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Bonbwasa yactb n3 nekumn “CS Space: BuaeokapTthbl: YTO OHMU MOryT?”

1) BbluucneHus:
Shared instruction pointer, code divergence

2) Pabota c namsATb1o:
hyper-threading, latency hiding, occupancy, registers pressure/spilling, coalesced
memory access pattern, cache lines, local/shared memory

3) Obwasna kapTuHa ABM-apxutektypbl: CPU - RAM - PCI-E - VRAM - GPU

4) Mopenb BblYUCIIEHM MAaCcCOBOro napannennama

5) MpodumnuposaHme n ontumunsauma: NVIDIA Nsight, SoL aHanna

N obcyanm Kak BbIrMAOMUT KOA4 Ha BUOEOKapTe:

6) Mpumep kopa: A+B Ha C++ (OpenMP), OpenCL, CUDA, Vulkan (GLSL)


https://www.youtube.com/watch?v=zJ6ru8dNAcs

[ naBa 1: BbiuncneHms

shared instruction pointer, code divergence
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ApXUTeKTypa

100-10° FLOPS (Floating-point operations per second)
0000

CPU




ApXUTeKTypa

100-10° FLOPS (Floating-point operations per second)
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ApXUTeKTypa

100-10° FLOPS
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ApXnTekTypa
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ApXUTeKTypa

Kak ymectnts ThICAYUN anep?
Ha CPU Beab 970 nNoyemMy-To HEBO3MOXKHO!




ApXI/ITeKTypa 32 cnabbix MeaneHHbIX
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SM - Streaming Multiprocessor
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RTX 3090: 10496 CUDA cores = 82 SM - 4 warps - 32 ALUs

!
i

Memory Controtior Memory Controller Momory Controlier Momory Controlior

Momory Controler

[
Raster Emgine.
s s s s s s

LT TATTATIT
AT TR TR
m m m m m m
i o
VI, i

JOERL) MOER MOCHLE M0 T
[T TR T T TO T
T O S B O a3
II 1l II | |I Il ll Il II Il ]I Il
i Il 0 J0 o

GPC
Raster Engino

T R

e e
P g Povean npn P g P e P g

AT AT I T M
[TATI AT TRTITATIT

mmmmmm

lI Il Il I II Il ll Il Il |
M IATIA T

v cone Jif mr cone [ av cons Jif av cone i av cons [ rcone]

LTHTTATTATTHIT
I G O
i i i
i

e e ™we we e e
- va - v s b
Raster Eagine
GPC

LITTATTATTAT]
[ TAT AT OATT
IO 0T i
[N AN

e ™ e e e ™
v s - > v va

GPC

(TR
0
I R 0
[T THTIATT

. wa
Raster Engine.

I
L

LT
T O
RO 0o i i o
1

e v
Raster Engine

x x

https://www.tech

Jop0u03) Asouwsm

05108009 Kowop 110500 Ksowey

20103009 Lowen

SM - Streaming Multiprocessor

Rogister File (16,384 x 32.5i)

1] [
[ i

Register File (16,384 x 32.54)

Fj[

128X L1 Data Cache / Shared Memory

Tex Tex

Tex Tex

RT CORE



https://www.techpowerup.com/review/nvidia-geforce-ampere-architecture-board-design-gaming-tech-software/3.html

15

Thread 31

>
Thread 30 =
> 2
Thread 29 > M
Thread 28 o S 2
Thread 27 » o @
rea > Mﬁ 2
> = O
> 5 >
n o
— J
. &
— > ® 1
© Thread 4 2 o
S T > Z o
e 2
rea
> @)
Thread 1 ©
P> I
Thread 0 >

LAAAJ

e VYV




ApXUTeKTypa

int warpThreadID = threadIdx.x % 32;

int result = 0;
if (warpThreadID < 16) {

result = dataA[warpThreadID];
} else {
result = dataB[warpThreadID];
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OpauH Instruction pointer
Ha BCe NOTOKK warp-a!
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ApXUTeKTypa

int warpThreadID = threadIdx.x % 32; v v v v v v v

int result = 0;

if (warpThreadID < 16) {

result
} else {
result

dataA[warpThreadID];

dataB[warpThreadID];
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OpauH Instruction pointer
Ha BCe NOTOKK warp-a!
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ApXUTeKTypa

0 PeaiyL
WEE
Z pealy[
€ pealyL
¥ PeaiyL

0€ PealyL

1€ pealyL

/2 pealy
8¢ peall]
6¢ Peal ]

int warpThreadID = threadIdx.x % 32; v v v v v v v v v v v v v v

int result = 0; OpauH Instruction pointer
—>{ if (warpThreadID < 16) { I Ha BCe MoTokn warp-a!
result = dataA[warpThreadID];
} else {
result = dataB[warpThreadID]; 18
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int warpThreadID = threadIdx.x % 32; v v v v v v v v v v v v v v

int result = 0; OpauH Instruction pointer
if (warpThreadID < 16) { Ha BCe NOTOKK warp-a!
result = dataA[warpThreadID];
} else {
result = dataB[warpThreadID]; 19
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int warpThreadID = threadIdx.x % 32; v v v v v v v v v v v v v v

int result = 0; OpauH Instruction pointer
if (warpThreadID < 16) { Ha BCe NOTOKK warp-a!
result = dataA[warpThreadID];
} else {
result = dataB[warpThreadID]; 20



ApXUTeKTypa
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int warpThreadID = threadIdx.x % 32; v v v v v v v v v v v v v v

int result = 0; OpauH Instruction pointer
if (warpThreadID < 16) { Ha BCe NOTOKK warp-a!
result = dataA[warpThreadID];
} else {
result = dataB[warpThreadID]; 21




ApXUTeKTypa
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“int warpThreadID = threadIdx.x % 32; v v v v v v v v v v v v v v

int result = 0; OpauH Instruction pointer
| if (warpThreadID < 16)|{ Ha BCe NOTOKK warp-a!
result = dataA[warpThreadID];
} else {
result = dataB[warpThreadID]; | BbIXxoguT 3ariaem B obe BeTkwm if-a? 2
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int warpThreadID = threadIdx.x % 32; v v v v v v v v v v v v v v

int result = 0; OpauH Instruction pointer
if (warpThreadID < 16) { Ha BCe NOTOKW warp-a!
result = dataA[warpThreadID]; // exec mask: [++++ ++++ ++++ +4+++ ---- --=-- -—--= ---- q
} else {
result = dataB[warpThreadID]; // exec mask: [---- ---- ---- ---- 444 F44+ F444 F444] 93



ApXUTeKTypa
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int result = 0;
if (warpThreadID < 16) {
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} else {
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OpauH Instruction pointer

Ha BCe NOTOKK warp-a!
dataA[warpThreadID]; // exec mask: [++++ ++++ ++++ ++++

result

dataB[warpThreadID]; // exec mask: [
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ApXUTeKTypa
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int warpThreadID = threadIdx.x % 32;' v V V V V V V v V V V V V

int result = 0; OpauH Instruction pointer
[if_(warpThreadId % 2 == 0)|{ Ha BCe NOTOKM warp-a!

result = dataA[warpThreadID]; // exec mask: [+-+- +-+- +-+- +-4- +-4- +-+- +-4- +-4-]
} else {

result = dataB[warpThreadID]; // exec mask: [-+-+ -+-+ -+-+ -+-+ -+-+ -+-+ -+-+ -+-+] 25



ApXUTeKTypa

if (predicatel) {
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// A3 OawuH Instruction pointer
} Ha BCce NoToku warp-a!

5" (ElsE 1 CKorbKo “BpeMeHn” byaeT pabotatb warp?
// A4
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ApXUTeKTypa

if (predicatel) {
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// Al T [ [ =l =0 =l =l

SR PO RN DR D RN R ED R SO RN bR b RN ey

} else { dlo |o |0 |o o |0 o |0 |o

QO O O O JO Q O O O O

// A2 ala o o |a a o |la o |a

O 1=~ IN |w i NI I JW W

} ~N oo JO O |-

} elif (predicate4) { VVVVVVV VVVVVVV
// A3 OawuH Instruction pointer
} Ha BCce NoToku warp-a!

5" (ElsE 1 CKornbKo “BpemeHn” ByaeT pabotatb warp?
/1 A4 A1+ A2 + A3 + A4 npu code divergence .
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OpauH Instruction pointer
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Here we go again
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ApXUTeKTypa
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OpauH Instruction pointer
Ha BCe NOTOKK warp-a!
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[ naBa 2: PaboTta ¢ namMmaTbio

hyper-threading, latency hiding, occupancy, registers pressure/spilling,
coalesced memory access pattern, cache lines, local/shared memory, bank conflicts




ApXUTeKTypa
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ApXUTeKTypa

MamaTtb - Manas nponyckHasi cCnocobHOCTb
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ApXUTeKTypa

wepsesasnamenes



Apxuntektypa CPU: MHOronoTo4HOCTb
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Apxuntektypa CPU: MHOronoTo4HOCTb
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Apxutektypa CPU: Hyper-Threading, SMT

— RAM - DDR5
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Kakon notok oTpaboTaet ObicTpee?
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Apxutektypa CPU: Hyper-Threading, SMT

0008 RAM - DDR5
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Apxutektypa CPU: Hyper-Threading, SMT

MoxkHO nn genats B noka Xaem I?

MoxkHO N genaTthb B noka »xaem Em ?
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Apxutektypa CPU: Hyper-Threading, SMT

0000 RAM - DDR5

MoxkHo nu genaTb B roka >|<L|,eMI?

MoxkHO N genaTthb B noka »xaem Em ?

v 39




Apxutektypa CPU: Hyper-Threading, SMT

0000 RAM - DDR5

MoxkHo nu genaTb B roka >|<L|,eMI?

MoxkHO N genaTthb B noka »xaem Em ?
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Apxutektypa CPU: Hyper-Threading, SMT

Context switch - goporo!

[onro noarpyxaet pernctpsbl!
MoxkHo nun pena nokKa Xxaem ?
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Apxutektypa CPU: Hyper-Threading, SMT

50008 RAM - DDR5

register file

core

[laBanTe aepxaTb ABa
MHOXeCTBa permctpos!

MoxHo Aenats B noka »aem I! 970 1 ecTb SMT u HT!
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Apxutektypa GPU

CPU
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SM - Streaming Multiprocessor
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SM - Streaming Multiprocessor
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SM - Streaming Multiprocessor
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SM - Streaming Multiprocessor
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SM - Streaming Multiprocessor
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SM - Streaming Multiprocessor
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Register File (16,384 x 32.5)
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Register File Irs<6 .
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SM - Streaming Multiprocessor
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SM - Streaming Multiprocessor
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Ecnun occupancy BbiCcOKas,
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SM - Streaming Multiprocessor

Apxutektypa GPU e | [

Register File Trm=GsicIp
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Ecnn occupancy Bbicokas, TO
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AocTyna K namMATy T.K. Bceraa

HangeTcd rotoBbi warp!
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SM - Streaming Multiprocessor
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(bbiCcTpBIN “context switch”) Gromrr ] bl lninliats

Occupancy = HacKonbko
MHOrO JOCTYMHO warp-oB A4
XKOHIMNPOBaHMUSL.

Ecnn occupancy Bbicokas, TO
XOpoLo cKpbiBaeTcs latency
AocTyna K namMATy T.K. Bceraa

HangeTcd rotoBbi warp!
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SM - Streaming Multiprocessor

Apxutektypa GPU

A noyemy y SM moxeT bbITb

pasHoe umcrio warp-os? Register File Mr<sICTp
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[ /e \ L Occupancy = HacKombko 1 ey | .
MHOFO AOCTYMHO Warp-oB Ans
KOHITIMPOBAHMS.

Ecnn occupancy Bbicokas, TO
XOpoLo cKpbiBaeTcs latency
AocTyna K namMATy T.K. Bceraa

HangeTca rotosbI warp! Erja =
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SM - Streaming Multiprocessor

Apxutektypa GPU

A noyemy y SM moxeT bbITb

pasHoe umcrio warp-os? egister File T
KOHTTIVPOBaHUS W

(bbiCcTpBIN “context switch”) | B s | s
Registers Pressure!
Bnnote Ao Registers Spilling! Occupancy = Hackorbko
MHOrO JOCTYMHO warp-oB A4
XKOHIMNPOBaHMUSL.

Ecnn occupancy Bbicokas, TO
XOpoLo cKpbiBaeTcs latency
AocTyna K namMATy T.K. Bceraa

HangeTcd rotoBbi warp!

/review/nvidia-geforce-ampere-architecture-board-design-gaming-tech-software/3.html
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SM - Streaming Multiprocessor

RTX 3090: 10496 CUDA cores = 82 SM - 4 warps - 32 ALUs

GPC

GPC
Raster Emgine. =
e

j%j ii il 2
lIIllIlnl |l (sl | 1l sl 1K
mmmmmm

"
i
="
i
="
i
I
i
="
15}
I
i
|
i
|
i
|
i
i:
i
! ¥ IE
i
:]:
i
=" |
i
5|
i
=" |
i
= |
i
|
i

Memory Controtter | (I

i j!ﬂl ji.ﬁ
ﬁl lllﬂIIIIII

v cone Jif xr cone Jf av cone Jf wr cone Ji v comt mmmmmm"

=0
W W D TR TR T H
ﬁ lu ﬁ ﬁ,aflejl?l Tﬁﬁlﬁilﬁ’lu

I I

105002 Ksowop

Momory Controlior

jj05009 Kowopy

Momory Controlier

I ETaaNan

T

Memory Controller
Jop03009 Kioweny

Memory Coatrotior
sog08002 Ksowsp

n:l m m m m m m
128X L1 Data Cache / Shared Memory

e

=3

*Iﬁ *Iﬁ “lﬁ y MK ALK :‘!!:%!:%:: :I:I !!:I U L O L L e %" e é %j' T
s |Iﬁ wli:w.li‘wrliwll‘;ll“ll ”ﬁifﬁ“ﬁ’llﬁlunﬁ"“nu wlwﬂﬁﬁg
f;wwwww%fq’ili"’::ch“-l::m“fi::.:..:.: : RT CORE

https://www.tech


https://www.techpowerup.com/review/nvidia-geforce-ampere-architecture-board-design-gaming-tech-software/3.html

SM - Streaming Multiprocessor

RTX 3090: 10496 CUDA cores = 82 SM - 4 warps - 32 ALUs
Kyna cbexanu gBa KrnoyHa?
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Apxuntektypa VRAM (coalesced memory access pattern)

VRAM
>

I | | B | |
index

float value = datal[index];
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Apxuntektypa VRAM (coalesced memory access pattern)

??? bytes = Cache line
B Gl VRAM
| | [ | [ [
index

float value = data[index];

Kakoro pasmepa Bbl 6bl peLumnnu
caenartb Cache line?



Apxuntektypa VRAM (coalesced memory access pattern)

??? bytes = Cache line
B Gl VRAM
| | [ | [ [
index

float value = data[index];

Kakoro pasmepa Bbl 6bl peLumnnu
caenartb Cache line?

I HanomunHaHne npo CPU: X

B ————

1 2 3 4
PDDR5->64 byte cache line

-> CPU
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Apxuntektypa VRAM (coalesced memory access pattern)

??? bytes = Cache line
B Gl VRAM
| | [ | [ [
index

float value = data[index];

Kakoro pasmepa Bbl 6bl peLumnnu
caenartb Cache line?

I HanomunHaHne npo CPU:

B ————

| doo»
E%ggg 1 2 3 4
PDRS5->64 byte cache line

> CPU
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Apxuntektypa VRAM (coalesced memory access pattern)

128 bytes = Cache line = 32 x float
S el VRAM
| | [ | | [
index

float value = datal[index];




Apxuntektypa VRAM (coalesced memory access pattern)

128 bytes = Cache line = 32 x float
S el VRAM
| | [ | | [
index

float value = datal[index];




Apxuntektypa VRAM (coalesced memory access pattern)
128 bytes = Cache line = 32 x float

I | HEREER | I |
index

VRAM
>

float value = datal[index]; index cache lines count
y [1024+0; 1024+32) | 227

Ckonbko cache line-oB 4TOObLI MOKPLITL 3aKa3s?
Ckonbko notpebyetcs TpaH3akuum 3 VRAM?
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Apxuntektypa VRAM (coalesced memory access pattern)

128 bytes = Cache line = 32 x float

R VRAM
[ | [TT11 | | "
index
float value = datal[index]; index cache lines count

, /f
- )
= o -

R
Y

[1024+0; 1024+32) | 1 TpaH3akuus
(coalesced)
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Apxuntektypa VRAM (coalesced memory access pattern)
128 bytes = Cache line = 32 x float

VRAM
[ | [TTTTT1] | | [
index
float value = datal[index]; index cache lines count
e [1024+0; 1024+32) | 1 TpaH3akuus

(coalesced)

[1024+1; 1024+33)| 777

Ckonbko cache line-oB 4TOObI MNOKPLITL 3aKa3?
Ckonbko notpebyetcs TpaH3akuumn n3 VRAM?
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Apxuntektypa VRAM (coalesced memory access pattern)

128 bytes = Cache line = 32 x float
o yes ~ - VRAM

~\

4 N\
I | HEERER I |
index

float value = datal[index]; index cache lines count

[1024+0; 1024+32) | 1 TpaH3akuus
(coalesced)

[1024+1; 1024+33)| 2 TpaH3akuuu
(coalesced)

Hackonbko npocena gocTurHyTtagd
noniesHasi nponyckHaa cnocobHocte VRAM?
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Apxuntektypa VRAM (coalesced memory access pattern)

128 bytes = Cache line = 32 x float
Y VRAM

I I L | | I I |
index

float value = datal[index]; index cache lines count

[1024+0; 1024+32) | 1 TpaH3akuus
(coalesced)

[1024+1; 1024+33)| 2 TpaH3akuuu
(coalesced)

{1024 + i*32} 77?77

Ckonbko cache line-oB 4ToObI NOKPLITL 3aKa3?
Ckonbko notpedyetcs TpaH3akuum n3 VRAK?



Apxuntektypa VRAM (coalesced memory access pattern)

128 bytes = Cache line = 32 x float
Y VRAM

I I L | | I I |
index

float value = datal[index]; index cache lines count

[1024+0; 1024+32) | 1 TpaH3akuus
(coalesced)

[1024+1; 1024+33)| 2 TpaH3akuuu
(coalesced)

{1024 + i*32} 77?77

Ckonbko cache line-oB 4ToObI NOKPLITL 3aKa3?
Ckonbko notpebyetcs TpaH3akuum n3 VRAM?




Apxuntektypa VRAM (coalesced memory access pattern)

128 bytes = Cache line = 32 x float
Lo byles ~ e VRAM

- - '

-
I I I I I |
index

float value = datal[index]; index cache lines count

[1024+0; 1024+32) | 1 TpaHzakuus
(coalesced)

[1024+1; 1024+33)| 2 TpaH3akuuu
(coalesced)

{1024 + {*32) 32 TpaH3aKuum
(uncoalesced)

Hackonbko npocena gocTUrHyTas
rnonesHas nponyckHasa cnocobHocts VRAM?"




Apxuntektypa VRAM (coalesced memory access pattern)

128 bytes =, Cache line = 32 x float
y VRAM
| | | > §
[Toyuemy nmeHHo 128 6aunT?

index
float value = datal[index]; index cache lines count

[1024+0; 1024+32) | 1 TpaH3akuus
(coalesced)

[1024+1; 1024+33)| 2 TpaH3akuuu
(coalesced)

{1024 + {*32) 32 TpaH3aKuum
(uncoalesced)




Apxuntektypa VRAM (coalesced memory access pattern)

128 bytes = Cache line = 32 x float
S el VRAM
| | [] | | [
index

sum = 0;

for (int|x = 0; x < widthf ++x) {

for (int|y = 0; y < height|;[++yD {

sum += imagel[y * width + x];

; X
¥ >

oJole)




Apxuntektypa VRAM (coalesced memory access pattern)

128 bytes = Cache line = 32 x float
S el VRAM
| | [] | | [
index

Ho 3To 04HONOTOYHbIN KOA, KaK B Hero 4o6aBuTbL MacCoBbIX Napannenuam?

sum = 0; sum = 0;
for (int|x = 0; x < widthf ++x) { for (int |y = 0; y < height| ++y) {
for (int|y = 0; y < height|[++y) { for (int x = 0; x < widthf|[++x) {
sum += imagel[y * width + x]; sum += image[y * width + x];
y ix
X X
t > s >

00O

oJole)
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Apxuntektypa VRAM (coalesced memory access pattern)

128 bytes = Cache line = 32 x float
S el VRAM
| | [] | | [
index

Ho 3To 04HONOTOYHbIN KOA, KaK B Hero 4o6aBuTbL MacCoBbIX Napannenuam?

sum = 0;

++x) {

farr (It |x = B X < width
y:
sum += imagel[y * width + x];

Homep notoka B warp

¥ x>
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Apxuntektypa VRAM (coalesced memory access pattern)

128 bytes = Cache line = 32 x float
S el VRAM
| | [] | | [
index

Ho 3To 04HONOTOYHbIN KOA, KaK B Hero 4o6aBuTbL MacCoBbIX Napannenuam?

sum = 0;

++x) {

farr (It |x = B X < width
y:
sum += imagel[y * width + x];

Homep notoka B warp

¥ x>

77




Apxuntektypa VRAM (coalesced memory access pattern)

128 bytes = Cache line = 32 x float
S el VRAM
| | [] | | [
index

Ho 3To 04HONOTOYHbIN KOA, KaK B Hero 4o6aBuTbL MacCoBbIX Napannenuam?

sum = 0;

++x) {

farr (It |x = B X < width
y:
sum += imagel[y * width + x];

Homep notoka B warp

¥ x>
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Apxuntektypa VRAM (coalesced memory access pattern)

128 bytes = Cache line = 32 x float

K_M

VRAM
>

index

Ho 3To 04HONOTOYHbIN KOA, KaK B Hero 4o6aBuTbL MacCoBbIX Napannenuam?

Homep notoka B warp % =

sum = 0;

for (intly = 0; y < height| ++y) {

-

sum += imagel[y * width + x];

s x>
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Apxuntektypa VRAM (coalesced memory access pattern)

128 bytes = Cache line = 32 x float

K_M

VRAM
>

index

Ho 3To 04HONOTOYHbIN KOA, KaK B Hero 4o6aBuTbL MacCoBbIX Napannenuam?

Homep notoka B warp % =

sum = 0;

for (intly = 0; y < height| ++y) {

-

sum += imagel[y * width + x];

s x>
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Apxuntektypa VRAM (coalesced memory access pattern)

128 bytes = Cache line = 32 x float

K_M

VRAM
>

index

Ho 3To 04HONOTOYHbIN KOA, KaK B Hero 4o6aBuTbL MacCoBbIX Napannenuam?

Homep notoka B warp % =

sum = 0;

for (intly = 0; y < height| ++y) {

-
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Apxuntektypa VRAM (coalesced memory access pattern)

128 bytes = Cache line = 32 x float
S el VRAM

index

sum = 0;
for (int

Kakon koa BbIOpanu Obl Bbl?

sum = 0;

X = B; X < width
y:
sum += imagely * width + x];

g O

S

++x) { for (intly = 0; y < height}

)(.> 1

) ) .
—
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Apxuntektypa VRAM (coalesced memory access pattern)

128 bytes = Cache line = 32 x float
Y VRAM

%

Kakon koa BbIOpanu Obl Bbl?

sum = 0;

o he | for (intly = 0; y < height| ++y) {

N pacnpenensit B paMmkax warp-a
GanTbl, nponsonaet broadcast

sum += image

83




Apxuntektypa VRAM (coalesced memory access pattern)

128 bytes = Cache line = 32 x float

A VRAM
| ] | [ "
index
_ SIMT (thread)
sum = 0;
for (intly = 0; y < height| ++y) {
e = 2 {

sum += imagel[y * width + x];
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Apxuntektypa VRAM (coalesced memory access pattern)

128 bytes = Cache line = 32 x float
S el VRAM
| | [ | | [

index

SIMD (data) SIMT (thread)

for (intly = 0; y < height| ++y) {

sum = 0;

 m2561 maskALL = mm256_setzero si256();
_ m256i iters = _mm256_setzero_si256();
_ m256 xs = _mm256_setl ps(0.0f);

_ m256 ys = _mm256_setl ps(0.0f);

for (iteration = 0; iteration < MAX ITERA
_ m256 xsn = _mm256_add_ps(_mm256_sub
_ m256 ysn = _mm256_add_ps(_mm256_mul
xs = _mm256_add_ps(_mm256_andnot_ps( (
ys = _mm256_add_ps(_mm256_andnot_ps((

maskAll = (_ m256i) —mm256 or ps(_mm256_cmp_ps(_mm256_add ps(_mm256 _mul ps(xs, xs), _mm256 _mul_ps(ys,
iters = _mm256_add epil6(iters, _mm256_andnot_si256(maskAll, _mm256_ setl epil6(1)));
int mask = _mm256_movemask epi8(maskAll);
if (mask == (int) Oxffffffff) {
break;

}

‘ short b0 | short b1 | short b2 | short b3 h

+

short cO | shortc1 | shortc2 | short c3




[naBa 3: O0OLaa kapTuHa
OBM-apxmTeKkTypbl

CPU - RAM - PCI-E - VRAM - GPU




ApXUTeKTypa

100-10° FLOPS
0000

40 GB/s

CPU
XL

100-10"2 FLOPS

low latency

RAM - DDR5

g 1

87



ApXUTeKTypa

100-10° FLOPS
0000
RAM - DDR5

-t 40 GB/s

CPU ® " low latency ’m

100-10"2 FLOPS

1000 GB/s
(x25 pa3 6onbwe) YRAM - GDDR6 nnn HBM (high bandwidti)



APXUTEKTYPA e nyuwe ncnontsts OS?

(Hanpumep pearnpoBaTb Ha KITMKU NOSfb30BaTesis)
Kakne ectb METPUKKN KayecTBa?

RAM - DDR5
=

= 40 GB/s
CPU :( low latency -

100-10° FLOPS
0000

100-10"2 FLOPS

1000 GB/s
(x25 pa3 Gonbuwe) VRAM - GDDR6 unu HBM (high bandwidtk)



APXUTEKTYPA [pe BbICTpEE CNOXMUTb [Ba MaccuBa Ynicen?

100-10° FLOPS
0000
RAM - DDR5

CPU §( 40 GB/s ’m

100-10"2 FLOPS

1000 GB/s
VRAM - GDDR6 vnn HBM (high bandwidt)



APXUTEKTYPA [pe BbICTpEE CNOXMUTb [Ba MaccuBa Ynicen?

A BO 4TO MbI Yynnpaemcs - B namatb unm B ALUs?
(ALUs = Arithmetic Logic Units)

RAM - DDR5

CPU §( 40 GB/s ’m

100-10° FLOPS
0000

100-10"2 FLOPS

1000 GB/s
VRAM - GDDR6 vnn HBM (high bandwidth)



APXUTEKTYPA [pe BbICTpEE CNOXMUTb [Ba MaccuBa Ynicen?

100-10° ELOPS A BO 4TO Mbl ynnpaemcs - B namatb unm B ALUS?

0000 A 4TO ecnu gaHHble HaxoaaTca B RAM?

= - RAM - DDR5
40 GB/s
- =
A
0000
PCI-E 5.0 x16

100-10"? FLOPS 16 OB/s

1000 GB/s
VRAM - GDDR6
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APXUTEKTYPA [pe BbICTpEE CNOXMUTb [Ba MaccuBa Ynicen?

100-10° ELOPS A BO 4TO Mbl ynnpaemcs - B namatb unm B ALUS?

0000 A 4TO ecnu gaHHble HaxoaaTca B RAM?
= - RAM - DDR5
40 GB/s
- =
-
0000
PCI-E 5.0 x16
100-10"? FLOPS 16 OB/s
\4

1000 GB/s
VRAM - GDDR6
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ApXUTeKTypa

| 100-10° FLOPS
W

RAM - DDR5

CPU

[ocTtatoyHo nn memory banpdwidth
4YTOObI yTUNU3npoBsaTb (HackiTnTb) ALUS?

100-10"2 FLOP

Y

-

VRAM - GDDR6 vnn HBM (high bandwidt#)

1000 GB/s




ApXUTeKTypa

(100-10° FLOPS
N
Z l 40 GB/s |
CPU p=

RAM - DDR5

[ocTtatoyHo nn memory banpdwidth
4YTOObI yTUNU3npoBsaTb (HackiTnTb) ALUS?

100-10"2 FLOP

Y

-

VRAM - GDDR6 vnn HBM (high bandwidt)

1000 GB/s




SM - Streaming Multiprocessor

+ Ompuich D2 Seeadicly ] [ Warp Scheduier < Dispich T tveadty

Register File (16,384 x 32.54)

ApXUTeKTypa

|1OO 10° FLOPS
\ RAM - DDR5
40 GB/s
cru R i

A
1000

100-10"2 FLOP

Local Memory (L1)__

©\5000 GB/s (low latency)

Y

-

VRAM - GDDRG6

1000 GB/s




SM - Streaming Multiprocessor

ApXunTtekTypa

|1OO 10° FLOPS
\ RAM - DDR5
40 GB/s

- S 1t

A
1000

3ayeM xe Tak mHoro ALUs? ; wa | m | o

Local Memory (L1)__

(low latency)

1000 GB/s

VRAM - GDDRG6



SM - Streaming Multiprocessor

ApX nTe KTyp a _m";”.“,;:“;f;;’- | h ;;%:‘;-(Ls.;f;v;z{ =i

100-10° FLOPS

0000
7 Z RAM - DDR5

40 GB/s

= - A

1000 MOoXHO N ee Ucronb3oBaThb R

. Tak xe kak VRAM? G

100-10™° FLOPS Local Memory (L1)_|

5000 GB/s (low latency) \

—T— RTCORE [ >

1000 GB/s

VRAM - GDDRG6



L[ 1IN O Il
' H H [ Ill [ Il[ [ lﬂ | []

I AT OO 0 OB OO
I ORI 00 AR ORI ARE ORI

LRIER LR NREER RERR ARTR A
i ][ HH IH I U[ﬂl IH[ []l

LT T M

[T AT AT

Link -~ Two x8 Links

100-10"2 FLOPS

20

SM - Streaming Multiprocessor

i SM
3 W S O ) | W S O G o) |
§ Rogister File (16,384 x 32.5) Register File (16, 384 x 32.00)
¢ = 1 )
| |
| | |
| FP32 || FP32 | TENSOR | | FPR2 FPS2 | TENSOR
W o |
[

Jog10q002 Asowen

| mz | P2 ‘ TENSOR

CORE
sz \

Local Memory (L1)

5000 GB/s (low latency)

1000 GB/s

—, RTCORE |~

VRAM - GDDR6



Apxutektypa GPU

1) [Lecartku teicay aaep (MHoro FLOPs):
- CrpynnupoBaHbl Mo 32 B warp-bl (no 64 B wavefront-oi y AMD)
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Apxutektypa GPU

1) [Lecartku teicay aaep (MHoro FLOPs):
- CrpynnupoBaHbl Mo 32 B warp-bl (no 64 B wavefront-oi y AMD)
- HO cnabble sapa
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Apxutektypa GPU

1) [Lecartku teicay aaep (MHoro FLOPs):

- CrpynnupoBaHbl Mo 32 B warp-bl (no 64 B wavefront-oi y AMD)
- HO cnabble sapa

- HO y warp-a obwwmi instruction pointer (onacHocTb code divergence)
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Apxutektypa GPU

1) [Lecartku teicay aaep (MHoro FLOPs):
- CrpynnupoBaHbl Mo 32 B warp-bl (no 64 B wavefront-oi y AMD)
- HO cnabble sgpa
- HO y warp-a obwwmi instruction pointer (onacHocTb code divergence)
- aKTUBEH warp KOTopbIn He xaeT aaHHbiX 13 VRAM (npu BbICOKOM occupancy)
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Apxutektypa GPU

1) [Lecartku teicay aaep (MHoro FLOPs):
- CrpynnupoBaHbl Mo 32 B warp-bl (no 64 B wavefront-oi y AMD)
- HO cnabble sgpa
- HO y warp-a obwwmi instruction pointer (onacHocTb code divergence)
- aKTUBEH warp KOTopbIn He xaeT aaHHbiX 13 VRAM (npu BbICOKOM occupancy)
2) OrpomHas nponyckHas cnocobHocte VRAM:
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Apxutektypa GPU

1) [Lecartku teicay aaep (MHoro FLOPs):
- crpynnupoBaHsl rno 32 B warp-bl (no 64 B wavefront-oi y AMD)
- HO cnabble sapa
- HO y warp-a obwun instruction pointer (onacHoctb code divergence)

- aKTUBEH warp KOTopbii He xaeT gaHHbix u3 VRAM (ripu BbICOKOW occupancy)
2) OrpomHas nponyckHas cnocobHocte VRAM:
- HO B6onbluasn 3agepxka (latency)
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Apxutektypa GPU

1)

2)

Hecatku Teicaud sgep (MHoro FLOPS):
- crpynnupoBaHsl rno 32 B warp-bl (no 64 B wavefront-oi y AMD)

- HO cnabble sapa

- HO y warp-a obwun instruction pointer (onacHoctb code divergence)

- aKTUBEH warp KOTopbIn He XAeT AaHHbIX N3 VRAM (npu BbiIcOKOW occupancy)
OrpomHaga nponyckHasa cnocobHocts VRAM:

- HO B6onbluasn 3agepxka (latency)

- CKpbIBaeTcs 3a cyet cBepx-SMT/Hyper-Threading (npun BeiICOKOM occupancy)
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Apxutektypa GPU

1) [Hecsartkum Tbicaud saep (MHoro FLOPS):
- crpynnupoBaHsl rno 32 B warp-bl (no 64 B wavefront-oi y AMD)
- HO cnabble sapa
- HO y warp-a obwun instruction pointer (onacHoctb code divergence)
- aKTUBEH warp KOTopbIn He XAeT AaHHbIX N3 VRAM (npu BbiIcOKOW occupancy)
2) OrpomHas nponyckHas cnocobHocte VRAM:
- HO B6onbluasn 3agepxka (latency)
- CKpbIBaeTcs 3a cyet cBepx-SMT/Hyper-Threading (npun BeiICOKOM occupancy)
- TpaH3akumm pas3dutbel Ha 128-6ainTHble cache line

107



Apxutektypa GPU

1) [Hecsartkum Tbicaud saep (MHoro FLOPS):
- crpynnupoBaHsl rno 32 B warp-bl (no 64 B wavefront-oi y AMD)
- HO cnabble sapa
- HO y warp-a obwun instruction pointer (onacHoctb code divergence)
- aKTUBEH warp KOTopbIn He XAeT AaHHbIX N3 VRAM (npu BbiIcOKOW occupancy)
2) OrpomHas nponyckHas cnocobHocte VRAM:
- HO B6onbluasn 3agepxka (latency)
- CKpbIBaeTcs 3a cyet cBepx-SMT/Hyper-Threading (npun BeiICOKOM occupancy)
- TpaH3akumm pas3dutbel Ha 128-6ainTHble cache line
- HO npu un-coalesced memory access pattern - manas npon. cnoCob6HOCTb
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Apxutektypa GPU

1)

2)

3)

Hecatku Teicaud sgep (MHoro FLOPS):
- crpynnupoBaHsl rno 32 B warp-bl (no 64 B wavefront-oi y AMD)

- HO cnabble sapa

- HO y warp-a obwun instruction pointer (onacHoctb code divergence)

- aKTUBEH warp KOTopbIn He XAeT AaHHbIX N3 VRAM (npu BbiIcOKOW occupancy)
OrpomHaga nponyckHasa cnocobHocts VRAM:

- HO B6onbluasn 3agepxka (latency)

- CKpbIBaeTcs 3a cyet cBepx-SMT/Hyper-Threading (npun BeiICOKOM occupancy)
- TpaH3akumm pas3dutbel Ha 128-6ainTHble cache line

- HO npu un-coalesced memory access pattern - manas npon. cnoCob6HOCTb
INNokanbHasa namaTb (local/shared memory):
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Apxutektypa GPU

1)

2)

3)

Hecatku Teicaud sgep (MHoro FLOPS):
- crpynnupoBaHsl rno 32 B warp-bl (no 64 B wavefront-oi y AMD)

- HO cnabble sapa

- HO y warp-a obwun instruction pointer (onacHoctb code divergence)

- aKTUBEH warp KOTopbIn He XAeT AaHHbIX N3 VRAM (npu BbiIcOKOW occupancy)
OrpomHaga nponyckHasa cnocobHocts VRAM:

- HO B6onbluasn 3agepxka (latency)

- CKpbIBaeTcs 3a cyet cBepx-SMT/Hyper-Threading (npun BeiICOKOM occupancy)
- TpaH3akumm pas3dutbel Ha 128-6ainTHble cache line

- HO npu un-coalesced memory access pattern - manas npon. cnoCob6HOCTb
INNokanbHasa namaTb (local/shared memory):

- TUTaHU4YecKasi NponyckHast CnocobHOCTb + HU3Kas 3agepKKa
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Apxutektypa GPU

1)

2)

3)

Hecatku Teicaud sgep (MHoro FLOPS):
- crpynnupoBaHsl rno 32 B warp-bl (no 64 B wavefront-oi y AMD)

- HO cnabble sapa

- HO y warp-a obwun instruction pointer (onacHoctb code divergence)

- aKTUBEH warp KOTopbIn He XAeT AaHHbIX N3 VRAM (npu BbiIcOKOW occupancy)
OrpomHaga nponyckHasa cnocobHocts VRAM:

- HO B6onbluasn 3agepxka (latency)

- CKpbIBaeTcs 3a cyet cBepx-SMT/Hyper-Threading (npun BeiICOKOM occupancy)
- TpaH3akumm pas3dutbel Ha 128-6ainTHble cache line

- HO npu un-coalesced memory access pattern - manas npon. cnoCob6HOCTb
INNokanbHasa namaTb (local/shared memory):

- TUTaHU4YecKasi NponyckHast CnocobHOCTb + HU3Kas 3agepKKa

- HET nNpobrnemsbl ¢ coalesced-naTTepHom
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Apxutektypa GPU

1)

2)

3)

Hecatku Teicaud sgep (MHoro FLOPS):
- crpynnupoBaHsl rno 32 B warp-bl (no 64 B wavefront-oi y AMD)

- HO cnabble sapa

- HO y warp-a obwun instruction pointer (onacHoctb code divergence)

- aKTUBEH warp KOTopbIn He XAeT AaHHbIX N3 VRAM (npu BbiIcOKOW occupancy)
OrpomHaga nponyckHasa cnocobHocts VRAM:

- HO B6onbluasn 3agepxka (latency)

- CKpbIBaeTcs 3a cyet cBepx-SMT/Hyper-Threading (npun BeiICOKOM occupancy)
- TpaH3akumm pas3dutbel Ha 128-6ainTHble cache line

- HO npu un-coalesced memory access pattern - manas npon. cnoCob6HOCTb
INNokanbHasa namaTb (local/shared memory):

- TUTaHU4YecKasi NponyckHast CnocobHOCTb + HU3Kas 3agepKKa

- HET nNpobrnemsbl ¢ coalesced-naTTepHom

- HO?
112



Apxutektypa GPU

1)

2)

3)

Hecatku Teicaud sgep (MHoro FLOPS):
- crpynnupoBaHsl rno 32 B warp-bl (no 64 B wavefront-oi y AMD)

- HO cnabble sapa

- HO y warp-a obwun instruction pointer (onacHoctb code divergence)

- aKTUBEH warp KOTopbIn He XAeT AaHHbIX N3 VRAM (npu BbiIcOKOW occupancy)
OrpomHaga nponyckHasa cnocobHocts VRAM:

- HO B6onbluasn 3agepxka (latency)

- CKpbIBaeTcs 3a cyet cBepx-SMT/Hyper-Threading (npun BeiICOKOM occupancy)
- TpaH3akumm pas3dutbel Ha 128-6ainTHble cache line

- HO npu un-coalesced memory access pattern - manas npon. cnoCob6HOCTb
INNokanbHasa namaTb (local/shared memory):

- TUTaHU4YecKasi NponyckHast CnocobHOCTb + HU3Kas 3agepKKa

- HET nNpobrnemsbl ¢ coalesced-naTTepHom

- HO HebonbLas + nokanbHasa ona kaxagoro warp WorkGroup=Block s



Apxutektypa GPU

1)

2)

3)

Hecatku Teicaud sgep (MHoro FLOPS):
- crpynnupoBaHsl rno 32 B warp-bl (no 64 B wavefront-oi y AMD)

- HO cnabble sapa

- HO y warp-a obwun instruction pointer (onacHoctb code divergence)

- aKTUBEH warp KOTopbIn He XAeT AaHHbIX N3 VRAM (npu BbiIcOKOW occupancy)
OrpomHaga nponyckHasa cnocobHocts VRAM:

- HO B6onbluasn 3agepxka (latency)

- CKpbIBaeTcs 3a cyet cBepx-SMT/Hyper-Threading (npun BeiICOKOM occupancy)

- TpaH3akumm pas3dutbel Ha 128-6ainTHble cache line

- HO npu un-coalesced memory access pattern - manas npon. cnoCob6HOCTb
INNokanbHasa namaTb (local/shared memory):

- TUTaHMYeCcKas NpornyckHasi cnocobHOCTb + HU3Kaa 3agepKKa

- HeT npobnemsbl ¢ coalesced-nattepHoM  [lo3xe mbl 06cyanm bank conflicts

- HO HebonbLas +{nokanbHas|ona kaxagoro warp WorkGroup=Block
N B aTOM cekpeT ycnexa! Peuent Kk macwtabupyemoctu!
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AMD Ryzen Threadripper 7980X Core-to-Core Latency
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64 agpa = 8 x Yunnetos no 8 aaep)
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AMD Ryzen Threadripper
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Ho noyemy 3agepikka maneHbkagd
rpynnamu rno 16 saep?
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Ho noyemy 3agepikka maneHbkagd
rpynnamu rno 16 saep?

AMD Ryzen Threadripper 7980X Core-to-Core Latency
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[ naBa 4: Mooenb BblYUCIIEHUN
MacCcOBOro naparsnnenmama




Mopgenb BblYUCNEHUX MAacCOBOro napannenmama




Mopgenb BblYUCNEHUX MAacCOBOro napannenmama

SM - Streaming Multiprocessor

FP32 FP32 TENSOR FP32 FP32 TENSOR
+ CORE + CORE
INT32 INT32

v

Register File (16,384 x 32.5i) Register File (16,384 x 32-9)

FP32 TENSOR
CORE

Y D




Mopenb BbILII/ICJ'IeHI/II/I MaCCOBOrO napannermama

! SM - Streaming Multlprocessor
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Moaenb BblYMCIEHM MAacCOBOro napannienms

Workltem = Thread =

vy X

‘ N
/
Y

WorkRange = Grid

Ma




Mopgenb BblYUCNEHUX MACcCOBOro napannenmama

Workltem = Thread
0 N
| |

\ WorkGroup = Block (256 Workltems)j

WorkRange = Grid

B




Mopgenb BblYUCNEHUX MACcCOBOro napannenmama
=

Workltem = Thread
N

N

WorkGroup = Block (256 Workltems)j

=

WorkRange = Grid

Ho Beab B ogHoM warp 32 notoka!
(y AMD: 64 notoka B wavefront)
Kak Tak?

B

Mhoro S

FP32 TENSOR
CORE




Mopgenb BblYUCNEHUX MACcCOBOro napannenmama
=

Workltem = Thread

N
| | I

\ WorkGroup = Block (256 Workltems)j

WorkRange = Grid

WorkGroup = Block (256 Workltems) = 8 x Warps (32 threads)

B

Mhoro S

FP32 TENSOR
CORE




Mopgenb BblYUCNEHUX MACcCOBOro napannenmama
=

Workltem = Thread
0 N

\ WorkGroup = Block (256 Workltems)j

WorkRange = Grid

WorkGroup = Block (256 Workltems) = 8 x Warps (32 threads)

3adyeM Ham KoHTpornb Hag WorkGroups?
3adeM Ha ypoBHe API 3HaTb nNpo warps?

B

Mhoro S

FP32 TENSOR
CORE




Mopgenb BblYUCNEHUX MACcCOBOro napannenms

Workltem = Thread c%
0 N
I | | |

O
O |
\ WorkGroup = Block (256 Workltems)j = i

WorkRange = Grid

B

FP32 TENSOR

WorkGroup = Block (256 Workltems) = 8 x Warps (32 threads) v Core

- Workltems kommyHUumpytot Yyepes VRAM
- Workltems B pamkax ogHon WorkGroup obLatotes = e RN e
apdekTnBHee - yepes Shared/Local Memory (L1)




Mopgenb BblYUCNEHUX MACcCOBOro napannenms

Workltem = Thread c%
0 N
I | | |

O
O |
\ WorkGroup = Block (256 Workltems)j = i

WorkRange = Grid

B

FP32 TENSOR

WorkGroup = Block (256 Workltems) = 8 x Warps (32 threads) v Core

- Workltems kommyHUumpytot Yyepes VRAM
- Workltems B pamkax ogHon WorkGroup obLatotes = e RN e
apdekTnBHee - yepes Shared/Local Memory (L1)

MoryT nn warp-bl ogHon WorkGroup ncnonHsatecst Ha pasHbix SM?




Moaenb Bbl4MCNIEHMX MAcCOBOro napannenmama

Workltem = Thread c%

0 N o

I I I I o (5 'T"“""“ :
=

\ WorkGroup = Block (256 Workltems)j

WorkRange = Grid

vy X

WorkGroup = Block (256 Workltems) = 8 x Warps (32 threads)

- Workltems kommyHUumpytot Yyepes VRAM
- Workltems B pamkax ogHon WorkGroup obLatotes = e RN e
apdekTnBHee - yepes Shared/Local Memory (L1)

A ecnu oanH Takown noTok 3anucan B Local Memory
4yucno - ysnaut nm gpyron notok atom WorkGroup?




Mopgenb BblYUCNEHUX MACcCOBOro napannenms

Workltem = Thread S |
0 N X ‘g | REEEER EEREER REERR
> = |
I | | I 5|
I
\ WorkGroup = Block (256 Workltems)j = [
WorkRange = Grid
WorkGroup = Block (256 Workltems) = 8 x Warps (32 threads) SRl | s

- Workltems kommyHUumpytot Yyepes VRAM
- Workltems B pamkax ogHon WorkGroup obuiatotcs EIEETET
apdekTnBHee - yepes Shared/Local Memory (L1)

A ecnv oauH Takoii noTtok 3anucan B Local MemoryMemory
4yucro - yBuauT nu gpyron notok aton WorkGroup? barrier!




Mopgenb BblYUCNEHUX MACcCOBOro napannenms

Workltem = Thread c%
0 N
I | | |

O
O |
\ WorkGroup = Block (256 Workltems)j = i

WorkRange = Grid

B

FP32 TENSOR

WorkGroup = Block (256 Workltems) = 8 x Warps (32 threads) v Core

- Workltems kommyHUumpytot Yyepes VRAM
- Workltems B pamkax ogHon WorkGroup obLatotes = e RN e
apdekTnBHee - yepes Shared/Local Memory (L1)

MoryT N1 NoTOoKM 0gHOro warp-a obwartbes ewe adhdekTuaHee?




Mopgenb BblYUCNEHUX MACcCOBOro napannenms

Workltem = Thread = |

0 N X cg

> bt :
I I I I S
T

K WorkGroup = Block (256 Workltems)j =
\/ SM - Streaming Multiprocessor
WorkRange = Grid
WorkGroup = Block (256 Workltems) = 8 x Warps (32 threads) S < B

- Workltems kommyHUumpytot Yyepes VRAM

- Workltems B pamkax ogHon WorkGroup obLwagioTcs
adpdbekTmBHEE - Yepe3 Shared/Local Memgty (L1)

- Workltems B pamkax ogHoOro warp-a mor
nogrnagbisate Apyr apyry B pernctpbl (shuffle instr.)




Moaenb BblYMCIEHM MAcCOBOro napannenusma

Workltem = Thread c%

0 N o

I I I I ol
1
=

K WorkGroup = Block (256 Workltems)j
Y memory

WorkRange = Grid barrier?
WorkGroup = Block (256 Workltems) = 8 x Warps (32 threads)

B

- Workltems kommyHUumpytot Yyepes VRAM

- Workltems B pamkax ogHon WorkGroup obLwagioTcs
adpdbekTmBHEE - Yepe3 Shared/Local Memgty (L1)

- Workltems B pamkax ogHoOro warp-a mor
nogrnagbisate Apyr apyry B pernctpbl (shuffle instr.)




GLSL (Graphics Library Shading Language) QpenGL C\fuiikan

dFdx(...), dFdy(...) — return the partial derivative of an argument
with respect to x ory

SM - Streaming Multiprocessor

[ Warp chedier + Dispiich 07 Breadicl) | | [T Wrp Schedeie < Dispiich 12 Sveasth)

Register File (16,384 x 32.5i8) Register File (16,384 x 32.5i%)

FP32 TENSOR FP32 FP32 TENSOR
CORE

- Workltems kommyHUumpytot Yyepes VRAM
- Workltems B pamkax ogHon WorkGroup obuwgioTces s i v

adpdbekTmBHEE - Yepe3 Shared/Local Memgty (L1)
- Workltems B pamkax ogHoOro warp-a mor

noarmsabiBaTh ApYr Apyry B pernctpbl’(shuffle instr.) === RTCORE [>=




dFdx(p(x,y)) = p(x+1y) - p(x.y)

GLSL (Graphics Library Shading Language) @GL Vuilkan —A

dFdx(...), dFdy(...) — return the partial derivative of an argument
with respect to x ory

p(x.y) p(x+1y)

dFdy(p(x.y)) = p(x.y+1) - p(x.y)

Piy+1) | p(x+1,y+1)

SM - Streaming Multiprocessor

[werp schwdir s Dhpuich A7 Wreadicly ] [T VWP Schadelit s Dispulch iz hvsaso ]

Register File (16,384 x 32.5i) Register File (16,384 x 2.5

FP32 TENSOR FP32 FP32 TENSOR
+ CORE
INT32

- Workltems kommyHUumpytot Yyepes VRAM
- Workltems B pamkax ogHon WorkGroup obLwagioTcs
adpdbekTmBHEE - Yepe3 Shared/Local Memgty (L1)

- Workltems B pamkax ogHoOro warp-a mor
nogrnagbisate Apyr apyry B pernctpbl (shuffle instr.)




dFdx(p(x,y)) = p(x+1y) - p(x.y)
A

GLSL (Graphics Library Shading Language) @GL Vuilkan r 5

dFdx(...), dFdy(...) — return the partial derivative of an argument
with respect to x or y

P(x.y) P(x+1y)

Rasterized Triangle Shading Quad dFdy(p(xy)) = p(xy+1) - p(x.y)

COLORO = uv.xyyy (2x2 screen pixels)
< p(xy+1) | p(x+1,y+1)

4 ddy (uv.x)
= 0.533 - 0.542

SM - Streaming Multiprocessor

[ Warp chedier + Dispiich 07 Breadicl) | | [T Wrp Schedeie < Dispiich 12 Sveasth)

= -0.009

0.507, ||0.542, ddy (uv.y)
0.436 0.433 = 8.32; - 0.433 Register File (16,384 x 32.5it) Register File (16,384 x 32-5i9)

—_—

Berivatives for o .

bottom-right: -

0.
fragment aaxqwv.y

0.433 - 0.43¢ +

-0.003 INT32

03s

FP32 FP32 TENSOR
| CORE

(high-precision)

- KOMMYHUUMpytoT Yepe3 VRAM

- B pamkax ogHon WorkGroup obLaTcs
adpdbekTmBHEE - Yepe3 Shared/Local Memgty (L1)

- B pamMKax 0gHOro warp-a mor




Mopgenb BblYUCNEHUX MACcCOBOro napannenmama
Workltem = Thread =
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WorkGroup = Block (16x16 Workltems)
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yy
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WorkRange = Grid (1D, 2D, 3D)




Mopgenb BblYUCNEHUX MACcCOBOro napannenmama

Workltem = Thread c%
0 N X
=
O
I
=
WorkGroup = Block (16x16 Workltems)
A 4TO MOXHO CKa3aTtb MpPo KPaTHOCTb
pa3mepa pabo4yero npocTpaHcTea u
M paboyen rpynnbl?
N J
yy

N
WorkRange = Grid (1D, 2D, 3D)
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MHOIO BblumcneHun? (ALU) MHOIO yutatb+nucatb? (VRAM)

100-10"2 FLOPS

1000 GB/s 142
VRAM - GDDR®6



/ Kak cpaBHUTb 16110KM U

Yero 6onblue?

anenbCUHbLI?

~

MHOIO BblumcneHun? (ALU)

100-10"2 FLOPS

1000 GB/s

MHOIO yutatb+nucatb? (VRAM)

VRAM - GDDR®6
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_

Yero 6onbLie? \

MHOIO BblumcneHun? (ALU)

100-10"2 FLOP

1000 GB/s

MHOIO yutatb+nucatb? (VRAM)

VRAM - GDDR®6
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Uero donbLe?
Kakas nponopums
ALU:VRAM?

Ecnn ALU:VRAM > 400:1

MHOIO BblumcneHun? (ALU)

100-10"2 FLOP

1000 GB/s

Ecnn ALU:VRAM < 400:1

MHOIO yutatb+nucatb? (VRAM)

VRAM - GDDR®6
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Uero donbLe?
Kakas nponopums
ALU:VRAM?

Ecnn ALU:VRAM > 400:1

MHOIO BblumcneHun? (ALU)

1000 GB/s

Ecnn ALU:VRAM < 400:1

MHOIO yutatb+nucatb? (VRAM)

-

VRAM - GDDR®6
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Uero donbLe?
Kakas nponopums
ALU:VRAM?

Ecnn ALU:VRAM > 400:1

MHOIO BblumcneHun? (ALU)

Ecnu ytunmnsunpyetcs
>70% ALU FLOPs

compute bound

1000 GB/s

Ecnn ALU:VRAM < 400:1

MHOIO yutatb+nucatb? (VRAM)

-

VRAM - GDDR®6
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Uero bonbLue?

Ecrn ALU:VRAM > 4001 Kakas nponopuus Ecrn ALU-VRAM < 4001
/ ALU:VRAM? \ |

MHOIO BblumcneHun? (ALU) MHOIO yutatb+nucatb? (VRAM)
Ecnu ytunuaupyercs YcTpaHutb
>70% ALU FLOPs code
divergence

compute bound

1000 GB/s m 148
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Uero bonbLue?

Ecrn ALU:VRAM > 4001 Kakas nponopuus Ecrn ALU-VRAM < 4001
/ ALU:VRAM? \ |

MHOIO BblumcneHun? (ALU) Huakan yranusauma ALD MHOIO yutatb+nucatb? (VRAM)

Ecnu ytunuaupyercs YcTpaHutb
>70% ALU FLOPs code
divergence

compute bound

1000 GB/s m 149

VRAM - GDDR®6




Uero bonbLue?

Ecrn ALU:VRAM > 4001 Kakas nponopuus Ecrn ALU-VRAM < 4001
/ ALU:VRAM? \ |

MHOIO BblumcneHun? (ALU) Huakan yranusauma ALD MHOIO yutatb+nucatb? (VRAM)

Ec 3MpyeTc
Ecnu yTunusupyercs YcTpaHuTb Sgoamggoﬁsé/,(go;
>70% ALU FLOPs . code cnocobHoctn VRAM
divergence
compute bound i~ memory bound
[ [ .

MoXxHo nu 4yTto-TO caenaTb?

Local Memory

m 150

VRAM - GDDR®6

(low latency)

1000 GB/s




Uero bonbLue?

Ecrn ALU:VRAM > 4001 Kakas nponopuus Ecrn ALU-VRAM < 4001
/ ALU:VRAM? \ |

MHOIO BblumcneHun? (ALU) Huakan yranusauma ALD MHOIO yutatb+nucatb? (VRAM)

Ec 3MpyeTc
Ecnu yTunusupyercs YcTpaHuTb Sgoamggoﬁsé/,(go;
>70% ALU FLOPs . code cnocobHoctn VRAM
divergence
compute bound i~ memory bound

KswunposaTtb
B Local Memory

m 151

VRAM - GDDR®6

(low latency)

1000 GB/s




Uero bonbLue?

Ecrn ALU:VRAM > 400:1 Kakas nponopuus
/ ALU:VRAM?

Hwuskasa ytunmnsaums ALU

Ecnn ALU:VRAM < 400:1

MHOIO BblumcneHun? (ALU)

Ecnu ytunuaupyercs YcTpaHutb
>70% ALU FLOPs code
divergence

MHOIO yutatb+nucatb? (VRAM)

Ecnu ytunnsunpyetcs
>70% nponyckHoW
cnocobHoctn VRAM

Huskasa ytunmnsaums
npon. cnocoboHoctn VRAM

compute bound

memory bound

NMouemy?

KswunposaTtb
B Local Memory

(low latency)

1000 GB/s

-

VRAM - GDDR®6
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Uero bonbLue?

Ecrn ALU:VRAM > 4001 Kakas nponopuus Ecrn ALU-VRAM < 4001
/ ALU:VRAM? \ |

MHOIO BblumcneHun? (ALU) Huakan yranusauma ALD MHOIO yutatb+nucatb? (VRAM)

Ec 3upyetc
Ecnu ytunnanpyertcs yCTpaHI/ITb ngyozmggogngJO; Huskas ytunmsaumsa
>70% ALU FLOPs _ code cnocobHOCT VRAM npon. crocob6oHocTn VRAM
divergence
compute bound RECUR memory bound Mouemy?

KswunposaTtb
B Local Memory

Cpoenatb naTtTepH
poctyna coalesced

1000 GB/s
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Uero bonbLue?

Ecrn ALU:VRAM > 4001 Kakas nponopuus Ecrn ALU-VRAM < 4001
/ ALU:VRAM? \ |

MHOIO BblumcneHun? (ALU) Huakan yranusauma ALD MHOIO yutatb+nucatb? (VRAM)

Ec 3MpyeTc
Ecnn ytunnsnpyetcs YcTpaHntb Egoy"zmggogngJo; Huskas ytunmsaumsa
>70% ALU FLOPs _ code cnocobHOCT VRAM npon. crocob6oHocTn VRAM
divergence
compute bound RECUR memory bound Mouemy?

YBennuntb
occupancy

KswunposaTtb
B Local Memory

Cpoenatb naTtTepH
poctyna coalesced

(low latency)

1000 GB/s
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Uero bonbLue?

Ecrn ALU:VRAM > 400:1 Kakas nponopuus
/ ALU:VRAM?

Ecnn ALU:VRAM < 400:1

. Huakaa ytununsauus ALU
MHOIO BblumcneHun? (ALU) Y =

MHOIO yutatb+nucatb? (VRAM)

npon. cnocoboHoctn VRAM

Ec 3upyetc
Ecnu ytunnanpyertcs yCTpaHI/ITb 2?03/(’2/'[?;0252;;{'—0; Huskas ytunmsaumsa
>70% ALU FLOPs . code cnocobHocTn VRAM
divergence
compute bound R memory bound Mouemy?

[ [ . f?
nepemcnoﬂb?’OBaTb .
MOoXHO

KswunposaTtb
B Local Memory

(low latency)

1000 GB/s

Cpoenatb naTtTepH YBennuntb
aoctyna coalesced

occupancy

VRAM - GDDR®6

YcTpaHutb
code
divergence




Uero bonbLue?

AL U:VRAM > 400:1 Kakas nponopuus Ecrin ALU:VRAM < 400:1
ALU:VRAM? \ |

MHOTIO Bbluncriewgui? (ALU) Huskan ymnusaun ALU MHOIO untatb+nncg RAM)

Ecnu ytunnsunpyetcs 4
Ecnu ytunusmnpyertcs P » >70% NPONYCKHOIA Huskasa ytunmsaums
>70% ALU FLF)PS cnocobhocTr VRA npon. cnocoboHoctn VRAM
compme @ b

/

YcTpaHutb
code
o divergence

, BRE000 G5 fow atency)
N

RECURSION

1000 GB/s o BT
VRAM - GDDR6
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ction Debug Profile Tools Window Help

@ ad ep X ¢h ad sle.ncu-rep X Untitled 1 X
ce ~ ¥
Result Time GPU SM Frequency cc
ouble3 539 - addConstDouble3 (4096, 1,1)x(256,1,1) 101.73 usecond 0-NVIDIATITANV 1.17 cycle/nsecond 7.0
coalescedGlobalAccesses.cu ¥ ¢
Instructions Executed v|[>|[~lle]18 18 [&
Live arp Stall Sampling
# Source Registers (All Samples)
32 * global memory and generates an output array of double3 in global
33 */
#include <stdio.h>
#include <cuda_runtime_api.h>
38 #define BLOCK_SIZE 256
40 #define RUNTIME_API_CALL(apiFuncCall)
41 i
42 cudaError_t _status = apiFuncCall;
u3 (_status != cudaSuccess) {
(stderr, "%s:%d: error: function %s failed with err¢
45 __FILE__, __LINE__, #apiFuncCall, cudaGetErrorStrir
(EXIT_FAILURE);
1
1 (€]
__global__ voi (int numElements, double3 *d_in, 1 e.6u%
index = blockIdx.x * blockDim.x + threadIdx.x; 3 1.58%|
5 (index < numElements) 2 e.e7%
54 {
55 double3 a = d_in[index]; 11 31.00%
56 a.x += k; 9 14.92%
57 a.y += k; 9 1.78%
58 a.z += k; 9 2.15%
59 d_out[index] = a; o 32.90% N
}
1% 1 1u.88% i
int main (int arge, *argv[1)
i
/ Error code to check return values for CUDA calls

T cudaError_t err = cudaSuccess;
6 constK = ;
kernelOption =
(arge > 1)

NVIDIA Nsight Compute

Baselines =

Instructions
Executed

10.00%

15.00%
10.00%

25.00%
5.00%
5.00%
5.00%

20.00%

5.00%

Metric Details

Report Result Time GPU SM Frequency cc
addConstDouble 539 - addConstDouble (12288, 1,1)x(256,1,1) 84.35usecond 0-NVIDIATITANV 1.16 cycle/nsecond 7.0

Source: uncoalescedGlobalAccesses.cu * v (]
Navigation: | Instructions Executed v ivl~lo]18i8 &

Live arp Stall Sampling

# Source Registers (All Samples)
* global memory and generates an output array of double3 in global

*/

#include <stdio.h>

#include <cuda_runtime_api.h>

38 #define BLOCK_SIZE 256

10 #define RUNTIME_API_C
41 {
42 cudaError_t _status = apiFuncCall;

(apiFuncCall)

43 (_status != cudaSuccess) {

(stderr, "%s:%d: error: function %s failed with err:
__FILE__, __LINE__, #apiFuncCall, cudaGetErrorStrir
46 (EXIT_FAILURE);

_global__ voi D (€
i

52 index = blockIdx.x * blockDim.x + threadIdx.x; 3 1.31%
(index < numElements) 2 | 0.37%

nunElements, *d_in, 1 e.u2%

55 d_out[index] = d_in[index] + k; 7 93.u7% |

57 } 1 4ok

C arge, *argv[1)

Error code to check

cudaError_t err = cudaSuccess;

constK = :

kernelOption = 0;
66 (arge > 1)

kernelOption = Cargv[11);

numE cmants — .

Instructions
Executed

14.29%

21.43%
14.29%

42.86%

7.14%
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/ _ erateSampleRanksKernel (64, 1, 1)x(256, 1, 1)

'» GPU Speed Of Light Throughput

2- 566 - mergeRanksAndindicesKer ¥ N/ v | Clear Baselines ~ [ Occupancy Calculator  £J Source Comparison Copy as Image ~
Time Cycles GPU SM Frequency Process Attributes ® 0 ® O
geRanksAndindicesKernel (64, 1, 1)x(256,1,1) 4.19us 4326 0-NVIDIARTX A4500 1.03 cycle/ns [762349] CuMergeSort
geSortSharedKernel (4096, 1, 1)x(512,1, 1) 555.10us 5,79,537 0-NVIDIARTX A4500 1.04 cycle/ns [762349] CuMergeSort
26.72us 27,984 0-NVIDIARTX A4500 1.05cycle/ns [762349] CuMergeSort
GPU Throughput Chart vl O

High-level overview of the throughput for compute and memory resources of the GPU. For each unit, the throughput reports the achieved percentage of utilization with respect to the theoretical maximum. Breakdowns show the throughput for each

individual sub-metric of Compute and Memory to clearly identify the highest contributor. High-level overview of the utilization for compute and memory resources of the GPU presented as a roofline chart.

Compute (SM) Throughput [%]
Memory Throughput [%]

10.84 (-75.36%, z=-0.61)
7.88 (:87.90%, z=-1.23)

Duration [us]
Elapsed Cycles [cycle]

4.19 (-98.56%, z=-0.75)
4,326 (-98.58%, z=-0.75)

L1/TEX Cache Throughput [%] 10.84 (-79.01%,z=-0.82) SM Active Cycles [cycle] 2,192.52 (-99.26%, z=-0.74)
L2 Cache Throughput [%] 7.88 (-51.10%,z=-0.75) SM Frequency [cycle/ns] 1.03 (-1.32%,2=-1.38)
DRAM Throughput [%] 5.53 (-83.26%,z=-1.08) DRAM Frequency [cycle/ns] 7.55 (-0.53%,2=-1.39)
GPU Throughput
l
Compute (SM) [%] E = I I
o] : —
Memory [%] E e = 7 :
| | | i i ! I ,
0.0 10.0 20.0 30.0 40.0 50.0 60.0 70.0 80.0 90.0 100.0
Speed Of Light (SOL) [%]
» PM Sampling O
Timeline view of PM metrics sampled periodically over the workload duration. Data is collected across multiple passes. Use this section to understand how workload behavior changes over its runtime. =
Baselines
= [ (@ Difference Bars Green/Red v
Name Launch Report Time Cycles Registers GPU SM Frequency cc Process
v || mergeSort 560 - mergeSortSharedKemel (4096, .. /home/prabhanshuc/Documents/me... 555.10 us 579,537 17 0-NVIDIARTX.. 1.04cycle/ns 8.6 [762349] CuMergeSort
v generateSample 563 - generateSampleRanksKernel (6... /home/prabhanshuc/Documents/me... 26.72 us 27,984 18 0-NVIDIARTX.. 1.05cycle/ns 8.6 [762349] CuMergeSort
v [ mergeRanks 566 - mergeRanksAndindicesKernel (.. /home/prabhanshuc/Documents/me... 419 us 4326 16 0-NVIDIARTX .. 1.03 cycle/ns 8.6 [762349] CuMergeSort
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[Tpnumep: A+ B

10 34 12

54 113 .

i |

32 2 5.7

14 126 ...

5

O = 0+ P>

162



[Tpnumep: A+ B

void solveCPU(int[] a, int[] b, int c[], int n) {
A 10 34 12 34 o9 LIZ ... 1 for (int 1 =0; 1 < n; ++1) {
int sum = a[i] + b[il;
+ ¢[1] = sum:
Bls2 122 57 12 14 126.. 5 F
}
Cla2 46 69 46 68 239 .. 6

163



[Tpnumep: A+ B

i=0

void solveCPU(int[] a, int[] b, int c[], int n) {

A 10 34 12 34 o9 LIZ ... 1 for (int 1 = 0; i < n; ++i)]{
int sum = a[i] + b[i];

+ + g[1] = sum:
Bls2 12 57 12 14 126.. 5 }

}
Cla2 46 69 46 68 239 .. 6
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[Tpnumep: A+ B

i=0 i=1
I void solveCPU(int[] a, int[] b, int c[], int n) {
A 10 34 12 34 o9 LIZ ... 1 for (int 1 = 0; i < n; ++i)]{
int sum = a[i] + b[i];
+ + + g[1] = sum:
Bls2 12 57 12 14 126.. 5 }
}

& &

Claz 46 69 46 68 239 .. 6
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[Tpnumep: A+ B

i=0 i=1 =
I =2 void solveCPU(int[] a, int[] b, int c[], int n) {
A 10 34 12 34 o9 LIZ ... 1 for (int 1 = 0; i < n; ++i)]{
int sum = a[i] + b[i];
+ + + + c[i] = sum;
Bls2 12 57 12 14 126.. 5 }
}

e & &

Claz 46 69 46 68 239 .. 6
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[Tpnumep: A+ B

i=0 =1 =2 i=3 =4 i=5  i=N-1 . | | |
void solveCPU(int[] a, int[] b, int c[], int n) {
A 10 34 12 34 o9 LIZ ... 1 for (int 1 = 0; i < n; ++i) {
int sum = a[i] + b[i]; Kakas
+ + + + + + + + c[i] = sum; acUMNToOTUKaA?
Bls2 12 57 12 14 126.. 5 }
}

4+ $ & $8488

Claz 46 69 46 68 239 ..
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[Tpnumep: A+ B

i=0 j=1 =2 =3 i=4 i=5 i=N-1 , | | |
void solveCPU(int[] a, int[] b, int c[], int n) {
A 10 34 12 34 o9 LIZ ... 1 for (int 1 = 0; i < n; ++i) {
int sum = a[i] + b[i];
T EEE T e s = o)
Bls2 12 57 12 14 126.. 5 }
}

4+ $ & $8488

Claz 46 69 46 68 239 ..
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[Mpumep: A+ B

10 34 12 34 54 113 .

C ¥ 1= 5.7 12 14 126 ...

O—= T+ >

42 46 69 46 68 239 ..

NVIDIA RTX 4090 - 16 Tbicau agep!

4 ™ : \
OpenCL "=~ CVulikan



[Mpumep: A+ B

Alio 32 12 34 54 113 | 1
int sum = a
-P. cli] = supy;
Bls2 12 57 12 14 126.. 5
|| void solveGPU(int[] a, int[] b, int c[], int n) {
const int i = get_global_id(0);
C 42 46 69 46 68 239 .. 6 c[il = b[i] + a[i];Cynep MHOronoTo4Ho!
i

NVIDIA RTX 4090 - 16 Tbicau agep!

277%a < :
OpenCL e CQV/uikan




[Mpumep: A+ B

Alio 32 12 34 54 113 | 1

int sum = a
-P. e[1]l = Sl
Bls2 12 57 12 14 126 .. 5
|| void solveGPU(int[] a, int[] b, int c[], int n) {

const int i = get_global_id(0);
Cla2 46 69 46 68 239 .. 6 c[i] = b[1] + alil; Kakas
3 acUMNToTUKa?

NVIDIA RTX 4090 - 16 Tbicau agep!

277%a < :
OpenCL e CQV/uikan




[Mpumep: A+ B

i=0  j=1 =2 =3 i=4 i=5  i=N-1 . | | |
lveCPU(int[] a, int[] b, int c[], i
A 10 34 12 34 o9 LIZ ... 1 for (ANt~ 0; i < n; ++i) {
int sum = a ;
X EEETE it sun = :
Bls2 12 57 12 14 126.. 5

4% $ 4 $88

‘ void solveGPU(int[] a, int[] b, int c[], int n) {
const int i = get_global_id(0);

Cla2 46 69 46

68 239 ..

6 c[i] = b[i] + alil; O(N / 16384)

}

NVIDIA RTX 4090 - 16 Tbicau agep!

1I<an

OpenC “S’J'SL“ QVuns



Mpumep: A + B (N=100.000.000)

for: (size t 1 = By 1 < s ##1)
cs[i] = as[i] + bs[i];

},

173



Mpumep: A + B (N=100.000.000)

i £ CPU - Intel 13700K

for: (size t 1 = By 1 < s ##1)
cs[i] = as[i] + bs[i];

+ b median time: 0.068 sec (+-0.00481664)
+ b median RAM bandwidth: 16.4351 GB/s

},

174




Mpumep: A + B (N=100.000.000)

CPU - Intel 13700K

for: (size t 1 = By 1 < s ##1)

gs[i] = asli] + bslil:
a + b median time: 0.068 sec (+-0.00481664)
a + b median RAM bandwidth: 16.4351 GB/s

z CPU - Intel 13700K

#pragma omp parallel for
for (ptrdiff_t i = 0; i < n; ++i) {
cs[i] = as[i] + bs[i];

+ b median time: 0.047 sec (+-0.00153623)
+ b median RAM bandwidth: 23.7784 GB/s

}

175



Mpumep: A + B (N=100.000.000)

CPU -

for (size &t 1 = 07 1 <
cs[i] = as[i] + bs

}

Intel 13700K

n; ++1) A

[i];

+ b median time: 0.068 sec (+-0.00481l064
+ b median RAM bandwidth: |16.4351| GB/s

)

z CPU -

#pragma omp parallel for

Intel 13700K

for (ptrdiff_t i = 0; i < n; ++i) {
cs[i] = as[i] + bs[i];

}

+ b median RAM bandwidth:

+ b median time: 0.047 sec (+-0. 00153623)

5/

Nouyemy pasHuuUa Takas
He3HauYuTenbHaa?

Kak npoBeputb runoresy?
Kak cnpoBouupoBaTb
3HAYMTENbHYIO pa3Hnuy?
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MNpumep: [100*cos(A + B) (N=100.000.000)

I E CPU - Intel 13700K

for (size_t i = 0: i < n; ++i) {
cs[i] = [100.0*cos|( Left: as[i] + bs[il]):

median time: 1.178 sec (+-0.0235009)
median RAM bandwidth:
|-I o
ﬁ CPU - Intel 13700K

#pragma omp parallel for
for (ptrdiff_t i = 0; i < n; ++i) { )(’I().S)

cs[i] = |100*cos|( Left: as[i] + bs[i]);

}

median time: 0.109 sec (+-0.0121

% 177
median RAM bandwidth: |10.2531 |GB/s




CPU - Intel 13700K

for (size .t i = B 1 < ns +%i) 4

cs[i] = as[i] + bs[i];

b median time: 0.068 sec
b median RAM bandwidth:

(+-0.004816064)

+
+ 16.4351 GB/s

}

E CPU - Intel 13700K

#pragma omp parallel for
g (pEpdifft &t 4
cs[i]

O; 1 < n; ++1) {

as[i] * bs[i]:

+ b median time: 0.047 sec
+ b median RAM bandwidth:

(+-0.00153623)
23.7784 GB/s

}

Mpumep: A + B (N=100.000.000)

[ GPU - NVIDIA RTX 4090

__kernel void aplusb(__global const floatx a,
__global const floatx b,

__global float* c,
unsigned int n)
{
const unsigned int index = get_global_id( dimindx: 0);
if (index >= n)
return;
c[index] = a[index] + b[index];
hy

a + b median time: 0.002 sec
a + b median VRAM bandwidth:

(+-0.000632456)
558.794 GB/s
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CPU - Intel 13700K

for (size T i =07 1 < ns +%¥i) 4

cs[i] = as[i] + bs[i];

b median time: 0.068 sec
b median RAM bandwidth:

(+-0.004816064)

+
+ 16.4351 GB/s

}

E CPU - Intel 13700K

#pragma omp parallel for
g (pEpdifft &t 4
cs[i]

O; 1 < n; ++1) {

as[i] * bs[i]:

Mpumep: A + B (N=100.000.000)

(1

|

=| GPU - NVIDIARTX 4090

| Me— )

__kernel void aplusb(__global const floatx a,
__global const floatx b,

__global float* c,
unsigned int n)
{
const unsigned int index = get_global_id( dimindx: 0);
if (index >= n)
return;
c[index] = a[index] + b[index];
hy

+ b median time: 0.047 se
+ b median RAM bandwidth:

}

c (+-0.00453623)
23.7784| GB/s

a + b median time:

0.002 Beg (+-0.000632456)
a + b median VRAM bandwidth: |558.794| GB/s
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Mpumep: A + B (N=100.000.000)
0 n

s | | Q | | g
OpenCL \ WorkGroup = Block ( )j

WorkRange = Grid

180



#ifdef __CLION_IDE__

#include <libgpu/opencl/cl/clion_defines.cl> anMep A + B (N=1 OOOOOOOO)

#endif
#line 5 0 n
>
e T W T
OpenCL \ WorkGroup = Block ( )j
__attribute__((reqd_work_group_size(256, 1, 1))) ‘\\\\////7
, WorkRange = Grid
__kernel void aplusb(__global const float* a,
__9lobal const float* b,
__global float* c,
unsigned int n)
{
const unsigned int index = get_global_id( dimindx: 0);
if (index >= n)
return;
c[index] = a[index] + b[index]; 181



#ifdef __CLION_IDE__

#include <libgpu/opencl/cl/clion_defines.cl> anMep A + B (N=1 OOOOOOOO)

#endif

#line 5 0 N

y a | | IIIIII[;!! | I g
OpenCL K WorkGroup = Block ( )j

—
__attribute__((reqd_work_group_size(256, 1, 1))) \\\////7

WorkRange = Grid

__kernel void aplusb(__global const floatx a,
__global const float* b,
__global float* c,
unsigned int n)

const unsigned int index = get_global_id( dimindx: 0);
if (index >= n)

return;

c[index] = a[index] + b[index]; 182



#ifdef __CLION_IDE__

#include <libgpu/opencl/cl/clion_defines.cl> anMep A + B (N=1 OOOOOOOO)

#endif

#line 5 0 N

y a | | IIIIII[;!! | I g
OpenCL \ WorkGroup = Block ( )j

__attribute__((reqd_work_group_size(256;"1, 1))) \\\////7

WorkRange = Grid

__kernel void aplusb(__global const float* a,
__global const float* b,
__global float* c,
unsigned int n)

const unsigned int index = get_global_id( dimindx: 0);
if (index >= n)

return;

c[index] = a[index] + b[index]; 183



#ifdef __CLION_IDE__

#include <libgpu/opencl/cl/clion_defines.cl> I_IpMMep A + B (N=1 OOOOOOOO)

#endif

#line 5 0 N

y a | | IIIIII[;!! | I g
OpenCL \ WorkGroup = Block ( )/

__attribute__((reqd_work_group_size(256;"1, 1))) \\\////7

WorkRange = Grjd

__kernel void aplusb(__global const float* a,
__global const float* b,
__global float* c,
unsigned int n)

const unsigned int index = get_global_id( dimindx: 0);
if (index >= n) ;
HOST-side (CPU, C++)
gpu: :WorkSize workSize(GROUP_SIZE, n);
c[index] = a[index] + b[index]: ocl_aplush.exec(workSize, a_gpu, b_gpu, c_gpu, n);

return;




#ifdef __CLION_IDE__

#include <libgpu/opencl/cl/clion_defines.cl> anMep A + B (N=1 OOOOOOOO)

#endif

#line 5 0 n
e . | | g
OpenCL \ WorkGroup = Block ( )/

. ) A rae 3agaeTc4d
__attribute__((reqd_work_group_size(256;"1, 1)))
pa3Mep pa6oqero

V‘/OI’kRange = G”d I'IpOCTpaHCTBa?

__kernel void aplusb(__global const float* a,
__global const float* b,
__global float* c,
unsigned int n)

const unsigned int index = get_global_id( dimindx: 0);
if (index >= n) ;
HOST-side (CPU, C++)
gpu: :WorkSize workSize(GROUP_SIZE, n);
c[index] = a[index] + b[index]: ocl_aplush.exec(workSize, a_gpu, b_gpu, c_gpu, n);

return;




#ifdef __CLION_IDE__

#include <1libgpu/opencl/cl/clion_defines.cl> anMep A + B (N=1 OOOOOOOO)

#endif

#line 5 0 N

-:! | |

75 A \
OpenCL K WorkGroup = Block ( )

, . A roe 3afiaeTtcsd
__attribute__((reqd_work_group_size(256;"1, 1)))

~ pa3smep pf
WorkRange|= Grid  ppocrgfaHcTea?

__kernel void aplusb(__global const floatx a,
__global const float*x b,
__global floatx &,
unsigned int n)

const unsigned int index = get_global_id( dimindx: 0);
if (index >= n) :
HOST-side (CPU, C++)
gpu: :WorkSize workSize(GROUP_SIZE, n);
c[index] = a[index] + b[index]: ocl_aplush.exec(workSize, a_gpu, b_gpu, c_gpu, n);

return;




#ifdef __CLION_IDE__

#include <libgpu/opencl/cl/clion_defines.cl> I_Ipl/lMep A + B (N=1 OOOOOOOO)

#endif

Workltem = Thread
#line 5 0 n

Lo | | | |
OpenCL \ WorkGroup = Block (256 Workltems)

__attribute__((reqd_work_group_size (256MW
pa3Mep pg

\WorkRange|= Grid

__kernel void aplusb(__global const floatx a,
__global const float*x b,
__global Floats .,
unsigned int n

const unsigned int index = get_globalNd( dimindx: 0);
if (index >= n)

HOST-side (CPU, C++)  V
gpu: :Work3sze workSize(GROUP_SIZE, n);

c[index] = a[index] + b[index]: ocl_aplusb.exeCtuorkSize, a_gpu, b_gpu, c_gpu,-n);

return;




#ifdef __CLION_IDE__

#include <libgpu/opencl/cl/clion_defines.cl> I_Ipl/lMep A + B (N=1 OOOOOOOO)

#endif

Workltem = Thread
#line 5 0 n

Lo | | | |
OpenCL \ WorkGroup = Block (256 Workltems)

__attribute__((reqd_work_group_size(256;"1, 1))) <<§;;;::——_—_

\WorkRange|= Grid

__kernel void aplusb(__global const float*x a
__global const float* b
__global float* c
unsigned int n

const unsigned int index = get_globalNd( dimindx: 0);
if (index >= n)

return;

c[index] = a[index] + b[index];




#ifdef __CLION_IDE__

#include <libgpu/opencl/cl/clion_defines.cl> I_IpMMep A + B (N=1 OOOOOOOO)

#endif

#line 5 <A NVIDIA
77"a CUDA
OpenCL

__attribute__((reqd_work_group_size(256, 1, 1)))

blockIdx.x * blockDim.x + threadIdx.Xx;

__kernel void aplusb(__global const float* a, __global__ void aplusb(const float* a,
__9lobal const float* b, const floatx b,
__global floatx ¢, floatx c,
unsigned int n) unsigned int n)
{
const unsigned int index = get_global_id( dimindx: O] const unsigned int index = blockIg
if (index >= n) if (index >= n)
PFELUPn; return;
c[index] = a[index] + b[index]; clindex] = a[index] + b[index]}gg



Mpumep: A + B (N=100.000.000)

NVIDIA
CUDA

__global__ void aplusb(const float* a,
const floatx b,
float*x c,
unsigned int n)

{
const unsigned int index = blockIdx.x * blockDim.x + threadIdx.x;
if (index >= n) WorkGroup = Block ( )
return;
c[index] = a[index] + b[index]; 190



HOST-side (CPU, C++) [Mpumep: A + B (N=100.000.000)

void cuda_aplusb(const gpu::WorkSize &workSize,
const floatx a, const float* b, floatx c, unsigned int n,

cudaStream_t stream) @2 NVIDIA
{ CUDA

const unsigned int blockSize = 256;
const unsigned int gridSize = (n + blockSize - 1) / blockSize;

aplusb<<<gridSize, blockSize, 0, stream>>>(a, b, c, n);
CUDA_CHECK_KERNEL(stream);

'y

__global__ void aplusbiconst floatx a,

const floatx b,
float*x c,
unsigned int n)

{
const unsigned int index = blockIdx.x * blockDim.x + threadIdx.x;
if (index >= n) WorkGroup = Block ( )
return;
c[index] = a[index] + b[index]; 191



HOST-side (CPU, C++) [Mpumep: A + B (N=100.000.000)

void cuda_aplusb(const gpu::WorkSize &workSize,
const floatx a, const float* b, floatx c, unsigned int n,

cudaStream_t stream) @2 NVIDIA
{
const unsigned int blockSize = 256; (:lj[)l\
const unsigned int gridSize = (n + blockSize - 1) / blockSize; A roe 3apaetcs

aplusb<<<gridSize, blockSize, 0, stream>>>(a, b, c, n);
CUDA_CHECK_KERNEL(stream);

pa3smep paboyero

, npocTpaHcTBa?
__global__ void aplusbiconst floatx a,
const floatx b,
float*x c,
unsigned int n)
{
const unsigned int index = blockIdx.x * blockDim.x + threadIdx.x;
if (index >= n) WorkGroup = Block ( )
return;
c[index] = a[index] + b[index]; 192



HOST-side (CPU, C++) [Mpumep: A + B (N=100.000.000)

void cuda_aplusb(const gpu::WorkSize &workSize,
const floatx a, const float* b, floatx c, unsigned int n,

cudaStream_t stream) @2 NVIDIA
{ CUDA

const unsigned int blockSize = 256;
const unsigned int gridSize = (n + blockSize - 1) / blockSize; A roe 3agaeTcs

‘ZEEZSE;E 0, stream>>>(a, b, c, n); pasmep pa6oqero
) ' npocTpaHcTBa?

'y

__global__ void aplusbiconst floatx a,

const floatx b,
float*x c,
unsigned int n)

const unsigned int index = blockIdx.x * blockDim.x + threadIdx.x;

if (index >= n) WorkGroup = Block ( )

return;

c[index] = a[index] + b[index]; 193



#version 450

Mpumep: A + B (N=100.000.000)

#include <libgpu/vulkan/vk/common.vk> GLSL (Graphics Library Shading Language)
layout (std430, binding = 0) readonly buffer AsIn { uvint as[]; }; ‘ Vul\i(an

layout (std430, binding
layout (std430, binding

1) readonly buffer BsIn { uint bs[]; };
2) writeonly buffer CsOut { vint cs[]; };

layout (push_constant) uniform PushConstants {
vuint n;
} params;

layout (local_size_x = 256) in;

void main()

{

const vint index =|gl_GlobalInvocationID.x
if (index >= params.n)

return;

cs[index] = as[index] + bs[index]; 194



__kernel void aplusb_matrix(__global const uintx a,
__global const uintx b,

__global vintx ¢;
unsigned int width,
unsigned int height)

const unsigned int index = get_global_id(0);

for (int k = 0; k < width; ++k) {
C = A B

unsigned int col = k;

unsigned int row = index;
clrow * width + col] = a[row * width + col]
+ b[row * width + coll];

} 195



__kernel void aplusb_matrix(__global const uintx a,
__global const uintx b,

__global vintx ¢;
unsigned int width,
unsigned int height)

const unsigned int index = get_global_id(0); col
—_—

for (int k = 0; [K < width;] ++k) { =
unsigned int[col]= k; C _— A I B
unsigned int|row| = index;

c[row * width + col] = al[row * width + col]
+ b[row * width + coll];

} 196



__kernel void aplusb_matrix(__global const uintx a,
__global const uintx b,

__global vintx ¢;
unsigned int width,
unsigned int height)

const unsigned int index = get_global_id(0); col
—_—

for (int k = 0; [K < width;] ++k) { -
unsigned int= K: C o A + B
unsigned int|row| = index;
clrow * width + col] = a[row * width + col]

+ b[row * width + coll];
F coalesced memory access?

} 197




__kernel void aplusb_matrix(__global const uintx a,
__global const uintx b,

__global vintx ¢;
unsigned int width,
unsigned int height)

Kak Bbirnaant warp?
const unsigned int index = get_global_id(0); col

A4 B

for (int k = 0; [K < width;] ++k) {
unsigned int= K:; C
unsigned int|row| = index;
clrow * width + col] = a[row * width + col]
+ b[row * width + coll];
F coalesced memory access?

} 108




__kernel void aplusb_matrix(__global const uintx a,
__global const uintx b,

__global vintx ¢;
unsigned int width,
unsigned int height)

Kak BbirnsaauTt warp?

const unsigned int index = get_global_id(0); col
—_—
for (int k = 0; [K < width;] ++k) { C - B
unsigned int[col]= k; _— I
unsigned int|row| = index;

clrow * width + col] = a[row * width + col]
+ b[row * width + coll];
F coalesced memory access?

} 199



__kernel void aplusb_matrix(__global const uintx a,
__global const uintx b,
__global uint* c,

unsigned int width,

unsigned int height)
HE coalesced memory access!!!

const unsigned int index = get_global_id(0); col
—_—
for (int k = 0; [K < width;] ++k) { C - B
unsigned int[col]= k; _— I
unsigned int|row| = index;

c[row * width + col] = al[row * width + col]
+ b[row * width + coll];

} 200



__kernel void aplusb_matrix(__global const uint* a,

__global const uintx b,

__global vintx c,
unsigned int width,
unsigned int height)

const unsigned int index = get_global_id(0); col
—_—

for (int k = 0; Kk < height|, ++k) { -
unsigned int= index; C _— A + B

unsigned int row = K;
clrow * width + col] = al[row * width + col]
+ b[row * width + col];

} 201



__kernel void aplusb_matrix(__global const uint* a,

__global const uintx b,

__global vintx c,
unsigned int width,
unsigned int height)

const unsigned int index = get_global_id(0); col
—_—

for (int k = 0; Kk < height|, ++k) { -
unsigned int= index; C _— A + B

unsigned int row = K;
clrow * width + col] = al[row * width + col]
+ b[row * width + col];

} coalesced memory access?

} 202




__kernel void aplusb_matrix(__global const uint* a,
__global const uintx b,

__global vintx c,
unsigned int width,
unsigned int height)

Kak Bbirnaant warp?
const unsigned int index = get_global_id(0); col

A4 B

for (int k = 0; |k < height| ++k) {
unsigned int= index; C
unsigned int row = K;
clrow * width + col] = al[row * width + col]
+ b[row * width + col];
} coalesced memory access?

} 203




__kernel void aplusb_matrix(__global const uint* a,
__global const uintx b,
__global Uintx ¢,

unsigned int width,

unsigned int height)

Kak BbirnsaauTt warp?

const unsigned int index = get_global_id(0);

for (int k = 0; |k < height| ++k) {
unsigned int= index; C
unsigned int row = K;
clrow * width + col] = al[row * width + col]
+ b[row * width + col]

col
—_—

-
I

} coalesced memory access?

4

B

204



__kernel void aplusb_matrix(__global const uint* a,
__global const uintx b,

__global vintx c,
unsigned int width,
unsigned int height)

coalesced memory access!!!
const unsigned int index = get_global_id(0); col

A4 B

for (int k = 0; |k < height| ++k) {
unsigned int= index; C
unsigned int row = K;
clrow * width + col] = al[row * width + col]
+ b[row * width + col];

} 205
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