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[1naH nekumm

BbluucneHus:

Shared instruction pointer, code divergence

Pabota ¢ namsaTb10:

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

O6wasn kaptnHa 3BM-apxutektypsbl: CPU - RAM - PCI-E - VRAM - GPU
Mopaenb BbIYUCIEHM MacCOBOro napansnennama

NMpodunupoBaHue n ontumnsauma GPGPU-anroputma

NMpumepsbl: A+B, makcumym no maccusy, merge-sort

MaTtpuubl: TpaHCNOHMPOBaHWE, YMHOXEHME, tensor cores, DeepSeek

Ray Tracing: real-time BVH, ray tracing cores

BbiBoabl: Kakne anroputmbl yckopstotea Ha GPU? OpenCL, CUDA vnn Vulkan?



[ naBa 1: BbiuncneHms

shared instruction pointer, code divergence



ApXUTeKTypa

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

CPU




ApXUTeKTypa

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

CPU

100-10'2 FLOPS (x1000 pa3 6onblue)

GPU



ApXUTeKTypa

100-10° FLOPS
0000

CPU

40 GB/s memory bandwidth

100-10'2 FLOPS (x1000 pa3 6onblue)

1000 GB/s (x25 pa3 6onbLue)

GPU



ApXUTeKTypa

100-10° FLOPS
0000

CPU

100-10"2 FLOPS

GPU !



ApXnTekTypa

100-10° FLOPS
0000

Marno saep, Ho oH MOLUHbIE (- -

CPU

100-10"2 FLOPS




ApXUTeKTypa

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




ApXI/ITeKTypa 32 cnabbix MeaneHHbIX

CUDA anep

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

SM - Streaming Multiprocessor

Rogister File (16,384 x 32.51)

[ Warp Scheduier + Dispaich 02 teaasrtty

Register File (16,384 x 32.5)

FP32 FP32 TENSOR
+ CORE

SFU

Register File (16,384 x 32-5i%)

FP32 TENSOR
CORE




SM - Streaming Multiprocessor

SM

[ WWarp Schoduler + Dispach B2 veadcl) | [ Warp Scheduier « Dispaich 07 tveadtt)

ApXI/ITeKTypa 32 cnabblx MeasieHHbIX -

CUDA anep

FP32 FP32 TENSOR

Kak ymectnts ThICAYUN anep? B .
Ha CPU Begb 370 NOYEMY-TO HEBO3MOXHO! |l e

Register File (16,384 x 32.5i) Register File (16,384 x 32-5%)

FP32 TENSOR

wmcoccsrnn e (e e . LT




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

int warpThreadID = threadIdx.x % 32;

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

result = dataA[warpThreadID];
} else {
result = dataB[warpThreadID];

0 PeaiyL
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Z pealy[
€ pealyL
¥ PeaiyL

0€ PealyL

1€ pealyL

L pealylL
8¢ Pealyl
6¢ PEdIYL

YYVYVYYYY YYVYVVYYY

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];

0 PeaiyL
WEE
Z PEalyL
€ pealyL
¥ PeaiyL

0€ PealyL
1€ pealyL

JZ Pealy]
8¢ Peal ]
6¢ Pealy L

YYVYVVYYY

OpauH Instruction pointer
Ha BCe NOTOKK warp-a!

15



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) { I Ha BCe MoTokn warp-a!
result = dataA[warpThreadID];
} else {
result = dataB[warpThreadID]; 16



ApXUTeKTypa

0 PeaiyL
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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]; 17



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]; 18



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]; 19




ApXUTeKTypa

0 pealyL
R
€ pealyL
b pealyL

/2 pealy

8¢ peall]

6¢ Peal ]
0€ peaiyL
1€ pealyL

“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]; Bbixoaut 3angem B obe BeTkwm if-a? 20
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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] o1



ApXUTeKTypa

0 pealyL
| peaiyL
Z pealy]

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

result
} else {

€ pealyL
b pealyL

1nt war‘adID = threadIdx.x % 32; v v v v v v v

/2 pealy
8¢ peall]
6¢ Pealy]

0€ pealylL

L€ pealyl

YYVYVVYYY

OpauH Instruction pointer

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

result

dataB[warpThreadID]; // exec mask: [

22



ApXUTeKTypa

0 PeaiyL
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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: [-+-+ -+-+ -+-+ -+-+ -+-+ -+-+ -+-+ -+-+] 23



ApXUTeKTypa

if (predicatel) {
if (predicate2) {
if (predicate3) {

// Al el =l = = = =l =l =l =N

2 12 12 1= 17 2 12 12 |12 15

} else { d I3 |3 |3 |o 3o |0 |8 |o

AV [AVIR TR JOVRR [oV) AV (VIR [VI JAVRR [oV)

// A2 (o) (o) [Ny [oNy [oF (o (o)) [Ny [o Ny [oX

O = IN W I NN IN W W

} N |o Jo O |-

} elif (predicates4) { YVYVYVYYYY VVVVVVV
// A3 OawuH Instruction pointer
} Ha BCce NoToku warp-a!

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

24



ApXUTeKTypa

if (predicatel) {
if (predicate2) {
if (predicate3) {

// Al =22 = 1= =l =0 =l =l

o 10 15 1D 10 o0 10 10 10 |15

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

QO O JoO O o QO JoO O O O

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

O = IN Jw I NN IN W Jw

} ~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?
// A4 A1+ A2 + A3 + A4 npu code divergence -



ApXUTeKTypa

RECURSION
RECURSION
RECURSION
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RECURSION
ricorsion — DAAASAANRAALAALA

OpauH Instruction pointer
Ha BCe NOTOKK warp-a!

Here we go again

CkonbKo “BpemMeHun” byaoeTt paboTaTtb 4OCTAaTOYHO rnMybokasi pekypcusa?
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ApXUTeKTypa

RECURSION
RECURSION
RECURSION

RECURSION

Here we go again

RECURSION

Here we go again
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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




ApXUTeKTypa
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ApXUTeKTypa

MamaTtb - Manas nponyckHasi cCnocobHOCTb
HU3KAA LATENCY &

CPU

1000
0000
)
W
~~
w
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ApXUTeKTypa

wepsesasnamenes



Apxuntektypa CPU: MHOronoTo4HOCTb

CPU

core

Z pealy|=

MHOronoTo4YHOCTb 6naro,u,ap;| nepeKkn4YeHnto KoHTekcTal

| peai] e
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Apxuntektypa CPU: MHOronoTo4HOCTb
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Apxuntektypa CPU: MHOronoTo4HOCTb

CPU

core

| peai] e
Z pealy =

MHOronoTo4YHOCTb 6naro,u,ap;| nepeKkn4YeHnto KoHTekcTal

Context switch:
- O6HoBnseT Instruction pointer (ykasaTenb Ha CTPOKY Koda)
- MNoarpyxaeT 3Ha4YeHnsa perncTpoB npoueccopa (oTkyaa?)

34



Apxutektypa CPU: Hyper-Threading, SMT

— RAM - DDR5
d cpu E =Y
= = ;
8 !|. .—I
- |3 [AY - Arithmetic Logical Unit
A |1
— N
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Apxutektypa CPU: Hyper-Threading, SMT

— RAM - DDR5
d cpu E =Y
= = ;
8 !|. .—I
- |3 [AY - Arithmetic Logical Unit
A |1
— N

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

0008 RAM - DDR5

W

| peai] e

Thread 1 orpaboTtaet 6bicTpee! |
Latency I MHOro 6orblle YeM VY [

&
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Apxutektypa CPU: Hyper-Threading, SMT

0000 RAM - DDR5

Kakoe cymmapHoe BpemMsa paboTbl ABYX TakMX NMOTOKOB?
; 38




Apxutektypa CPU: Hyper-Threading, SMT

Kakoe cymmapHoe BpemMsa paboTbl ABYX TakMxX MOTOKOB?
O X+ 2X




Apxutektypa CPU: Hyper-Threading, SMT

Kakoe cymmapHoe BpemMsa paboTbl ABYX TakMxX MOTOKOB?
O X+ 2X

MoxkHO nn bbicTpee?
; 40




Apxutektypa CPU: Hyper-Threading, SMT

0|0 0)0
Kakoe cymmapHoe BpemMsa paboTbl ABYX TakMxX MOTOKOB?
O X+ 2X

MoxkHO nn genats B noka Xaem I?

2X[Em+2X
v 41




Apxutektypa CPU: Hyper-Threading, SMT

50008 RAM - DDR5

Kakoe cymmapHoe BpemMsa paboTbl ABYX TakMxX MOTOKOB?
O X+ 2X

MoxkHO nn genats B noka Xaem I?

2 XEm+ 2 X
v 42




Apxutektypa CPU: Hyper-Threading, SMT

0|0 0)0
Kakoe cymmapHoe BpemMsa paboTbl ABYX TakMxX MOTOKOB?
O X+ 2X

MoxkHO nn genats B noka Xaem I?

2X[Em+2X
v 43




Apxutektypa CPU: Hyper-Threading, SMT

0|0 0)0
Kakoe cymmapHoe BpemMsa paboTbl ABYX TakMxX MOTOKOB?
O X+ 2x

Context switch - goporo!
? [onro noarpyxaet pernctpsbl!

enaTtb[Al No
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Apxutektypa CPU: Hyper-Threading, SMT

0000 RAM - DDR5

register file

core

Kakoe cymmapHoe BpEMspaboThl ABYX TakMX MOTOKOB?
OXEmIH2X

[laBanTe gepxaTb ABa
MHOXeCTBa perncrtpos!

MoxkHO nn genartb Al noka >|<L|,e|v|I?

2X[Em+2X I
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Apxutektypa CPU: Hyper-Threading, SMT

50008 RAM - DDR5

register file

core

Kakoe cymmapHoOe BpEMSS
O X+ 2x

A00Tbl ABYX TAKUX NOTOKOB?

[laBanTe gepxaTb ABa
MHOXeCcTBa peructposn!

Mo>xHO v genatb B noka >|<p,e|v|I? 910 n ectb SMT u HT!

2 XEm+ 2 X
v 46




Apxutektypa GPU

CPU

eaesasnamenes



SM - Streaming Multiprocessor

] Warp T T Warp Scheduler « Oispakch 07 Owaadit)

Apxntektypa GPU T —

32 cnabbix MeaneHHbIX
CUDA anep

FP32 FP32 TENSOR
* CORE
INT32

sFU
T [ Warp Schedslet + Dispich 1 Bveast)

Register File (16,384 x 32.5i%)

120KB L1 Data Cache / Shared Memory
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4 5" SM - Streaming Multiprocessor
&8 \ SM
\f ‘,.,\' Warp I War S R BTN | War Sehwday O G0y

Apxutektypa GPU R

32 cnabbix MeaneHHbIX
CUDA anep

FP32

[ Warp Schedoler » Dlipaich 02 Bveadicy | | Warp Schedolel + Dispsich 112 Bwwasioy

Register File (16,384 x 32.5i) Register File (16,384 x 32-5%)

Streaming
Multiprocessor

=2 |
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SM - Streaming Multiprocessor

[ Warp Schoduier « Dispaich 02 twmasuty |

Apxutektypa GPU B s

// / _ , FP32

Register File Trm<BsIcIp I
KOHITIMPOBAHNS Warp-am e

(bbiCcTpBIN “context switch”) el bt

FP32 FP32 TENSOR FP32 FP32 TENSOR

Wwsr et

I
i—L‘ RTCORE——
LS
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SM - Streaming Multiprocessor

[ Warp Schoduier « Dispaich 02 twmasuty |

Apxutektypa GPU B s

32 cnabbix MeaneHHk
CUDA apep

Register File Arm=BsicIp X B) |
KOHITIMPOBAHNS Warp-am e

(bbiCcTpBIN “context switch”) el bt

\

Inactive"warps: gyt Korga | sz
NpuayT AaHHble 13 VRAM o

|
i—L‘ RTCORE——
LS
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SM - Streaming Multiprocessor

[ Warp Schoduier « Dispaich 02 twmasuty |

Rogister File (16,384 x 32.51) Register File (16,384 x 32.5)

FP32

Register File I
XKOHIMNMpOBaHNS W :
(bbiCcTpBIN “context switch”)
\‘Macmwarps: XOYT Koraa
npuayT gaHHble ns VRAM

Active'warps: fJaHHbIe B perncrpax
PaboTaem-pabotaem! &
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SM - Streaming Multiprocessor

Apxutektypa GPU B s

Register File Irs<6 D

XXOHITIMPOBaHUS warp-am e

(bbiCcTpBIN “context switch”) G ottt
Occupancy = HacKomnbKo : m | e _mosor
MHOro 4OCTYMHO warp-0B AS15 ‘ : h

XOHIMNpPOoBaHUA.
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SM - Streaming Multiprocessor

Apxutektypa GPU | | e

// /

Register File Irs<6 D

XXOHIMMPOBaHWs warp-an —— e [

(BbICTpbIN “context switch™) IR ZESSRLY
Occupancy = HacKoInbKo | ma
MHOro JOCTYMNHO warp-oB Ais D\
KOHIMMpPOBaHMA.

Ecnun occupancy BbiCcOKas,
TO YTO?
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SM - Streaming Multiprocessor

Apxutektypa GPU e | [

Register File Trm=GsicIp
XKOHIMNPOBaHNS warp-ami e

(bbiCcTpBIN “context switch”) Gromrr ] bl lninliats

Occupancy = HacKoJsbKO
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 e | [

A nodemy y SM moxeT 6bITb
0

pasHoe uucrio warp-os?  Register File e
= KOHITIMPOBAHWSI Warp-am R e

(bbiCcTpBIN “context switch”) Gromrr ] bl lninliats

Occupancy = HacKoJsbKO
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
KOHTTIVPOBAHWS) Warp-an il AR
(bbiCcTpBIN “context switch”) et | | el e

Registers Pressure!

c I _
[ /geme] \ 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 = Hackonbko
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

—T— RTCORE [ >
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SM - Streaming Multiprocessor

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

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?
CkonbKko notpedyetcs TpaH3akuum n3 VRAM?



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?
CkonbKko notpedyetcs TpaH3akuum n3 VRARM?




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)




[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
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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 bandwidtf)



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 Gonbwe) 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 bandwidtk)



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 - GDDRG6 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

78



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 - GDDRG6 vnn HBM (high bandwidtF)

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 - GDDRG6 vnn HBM (high bandwidth)

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
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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
- 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?
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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 HebonbLas + nokanbHasa ona kaxagoro warp WorkGroup=Block o



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 nNpobrnemsbl ¢ coalesced-naTTepHom

- HO HeOonbLWana +|{noKkanbHas

ons kaxgoro warp WorkGroup=Block

N B aTOM cekpeT ycnexa! Peuent Kk macwtabupyemoctu!



HEEBIBSSEESE
ERERERRNNER

(1] (1
fiisnsssssss

. avon

AMD Ryzen Threadripper 7980X Core-to-Core Latency

CPUS CPUS CPUL0 CPUIL CPUI2 CPUI3 CPU4 CPUIS CPU16 CPU17 CPU1S CPU1S CPL20 CPU21 CPU22 CPU23 CPU24 CPU2S CPU26 CPU27 CPU28 CPU29 CPU30 CPU3L CPU32 CPU33 CPU34 CPU3S CPU36 CPU37 CPU3S CPU3S CPU4O CPUAL CPUA2 CPUA3 CPUAA CPUAS CPU4G CPUAT PU4S CPUSO CPUSL CPUS2 CPUS3 CPUS CPUSS CPUS6 CPUS7 CPUSS CPUSS CPUGO CPUGL CPUE2 CPUG3
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Mopgenb BblYUCNEHUX MAacCOBOro napannenmama

SM - Streaming Multiprocessor
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Mopgenb BblYUCNEHUX MACcCOBOro napannenmama

Workltem = Thread
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\ WorkGroup = Block (256 Workltems)j

WorkRange = Grid
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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?
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Mopgenb BblYUCNEHUX MACcCOBOro napannenmama
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Workltem = Thread

N
| | I

\ WorkGroup = Block (256 Workltems)j

WorkRange = Grid

WorkGroup = Block (256 Workltems) = 8 x Warps (32 threads)
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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?
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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
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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
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- 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?
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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)
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Mopgenb BblYUCNEHUX MACcCOBOro napannenms

Workltem = Thread = |
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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%
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K WorkGroup = Block (256 Workltems)j
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WorkRange = Grid barrier?
WorkGroup = Block (256 Workltems) = 8 x Warps (32 threads)
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- 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
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= -0.009
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(high-precision)

- KOMMYHUUMpytoT Yepe3 VRAM

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

- B pamMKax 0gHOro warp-a mor
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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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Kakas nponopums
ALU:VRAM?

Ecnn ALU:VRAM > 400:1

MHOIO BblumcneHun? (ALU)

1000 GB/s

Ecnn ALU:VRAM < 400:1

MHOIO yutatb+nucatb? (VRAM)
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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 133
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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 134
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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
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 135
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divergence
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B Local Memory

m 136
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Ecrn ALU:VRAM > 400:1 Kakas nponopuus
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Hwuskasa ytunmnsaums ALU
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>70% ALU FLOPs code
divergence
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compute bound

memory bound

NMouemy?
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B Local Memory

(low latency)
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divergence
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B Local Memory
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poctyna coalesced

1000 GB/s
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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 31.08% N
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 4o

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%



0.00 inst

0.00 inst

13527 M inst

508.45 M Inst

0.00 Req

1.05 MReq

0.00 Req

0.00 Req

0.00 Aeq

0.00 Req

507.40 M Req

1.05 MReq

Memory Chart

LI/TEX
Cache

HIt Rate
000%

191 Ti's

101 Tevs

861 GV/s

0,00 8/s

L2 Coacke

Hit Rate
50445

000&/s OO00OB/s

L2 Compression

Rato:
000

0.00E/s

0.00 &/s

18.74 G&/s

55284 Giv's

859 C8/s

0.00 &/s

0.00 &/s

| D&alhmoq System Memory

Poer Memory

% Peak

100%

0%

0%



: ( ‘ B 2- 566- mergeRanksAndindicesKer ¥ ¢ | Clear Baselines ~ Occupancy Calculator £} 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
A _ erateSampleRanksKernel (64, 1, 1)x(256, 1, 1) 26.72us 27,984 0-NVIDIARTX A4500 1.05cycle/ns [762349] CuMergeSort
w GPU Speed Of Light Throughput 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>

147



[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

148



[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 ..

153



[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 QV/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!

1IKan

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];

},

158



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

},

159




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

}
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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

% 162
median RAM bandwidth: |10.2531 |GB/s 6




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

163



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

164



#ifdef __CLION_IDE__

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

#endif

#line 5

7 A
OpenCL

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

__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]; 165



#ifdef __CLION_IDE__

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

#endif

#line 5

75 A
OpenCL

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

__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: O]
if (index >= n)

return;

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

<A NVIDIA
CUDA

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

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

const unsigned int index = blockli
it (index »= n)
return;

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



Mpumep: A + B (N=100.000.000)

NVIDIA
CUDA

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

const unsigned int index = blockIdx.x * blockDim.x + threadIdx.x;
if (index »>= n)

return;

c[index] = a[index] + b[index]; 167



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) 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);

g

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

const unsigned int index = blockIdx.x * blockDim.x + threadIdx.x;
if (index »>= n)

return;

c[index] = a[index] + b[index]; 168



#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.Xx;
if (index >= params.n)
return;

cs[index] = as[index] + bs[index]; 169



[lpmep: MmakcumMmym No MaccuBy

I E CPU Intel 13700K| {6®=| GPU NVIDIA RTX 4090

max = -FLT_MAX;
for (size_t i =0; i < n; ++1) {
max = std::max(max, as[i]);

hy

170




[Tpmep: MmakcumMym no mMaccuey

Tl
d J—

: E CPU Intel 13700K] {@9=| GPU NVIDIA RTX 4090

max = -FLT_MAX; K
for (sizet i = 0: i <n: ++1) { | K@K 3TO peanunsosaTb B MOAENN MacCoBOro

max = std::max(max, as[i]); napannenmma?
;3
Kakoun pasmep pabouyero npoctpaHcTea?

UTto genaet kaxabln noTok (work item)?
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£ CPU Intel 13700K

max

for

hy

= -FLT_MAX;
(size t 1 = @ 1 < ny ++1) {
max = std::max(max, as[i]);

[ —_

| S— ) )

[Tpmep: MmakcumMym no mMaccuey

GPU NVIDIA RTX 4090

N

WorkGroup = Block (

)/

N

WorkRange = Grid

172



£ CPU Intel 13700K

max

for

hy

= -FLT_MAX;
(size t i = 8 1 < ny +41) {
max = std::max(max, as[i]);

|

[Tpmep: MmakcumMym no mMaccuey

g

=—| GPU NVIDIA RTX 4090

0

| — )

I I I |
WorkGroup = Block ( )

WorkGroup obpe4yeH cunTbiBaTb Kak MUHUMYM 32
anemeHTta nogpaa. Noyemy?
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[Tpmep: MmakcumMym no mMaccuey

I E CPU Intel 13700K| {6®=| GPU NVIDIA RTX 4090

max = -FLT_MAX;

for (size_t i = 0; i < n; ++i) { 0 n >
max = std::max(max, as[i]); I I I | |

4 WorkGroup = Block ( )

WorkGroup obpe4yeH cunTbiBaTb Kak MUHUMYM 32
anemMeHTa noapsaa pagu coalesced access pattern.

Yto oyanem genatb B WorkGroup?
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[Tpmep: MmakcumMym no mMaccuey

I E CPU Intel 13700K| {6®=| GPU NVIDIA RTX 4090
max = -FLT_MAX;

R 0 n
for (size_t i = 0; i < n; ++i) { >
max = std::max(max, as[i]); I I E | |

J max

175




[Tpmep: MmakcumMym no mMaccuey

Lilils
i [ CPU Intel 13700K 1§9=| GPU NVIDIA RTX 4090
OO —
max = -FLT_MAX; O
for (size_t i = 0; i < n; ++i) { n >
max = std::max(max, as[i]); C N N N -
} Y Y Y Y Y Y
max max mMax Mmax Mmax Max

peaykumsa (reduce, reduction)

176




£ CPU Intel 13700K

max

for

},

= -FLT_MAX;
(size t 1 = @ 1 < ny ++1) {
max = std::max(max, as[i]);

[lpnmep: makcMmMymM No MaccuBy

1@9==| GPU NVIDIA RTX 4090

0

b Y Y Y Y Y Y
max max max max max max

0 m = ???
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£ CPU Intel 13700K

max

for

}

= -FLT_MAX;
(size t 1 = @ 1 < ny ++1) {
max = std::max(max, as[i]);

[

[lpnmep: makcMmMymM No MaccuBy

=—| GPU NVIDIA RTX 4090

—Jud

0 n
\_ . 1 i . . J
Y Y Y Y Y Y
max max max max max max
0

m=n | 256 (oKkpyrrneHue Beepx)
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[lpnmep: makcMmMymM No MaccuBy

z E CPU Intel 13700K| {€9=| GPU NVIDIA RTX 4090
llllll C— bl
max = -FLT_MAX;
for (size_t i = 0; i < n; ++i) { 0 n >
max = std::max(max, as[il); C N Fl N N y
3 Y Y Y Y Y Y
max max max max max Mmax
0 m = n /256 (okpyrneHe BBepx)
- A p,
Y Y

179




[lpnmep: makcMmMymM No MaccuBy

1= C —
i [ CPU Intel 13700K] & ==| GPU NVIDIA RTX 4090
IIIIII C— bl
max = -FLT_MAX; O
for (size_t i = 0; i < n; ++i) { n >
max = std::max(max, as[i]); Fl
N PN A A Y,
1 Y Y Y Y Y Y
max Mmax Mmax Max Max Max
0 m = n /256 (okpyrneHe BBepx)
G N\, J
Y Y
max Mmax
1 yuncro

[] - oTBeT
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[lpnmep: makcMmMymM No MaccuBy

||||||_ —
i [ CPU Intel 13700K 1&®=| GPU NVIDIA RTX 4090
llllll C— bl
max = -FLT_MAX;
for (size_t i = 0; i < n; ++i) { 0 n >
max = std::max(max, as[i]); N N Fl N N v
3 Y Y Y Y Y Y
max max Mmax Mmax Mmax Mmax
0 m = n /256 (okpyrneHe BBepx)
N N y,
Y Y
Mmax Mmax

Bce nn ocobeHHOCTU Mbl 0bcyannn?
1 4yncno

[] - oTBeT
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// YTeHue OaHHbIX

if (global_id < params.n) { [lpmep: MmakcumMym Nno MaccuBy

local_data[local_id] = a[global_id]; h
\
}else { Vulikan

// Ecnu pasmep BX00H020 MAcCCUBO He KpaTeH paboyel apynne
// To npowe noTokaMm 3a npedenaMu MaccusBad MOOCYHYTh

// HelTpanbHeili aneMeHT (C TOYKU 3peHuss mouckd Makcumyma)
local_data[local_id] = -FLT_MAX;

1) 'py3um 256 anemeHT B local memory
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// HelTpanbHeili aneMeHT (C TOYKU 3peHuss mouckd Makcumyma)
local_data[local_id] = -FLT_MAX;

// MacTep MoTOK uwWeT MAKCUMYM U 3AMUCLIBAET B BbIX0O
if (local_id == 0) {
float max_val = local_data[0];

for (uint i = 1; i < group_size; ++i) { 1) I'py3um 256 anemeHT B local memory
if: (Togel datalll > max val) f 2) MacTep-noToK rpynnbl ULWET max

max_val = local_datal[i];
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if (global_id < params.n) { [lpmep: MmakcumMym Nno MaccuBy
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local_data[local_id] = -FLT_MAX;
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if (local_id == 0) {
float max_val = local_data[0];

for (uint i = 1; i < group_size; ++i) { 1) I'py3um 256 anemeHT B local memory
Hft (Losel datalil > mexyai) d 2) MacTtep-noTokK rpynmnbl UWeT max
: B e = e HEtRL 3) MacTep-noToK rpynmbl NULLET max

}
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if (global_id < params.n) { [lpmep: MmakcumMym Nno MaccuBy
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// HelTpanbHeili aneMeHT (C TOYKU 3peHuss mouckd Makcumyma)
local_data[local_id] = -FLT_MAX;

// MacTep MoTOK uwWeT MAKCUMYM U 3AMUCLIBAET B BbIX0O
if (local_id == 0) {
float max_val = local_data[0];

for (uint i = 1; i < group_size; ++i) { 1) I'py3nm 256 anemeHT B local memory
Hft (Losel datalil > mexyai) d 2) MacTep-noToK rpynnbl UWET max
} Ry el = oo Unem Ll 3) MacTep-noToK rpynnbl IULeT max

h Het nu 6arn?
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local_data[local_id] = a[global_id]; h
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// TO npowe noTokaMm 3a npedenaMu MaccusBd MOOCYHYTh

// HelTpanbHeili anemeHT (C TOYKU 3peHuss mouckd Makcumyma)
local_data[local_id] = -FLT_MAX;

// Bapbep 9ns cuHxpoHu3auuu Bcel paboyel 2pymnmsl
barrier();

// MacTep MOTOK uwWeT MAKCUMYM U 3AMUCLIBAET B BbIX0O
if (local_id == 0) {
float max_val = local_data[0];

for (uint i = 1; i < group_size; ++i) { 1) I'py3um 256 anemeHT B local memory
if (local_datal[i] > max_v?l) { 2) MaCTep-I'IOTOK rpynnbl UWET max
: B e = e mEtRL 3) MacTep-noToK rpynmbl NULLET max

}
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// YTeHue OaHHbIX

if (global_id < params.n) { [lpmep: MmakcumMym Nno MaccuBy

local_data[local_id] = a[global_id]; h
\
}else { Vulikan

// Ecnu pasmep BX00H020 MAccCuBd He KpaTeH paboyel apynne
// TO npowe noTokaMm 3a npedenaMu MaccusBd MOOCYHYTh

// HelTpanbHeili anemeHT (C TOYKU 3peHuss mouckd Makcumyma)
local_data[local_id] = -FLT_MAX;

// bapbep dns cuHxpoHu3ayuu Bcel paboyel apynmnsl

barrier();

// MacTep MOTOK uwWeT MAKCUMYM U 3AMUCLIBAET B BbIX0O
if (local_id == 0) {
float max_val = local_data[0];

for (uint i = 1; i < group_size; ++i) { 1) I'py3um 256 anemeHT B local memory
if (local_data[i] > max_v?l) { 2) MaCTep-I'IOTOK rpynmnbl UWET max
} W el = e pate [ 3) MacTtep-noTokK rpynnbl NULWeT max
y 4) CuHxpoHunsaums 3anyckamm kernel-os
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Massively Parallel Multiview Stereopsis by Surface Normal Diffusion

Silvano Galliani

Katrin Lasinger

Konrad Schindler

Photogrammetry and Remote Sensing, ETH Zurich

Abstract

We present a new, massively parallel method for high-
quality multiview matching. Our work builds on the Patch-
match idea: starting from randomly generated 3D planes
in scene space, the best-fitting planes are iteratively propa-
gated and refined to obtain a 3D depth and normal field per
view, such that a robust photo-consistency measure over all
images is maximized. Our main novelties are on the one
hand to formulate Patchmatch in scene space, which makes
it possible to aggregate image similarity across multiple
views and obtain more accurate depth maps. And on the
other hand a modified, diffusion-like propagation scheme
that can be massively parallelized and delivers dense mul-
tiview correspondence over ten 1.9-Megapixel images in
3 seconds, on a consumer-grade GPU. Our method uses
a slanted support window and thus has no fronto-parallel
bias; it is completely local and parallel, such that compu-
tation time scales linearly with image size, and inversely
proportional to the number of parallel threads. Further-

Figure 1: Results on one of the 80 evaluated objects on
the DTU benchmark [22]. Top left: Ground truth point
cloud; fop right: reconstructed point cloud with texture;
bottom left: color-coded surface normals; bottom right: re-
constructed surface.
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[ naBa 7: MaTtpuubl

TpaHCMOHMPOBaHNe, yMHoXeHue, tensor cores, DeepSeek



TpaHcnoHMpoBaHWe MaTpuLbl

2

4

-1

-10

11

18

-7

6

Kak aTo peanu3oBaTtb B MOAENN MaccoBOro napannenmama?

Kakon pa3smep paboyero npoctpaHcTBa?

—

2

-10

18

-1

11

6

UTto penaet kaxabl noTok (work item)?
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TpaHCI'IOHI/IpOBaHI/Ie MaTpUuLbl
Workltem = Thread

0 N X
UTto penaet kaxabln notok (Workltem)?
WorkGroup = Block (16x16 Workltems)
M
. J
yy

N
WorkRange = Grid (1D, 2D, 3D) 239



TpaHcnoHnpoBaHue MaTpuubl (coalesced memory access)

0 N X
>

coalesced nvi natTepH YTeHns?

WorkGroup = Block ( )

\ J
N
WorkRange = Grid (1D, 2D, 3D) 240




TpaHcnoHnpoBaHue MaTpuubl (coalesced memory access)

0 N X
>

coalesced nvi natTepH YTeHns?
KaK BbIFMSANT Bblknagka warp?

—~warp = 32 = 16+16

WorkGroup = Block (

yy Y
WorkRange = Grid (1D, 2D, 3D)




TpaHcnoHnpoBaHue MaTpuubl (coalesced memory access)

Workltem = Thread
N X
>

/ WorkGroup = Block (16x16 Workltems)

warp = 32 = 16+16
KaK BbIrMAauT nNaTtTepH 3anucu?
coalesced nv natTepH 3anucun?

N~ J
N
WorkRange = Grid (1D, 2D, 3D) 242




TpaHcnoHnpoBaHue MaTpuubl (coalesced memory access)

Workltem = Thread
N X
>

/ WorkGroup = Block (16x16 Workltems)

warp = 32 = 16+16
KaK BbIrMAauT nNaTtTepH 3anucu?
coalesced nv natTepH 3anucun?

\ J
N
WorkRange = Grid (1D, 2D, 3D) 243




TpaHcnoHnpoBaHue MaTpuubl (coalesced memory access)

N

X

WorkGroup = Block ( )

~
WorkRange = Grid (1D, 2D, 3D)

>

MoxxeM N Mbl UCNPaBUTb 3TO NOMEHSIB
BblKNagky warp-a?




TpaHcnoHnpoBaHue MaTpuubl (coalesced memory access)

0 N X

>

MoxeMm nm Mol NcnpaBnTb 3T10?

WorkGroup = Block ( )

yy Y
WorkRange = Grid (1D, 2D, 3D)




(/a o
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5000 GB/s
low latency
N X no ‘cache lines’
| | | >

TpaHcnoHnpoBaHue MmaTpuubl (coalesced)

HEN
' i Local Memory

WorkGroup = Block ( ) m

~
WorkRange = Grid (1D, 2D, 3D)
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[
Q
<)) o

l

Local Memory

TpaHcnoHnpoBaHue MmaTpuubl (coalesced)
5000 GB/s
low latency

0 N X no ‘cache lines’
| | | | ’

memory barrler

WorkGroup = Block ( )
= oTKyAa?
.'coalesced WRIT
M
_
yvy Y

WorkRange = Grid (1D, 2D, 3D)



é(f‘ 8

) o

5000 GB/s
low latency
0 N no ‘cache lines’

| | |
i Local Memory

TpaHcnoHnpoBaHue MmaTpuubl (coalesced)

WorkGroup = Block ( ) memory barrier m

'coalesced WRITE .

Y
WorkRange = Grid (1D, 2D, 3D)



YMHOXeHue matpuu

r-N'
K K

" Al P
v\

N
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YMHOXeHue matpuu

CKOmnbKO Yy Hac BbIYUCITIEHUIN?
CKOMbKO Yy Hac YTeHun/3annucen gaHHbIX?

Kakas nponopunsa?




YMHOXeHue matpuu

CKOnbKO Yy Hac BblMUCMIEHWIA?
O(NIIMIK)

CKOMNbKO Yy Hac YTeHu/3annucen gaHHbIX?
O(NOMLIK)

Kakas nponopunsa?




YMHOXeHue matpuu

CKONbKO Yy HacC BbI4UCIIEHNIA?

O(NLMLIK)
CKOMNbKO Yy Hac YTeHu/3annucen gaHHbIX? /\/
O(NOMLIK) T
Kakas nponopumna? K
1:1 . ,A; &
A4

CAE’M

Kak YBEJIUHNTD 06beM BbIYUCIIEHUN HA CYUTAHHbIN BaAUT?




YMHOXeHne matpul
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YMHOXeHne matpul
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YMHOXeHue matpuu

Local Memory PR N ............................. .

3a CYET Yero 3TO YCKOpSEeT?

255



YMHOXeHue matpuu

CKOmnbKO Yy Hac BbIYUCITIEHUIN? N
Local Memory

CKOnbKO y Hac YteHun/3anncen?

Kakas nponopumna?

I'Iepewcnonb3OBaHV|e OaHHbIX:

3@=EXE+EXE
32

256



YMHOXeHue matpuu

CKOsbKO y Hac BbIMUCNEHNIN? N
O(NLMIK) Local Memory

CKOmnbKO y Hac YteHun/3anncen?
O(NOMOK/

Kakas npoq%)pu,vm?
32:1

I'Iepewcnonb3OBaHV|e OaHHbIX:

3@=ﬂXlﬂ+EXE
32

257



YMHOXeHue matpuu

kernels
50k

40k

30k

GFLOPS/s

20k

HepaBHas 6uTBa 3a ruradnonckl Npu yMHOXEHUM MaTpuL 10K
(xopoLlo onucaHHas aHanuMTuKa, NpodUIMpoBaHne, ONTUMN3aLUS): kemell kernel2

0

Kernel 1 Kernel 2 Kernel 3 ela Kernel 5 Kernel 6 Kernel 7 Kernel 8

- AMD RDNAS - https://seb-v.qithub.io/optimization/update/2025/01/20/Fast-GPU-Matrix«4nultiplication.html
- NVIDIA Kepler - https://cnugteren.github.io/tutorial/pages/page15.html
- https://siboehm.com/articles/22/CUDA-MMM
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https://seb-v.github.io/optimization/update/2025/01/20/Fast-GPU-Matrix-multiplication.html
https://cnugteren.github.io/tutorial/pages/page15.html
https://siboehm.com/articles/22/CUDA-MMM

YMHOXeHue matpuu
Tensor Cores

VRAM FP 32 FP 16 FP 16 (tensor)
TB/s TFlops TFlops TFlops
RTX 3090 0.93 29 29 142
RTX 4090 1.00 73 73 330
RTX 5090 1.79 105 105 419
Tesla H100 3.35 67 268 (4:1) 990 (16:1)
K

[ Warp Scheduier « Dispaich Q2 tvaadd 1

Register File (16,384 x 32.5)

FP32 FP32 TENSOR
* CORE
INT32

il SfU

T [ Warp Schedolet + Dispich 02 veastny

Register File (16,184 x 32-8i%)

FP32 FP32 TENSOR
CORE

+
INT32




YMHOXeHue matpuu
TenSOr Core S el | e

FP32 FP32 TENSOR
+ CORE

D =

SFU

[ Warp Schedolet s Dispaich 2 Bweasthy

Register File (16,384 x 32:5i%)

FP16 or FP32

FP16 or FP32

FP32 TENSOR
CORE




YMHOXeHue matpuu

Tensor Cores

D =

FP16 or FP32

D =

FP16 or FP32

( Ao Ao Ao,

Ao Ay A

Avg| | Ay | (AL

\ A15,0 A'15,l A15,..
FP16

|

!

Bis,1 B15,., 515,15
FP16

FP16 or FP32

16x16

Cis0 Cisn Cis,.
FP16 or FP32

[ Warp Scheduier « Oispaich 02 tveadi &)

Register File (16,384 x 32.5)

FP32 FP32 TENSOR
* CORE

SFU

[ Warp Schedolel + Dispich 02 veastny

Register File (16,384 x 32-5%)

FP32 FP32 TENSOR
* CORE
INT32




69 // Performs an MxNxK GEMM (C=alpha*A*B + beta*C)

75 _ global__ void wmma_example(half *a, half *b, float *c, int M, int N, int K, float alpha, float beta) {

C = ocAg+);C
N

K
2 K

N
Mi. ©

262
https://qithub.com/NVIDIA-developer-blog/code-samples/blob/master/posts/tensor-cores/simpleTensorCore GEMM.cu



https://github.com/NVIDIA-developer-blog/code-samples/blob/master/posts/tensor-cores/simpleTensorCoreGEMM.cu

69

75

85
86
87
88
89

// Performs an MxNxK GEMM (C=alpha*A*B + beta*C)

_global__ void wmma_example(half *a, half *b, float *c, int M, int N, int K, float alpha, float beta) {

// Declare the fragments

wmma::

wmma: :

wmma: :

wmma: :

fragmentkwmma: :accumulator, WMMA_M, WMMA_N, WMMA_K, float> acc_frag;

fragmentkwmma: :accumulator, WMMA_M, WMMA_N, WMMA_K, float> c_frag;

fragmentkwmma: :matrix_a, WMMA_M, WMMA_N, WMMA_K, half, wmma::col_major> a_frag; — X 1L— t
fragmentkwmma: :matrix_b, WMMA_M, WMMA_N, WMMA_K, half, wmma::col_major> b_frag; <><£'

OG6wume Ha Becb warp 16x16 pparmeHTbl MaTpuL,
WMMA = Warp Matrix Multiply-Accumulate e

K K

S,

N
]

https://qithub.com/NVIDIA-developer-blog/code-samples/blob/master/posts/tensor-cores/simpleTensorCore GEMM.cu



https://github.com/NVIDIA-developer-blog/code-samples/blob/master/posts/tensor-cores/simpleTensorCoreGEMM.cu

69

75

85
86
87
88
89

91

// Performs an MxNxK GEMM (C=alpha*A*B + beta*C)

_ global__ void wmma_example(half *a, half *b, float *c, int M, int N, int K, float alpha, float beta) {

// Declare the fragments

wmma::

wmma:

wmma:

wmma:

wmma:

fragment<wmma: :matrix_a, WMMA_M, WMMA_N, WMMA_K, half, wmma::col_major> a_frag;

:fragment<wmma: :matrix_b, WMMA_M, WMMA_N, WMMA_K, half, wmma::col_major> b_frag;
:fragment<wmma: :accumulator, WMMA_M, WMMA_N, WMMA_K, float> acc_frag;
:fragment<wmma::accumulator, WMMA_M, WMMA_N, WMMA_K, float> c_frag;

:fill_fragment(acc_frag, 0.0f); 1 6X1 6

acc_frog

C = ocAgf—);C
N

K

A

2 K

|

N
]

https://qithub.com/NVIDIA-developer-blog/code-samples/blob/master/posts/tensor-cores/simpleTensorCore GEMM.cu



https://github.com/NVIDIA-developer-blog/code-samples/blob/master/posts/tensor-cores/simpleTensorCoreGEMM.cu

69

75

85
86
87
88
89

91

94
95
96
97
98
99
100
101
102
103
104
105

// Performs an MxNxK GEMM (C=alpha*A*B + beta*C)

_ global__ void wmma_example(half *a, half *b, float *c, int M, int N, int K, float alpha, float beta) {

(= ocAg+);C
N

// Declare the fragments

wmma: : fragment<wmma: :matrix_a, WMMA_M, WMMA_N, WMMA_K, half, wmma::col_major> a_frag;
wmma: : fragment<wmma: :matrix_b, WMMA_M, WMMA_N, WMMA_K, half, wmma::col_major> b_frag;
wmma: : fragment<wmma: :accumulator, WMMA_M, WMMA_N, WMMA_K, float> acc_frag;

wmma: : fragment<wmma: :accumulator, WMMA_M, WMMA_N, WMMA_K, float> c_frag;

wmma: :fill_ fragment(acc_frag, 0.0f); 1 ES)(1 ES

| for (int i =0; i < K; i += WMMA K) {zl acc_-(‘fa}

int aRow = warpM * WMMA_M;
int aCol i

1;

int bRow = i;
int bCol = warpN * WMMA_N;

// Bounds checking
if (aRow < M && aCol < K && bRow < K && bCol < N) {
// Load the inputs
wmma: :load_matrix_sync(a_frag, a + aRow + aCol * lda, 1lda);

wmma: :load_matrix_sync(b_frag, b + bRow + bCol * 1db, 1ldb);

ga—

b

| —

K

i
v
i

N
e |

https://qithub.com/NVIDIA-developer-blog/code-samples/blob/master/posts/tensor-cores/simpleTensorCore GEMM.cu



https://github.com/NVIDIA-developer-blog/code-samples/blob/master/posts/tensor-cores/simpleTensorCoreGEMM.cu

69 // Performs an MxNxK GEMM (C=alpha*A*B + beta*C)

75 _ global__ void wmma_example(half *a, half *b, float *c, int M, int N, int K, float alpha, float beta) {

85 // Declare the fragments

86 wmma: : fragment<wmma: :matrix_a, WMMA_M, WMMA_N, WMMA_K, half, wmma::col_major> a_frag; — X + t
87 wmma: : fragment<wmma: :matrix_b, WMMA_M, WMMA_N, WMMA_K, half, wmma::col_major> b_frag; «’

88 wmma: : fragment<wmma: :accumulator, WMMA_M, WMMA_N, WMMA_K, float> acc_frag;

89 wmma: : fragment<wmma: :accumulator, WMMA_M, WMMA_N, WMMA_K, float> c_frag;

91 wmma: :fill_ fragment(acc_frag, 0.0f); 1 6x1 6 N

94 |for(inti-e-i<K-i+—wMMAK){=| _(‘ '-

95 int aRow = warpM * WMMA_M; acc- ra}

96 int aCol = i; L

: K

98 int bRow = i; 2

99 int bCol = warpN * WMMA_N; ~> 2 2 A &

100 “\

101 // Bounds checking t,\____, ~.’

102 if (aRow < M && aCol < K && bRow < K && bCol < N) { l \ l
103 // Load the inputs

104 wmma: :load_matrix_sync(a_frag, a + aRow + aCol * lda, 1lda);

105 wmma: :load_matrix_sync(b_frag, b + bRow + bCol * 1db, 1ldb);
106 1 6X1 6

107 // Perform the matrix multiplication
108 wmma: :mma_sync(acc_frag, a_frag, b_frag, acc_frag); x _>
109
. acc_freg M
111 } C
266
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https://github.com/NVIDIA-developer-blog/code-samples/blob/master/posts/tensor-cores/simpleTensorCoreGEMM.cu

69 // Performs an MxNxK GEMM (C=alpha*A*B + beta*C)

75 _ global__ void wmma_example(half *a, half *b, float *c, int M, int N, int K, float alpha, float beta) {

85 // Declare the fragments

86 wmma: : fragment<wmma: :matrix_a, WMMA_M, WMMA_N, WMMA_K, half, wmma::col_major> a_frag; C — «’Ax g + C
87 wmma: : fragment<wmma: :matrix_b, WMMA_M, WMMA_N, WMMA_K, half, wmma::col_major> b_frag;

88 wmma: : fragment<wmma: :accumulator, WMMA_M, WMMA_N, WMMA_K, float> acc_frag; P

89 wmma: : fragment<wmma: :accumulator, WMMA_M, WMMA_N, WMMA_K, float> c_frag; N

g—

}
K 5

acc_frog
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69 // Performs an MxNxK GEMM (C=alpha*A*B + beta*C)

75 _ global__ void wmma_example(half *a, half *b, float *c, int M, int N, int K, float alpha, float beta) {

85 // Declare the fragments

86 wmma: : fragment<wmma: :matrix_a, WMMA_M, WMMA_N, WMMA_K, half, wmma::col_major> a_frag; C — «’Ax g + C
87 wmma: : fragment<wmma: :matrix_b, WMMA_M, WMMA_N, WMMA_K, half, wmma::col_major> b_frag;

88 wmma: : fragment<wmma: :accumulator, WMMA_M, WMMA_N, WMMA_K, float> acc_frag; P
89 wmma: : fragment<wmma: :accumulator, WMMA_M, WMMA_N, WMMA_K, float> c_frag; N

113 // Load in the current value of c, scale it by beta, and add this our result scaled e '.

114 int cRow = warpM * WMMA_M;

115 int cCol = warpN * WMMA_N; 1 L

116 K 2 K
117 if (cRow < M 8&& cCol < N) { &

118 wmma: :load_matrix_sync(c_frag, c + cRow + cCol * ldc, 1ldc, wmma::mem_col_major‘);n ﬁE“")A

119 t ~ ___’ l

120 #pragma unroll | i \ l
121 for(int i=0; i < c_frag.num_elements; i++) {

122 Ic_ﬁ‘ag.x[i] = alpha * acc_frag.x[i] + beta * c_Fr‘ag.x[i];I

123 } N

124

125 // Store the output

126 wmma: :store_matrix_sync(c + cRow + cCol * ldc, c_frag, ldc, wmma::ma fra

127 } CC" %

128 }

268
https://qithub.com/NVIDIA-developer-blog/code-samples/blob/master/posts/tensor-cores/simpleTensorCore GEMM.cu



https://github.com/NVIDIA-developer-blog/code-samples/blob/master/posts/tensor-cores/simpleTensorCoreGEMM.cu

YMHOXeHue matpuu
Tensor Cores

https://developer.nvidia.com/blog/programming-tensor-cores-cuda-9/
https://github.com/NVIDIA-developer-blog/code-samples/blob/master/posts/tensor-cores/simple TensorCore GEMM.cu
https://github.com/NVIDIA/cutlass/blob/main/examples/00_basic_gemm/basic_gemm.cu

https://developer.nvidia.com/blog/cutlass-linear-algebra-cuda -

https://docs.nvidia.com/cuda/cuda-c-programming-guide/

40k

30k

GFLOPS/s

20k

HepaBHas 6uTBa 3a ruradnonckl Npu yMHOXEHUM MaTpuL 10K

kernell kernela.
(XOpOLLlO onnucaHHaa aHalrnnTuKa, I'IpO(bI/IJ'II/IpOBaHI/Ie, 0|-|T|/|M|/|3aL|,V|F|):

Kernel 1 Kernel 2 Kernel 3 ela Kernel 5 Kernel 6 Kernel 7 Kernel 8

- AMD RDNAS - https://seb-v.qithub.io/optimization/update/2025/01/20/Fast-GPU-Matrixmultiplication.html
- NVIDIA Kepler - https://cnugteren.github.io/tutorial/pages/page15.html

- https://siboehm.com/articles/22/CUDA-MMM
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https://developer.nvidia.com/blog/programming-tensor-cores-cuda-9/
https://github.com/NVIDIA-developer-blog/code-samples/blob/master/posts/tensor-cores/simpleTensorCoreGEMM.cu
https://github.com/NVIDIA/cutlass/blob/main/examples/00_basic_gemm/basic_gemm.cu
https://developer.nvidia.com/blog/cutlass-linear-algebra-cuda
https://docs.nvidia.com/cuda/cuda-c-programming-guide/
https://seb-v.github.io/optimization/update/2025/01/20/Fast-GPU-Matrix-multiplication.html
https://cnugteren.github.io/tutorial/pages/page15.html
https://siboehm.com/articles/22/CUDA-MMM

FP16

BF16

FP8 E4M3

FP8 ESM2

sign exponent mantissa
0 0 il 1 0 1 1 0 0 1
0 0 il ik il ik 1 0 0 0
0 0 1 0 1 1 0 1
0 0 il ik 0 ik 1 0

https://docs.nvidia.com/deeplearning/transformer-engine/user-quide/examples/fp8 primer.html

DeepSeek: x2 yckopeHne obyyeHusa (fp16 — fp8)

=0.395264

=0.394531

=0.40625

=0.375

270


https://docs.nvidia.com/deeplearning/transformer-engine/user-guide/examples/fp8_primer.html

DeepSeek: x2 yckopeHne obyyeHusa (fp16 — fp8)

NVIDIA H100 (noyTtun 10 e 4to 1 H800™):

- Memory bandwidth: 3.35 TB/sec
- FP 32: 67 TFlops

- FP 16: 268 TFlops

- FP 32 (tensor): 495 TFlops

- FP 16 (tensor): 990 TFlops

- FP 8 (tensor): 1979 TFlops

*H800 - noytn H100, Ho cooTBeTcTBYET perynaunam skcnopta n3 CLUA B Kutam (400 GBs NVlink Bmecto 600 GB/s + 10% menneHHee + HeT %664)



https://advdownload.advantech.com/productfile/PIS/SKY-TESL-H800-80P/file/SKY-TESL-H100-80P_H800-80P_DS(092623)20230926111757.pdf

DeepSeek: x2 yckopeHne obyyeHusa (fp16 — fp8)

NVIDIA H100 (noyTtun 10 e 4to 1 H800™):

- Memory bandwidth: 3.35 TB/sec
- FP 32: 67 TFlops

- FP 16: 268 TFlops

- FP 32 (tensor): 495 TFlops
- FP 16 (tensor): 1990 TFlops :) >
- FP 8 (tensor):|11979 TFlops

*H800 - noytn H100, Ho cooTBeTcTBYET perynaunam skcnopta n3 CLUA B Kutam (400 GBs NVlink Bmecto 600 GB/s + 10% menneHHee + HeT %364)



https://advdownload.advantech.com/productfile/PIS/SKY-TESL-H800-80P/file/SKY-TESL-H100-80P_H800-80P_DS(092623)20230926111757.pdf

-  Memory bandwidth:
- FP 32: 67 TFlops
- FP 16: 268 TFlops

3.35 TB/sec

- FP 32 (tensor): 495 TFlops

- FP 16 (tensor): (990 TFlops

- FP 8 (tensor): 1979 TFlops

DeepSeek: x2 yckopeHne obyyeHusa (fp16 — fp8)

NVIDIA H100 (noyTtun 10 e 4to 1 H800™):

XBaTuT S NPOMYCKHOW
CNoCOBHOCTM NaMATU YTOOLI
HacbITuTb ALU (tensor cores)?

:)x2

*H800 - noytn H100, Ho cooTBeTcTBYET perynaunam skcnopta n3 CLUA B Kutam (400 GBs NVlink Bmecto 600 GB/s + 10% menneHHee + HeT %%%4)



https://advdownload.advantech.com/productfile/PIS/SKY-TESL-H800-80P/file/SKY-TESL-H100-80P_H800-80P_DS(092623)20230926111757.pdf

DeepSeek: x2 yckopeHne obyyeHusa (fp16 — fp8)

NVIDIA H100 (noyTtun 10 e 4to 1 H800™):

- Memory bandwidth: 3.35 TB/sec

- FP 32: 67 TFlops

- FP 16: 268 TFlops

- FP 32 (tensor): 495 TFlops

- FP 16 (tensor): (990 TFlops :) o Kakue puckn?

- FP 8 (tensor):[1979 TFlops [Noyemy Tak He AenatoT Bce?

*H800 - noytn H100, Ho cooTBeTcTBYET perynaunam skcnopta n3 CLUA B Kutam (400 GBs NVlink Bmecto 600 GB/s + 10% menneHHee + HeT %%4)



https://advdownload.advantech.com/productfile/PIS/SKY-TESL-H800-80P/file/SKY-TESL-H100-80P_H800-80P_DS(092623)20230926111757.pdf

- FP 32: 67 TFlops
- FP 16: 268 TFlops

- Memory bandwidth: 3.35 TB/sec

- FP 32 (tensor): 495 TFlops
- FP 16 (tensor): 990 TFlops

- FP 8 (tensor): 1979 TFlops

- DeepGEMM poctur

1550 TFlops

DeepSeek: fine-grained fp8 quantization

NVIDIA H100 (noyTtun 10 e 4to 1 H800™):

Ha H800!

DeepSeek-V3 Technical Report - hitps://arxiv.org/abs/2412.19437

Penosntopuun - https://github.com/deepseek-ai/DeepGEMM (GEMM - General Matrix Multiplications)
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fp32 Input Values

Scaling Factor (fp32 absmax(Input Values) / 448

x

fp8 Input Values / Scaling Factor
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fp32 Input Values

Scaling Factor |fp32 absmax(Input Values) /|1448| = FP8 _MAX

x

fp8 Input Values / Scaling Factor| € [-448; +448]
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(a) Fine-grained quantization

Figure 7 | (a) We propose a fine-grained quantization method to mitigate quantization errors
caused by feature outliers; for illustration simplicity, only Fprop is illustrated. (b) In conjunction
with our quantization strategy, we improve the FP8 GEMM precision by promoting to CUDA
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(b) Increasing accumulation precision

128 elements MMA for the high-precision accumulation.
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(a) Fine-grained quantization

Figure 7 | (a) We propose a fine-grained quantization method to mitigate quantization errors
caused by feature outliers; for illustration simplicity, only Fprop is illustrated. (b) In conjunction
with our quantization strategy, we improve the FP8 GEMM precision by promoting to CUDA
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(b) Increasing accumulation precision

128 elements MMA for the high-precision accumulation.
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(a) Fine-grained quantization

Figure 7 | (a) We propose a fine-grained quantization method to mitigate quantization errors
caused by feature outliers; for illustration simplicity, only Fprop is illustrated. (b) In conjunction
with our quantization strategy, we improve the FP8 GEMM precision by promoting to CUDA
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(b) Increasing accumulation precision

128 elements MMA for the high-precision accumulation.
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(a) Fine-grained quantization

Figure 7 | (a) We propose a fine-grained quantization method to mitigate quantization errors
caused by feature outliers; for illustration simplicity, only Fprop is illustrated. (b) In conjunction
with our quantization strategy, we improve the FP8 GEMM precision by promoting to CUDA
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(b) Increasing accumulation precision

128 elements MMA for the high-precision accumulation.
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fp8 Figure 7 | (a) We propose a fine-grained quantization method to mitigate quantization errors

caused by feature outliers; for illustration simplicity, only Fprop is illustrated. (b) In conjunction
with our quantization strategy, we improve the FP8 GEMM precision by promoting to CUDA
Cores at an interval of No = 128 elements MMA for the high-precision accumulation.
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It is worth noting that this modification reduces the WGMMA (Warpgroup-level Matrix
II Multiply-Accumulate) instruction issue rate for a single warpgroup. However, on the H800
architecture, it is typical for two WGMMA to persist concurrently: while one warpgroup

Scaling Factor |fp32 performs the promotion operation, the other is able to execute the MMA operation. This design
enables overlapping of the two operations, maintaining high utilization of Tensor Cores. Based

x on our experiments, setting Nc = 128 elements, equivalent to 4 WGMMAs, represents the
minimal accumulation interval that can significantly improve precision without introducing
fp8 substantial overhead.
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It is worth noting that this modification reduces the WGMMA (Warpgroup-level Matrix
II Multiply-Accumulate) instruction issue rate for a single warpgroup. However, on the H800
architecture, it is typical for two WGMMA to persist concurrently: while one warpgroup

Scaling Factor |fp32 performs the promotion operation, the other is able to execute the MMA operation. This design
enables overlapping of the two operations, maintaining high utilization of Tensor Cores. Based

x on our experiments, setting Nc = 128 elements, equivalent to 4 WGMMAs, represents the
minimal accumulation interval that can significantly improve precision without introducing
fp8 substantial overhead.

He 3Hato novyemy HyxHo genate 4xXxWGMMA + PROMOTION
BmecTo 4X(WGMMA + PROMOTION)
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DeepSeek: x2 yckopeHne obyyeHusa (fp16 — fp8)

DeepSeek-V3 Technical Report - https://arxiv.org/abs/2412.19437

Penoautopun - hitps://github.com/deepseek-ai/DeepGEMM (GEMM - General Matrix Multiplications)

Fast Matrix-Multiplication with WGMMA on NVIDIA® Hopper™ GPUs

https://docs.nvidia.com/deeplearning/transformer-engine/user-quide/examples/fp8 primer.html
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BVH obxop (pekypcuBHbIi) = s
NN

int queryObjectIdx,
const global BVHNode* node,
local CollisionList* 1list)

Ns Ns Ns N7

void traverseRecursive (AABB queryAABB, V)

O1 O2 O3 0Oz Os Os O7 Os

if (checkOverlap (node—->getAABB(), queryAABB)|) {
if (node->isLeaf()) {
list.add (queryObjectIdx, node->getObjectIdx()):;
} else {
const  global BVHNode childL = node->getLeftChild();
const  global BVHNode childR = node->getRightChild() ;
traverseRecursive (queryAABB, queryObjectIdx,
childli, list);
traverseRecursive (queryAABB, queryObjectIdx,
¢hilTdRy Tigt):

} 313
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BVH 06xop (pekypcuBHbIN) - o

void traverseRecursive (AABB queryAABB, i 00909999
int queryObjectIdx,
const global BVHNode* node,

local CollisionList* 1list)

s Ns Ns N7

\

\

) e |
4

if QCheckOVerlap(node—>getAABB(), queryAABB)|) {
if (node->isLeaf()) {
list.add (queryObjectIdx, node->getObjectIdx()):;
} else {
const  global BVHNode childL = node->getLeftChild();
const  global BVHNode childR = node->getRightChild() ;

traverseRecursive (queryAABB, queryObjectIdx, o
childL, 1list);
N2

traverseRecursive (queryAABB, queryObjectIdx, "
childRy Tist):

} 314
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T E

int queryObjectIdx,
const global BVHNode* node,
local CollisionList* 1list)

checkOverlap (node->getAABB (), queryAABB)|) {

if (node->isLeaf()) {
list.add (queryObjectIdx, node->getObjectIdx());
} else {

const  global BVHNode childL = node->getLeftChild();

const  global BVHNode childR = node->getRightChild() ;

traverseRecursive (queryAABB, queryObjectIdx, =
childli, list);

traverseRecursive (queryAABB, queryObjectIdx,
¢hilTdRy Tigt):
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void traverseRecursive (AABB queryAABB, q i @Qee
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void traverseRecursive (AABB

T E

queryAABB,
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|O:
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05/ Ns
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Os'

07

N7

Os

int queryObjectIdx,

const global BVHNode* node,

local CollisionList* 1list)

(

~—
-

checkOverlap (node->getAABB (), queryAABB)

if (node->isLeaf()) {

list.add (queryObjectIdx, node->getObjectIdx());

} else {

const global BVHNode childL = node->getLeftChild();
const global BVHNode childR = node->getRightChild();

traverseRecursive (queryAABB, queryObjectIdx,
childl, list);

traverseRecursive (queryAABB, queryObjectIdx,
¢hilTdRy Tigt):
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- R "'; N: Ns Ns N7
BVHNode* stack[MAX STACK SIZE]; QY‘ ) 4§§’°\ is
BVHNode* node = bvhRoot; 01 02 Os O: Os Os O7 Os
do {

BVHNode* childL = node->getLeftChild();
BVHNode* childR = node->getRightChild() ;
bool overlapL = |checkOverlap (queryAABB, childL->getAABB())});
bool overlapR = |checkOverlap (queryAABB, childR->getAABB())|;

if (overlaplL && childL->isLeaf ())
list.add (queryObjectIdx, childL->getObjectIdx());
if (overlapR && childR->1sLeaf ())
list.add (queryObjectIdx, childR->getObjectIdx());

if (!traversel && !traverseR) {
node = stack.pop();
} else {
node = traversel ? childL : childR;
if (traversel && traverseR)
stack.push (childR) ;

} 317
} while (node != NULL);
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BVH obxop (Ha cTeke) ol - Lo
= P N: Ns Ns N7
BVHNode* stack[MAX STACK SIZE]; me " 4137m\
BVHNode* node = bvhRoot; 01 02 Os O: Os Os O7 Os
do {

BVHNode* childL = node->getLeftChild();
BVHNode* childR = node->getRightChild() ;
bool overlapL = |checkOverlap (queryAABB, childL->getAABB())|;
bool overlapR = |checkOverlap (queryAABB, childR->getAABB())|;

if (overlaplL && childL->isLeaf ())
list.add (queryObjectIdx, childL->getObjectIdx());
if (overlapR && childR->1sLeaf ())
list.add (queryObjectIdx, childR->getObjectIdx());

if (!traversel && !traverseR) {
node = stack.pop();

} else {
node = traverselL ? childL :I N
if (traversel && traverseR) /\
stack.push(childR) ; N2 R
} 318

} while (node != NULL);
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L "'/; Nz Ns: Ns N7
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Na 407 >N7
01 N2

O1 02 O3 Os Os Os O7 Os

BVHNode* stack[MAX STACK SIZE]
BVHNode* node = bvhRoot;
do {

BVHNode* childL = node->getLeft8hild() ;

BVHNode* childR node—->getRightCNd

bool overlapL = checkOverlap(queryAXEE; childL->getAABB()));
AAB

bool overlapR = |checkOverlap (query childR->getAABB ())};

if (overlaplL && childL->isLeaf ()) \\\\
list.add (queryObjectIdx, childL—>getOb}§stIdx());
if (overlapR && childR->1sLeaf ()) N\
list.add (queryObjectIdx, childR—>getObjectT§§());

if (!traversel. && !traverseR) {
de = stack. e .
: lno T stack-pop ) Code divergence ocrtancs Tonbko
else

B BUAE 4YnUCna MTepaLI,MVI LMKna.

node = traversel ? childL :|childR I

if (traversel && traverseR)
stack.push (childR) ;

}
} while (node != NULL);
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z
42;
9
2
3

BVH obxopg (Ha cTeke)

s N: Ns Ns N7

BVHNode* stack[MAX STACK SIZE]; 57mow
BVHNode* node = bvhRoot; 01 0 g‘MOSW o7 Os
do {

BVHNode* childL = node->getLeftChild();

BVHNode* childR = node->getRightChild() ;

bool overlapL = |checkOverlap (queryAABB, childL->getAABB())});

bool overlapR = |checkOverlap (queryAABB, childR->getAABB())};

if (overlaplL && childL->isLeaf ())
list.add (queryObjectIdx, childL->getObjectIdx());
if (overlapﬁ && childR->1sLeaf ())
list.add (queryObjectIdx, childR->getObjectIdx());

if (!traversel && !traverseR) {
node = stack.pop();
} else {

node = traversel ? childL :|childR I Nl\ B BnAae 4Ynucna ntepaumnn Lmkna.

Code divergence octancs TonbKo

if (traversel && traverseR)
stack.push (childR) ; FOREESN Data divergence yBennunsaet

} KOnm4ecTBO 3arnpalmBaeMblX KeLU-TNNHA.
} while (node != NULL);




z
42;
9
2
3

BVH obxopg (Ha cTeke)

s N: Ns Ns N7

BVHNode* stack[MAX STACK SIZE]; 6VMON
BVHNode* node = bvhRoot; 01 0 g‘MOSW o7 Os
do {

BVHNode* childL = node->getLeftChild();

BVHNode* childR = node->getRightChild() ;

bool overlapL = |checkOverlap (queryAABB, childL->getAABB())});

bool overlapR = |checkOverlap (queryAABB, childR->getAABB())};

if (overlaplL && childL->isLeaf ())
list.add (queryObjectIdx, childL->getObjectIdx());
if (overlapﬁ && childR->1sLeaf ())
list.add (queryObjectIdx, childR->getObjectIdx()); KaK yBeﬂVNMTb KorepeHTHOCTb

No AAHHbLIM?

if (!traversel && !traverseR) {
node = stack.pop();
} else {

node = traversel ? childL :|childR I Nl\ B BnAae 4Ynucna ntepaumnn Lmkna.

Code divergence octancs TonbKo

if (traversel && traverseR)
stack.push (childR) ; FOREESN Data divergence yBennunsaet

} KOnm4ecTBO 3arnpalmBaeMblX KeLU-TNNHA.
} while (node != NULL);




N1
N1
Os | N
I
A l0s
g — N2 N3
{c 3

N

P Nz Ns: Ns N7
/67: N7 208
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BVH obxopg (Ha cTeke)

BVHNode* stack[MAX STACK SIZE];

BVHNode* node = bvhRoot; 01 02 05 0: Os Os O7 Os
do { Camera Image e
ig
BVHNode* childL = node->getLeftChild(); Source

BVHNode* childR = node->getRightChild() ;
bool overlapL = |checkOverlap (queryAABB, childL->getAABB())});
bool overlapR = |checkOverlap (queryAABB, childR->getAABB())};

View Ray

Scene

if (overlapL && childL->isLeaf()) Onject

list.add (queryObjectIdx, childL->getObjectIdx());
if (overlapﬁ && childR->1sLeaf ())
list.add (queryObjectIdx, childR->getObjectIdx()); ﬂaHHble KorepeHTHee eciin B

OOHOM warp - Ny4oK nyuden!

4

if (!traversel && !traverseR) {
node = stack.pop();
} else {

node = traversel ? childL :|childR I Nl\ B BnAae 4Ynucna ntepaumnn Lmkna.

Code divergence octancs TonbKo

if (traversel && traverseR)
stack.push (childR) ; FOREESN Data divergence yBennunsaet

} KOnm4ecTBO 3arnpalmBaeMblX KeLU-TNMNHA.
} while (node != NULL);




Real-time BVH construction

O1 02 O3 Os Os Os O7 Os

Z curve, Morton Code

N

https://youtu.be/aDINUfYfaAY?list=PLIb7e2G7aSpSkDWIyJQzT9Qx9rrgKSgAp&t=3528 323
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Real-time BVH construction

Z curve, Morton Code .
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Real-time BVH construction

(0

Z curve, Morton Code
\

N

https://yvoutu.be/aDINUfYfaAY ?list=PLIb7e2G7aSpSkDWIyJQzT9Qx9rrakSaAp&t=3528 325
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Ray Tracing Cores

1)  YckopsitoT 0b6xog BVH nepapxum

[ Wairp Schedaler + Dispatch 02 Beendiclty | |

Rogister File (16,384 x 2.5

FP32 FP32 TENSOR
CORE

+
INT32

SFU

Warp Schadoe + Dispiich 112 Bveascny

Register File (16,384 x 32.5i%)

2) YCKopsIoT nepecedeHne ny4va c TpeyrofibHUKOM




[ naBa 9: BbiBOAbLI

Kakne anroputmel yckopstotcs Ha GPU?
OpenCL, CUDA vnmn Vulkan?



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




Kakue anroputmbl yckopatoTcs Ha GPU?

CPU:

“

HeTt

3apava 6onbwan?

BbluncneHna moxapupyroTt TpaHcdep
naHHbix no PCI-E wuHe?

Nnn paHHble yxxe Ha GPU?

GPU
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Kakue anroputmbl yckopatoTcs Ha GPU?
Het

3apgava 6onbLwan?
BbluncneHna moxapupyroTt TpaHcdep
naHHbix no PCI-E wuHe?

CPU: 19=| GPU

Nnu panHble yxe Ha GPU?

MpounaBonbHble rpadbl,
HecbanaHcMpoBaHHOE OKTOAEPEBO, EcTb N1 maccoBbI eAMHOOOpPa3HbLIN

FEMs (Finite Element Methods) -
YucneHHble MeToAbl Ha

mip-gut/max flow (BK, IBFS), napannean? perynsipHou peluetke u 2:1
disjoint sets (CHM) cbanaHcMpoBaHHOM OKToAepeBe
I . CTpyKkTypa OaHHbIX - perynsapHaa? = e
e He Gyner nu uncoalesced memory e I -
. access pattern? He 6yaet nv roHku? 5 e -
- He 6yget nu code divergence? o K Tele] s
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Kakue anroputmbl yckopatoTcs Ha GPU?
Het

3apava 6onbwan?

BbluncneHna moxapupyroTt TpaHcdep
naHHbix no PCI-E wuHe?

Nnn paHHble yxxe Ha GPU?

CPU: 19=| GPU

MpounaBonbHble rpadbl,
HecbanaHcMpoBaHHOE OKTOAEPEBO, EcTb N1 maccoBbI eAMHOOOpPa3HbLIN

FEMs (Finite Element Methods) -
YucneHHble MeToAbl Ha

mip-gut/max flow (BK, IBFS), napannean? perynsipHou peluetke u 2:1
disjoint sets (CHM) cbanaHcMpoBaHHOM OKToAepeBe
I . CTpyKkTypa OaHHbIX - perynsapHaa? = e

le He 6yaoeTt nu uncoalesced memory o I o

< : l' = m
. \ . .I bF llll-LIH'fT

access pattern? He 6yaet nv roHkn?
He ©6ynet nu code divergence?

NHorga MOXXHO nmocymTaTtb NpPoCThbie
cnyyaun Ha GPU, satem Ha CPU
AocYUTaTb NorpaHnyHbIe

He HyHa nu nHTepBanbHas,

GIS, TpunaHrynaumsa [lenoHe
paunoHanbHasd, AfIMHHanA

apudmeTrka anst abcosnoTHOM (TpnaHrynsums Jenoxe)

TOYHOCTU?
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Kakue anroputmbl yckopatoTcs Ha GPU?
Het

3apava 6onbwan?

BbluncneHna moxapupyroTt TpaHcdep
naHHbix no PCI-E wuHe?

Nnn paHHble yxxe Ha GPU?

=—| GPU

I—. 0 I

CPU:

MpounaBonbHble rpadbl,
HecbanaHc1MpoBaHHOE OKTOAEPEBO,
min-cut/max flow (BK, IBFS),

FEMs (Finite Element Methods) -
YUCIEeHHble MeToAbl Ha
perynsipHou peluetke u 2:1

EcTb N1 maccoBbI eAMHOOOpPa3HbLIN
napannenusam?

disjoint sets (CHM) CTpYKTYPa AaHHbIX - perynsipHas? cbanaHcMpoBaHHOM OKTOOEepeBe
° He 6yget nu uncoalesced memory e -
access pattern? He 6yaet nv roHkn? 2R ; u
¢ He 6ynet nu code divergence? o Tlelre]  mum——

NHorga MOXXHO nmocymTaTtb NpPoCThbie
cnyyaun Ha GPU, satem Ha CPU
AocYUTaTb NorpaHnyHbIe

apudmeTrka anst abcosnoTHOM
TOYHOCTN?

(Tpmanrynaumsa [lenoHe)

Het nn TOPA300 Gonee

9 (PEKTUBHOMO aCUMNTOTUYECKHN

He HyHa nu nHTepBanbHas,
pauvoHanbHas, oNIMHHas

3 & B E

MpropuTeTHbe OYepean (KaamHsi), anropuTMa, HO MpU 3TOM OYEeHb MHoraa MOXHO BbIKPYTUTLCS: Eﬁ =

min-cut/max flow (BK, IBFS), A - merge-sort s

disjoint sets (CHM) - BVH construction 732 ‘
- Gipuma {




CUDA, Vulkan nnn OpenCL?
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CUDA Vulkan OpenCL =




CUDA, Vulkan nnn OpenCL?

3anyck Be3ge:
AMD, NVidia, Intel, Snapdragon, ...
Windows, Linux, Mac, Android

B \VottenV K.
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CUDA Vulkan OpenCL =




CUDA, Vulkan nnn OpenCL?

3anyck Be3ge:
AMD, NVidia, Intel, Snapdragon, ...
Windows, Linux, Mac, Android

B \VottenV K.

PacTtepusauus, depth-test,
color blending

A\ O k) O O

ofo oo

A

o
(o] B\/{O»“/S'O o

viQQ%Q_%OOOOOO

. 1 @

<ZNVIDIA T s "a
CUDA Vulkan OpenCL =




CUDA, Vulkan nnn OpenC

3anyck Be3ge:
AMD, NVidia, Intel, Snapdragon, ...
Windows, Linux, Mac, Android

B \VottenV K.

PacTtepusauus, depth-test,
color blending

GPGPU: API n cuHTakcuc
kKepHena npoule Yem B Vulkan

A
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CUDA, Vulkan nnn OpenCL?

3anyck Be3ge:
AMD, NVidia, Intel, Snapdragon, ...
Windows, Linux, Mac, Android

B \VottenV K.

Pactepusauus, depth-test, GPGPU: API n cnHtakcuc
color blending kepHena npoule 4yem B Vulkan
ol A Bl
TynuHr: npounnMpoBLLNKM, ° Qj oo
caHuTainsepsl STiTe o
(cuda-memcheck/racecheck) olfo[o]e 25’
27 NVIDIA Nsight BB
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CUDA, Vulkan nnn OpenCL?

3anyck Be3ge:

Validation Layers,

AMD, NVidia, Intel, Snapdragon, ...
TynuHr: Windows, Linux, Mac, Android

SPIRV-Reflect, —M

RenderDoc,
npodannepsbl

TynuHr: npounnMpoBLLNKM,
caHuTansepsbl
(cuda-memcheck/racecheck)

=) NVIDIA Nsight

$

<A NVIDIA
CUDA

PacTtepusauus, depth-test,
color blending

GPGPU: API n cuHTakcuc
kKepHena npoule Yem B Vulkan

K

o|lofo|o|o|lofB]|o]d

o|o|o|ofefalo]o

ojo|o|ojo|o|o]o

e

WWiikan

$

/s a
OpenCL

338



CUDA, Vulkan nnn OpenCL?

Al/ML: o4eHb xopoLuo
ONTUMU3NPOBAHHbIE
ononuortekm,
npoguUnnMpoBLLUKN

3anyck Be3ge:

AMD, NVidia, Intel, Snapdragon, ...
TynuHr: Windows, Linux, Mac, Android

Validation Layers,

SPlRV—ReﬂeCt, Moltep_ J,‘

RenderDoc,
npodannepsbl

cuDNN

TynuHr: npounnMpoBLLNKM,
caHuTansepsbl
(cuda-memcheck/racecheck)

7 NVIDIA Nsight

$

< NVIDIA
CUDA

PacTtepusauus, depth-test,
color blending

GPGPU: API n cuHTakcuc
kKepHena npoule Yem B Vulkan
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Low-Level NVIDIA HW: CUDA, Vulkan nnn OpenCL?

Tensor Cores
Ray Tracing Cores

NVIDIA. OPTIX| °- |

3anyck Be3ge:
AMD, NVidia, Intel, Snapdragon, ...

Al/ML: o4eHb xopoLuo TynuHr: Windows, Linux, Mac, Android
Validation Layers,
OoNnTUMN3NPOBAHHbIE SPIRV_Reflect, —m
npocunNUpoOBLLUNKU npocainepel
cuDNN PacTtepusauus, depth-test, GPGPU: API 1 cuHTakeuc
color blending kepHena npoule 4yem B Vulkan
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1)
2)
3)

4)
5)
6)
7)

Source Code - httos://qithub.com/GPGPUourse/GPGPUVquan
KHurn/umknol ctaten - GPU Gems 3 Gems

¥ Programming|Te

KoHdepeHuun - SIGGRAPH Pocr il
@ SIGGRAPH 2021

-

A DEEP DIVE INTO NANITE
VIRTUALIZED GEOMETRY

BRIAN KARIS, ENGINEERING FELLOW, EPIC GAMES
RUNE STUBBE, PRINCIPAL RENDERING
PROGRAMMER, EPIC GAMES

GRAHAM WIHLIDAL, PRINCIPAL RENDERING
PROGRAMMER, EPIC GAMES

Kak pabotaet Nanite B Unreal Engine 5 - https://youtu.be/ltUzX1IR9JI

Real time BVH construction

Kvypc no Bugeokaptam - https://voutu.be/LDt4KQEdImY

Kvypc dboTorpammeTpum - https://voutu.be/rEF0zkv2cn8
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