SM 2 2 4 4 2 4 4 4
#ALU dispatch 1 (over 2 (over 2 1 1 1 1 1
/ warp sched. 2 clocks) 2 clocks)
SM busy with L oL 8L aL oL aL aL aL
# warps + inst
inst. pipe 22 22 11 9 6 6 4 4
latency (L)
SM busy with 22 44
# warps 22 FILP +ILP e 12 24 16 16

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

Markus Hadwiger, KAUST 58



NVIDIA Pascal GP100 SM

CC 6.0 Multiprocessor Instruction Buffor E—

Warp Scheduler | Warp Scheduler

Dispatch Unit Dispatch Unit Dispatch Unit Dispatch Unit

64 CUDA cores : 2 2 -

Register File (32,768 x 32-bit) Register File (32,768 x 32-bit)
* 32 DP units cors [ e oo [ o Core

|

Core - LD/ST Core

Core - LDIST Core
|

Core - LD/ST Core
|

Core - LD/ST Core
|

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

SFU Core
|

Texture / L1 Cache

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



Instruction Buffer
Warp Scheduler | Warp Scheduler

Dispatch Unit Dispatch Unit | Dispatch Unit Dispatch Unit
S £ | S 4+

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

NVIDIA Pascal GP104 SM

Core Core Core SFU | Core Core Core

Core Core Core SFU Core Core Core

CC 6.1/6.2 Multiprocessor sru | |[Gom [core [Gom| o

Core Core SFU Core

Core Core SFU Core
» 128 CUDA cores

Core Core SFU Core Core

Core Core SFU Core Core

Core Core SFU Core Core

Texture / L1 Cache

4 partitions inside SM

Instruction Buffer

e 32 CUDA cores; 8 LD/ST units \ m— me——

Dispatch Unit Dispatch Unit Dispatch Unit Dispatch Unit
kS 3 E 3 5

b EaCh haS |tS own Warp SChedUIGr, Register File (16,384 x 32-bit) Register File (16,384 x 32-bit)
tWO diSpatCh units, register file Core Core Core LD/ST SFU Core | Core Core Core LOIST SFU

Core Core Core SFU Core (Core Core Core LOST SFU
Core Core Core SFU Core Core Core Core SFU
Core Core Core SFU Core Core Core Core SFU
Core Core Core SFU Core Core Core Core SFU
Core Core SFU Core Core Core Core SFU
Core Core SFU Core Core Core Core SFU

Core Core SFU Core Core  Core SFU

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 61



NVIDIA GTX 1080 (2016)

This is one NVIDIA Pascal GP104 streaming multi-processor (SM) unit

[ e
etch, U Fetch,
LT I X
I fdeliDecode

m,, D 2C0deE ocg e
Warp Selector Warp S

elector Warp Selector

OooE- N OO0~ N DoE0-E Do~ .
OooQ = OEoo-E SO0 " OooE ™ .
Oooo-E COog-m OEgo~E OoCo™~ .
OO0 = Coog-= OEOE- " Do~ .
] ) Y o ] e ] o) o)
) o o) o] ) ] o | ) o )oY
oogo-m COoQ-m D00 E Oocc - N
OoCcm OO0E"m OOoorE OoOo =~ m
Warn | Wa Registers for warp execution &
op 1P contexts: max 64 :;p W:;p
(256 KB)
“Shared” memory storage
(96 KB)
L1 cache
(48 KB)

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

. = load/store

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

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”

N N | N
H () H H
H i H N
H ] | N
N () H N
H N | H
N (] H H
H m H N
Warp | Warp Warp registers: max 64 warps Warp | Warp
0 1 (256 KB) 62 | 63
“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) *

#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 = @.ef; // 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
CC 7.0, 2017/2018



NVIDIA Volta Architecture (2017/2018

PCI Express 3.0 Host Interface

Memory Controller
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Instruction Throughput

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

Compute Capability
3.0, 5.0 | 50,152 D 6.0 6.1 6.2 1.X 8.0 8.6

16-bit
floating-

point

add, N/A 256 128 2 256 128 256
multiply,
multiply-

add

32-bit
floating-

point

add, 192 128 64 128 64 128
multiply,
multiply-

add

b4-bit
floating-
point
add, 64 4 32 4 32° 32 2
multiply,
multiply-
add

128 for __nv_bfloat1é
. 8 for GeForce GPUs, except for Titan GPUs
Markus Hadwiger, KAUST 3 2 for compute capability 7.5 GPUs 66
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Instruction Latencies and Instructions / SM

ceC . . . 5.x 6.0 6.1/6.2 7.x
(Maxwell) | (Pascal) | (Pascal) | (Volta, Turing)

# warp sched.

/'SM 2 2 4 4 2 4 4 4
#ALU dispatch 1 (over 2 (over 2 1 1 1 1 1
/ warp sched. 2 clocks) 2 clocks)
SM busy with L 2L 8L 4L oL 4L 4L 4L
# warps + inst
inst. pipe 59 Y, 1 9 5 5 q 4
latency (L)
SM busy with 22 44
# warps 22 sip +np O 12 24 16 16

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

L1 Instruction Cache

L0 Instruction Cache

L0 Instruction Cache

FP64

FP64

FP64

FP64

FP64

FP64

FP64

FP64

LD/ LD/
ST ST

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

Register File (16,384 x 32-bit)

INT INT FP32 FP32
INT INT FP32 FP32
INT INT FP32 FP32

INT INT FP32 FP32 TENSOR TENSOR

INT INT [FP32 FP32 HORE GORE

INT INT |[FP32 FP32
INT INT FP32 FP32

INT INT [FP32 FP32

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

FP64

FP64

FP64

FP64

FP64

FP64

FP64

FP64

LD/ LD/
ST ST

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

Register File (16,384 x 32-bit)

INT INT FP32 FP32

INT INT FP32 FP32

INT INT FP32 FP32

INT INT FP32 FP32

TENSOR TENSOR

CORE CORE

INT INT FP32 FP32

INT INT [FP32 FP32

INT INT FP32 FP32

INT INT [FP32 FP32

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

LOIr tion Cache

L0 Instruction Cache

FP64

FP64

FP64

FP64

FP64

FP64

FP64

FP64

LD/ LD/
ST ST

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

Register File (16,384 x 32-bit)

INT INT [FP32 FP32
INT INT FP32 FP32
INT INT FP32 FP32

INT INT FP32 FP32 TENSOR TENSOR

INT INT FP32 FP32 GOER GOEE

INT INT FP32 FP32
INT INT [FP32 FP32

INT INT [FP32 FP32

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

FP64

FP64

FP64

FP64

FP64

FP64

FP64

FP64

LD/ LD/
ST ST

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

Register File (16,384 x 32-bit)

INT INT [FP32 FP32

INT INT FP32 FP32

INT INT FP32 FP32

INT INT FP32 FP32

TENSOR TENSOR

CORE CORE

INT INT FP32 FP32

INT INT FP32 FP32

INT INT [FP32 FP32

INT INT [FP32 FP32

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

128KB L

Tex




Tensor Cores

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!]
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NVIDIA Volta Architecture (2017/2018)

Total chip capacity on Tesla V100 (GV100 architecture)
« 80 SMs

64 FP32 cores / SM = 5,120 FP32 cores in total
* 64 INT32 cores / SM = 5,120 INT32 cores in total
32 FP64 cores / SM = 2,560 FP64 cores in total

* 4 FP16/FP32 mixed-prec. tensor cores = 650 tensor cores in total
« 40 TPCs (2 SMs per TPC)
- 6 GPCs

Maximum capacity would be 84 SMs and 42 TPCs
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Tesla Product Tesla K40 Tesla M40 Tesla P100 Tesla V100

GK180 (Kepler) GM200 GP100 GV100 (Volta)

Kepler — Volta

Specs

SMs
TPCs
FP32 Cores / SM

FP32 Cores / GPU

2880

(Maxwell) (Pascal)

24

24

3072

56
28
64

3584

5120

FP64 Cores / SM 64 4 32 32
FP64 Cores / GPU 960 96 1792 2560
Tensor Cores / SM NA NA NA 8
Tensor Cores / GPU NA NA NA 640
GPU Boost Clock 810/875 MHz 1114 MHz 1480 MHz 1455 MHz
Peak FP32 TFLOP/s’ 5.04 6.8 10.6 15
Peak FP64 TFLOP/s 1.68 .21 5.3 7.5
Peak Tensor Core NA NA NA 120
TFLOP/s’
Texture Units 240 192 224 320
Memory Interface 384-bit GDDR5 384-bit GDDR5 4096-bit 4096-bit HBM2
HBM2
Memory Size Up to 12 GB Up to 24 GB 16 GB 16 GB
L2 Cache Size 1536 KB 3072 KB 4096 KB 6144 KB
Shared Memory Size / 16 KB/32 KB/48 96 KB 64 KB Configurable up to 96
SM KB KB
Register File Size / SM 256 KB 256 KB 256 KB 256KB
Register File Size / GPU 3840 KB 6144 KB 14336 KB 20480 KB
TDP 235 Watts 250 Watts 300 Watts 300 Watts
Transistors 7.1 billion 8 billion 15.3 billion 21.1 billion
GPU Die Size 551 mm? 601 mm? 610 mm? 815 mm?
28 nm 28 nm 16 nm 12 nm FFN

Manufacturing Process

FinFET+



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

Markus Hadwiger, KAUST
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NVIDIA Turing Architecture
CC 7.5, 2018/2019

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



NVIDIA Turing Architecture (2018/2019

PCI Express 3.0 Host Interface

TU 102
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NVIDIA Turing Architecture (2018/2019)

PCl Express 3.0 Host Interface

GPC GPC

Raster Engine Raster Engine Raster Engine
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NVIDIA Turing Architecture (2018/2019)

TU 106 (Geforce RTX 2070, ...)

PCl Express 3.0 Host Interface
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Instruction Throughput

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

Compute Capability
3.0, 5.0 | 50,152 D 6.0 6.1 6.2 1.X 8.0 8.6

16-bit
floating-

point

add, N/A 256 128 2 256 128 256
multiply,
multiply-

add

32-bit
floating-

point

add, 192 128 64 128 64 128
multiply,
multiply-

add

b4-bit
floating-
point
add, 64 4 32 4 32° 32 2
multiply,
multiply-
add

128 for __nv_bfloat1é
. 8 for GeForce GPUs, except for Titan GPUs
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Instruction Latencies and Instructions / SM

ceC . . . 5.x 6.0 6.1/6.2 7.x
(Maxwell) | (Pascal) | (Pascal) | (Volta, Turing)

# warp sched.

/'SM 2 2 4 4 2 4 4 4
#ALU dispatch 1 (over 2 (over 2 1 1 1 1 1
/ warp sched. 2 clocks) 2 clocks)
SM busy with L 2L 8L 4L oL 4L 4L 4L
# warps + inst
inst. pipe 59 Y, 1 9 5 5 q 4
latency (L)
SM busy with 22 44
# warps 22 sip +np O 12 24 16 16

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

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

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 Schediler + Dispatch (32 thread/clk) Warp Scheduler + Dispatch (82 thread/olk)| |

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  LDIST

96KB L1 Data Cache / Shared Memory

Tex Tex

|
L Ry C.RE

O]




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)

PCI Express 4.0 Host Interface
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Instruction Throughput

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

Compute Capability
3.0, 5.0 | 50,152 D 6.0 6.1 6.2 Z.% 8.0 8.6

16-bit
floating-

point

add, N/A 256 128 2 256 128 256
multiply,
multiply-

add

32-bit
floating-

point

add, 192 128 64 128 64 128
multiply,
multiply-

add

b4-bit
floating-
point
add, 64" 4 32 4 57’ 32 2
multiply,
multiply-
add

128 for __nv_bfloat1é
. 8 for GeForce GPUs, except for Titan GPUs
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Instruction Latencies and Instructions / SM

cC . . 3.x 5.x 6.0 6.1/6.2 .
(Kepler) | (Maxwell) | (Pascal) | (Pascal) | (Volta, Turing)

# warp sched.

/'SM 2 2 4 4 2 4 4 4
#ALU dispatch 1 (over 2 (over 2 1 1 1 1 1
/ warp sched. 2 clocks) 2 clocks)
e L 2L 8L 4L oL 4L 4L 4L
# warps + inst
inst. pipe 59 Y, 1 9 5 5 N A
latency (L)
SM busy with 22 44

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

CC 8.0 Multiprocessor

64 FP32 + 64 INT32 cores
32 FP64 cores
4 31 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 3" gen tensor core each

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

INT32 INT32

INT32 INT32

INT32 INT32

INT32 INT32

INT32 INT32

INT32 INT32

INT32 INT32

INT32 INT32

LD/ LD/
ST ST

INT32 INT32

INT32 INT32

INT32 INT32

INT32 INT32

INT32 INT32

INT32 INT32

INT32 INT32

INT32 INT32

LD/ LD/
ST ST

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

gister File (16,384 x 32-bit)

FP32 FP32

FP32 FP32

FP32 FP32

FP32 FP32

FP32 FP32

FP32 FP32

FP32 FP32

FP32 FP32

LD/ LD/
ST sT

FPB4
FPG4
FP64
FP64
TENSOR CORE
FP64
FP64
FP64
FP64

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

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

Register File (16,384 x 32-bit)

FP32 FP32

FP32 FP32

FP32 FP32

FP32 FP32

FP32 FP32

FP32 FP32

FP32 FP32

FP32 FP3z

LD/ LD/
ST ST

FP64
FP84
FP64
FP64

TENSOR CORE
FP84
FP64

FP64

FP64

LD/ LD/ LD/
ST ST ST

INT32INT32

INT32 INT32

INT32 INT32

INT32 INT32

INT32 INT32

INT32 INT32

INT32 INT32

INT32 INT32

LD/ LD/
ST ST

INT32 INT32

INT32 INT32

INT32 INT32

INT32 INT32

INT32 INT32

INT32 INT32

INT32 INT32

INT32 INT32

LD/ Lo/
ST ST

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

Register File (16,384 x 32-bit)

FP32 FP32

FP32 FP32

FP32 FP32

FP32 FP32

FP32 FP32

FP32 FP32

FP32 FP32

FP32 FP32

LD/ LD/
ST ST

FPB4

FPB4

FP64
FP64

TENSOR CORE
FPB4
FP64
FP64
FP64

LDV LD/ LD/ LD/
8T ST ST ST SFU

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

Register File (16,384 x 32-bit)

FP32 FP32

FP32 FP32

FP32 FP32

FP32 FP32

FP32 FP32

FP32 FP32

FP32 FP32

FP32 FP32

LD/ LD/
ST ST

FP64
FPB4
FPB4
FP64

TENSOR CORE
FPB4
FP64

FP64

FP64

LD/ LD/ LD/ LD/
sT ST ST ST SFU




NVIDIA Ampere GA10x Architecture (2020

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

PCI Express 4.0 Host Interface

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

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

NVIDIA GA10x SM

TENSOR TENSOR
CORE CORE

CC 8.6 Multiprocessor 3rd Gen
» 128 (64+64) FP32 + 64 INT32 cores
» 2 (') FP64 cores

b 4 3rd gen tensor CO reS Register File (16,384 x 32-bit) Register File (16,384 x 32-bit)

« 1 2"d gen RT (ray tracing) core

4 partitions inside SM TENSOR Fpsz | TENSOR
. 16+16 FP32 + 16 INT32 cores - —
« 4 LD/ST units each

« 1 31 gen tensor core each

128KB L1 Data Cache / Shared Memory

Tex Tex

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

CORE

‘ —
N [Zﬁd']G%neratloh -




Comparison CC 3.5 — 8.6

Compute Capability |
.TechnicalSpecifications 3.5‘3.7 5.0 5.2_5.3 6.0 6.1_6.2 70| 7.2 75|80 8.6

Maximum dimensionality
of a thread block

Maximum x- or y-
dimension of a block

3

1024

Maximum z-dimension of a
block

Maximum number of
threads per block

64

1024

Warp size 32

Maximum number of

resident blocks per SM U 32 16 | 32 | 16

Maximum number of

resident warps per SM 64 32 | 64 | 48

Maximum number of
resident threads per SM

Number of 32-bit registers | 64 | 128
per SM K 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 [A7100: 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 |GeForce RTX 2080 Super| GeForce RTX 3080 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)! 21.2 22.3 29.8
Peak BF16 TFLOPS (non-Tensor)* NA NA 29.8
Peak INT32 TOPS (non-Tensor)'3 10.6 112 14.9
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Turing vs. Ampere GA102

Peak FP16 Tensor TFLOPS 84.8 89.2 119/2382
with FP16 Accumulate!

Peak FP16 Tensor TFLOPS 42.4 44.6 59.5/119?
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! 169.6 178.4 238/4762
Peak INT4 Tensor TOPS? 339.1 356.8 476/952?
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) 1152 116.2 164.2
Texture Units 184 192 272
Texel Fill-rate (Gigatexels/sec) 331.2 348.5 465

L1 DataCache/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
(FINFETNVIDIA) (FINFETNVIDIA) Custom Process

1. Peak rates are based on GPU BoostClock.
2. Effective TOPS / TFLOPS using thenew Sparsity Feature
3. TOPS =IMAD-based integer math
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Tensor Cores: Many Mixed Precision Options

New in Ampere: TF32, BF16, FP64 FP32 FP32
matrix matrix
c Range Precision
& exponent mantissa )
Format to TF32
FP32 ST tiis and multiply
e8 ' mi0 |
TF32 EI[D]]]]?[UI[E%UE FP32 accumulate
e5 | m |
FP16 E—{IIIIIIIIIIT}e
e8 m7
BF16 B[
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 TTTTTT] Input
Tensor Core ! ! activations
2:4 structured sparsity select L -

dot-product

T 4

(CTTT fm (

Fine-grained

=) |

Compress
structured
pruning
Dense (2:4 non-zero) c: — Non- Non- Output
trained . " Zero zero activations
weights Fine-tuning

data indi
weights ata indices
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Thank you.




