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IlnaH poknapa

 BcTynneHwue.
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[Tlponaemcsa No NOHATUAM

MTLCommandEncoder
MTLCommandEncoder MTLCommandEncoder

Y -MMTLCommandQueue MTLCommandEncoder
MTLCommandEncoder

MTLCommandEncoder
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[Tpongemcs No NOHATUAM
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[Tpongemcs No NOHATUAM

Userinput | —> MTiTorure

Co3paem TeKCTYpY




[Tpongemcs No NOHATUAM

- —lp BRI =P | MTLCommandEncoder

OTnpaBnsem TEKCTYpPY B encoder
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[Tpongemcs No NOHATUAM

- —lp ERVAIRECOCE = B EIE I oS0 af P MTLCommandBuffer

Bbi3abiBaem commit() y 6ydoepa

KomaHO,
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[Tpongemcs No NOHATUAM

- e  MTLTexture Eemm o MTLCommandEncoder s o MTLCommandBuffer

MTLCommandQueue

bydoep komaHg, oTnpaBsifAeTcAa B

oyvepenb BbINMOJIHEHUA
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[Tpongemcs No NOHATUAM

- e  MTLTexture Eemm o MTLCommandEncoder s o MTLCommandBuffer

MTLCommandQueue

BbinonHaeTca pabota Ha GPU MTLDevice
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[Tpongemcs No NOHATUAM

MTLRenderPipelineState = MTLComputePipelineState

A A

- e  MTLTexture Eemm o MTLCommandEncoder s o MTLCommandBuffer

MTLCommandQueue

B 3aBUCUMOCTWN OT YCTAHOBJIEHHOIO
MTLPipelineState ons
MTLCommandEncoder 6yneT

MTLDevice

3aBuvCeTb BbIMNMOJIHEHME Ha
MTLDevice
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[Tlponaemcsa No NOHATUAM

MTLRenderPipelineState R\ i1Xee]ag]olliCIdloHIIAENICIE

A

- e  MTLTexture Eemm o MTLCommandEncoder e o MTLCommandBuffer

MTLCommandQueue
Vertex shader

B 3aBncMmocTn OT yCTaHOBJIEHHOIO \
MTLPipelineState ons

MTLCommandEncoder 6yaeT Fragment shader e MTLDevice

3aBuvCeTb BbIMNMOJIHEHME Ha
MTLDevice
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[Tpongemcs No NOHATUAM

\VERRENale ST d[e NI | MTLComputePipelineState
4 1
- om o MTLTexture Eemm al MTLCommandEncoder mm o MTLCommandBuffer

MTLCommandQueue

B 3aBUCUMOCTWN OT YCTAHOBJIEHHOIO
MTLPipelineState ons
MTLCommandEncoder 6yneT Kernel <4

MTLDevice

3aBuvCeTb BbIMNMOJIHEHME Ha
MTLDevice

24



[Tpongemcs No NOHATUAM

- —lp EVIIRIWICHE =P | MTLBlitCommandEncoder = B REXTeYr11810101e123081= 8

MTLCommandQueue

Blit cny>xnTt pna konupoBaHuA gaHHbIX
N 3anoJIHeHUA pecypcos. [Npn
npasusibHOM noaxone padoraet

MTLDevice

aCUHXPOHHO C navruianHamm n He
onokupyet paboty
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[Tpongemcs No NOHATUAM

- —lp ERVAIRECOCE = B EIE I oS0 af P MTLCommandBuffer

o

MTLCommandQueue

Bbi3biBaeTca completedHandler y

oydbepa

MTLDevice
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- e  MTLTexture Eemm o MTLCommandEncoder s o MTLCommandBuffer

MTLCommandQueue

MTLDevice
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Latency

Bpemsa ot Hayana pab6oTbl A0 NOJly4YeHUsa pe3ybTaTa

private func computeByCPU
® bq 65 II I I(‘ guard let cgImage = image?.data?.cgImage else {
3mMepeHne CrnocooomMm wali-ClOCK. et

}

startTime = CACurrentMediaTime()
resultImage = computeProcessor.processImage(
cglmage,
settings: RenderState.ComputeSettings(
type: processingType,

1sOptimized: 1sOptimized

)
)

self.image = ProcessingImage (
id: UUID().uuidString,
size: "CPU Processed Image",
data: resultImage

)

let endTime CACurrentMediaTime()
let latency = endTime - startTime
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Latency

* [/IamepeHune crnocobom wall-clock.

let startTime = CACurrentMediaTime()

Bpemsa Bpemsa
BbinonHeHue [TonesHaa paboTa
cTapTa 3aBepLUEHMS

let endTime CACurrentMediaTime()
let latency = endTime - startTime
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Latency

Bpemsa ot Hayana pab6oTbl A0 NOJly4YeHUsa pe3ybTaTa

©MainActor func draw(texture: MTLTexture) {
guard let drawable = layer?.nextDrawable(),

* I/I3MepeHV|e CHOCO6OM Wa"'CIOCk. let buffer = try? context.makeCommandBuffer (
label: "Render Buffer"

) else {
return

}

renderPipeline.encode(
buffer: buffer,

drawable: drawable,
texture: texture

)

// HekoppeKTHOe u3MepeHue
let startTime = CACurrentMediaTime()

buffer.present(drawable)

buffer.commit()
let endTime = CACurrentMediaTime()

let incorrectLatency = endTime - startTime
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Latency

* [/IamepeHune crnocobom wall-clock.

Bpemsa Bpemsa
cTapTa 3aBepLUEHUS

[Mone3Hasa paboTa

// HekoppekTHoe u3MepeHue

let startTime = CACurrentMediaTime()
buffer.present(drawable)

buffer.commit()

let endTime = CACurrentMediaTime()

let incorrectLatency = endTime - startTime
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Latency

Bpemsa ot Hayana pab6oTbl A0 NOJly4YeHUsa pe3ybTaTa

©MainActor func draw(texture: MTLTexture) {
guard let drawable = layer?.nextDrawable(),
let buffer = try? context.makeCommandBuffer(
label: "Render Buffer"
) else {
return

* [1amepeHne GPU latency c }
I-IOMOLL'Ibl_O CBOMCTB renderPipeline.encode(

buffer: buffer,

MTLcommandBUﬁer drawable: drawable,

texture: texture
)

buffer.present(drawable)

buffer.addCompletedHandler { completedBuffer in
// W3mepsem latency BbinonHeHua kopa Ha GPU
let gpulLatency = completedBuffer.gpuEndTime - completedBuffer.gpuStartTime

}

buffer.commit()
let endTime = CACurrentMediaTime()
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Latency

* 13mepeHne GPU latency c
NOMOLLIbIO CBOUCTB
MTLCommandBuffer.

buffer.present(drawable)
buffer.addCompletedHandler { completedBuffer in
// W3mepsiem latency BbinonHeHus kKopa Ha GPU
let gpulLatency = completedBuffer.gpuEndTime - completedBuffer.gpuStartTime

}

buffer.commit()
let endTime = CACurrentMediaTime()

}
gpuStartTime gpuEndTime
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Latency

Bpemsa ot Hayana pab6oTbl A0 NOJly4YeHUsa pe3ybTaTa

@MainActor func draw(texture: MTLTexture) {
guard let drawable = layer?.nextDrawable(),
let buffer = try? context.makeCommandBuffer(
label: "Render Buffer"
) else {
return

}

* IamepeHune kernel latency c (
v renderPipeline.encode
NMOMOLLIbHO CBONCTB putfer: butfer,

drawable: drawable,

MTLCommandBuffer. texture: texture

)

buffer.present(drawable)
buffer.addCompletedHandler { completedBuffer in
// W3mepsem latency BbinosHeHus kernel-a
// Tlpu 3TOM yuuTbiBaeTCsl, 4YTO HYXHO Hanuume MTLComputePipelineState
let gpuLatency = completedBuffer.kernelEndTime - completedBuffer.kernelStartTime

}

buffer.commit()
let endTime = CACurrentMediaTime()
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Latency

* l/IamepeHne kernel latency c

NOMOLLIbIO CBOUCTB
MTLCommandBuffer.

buffer.present(drawable)
buffer.addCompletedHandler { completedBuffer in
// W3mepsem latency BbinonHeHus kernel-a
// Tpun 3TOM yunTbiIBaeTCcsl, YTO HYXHO Hanuume MTLComputePipelineState
let gpulLatency = completedBuffer.kernelEndTime - completedBuffer.kernelStartTime

}

buffer.commit()
let endTime = CACurrentMediaTime()

kernelStartTime kernelEndTime
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Latency

Bpemsa ot Hayana pab6oTbl A0 NOJly4YeHUsa pe3ybTaTa

Draw texture by Metal
Parameter texture: Texture to drawing
@MainActor func draw(texture: MTLTexture) {
let frameStartTime = CACurrentMediaTime()
guard let drawable = layer?.nextDrawable(),
let buffer = try? context.makeCommandBuffer(label: "Render Buffer") else {
return

}

renderPipeline.encode(
buffer: buffer,
drawable: drawable,

e Ba)XeH KOHTeKCT TOro, yto texture: texture
NMMEHHO Mbl XOTUM MOCYUNTATD. ’

buffer.present(drawable)
buffer.addCompletedHandler { _ 1in

let frameEndTime = CACurrentMediaTime()

let latency = frameEndTime - frameStartTime

}

buffer.commit()
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let frameStartTime = CACurrentMediaTime()

e Ba)keH KOHTEeKCT TOro, Yto MMeHHO
Mbl XOTUM MOCUYNTATb.

buffer.present(drawable)
buffer.addCompletedHandler { _ in

let frameEndTime = CACurrentMediaTime()

let latency = frameEndTime - frameStartTime

}
CPU Bpems cTapTa [logroToBka OTnpaBka buffer.commit()

[MonesHasa paboTa Bpemsa 3aBepLueHUs
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 YeM HMXXe 3Ha4YeHue JaHHON METPUKUN, TEM DbICTpee BbINMOJSIHAETCS
nosie3Has paoora.
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Talil latency

« MakcumanbHas latency - wwymHasa meTtpuka.

Compute 00:10.398.795 4.46 ms Active 1.05 ms Frame 4 Compute Buffer:Optimized Sobel...

43



Talil latency

 CpepHsan latency - He NokasbiBaeT NPobnemMsbl.

ImageProcessingDemo (4... 1.16 ms 8.71 us 4.46 ms

44



Talil latency

Hackonbko mepsnieHHble Xyalwve cnyyan BbiNnoJIHEHUSA

 Percentiles: p50, p90, p95, p99.

BbinosiHeHue
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Talil latency

Hackonbko mepsnieHHble Xyalwve cnyyan BbiNnoJIHEHUSA

 Warm-up v peanbHas pabovas ctabunbHOCTb.
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Talil latency

PasHuua npun warm-up - 160 ms

ImageProcessingDemo (4... 1.16 ms

ImageProcessingDemo (4... 1.13 ms 22.79 ps
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Talil latency

 YeM HMXKe 3Ha4YeHune JaHHOUN METPUKN, TEM MeHblUe Yy HaCc PbIBKOB U €€
3aMETHbIX TOPMOXXEHUN.
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Throughput

CKOJIbKO paboTbl BbIMNOJIHAETCSH 3a eAUHNLYY BPEeMEeHMW

 Throughput n latency roesopsaTt Ham 0 pa3HOM.
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Throughput

* [/1amepeHmne cnocobom fixed-time window.

5 onepauwun / 3 cekyHObl = ~1.6 onepaunn B ceKyHOy

BbinosiHeHue: 3 cekyHObl RO eEIR R Onepauya 2 @ Onepauua 3 § Onepaunsa 4 § Onepauma 5 @ 0=
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Throughput

8 onepauun / 10.8 cekyHg = ~0.74 onepauunmn B CeKyHLY

* [13mepeHune cnocobom fixed-work benchmark.

10.8 cekyHp,

Onepauma1 Onepauma 2 Onepauma 3 Onepaumsa 4 Onepaumad Onepauma 6 Onepauma 7 Onepaunms 8
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Throughput

CKOJIbKO paboTbl BbIMNOJIHAETCSH 3a eAUHNLYY BPEeMEeHMW

e [lepBrnyHaga gnarHocTtuka un profiling.
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Throughput

CKOJIbKO paboTbl BbIMNOJIHAETCSH 3a eAUHNLYY BPEeMEeHMW

] B B }-’ L:zzgeprocessngemo ImageProcessingDe ) iPhone 17 Pro Max Running ImageProcessingDemo on iPhone 17 ProMax A 3

B I Q AN © D B | & = GPU Report ) No Selection

v @ ImageProcessing... O, GPU
CPU 0%

Memory 295 MB Frames Per Second --- Frame Time

Disk 1,2 MB/s
Network Zero KB/s

= FPS +oo FPS
N

54



Throughput

i® Display

Instrument

Average Frame Time




Throughput

 Yem Bbile 3HAYeHue OaHHON METPUKU, TEM ObICTpee NMponcxoanT
oToOpa)keHue 1 BbIYUCTIEHUSL.
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IlhaH poknapa

 BcTynneHune.

 MeTpunkn nonb3oBaTens.
 MeTpuKmn pecypcoB 1 oNnTMmn3auumn.
e Kakue eLle cKpbiBatOTCA TOHKOCTU?

 [lopBeneHune NTOroB.
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Thread group
OTO TO, UTO MOKa3bIiBaeT HaM >Kene30 SIZ€

Latency
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baney divergence
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pressure
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[Tlponaemcsa No NOHATUAM

Compute Unit Compute Unit

 MaccoBaga napannesibHOCTb. Compute Unit

Compute Unit Compute Unit

Compute Unit
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[Tlponaemcsa No NOHATUAM

e MaccoBag napanenbHOCTb. Compute Unit Compute Unit Compute Unit

Compute Unit

Compute Unit Compute Unit

SIMD Group SIMD Group SIMD Group
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[Tpongemcs No NOHATUAM

Compute Unit Compute Unit

 MaccoBaga napannesibHOCTb. Compute Unit

Compute Unit Compute Unit

SIMD Group
Single Instruction Multiple Data
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[Tpongemcs No NOHATUAM

Compute Unit Compute Unit

 MaccoBaga napannesibHOCTb. Compute Unit

SIMD Group

Compute Unit

Compute Unit Compute Unit
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[Tpongemcs No NOHATUAM

e MaccoBagd napanenbHOCTb. Compute Unit Compute Unit Compute Unit

Compute Unit
Threadgroup

. . . - -
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[Tpongemcs No NOHATUAM

 MaccoBaa napannesibHOCTb. Compute Unit Compute Unit
Compute Unit
Threadgroup Threadgroup Threadgroup
Compute Unit Compute Unit
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Global memory L1/L2 cache Shared memory
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[Tlponaemcsa No NOHATUAM

Global memory L1/L2 cache Shared memory




Mpoiipemcs o noHsTusm |~ |
OcHoBbl pa6oTbl GPU . . . . .
1111
1111
- 111

L1/L2 cache Shared memory
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[Tlponaemcsa No NOHATUAM

Global memory L1/L2 cache Shared memory




[Tlponaemcsa No NOHATUAM

L1/L2 cache CKopocTb gocTyna BblLle

Global memory Shared memory
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\ 4
Npoitaemes no nowsrvsiv [N I D I
Pa3amep thread group 3x3 . .
Shared memory B Metal - Threadgroup memory . .

Global memory L1/L2 cache Shared memory
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[Tlponaemcsa No NOHATUAM

Pa3amep thread group 3x3

Shared memory B Metal - Threadgroup memory

Shared memory CKopoOCTb O0CTyMna BbiCOKas

Global memory L1/L2 cache

/1
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Global memory L1/L2 cache Shared memory
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Gaussian blur
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Occupancy

CteneHb ncnosib3doBaHnsa pecypcos GPU Ha ypoBHe NOTOKOB

* Profiling n nonck gaHHbIX.
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Occupancy

CteneHb ncnosib3doBaHnsa pecypcos GPU Ha ypoBHe NOTOKOB

5 N Q A © -, ae (@ Performance ) No Selection
v @ ImageProcessingDemo ) < Overview  Timeline Shaders HeatMap Cost Graph Counters

Summary Encoders

Bad Gaussian Blur 220.000.000 222.991.108 225.000.000
Bad Gaussian Blur

Dependencies

Encoders

Performance  496.25 ms Bad Gaussian Blur

Compute Bad Gaussian Blur Bad Gaussian Blur Bad Gaussian Blur

Memory 101,50 MiB Bad Gaussian Blur

) Group by Pipeli... < ad Gaussian Blur

.. Bad Gaussian Blur
> B Compute Pipeline... 100%

Shaders

Bad Gaussian Blur
Compute

Bad Gaussian Blur badGauss...lurKernel 'badGaussianBlurKernel badGaussianBlurKernel

Bad Gaussian Blur All Counters Occupancy Limiter Utilization Memory Raytracing Other Cache

Bad Gaussian Blur
. Counters
Bad Gaussian Blur

Active Cores {0} 100%
% GPU Cores 0%

Bad Gaussian Blur
Bad Gaussian Blur VS Occupancy: 0,00%
Bad Gaussian Blur Occupancy 3 100% ') FS Occupancy: 0,00%
% Shader Core Resources 0% Kernel Occupancy: 70,81%

Bad Gaussian Blur Total Occupancy: 70,81%

Bad Gaussian Blur Occupancy Manager © | 100%

)
Bad Gaussian Blur % Shader Core Resources 0%

Bad Gaussian Blur Instruction Throughput ©r  100%
Bad Gaussian Blur % Peak Instructi...ut Performance 0%

Bad Gaussian Blur Shader Launch Limiter S 100%

Bad Gaussian Blur % Peak Performance 0%

Bad Gaussian Blur ) e ,

Bad G ian Bl Bandwidth 293 11,8248 GiB/s
d aussian ur GiB / Second 2,6567 GIB/S

1~ , | ™1

mM

™

177.695.911 - 300.421.145 (122.73 mS) ()

I»




Occupancy

All Counters Occupancy Limiter Utilization Memory Raytracing Other Cache

Counters

> Active Cores
% GPU Cores

‘ VS Occupancy: 0,00%

> Occupancy - FS Occupancy: 0,00%
% Shader Core Resources Kernel Occupancy: 70,81%
‘D Total Occupancy: 70,81%

> Occupancy Manager
% Shader Core Resources




Occupancy

CteneHb ncnosib3doBaHnsa pecypcos GPU Ha ypoBHe NOTOKOB

e 3aBUCMOCTb OT PEerucTpoB 11 OOLLEen NaMSATH.

Compute Unit
Threadgroup

SIMD Group SIMD Group SIMD Group
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Occupancy

CteneHb ncnosib3doBaHnsa pecypcos GPU Ha ypoBHe NOTOKOB

e 3aBUCMOCTb OT PEerucTpoB 11 OOLLEen NaMSATH.

Compute Unit

Threadgroup
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Occupancy

CteneHb ncnosib3doBaHnsa pecypcos GPU Ha ypoBHe NOTOKOB

e 3aBNICMOCTb OT PEermcTpoB 1 o0LWen NnamMmaTn.

Compute Unit
Threadgroup

SIMD Group SIMD Group SIMD Group

85



Occupancy

CteneHb ncnosib3doBaHnsa pecypcos GPU Ha ypoBHe NOTOKOB

e 3aBUCMOCTb OT PEerucTpoB 11 OOLLEen NaMSATH.

Compute Unit
Threadgroup

SIMD Group
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Occupancy

 Yem Bbille 3Ha4YeHne JaHHOW METPUKN, TEM OOonbLUE NMOTOKOB MOTyT ObITb
3aJencTBoBaHbl B paboTe.
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Kak namepurtb «npoun3BoanNTesIbHOCTb»?

MeTpuku MeTpukn OnTummsauum

nosib3oBaresis pecypcoB
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size
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e divergence

Memory .
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Cache hit rate [ Shared ]

memory
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ahYShYS
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Memory bandwidth

* [lonck no cpopmyne: obLlee yncno 6bant / Bpems BbINMOJSIHEHUS.

1000 6anT / 10 cekyHn, = 100 6anT B ceKyHOy

10 cekyHp, 1000 6aunT
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Memory bandwidth

Ckonbko gaHHbix GPU MoXeT nepeaaTb 3a eANHULLY BpeMeHM

* Profiling n nonck gaHHbIX.

90



Memory bandwidth

All Counters Occupancy Limiter Utilization ' Memory Raytracing Other Cache

Counters

v Bandwidth 77,3241 GiB/s () GPU Bandwidth: 31,7357 GiB/s
GiB / Second ' . GPU Read Bandwidth: 15,0448 GiB/s
R0 ¢4 GIRYS ] GPU Write Bandwidth: 16,6909 GiB/s

GPU Bandwidth 77,3241 GiB/s
GiB / Second 0'5024 GIB/S

GPU Read Bandwidth 77,3241 GiB/s
GiB / Second 0’5024 GlB/S

GPU Write Bandwidth 77,3241 GiB/s
Sl et 0,5024 GiB/s

v MMU 100%
% Peak MMU Performance 0%

MMU Limiter 100%
% Peak MMU Performance 0%

000.000.000 - 053.318.894 (53.32 mS) |mm




Memory bandwidth

o 3aBucumocTb thermal state ot nokasartenen gaHHon MeETPUKN. HYem Bbiwe
3Ha4YeHue MeTpPuKK, TeM Bbiwle BepodaTHOCTb thermal throttling.
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Memory bandwidth




Kak namepurtb «npoun3BoanNTesIbHOCTb»?

MeTpuku MeTpukn OnTummsauum

nosib3oBaresis pecypcoB
[T hread group)

size
Occupanc Branch
e divergence
Memory .
bandwidth [Half PFeCISIOD
memory
negiter [Kernel fusioD
pressure

Latency

Tail latency

Throughput

ahYShYS
NN AN
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Cache hit rate

[MpoLleHT ycneLwHbIX O0paLleHNN K K3LU MNaMATH

* Profiling n nonck gaHHbIX.
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Cache hit rate

[MTpoLEeHT ycnelwHbIX o0palleHN K K3LU MaMATI

El O B }J :;:zgeprocessngemo ) . iPhone (M ImageProcessingDemo - Debugging GPU Workload 2

B N QA © O ImageProcessingDemo () Performance

88 () Performance ) No Selection

v @ ImageProcessingDemo
Summary @ & Overview | Timeline Shaders HeatMap Cost Graph Counters

Dependencies Encoders

> (@) Bad Gaussian Blur 000.000.000 050.000.000 103.734.858 000 150.000.000 200.000.000
Bad Gaussian Blur

Performance 322.20 ms

Encoders
Memory 101,50 MiB

Group by Pipeli... ¢
> B Compute Pipeline... 100%

Bad Gaussian Blur
Compute

Bad Gaussian Blur
Bad Gaussian Blur
Bad Gaussian Blur

Shaders
Bad Gaussian Blur

Bad Gaussian Blur All Counters Occupancy Limiter Utilization Memory Raytracing Other & Cache

Bad Gaussian Blur Counters Buffer L1 Read Accesses: 0,00
. ThreadGroup L1 Read Accesses: 0,00 |
Bad Gaussian Blur 19 @ 3 ImageBlock L1 Read Accesses: 0,00

Bad Gaussian Blur % Total L1 Read Accesses Stack L1 Read Accesses: 0,00
Register L1 Read Accesses: 0,00

Bad Gaussian Blur e e RT Scratch L1 Read Accesses: 0,00 |
Bad Gaussian Blur N e : Other L1 Read Accesses: 49,99

Bad Gaussian Blur
Bad Gaussian Blur
Bad Gaussian Blur
Bad Gaussian Blur
Bad Gaussian Blur
Bad Gaussian Blur
Bad Gaussian Blur
Bad Gaussian Blur

Bad Gaussian Blur

000.000.000 - 323.244.531 (323.24 mS) (wm)

»




Cache hit rate

All Counters Occupancy Limiter Utilization Memory Raytracing Other | Cache

Counters Buffer L1 Read Accesses: 0,00
ThreadGroup L1 Read Accesses: 0,00
> L1 Cache Reads ImageBlock L1 Read Accesses: 0,00
% Total L1 Read Accesses @ Stack L1 Read Accesses: 0,00
Register L1 Read Accesses: 0,00
X RT Scratch L1 Read Accesses: 0,00

> !}1 TCache erFes Other L1 Read Accesses: 49,99

o Total L1 Write Accesses

000.000.000 - 323.244.531 (323.24 ms) (wm)




Cache hit rate

e 3aBucumocTb throughput ot nokazartenen gaHHON METPUKMN.
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Cache hit rate

 YeMm BbilWe gaHHaA MeTpuKa, TeM ObICTpee BbINosHAeTcAa paboTa no
OTOOpa)>KeHUIo N1 BbIMUCITIEHULO.
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Kak namepurtb «npoun3BoanNTesIbHOCTb»?

MeTpuku MeTpukn OnTummsauum

nosib3oBaresis pecypcoB
[T hread group)

size
Occupanc Branch
e divergence

Memory .

bandwidth [Half PFeCISIOD
Cache hit rate [ Shared ]

memory
negister [Kernel fusioD
pressure

Latency

Tail latency

Throughput

ahYShYS
NN AN
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Register pressure

CKOJbKO pernctpoB UCMnoJsib3yeT KaXabin noToK BHyTpu GPU

* Profiling n nonck gaHHbIX.
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Register pressure

CKOJbKO pernctpoB UCMnoJsib3yeT KaXabin noToK BHyTpu GPU

e [laHHas MeTpuKa HanpsMyto orpaHu4YnBaeT occupancy.

Compute Unit
Threadgroup

SIMD Group SIMD Group SIMD Group
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Register pressure

Compute Unit

. Threadgrou
. YBenuueHue thread group size c b

OTCYTCTBMEM pPOCTa occupancy
TakK>XXe ABMSEeTCHA nokasaTenem
npoosnem c JAHHON MEeTPUKOM.

SIMD Group SIMD Group SIMD Group
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Register pressure

CKOJbKO pernctpoB UCMnoJsib3yeT KaXabin noToK BHyTpu GPU

Compute Unit

- Threadgrou
. YBenuueHue thread group size c b

OTCYTCTBMEM pPOCTa occupancy
TakK>XXe ABMSEeTCHA nokasaTenem
npoosnem c JAHHON MEeTPUKOM.

SIMD Group SIMD Group SIMD Group
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Kak namepurtb «npoun3BoanNTesIbHOCTb»?

MeTpuku MeTpukn OnTmMmmnsaummn
NnoJib3oBaTesns pecypcoB

Occupanc Branch
Py divergence
Memory
bandwidth
[Cache hit rate] Shared
memory
[ negister ) Kernel fusion
pressure

105

Thread group
size

Latency

Tail latency Half precision

Throughput

Y YS
NN AN




Kak namepurtb «npoun3BoanNTesIbHOCTb»?

MeTpuku MeTpukn OnTnmmsauum

nosib3oBaTesid pecypcoB
Thread group
size

COccupancy)

Memory

bandwidth

[Cache hit rate)

Register

pressure
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Latency

Tail latency

Throughput

ahYShYS
NN N




N
o
b

Threadgroup size



func encode(

)

{

Threadgroup size

_ encoder: MTLComputeCommandEncoder,
inputTexture: MTLTexture,
outputTexture: MTLTexture,

subtype: GaussComputePass.Subtype

encoder.label = makeEncoderLabel(by: subtype)
encoder.setComputePipelineState(makePipelineState(by: subtype))

encoder.setTexture(inputTexture, index: 0)
encoder.setTexture(outputTexture, index: 1)

let threadGroupSize = MTLSize(width: 4, height: 4, depth: 1)
let threadGroupCount = MTLSize(

width: (inputTexture.width + threadGroupSize.width - 1) / threadGroupSize.width,
height: (inputTexture.height + threadGroupSize.height - 1) / threadGroupSize.height,

depth: 1

encoder.dispatchThreadgroups
threadGroupCount,
threadsPerThreadgroup: threadGroupSize




Threadgroup size

let threadGroupSize = MTLSize(width: 4, height: 4, depth: 1)

let threadGroupCount = MTLSize(
width: (inputTexture.width + threadGroupSize.width - 1) / threadGroupSize.width,
height: (inputTexture.height + threadGroupSize.height - 1) / threadGroupSize.height,
depth: 1

)

encoder.dispatchThreadgroups(
threadGroupCount,
threadsPerThreadgroup: threadGroupSize




Threadgroup size

let threadGroupSize = MTLSize(width: 16, height: 16, depth: 1)

let threadGroupCount = MTLSize(
width: (inputTexture.width + threadGroupSize.width - 1) / threadGroupSize.width,
height: (inputTexture.height + threadGroupSize.height - 1) / threadGroupSize.height,
depth: 1

)

encoder.dispatchThreadgroups(
threadGroupCount,
threadsPerThreadgroup: threadGroupSize
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Threadgroup size

Pa3mep rpynnbl NOTOKOB

Occupancy:

Memory bandwidth:

~10 GiB/s

Cache hit rate:

Performance:

111

200 kernels

Read: 5 GiB/s Write: 5 GiB/s
Other: 37% Registers: 7%



Kak namepurtb «npoun3BoanNTesIbHOCTb»?

MeTpuku MeTpukn OnTnmmsauum
noJib3oBaTens pecypcoB

Occupanc sranch
pancy divergence
Memory
bandwidth
[Cache hit rate)
Register
pressure
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Latency

Tail latency

Throughput

ahYShYS
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float gaussEdge[5][5]
{1.9, 4.0,
{4.0, 16.0,
{7.0, 26.0,

Branch divergence

{1.09, 4.0,
BeTB/1eHue notTokKos b

float4 sum = float4(0.0);
float weightSum = 0.0;

for (int ky = -radius; ky <= radius; ++ky) {
for (int kx = -radius; kx <= radius; ++kx) {
int sx = int(gid.x) + kx;
int sy = int(gid.y) + ky;

if (sx >= 0 &&
sx < int(width) &&
sy >= 0 &&
sy < int(height)) {

float4 color = input.read(uint2(sx, sy)):
float w = gaussEdge[ky + radius][kx + radius];

sum += color * w;
weightSum += w;

float4 result = sum / weightSum;

113

output.write(result, gid);



Branch divergence

sx < int(width) &&
sy >= 0 &&

. . . . . e
float4 color = input.read(uint2(sx, sy)):
float w = gaussEdge[ky + radius][kx + radius];
weightSum += w;

IIIIII\ IIIIIIl IIIIIIl |IIIIII |IIIIII |




Branch divergence

if (sx >= 0 &&
sx < int(width) &&
sy >= 0 &&
sy < int(height)) {

float4 color = input.read(uint2(sx, sy)):
float w = gaussEdge[ky + radius][kx + radius];

sum += color * w;
weightSum += w;

IIIIII\ IIIIIIl IIIIIIl |IIIIII |IIIIII |




Branch divergence

uint2 coord:
coord.x = clamp(baseX + kx, 9, maxX - 1):
coord.y = clamp(baseY + ky, 9, maxY - 1);
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Branch divergence

Occupancy:

Memory bandwidth:
~14 GiB/s

Cache hit rate:

Performance:

117

[MTocne onTumunsauum |

200 kernels

Read: 7 GiB/s Write: 7 GiB/s

Other: 50%



Kak namepurtb «npoun3BoanNTesIbHOCTb»?

MeTpuku MeTpukn OnTnmmsauum
noJib3oBaTens pecypcoB

COccupancy)
Memory -
[ bandwidth ) Half precision
[Cache hit rate)

Register
pressure
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Latency

Tail latency

Throughput
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Precision optimization

OntTnmusauusa popmaTta npeactTaB/eHUS YnNcen

kernel void badGaussianBlurKernel(
texture2d<float, access::read> input [[texture(0)]],
texture2d<float, access::write> output [[texture(1)]],
uint2 gid [[thread_position_in_grid]]

float4 sum = float4(0.0):
float weightSum = 0.0;
) { for (int ky = -radius; ky <= radius; ++ky) {
for (int kx = -radius; kx <= radius; ++kx) {
uint2 coord;
coord.x = clamp(baseX + kx, 0, maxX - 1):
coord.y = clamp(baseY + ky, 0, maxY - 1);

uint width = input.get_width();
uint height = input.get_height();

if (gid.x >= width ||
gid.y >= height) {

return;
}
: L float4 color = input.read(coord);
i:: 32225 _ §i3§ float w = gaussEdgel[ky + radius]l[kx + radius];
int maxX = width;
int maxY = height; sum += color * w:

o . ; += o
constexpr int radius = 2; welghtSum W,

float gaussEdge[5][5] = { }
{1.0, 4.0, 7.9, 4.0, 1.0},
{4.0, 16.0, 26.0, 16.0, 4.0}, ,
{7.0, 26.0, 41.0, 26.0, 7.0} float4 result = sum / weightSum;
{4.0, 16.0, 26.0, 16.0, 4.0},
{1.0, 4.0, 7.9, 4.0, 1.0}

output.write(result, gid);



Precision optimization

texture2d<half, access::read> input [[texture(9)]],

half4 colorH = input.read(coord);
half wH = gaussEdgelky + radius][kx + radius];

constexpr half gaussEdge[5][5] = {
{1.0, 4.0, 7.0, 4.0, 1.0},
{4.0, 16.0, 26.0, 16.90, 4.0},
{7.0, 26.0, 41.0, 26.0, 7.0},
{4.0, 16.0, 26.0, 16.90, 4.0},
{1.0, 4.0, 7.0, 4.0, 1.0}




Precision optimization

float4 sum = float4(0.9):
float weightSum = 0.0;

texture2d<float, access::write> output [[texture(1)]],

for (int ky = -radius; ky <= radius; ++ky) {
for (int kx = -radius; kx <= radius; ++kx) {

float4 result = sum / weightSum;

output.write(result, gid);



Precision optimization

Occupancy:

Memory bandwidth:

~13 GiB/s

Cache hit rate:
Performance:

122

[MTocne onTumunsauum

200 kernels

Read: 6 GiB/s Write: 7 GiB/s
Other: 50%



Kak namepurtb «npoun3BoanNTesIbHOCTb»?

MeTpuku MeTpukn OnTnmmsauum
noJib3oBaTens pecypcoB

C Latency ) COccupancy)

: Memory
(Tall Iatency) [ban dwidth
[Throughput) [Cache hit rate]

Register
pressure
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Shared memory optimization

kernel void badGaussianBlurKernel( . )
texture2d<half, access::read> 1input [[texture(9)]1], float4 sum = float4(0.0),

texture2d<float, access::write> output [[texture(1)]1], float weightSum = 0.0;
uint2 gid [[thread_position_in_grid]l]

) { - - _ - - — - "
uint width = input.get_width(); for (int ky = -radius; ky <= radius; ++ky) {

uint height = input.get height(): for (int kx = -radius: kx <= radius: ++kx) {
uint2 coord:

1f (gid.x >= width || coord.x = clamp(baseX + kx, 0, maxX - 1);

gid.y >= height) {

return: coord.y = clamp(baseY + ky, 9, maxY - 1);
}
, , half4 colorH = input.read(coord);
int baseX = gid.Xx; - -
int baseY = gid.y: half wH = gaussEdge[ky + radius]l[kx + radius];
int maxX = width;
int maxY = height; sum += float4(colorH) * float(wH):

weightSum += float(wH);

constexpr int radius = 2;

constexpr half gaussEdge[5][5] = { }
{1.0, 4.0, 7.0, 4.0, 1.0},
{4.0, 16.0, 26.0, 16.0, 4.0},
{7.0, 26.0, 41.0, 26.0, 7.0}, float4 result = sum / weightSum;
{4.0, 16.0, 26.0, 16.0, 4.0},

. {1.0, 4.0, 7.0, 4.0, 1.0} k2 output.write(result, gid);



Shared memory optimization

constant half kGaussian[5][5] = {
{ 1.6h, 4.0h, 7.06h, 4.0h,
4.0h, 16.06h, 26.0h, 16.0h,
7.0h, 26.0h, 41.0h, 26.0h,
4.0h, 16.06h, 26.0h, 16.0h,
1.0h, 4.06h, 7.0h, 4.0h,

};

constant float kWeightSum = 273.0f;




Shared memory optimization

uint2 gid [[thread_position_in_gridl],
uint2 tid [[thread_position_in_threadgroupl],
uint2 tgid [[threadgroup_position_in_grid]]




Shared memory optimization

constexpr RADIUS = 2;
constexpr TG_SIZE_X = 16;
constexpr TG_SIZE_Y 16;

constexpr TILE_SIZE_X = TG_SIZE_X + RADIUS x 2;
constexpr TILE_SIZE_.Y TG_SIZE_Y + RADIUS *x 2;




Shared memory optimization




Shared memory optimization
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Shared memory optimization
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Shared memory optimization
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Shared memory optimization
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Shared memory optimization
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Shared memory optimization
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Shared memory optimization

[MTocne onTumunsauum

200 kernels

Occupancy:

Memory bandwidth:
~13 GiB/s Read: 6 GiB/s Write: 7 GiB/s

Cache hit rate:
Throughput:
~570 FPS

135



Kak namepurtb «npoun3BoanNTesIbHOCTb»?

MeTpuku MeTpukn OnTnmmsauum
noJib3oBaTens pecypcoB

COccupancy)
Memory
bandwidth

[Cache hit rate)
pressure
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Tail latency

Throughput
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Kernel fusion

OO0beanHeHue HecKoNnbKux kernels
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User input

- v
Kernel fusion SEITENN - T -

Oo6bepunHeHue HecKoNbKux kernels Output

Kernel 1

R —

Kernel 3
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Kernel fusion

OO0beanHeHue HecKoNnbKux kernels

600 vs 200 kernels

Encoders:

M 0 -
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IlhaH poknapa

BcTynneHune.

MeTpukun nonb3oBaTens.

MeTpukn pecypcoB 1 onTuMmnsauunn.
Kakue eLlle cKpbIBatOTCS TOHKOCTN?

[lonBeneHmne NToros.
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[ lpyunHbI «NNOX0oro» pes3ynbraTta

e HenoHMaHMe NPon3BOANTESIBHOCTW.



[ lpyunHbI «NNOX0oro» pes3ynbraTta

e HenoaoxopgsdLine 3agayn.



Henoaxoasauwue sagavun

 OOnHOYHbIE NN pegKue onepauunmn.



Henoaxoasauwue sagavun

 Hebosnblas noTepsa Npon3BoanTeNIbHOCTU, KOTOPYIO MOXXHO PELUNTb
ontumMmmn3aaumen CPU kopaa.

N3o06parkeHne 1500x1000 pixels

CPU Gaussian Blur 6e3 ontumunsauun: Latency 0.8s, P95 0.82s, FPS 1.24

CPU Gaussian Blur c vimage (Accelerate): Latency 0.15s, P95 0.15s, FPS 6.34
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Henoaxoasauwue sagavun

 ManeHbkune n3odbpa>keHus.

N306parkeHne 128x128 pixels

CPU Gaussian Blur 6e3 ontummnsauun: Latency 0.008s, P95 0.014s, FPS 121.4
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[ lpyunHbI «NNOX0oro» pes3ynbraTta

 CuHxpoHunsauuna CPU/GPU.



Cunxponuun3sauusa CPU/GPU

 CBepgeHne K MUHUMYMY cuHxpoHusauuto mexgy CPU n GPU.

- —lp ERVAIRECOCE = B EIE I oS0 af P MTLCommandBuffer

o

MTLCommandQueue

MTLDevice
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CuHxpoHunsauusa CPU/GPU

 HacTpoumka TEKCTYP C TOYKN 3PEHUS PACMOJIOXKEHNS B NaMSATI.
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Cunxponuun3sauusa CPU/GPU

PelwieHune npob6nem cBsA3aHHbIX C CUHXPOHU3aLnen

func makeTexture(
width: Int,
height: Int,
pixelFormat: MTLPixelFormat = .rgba8Unorm,
usage: MTLTextureUsage = [.shaderRead, .shaderWritel
) —=> MTLTexture? {
let descriptor = MTLTextureDescriptor.texture2DDescriptor(
pixelFormat: pixelFormat,
width: width,
height: height,
mipmapped: false

)

descriptor.usage = usage
descriptor.storageMode = .shared

return device.makeTexture(descriptor: descriptor)
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Cunxponuun3sauusa CPU/GPU




Cunxponuun3sauusa CPU/GPU

.private

descriptor.storageMode = .shared descriptor.storageMode




Cunxponuun3sauusa CPU/GPU

noﬂro;ﬁsKgﬁJaHHblx o o CO303eM TEKCTYPY Eemmm dl OTNpaska OaHHbIX —}
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CuHxpoHunsauusa CPU/GPU

Co3paem

XpaHunuiie ona =P
TEKCTYP

[logrotoBka gaHHbIX [lepencnonb3yem
nnsa GPU -> TEeKCTypbl o= 4 OTrpaBka gaHHbIX feu 4 BbinonHeHue
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Cunxponuun3sauusa CPU/GPU

@ Performance  816.32 ms 81 6_32 ms " O Performance  684.73ms 684_73 ms




[ lpyunHbI «NNOX0oro» pes3ynbraTta

 HenpaBwunbHas opraHusauna pipeline.



[Tpongemcs No NOHATUAM

MTLCommandBuffer MTLCommandBuffer MTLCommandBuffer

MTLCommandEncoder
MTLCommandEncoder MTLCommandEncoder

MTLDevice MTLCommandEncoder

MTLCommandEncoder

MTLCommandEncoder
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[Tpongemcs No NOHATUAM
OcHoBHblIe 00bekTbl Metal

MTLCommandEncoder
MTLCommandEncoder MTLCommandEncoder

MTLDevice MTLCommandEncoder

MTLCommandEncoder

MTLCommandEncoder
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[Tpongemcs No NOHATUAM
OcHoBHblIe 00bekTbl Metal

MTLCommandEncoder
MTLCommandEncoder MTLCommandEncoder

MTLDevice MTLCommandEncoder

MTLCommandEncoder

MTLCommandEncoder
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[Tpongemcs No NOHATUAM
OcHoBHblIe 00bekTbl Metal

MTLCommandEncoder
MTLCommandEncoder MTLCommandEncoder

MTLCommandEncoder
MTLCommandEncoder

MTLCommandEncoder
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CuHxpoHunsauusa CPU/GPU

OTnpaska naHHbIX [k o BbiMONHeHMe
3apaHee /

nogroTaBivBaem
HeoOxoAuMble AaHHbIe MNopgrotoBkKa gaHHbIX OJ1A
1 Nepencnosibsyem KOHKPETHOro namnrJsianHa

«TXKeJible» 0OBbeKTbl
Metal
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IlhaH poknapa

 BcTynneHune.

e MeTpuku nonb3oBaTens.
 MeTpukun pecypcoB 1 oNTUMN3aLunn.
e Kakue elle ckpblBatOTCA TOHKOCTU?

e [lonBeneHmne NTOros.
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lloaBoam ntorm

 NMponsBoaANTENILHOCTb - 3TO YETKNN HAOOP NHCTPYMEHTOB U OENCTBUN.
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lloaBoam ntorm

 NMponsBoaANTENILHOCTb - 3TO YETKNN HAOOP NHCTPYMEHTOB U OENCTBUN.

 Metal cam no cebe He paBHO YCKOpPeHue, a CKopee pecypc ¢ 60/1bLUM
NoTeHUunasiomMm 11 BO3MOXXHOCTAMW Npuv nNpaBuibHOM Moaxone.
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lloaBoam ntorm

 NMponsBoaANTENILHOCTb - 3TO YETKNN HAOOP NHCTPYMEHTOB U OENCTBUN.

 Metal cam no cebe He paBHO YCKOpPeHue, a CKopee pecypc ¢ 60/1bLUM
NoTeHUunasiomMm 11 BO3MOXXHOCTAMW Npuv nNpaBuibHOM Moaxone.

 NMopaxopn n oencTBUNA NpPu NOCTPOEHUN apxnuTekTypbl Metal Hanpamyto
3aBUCAT OT 3a4a4, KOTOpble Bbl XOTUTE PELUNTD.
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Pecypchbl
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