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3anyck compute-
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Kupunn Konogs>xHbin
Beaywmin nHxeHep no paspabotke 10O

Pa3paboTka cucTeM XpaHeHUs AaHHbIX
MawmnHHOe o0byyeHune
3-peKoHCTpyKLUMS

Khura «Hands-On Machine Learning with C++»
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YTO Mbl PacCMOTPUM?

Peanunsauyunio KoOHBenepa 3anycka BbluncnmTenbHblx aaep ansa Vulkan

O1

Mopenn KOHKYpeHTHOCTH
Ha GPU

CUDA, OpenCL, Vulkan

04

YnpaBneHue pecypcamm

KawmnpoBaHue, oTcnexmaaHue,
nakeTnpoBaHMe

YADRO. byayliee B Halwmx pykax

02

ApxutekTtypa Adept

Knto4yeBble KOMMOHEHTDI
N X 3aga4un

05

[MponssBoanTenbHOCTD

HacTpowka napameTpos
N CpaBHEHWE

03

JocTtyn K namMaTu

ABTOMaTnueckas
reHepaumsa 6apbepos




[TpoekT Adept

Automatic Differentiation Engine for Tensor Processing

bubnmnoteka gna noctpoeHmsa n obyuyeHmna ML-mMogenen

Dynamic graphs

Eager-mode kak B PyTorch: oTnagka, ycnoBus, LMKIb

Tensors + Autograd
ABTO-gmnddepeHuLmpoBaHme ¢ yckopeHmnem Ha GPU

Vulkan backend
NVIDIA, AMD, Intel, Qualcomm

Unified Python/C++ semantics
Jlerko afarnTnpoBaTb N NEepPeHOCUTb KO/,
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Adept: obpasoBaTeNnibHbIN MPOEKT

O1 02 03

OCHOBHble apXUTEKTYpPHbIE Pa3sHble ypoBHU BsauMopeuctemne
6noku nnatpopm abcTpakuum HECKONIbKMX A3bIKOB
MalUMHHOro obyyeHus nporpamMMmUpoBaHUS

04 05 06

Peanusauua MaTeMaTnyeckmx MeTon aBTOMaTUYeCKOro Peanusauus
abcTpakuum anddepeHumpoBaHus pacnpoCTpaHEHHbIX
moaynen ML-mopenewn
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Vulkan — egunHbin AP| gnsa pasnunyHbix GPU

(Vu likan.

Embedded GPU

|

Integrated graphics

YADRO. byayliee B Halwmx pykax

Mobile SoC GPU Server GPU

|

Adreno, Mali,
PowerVR

Desktop GPU

NVIDIA, AMD,
Intel



Vulkan — TpeHg ans Inference Ha ycTpoucTeax

ExecuTorch TFLite / LiteRT NCNN MNN

O PyTorch Google Tenceni R  Alibaba

Instagram!, WhatsApp Airbnb, PayPal QQ, Qzone, WeChat, Pitu Taobao, Tmall, Youku

YADRO. byayuiee B Halwmx pykax ' [leAaTenbHOCTb OpraHM3auUmm 3anpetlleHa Ha Tepputopun PO 7



KoHuenuna KoHBerepa BblYNCTIEHUN

YnpaBneHue 3anyCkoM BbIYNUCIEHUN U CUHXPOHM3ALMS Ha XOCTe

. Compute . Compute .
Host Device Device Device Host
Load _— - —
Memory Sl == Memory Kernel Memory Kernel Memory Store Memory
\/_

auto a = tensor({1.6f, i ! i
2.0f, 3.0F}); g a=a.gpu();

auto b = tensor({4.0f, _ ) i _ , i _ i i ; :

5.0F, 6.0F}); b = b.gpu(); : c=a+b; : C =c * 2.0f; : cout << c.item();
auto c = tensor({0.0f, ¢ = c.gpu(); . . .
6.6f, 8.0f}); ! ! !
i Host / CPU | i

barrier barrier barrier

Program Flow

YADRO. byayliee B Halwmx pykax 8



Mopenn KOHKYPeHTHOCTMU M

B pa3Hbix API /\/v
va W
IRe /N N /N /




CUDA stream: ceMaHTMKa OgHOI0 NOTOKA

YADRO. Byayllee B Halwmx

pyKax

Host Stream GPU
Kernel A
Execute A
A Complete
< ______________________________
Kernel B
Execute B
Host Stream GPU

Strict FIFO Order
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CUDA: BMAMMOCTb NaMATM BHYTPU NOTOKA

E,OI'IO}'IHVITeﬂbeIVI KO HE HYXeH: HeEABHaA CUHXPOHUN3aUMA BHYTPW NMOTOKa

Kernel A Memory Kernel B

Write Data

Visibly Guaranteed

Completion Signal
_____________________________________________________________>

Read Data

Sees Fresh Data

Kernel A Memory Kernel B
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OpenCL: ynopsaaodeHHblie
VS HEYNnopsaa0oYeHHble ovyepeam

XapaKTepUcTuka YnopsaoyeHHas oyepenb HeynopspouyeHHas oyepeab
NcnonHeHue Crporum FIFO 3aBUCUT OT COBbITUN

3aBMCUMOCTHU HeqaBHble ABHble (CObbITUSA)

CnoxHocTtb Huskas Bbicokas

Mapannenusm OrpaHuyeH Bbicokunm
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Vulkan Compute vs. Graphics Pipeline

BbluncnutenbHbi KOHBENEpP

Shader Module (Compute) —> Compute Pipeline —> Dispatch

O6wue pecypcbl - ----
Image Attachments
(color, depth, storage) - =-=-=-=-=-=--=-----

Render Pass Mpadurueckmin koHBenep (MHOro aTanos)

1
1
1
1
T
1
1
1
— 1
1
1
1
1
Framebuffer —> Graphics Pipeline [
1
1
1
1
1
1
1
1
1
1
1
1

\%

Input Assembly —>  Vertex Shader —> Tessellation

v

Geometry Shader

\% v

Rasterizer —> Fragment Shader —> Color Blend/Depth Stencil —>  Draw Call
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OTnnyme 3anycka sblyncneHnm B Vulkan

KntoyeBoe oTnnume:
HeT Nnoaxoda «3anyCcTun u 3abblni» — TpebyeTca asBHasa OTNPaBKa

Host CPU Record Command Buffer Submit to Queue GPU Execution

YADRO. byayliee B Halwmx pykax 14



CeMencTtBa ovepegen Vulkan:
reTeporeHHble NYyTU NCNONHEHUS

GPU Hardware

Compute Engine

Queue Family O

1
v

Transfer Engine

Compute Queue Family

Queue Family 1

1
v

Graphics Engine

YADRO. byayliee B Halwmx pykax

Transfer Queue Family

Queue Family 2

|
Y2

Graphics Queue Family
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OCHOBHbIe NPUMUTUBbLI CUHXPOHM3auMK Vulkan

APl Hnuero He NnpeanonaraeT — pa3paboTunK 06bLABNAET BCE 3aBUCUMOCTU

Pipeline Barrier Execution Sync

Semaphore Submissions Sync

Memory Barrier Memory Visibility
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MTorn paccMoTpeHuns Moaenem KOHKYPEHTHOCTU

API/Mopgenb [Topapok ncnonHeHus BuanmocTtb namatu
CUDA stream Crporum FIFO ABTOMaTH4eckas

(BHYTpPM NOTOKA)
OpenCL Crporum FIFO ABTOMaTM4YeCKas

YnopsipoueHHas ouepeab

OpenCL
HeynopspaoyeHHasa ovepenb

Vulkan (6e3 6apbepoB)

Vulkan (c 6apbepamn)

YADRO. byayliee B Halwmx pykax

3aBUCUT OT cObbITUN

Tonbko NopsaoK OTNpPaBKX

ABHbIN KOHTPOb

3aBUCUT OT cObbITUN

Tonbko NoOpsAoK OTNpPaBKX

ABHbIN KOHTPOb

17



ApxutekTtypa Adept

Automatic Differentiation Engine /\/\
for Tensor Processing /\/v
le§ /\/\/\
IRe /N N /N /




APXNTEKTYPHbIE B/TOKU

CPU: NN layers Autograd Top level API
C++, SIMD intrinsics C++ 5 C++ E E Python / C++
Dispatching
1. Modules
Ct 2. Operators
3. Expressions
GPU: Linear algebra 4
C++, Shaders, Kernels C++ E
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APXNTEKTYPHbIE B/TOKU

GPU:
C++, Shaders, Kernels

YADRO. byayliee B Halwmx pykax 20



Komnunaumna wengepos B SPIR-V

Shader Template

Python Generator

l

Specialized .comp glslangValidator SPIR-V .spv

C++ Header

Runtime Cache
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TpéxypoBHeEBaA MOAENb aPXUTEKTYPHDI

Developer View

Tensor Operation —> RUN_SHADER Macro  —

Adept Layer

N

> Shader Cache —> Access Tracking —> Barrier Generation —> Completion Tracking —> Resource Pooling

Vulkan Layer

Command Buffer —> Pipeline —> DescriptorSet  —>  Queue Submit

YADRO. byayliee B Halwmx pykax 22



[TonknagHon nutepdpenc — Developer View

// User code: Simple tensor arithmetic

Tensor a = tensor({1.0f, 2.0f, 3.0f});
Tensor b = tensor({4.0f, 5.0f, 6.0f});
Tensor ¢ = tensor({0.0f, 0.0f, 0.0f});

// Sequential operations with automatic dependencies

Cc =a+ b; // Kernel 1: element-wise add
cC =cCc * 2.0F; // Kernel 2: scalar multiply
C=2c¢ - a; // Kernel 3: element-wise subtract
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[TonknagHon nutepdpenc — Developer View

// User code: Simple tensor arithmetic
Tensor a = tensor({1.0f, 2.6f, 3.0f});
Tensor b = tensor({4.0f, 5.6f, 6.0f});
Tensor ¢ = tensor({06.06f, 0.6f, 0.0f});

// Sequential operations with automatic dependencies

Cc =a+ b; // Kernel 1: element-wise add
cC =cCc * 2.0F; // Kernel 2: scalar multiply
C=2c¢ - a; // Kernel 3: element-wise subtract
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[TonknagHon nutepdpenc — Developer View

// User code: Simple tensor arithmetic

Tensor a = tensor({1.0f, 2.0f, 3.0f});
Tensor b = tensor({4.0f, 5.0f, 6.0f});
Tensor ¢ = tensor({0.0f, 0.0f, 0.0f});

// Sequential operations with automatic dependencies

c=a+b; // Kernel 1: element-wise add
c=c¢ * 2.8f; // Kernel 2: scalar multiply
c=c¢ - a; // Kernel 3: element-wise subtract
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BHyTpeHHsa peanmsauma — Adept Layer

void TensorImpl::add(const DeviceTensor& other) {

/] ...

auto buffers = make_transitions(
self.buffer_for_write(),
other.buffer_for_read()

)i

auto push_constants

auto spec_constants

make_arithmetics_push_consts();
make_shader_consts(num_invokes);

/] ...
RUN_SHADER(device_id, dtype, shader,
buffers,
spec_constants, push_constants,
ceil_div(count, num_invokes)); // workgroup size
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BHyTpeHHsa peanmsauma — Adept Layer

void TensorImpl::add(const DeviceTensor& other) {

/] ...

auto buffers = make_transitions(
self.buffer_for_write(),
other.buffer_for_read()

);

auto push_constants

auto spec_constants

make_arithmetics_push_consts();
make_shader_consts(num_invokes);

/] ...
RUN_SHADER(device_id, dtype, shader,
buffers,
spec_constants, push_constants,
ceil_div(count, num_invokes)); // workgroup size

YADRO. byayliee B Halwmx pykax 27



BHyTpeHHsa peanmsauma — Adept Layer

void TensorImpl::add(const DeviceTensor& other) {

/] ...

auto buffers = make_transitions(
self.buffer_for_write(),
other.buffer_for_read()

)i

auto push_constants

auto spec_constants

make_arithmetics_push_consts();
make_shader_consts(num_invokes) ;

/] ...
RUN_SHADER(device_id, dtype, shader,
buffers,
spec_constants, push_constants,
ceil_div(count, num_invokes)); // workgroup size
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BHyTpeHHsa peanmsauma — Adept Layer

void TensorImpl::add(const DeviceTensor& other) {
/] ...
auto buffers = make_transitions(
self.buffer_for_write(),
other.buffer_for_read()
)i
auto push_constants
auto spec_constants
/] ...
RUN_SHADER(device_id, dtype, shader,
buffers,
spec_constants, push_constants,
ceil_div(count, num_invokes)); // workgroup size

make_arithmetics_push_consts();
make_shader_consts(num_invokes);

YADRO. byayliee B Halwmx pykax
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OCHOBHbI@ KOMMOHEHTH!

VkManager
1
VkDevice
1 1
* 1 * *
VkSubmit <<Resourse Pools>> VkShader MemoryPool

TN

tracks via storage_ptr

1
VkCommandBuffer VkBufferBase
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bydepbl AaHHbIX

CoKpalleHe KONMMYeCTBa BblAENEHNMN NaMAaTK /\/>v/\
leQ /\/\/\
IRe /N N SN/




YnpaBneHue bydepamm gaHHbIX

CPU
Host Memory
load: memcpy store: memcpy
GPU
Staging Buffer load: vkCmdCopyBuffer Device Buffer
Host-Visible story: vkCmdCopyBuffer Device-Local

Staging-6ydep — 370 MamMaTb, BUAMMAA XOCTY, K KoTopon MoryT obpawaTtbca n CPU, n GPU

KoMaHabl KonupoBaHKs BbIMONHATCA acuHXpoHHO Ha GPU — CPU He 6nokunpyeTcs Bo BpeMa nepenaym
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ApxmnTekTypa 6ydepoB AaHHbIX

YADRO. byayliee B Halwmx pykax

<<abstract>>
Buffer
+size() : const

+is_shared() : const

+is_aligned() : const

T

<<tracking>>
VkBufferBase

+last_access_type_

+last_pipline_stage _

+buffer_for(...) : const

1

<<concrete>>
VkBuffer

+buffer_
+memory_
+staging_buffer_
+mapped_data_

+load() / store()

<<pooling>>
MemoryPool

—allocates from—>> +allocate (size)
+free(buffer)
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Patota LRU nyna namaTtu

Cache Remove
HIT from Cache
Wrap in
. Search PoolStorage
Allocate size —> cache | @ l /
Cache Cache
> MISS o Full? Allocate New

| @ Evict LRU T
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RAIl B PoolStorage

struct PoolStorage : public Storage {
std::weak_ptr<MemoryPool> parent_pool_;
buffer_ptr_t original_buffer_;

~PoolStorage() override {
auto pool = parent_pool_.lock();
if (pool) {
pool->free(std: :move(original_buffer_));
}.

}.
¥;

YADRO. byayliee B Halwmx pykax 35



RAIl B PoolStorage

struct PoolStorage : public Storage {
std: :weak_ptr<MemoryPool> parent_pool_;
buffer_ptr_t original_buffer_;

~PoolStorage() override {
auto pool = parent_pool_.lock();
if (pool) {
pool->free(std: :move(original_buffer_));
}.
}.
}i
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RAIl B PoolStorage

struct PoolStorage : public Storage {
std::weak_ptr<MemoryPool> parent_pool_;
buffer_ptr_t original_buffer_;

~PoolStorage() override {
auto pool = parent_pool_.lock();
if (pool) {
pool->free(std: :move(original_buffer_));
}.
}.
}i
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RAIl B PoolStorage

struct PoolStorage : public Storage {
std::weak_ptr<MemoryPool> parent_pool_;
buffer_ptr_t original_buffer_;

~PoolStorage() override {
auto pool = parent_pool_.lock();
if (pool) {
pool->free(std: :move(original_buffer_));
}.
}.
}i
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RAIl B PoolStorage

struct PoolStorage : public Storage {
std::weak_ptr<MemoryPool> parent_pool_;
buffer_ptr_t original_buffer_;

~PoolStorage() override {
auto pool = parent_pool_.lock();
if (pool) {
pool->free(std: :move(original_buffer_ ));
}
}.
}i
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MemoryPool: LRU-kaww

LRU-kaw gna 6ydpepo. namatu GPU c gocTtynom no pasMmepy

class MemoryPool {
// Size-indexed Tlookup
std: :multimap<size_t, iterator> cache_lookup_;

std: :list<buffer_ptr_t> buffers_cache_; // LRU order
std::list<buffer_ptr_t> buffers_in_use_; // Active buffers
std::mutex gquard_; // Thread-safe access
allocator_ptr_t allocator_; // Backend-specific allocator
size_t max_size_{1000}; // Cache size

float32_t size_diff_ratio_{0.3f}; // 30% size tolerance

/] ...

storage_ptr_t allocate(size_t size);
void free(buffer_ptr_t&& buffer);
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MemoryPool: LRU-kaww

LRU-kaw gna 6ydpepo. namatu GPU c gocTtynom no pasMmepy

class MemoryPool {
// Size-indexed Tlookup
std: :multimap<size_t, iterator> cache_lookup_;

std: :list<buffer_ptr_t> buffers_cache_; // LRU order
std::list<buffer_ptr_t> buffers_in_use_; // Active buffers
std::mutex gquard_; // Thread-safe access
allocator_ptr_t allocator_; // Backend-specific allocator
size_t max_size_{1000}; // Cache size

float32_t size_diff_ratio_{0.3f}; // 30% size tolerance

/] ...

storage_ptr_t allocate(size_t size);
void free(buffer_ptr_t&& buffer);
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MemoryPool: LRU-kaww

LRU-kaw gna 6ydpepo. namatu GPU c gocTtynom no pasMmepy

class MemoryPool {
// Size-indexed Tlookup
std: :multimap<size_t, iterator> cache_lookup_;

std: :list<buffer_ptr_t> buffers_cache_; // LRU order

std: :list<buffer_ptr_t> buffers_in_use_; // Active buffers
std::mutex gquard_; // Thread-safe access
allocator_ptr_t allocator_; // Backend-specific allocator
size_t max_size_{1000}; // Cache size

float32_t size_diff_ratio_{0.3f}; // 30% size tolerance

/] ...

storage_ptr_t allocate(size_t size);
void free(buffer_ptr_t&& buffer);
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MemoryPool: LRU-kaww

LRU-kaw gna 6ydpepo. namatu GPU c gocTtynom no pasMmepy

class MemoryPool {
// Size-indexed Tlookup
std: :multimap<size_t, iterator> cache_lookup_;

std: :list<buffer_ptr_t> buffers_cache_; // LRU order
std::list<buffer_ptr_t> buffers_in_use_; // Active buffers
std::mutex gquard_; // Thread-safe access
allocator_ptr_t allocator_; // Backend-specific allocator
size_t max_size_{1000}; // Cache size

float32_t size_diff_ratio_{0.3f}; // 30% size tolerance

/] ...

storage_ptr_t allocate(size_t size);
void free(buffer_ptr_t&& buffer);
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MemoryPool: LRU-kaww

LRU-kaw gna 6ydpepo. namatu GPU c gocTtynom no pasMmepy

class MemoryPool {
// Size-indexed Tlookup
std: :multimap<size_t, iterator> cache_lookup_;

std: :list<buffer_ptr_t> buffers_cache_; // LRU order
std::list<buffer_ptr_t> buffers_in_use_; // Active buffers
std::mutex gquard_; // Thread-safe access
allocator_ptr_t allocator_; // Backend-specific allocator
size_t max_size_{1000}; // Cache size

float32_t size_diff_ratio_{0.3f}; // 30% size tolerance

/] ...

storage_ptr_t allocate(size_t size);
void free(buffer_ptr_t&& buffer);
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MemoryPool: LRU-kaww

LRU-kaw gna 6ydpepo. namatu GPU c gocTtynom no pasMmepy

class MemoryPool {

// Size-indexed Tlookup
std: :multimap<size_t, iterator> cache_lookup_;

std: :list<buffer_ptr_t> buffers_cache_; // LRU order
std::list<buffer_ptr_t> buffers_in_use_; // Active buffers
std::mutex gquard_; // Thread-safe access
allocator_ptr_t allocator_; // Backend-specific allocator
size_t max_size_{1000}; // Cache size

float32_t size_diff_ratio_{0.3f}; // 30% size tolerance

/] ...

storage_ptr_t allocate(size_t size);
void free(buffer_ptr_t&& buffer);

YADRO. byayliee B Halwmx pykax
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Apxuntektypa MemoryPool

Cnucok UCNOJIb3yeMbIX Kew
6y¢ep03 Tabnumua nouncka:
Pa3Mep — cnncok ykasaTenen bydepsl Cnmncok AocTynHbIx bydepoB
YacTo
512 > 7 4 1 0 MCMNOJb3YyOTCAH
1
256 2
3
128 > 3 6 4
5
16 6
7 Pepko
MCMONb3YIOTCS
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Jlornka MemoryPool::allocate()

storage_ptr_t MemoryPool::allocate(size_t size) {
auto lower_it = cache_lookup_.lower_bound(size);
// Search with tolerance
if (lower_it != cache_lookup_.end() &&
lower_it->first <= size +
static_cast<size_t>(size * size_diff_ratio_))) {
return move_from_cache(lower_it); // Cache HIT

}.

if (buffers_cache_.size() >= max_size ) {
evict_oldest();
}.

return allocate_new(size); // Cache MISS

}_
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Jlornka MemoryPool::allocate()

storage_ptr_t MemoryPool::allocate(size_t size) {
auto lower_it = cache_lookup_.lower_bound(size);
// Search with tolerance
if (lower_it != cache_lookup_.end() &&
lower_it->first <= size +
static_cast<size_t>(size * size_diff_ratio_))) {
return move_from_cache(lower_it); // Cache HIT

}.

if (buffers_cache_.size() >= max_size ) {
evict_oldest();
}.

return allocate_new(size); // Cache MISS
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Jlornka MemoryPool::allocate()

storage_ptr_t MemoryPool::allocate(size_t size) {
auto lower_it = cache_lookup_.lower_bound(size);
// Search with tolerance
if (lower_it != cache_Tlookup_.end() &&
lower_it->first <= size +
static_cast<size_t>(size * size_diff_ratio_))) {
return move_from_cache(lower_it); // Cache HIT

}

if (buffers_cache_.size() >= max_size_) {
evict_oldest();

}.

return allocate_new(size); // Cache MISS

}_
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Jlornka MemoryPool::allocate()

storage_ptr_t MemoryPool::allocate(size_t size) {
auto lower_it = cache_lookup_.lower_bound(size);
// Search with tolerance
if (lower_it != cache_lookup_.end() &&
lower_it->first <= size +
static_cast<size_t>(size * size_diff_ratio_))) {
return move_from_cache(lower_it); // Cache HIT

}.

if (buffers_cache_.size() >= max_size_) {
evict_oldest();

}

return allocate_new(size); // Cache MISS
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Jlornka MemoryPool::allocate()

storage_ptr_t MemoryPool::allocate(size_t size) {
auto lower_it = cache_lookup_.lower_bound(size);
// Search with tolerance
if (lower_it != cache_lookup_.end() &&
lower_it->first <= size +
static_cast<size_t>(size * size_diff_ratio_))) {
return move_from_cache(lower_it); // Cache HIT

}.

if (buffers_cache_.size() >= max_size ) {
evict_oldest();
}.

return allocate_new(size); // Cache MISS
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Torn pasgena

YA
e

3agayn, kotopsble pewaet MemoryPool
O1 02 03

CHMXKeHMe HakNnagHbIX ABTOMaTM4yecKoe banaHcupoBsky hit rate

PacXo[oB BblAeeHUS yrnpaB/ieHne BpeMeHEM Yyepes AOoMNycK No pasmepam
namMaTm Xn3Hm bydepos (RAII)
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BbiuncnmuTtenbHble

lengepbl
* YNpoLuleHMe 3anyCcKa
* [IOBTOpPHOE NCMNOMb30BaHME

e YMeHbLlUeHMe KOMMYecTBa
CMCTEMHbIX BbI3OBOB

YA
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3anyck BbluncnmtenoHoro aapa 8 CUDA —
3TO NPOCTO!

int N = 1024; // AprymeHT Bbi30Ba
float *d_A, *d_B, *d_C; // [aHHble

// Pa3Mepbl CeTKWU
int threadsPerBlock 256;

int blocksPerGrid = (N + threadsPerBlock - 1) / threadsPerBlock;

// 3anyck

addVectors<<<blocksPerGrid, threadsPerBlock>>>(
d_A, d_B, d_C,
N);

YADRO. byayliee B Halwmx pykax 54



3anyck BbluncnmtenoHoro aapa 8 CUDA —
3TO NPOCTO!

int N = 1024; // AprymeHT Bbi30Ba
float *d_A, *d_B, *d_C; // [aHHble

// Pa3Mepbl CeTKWU
int threadsPerBlock 256;

int blocksPerGrid = (N + threadsPerBlock - 1) / threadsPerBlock;

// 3anyck

addVectors<<<blocksPerGrid, threadsPerBlock>>>(
d_A, d_B, d_C,
N) ;
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3anyck BbluncnmtenoHoro aapa 8 CUDA —
3TO NPOCTO!

int N = 1024; // AprymeHT Bbi30Ba
float *d_A, *d_B, *d_C; // [aHHble

// Pa3Mepbl CeTKWU
int threadsPerBlock = 256;
int blocksPerGrid = (N + threadsPerBlock - 1) / threadsPerBlock;

// 3anyck

addVectors<<<blocksPerGrid, threadsPerBlock>>>(
d_A, d_B, d_C,
N);
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3anyck BbluncnmtenoHoro aapa 8 CUDA —
3TO NPOCTO!

int N = 1024; // AprymeHT Bbi30Ba
float *d_A, *d_B, *d_C; // [aHHble

// Pa3Mepbl CeTKWU
int threadsPerBlock 256;

int blocksPerGrid = (N + threadsPerBlock - 1) / threadsPerBlock;

// 3anyck

addVectors<<<blocksPerGrid, threadsPerBlock>>>(
d_A, d_B, d_C,
N);
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3anyck BbluncnmtenoHoro aapa 8 CUDA —
3TO NPOCTO!

int N = 1024; // AprymeHT Bbi30Ba
float *d_A, *d_B, *d_C; // [aHHble

// Pa3Mepbl CeTKWU
int threadsPerBlock 256;

int blocksPerGrid = (N + threadsPerBlock - 1) / threadsPerBlock;

// 3anyck

addVectors<<<blocksPerGrid, threadsPerBlock>>>(
d_A, d_B, d_C,
N);
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3anyck compute shader Vulkan — 310 cnoxHo!

vkGetDeviceQueue(device, vulkanDevice->queueFamilyIndices.compute, 0, &compute.queue);

VkCommandPoolCreateInfo cmdPoolInfo = {};

cmdPoolInfo.sType = VK_STRUCTURE_TYPE_COMMAND_POOL_CREATE_INFO;
cmdPoolInfo.queueFamilyIndex = vulkanDevice->queueFamilyIndices.compute;
cmdPoolInfo.flags = VK_COMMAND_POOL_CREATE_RESET_COMMAND_BUFFER_BIT;

VK_CHECK_RESULT(vkCreateCommandPool(device, &cmdPoolInfo, nullptr, &compute.commandPool));
VkCommandBufferAllocateInfo cmdBufAllocateInfo = vks::initializers::commandBufferAllocateInfo(compute.commandPool, VK_COMMAND_BUFFER_LEVEL_PRIMARY, 1);
for (auto& commandBuffer : compute.commandBuffers) {
VK_CHECK_RESULT(vkAllocateCommandBuffers(device, &cmdBufAllocateInfo, &commandBuffer));
¥
std::vector<VkDescriptorSetLayoutBinding> setlLayoutBindings = {
vks::initializers::descriptorSetLayoutBinding (VK_DESCRIPTOR_TYPE_STORAGE_IMAGE, VK_SHADER_STAGE_COMPUTE_BIT, 0),
vks::initializers::descriptorSetLayoutBinding (VK_DESCRIPTOR_TYPE_STORAGE_IMAGE, VK_SHADER_STAGE_COMPUTE_BIT, 1),};

VkDescriptorSetlLayoutCreateInfo descriptorLayout = vks::initializers::descriptorSetlLayoutCreateInfo(setLayoutBindings);
VK_CHECK_RESULT(vkCreateDescriptorSetlLayout(device, &descriptorlLayout, nullptr, &compute.descriptorSetlLayout));

VkPipelinelLayoutCreateInfo pipelinelLayoutCreateInfo = vks::initializers::pipelinelLayoutCreateInfo(&compute.descriptorSetLayout, 1);
VK_CHECK_RESULT(vkCreatePipelinelLayout(device, &pipelinelLayoutCreateInfo, nullptr, &compute.pipelinelayout));

VkDescriptorSetAllocateInfo allocInfo = vks::initializers::descriptorSetAllocateInfo(descriptorPool, &compute.descriptorSetLayout, 1);
VK_CHECK_RESULT(vkAllocateDescriptorSets(device, &allocInfo, &compute.descriptorSet));

std::vector<VkWriteDescriptorSet> computeWriteDescriptorSets = {
vks::initializers::writeDescriptorSet(compute.descriptorSet, VK_DESCRIPTOR_TYPE_STORAGE_IMAGE, 0, &textureColorMap.descriptor),
vks::initializers::writeDescriptorSet(compute.descriptorSet, VK_DESCRIPTOR_TYPE_STORAGE_IMAGE, 1, &storageImage.descriptor) };

vkUpdateDescriptorSets(device, static_cast<uint32_t>(computeWriteDescriptorSets.size()), computeWriteDescriptorSets.data(), 0, nullptr);
VkComputePipelineCreateInfo computePipelineCreateInfo = vks::initializers::computePipelineCreateInfo(compute.pipelinelLayout, 0);

std::string fileName = getShadersPath() + "computeshader/" + shaderName + ".comp.spv";

computePipelineCreateInfo.stage = loadShader(fileName, VK_SHADER_STAGE_COMPUTE_BIT);

VkPipeline pipeline; VK_CHECK_RESULT(vkCreateComputePipelines(device, pipelineCache, 1, &computePipelineCreateInfo, nullptr, &pipeline));
compute.pipelines.push_back(pipeline);
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CTOMMOCTb CO34aHUNSA «KOHBeKnepa»
3anycka wengepa

[lna co3paHna KoHBenepa wengepa TpebyeTcs
co3faHue OOMNONHUTENbHbIX OO6bEKTOB

Descriptor .
Shader Module Seit ILeyout SpecializationInfo
PushConstantRage Pipeline Layout Compute Layout

[Tpobnema

BbluncnutenbHble Wwenpepsl

3alyCKaloTCd TbiICAYM pPa3 B CEKYyHAY,
a Co3aaHme «KOHBelzepa» MOXeET
3aHNMaTb AeCATKN MUTTTTUCEKYH/[,
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3anycK BblYMCNUTENbHOrO Wengepa B Adept

CUDA

addVectors<dtype><<<blocksPerGrid, threadsPerBlock>>>(
d_A, d_B, d_C, // Memory pointers

N); // Arguments
Adept
RUN_SHADER(device_id, dtype, ADD_SPV,
buffers,
make_shader_consts(threadsPerBlock), // spec constants
make_shader_consts(N), // push constants
blocksPerGrid);
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3anycK BblYMCNUTENbHOrO Wengepa B Adept

CUDA

addVectors<dtype><<<blocksPerGrid, threadsPerBlock>>>(
d_A, d_B, d_C, // Memory pointers

N); // Arguments
Adept
RUN_SHADER(device_id, dtype, ADD_SPV,
buffers,
make_shader_consts(threadsPerBlock), // spec constants
make_shader_consts(N), // push constants
blocksPerGrid);
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3anycK BblYMCNUTENbHOrO Wengepa B Adept

CUDA

addVectors<dtype><<<blocksPerGrid, threadsPerBlock>>>(
d_A, d_B, d_C, // Memory pointers

N); // Arguments
Adept
RUN_SHADER(device_id, dtype, ADD_SPV,
buffers,
make_shader_consts(threadsPerBlock), // spec constants
make_shader_consts(N), // push constants
blocksPerGrid);
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3anycK BblYMCNUTENbHOrO Wengepa B Adept

CUDA

addVectors<dtype><<<blocksPerGrid, threadsPerBlock>>>(
d_A, d_B, d_C, // Memory pointers

N); // Arguments
Adept
RUN_SHADER(device_id, dtype, ADD_SPV,
buffers,
make_shader_consts(threadsPerBlock), // spec constants
make_shader_consts(N), // push constants
blocksPerGrid) ;
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3anycK BblYMCNUTENbHOrO Wengepa B Adept

CUDA

addVectors<dtype><<<blocksPerGrid, threadsPerBlock>>>(
d_A, d_B, d_C, // Memory pointers

N); // Arguments
Adept
RUN_SHADER(device_id, dtype, ADD_SPV,
buffers,
make_shader_consts(threadsPerBlock), // spec constants
make_shader_consts(N), // push constants
blocksPerGrid);
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3anycK BblYMCNUTENbHOrO Wengepa B Adept

CUDA

addVectors<dtype><<<blocksPerGrid, threadsPerBlock>>>(
d_A, d_B, d_C, // Memory pointers

N); // Arguments

Adept

RUN_SHADER(device_id, dtype, ADD_SPV,

buffers,
make_shader_consts(threadsPerBlock),

make_shader_consts(N),
blocksPerGrid);

// spec constants
// push constants
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Push vs. Specialization KOHCTaHThI

AHanorna CUDA

Korpa 3apatoTtcq

[MpoussoauTENnbHOCTL

JlumuT pasmepa

BapuaHT ncnonbsosaHus

YADRO. byayliee B Halwmx pykax

Push-koHcTaHTbI

KoHcTaHThI cneuynaiansaumnum

ApPryMeHTbl BbIYNCANTENBHOrO a4pa

Kaxxabiv Bbizos dispatch()

HyneBble HakagHble pacxonpbl,
OblCTpOe OOHOBNEHME

Makc. 128-256 6anT

PopMa TeH30pa, CHETUMKMY,
CMeLLeHUs

KoHdurypaumsa sanycka

[Tpn co3pgaHnmM KOHBeWEpPa

BcTpoeHbl B KOHBeMep

OrpaHunyeHbl pasMepom
SPIR-V mopgyns

Twvn gaHHbIX, pasMep nNoarpynmnbl
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KOHTENHEP A9 KOHCTAHT

struct VkShaderConstants final {
VkShaderConstantsDesc desc_; // sizes of each element
std::vector<std::byte> data_;

template <typename... Types>
VkShaderConstants(Types&&... args) 1
desc_ = VkShaderConstantsDesc({sizeof(args)...});
data_.resize(desc_.total_size());
std::size_t offset = 0;
(std::memcpy(data_.data() + (offset += sizeof(args)) - sizeof(args),
std::addressof(args), sizeof(args)),
)
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KOHTENHEP A9 KOHCTAHT

struct VkShaderConstants final {
VkShaderConstantsDesc desc_; // sizes of each element
std::vector<std::byte> data_;

template <typename... Types>
VkShaderConstants(Types&&... args) 1
desc_ = VkShaderConstantsDesc({sizeof(args)...});
data_.resize(desc_.total_size());
std::size_t offset = 0;
(std::memcpy(data_.data() + (offset += sizeof(args)) - sizeof(args),
std::addressof(args), sizeof(args)),
)
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KOHTENHEP A9 KOHCTAHT

struct VkShaderConstants final {
VkShaderConstantsDesc desc_; // sizes of each element
std: :vector<std: :byte> data_;

template <typename... Types>
VkShaderConstants(Types&&... args) 1
desc_ = VkShaderConstantsDesc({sizeof(args)...});
data_.resize(desc_.total_size());
std::size_t offset = 0;
(std::memcpy(data_.data() + (offset += sizeof(args)) - sizeof(args),
std::addressof(args), sizeof(args)),
)
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KOHTENHEP A9 KOHCTAHT

struct VkShaderConstants final {
VkShaderConstantsDesc desc_; // sizes of each element
std::vector<std::byte> data_;

template <typename... Types>
VkShaderConstants(Typesé&&... args) f{
desc_ = VkShaderConstantsDesc({sizeof(args)...});
data_.resize(desc_.total_size());
std::size_t offset = 0;
(std::memcpy(data_.data() + (offset += sizeof(args)) - sizeof(args),
std::addressof(args), sizeof(args)),
c);
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KOHTENHEP A9 KOHCTAHT

struct VkShaderConstants final {
VkShaderConstantsDesc desc_; // sizes of each element
std::vector<std::byte> data_;

template <typename... Types>
VkShaderConstants(Types&&... args) 1
desc_ = VkShaderConstantsDesc({sizeof(args)...});
data_.resize(desc_.total_size());
std::size_t offset = 0;
(std::memcpy(data_.data() + (offset += sizeof(args)) - sizeof(args),
std::addressof(args), sizeof(args)),
)
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KOHTENHEP A9 KOHCTAHT

struct VkShaderConstants final {
VkShaderConstantsDesc desc_; // sizes of each element
std::vector<std::byte> data_;

template <typename... Types>
VkShaderConstants(Types&&... args) 1
desc_ = VkShaderConstantsDesc({sizeof(args)...});
data_.resize(desc_.total_size());
std::size_t offset = 0;
(std::memcpy(data_.data() + (offset += sizeof(args)) - sizeof(args),
std::addressof(args), sizeof(args)),
)
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KOHTENHEP A9 KOHCTAHT

struct VkShaderConstants final {
VkShaderConstantsDesc desc_; // sizes of each element
std::vector<std::byte> data_;

template <typename... Types>
VkShaderConstants(Types&&... args) 1
desc_ = VkShaderConstantsDesc({sizeof(args)...});
data_.resize(desc_.total_size());
std: :size_t offset = 0O;
(std: :memcpy(data_.data() + (offset += sizeof(args)) - sizeof(args),
std: :addressof(args), sizeof(args)),
S H
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DyHKLMM pabOoTbl C KOHCTaHTaMM

Pa3Hble TUNbl U 3HaYeHuUA

template <typename... Args>
VkShaderConstants make_shader_consts(Args&&... args) {
return VkShaderConstants(std::forward<Args>(args)...);

}_

3HayeHus ogHoro Tuna

template <size_t N, typename T>

requires(std::integral<T> || std::floating_point<T>)
VkShaderConstants make_uniform_shader_consts() {

return VkShaderConstants(VkShaderConstantsDesc(N, sizeof(T)));

}.
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DyHKLMM pabOoTbl C KOHCTaHTaMM

Pa3Hble TUNbl U 3HaYeHuUA

template <typename... Args>
VkShaderConstants make_shader_consts(Args&&... args) {
return VkShaderConstants(std: :forward<Args>(args)...);

}

3HayeHus ogHoro Tuna

template <size_t N, typename T>

requires(std::integral<T> || std::floating_point<T>)
VkShaderConstants make_uniform_shader_consts() {

return VkShaderConstants(VkShaderConstantsDesc(N, sizeof(T)));

}.
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DyHKLMM pabOoTbl C KOHCTaHTaMM

Pa3Hble TUNbl U 3HaYeHuUA

template <typename... Args>

VkShaderConstants make_shader_consts(Args&&... args) {
return VkShaderConstants(std::forward<Args>(args)...);

}.

3HayeHus ogHoro Tuna

template <size_t N, typename T>

requires(std: :integral<T> || std::floating_point<T>)
VkShaderConstants make_uniform_shader_consts() {

return VkShaderConstants(VkShaderConstantsDesc(N, sizeof(T)));
}
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l/]Hl/ILI,l/IaJ'Il/I3aLI,l/IFI KOHCTAHT 3Ha4YeHWAMU

const auto spec_consts = make_shader_consts(count, num_classes);

auto push_constants = make_uniform_shader_consts<14, uint32_t>();
push_constants.set(0, static_cast<uint32_t>(num_invokes));
push_constants.set(1l, static_cast<uint32_t>(input_size[0]));
push_constants.set(2, static_cast<uint32_t>(input_size[1]));
push_constants.set(3, static_cast<uint32_t>(output_sizel[0]));

RUN_SHADER(device_id, dtype, shader,
buffers,
spec_constants,
push_constants,
work_group_size);
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l/]Hl/ILI,l/IaJ'Il/I3aLI,l/IFI KOHCTAHT 3Ha4YeHWAMU

const auto spec_consts = make_shader_consts(count, num_classes);

auto push_constants = make_uniform_shader_consts<14, uint32_t>();
push_constants.set(0, static_cast<uint32_t>(num_invokes));
push_constants.set(1l, static_cast<uint32_t>(input_size[0]));
push_constants.set(2, static_cast<uint32_t>(input_size[1]));
push_constants.set(3, static_cast<uint32_t>(output_sizel[0]));

RUN_SHADER(device_id, dtype, shader,
buffers,
spec_constants,
push_constants,
work_group_size);
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l/]Hl/ILI,l/IaJ'Il/I3aLI,l/IFI KOHCTAHT 3Ha4YeHWAMU

const auto spec_consts = make_shader_consts(count, num_classes);

auto push_constants = make_uniform_shader_consts<14, uint32_t>();
push_constants.set(0, static_cast<uint32_t>(num_invokes));
push_constants.set(1l, static_cast<uint32_t>(input_size[0]));

push_constants.set(2, static_cast<uint32_t>(input_size[1]));
push_constants.set(3, static_cast<uint32_t>(output_sizel[0]));

RUN_SHADER(device_id, dtype, shader,
buffers,
spec_constants,
push_constants,
work_group_size);
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l/]Hl/ILI,l/IaJ'Il/I3aLI,l/IFI KOHCTAHT 3Ha4YeHWAMU

const auto spec_consts = make_shader_consts(count, num_classes);

auto push_constants = make_uniform_shader_consts<14, uint32_t>();
push_constants.set(0, static_cast<uint32_t>(num_invokes));
push_constants.set(1l, static_cast<uint32_t>(input_size[0]));
push_constants.set(2, static_cast<uint32_t>(input_size[1]));
push_constants.set(3, static_cast<uint32_t>(output_sizel[0]));

RUN_SHADER(device_id, dtype, shader,
buffers,
spec_constants,
push_constants,
work_group_size);
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OBO€ OMNMCaHME KOHCTaHT =
OBbIV KOHBEUEP Lengepa

void VkShader::rebuild_pipeline(const VkShaderConstants& spec_consts) {
/] ...
// Build specialization entries: index > offset > size
std: :vector<vk::SpecializationMapEntry> entries;

// for (...) {
entries.emplace_back(i, offset, spec_consts.item_size(i));
/] }...

vk::SpecializationInfo spec_info(entries.size(), entries.data(),
spec_consts.total_size(), spec_consts.data());

compute_pipeline_ = device_.createComputePipeline(pipeline_cache_,
{ ..., shader_module_, &spec_info, ... });
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OBO€ OMNMCaHME KOHCTaHT =
OBbIV KOHBEUEP Lengepa

void VkShader::rebuild_pipeline(const VkShaderConstants& spec_consts) {

/] ...

// Build specialization entries: index > offset > size
std: :vector<vk: :SpecializationMapEntry> entries;

// for (...) {

entries.emplace_back(i, offset, spec_consts.item_size(i));

/1 }...

vk::SpecializationInfo spec_info(entries.size(), entries.data(),
spec_consts.total_size(), spec_consts.data());

compute_pipeline_ = device_.createComputePipeline(pipeline_cache_,
{ ..., shader_module_, &spec_info,
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OBO€ OMNMCaHME KOHCTaHT =
OBbIV KOHBEUEP Lengepa

void VkShader::rebuild_pipeline(const VkShaderConstants& spec_consts) {
/] ...
// Build specialization entries: index > offset > size
std: :vector<vk::SpecializationMapEntry> entries;

// for (...) {
entries.emplace_back(i, offset, spec_consts.item_size(i));
/] }...

vk: :SpecializationInfo spec_info(entries.size(), entries.data(),
spec_consts.total_size(), spec_consts.data());

compute_pipeline_ = device_.createComputePipeline(pipeline_cache_,
{ ..., shader_module_, &spec_info, ... });
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OBO€ OMNMCaHME KOHCTaHT =
OBbIV KOHBEUEP Lengepa

void VkShader::rebuild_pipeline(const VkShaderConstants& spec_consts) {

/] ...

// Build specialization entries: index > offset > size
std: :vector<vk::SpecializationMapEntry> entries;

// for (...) {
entries.emplace_back(i, offset, spec_consts.item_size(i));
/] }...

vk::SpecializationInfo spec_info(entries.size(), entries.data(),
spec_consts.total_size(), spec_consts.data());

compute_pipeline_ = device_.createComputePipeline(pipeline_cache_,
{ ..., shader_module_, &spec_info, ... });
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Kaw wenpepoB — NMOBTOPHO
MCMNOb3yeM OOBbEKTDI

struct VkShaderCacheItem {
index_t device_id; // noppepxKka Heckonbkux GPU
ShaderSourcePtr source_ptr; // 6uHapHuk SPIR-V
std::shared_ptr<const VkShaderConstants> spec_consts;
std: :weak_ptr<VkShader> shader;

bool operator==(const VkShaderCacheItem& other) const;

};

template<> struct std::hash<VkShaderCacheItem> {
size_t operator() (const VkShaderCacheItem& key) const;

155

Xalw = obbeAnHEHMe BCeX TPEX Noen ana YHUKanbHON naeHTudmnKaumm
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Kaw wenpepoB — NMOBTOPHO
MCMNOb3yeM OOBbEKTDI

struct VkShaderCacheItem {
index_t device_id; // noppepxka Heckonbkux GPU
ShaderSourcePtr source_ptr; // 6uHapHuk SPIR-V
std: :shared_ptr<const VkShaderConstants> spec_consts;
std: :weak_ptr<VkShader> shader;

bool operator==(const VkShaderCacheItem& other) const;

};

template<> struct std::hash<VkShaderCacheItem> {

size_t operator() (const VkShaderCacheItem& key) const;
}s
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Kaw wenpepoB — NMOBTOPHO
MCMNOb3yeM OOBbEKTDI

struct VkShaderCacheItem {
index_t device_id; // noppepxKka Heckonbkux GPU
ShaderSourcePtr source_ptr; // 6uHapHuk SPIR-V
std::shared_ptr<const VkShaderConstants> spec_consts;
std: :weak_ptr<VkShader> shader;

bool operator==(const VkShaderCacheItem& other) const;

};

template<> struct std::hash<VkShaderCacheItem> {

size_t operator() (const VkShaderCacheItem& key) const;
}s

Xalw = obbeAnHEHMe BCeX TPEX Noen ana YHUKanbHON naeHTudmnKaumm
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Kaw wenpepoB — NMOBTOPHO
MCMNOb3yeM OOBbEKTDI

struct VkShaderCacheItem {
index_t device_id; // noppepxKka Heckonbkux GPU
ShaderSourcePtr source_ptr; // 6uHapHuk SPIR-V
std: :shared_ptr<const VkShaderConstants> spec_consts;
std: :weak_ptr<VkShader> shader;

bool operator==(const VkShaderCacheItem& other) const;

};

template<> struct std::hash<VkShaderCacheItem> {
size_t operator() (const VkShaderCacheItem& key) const;
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Kaw wenpepoB — NMOBTOPHO
MCMNOb3yeM OOBbEKTDI

struct VkShaderCacheItem {
index_t device_id; // noppepxKka Heckonbkux GPU
ShaderSourcePtr source_ptr; // 6uHapHuk SPIR-V
std::shared_ptr<const VkShaderConstants> spec_consts;
std: :weak_ptr<VkShader> shader;

bool operator==(const VkShaderCacheItem& other) const;

};

template<> struct std::hash<VkShaderCacheItem> {
size_t operator() (const VkShaderCacheItem& key) const;

155

Xalw = obbeAnHEHMe BCeX TPEX Noen ana YHUKanbHON naeHTudmnKaumm

YADRO. byayliee B Halwmx pykax 90



Kaw wenpepoB — NMOBTOPHO
MCMNOb3yeM OOBbEKTDI

struct VkShaderCacheItem {
index_t device_id; // noppepxKka Heckonbkux GPU
ShaderSourcePtr source_ptr; // 6uHapHuk SPIR-V
std::shared_ptr<const VkShaderConstants> spec_consts;
std: :weak_ptr<VkShader> shader;

bool operator==(const VkShaderCacheItem& other) const;
}i

template<> struct std::hash<VkShaderCacheItem> {
size_t operator() (const VkShaderCacheItem& key) const;

};

Xalw = obbeAnHEHMe BCeX TPEX Noen ana YHUKanbHON naeHTudmnKaumm
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Makpoch! Ansa 3anycka Wwenaepos

1. Co3aaHue nnm nonyyeHume wenpepa U3 Kawa

#define RUN_SHADER(device_id, dtype, shader, buffers, consts, ...) \
auto shader_wptr = VkManager::instance().make_shader(...); \
EXEC_SHADER(device_id, shader_wptr, buffers, consts, ...);

2. OTnpaBKa Wwenaepa B ouepeab Ha 3anyck

#define EXEC_SHADER(device_id, shader_wptr, buffers, consts, ...) \

VkManager: :instance().launch(device_id, shader_wptr, buffers, ...);
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Makpoch! Ansa 3anycka Wwenaepos

1. Co3pgaHue nnm nonyuyeHue wenpgepa ns Kalua
#define RUN_SHADER(device_id, dtype, shader, buffers, consts, ...) \

auto shader_wptr = VkManager::instance().make_shader(...);
EXEC_SHADER(device_id, shader_wptr, buffers, consts, ...);

2. OTnpaBKa Wwenaepa B ouepeab Ha 3anyck

#define EXEC_SHADER(device_id, shader_wptr, buffers, consts, ...) \

VkManager: :instance().launch(device_id, shader_wptr, buffers, ...);
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Makpoch! Ansa 3anycka Wwenaepos

1. Co3aaHue nnm nonyyeHume wenpepa U3 Kawa

#define RUN_SHADER(device_id, dtype, shader, buffers, consts, ...) \
auto shader_wptr = VkManager::instance().make_shader(...); \
EXEC_SHADER(device_id, shader_wptr, buffers, consts, ...);

2. OTnpaBKa Wwenaepa B ouepeab Ha 3anyck

#define EXEC_SHADER(device_id, shader_wptr, buffers, consts, ...) \
VkManager: :instance() .launch(device_id, shader_wptr, buffers, ...);
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[TouMep onepauum CnoXxeHmsa TEH30POB

void TensorImpl::add(const DeviceTensor& other) {

/] ...

auto buffers = make_transitions(
self.buffer_for_write(),
other.buffer_for_read()

)i

auto push_constants

auto spec_constants

make_arithmetics_push_consts();
make_shader_consts(num_invokes);

/] ...
RUN_SHADER(device_id, dtype, shader,
buffers,
spec_constants, push_constants,
ceil_div(count, num_invokes)); // workgroup size
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[TouMep onepauum CnoXxeHmsa TEH30POB

void TensorImpl::add(const DeviceTensor& other) {

/] ...

auto buffers = make_transitions(
self.buffer_for_write(),
other.buffer_for_read()

);

auto push_constants

auto spec_constants

make_arithmetics_push_consts();
make_shader_consts(num_invokes) ;

/] ...
RUN_SHADER(device_id, dtype, shader,
buffers,
spec_constants, push_constants,
ceil_div(count, num_invokes)); // workgroup size
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[TouMep onepauum CnoXxeHmsa TEH30POB

void TensorImpl::add(const DeviceTensor& other) {
/] ...
auto buffers = make_transitions(
self.buffer_for_write(),
other.buffer_for_read()
)i
auto push_constants
auto spec_constants
/]l ...
RUN_SHADER(device_id, dtype, shader,
buffers,
spec_constants, push_constants,
ceil_div(count, num_invokes)); // workgroup size

make_arithmetics_push_consts();
make_shader_consts(num_invokes);
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[TocnepoBaTenbHOCTb 3aMyCKa,
CnpsaTaHHasa B Makpoce

User Tensor Manager Device Shader

tensor.add(other)

RUN_SHADERTmacro

make-shader() cache lookup

»

launch()

record barriers

O

bind buffers/pipeline

dispatch + submit

GPU

Async execution

User Tensor Manager Device Shader

YADRO. byayliee B Halwmx pykax
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[TlogroToBKa 1 oTNpaBKa Wengepa
B oUepenb 3arnycka

void VkDevice: :launch(VkShader& shader,
const BufferTransitions& buffers,
const VkShaderConstants& push_consts,
uint32_t group_count_x, ...) 1
start_record();

record_buffer_memory_barriers(buffers);
shader.bind_buffers(cmd_buf, desc_pool, ...);
shader.bind_pipeline(cmd_buf);

shader.push_constants(cmd_buf, push_consts);
cmd_buf.dispatch(group_count_x, ...); // Tonbko 3anucbiBaeT Bbi30B

end_record(/*sync=x/false); // TyT MoxeT 6bTb oTnpaBka B GPU
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[TlogroToBKa 1 oTNpaBKa Wengepa
B oUepenb 3arnycka

void VkDevice: :launch(VkShader& shader,
const BufferTransitions& buffers,
const VkShaderConstants& push_consts,
uint32_t group_count_x, ...) 1
start_record();

record_buffer_memory_barriers(buffers);
shader.bind_buffers(cmd_buf, desc_pool, ...);
shader.bind_pipeline(cmd_buf);

shader.push_constants(cmd_buf, push_consts);
cmd_buf.dispatch(group_count_x, ...); // Tonbko 3anucbiBaeT Bbi30B

end_record(/*sync=x/false); // Tyt MoxeT 6biTb oTnpaBka B GPU
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[TlogroToBKa 1 oTNpaBKa Wengepa
B oUepenb 3arnycka

void VkDevice: :launch(VkShader& shader,
const BufferTransitions& buffers,
const VkShaderConstants& push_consts,
uint32_t group_count_x, ...) 1
start_record();

record_buffer_memory_barriers(buffers);
shader.bind_buffers(cmd_buf, desc_pool, ...);
shader.bind_pipeline(cmd_buf);

shader.push_constants(cmd_buf, push_consts);
cmd_buf.dispatch(group_count_x, ...); // Tonbko 3anucbiBaeT Bbi30B

end_record(/*sync=x/false); // TyT MoxeT 6bTb oTnpaBka B GPU
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[TlogroToBKa 1 oTNpaBKa Wengepa
B oUepenb 3arnycka

void VkDevice: :launch(VkShader& shader,
const BufferTransitions& buffers,
const VkShaderConstants& push_consts,
uint32_t group_count_x, ...) 1
start_record();

record_buffer_memory_barriers(buffers);
shader.bind_buffers(cmd_buf, desc_pool, ...);
shader.bind_pipeline(cmd_buf);

shader.push_constants(cmd_buf, push_consts);
cmd_buf.dispatch(group_count_x, ...); // Tonbko 3anucbiBaeT Bbi30B

end_record(/*sync=x/false); // TyT MoxeT 6bTb oTnpaBka B GPU
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[TlogroToBKa 1 oTNpaBKa Wengepa
B oUepenb 3arnycka

void VkDevice: :launch(VkShader& shader,
const BufferTransitions& buffers,
const VkShaderConstants& push_consts,
uint32_t group_count_x, ...) 1
start_record();

record_buffer_memory_barriers(buffers);
shader.bind_buffers(cmd_buf, desc_pool, ...);
shader.bind_pipeline(cmd_buf);

shader.push_constants(cmd_buf, push_consts);
cmd_buf.dispatch(group_count_x, ...); // Tonbko 3anucbiBaeT Bbi30B

end_record(/*sync=x/false); // TyT MoxeT 6bTb oTnpaBka B GPU
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[TlogroToBKa 1 oTNpaBKa Wengepa
B oUepenb 3arnycka

void VkDevice: :launch(VkShader& shader,
const BufferTransitions& buffers,
const VkShaderConstants& push_consts,
uint32_t group_count_x, ...) 1
start_record();

record_buffer_memory_barriers(buffers);
shader.bind_buffers(cmd_buf, desc_pool, ...);
shader.bind_pipeline(cmd_buf);

shader.push_constants(cmd_buf, push_consts);
cmd_buf.dispatch(group_count_x, ...); // Tonbko 3anucbiBaeT Bbi30B

end_record(/*sync=x/false); // TyT MoxeT 6bTb oTnpaBka B GPU
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[TlogroToBKa 1 oTNpaBKa Wengepa
B oUepenb 3arnycka

void VkDevice: :launch(VkShader& shader,
const BufferTransitions& buffers,
const VkShaderConstants& push_consts,
uint32_t group_count_x, ...) 1
start_record();

record_buffer_memory_barriers(buffers);
shader.bind_buffers(cmd_buf, desc_pool, ...);
shader.bind_pipeline(cmd_buf);

shader.push_constants(cmd_buf, push_consts);
cmd_buf.dispatch(group_count_x, ...); // Tonbko 3anucbiBaeT Bbi30B

end_record(/*sync=x/false); // TyT MoxeT 6bTb oTnpaBka B GPU
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HaknagHble pacxogoB npu 3anycke wenaepa

O6vekT CroumMocTb co3paHus YacroTa

bydep komaHg CpenHsas Ha kaxxayto oTnpasky
Habop geckpuntopos CpenHsas Ha kaxkgbin 3anyck wengepa
Bydep namatn Bbicokas Ha Ka>kabi TeH30p

Ha kaxxayto KoMbUHauuo

KoHBewep OueHb BbiCOKast y
wengep+cneumndpmrkaums

PeweHue: nMynbl O6'beKTOB, NnakeTnpoBaHme n KalunpoBsaHume
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HaknagHble pacxogoB npu 3anycke wenaepa

O6vekT CroumMocTb co3paHus YacroTa

bydep koMaHpa CpepHsas Ha kaxxayr oTnpaBKy
Ha6op peckpuntopos CpepHss Ha kaxxpabin 3anyck wenaepa
Bydep namatn Bbicokas Ha Ka>kabi TeH30p

Ha kaxxayto KoMbUHauuo

KoHBewep OueHb BbiCOKast y
wengep+cneumndpmrkaums

PeweHue: nMynbl O6'beKTOB, NnakeTnpoBaHme n KalunpoBsaHume
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[lakeTnpoBaHue

+ [Mynbl o6beKTOB
* bydepbl koMaHA: BbigeneHme 1024 wTyk 3a pa3

* Habopbl 4ECKPUNTOPOB: MY/
C 06paboTKOM NepenoHeHNs

AMOpTVIBaLI,VIFI CTOMMOCTU BblaeJ1IeHnqd
npn MHOXeCTBEeHHOM UCNOJ1Ib30OBaHUUA
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[Tyn 6ydepoB KoMaHA, | £

[TakeTHOe BbliaeneHumne nyJjla KOMaH4 aMOPTU3NPYyeT HaKJlaAHble pacXoabl

class VkCommandPool {

private:
std: :vector<vk: :CommandBuffer> buffers_;
size_t current_buffer_index_{0};

/] ...
public:

vk::CommandBuffer get_command_buffer() {
// vkAllocateCommandBuffers
allocate_new_batch(VULKAN_COMMAND_BUFFER_BATCH_SIZE);
auto handle = buffers_[current_buffer_index_];
++current_buffer_index_;
return handle;
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[Tyn 6ydepoB KoMaHA, | £

[TakeTHOe BbliaeneHumne nyJjla KOMaH4 aMOPTU3NPYyeT HaKJlaAHble pacXoabl

class VkCommandPool {

private:
std: :vector<vk: :CommandBuffer> buffers_;
size_t current_buffer_index_{0};

/] ...
public:

vk::CommandBuffer get_command_buffer() {
// vkAllocateCommandBuffers
allocate_new_batch(VULKAN_COMMAND_BUFFER_BATCH_SIZE);
auto handle = buffers_[current_buffer_index_];
++current_buffer_index_;
return handle;
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[Tyn 6ydepoB KoMaHA, | £

[TakeTHOe BbliaeneHumne nyJjla KOMaH4 aMOPTU3NPYyeT HaKJlaAHble pacXoabl

class VkCommandPool {

private:
std: :vector<vk: :CommandBuffer> buffers_;
size_t current_buffer_index_{8};

/] ...
public:

vk::CommandBuffer get_command_buffer() {
// vkAllocateCommandBuffers
allocate_new_batch(VULKAN_COMMAND_BUFFER_BATCH_SIZE);
auto handle = buffers_[current_buffer_index_];
++current_buffer_index_;
return handle;
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[Tyn 6ydepoB KoMaHA, | £

[TakeTHOe BbliaeneHumne nyJjla KOMaH4 aMOPTU3NPYyeT HaKJlaAHble pacXoabl

class VkCommandPool {

private:
std: :vector<vk: :CommandBuffer> buffers_;
size_t current_buffer_index_{0};

/] ...
public:

vk: :CommandBuffer get_command_buffer() {
// vkAllocateCommandBuffers
allocate_new_batch(VULKAN_COMMAND_BUFFER_BATCH_SIZE);
auto handle = buffers_[current_buffer_index_];
++current_buffer_index_;
return handle;
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[Tyn 6ydepoB KoMaHA, | £

[TakeTHOe BbliaeneHumne nyJjla KOMaH4 aMOPTU3NPYyeT HaKJlaAHble pacXoabl

class VkCommandPool {

private:
std: :vector<vk: :CommandBuffer> buffers_;
size_t current_buffer_index_{0};

/] ...
public:

vk::CommandBuffer get_command_buffer() {
// vkAllocateCommandBuffers
allocate_new_batch(VULKAN_COMMAND_BUFFER_BATCH_SIZE);
auto handle = buffers_[current_buffer_index_];
++current_buffer_index_;
return handle;
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[Tyn 6ydepoB KoMaHA, | £

[TakeTHOe BbliaeneHumne nyJjla KOMaH4 aMOPTU3NPYyeT HaKJlaAHble pacXoabl

class VkCommandPool {

private:
std: :vector<vk: :CommandBuffer> buffers_;

size_t current_buffer_index_{0};:

/] ...

public:
vk::CommandBuffer get_command_buffer() {

// vkAllocateCommandBuffers
allocate_new_batch(VULKAN_COMMAND_BUFFER_BATCH_SIZE);

auto handle = buffers_[current_buffer_index_];

++current_buffer_index_;
return handle;
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[Tyn gpeckpunntTopos

vk::DescriptorSet VkDescriptorPool::allocate_descriptor_set(
vk: :DescriptorSetLayout layout) {

auto descriptor_pool = pools_[current_pool_index_];
vk::DescriptorSetAllocateInfo alloc_info(descriptor_pool, layout);
try {

auto sets = device_.allocateDescriptorSets(alloc_info);

return sets.front();
} catch (const vk::0utOfPoolMemoryError&) {

++current_pool_index_;

if (current_pool_index_ < pools_.size()) {1

return allocate_descriptor_set(layout); // Retry existing pools

}.
pools_.emplace_back(create_pool()); // Overflow: new pool
return allocate_descriptor_set(layout); // Retry new pool
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[Tyn gpeckpunntTopos

vk::DescriptorSet VkDescriptorPool::allocate_descriptor_set(
vk: :DescriptorSetLayout layout) {

auto descriptor_pool = pools_[current_pool_index_];
vk::DescriptorSetAllocateInfo alloc_info(descriptor_pool, layout);
try {

auto sets = device_.allocateDescriptorSets(alloc_info);

return sets.front();
} catch (const vk::0utOfPoolMemoryError&) {

++current_pool_index_;

if (current_pool_index_ < pools_.size()) {1

return allocate_descriptor_set(layout); // Retry existing pools

}.
pools_.emplace_back(create_pool()); // Overflow: new pool
return allocate_descriptor_set(layout); // Retry new pool
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[Tyn gpeckpunntTopos

vk::DescriptorSet VkDescriptorPool::allocate_descriptor_set(
vk: :DescriptorSetLayout layout) {

auto descriptor_pool = pools_[current_pool_index_];
vk::DescriptorSetAllocateInfo alloc_info(descriptor_pool, layout);
try {

auto sets = device_.allocateDescriptorSets(alloc_info);

return sets.front();
} catch (const vk::0utOfPoolMemoryError&) {

++current_pool_index_;

if (current_pool_index_ < pools_.size()) {1

return allocate_descriptor_set(layout); // Retry existing pools

}.
pools_.emplace_back(create_pool()); // Overflow: new pool
return allocate_descriptor_set(layout); // Retry new pool
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[Tyn gpeckpunntTopos

vk::DescriptorSet VkDescriptorPool::allocate_descriptor_set(
vk: :DescriptorSetLayout layout) {
auto descriptor_pool = pools_[current_pool_index_];
vk::DescriptorSetAllocateInfo alloc_info(descriptor_pool, layout);
try {
auto sets = device_.allocateDescriptorSets(alloc_info);
return sets.front();
} catch (const vk::0utOfPoolMemoryError&) {
++current_pool_index_;
if (current_pool_index_ < pools_.size()) {1
return allocate_descriptor_set(layout); // Retry existing pools

}.
pools_.emplace_back(create_pool()); // Overflow: new pool
return allocate_descriptor_set(layout); // Retry new pool
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[Tyn gpeckpunntTopos

vk::DescriptorSet VkDescriptorPool::allocate_descriptor_set(
vk: :DescriptorSetLayout layout) {
auto descriptor_pool = pools_[current_pool_index_];
vk::DescriptorSetAllocateInfo alloc_info(descriptor_pool, layout);
try {
auto sets = device_.allocateDescriptorSets(alloc_info);
return sets.front();
} catch (const vk::0utOfPoolMemoryError&) {
++current_pool_index_;
if (current_pool_index_ < pools_.size()) {
return allocate_descriptor_set(layout); // Retry existing pools

}
pools_.emplace_back(create_pool()); // Overflow: new pool
return allocate_descriptor_set(layout); // Retry new pool
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[Tyn gpeckpunntTopos

vk::DescriptorSet VkDescriptorPool::allocate_descriptor_set(
vk: :DescriptorSetLayout layout) {
auto descriptor_pool = pools_[current_pool_index_];
vk::DescriptorSetAllocateInfo alloc_info(descriptor_pool, layout);
try {
auto sets = device_.allocateDescriptorSets(alloc_info);
return sets.front();
} catch (const vk::0utOfPoolMemoryError&) {
++current_pool_index_;
if (current_pool_index_ < pools_.size()) {1
return allocate_descriptor_set(layout); // Retry existing pools

}.
pools_.emplace_back(create_pool()); // Overflow: new pool
return allocate_descriptor_set(layout); // Retry new pool
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NTorun pasgena

O1

Co3paHune wengep pipeline —
Loporas onepaums

03

KawmnpoBaHmne aMopTU3NpyeT
CTOMMOCTb 3anycka

05

NpeHTndumkaumsa wengepos no device_id, SPIR-V
source, specialization constants

YADRO. byayliee B Halwmx pykax

02

BbluncnmnTtenbHble Harpy3ku TpebyoT 601bLLIOro
KONMYEeCTBa 3aMyCKOB B CEKYHAY

04

BonbwmHCTBO onepaumny NOBTOPSAOTCS C
PasNINYnNAMKM TOSTbKO B AUHAMUYECKMX MapaMeTpax

06

LLlenaepbl KOMOUAMPYIOTCS 3apaHee



CUHXpPOHM3aUMUA

AO0CTYIlMa K AaHHDbIM
» OTCnexunBaHme gOCTYNoOB

* ABTOMaTn4yeckas reHepaumns 6apbepos
* YMEeHbLUEHNE BANAHNS PYYHOrO KOHTPOSIS
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[Toobnema BUOANMOCTU M3MEHEHUMN B MaMATU

CUDA: aBTOMaTMYeCKM BHYTPU NOTOKA Vulkan: TpebytoTcsa aBHble bapbepbl
Execution Visibility
Kernel Run Completes Memory Flush Required —— Sync Point Makes Data Visible
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Cno>XXHOCTb PYYHbIX HapbepoB

void manuval_barrier(vk::CommandBuffer& cmd_buf,
vk: :AccessFlags src_access,
vk: :AccessFlags dst_access,
vk::PipelineStageFlags src_stage,
vk::PipelineStageFlags dst_stage,
vk::QueueFamilyIndices src_queue,
vk::QueueFamilyIndices dst_queue) {

vk::BufferMemoryBarrier barrier;

barrier.srcAccessMask = src_access; // Must know previous access
barrier.dstAccessMask = dst_access; // Must know next access
barrier.srcQueueFamilyIndex src_queue; // Must track queue ownership
barrier.dstQueueFamilyIndex = dst_queue; // Must transfer ownership
barrier.buffer = buffer;

cmd_buf.pipelineBarrier(src_stage, dst_stage, ..., barrier);
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Cno>XXHOCTb PYYHbIX HapbepoB

void manuval_barrier(vk::Comman
vk: :Access
vk: :Access

dBuffer& cmd_buf,
Flags src_access,
Flags dst_access,

vk::PipelineStageFlags src_stage,
vk::PipelineStageFlags dst_stage,

vk: :QueueF
vKk: :QueueF

vk: :BufferMemoryBarrier barr
barrier.srcAccessMask = src_
barrier.dstAccessMask = dst_
barrier.srcQueueFamilyIndex
barrier.dstQueueFamilyIndex
barrier.buffer = buffer;

cmd_buf.pipelineBarrier(src_
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amilyIndices src_queue,
amilyIndices dst_queue) A{

ier;

access; // Must know previous access
access; // Must know next access
src_gueue; // Must track queue ownership
dst_queue; // Must transfer ownership

stage, dst_stage, ..., barrier);
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Cno>XXHOCTb PYYHbIX HapbepoB

void manuval_barrier (vk::CommandBuffer& cmd_buf,
vk: :AccessFlags src_access,
vk: :AccessFlags dst_access,
vk::PipelineStageFlags src_stage,
vk::PipelineStageFlags dst_stage,
vk::QueueFamilyIndices src_queue,
vk::QueueFamilyIndices dst_queue) {

vk: :BufferMemoryBarrier barr
barrier.srcAccessMask = src_
barrier.dstAccessMask = dst_
barrier.srcQueuveFamilyIndex
barrier.dstQueuveFamilyIndex
barrier.buffer = buffer;

cmd_buf.pipelineBarrier(src_
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ier;

access;
access;

= src_queve;
= dst_queve;

// Must know previous access
// Must know next access

// Must track queue ownership
// Must transfer ownership

stage, dst_stage, ..., barrier);




PelueHme: aBTOMaTUYeCcKoe
OTCNEeXMBaHME AOCTYyNa

UcTopua nocnegHen onepauum coxpaHseTca B bydpepe

last_access_type_
last_pipeline_stage_

NMpu KaXkaoM goctyne K AaHHbIM NPOUCXOAUT
 CpaBHeHue c npegbiaywen nHpopmaumem o gocTtyne
* [eHepauusa bapbepa Npm HEOOXOANMOCTH

* O6HoBNEeHue CoOCTOAHUSA AN OTC/IEXMBAHMUS

[MpenMyLLecTBO B TOM, YTO pa3paboTuMKy He HY>XXHO BPYUHYO BCTaBMATb bapbepbl
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PelueHme: aBTOMaTUYeCcKoe
OTCNEeXMBaHME AOCTYyNa

UcTopua nocnegHen onepauum coxpaHseTca B bydpepe
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last_pipeline_stage_

NMpu KaXkaoM goctyne K AaHHbIM NPOUCXOAUT
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PelueHme: aBTOMaTUYeCcKoe
OTCNEeXMBaHME AOCTYyNa

UcTopua nocnegHen onepauum coxpaHseTca B bydpepe

last_access_type_
last_pipeline_stage_

NMpu KaXkaoM goctyne K AaHHbIM NPOUCXOAUT
 CpaBHeHue c npegbigywen nHpopmaumen o gocrtyne
* [eHepauusa 6bapbepa Npu Heob6xogNMMOCTH
 O6HOBNEeHWe COCTOSAHUSA ANA OTCIEXXMUBAHUS

[MpenMyLLecTBO B TOM, YTO pa3paboTuMKy He HY>XXHO BPYUHYO BCTaBMATb bapbepbl
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Tunbl gocTtyna K bydepy AaHHbIX

Tun pocrtyna ®Pnar Vulkan Crapua KoHBeunepa
Compute Read eShaderRead eComputeShader
Compute Write eShaderWrite eComputeShader
Transfer Read elransferRead elransfer

Transfer Write eTransferWrite elransfer

Host Read eHostRead eHost

Host Write eHostWrite eHost
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BapuaHTbl nepexonoB npu gocTtyne K bydepy | £

Compute Write

: v
Host Read < Computer Read » Transfer Read
o e

Host Write Transfer Write

\

R
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CTpyKTypa Ang onmcaHmnsa UCTopum 4OCTyNa

struct VkBufferTransition {

storage_ptr_t parent_storage_; // Keep buffer alive

const vk::DescriptorBufferInfox info;

vk::AccessFlags src_access_type; // source access type

vk: :AccessFlags dst_access_type; // destination access type
vk::PipelineStageFlags src_stage; // source pipeline
vk::PipelineStageFlags dst_stage; // destination pipeline

bool is_readonly() const;
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CTpyKTypa Ang onmcaHmnsa UCTopum 4OCTyNa

struct VkBufferTransition {

storage_ptr_t parent_storage_; // Keep buffer alive

const vk::DescriptorBufferInfox info;

vk: :AccessFlags src_access_type; // source access type

vk: :AccessFlags dst_access_type; // destination access type
vk::PipelineStageFlags src_stage; // source pipeline
vk::PipelineStageFlags dst_stage; // destination pipeline

bool is_readonly() const;
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CTpyKTypa Ang onmcaHmnsa UCTopum 4OCTyNa

struct VkBufferTransition {

storage_ptr_t parent_storage_; // Keep buffer alive

const vk::DescriptorBufferInfox info;

vk::AccessFlags src_access_type; // source access type

vk: :AccessFlags dst_access_type; // destination access type
vk: :PipelineStageFlags src_stage; // source pipeline

vk: :PipelineStageFlags dst_stage; // destination pipeline

bool is_readonly() const;
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OTcnexunBaHue gocTtyna Kk bydepy

class VkBufferBase {
mutable vk::AccessFlags last_access_type_{eShaderRead};
mutable vk::PipelineStageFlags last_pipline_stage_{eComputeShader};

VkBufferTransition buffer_for(vk::AccessFlags dst_access_type,
vk::PipelineStageFlags dst_stage) const {

}.
¥;

auto prev_last = last_access_type_;
last_access_type_ = dst_access_type;

auto prev_stage = last_pipline_stage_;
last_pipline_stage_ = dst_stage;

return VkBufferTransition{
nullptr, descriptor_buffer_info(),
prev_last, dst_access_type,
prev_stage, dst_stage

¥;
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OTcnexunBaHue gocTtyna Kk bydepy

class VkBufferBase {
mutable vk::AccessFlags last_access_type_{eShaderRead};
mutable vk::PipelineStageFlags last_pipline_stage_{eComputeShader};

VkBufferTransition buffer_for(vk::AccessFlags dst_access_type,
vk::PipelineStageFlags dst_stage) const {

}.
¥;

auto prev_last = last_access_type_;
last_access_type_ = dst_access_type;

auto prev_stage = last_pipline_stage_;
last_pipline_stage_ = dst_stage;

return VkBufferTransition{
nullptr, descriptor_buffer_info(),
prev_last, dst_access_type,
prev_stage, dst_stage

¥;
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OTcnexunBaHue gocTtyna Kk bydepy

class VkBufferBase {
mutable vk::AccessFlags last_access_type_{eShaderRead};
mutable vk::PipelineStageFlags last_pipline_stage_{eComputeShader};

VkBufferTransition buffer_for(vk::AccessFlags dst_access_type,
vk::PipelineStageFlags dst_stage) const {

}.
¥;

auto prev_last = last_access_type_;
last_access_type_ = dst_access_type;

auto prev_stage = last_pipline_stage_;
last_pipline_stage_ = dst_stage;

return VkBufferTransition{
nullptr, descriptor_buffer_info(),
prev_last, dst_access_type,
prev_stage, dst_stage

¥;
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OTcnexunBaHue gocTtyna Kk bydepy

class VkBufferBase {
mutable vk::AccessFlags last_access_type_{eShaderRead};
mutable vk::PipelineStageFlags last_pipline_stage_{eComputeShader};

VkBufferTransition buffer_for(vk::AccessFlags dst_access_type,
vk: :PipelineStageFlags dst_stage) const {

}.
¥;

auto prev_last = last_access_type_;
last_access_type_ = dst_access_type;

auto prev_stage = last_pipline_stage_;
last_pipline_stage_ = dst_stage;

return VkBufferTransition{
nullptr, descriptor_buffer_info(),
prev_last, dst_access_type,
prev_stage, dst_stage

¥;
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OTcnexunBaHue gocTtyna Kk bydepy

class VkBufferBase {
mutable vk::AccessFlags last_access_type_{eShaderRead};
mutable vk::PipelineStageFlags last_pipline_stage_{eComputeShader};

VkBufferTransition buffer_for(vk::AccessFlags dst_access_type,
vk::PipelineStageFlags dst_stage) const {
auto prev_last = last_access_type_;
last_access_type_ = dst_access_type; // Update tracking state

auto prev_stage = last_pipline_stage_;
last_pipline_stage_ = dst_stage; // Update tracking state

return VkBufferTransition{
nullptr, descriptor_buffer_info(),
prev_last, dst_access_type, // src > dst access
prev_stage, dst_stage // src > dst stage
}i
}.
}i
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OTcnexunBaHue gocTtyna Kk bydepy

class VkBufferBase {
mutable vk::AccessFlags last_access_type_{eShaderRead};
mutable vk::PipelineStageFlags last_pipline_stage_{eComputeShader};

VkBufferTransition buffer_for(vk::AccessFlags dst_access_type,
vk::PipelineStageFlags dst_stage) const {
auto prev_last = last_access_type_;
last_access_type_ = dst_access_type; // Update tracking state
auto prev_stage = last_pipline_stage_;

last_pipline_stage_ = dst_stage; // Update tracking state

return VkBufferTransition{
nullptr, descriptor_buffer_info(),
prev_last, dst_access_type, // src > dst access
prev_stage, dst_stage // src > dst stage
}i
}.
}i
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OTcnexunBaHue gocTtyna Kk bydepy

class VkBufferBase {
mutable vk::AccessFlags last_access_type_{eShaderRead};
mutable vk::PipelineStageFlags last_pipline_stage_{eComputeShader};

VkBufferTransition buffer_for(vk::AccessFlags dst_access_type,
vk::PipelineStageFlags dst_stage) const {
auto prev_last = last_access_type_;
last_access_type_ = dst_access_type; // Update tracking state

auto prev_stage = last_pipline_stage_;
last_pipline_stage_ = dst_stage; // Update tracking state

return VkBufferTransitiond{
nullptr, descriptor_buffer_info(),
prev_last, dst_access_type, // src > dst access
prev_stage, dst_stage // src > dst stage
¥}
}.
}
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MeToapbl Anga onncaHua oocTtyna K bydepy

VkBufferTransition buffer_for_compute_read() const {
return buffer_for(eShaderRead, eComputeShader);

}

VkBufferTransition buffer_for_compute_write() const {
return buffer_for(eShaderWrite, eComputeShader);

}.

VkBufferTransition buffer_for_transfer_read() const {
return buffer_for(eTransferRead, eTransfer);

}.

VkBufferTransition buffer_for_host_read() const {
return buffer_for(eHostRead, eHost);

}_
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MeToapbl Anga onncaHua oocTtyna K bydepy

VkBufferTransition buffer_for_compute_read() const {
return buffer_for(eShaderRead, eComputeShader);
}

VkBufferTransition buffer_for_compute_write() const {
return buffer_for(eShaderlirite, eComputeShader);
}

VkBufferTransition buffer_for_transfer_read() const {
return buffer_for(eTransferRead, eTransfer);
}.

VkBufferTransition buffer_for_host_read() const {
return buffer_for(eHostRead, eHost);
}.
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MeToapbl Anga onncaHua oocTtyna K bydepy

VkBufferTransition buffer_for_compute_read() const {
return buffer_for(eShaderRead, eComputeShader);
}

VkBufferTransition buffer_for_compute_write() const {
return buffer_for(eShaderWrite, eComputeShader);
}.

VkBufferTransition buffer_for_transfer_read() const {
return buffer_for(eTransferRead, eTransfer);
}

VkBufferTransition buffer_for_host_read() const {
return buffer_for(eHostRead, eHost);
}.
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MeToapbl Anga onncaHua oocTtyna K bydepy

VkBufferTransition buffer_for_compute_read() const {
return buffer_for(eShaderRead, eComputeShader);

}

VkBufferTransition buffer_for_compute_write() const {
return buffer_for(eShaderWrite, eComputeShader);
}.

VkBufferTransition buffer_for_transfer_read() const {
return buffer_for(eTransferRead, eTransfer);
}.

VkBufferTransition buffer_for_host_read() const {
return buffer_for(eHostRead, eHost);
}
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lchonb3oBaHMe MeToaoB
OTCMIeXMBaHMA AOCTYyMNa

void TensorImpl::add(const DeviceTensor& other) {

/] ...

auto buffers = make_transitions(
self.buffer_for_write(), // compute pipeline
other.buffer_for_read()

o

// RUN_SHADERC( ...
record_buffer_memory_barriers(buffers);
shader.bind_buffers(cmd_buf, desc_pool, buffers, ...);

/] ... );
}.
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lchonb3oBaHMe MeToaoB
OTCMIeXMBaHMA AOCTYyMNa

void TensorImpl::add(const DeviceTensor& other) {

/] ...

auto buffers = make_transitions(
self.buffer_for_write(), // compute pipeline
other.buffer_for_read()

);

// RUN_SHADERC( ...
record_buffer_memory_barriers(buffers);
shader.bind_buffers(cmd_buf, desc_pool, buffers, ...);

/] ... );
}.
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lchonb3oBaHMe MeToaoB
OTCMIeXMBaHMA AOCTYyMNa

void TensorImpl::add(const DeviceTensor& other) {

/] ...

auto buffers = make_transitions(
self.buffer_for_write(), // compute pipeline
other.buffer_for_read()

o

// RUN_SHADER( ...
record_buffer_memory_barriers(buffers);

shader.bind_buffers(cmd_buf, desc_pool, buffers, ...);

/] ... );
}.
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Co3paHue obuiero bapbepa Ana onepaumnm

void VkDevice: :record_buffer_memory_barriers(
const BufferTransitions& buffer_ars) {
std: :vector<vk: :BufferMemoryBarrier> barriers;
vk::PipelineStageFlags src_stages = vk::PipelineStageFlagBits: :eNone;
vk::PipelineStageFlags dst_stages vk::PipelineStageFlagBits: :eNone;

// Aggregate barriers
/] ...

if (!barriers.empty()) {
current_submit_->command_buffer().pipelineBarrienr(
src_stages, dst_stages,
vk::DependencyFlags(), nullptr, barriers, nullptr);
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Co3paHue obuiero bapbepa Ana onepaumnm

void VkDevice: :record_buffer_memory_barriers(
const BufferTransitions& buffer_ars) {
std: :vector<vk: :BufferMemoryBarrier> barriers;
vk::PipelineStageFlags src_stages = vk::PipelineStageFlagBits: :eNone;
vk::PipelineStageFlags dst_stages vk::PipelineStageFlagBits: :eNone;

// Aggregate barriers
/] ...

if (!barriers.empty()) {
current_submit_->command_buffer().pipelineBarrienr(
src_stages, dst_stages,
vk::DependencyFlags(), nullptr, barriers, nullptr);
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Co3paHue obuiero bapbepa Ana onepaumnm

void VkDevice: :record_buffer_memory_barriers(
const BufferTransitions& buffer_ars) {
std: :vector<vk: :BufferMemoryBarrier> barriers;
vk: :PipelineStageFlags src_stages = vk::PipelineStageFlagBits::eNone;
vk: :PipelineStageFlags dst_stages = vk::PipelineStageFlagBits::eNone;

// Aggregate barriers
/] ...

if (!barriers.empty()) {
current_submit_->command_buffer().pipelineBarrienr(
src_stages, dst_stages,
vk::DependencyFlags(), nullptr, barriers, nullptr);

YADRO. byayliee B Halwmx pykax




Co3paHue obuiero bapbepa Ana onepaumnm

void VkDevice: :record_buffer_memory_barriers(
const BufferTransitions& buffer_ars) {
std: :vector<vk: :BufferMemoryBarrier> barriers;
vk::PipelineStageFlags src_stages = vk::PipelineStageFlagBits: :eNone;
vk::PipelineStageFlags dst_stages vk::PipelineStageFlagBits: :eNone;

// Aggregate barriers
/l ...

if (!barriers.empty()) {
current_submit_->command_buffer().pipelineBarrienr(
src_stages, dst_stages,
vk::DependencyFlags(), nullptr, barriers, nullptr);
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Co3paHue obuiero bapbepa Ana onepaumnm

void VkDevice: :record_buffer_memory_barriers(
const BufferTransitions& buffer_ars) {
std: :vector<vk: :BufferMemoryBarrier> barriers;
vk::PipelineStageFlags src_stages = vk::PipelineStageFlagBits: :eNone;
vk::PipelineStageFlags dst_stages vk::PipelineStageFlagBits: :eNone;

// Aggregate barriers
/] ...

if (!barriers.empty()) {
current_submit_->command_buffer().pipelineBarrier(
src_stages, dst_stages,
vk: :DependencyFlags(), nullptr, barriers, nullptr);
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Arperaumna 6apbepoB

/] ...
for (auto& arg : buffer_ars) {
current_submit_->add_storage(arg.parent_storage_);

if (larg.is_readonly()) {
barriers.emplace_back(arg.src_access_type, arg.dst_access_type,
VK_QUEUE_FAMILY_IGNORED,
VK_QUEUE_FAMILY_IGNORED,
arg.info->buffer, 0, arg.info->range,

nullptr);
src_stages |= arg.src_stage;
dst_stages |= arg.dst_stage;
}_
}
/] ...
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Arperaumna 6apbepoB

/] ...
for (auto& arg : buffer_ars) {
current_submit_->add_storage(arg.parent_storage_);

if (larg.is_readonly()) {

barriers.emplace_back(arg.src_access_type, arg.dst_access_type,
VK_QUEUE_FAMILY_IGNORED,
VK_QUEUE_FAMILY_IGNORED,
arg.info->buffer, 0, arg.info->range,

nullptr);
src_stages |= arg.src_stage;
dst_stages |= arg.dst_stage;
}_
}
/] ...
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Arperaumna 6apbepoB

/] ...
for (auto& arg : buffer_ars) {
current_submit_->add_storage(arg.parent_storage_);

if (larg.is_readonly()) {
barriers.emplace_back(arg.src_access_type, arg.dst_access_type,
VK_QUEUE_FAMILY_IGNORED,
VK_QUEUE_FAMILY_IGNORED,
arg.info->buffer, 0, arg.info->range,
nullptr);
src_stages |= arg.src_stage;
dst_stages |= arg.dst_stage;
}.
}
/] ...
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NTorun pasgena

O1

OTcnexuBaHue goCTyna — pellaeT
NpobneMy KOPPEKTHOrO
co3faHua bapbepos

03

Ontnmmsaumm (read—>read skip,
arperauus) garoT U3SMepuUMbINA MPUPOCT
NPON3BOANTENIBHOCTM
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ABTOMaTUYECKasa reHepauus
bapbepoB yCTPaHSAET LenbiM Knacc
OLLUMOBOK CUHXPOHM3ALNM

04

PaspaboTumnk paboTaeT
c npocTbiM API, He oyMas
O HM3KOYPOBHEBOW CUHXPOHM3aL MM
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JXU3HEeHHDbIN

LLUKJ1 pecypcoB
* BbnoknpoBka pecypcoB BO BpeMS BbIYUCTIEHUM
« OcBobOXAEHME M BO3BPAT PECYPCOB

* banaHcMpoBKa Harpy3kmM Ha KOHBEWEP

YA
DLO®



[TpobnemMa XXM3HEeHHOro UmKla pecypcoB

GPU Side Resource Pool

Shader 1 -

e S ____ — Data Buffers
xecuting...

Barrier: Data dependency

Shader 2 -

e E ) ——— Command Buffers
xecuting...

* Bo BpeMs BbIMONMHEHUSA pecypcbl, CBSI3aHHbIE C BbIYUCIEHUSIMU, HEb3s BO3BPALLATb B MY/ O OKOHYaHUSA paboThbl.

» OTCcnexuBaTb KaXabll pecypc — LOpPOro.
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VkSubmit — naket komang gns otnpaskn 8 GPU

MHkancynupyeT Bcé Heobxoagmmoe ansa ogHom otnpaskmn Ha GPU

VkSubmit
Descriptor Pool —— binds —> Command Buffer records —> GPU Work
Timeline Semaphore signals ——> signal_value_ tracks ——> Completion Status
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KoHuenuuma oTcnexmeaHma submits

stopped_submits_- lNyn rotoBbix 3anucb - current_submit_

. 3anucb KoMaHA
start record — > ]
Submit rotos - Bapbepbl, Bind, Dispatch

active_submits_- BbinonHeHune Completion - 3aBepLueHune

—> Timeline Semaphore

———> end_record ——> GPUBbinonHser —— is_completed?

1 |

false
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Jlornka cemagopa B VkSubmit

class VkSubmit {
uinté4_t signal_value_;
vk::UniqueSemaphore complete_semaphore_;

/] ...

void reset() {
if (complete_semaphore_) {

++signal_value_; // Increment counter for next submission
} else {
complete_semaphore_ = create_sumbit_semaphore();

}.
}.

bool is_completed() const {

}.
¥

return device_.getSemaphoreCounterValue(...) == signal_value_;
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Jlornka cemagopa B VkSubmit

class VkSubmit {
uinté4_t signal_value_;
vk: :UniqueSemaphore complete_semaphore_;

/] ...

void reset() {
if (complete_semaphore_) {

++signal_value_; // Increment counter for next submission
} else {

complete_semaphore_ = create_sumbit_semaphore();
}.

}.

bool is_completed() const {

return device_.getSemaphoreCounterValue(...) == signal_value_;

}.
¥
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Jlornka cemagopa B VkSubmit

class VkSubmit {
uinté4_t signal_value_;
vk::UniqueSemaphore complete_semaphore_;

/] ...

void reset() {
if (complete_semaphore_) {

++signal_value_; // Increment counter for next submission
} else {

complete_semaphore_ = create_sumbit_semaphore();

}.
}.

bool is_completed() const {

}.
¥

return device_.getSemaphoreCounterValue(...) == signal_value_;
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Jlornka cemagopa B VkSubmit

class VkSubmit {
uinté4_t signal_value_;
vk::UniqueSemaphore complete_semaphore_;

/] ...

void reset() {
if (complete_semaphore_) {

++signal_value_; // Increment counter for next submission
} else {

complete_semaphore_ = create_sumbit_semaphore();
}

}.

bool is_completed() const {

}.
¥

return device_.getSemaphoreCounterValue(...) == signal_value_;
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Jlornka cemagopa B VkSubmit

class VkSubmit {
uinté4_t signal_value_;
vk::UniqueSemaphore complete_semaphore_;

/] ...

void reset() {
if (complete_semaphore_) {

++signal_value_; // Increment counter for next submission
} else {

complete_semaphore_ = create_sumbit_semaphore();
}.

}.

bool is_completed() const {
return device_.getSemaphoreCounterValue(...) == signal_value_;

}
¥;
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CeMadopbl Kak METKM A1 OTCIEXXMBAHWS

Host GPU

Submit Work A

RN

Execute Work A

.

Signal (value 1)

Timeline
Semaphore

Counter=0

Counter =1

N

Poll: getSemaphoreCounterValue()

.

Returns 1 = Complete

YADRO. byayliee B Halwmx pykax



BpeMsa xun3Hm xpanmnuuia/6ydepa gaHHbIX

struct VkBufferTransition {

storage_ptr_t parent_storage_; // Holds ref until GPU done
/] ...

}

// In record_buffer_memory_barriers(): Increments refcount
current_submit_->add_storage(arg.parent_storage_);
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[Tonck poctynHoro naketa — VkSubmit

void VkDevice::start_record() {
if (!current_submit_) {
if (!stopped_submits_.empty()) {

current_submit_ = std::move(stopped_submits_.front());
stopped_submits_.pop_front();

} else {
current_submit_ = std::make_unique<VkSubmit>(...);

}.

current_submit_->start();

}.
}.
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[Tonck poctynHoro naketa — VkSubmit

void VkDevice::start_record() {
if (!current_submit_) {
if (!stopped_submits_.empty()) {

current_submit_ = std::move(stopped_submits_.front());
stopped_submits_.pop_front();

} else {
current_submit_ = std::make_unique<VkSubmit>(...);

}.

current_submit_->start();

}
}
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[Tonck poctynHoro naketa — VkSubmit

void VkDevice::start_record() {
if (lcurrent_submit_) {
if (!stopped_submits_.empty()) {
current_submit_ = std::move(stopped_submits_.front());
stopped_submits_.pop_front();

} else {

current_submit_ = std::make_unique<VkSubmit>(...);
}.
current_submit_->start();
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[Tonck poctynHoro naketa — VkSubmit

void VkDevice::start_record() {
if (!current_submit_) {
if (!stopped_submits_.empty()) {

current_submit_ = std::move(stopped_submits_.front());
stopped_submits_.pop_front();

} else {
current_submit_ = std::make_unique<VkSubmit>(...);

}

current_submit_->start();
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[lakeTHaqa 3anncb KOMaHA

VULKAN_MAX_RECORD_COUNT =16

3anuck 16 KoMaHg —> egMHasa oTnpaBKa

BMecTo: 16 oTAeNbHbIX OTNPABOK

[TpenmyLecTBo: MeHbLUe Bbi3oBOB VkQueueSubmit, apdekTneHee Ha CPU
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OTI'IpaBKa [MakKeTa Ha BbIlNOJIHEHUNE

void VkDevice::end_record(bool sync) {
records_count_++;
if (records_count_ >= VULKAN_MAX_RECORD_COUNT || sync) {
current_submit_->end();

if (sync) A{
// Sync: fence + CPU wait
reset_fence();
queuve_.submit({submit_info}, global_fence_);
wait_fence();
} else {
// Async: timeline semaphore for completion tracking
submit_info.pSignalSemaphores = &current_submit_->semaphore();
queuve_.submit({submit_info}, VK_NULL_HANDLE);
active_submits_.emplace_back(std::move(current_submit_));
}.
// ... in-flight 1limiting and recycling ...
records_count_ = 0;
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OTI'IpaBKa [MakKeTa Ha BbIlNOJIHEHUNE

void VkDevice::end_record(bool sync) {
records_count_++;
if (records_count_ >= VULKAN_MAX_RECORD_COUNT || sync) {
current_submit_->end();

if (sync) A{
// Sync: fence + CPU wait
reset_fence();
queuve_.submit({submit_info}, global_fence_);
wait_fence();
} else {
// Async: timeline semaphore for completion tracking
submit_info.pSignalSemaphores = &current_submit_->semaphore();
queuve_.submit({submit_info}, VK_NULL_HANDLE);
active_submits_.emplace_back(std::move(current_submit_));
}.
// ... in-flight 1limiting and recycling ...
records_count_ = 0;
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OTI'IpaBKa [MakKeTa Ha BbIlNOJIHEHUNE

void VkDevice::end_record(bool sync) {
records_count_++;
if (records_count_ >= VULKAN_MAX_RECORD_COUNT || sync) {
current_submit_->end();

if (sync) A{
// Sync: fence + CPU wait
reset_fence();
queuve_.submit({submit_info}, global_fence_);
wait_fence();
} else {
// Async: timeline semaphore for completion tracking
submit_info.pSignalSemaphores = &current_submit_->semaphore();
queuve_.submit({submit_info}, VK_NULL_HANDLE);
active_submits_.emplace_back(std::move(current_submit_));
}.
// ... in-flight 1limiting and recycling ...
records_count_ = 0;

YADRO. byayliee B Halwmx pykax 179



OTI'IpaBKa [MakKeTa Ha BbIlNOJIHEHUNE

void VkDevice::end_record(bool sync) {
records_count_++;
if (records_count_ >= VULKAN_MAX_RECORD_COUNT || sync) {
current_submit_->end();

if (sync) {
// Sync: fence + CPU wait
reset_fence();
queue_.submit({submit_info}, global_fence_);
wait_fence();
} else {
// Async: timeline semaphore for completion tracking

submit_info.pSignalSemaphores = &current_submit_->semaphore();

queuve_.submit({submit_info}, VK_NULL_HANDLE);
active_submits_.emplace_back(std::move(current_submit_));

}
// ... in-flight 1limiting and recycling ...
records_count_ = 0;

YADRO. byayliee B Halwmx pykax

180



OTI'IpaBKa [MakKeTa Ha BbIlNOJIHEHUNE

void VkDevice::end_record(bool sync) {
records_count_++;
if (records_count_ >= VULKAN_MAX_RECORD_COUNT || sync) {
current_submit_->end();

if (sync) A{
// Sync: fence + CPU wait
reset_fence();
queuve_.submit({submit_info}, global_fence_);
wait_fence();
} else {
// Async: timeline semaphore for completion tracking
submit_info.pSignalSemaphores = &current_submit_->semaphore();
queuve_.submit({submit_info}, VK_NULL_HANDLE);
active_submits_.emplace_back(std::move(current_submit_));
}.
// ... in-flight 1limiting and recycling ...
records_count_ = 0;
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OTI'IpaBKa [MakKeTa Ha BbIlNOJIHEHUNE

void VkDevice::end_record(bool sync) {
records_count_++;
if (records_count_ >= VULKAN_MAX_RECORD_COUNT || sync) {
current_submit_->end();

if (sync) A{
// Sync: fence + CPU wait
reset_fence();
queuve_.submit({submit_info}, global_fence_);
wait_fence();
} else {
// Async: timeline semaphore for completion tracking
submit_info.pSignalSemaphores = &current_submit_->semaphore();
queue_.submit({submit_info}, VK_NULL_HANDLE);
active_submits_.emplace_back(std::move(current_submit_));
}.
// ... in-flight 1limiting and recycling ...
records_count_ = 0;
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OTI'IpaBKa [MakKeTa Ha BbIlNOJIHEHUNE

void VkDevice::end_record(bool sync) {
records_count_++;
if (records_count_ >= VULKAN_MAX_RECORD_COUNT || sync) {
current_submit_->end();

if (sync) A{
// Sync: fence + CPU wait
reset_fence();
queuve_.submit({submit_info}, global_fence_);
wait_fence();
} else {
// Async: timeline semaphore for completion tracking
submit_info.pSignalSemaphores = &current_submit_->semaphore();
queuve_.submit({submit_info}, VK_NULL_HANDLE);
active_submits_.emplace_back(std: :move(current_submit_));
}.
// ... in-flight 1limiting and recycling ...
records_count_ = 0;
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CUHXPOHHasa vs. ACMHXPOHHAaA oTnpaBKa

MyTb CuHXpoHu3auus BapuaHT ncnosbsoBaHus

Sync (sync=true) Fence + oxumnpganmne CPU [TepecbiNnkn XOCT-yCTPONCTBO

Async (sync=false) HET (Cemadop ansa pecypcos) 3anyCKu BblYMCNUTENbHbBIX AAEP
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OrpaHnyeHne HaxoaaLMXCS | £
B MpoLecce oTnpaBoK

BanaHc: ytunusauua GPU vs. paBneHue Ha naMaATb

if (active_submits_.size() > VULKAN_MAX_SUBMITS_COUNT) {
active_submits_.back()->wait();

}.
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[ToNuHr 3aBepLUEHHbIX OTNPaBOK e

for (auto it = active_submits_.begin(); it != active_submits_.end();) {
if ((xit)->is_completed()) {
stopped_submits_.splice(..., active_submits_, it);
break;
}

}.
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KoHBenep aCMHXPOHHbBIX OTNPaBOK

CPU Single Queue

Execute 1 Execute 2
A A
| |
| |
| |
| |
| |
| |
| +
' -
CPU Timeline | 2
| wn
e Sl |
| |
Secord 16— GubmiRl  — i

—>  Record17-32 —>  Submit2 --——----------———-
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NTorun pasgena

Ncnonb3oBaHue OrpaHunyeHue

ceMadopa NO3BOSNIO KOIMYeCTBa TEKYLLMX
peannsoBaTb: OTMPaBOK MNO3BOJINNO:

o OTCIEeXMBAHME 3aBEPLUEHNS BbIYNCICHN « BanaHcuposatb yTuamnsaumio GPU 1 namsTy

* KoppeKkTHOe MOBTOPHOE
MCMONIb30BaHNE PECYPCOB
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CpaBHeHue

NPOU3BOAUTENBHOCTY m
va W
L /N N /NS




OnmncaHme TeCToBOUM CUCTEMBDI

Intel Core GeForce RTX
19-13900HX 4070 8I'b:

8 P-agep 46 SMs

16 E-anep 184 Tensor Cores

800 Mly-54T1Ty L1 Cache 128 KB (per SM)

L2 Cache 36 MB

RAM 32 T'b
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Oby4yeHmne MHOroC/IOMHOro
nepuenTtpoHa (MatMul)

MLP:784x1014x512x256x10

600

500

400
300 W Adept
200 PyTroch cuBLAS(:16:8)
100 I PyTroch cuBLAS
0 I PyTroch cuDNN
32 64 128 256 512

1024 2048 4096

MakeToB B ceKyHAY

Pa3sMep nakeTa
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ObyyeHne CBEPTOUYHOMU CETU
LeNet5(Conv2d - im2col)

250
E" 200
I
>
X
S 150
[11]
[11]
o
&5 100
é m Adept
C
50 PyTroch cuBLAS(:16:8)
0 l ] - PyTroch cuBLAS
32 64 128 256 512 1024

Pa3sMep nakeTa
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ObyyeHune ceéptouHom cetn LeNetb ¢ cuDNN

600

500

400

300

200

MakeToB B ceKyHAY

100

32
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Ob6Lwme ntTorm

KoHBenep BblYUCNEHMNIN NPO NPOU3BOAUTENIBHOCTU CPaBHUM C NPOoPeCcCUOHaNbHbIMU PELUEHUSMU

YTO0 noBamnano Ha nponsBoaUTENIbHOCTbL?

CospaHue bapbepoB AN 4OCTyMNa AaHHbIX

HaKeTMpOBaHMG KOMaH[ O/14 OTrNpaBKK
ANna KaXXoro TeH30opa

Icnonb3oBaHMe nynoB o6bekToB(Oydepbl KOMaHAb|,

ACWHXPOHHasA OTNpaBKa Bbl4YUCNEHN
LecKpunTopbl, bydepb! JaHHbIX)

HABHaga CUHXPOHM3aUMA TOJIbKO O14 YTEeHUNA

[aHHbIX Ha XOCTa KewmnposaHue wenaepos
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Cnacubo
3a BHUMaHue!

OcTaeMcs Ha CBHA3U

YA

Lo



