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CTpyKTypa nekuumu

o dpenmMBOpPKN ANsa 0OByHEeHUSA HEMPOHHBIX CEeTEN

e MobunbHblie ycTponcTBa U X 0OCODEHHOCTU

o dpenMBOpPKKN ANA 3arnycka HEMPOHHbLIX ceTEN HA MOBUITbHbIX
yCcTpouncTaax

e [Ipobnema nepeHoca mogenen mexay dopenmBopkamm

e OnTumMmn3auma moaeneun
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dpenmMBOpPKN AN 0by4HeHUA HEMPOHHbIX CETEN

e PyTorch ®

e TensorFlow

e MXNet
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YTo Takoe moaenb?
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MobunbHble YCTPOUCTBA

1. MobunbHble cMapTdOHbI

2. BcTpanBaeMeble yCcTpoucTBa
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Cuctema Ha kpuctanne (SoC)

- OanH nnn HeCKONbKO MUKPOKOHTPONEPOB,
MMKPOMpPoLEeCccCopoB nnn saep undposon ob6padboTkn cmrHanos

- NPU (Neural Processor Unit)

- GPU (Graphic Processor Unit)

- TPU (Tensor Processor Unit)

- [ononHuTternbHble BCoMoraTenbHble Moaynn
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CmapTdOHbI: onepaLMoHHble CUCTEMBI U NPOLIECCOopb

e iOS e Android
o Apple Ax Bionic o Qualcomm (Snapdragon)
o M1 o HiSilicon K3 (Kirin)
o Samsung Exynos
o Google Tensor

e Harmony OS
o HiSilicon K3 (Kirin)
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BcTpanBaeMble yCTpoOUCTBA

Intel Neural Compute Stick

Intel NUC

Raspberry Pi

Nvidia Jetson Nano, Xavier NX, AGX Xavier
Google Coral
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Raspberry Pi

Intel Neural Compute Stick

intel' Neural Compute Stick 2
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Intel Neural Compute Stick

e System support functions
i operate frames, tiles,

An entirely new deep :
neural network (DNN) CODEC, compression
inferencing engine that and security
offers flexible interconnect cv -

d f configurati N Pixel
anag ease of con igura 1on Compute Accelefat'

Processin
Engine ion 9

for on-device DNNs and

computer vision
applications ¢ Homogeneous memory

design for low-power, UL

CMX (2.5 MB to 450 GB/s Bandwidth) —® |atency, sustained High
Performance, and locally

stored data

VLIW (DSP)

16 SHAVES RT
programmable processors 2 CPU CI
are optimized for complex { LIDOMEnphia omma RISC
P P RISC Processors, RTOS

vision, & Imagng Schedulers, Pipeline
workloads )
Managers, Sensor Control
Frameworks




Intel Neural Compute Stick

e Supported frame
o TensorFlow
o Caffe
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Intel NUC

o CPU: Intel i5/i7

e RAM: Custom
(~16 Gb)

e DL Accelerator:
N3 CPU

e Supported frameworksies
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Raspberry Pi 4

CPU: quad-core ARM A72
RAM: 2-8 Gb
DL Accelerator: OTcyTcTByeT

Supported frameworks:
Bce Ha ARMvS8
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Nvidia Jetson Nano

e CPU: quad-core ARM A57
e RAM: 2-4 Gb
e DL Accelerator:
128 Maxwell CUDA cores
e Supported frameworks:
[MponpuetapHble Ha ARMv8
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Google Coral

e CPU: quad-core ARM A57

e RAM: 1 Gb

e DL Accelerator:
Google TPU (4 TOPS)

e Supported frameworks:
TensorFlow (orpaHU4YeHHbIN)
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dpenmMBOpPKM ONS 3anycka HEMPOHHbLIX CETEN Ha

MOOUIBbHbIX YCTPOUCTBAX
TensorFlow, TensroFlow-Lite

PyTorch, PyTorch Mobile
CoreML

ONNX

OpenVINO

TensorRT

Caffe
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dpenmMBOpKM ONs 3anycka HEMPOHHbLIX CETEN Ha

cMapTdoHax 1E
g

TensorFlow Lite

\/Sn rol
O

[
*—>

17/20



oI oy
&

Knaccuyeckasi cxema nepeHoca Mmoaern

Mopenb
Ha ppennmBOpKe, O N N X
rae oHa obyyanacb

LleneBon hpenmBopk
AN BHeApeHus moaenu

. = lar KoHseprauvm mognenu
be[,;
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[Tpumep nepeHoca ¢ PyTorch Ha TensorFlow-Lite

Y € ONNX
O/

Keras = ¢ TensorFlowl ite
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OnTumMmn3sauma moaeneun

e KeaHTnsauma obydeHHom mogenu (k UINT8)

e licnonb3oBaHne NOIOBUHHOWM TOYHOCTU BbIYUCIIEHN YNCEN C
nrnasaroLen 3anaTou

e Pruning (cokpallieHune Konnyectsa napameTpoB MoAemnn)

e [lnctnnnsauma moaenm (CokpalleHne KonmyecTsa Cnoes)
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OpenmBOpKN ONA 3anycka
Moaenem Ha MOOUIbHbIX

YCTPOUCTBAX
Jlekuunga 2
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CTpyKTypa nekuumu

TensorFlow-Lite

PyTorch Mobile

CoreML

Tengine

CpaBHeHWe npon3BoanTENbLHOCTH
[Tpobnema nageHnst TOHHOCTU MOAENU
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TensorFlow-Lite

TF-Lite

CPU (ARM Neon)

A

GPU, DSP, TPU
(Accelerator delegate)

NNAPI / CoreML
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TensorFlow-Lite

Model Name Device CPU, 4 GPU NNAPI
threads

Mobilenet 1. | Pixel 3 23.9 ms 6.45 ms 13.8 ms
0_224(float)

Pixel 4 14.0 ms 9.0 ms 14.8 ms
Mobilenet 1. | Pixel 3 13.4 ms --- 6.0 ms
0 224 (quant

Pixel 4 50ms - 3.2ms
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https://storage.googleapis.com/download.tensorflow.org/models/mobilenet_v1_2018_08_02/mobilenet_v1_1.0_224.tgz
https://storage.googleapis.com/download.tensorflow.org/models/mobilenet_v1_2018_08_02/mobilenet_v1_1.0_224.tgz
https://storage.googleapis.com/download.tensorflow.org/models/mobilenet_v1_2018_08_02/mobilenet_v1_1.0_224_quant.tgz
https://storage.googleapis.com/download.tensorflow.org/models/mobilenet_v1_2018_08_02/mobilenet_v1_1.0_224_quant.tgz

TensorFlow-Lite

Model Name Device

Mobilenet_1.0_2 | iPhone XS
24(float)

Mobilenet_1.0_2 | iPhone XS
24 (quant
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CPU, 2 threads

14.8 ms

11 ms

GPU

3.4 ms
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https://storage.googleapis.com/download.tensorflow.org/models/mobilenet_v1_2018_08_02/mobilenet_v1_1.0_224.tgz
https://storage.googleapis.com/download.tensorflow.org/models/mobilenet_v1_2018_08_02/mobilenet_v1_1.0_224.tgz
https://storage.googleapis.com/download.tensorflow.org/models/mobilenet_v1_2018_08_02/mobilenet_v1_1.0_224_quant.tgz)
https://storage.googleapis.com/download.tensorflow.org/models/mobilenet_v1_2018_08_02/mobilenet_v1_1.0_224_quant.tgz)

PyTorch Mobile

AUTHOR A MODEL IN PYTORCH

El

scripted_model = torch.jit.script(model)

opt_model = optimize_for_mobile(scripted_model)

implementation

‘org.pytorch:pytorch_android_lite:1.9.0° pod 'LibTorch_Lite', '~>1.9.0°
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PyTorch Mobile

PyTorch Mobile (prototype)

CPU
(XNNPACK, QNNPACK)
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GPU
(Vulkan / Metal)

DSP, NPU
(NNAPI)
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CoreML
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CoreML vs TensorFlow-Lite

MobileNet V2

Phone CPU (ms) GPU (ms) Core ML
delegate (ms)

iPhone 8+ 11.03 8.74 23.91 (GPU)

iPhone XS 9.97 4.55 7.26 (NPU)

iPhone 11 Pro | 8.86 5.35 5.84 (NPU)
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CoreML vs TensorFlow-Lite

Inception V3

Phone

iPhone 8+
iPhone XS

iPhone 11 Pro

CPU (ms)

179.28
150.30

130.94

GPU (ms)

40.97

30.01

21.27

Core ML
delegate (ms)

46.71 (GPU)
14.89 (NPU)

12.10 (NPU)
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CoreML

Vision Natural Language Speech Sound Analysis
Core ML
Accelerate and BNNS Metal Performance Shaders
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CoreML

Vision Natural Language Speech Sound Analysis

Core ML

[ Accelerate and BNNS } Metal Performance Shaders
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Swift-Al
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Tengine

(R S e e e e e R e e e e v e T e S e s e e S e T e e 1
| 1
|
1 TensorFlow TF Lite PyTorch/ONNX MXNet Caffe Darknet :
| 1
| 1
: MegEngine OneFlow PaddlePaddle Others :
I I
| Convert Tool 1
: TensorFlow TF Lite ONNX MXNet Caffe Darknet :
| Serializer Serializer Serializer Serializer Serializer Serializer |
| 1
: ncnn MegEngine OneFlow PaddlePaddle MLIR Others :
| Serializer Serializer Serializer Serializer Serializer Serializer : |
! ks 1
| Serializer 1
| 1
: tmfile Serializer :
Q - Q
1 Tengme 1
: Graph Partition Device Allocator Exec Scheduler Low Bit Quantize :
| 1
| 1
| 1
! CPU GPU NPU !
: Backend Backend Backend :
: Engine 1
- Mix Bit TIM-VX/OpenDLA |
: Winograd Sgemm clcilaton CUDA/Vulkan/OpenCL Plugin :
| 1
! Auto Kernel TensorRT/ACL I
1 SIMD Assembly Plugin Plugin . 1
! Runtime Optimize Amlogic/RK/NXP/ILQ : |
. : NPU & NVDLA :
q ’ Jg | ARM/X86/RISCV/MIPS nVIDIA/Mali/Adreno 1
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Time : ms

3500
3000
2500
2000
1500
1000

500

Benchmark
3008
2736
415 335
183 117 85 78 I I
MobikeNet1.0 SqueezeNetl.1 ResNetl8 VGG16

EAIDK610(2*Cortex-A72@1.8GHz + 4*Cortex-AS3@1.4GHz)

mQOpenCV mOpenCV-Tengine
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i Caffe2 [ Tensorflow Lite
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Pytorch Mobile

[Tpobnema nageHust TOYHOCTU Moaenu
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Ctartba: Comparison and Benchmarking of Al Models and
Frameworks on Mobile Devices
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CTpyKTypa nexkumm

e [Ipumepsbl pelieHnn c peanu3aumen sKkcnopTa Mogenen nog
MOOUNbHbIE YCTPOUCTBA
e [lpumepbl roToBbIX peanusauuin npoektoB nog Android n iOS
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2 Download on the ’\' Coming Soon on
‘ App Store "~ Google Play
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YOLOvS

Pewaemas 3agada: HaxoxageHue (aetekumsl) o6bekToB
NcxogHbin dopenmsopk: PyTorch
[MNopoepxnBaembliin 3KCNOPT:

TorchScript
ONNX
CoreML
TensorRT
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YOLOvS
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YOLOX

Exceedlng YOLO series in
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YOLOX

Pewaemas 3agada: HaxoxageHue (aetekumsl) o6bekToB
NcxogHein openmeopk: PyTorch / MegEngine
[MNopoepxnBaembliin 3KCNOPT:

ONNX

TensorRT

MegEngine -> Tengine
OpenVINO
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D2Go

Pewaemble 3agayn mogenen us nyna:

e HaxoxgeHune (oeTekumnsi) O6bLEKTOB

e CermeHTaumsa oObeKkToB
e HaxoxaeHune kKn4YeBbIX TOYEK

NcxogHbin openmsopk: PyTorch + Detectron2

[MoooepxnBaemblin 3KCNOPT:

e TorchScript
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D2Go: 3oonapk moaenewn

- CermeHTauus:
e Faster-RCNN-FBNetV3A
e Faster-RCNN-FBNetV3A-dsmask
e Faster-RCNN-FBNetV3G-FPN
- etekuus:
o Mask-RCNN-FBNetV3A
e Mask-RCNN-FBNetV3A-dsmask
e Mask-RCNN-FBNetV3G-FPN
- HaxoxxgeHue krnoyeBbIX ToYeK
e Keypoint-RCNN-FBNetV3A-dsmask
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[oToBble peanudauun TF-Lite: Android + NLP

BERT
DistiBERT
GPT-2
DistilGPT-2
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[oTOoBblE peanu3auun TF-Lite: iOS + NLP

e BERT mE
e DistiBERT @ .

o GPT-2 - J
e DistilGPT-2 . -
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[oTOBbLIE peanu3aunn PyTorch: Android + CV

e DeeplLabV3

ImageSegmentation
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[oTOBbIE peanu3aunn PyTorch: iOS + CV

e DeeplLabV3

- 10:52 T -
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[oToBbIE peanu3aunn PyTorch: Android + D2Go

614 & @ @ QAN 614 & 6@ *4n
D2Go D2Go

Detect Detect
Test Image Select Live Text Image Select Live
1/3 2/3
@cbj‘bﬂbl'i}
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[oToBbLIE peanu3aumn PyTorch: iOS + D2Go

3:06

Detect Detect
Test Image 1/3 Text Image 2/3
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[oToBbIE peanusauun PyTorch: (Android, iOS) + Sound

e \Wav2Vec + Classification
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[oTOBLIE peanun3auun TF-Lite

[MnaTdopmsl:

Android
iO
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[oTOoBbIe peanuidauun: Nvidia Jetson

HELLO Al WORLD
NVIDIA JETSON

Pellaemble 3agayn mogensaMmm u3 nyna:

Image classification

Object detection

Semantic segmentation
Pose estimation (keypoints)
Mono Depth
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[oToBblE peanu3auun: Nvidia Jetson + DeepStream

NVIDIA

DEEPSTREAM: 4
BEST PRACTICES FOR — 7 AR NN
PERFORMANCE OPTIMIZATION - & & &

19/16
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[oToBblE peanu3auun: Nvidia Jetson + DeepStream

Pewaemble 3agayn mogenamu nu3 nyna: 3oonapk Moaerneu:

Faster-RCNN
YoloV3/4
SSD/DSSD
RetinaNet
PeopleSegNet
UNET

e Object detection
e Semantic segmentation
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CTpyKTypa nekuumu

e TexHosnorum nHTerpaumm HEMPOHHLIX CeETEN B web

e dpeNMBOPKM 3anycka HEMPOHHbLIX ceTen ana web
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TexHonormm nHTerpaunmn HEUMPOHHbLIX CETEN B Web

ebGL.
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TexHonormna OpenGL

OpenGL 2.0 Graphics Pipeline

_ Vertex Generating 5 % : Testing and
Vertices Shader Primitives Rasterization  Pixel Shader Mixing e
rame
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3anyck mogernen 6e3 WebGL

- g s

Browser engine

HTML 5 } CPU

-
\
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TexHonorna WebGL

- N .
/\

WebGL J
HTML 5

Browser engine

GLSL }

~
"

%
o
£

CPU CPU
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Vulkan

Vulkan: Performance, Predictability, Portability

Complex drivers
cause overhead
and inconsistent
behavior across
vendors

Always active
error handling

Full GLSL
preprocessor and
compiler in
driver

OpenGL vs.
OpenGL ES

GoenGLES.

QoenGL.

(Vul‘i(an@

Application

Single thread per context

v

High-level Driver
Abstraction

Layered GPU Control
Context management
Memory allocation
Full GLSL compiler
Error detection

Application
Memory allocation
Thread management
Explicit Synchronization
Multi-threaded generation
of command buffers

Multiple Front-end
Compilers

GLSL, HLSL etc.

Explicit GPU Control

SPIR-V
pre-compiled shaders
v v v
Thin Driver Loadable debug and

‘%) ooy 0\*@*5)

oy

GPU

validation layers

GPU

A Graphics API

A GPU API

Simpler drivers - application has
the best knowledge for holistic
optimization - no ‘driver magic’

Explicit creation of APl objects
before usage - efficient,
predictable execution

Easier portability - no fighting
with different vendor heuristics

Validation and debug layers
loaded only when needed

SPIR-V intermediate language:
shading language flexibility

Unified APl across mobile and
desktop platforms

Multiple graphics, command and

DMA queues

7/16



WebAssembly

Cooe | omm [ e |

v VM
.wasm
COMEPXUT CUHTaKCUYEeCcKoe
LoepeBo

CPU

JS Browser engine
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WebAssembly + GPU

/

Wgpu (WebGPU)

$ ﬁ\sblﬁ D
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WASM

WebCL

WebGL
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Chrome V8

JS

T~

Custom Compiler

\ CPU

Browser Engine - /
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TensorFlow.js

[MoppepxuBaemble TEXHOMOMUN:

e WebGL
e WASM
e WebGPU

[TonesHbIv PyHKUMOHanN:

e AutoML
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OpenCV.js

[MoppepxuBaemble TEXHOMOMUN:

e Emscripten (LLVM)
e W3C (WebAssembly)

[TonesHbIv PyHKUMOHanN:

e OOBWMUPHLIN PYHKUMOHAT
00paboTkn n3obpakeHum
e DNN moaynb
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OpenCV
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Brain.js

[MopgaepxnBaemble TEXHOMNOIMMN:
o W3C (WebAssembly)
[TonesHbIv PyHKUMOHanN:

e OOyyeHMe HENPOHHLIX CeTeu
B 6pay3epe, Kak rmaBHOE NPENUMYLLECTBO

W
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WebDNN

[MoppepxuBaemble TEXHOMOMUN:

o W3C (WebAssembly)
e WebGPU
e WebGL
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o o
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Keras.|s

[MooaepxmBaeMble TEXHOSOMMN:
e WebGL
[TonesHbIv PyHKUMOHanN:

e 3anyck mogernen ¢ gopernmMBOpKOB
TensorFlow n CNTK
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Ewe dopenmBopku

Synaptic
Neataptic
Neuro.js
mljs

Mind
MXnet.js
Deepforge
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CTpyKTypa nekuumu

e OCHOBHbIE NpobnemMbl UHTErPaUMM Moaenemn
e [OTOBbLIE pelwleHns onsg nHTerpaunm
e [lpumep nHTErpaunm moaenu
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Inference
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Inference
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Output

Output

)

hYS

AN

Output
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Infere

img =
tensor

out =

4
%
=
£

Y/

oy
Tl
- $ l\\\\\
CUraaas®

nce on batch

Image.open(...).convert ('RGB'") .resize ( (224,
= torchvision.transforms.ToTensor () (1mg)

model (tensor.unsqueeze (0) ) .detach ()

224))
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Inference on batch
e B

Image ( B\ / \ (

'
AN

Model
- Output

Image
Image

'
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/
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Inference on batch

images = [...]
tensors = |
torchvision.transforms.ToTensor () (img)

for 1mg in images
]
input tensor = torch.stack(tensors, dim=0)

out = model (i1nput tensor) .detach()
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[pobrnema acMHXPOHHOCTU 3arpoCcoB

< User 1 Image Image Image
< User 2 Image Image
< User 3 Image Image
-/
> Bpemsa >
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[pobrnema acMHXPOHHOCTU 3arpoCcoB

User 1 Image
< User 2
< User 3
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Image

Image

Image
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Model

Model

Model

Model

Model
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[pobrnema acMHXPOHHOCTU 3arpoCcoB

http client batching service Betif fiiodsl] depvies
______________ requestl ____________)
______________ request2 ____________)
______________ request3 ol merged request{123} _____________|
______________ requestd
e e PRI . o
______________ requests
______________ request6 gl _____________merged request{d56}
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[lpobnema orpaHn4eHnst pecypcoB

e Bpemsa obpaboTkm BXOAHOro TEH30pa

e Heobxognmas namsaTb
ans o6paboTkm BXOAHOro TeH3opa

| 00000000:17:00.0 Off |
10MiB / 11019MiB |
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BoamoxHble onTumMmnaaunm ansa pelieHuns npobnem

[ OrpaHuyeHne No BpeMeHn oXuaaHua 3anpoca rnonb3osBaTenem ]

—

[ OrpaHn4yeHne No KoNuM4ecTBy 3aHMMaemMon namsaTu npu pabote cetu

NS

[ OrpaHu4yeHmne pasmepa BxogHoro TeH3opa (batch) }
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MLflow Tracking

=

MLflow Projects [MLflow Models (MLrow Registry

I . I .

Package data :
Record and query science %ode ina Deploy machine Store, annotate,
experiments: code, format to reproduce learning models in
data and results.

discover and
runs on any diverse serving
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BentoML

SCIKIT LEARN TENSOR FLOW PYTORCH XGBOOST

Q)

BENTOML

@ {RREST:API } &
AT

J% SWAGGER PROMETHEUS REST API DOCKER KUBERNETES
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Z 3
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BentoML

bento
model service
.................. bento
user clients batching service merged
; input data user defined
— http > adapter handler
request
bento
a0 > model service
input user defined
marshal _—————————p
: . adapter handler
: inbound
user3 - -
bento
model service
user4 >
: : ! input user defined
................... : _———p
adapter handler
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BentoML: cxema ncnonb3oBaHus

PyTorch W ( JIT W (
Model J L Scripting J t SNl
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BentoML: npumep ncnonb3oBaHus

if name == main '

model = torchvision.models.resnetl8 True)

example input = torch.rand(, 3, 224, 224)

traced = torch.jit.trace(model, example input)

bento classifier = PyTorchImageNetClassifier ()

bento classifier.pack('classifier', traced)

saved path = bento classifier.save ()

bHby;
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BentoML: npumep ncnonb3oBaHus

import bentoml

from bentoml.frameworks.pytorch import PytorchModelArtifact

@bentoml.env (pip packages=['torch', 'numpy', 'torchvision'])
@bentoml.artifacts ([PytorchModelArtifact ('classifier')])

class PyTorchImageNetClassifier (bentoml.BentoService):

4
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BentoML: npumep ncnonb3oBaHus

from typing import BinaryIO, List

from bentoml.adapters import FileInput, JsonOutput

@bentoml.api(input=FileInput (), output=JsonOutput (), batch=True)
def predict(self, file streams: List[BinaryIO]) -> List[dict]:

img tensors = [self.transform(Image.open(fs).convertiode="'RGB')) for fs in file streams]

input batch torch.stack (img tensors,dim=0)
pred batch = self.artifacts.classifier (input batch) .detach () .argmaxdim=1) .numpy () .tolist ()

return [{'class index': idx} for idx in pred batch]
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BentoML: npumep ncnonb3oBaHus

from torchvision import transforms

@bentoml.utils.cached property
def transform(self):
return transforms.Compose ([
transforms.Resize ((224, 224)),

transforms.ToTensor ()

i1 gy,

bHEy,;
AP IBL;
d '
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BentoML: npumep ncnonb3oBaHus

3anyck (bash / shell):
python3 main.py

bentoml serve PyTorchImageNetClassifier:latest

Ncnonb3oBaHne (REST API):
curl -X POST "http://127.0.0.1:5000/predict" -F image=@img1.jpg
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BentoML: npumep ncnonb3oBaHus

GitHub Gist -
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CTpyKTypa nekuumu

e O030p apxuTekTyp Anga 3agadn Knaccmpukaumm

e (O030p apxUTEKTYp ANS 3a4a4Yn HaxoXaeHNs1 OObEKTOB (OETEKLMN)

e O030p apxuTekTyp AnNga 3agad cermeHTauuu (BblaeneHne Mmacuk 1 3agaydm
BblAENEHNS MACKM KaXgoro obbekTa)

e O630p apxuTeKkTyp ans 3agad ob6paboTkm ecTteCcTBEHHbIX s3bIKOB (NLP)

e O0630p apxuTeKTyp ONns 3agad obpaboTkm 3ByKa
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3agavn KOMMNbTEPHOIO 3PEHUS

Classification Object Detection Instance Segmentation
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ObLaa cxema HENMPOCETEBBLIX apPXUTEKTYP

hight-level
features

hight-level
features

detections

detections

Backbone Feature processing Detector Post-
layers (optional) layers processing



SSD: Single Short MultiBox Detector

Extra Feature | avers
VGG-16 [ A \
_ through Conv5_3 layer

< Classifier : Conv: 3x3x(4x(Classes+4))

'\ g’, =
\\ Classifier : Conv: 3x3x(6x(Classes+4)) © .g
\ O 1]
\, — (O]
N 3 =
300 Q Q
& @ |74.3mAP
=] 38 9 19 ™ -om
%) e £
175] Image CD 5 59FPS
Conva_3 [conve Sony 0 Conv: 3x3x(4x(Classes+4)) | £ =
(FC6) (FC7) (= 1=
300 i} x
Conv8_2 — [\
o =
w 1
19 19 10 10_2 Conv11_2 © c
B N - —
_______ ] L1024 L1024 256 U= L || =
Convji3 3x1024 Conv: 1x1x1024 Conv: 1x1x256 Conv: 1x1x128 Conv: 1x1x128 Conv: 1x1x128
Cone 2v2vBEAD o9 Canve 2v2uDBER oD Canmve: 2u2uDER o1 Vo PN, T, 1O, ¥ 7 - NP |
é?bl\beO;J%
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icnonb3oBaHme npeaodyveHHbIX MOAENeN

MobileNetV2 building block

i Transformation

i
i

. , line; E
IBottleneck \—’—/ got:lj)ert\e(:k
Shortcut
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Knaccudpukaumsa: MobileNetV2

Add conv 1x1, Linear

conv 1x1, Linear T

T Dwise 3x3,
stride=2, Relu6

Dwise 3x3, Relu6 T

Conv 1x1, Relué
Conv 1x1, Relu6

Stride=1 block Stride=2 block

%
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Knaccndomnkaumsa: SqueezeNet

QPJ‘"H biy;

o

!
|

polil oy
2%
40q

&y,
5
=
<

@330,

1x1 convolution filters

Ixd

ey

and 3x3 convolution filters

ololo] floXoXo 000 000
000N 000 000 000
000f 00O 000 000

ReLU*

Figure 1: Microarchitectural view: Organization of convolution filters in the Fire module. In this
example, s1;1 = 3, e1z1 = 4, and e3,3 = 4. We illustrate the convolution filters but not the

activations.
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CpaBHeHMe Npon3BOAUTENBHOCTY

RaspberryPi3
10000

—i— mobilenet
—&— mobilenet_depthwise

§='=.—. res50
1000-F—= ... e 1 fps. googlenet

—— Squeezenetv1.0
Squeezenetv1.1
—p— shufflenet

log of time perimage
(ms)

100
1 2 4 8 16 32 64 128

batch size
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Knaccundomnkauums: TpaHcdopmepsi (ViT)

Flatten imzlfge patches

I @y
e,
R,
%
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e
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y

Linear

Lix

Transformer

h

Positional encoding

Linear

— Logits
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Knaccudoukauuna: Mobile VIT

MobileViT block S .
¢ E N PO
A X : Transformers as Convolutions P H e : 7 Y
- Local : (global representations) P % '
w representatlons b S 1 w
' Conv-n X n
> — = Transformer Conv-1x1
Conv-1x1 1 H
— & Lx .
------------------- : : " Fusion
Unfold
2% L=2 L=4 L=3
Conv-3 x 3 MV2 MV2 MobileViT MV2 MobileViT MV2 MobileViT Global pool :
& Logits
12 R "MVZ_’ iz ’ " block ’ 12 [ block []42 [ block ’ ’C""Vl“l " > Linear [ 7 8
h=w=2 hi=a=2 h=w=2
Output spatial — 128 x 128 64 x 64 32 x 32 16 x 16 8 x 8 1x1
dimensions
?J\be[,,
7
X/ Z 11/30
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Knaccudoukauuna: Mobile VIT
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CpaBHeHMe Npon3BOAUTENBHOCTY

281 5.7 M
Backbones | [

- 27 Mobilenetvl i
o @® MobileNetv2
8 261| @ MobileNetv3
(@) @ MNASNet 2.7M
| 297 MixNet | @ _____
E o4 1| @ MobileViT (Ours)| iBetter: 1.8% E
~ :Smaller: 1.8 x|
g 231 glgpp T TP
£ 51M A

22 ® o "

4.3 M 49 M
21

70 71 72 73 74 75 76 77 78 79
Top — 1 accuracy (ImageNet)
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Knaccudpukauns/oetekums: Pelee

/#fox%6

N

1x1, 256, conv

3x3, 128, conv

1x1, 128, conv
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U1 @
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Knaccudoukauunga: Pelee

Table 4: Speed on NVIDIA TX2 (The larger the better) The benchmark tool is built with NVIDIA
TensorRT4.0 library.

Top-1 Accuracy Speel
Model on ILSVRC2012  YLOPs Lt
@224x224 @224x224 nput Dimension
224x224  320x320 640x640
1.0 MobileNet 70.6 569 M 1362 75.7 224
1.0 MobileNetV?2 72.0 300 M 123.1 68.8 21.6
ShuffieNet 2x (g = 3) 73.7 524 M 110 65.3 19.8

PeleeNet (ours) 72.6 508 M 240.3 129.1 37.2
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[eTtekuus: Pelee

Table 10: Results on COCO test-dev2015

Speed
Model Input on TX2  Model Size  Avg. Precision (%), IoU:
Dimension (FPS) (Parameters)
0.5:0.95 0.5 0.75
Orslggal 300x300 3 34.30 M 25.1  43.1 258
YOLOvV2 416x416 322 6743 M 21.6 44.0 19.2
YOLOV3 320x320 21.5 62.3 M - 51.5 -
YOLOV3-Tiny 416x416 105 12.3 M - 33.1 -
SSD+MobileNet 300x300 80 6.80 M 18.8 - -
SSDlite +
MobileNet v2 320x320 61 43 M 22 - .
Pelee (ours) 304x304 120 598 M 224 38.3 22.9
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[Netekuna: YOLOvS

°

Small

YOLOv5s

COCO

X

Medium

YOLOvV5mM

41 MB

FP16

2.7 ms

V100

44.5 mAP

COCO

Large

YOLOVSI

48. 2 mAP

COCO

XLarge

YOLOvV5x

168 MB

FP16

6.1 ms, ..

50.4 mAP

COCO
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[Netekuma: YOLOX

51 41
50 ® %5 yoLox-s @
X X
49
o 37 EfficientDet-Lite3
48 ®
. + = * X
= . 5 9y EfficientDet-Lite2
‘f:“ 46 . o g YOLOX-Tiny.
< 45 -+ < 31
S -@—YOLOX-L S EfficientDet-Litel
S 44 8 29
43 X YOLOvV5-L »
42 Mo XOLOX-DarkNeta3 )5 .YOLOX-Nano ><EfficientDet-LiteO
41 5 YOLOv5-Darknet53
40 % - EfficientDet 25 NahoDet A
39 21 PPYOLO-Tiny “.” YOLOv4-Tiny
5 8 11 14 17 20 23 26 29 32 35 38 41 44 05 15 25 35 45 55 65 75 85 95 105 115 125
V100 batch 1 Latency (ms) Number of parameters(M)
ch\leq,;
FJ%
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[Netekuma: YOLOX

Model

YOLOX-Nano

YOLOX-Tiny

bl
2
E%\\\\\‘f
20a &

size

416

416

mAP"?
0.5:0.95

25.8

32.8

Params
(M)

0.91

5.06

FLOPs
(G)

1.08

6.45
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CermeHTauus: DeeplLabV3

Blockl Block2 Block3 Block4 Block5 Block6 Block7
—_— > — —_— —_— D _— 0 — 0O
output
Image siige 4 8 16 32 64 128 256 256
(a) Going deeper without atrous convolution.
Convl rate=2 rate=4 rate=8 rate=16
+
Pooll Block1l Block2 Block3 Block4 Block5 Block6 Block7
—> —>] > > > & > —
3 FE3 k3
output
Image ‘wrde 4 8 16 16 16 16 16 16
?J\be[,,
§ %
% g%ﬁ 20/30
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CpaBHEHME KavyecTBa

S.No Method Precision Recall Fl-score Pixel Accuracy IoU mloU
1 Otsu [57] 50% 80% 70% 78% 0%  55%
2 Watershed [56] 52% 82% 74% 80% 76%  60%
3 Gaussian mixture-based model [58] 60% 82% 76% 82% 9%  70%
4 Gaussian mixture-based model [59] 60% 84% 79% 82% 80% T72%
5 Background subtraction-based [60] 65% 84% 74% 84% 80%  70%
6 Re-weighted HOG & image segmentation [55] 68% 82% 75% 82% 79%  710%
T Adaptively splitted GMM [61] 70% 84% 75% 82% 80%  T74%
8 FCN [17] 62% 92% 76% 91% 83% 80%
9 U-Net [21] 74% 92% 81% 92% 84%  82%
10 DeepLabV3 [52] 80% 96% 83% 93% 86%  84%

21/30



CermenTauusa: BASNet

/ - Prediction Module (En-De) \ a Residual Refinement Module (RRM) h

Input
image

I\
/

/| 64 64 64 64 64 64 64 64 64

a
A

Conv + Upsample to
input size + Sigmoid

€ Concatenation

€d  Additon
coarse

map
Supervision by
e Supl. ground muth Supl Sup2Sup3Sup4Sup5Supé Sup?
c
5 \’% J%‘; : Basic resblock with
asic resbloc : onv onv e
\ Y. & B block g : c Conv+BN+ReLU
& oo i ownsampling

i

s

refined map

(final

Conv+BN+RelLU+
Bilinear Upsampling

output)
Sup8

'Conv+BN+MaxPool
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CermeHTauus: npumep NpUMeHeHUs

S

(c) Paste
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CermeHTauus (kaxxgoro oobekta): YOLACT

i el l

eIephonf 0 99

Image Size Backbone FPS mAP
550 Resnet50-FPN 33.5 34.1

550 Resnet101-FPN  27.3  34.6
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NLP: MobileBERT

BERTLARGE BERTBASE IB—BERTLARGE MObilCBERT MObilCBERTT[NY
hembedd]ng 1024 768 l 28
embedding no-op no-op 3-convolution
hinter 1024 768 512
Linear | Dinput 8§19 512 512
houtput 1024 128 128
Rinput 1024 \ | 768 \ | 512 312 128
MHA #Head 16 12 4 4 4
houtput 1024 768 1024 128 128
bod 24 12 24 24 24
= bl 1024 \ |~ 768 8 1024 \ |~ 128 % 128 8
FFN ke 4096 3072 4096 512 | x4 512 |x2
houtput 1024 /| 768 ] 1024 128 128
. hingi 1024 128 128
S |\ 512 512 | 512
#Params 334M 109M 293M 25.3M 15.1M
bj\bHBI
&"c '/ 1’%
%s\\ /4 @ 25/30
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CpaBHEHME KavyecTBa

CoLA SST-2 MRPC STS-B QQP MNLI-m/mm QNLI RTE

#Params #FLOPS Latency GLUE
85k 67k 3.7k 5.7k 364k 393k 108k 2.5k

ELMo-BiLSTM-Attn - - - 33.6 904 844 723 63.1 74.1/74.5 79.8 58.9| 70.0
OpenAl GPT 109M - - 472 93.1 877 848 70.1  80.7/80.6 872 69.1| 76.9
BERTgAsE 109M  225B 342ms | 52.1 935 889 858 712 84.6/834 90.5 66.4| 78.3
BERTgAsg-6L-PKD* 66.5M  11.3B - - 92.0 85.0 - 70.7  81.5/81.0 89.0 65.5 -
BERTgasg-4L-PKD{* | 52.2M 7.6B - 248 894 826 79.8 70.2 79.9/79.3 85.1 62.3 -
BERTgase-3L-PKD* | 45.3M 5.7B - - 87.5 80.7 E 68.1  76.7/76.3 84.7 58.2 -
DistilBERTgase-6L 62.2M 11.3B - - 92.0 85.0 70.7  81.5/81.0 89.0 65.5 -
DistilBERTgasg-4Lt 52.2M 7.6B - 328 914 824 76.1 68.5 78.9/78.0 852 54.1 -
TinyBERT* 14.5M 1.2B - 433 926 864 799 713  82.5/81.8 87.7 629 | 754
MobileBERT 1Ny 15.1M 3.1B 40ms | 46.7 91.7 879 80.1 689  81.5/81.6 89.5 65.1| 75.8
MobileBERT 25.3M 5.7B 62ms | 505 928 88.8 844 702 83.3/82.6 90.6 66.2| 77.7
MobileBERT w/o OPT| 25.3M 57B. 192ms | 51.1 92.6 88.8 84.8 70.5 84.3/83.4 91.6 70.4| 78.5

o
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Pabota co 3BykomMm: PortaSpeech

*
HiFiGAN

, 4 ﬂ

Word-to-Phoneme ]
Attention

Word-level

Duration
Duration
Flow-based Post-Net Predictor
O ;
@7 Word Encoder
Variational Generator 6; Eb‘
t
Linguistic Encoder Pho*neme Bigten
A

Phoneme, Word Boundary

stbﬂ biyy

)

% (a) PortaSpeech
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Phoneme  Word Boundary

(b) Linguistic Encoder

A

—ﬂ Decoder

-
> VP-Flow| i

(c) Variational Generator

Squeeze/
UnSqueeze

(

I [ Affine Coupling 1
: \ Layer v
i 3 v
I

I

I

I

I

1

]

1

Inv 1x1 Convld
» v

ActNorm

S

(d) Flow-based Post-Net
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Pabota co 3BykomMm: PortaSpeech

Module Normal Small
Total 24 M 7.6M
LinguisticEncoder 3.7M 1.4M
VariationalGenerator 11M 2.8M
FlowPostNet 9.3M 3.4M
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Pabota co 3BykoMm: VoiceFilter-Lite

Input audio
Y
Framing & E j
Windowing & d-vector
EET
{ FFT magnitudes
Filterbank
I filterbanks !
Stacking > VoiceFilter-Lite
istacked filterbanks
Speech "
Recognition enhanced stacked
filterbanks
cbj\beI,;
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PaboTta co 3Bykom: GE2E

Data Utterance Batch of Features Embedding Vectors Similarity Matrix

spk1
LSTM
Network
——» spk2 _—
spk3

1 ¢ a3

spk1
Extract

Feature
| —— spk2 I

spk3 I

Neg Label

i
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CTpyKTypa nekuumu

dpelimMBOpPKN AN 3anycka HEMPOHHbLIX CETEN B UIPOBbIX ABUXKKAX
o

CueHapum NCNorb30BaHUSA HEMPOHHBLIX CETEN B UIPOBbIX ABMXKaX
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PaccmaTtpuBaemble ABMXKU (1 Blender)

UNREAL

ENGINE
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Unity

[MoonepxnBaeMbin QPENMBOPK:

e Barracuda

[MoooepxnBaemble 3agayn:

e ML
e DL
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UnrealEngine

[MoonepxnBaeMbin QPENMBOPK:

e TensorFlow (UE4 build)

[MoooepxnBaemble 3agayn:

e ML
e DL
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Blender

[MoonepxnBaeMbin PeNnMBOPK:

e Bce pgoctynHble Ha Python:

(@]

O
@]
O

PyTorch
TensorFlow
ONNX

UT. A.

[MNopoepxnBaemblie 3agaun:

e ML
e DL
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Blender Python API

Cde

blender
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Reinforcement Learning (RL)

’_I Agent I

state reward action
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Reinforcement Learning (RL)




Unity ML-Agents Toolkit
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Datasets generation

2D bounding
boxes

3D bounding
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Real world connection
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Unity Robotics
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CTpyKTypa nekuumu

Ontnmnzauma mogenen ansa PyTorch
Ontumunzaumna moaenen anga ONNXRuntime
Ontumunsauma moaenen ans TensorFlow-Lite
CpaBHeHMe pesynsraTtoB
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MHuumanusaumsa mogenm

import torch

import torchvision

from PIL import Image

model = torchvision.models.resnetlb2 (True)

= model.eval ()
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MHuumanusauua BXoOHbIX OaHHbIX

rand tensor = torch.rand(, 3, 224, 224)
img = Image.open ('dog.png').convert ("RGB')
transf = torchvision.transforms.Compose (
[ torchvision.transforms.Resize (224, 224)),
torchvision.transforms.ToTensor (),

torchvision.transforms.Normalizerean=[0.485,
std=[0.229, 0.224, 0.225])1)

img tensor = transf (img) .unsqueeze()
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UncTtein 3anyck Ha PyTorch

%%time
out = model(img tensor).detach()

CPU times: user 418 ms, sys: 62 ms, total: 480 ms
Wall time: 441 ms
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TpaccupoBKa, 3anyck U cpaBHeHWe pe3ynbLTaToB

traced model = torch.jit.trace(model, rand tensor)
_ = traced model.eval()

$%time

out2 = traced model(img tensor).detach()

CPU times: user 414 ms, sys: 64.2 ms, total: 479 ms

Wall time: 432 ms

torch.linalg.norm(out - out2), out.argmax(dim=1), out2.argmax(dim=1)

(tensor(0.), tensor([208]), tensor([208]))
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|El,I/IHaMI/IL-IeCKaﬁ:I KBAHTU3aUUNA

model int8 = torch.quantization.quantize dynamic(
model,

{torch.nn.Linear, torch.nn.Conv2d},
dtype=torch.qint8

$%time
out3 = model int8(img tensor).detach()

CPU times: user 427 ms, sys: 70.1 ms, total: 497 ms
Wall time: 454 ms
torch.linalg.norm(out - out3), out.argmax(dim=1), out3.argmax(dim=1)

(tensor(1.5398), tensor([208]), tensor([208]))
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CTtaTun4deckasi KBaHTU3aLUus

static model int8 = torch.quantization.convert(model)

$%time

out4 = static_model int8(img_tensor).detach()

CPU times: user 414 ms, sys: 62.5 ms, total: 476 ms

Wall time: 433 ms

torch.linalg.norm(out - out4), out.argmax(dim=1), outd.argmax(dim=1)

(tensor(0.), tensor([208]), tensor([208]))
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TORCH.FX
e PyTorch>=1.10
e Symbolic tracing

e Intermediate representation
e Python code generation
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TORCH.FX: Npumep

class MyModule (torch.nn.Module) :

def init (self):

super (). init ()

self.fc = torch.nn.Linear (100, 5)

def forward(self, x):

return torch.sigmoid(self.fc(x))

module = MyModule ()
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TORCH.FX: Npumep

from torch.fx import symbolic trace
symbolic traced : torch.fx.GraphModule = symbolic trace(module)
print(symbolic_traced.graph)

graph():
$X : [#users=1] = placeholder[target=x]
$fc : [#users=1] = call module[target=fc](args = (%x,), kwargs = {})
$sigmoid : [#users=1] = call function[target=torch.sigmoid](args = (%fc,), kwargs = {

return sigmoid

print(symbolic_traced.code[3:])

def forward(self, x):
fc = self.fc(x); x = None
sigmoid = torch.sigmoid(fc); £fc = None
return sigmoid
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TORCH.FX: Npumep

symbolic_ traced.graph.print tabular()

opcode name target args kwargs
placeholder b4 b4 () {}
call_module fc fc

call function sigmoid <built-in method sigmoid of type object at 0x113b5e5c0> (fc

output output output (sigmoid,) {}
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KBaHTn3auusa ¢ nomowbto TORCH.FX
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import torch.quantization.quantize fx as quantize fx
import copy

model to quantize = copy.deepcopy(model)
gconfig dict = {"": torch.quantization.default dynamic_gconfig}

model to quantize.eval()

model prepared = quantize fx.prepare fx(model to quantize, gqconfig dict)

model quantized fx = quantize fx.convert fx(model prepared)
$%time
out5 = model quantized fx(img_tensor).detach()

CPU times: user 381 ms, sys: 33.2 ms, total: 414 ms
Wall time: 384 ms

torch.linalg.norm(out - out5), out.argmax(dim=1), out5.argmax(dim=1)

(tensor(1.5398), tensor([208]), tensor([208]))
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3anyck 4yepe3 ONNXRuntime

model.eval()

input_names = [ 'data']

output_names = [ 'output']

torch.onnx.export(model, rand_tensor, 'resnetl52.onnx', input names=input_ names, output_ names=output names)

import onnxruntime as onnxrt
onnx_ session= onnxrt.InferenceSession("resnetl52.onnx")
onnx_inputs= {onnx session.get inputs()[0].name: img_tensor.numpy()}

$%time
onnx_output = onnx_ session.run(None, onnx_inputs)
out6é = onnx output[0]

CPU times: user 355 ms, sys: 2.88 ms, total: 358 ms
Wall time: 89.8 ms
torch.linalg.norm(out - out6), out.argmax(dim=1), out6.argmax(axis=1)

(tensor(5.6543e-05), tensor([208]), array([208]))
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KoHBepTaumsa mogenmn B TensorFlow-Lite

import onnxZkeras; from onnxZkeras import onnx to keras
import keras; 1mport onnx

onnx model = onnx.load('resnetl52.onnx')

keras model = onnx to keras (onnx model, ['data'])
keras.models.save model (

keras model, 'resnetl52 keras.h5', overwrite=True,

include optimizer=False)
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KoHBepTaumsa mogenmn B TensorFlow-Lite

import tensorflow as tf

model = tf.keras.models.load model ('resnetl52 keras.h5')
converter = tf.lite.TFLiteConverter.from keras model (model)
tflite model = converter.convert ()

open ('resnetl52.tflite', 'wb').write(tflite model)
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CkopocTb paboTtbl TensorFlow-Lite mogenu

interpreter = tf.lite.Interpreter(model path='resnetl52.tflite')
input details = interpreter.get input details()

output details = interpreter.get output details()
interpreter.allocate tensors()

interpreter.set tensor(input details[0][ 'index'], [img_tensor.squeeze(0).numpy()])
$%time

interpreter.invoke()

CPU times: user 657 ms, sys: 17.9 ms, total: 675 ms

Wall time: 205 ms

out7 = interpreter.get tensor(output details[0][ 'index'])
torch.linalg.norm(out - out7), out.argmax(dim=1), out7.argmax(axis=1)

- (tensor(7.5545e-05), tensor([208]), array([208]))
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Ontumun3sauma moaenen B TensorFlow-Lite

model = tf.keras.models.load model ('resnetl52 keras.h5')
converter = tf.lite.TFLiteConverter.from keras model (model)
converter.optimizations = [tf.lite.Optimize.DEFAULT]

tflite model = converter.convert ()

open ('resnetl52.tflite', 'wb').write(tflite model)
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Ontumun3sauma moaenen B TensorFlow-Lite

$%time
interpreter.invoke()

CPU times: user 24.4 s, sys: 7.85 ms, total: 24.4 s
Wall time: 24.4 s
out7 = interpreter.get tensor(output details[0][ 'index'])

torch.linalg.norm(out - out7), out.argmax(dim=1), out7.argmax(axis=1)

(tensor(3.8195), tensor([208]), array([208]))
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CpaBHeHUe anst apxXnTekTypbl X86

Optimization Inference time (ms) Acceleration
Original PyTorch 441 x1.0

Traced PyTorch 432 x1.02
Quantized PyTorch 433 x1.02
Quantized TORCH.FX 384 x1.15
ONNX 90 x4.9
TensorFlow-Lite 205 x2.15
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CTpyKTypa nekuum

e (Cnabble CTOPOHbI MOBUILHBLIX YCTPONCTB
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HekoTopble cnabble CTOPOHbI MOOUSIBHbLIX YCTPOUCTB

Kamepa

[Mpoueccop

CHMmXeHne nNpon3BoanUTeSibHOCTM Npu AnNnTensHon padoTe
ABTOHOMHOCTb
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Yctponctso CMOS maTpuubl

T

microlens

red color filter green color filter red color filter
: i T :
‘ ‘ L
nNbHE i photodiode l i I
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MexaHunam noJstyvyeHnAa 3Hav4eHUA NnUKCersA

LIGHT éi é ¢ 2 ¢ Shot Noise =

@ @ @ \/ Number of photons

Photons per pm? @ @
Quantum
< f Efficiency (%)

Saturation E
Capacity (e-) -

Pixel Size \
_ (Hm) -
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Kamepa

e i(Phone 13 Pro: 12 MP sensor, 1.9um pixels
e Samsung ISOCELL HM2: 108 MP sensor, 0.7um pixels

e Sony Alpha A7 Il (full-frame): 24 MP, 5.91um pixels
e Sony a6400 (1.5” crop): 24 MP, 3.89um pixels

e DJI Mavic 3 (4/3" microframe): 20 MP
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Kamepa

Fujifilm GFX 100S
Sensor size

Sl

Medium format (Kodak KAF 39000 sensor)

35 mm "full frame"

APS-H (Canon)

Redmi Note 10 Pro

APS-C (Nikon DX,

sensor size (2/3")

Fentax, Sony)
— APS-C (Canon)

~ 1" (Sony, Nikon) <
‘_L/BM‘

Foveon (Sigma)
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Cnocobbl ynyyweHusa doTtorpadpun: pixel binning

\ ‘

108MP (0.8pm) 108MP(0.8pm) 12MP (2.4pm)

SAMSUNG
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Cnocobbl ynyJlueHua dpotorpadun: CrioxkHble nannnanHb
(Google)

live
viewfinder
low-resolution preview
stream of raw frames from hardware ISP
|
Cexposure and gain) l
after
shutter
press
— P full-resolution white balance, local tone map dehaze, sharpen,
UESL oL B brtes align & merge demosaic, (exposure fusion) global tone map hue & saturation
= chroma denoise
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Cnocobbl ynyylleHusa doTtorpadun: CrioxkHble nannnanHb
(Apple)

aN
& %
] k\\'//// 12/14



[1poueccop

e Qualcomm Snapdragon 888 (1x 2,84 FFu Kryo 680 Prime (Cortex X1), 3x
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PacnpeneneHue Harpysku

2 new high-performance cores
4 new high-efficiency cores

Faster Neural Engine New display engine
New video encoders
New video decoders

Double system cache

New image signal processor
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