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Deep Learning Inferencing on Embedded Devices
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System Requirements Drive Network Design
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Challenges of Deploying Deep Learning to FPGA Hardware:
Convolution

11x11

96 filters of 11x11x3 of 32-bit parameters =140k bytes

| . | | Each stride is an 11x11x3 matrix multiply-accumulate

- | X1 stride=4

224 - 1.16M bytes of activations

96
filters o9

55

-=>105M floating-point multiply operations!




Challenges of Deploying Deep Learning to FPGA Hardware

—> Flower

YN 230M [ J Off-chip RAM

31M [ 4 Block RAM

S |
} conv|conv/|conv|fconvj|conv
input 1 5 3 4 5 fc6 | fc7 | fc8
Parameters | o 1140k | 1.2M | 3.5M | 5.2M | 1.8M | 148M| 64M
(Bytes)
Activations | oo 19 10 | 728K | 252K | 252K | 168K | 16K | 16K | 4K
(Bytes)
FLOPs n/a |105M|223M|149M|112M| 74M | 37M | 16M | 4M

720M [ 4 DSP Slices
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Deploying Deep Learning to FPGA Hardware Requires

ollaboration

LAB EXIPO

—> Flower /

- —» Cup Output /
Lg displ
—» Car ISplay

Acquire : i
Resize B q
data ’ @ >Q Eﬁg
. conv|conv|conv|conv|conv
input 1 5 3 4 5 fc6 | fc7
Parameters
(Bytes)
Activations
(Bytes)
FLOPs
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Al-Driven System

Data Preparation

||||||||| Data cleansing and
preparation

Q Human insight

Simulation-
generated data

BE>IPO

Design

Al Modeling

@ Model design and
tuning

s Hardware
i+ accelerated training

* Interoperability

L lteration and Refinement A
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Integration with
complex systems

. Embedded devices

'DE’ System simulation I% Enterprise systems

— % System verification 'Q, Edge, cloud,
—+v and validation - desktop




Design and Analyze Your Networks in MATLAB

v 4o 3 amas B R
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1 h Classification Learnes - Scatter Plot - o ®
D ﬂ CLASSFICATION LEARNER
B8
Model desi d : : =
odel design an O
- ﬂ FILE FEATURES TRAINING PLOTS. EXPORT -
tu n I n g @ - B8 8 a8 Data Browser ® Scatter Plot Confusion Matrix ROC Curve Parallel Coordinates Plot
" w Histo =
[ 2 = : ; — j Predictions: model 1.5 (5 &) piot
o B B B B 12 77 Tree Acouracy: 96.0% a5 O ouin
;_5 Last change: Madium Tree 4J4 featsres . @ Model pradictions.
I " - 13 Tree Accuracy. 98.7% —
:] D D D D Last change: Coarse Tree &4 fealures 4 * - : Corect f
Incorrect b
Hardware m - 14 Linear Discriminant Accuracy: 38.0% * §
E o v o Last change: Linear Discriminant /4 featwes
L oH_ . e precictors
+ r r . n . n 15 ‘Quadratic Discriminant = 35 e o x s
<= accelerated traini g K . il . l Lostchunpe: Quacrabc Disciminarl”~ Wifmres’ | 5 seee aLsagin v
= .
Deep Network Designer app to build, visualize, | o woer 1% | Z | ooe § ! =
. . Last change: Linear SVM 414 features g . e .
& afes  ess P -
and edit deep learning networks 7 ¢ sm seeey. 3% : e o
. - . - ve to Front
Last change: Quadratic SVM 474 features v - Y
. e Show Order
w Current Model 25 P . |
. .
Model 1.5 Trained = . . . . B4 - warsicolsr
Int bilit I° E—E=
nteroperabiity Resuts , |
Acouracy 98.7% . . —_— Hows to investigate features
Prediction speed  ~5600 obsisac 45 5 65 6 65 7 15 8
Teaining time 032228 sec ~ SepalLength
Data set: fishertable Observations: 150 Size: 25 kB Predictors: 4 Response: Species Response Classes: 3 Validation: 5-fold Cross-Validation

Classification Learner app to try different
ssifiers and find the best fit for your data set
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MATLAB Interoperates with Other Al Frameworks

1F TensorFlow <2 Caffe? O PyTorch

Al Modeling Keras \ I /
Model design and ;
@ tuning Keras importer

Caffe importer - .
coca Hardware D MATLAB

—5a accelerated training
Caffe
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Deploy from MATLAB to a Variety of Hardware Platforms
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FPGA Deployment from MATLAB

- [\ ~ Deep Learning HDL Toolbox™

- Prototype network on FPGA
Application

logic Assess memory usage, latency, and accuracy
1 T Adjust network and iterate
Quantize to fixed-point

Generate customized deep learning processor HDL
...all from within MATLAB!

S22
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Deep Learning HDL Toolbox Components

Deep Learning Processor

/‘\

Layer | Memory Access Memory Access
Applicati mm—————— control : )\ )
ication _ : . |

IOFI)OC;'J:: O Compile & instructions 2 | ol | @ Fully o

9 Deblov Network - ' 2| Convolution |2 |- S

eploy Networ Weights & | g g |g/| Connected || G

| Activations | | |g|| Module sl Sl Cvoque |5
Analyze P

Profile ' | Conv Module Control][ FC Module Control ]

CIELIsiti?nrzitzee Build Processor 7\ 1’;\“ -
\_ --mm==-—--/ | HDL Coder I!D. core interface
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Get Started Prototyping on FPGA with Deep Learning HDL Toolbox™

~

%% Create Target Object
: : hTarget = dlhdl.Target('Xilinx', "Interface', "Ethernet’', 'TPAddress", "10.10.10.15");
Application ‘ ‘ ‘ ‘

logic %% Create WorkFlow Object
hW = dlhdl.Workflow('network", snet, 'Bitstream', 'zcullZ =single', 'Target’' hTarget); Layer i

1 T ol Weights &
%% Compile the Lanenet series Network contro Actlvatlons
dn = hW.compile; Instructions
%% Program Bitstream onto FPGA and Download Network Weights

“\ hW.deploy:;
- %% Bun prediction for one frame
\ outputs = hW.predict (inputImg) ; J

Hardware support package
Deep learning processor with 1/0 and

external memory interfaces
* Int8 or single
» Supported boards:

*  Xilinx: ZCU102 or ZC706

* Intel: Arrial0 SoC
e http://mathworks.com/hardware-support.html

FPGA Bitstream
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Defect Detection Example

Pre-processing:
Extract regions and

r‘\ D

resize
Application
logic :
1 T Inference: Predict
using trained network

Post-processing:
Annotate and label
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Run Deep Learning on FPGA from MATLAB

HOME PLOTS LIVE EDITOR INSERT S RSN NG scar<h Documentation P
P

fectDetectionExample.mix

Prerequisites

= Xilinx ZCU102 SoC development Kit

= Deep Learning HOL Toolbox™ Support Package for Xilinx FPGA and SoC
= [eep Learning Toolbox™

= Deep Learning HOL Toolbox™

Create Folder and Copy Relevant Files

unzip('dnnfpga_defectdetection.zip');
[newDir, origlir] = cloneSetupDir('dnnfpga_defectdetection');
cd(newDir);

[N N

B = A dh . . . i na ARD. A . __ 0.

Command Window

fross - &
< >
- UTF-8 script Ln 10 Col 31
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Profile FPGA Prototype and lterate in MATLAB

-

% Load the modified and trained network .
net2 = load{'trainedBlemDetNet.mat'): ]
snet _blemdetnet = netl.convnet;

L
% Use the new network in the workflow cobject #
W = dlhdl.Workflow('NHetwork',snet _blemdetnet, 'BEitstream’, 'zcullZ single', 'I‘a:gi

1

Application

IOg'C hW.compile
1 T e e e bttt et et bt emesteeamns) cLo??re(;l Weights &
scores = zeros(2,4); 4 0 . ACtIV&tIOI’]S
for i = linum {| |instructions
[scores(:,1), speed] = hW.predict (single (imgPackedZ(:,:,1i)), "Profile', 'on') ;J

end
——— e e B B mn o ot ol e et et ot o et e B nnn et o p | e B A e A et et e e

>> deepNe‘twor‘kDeSigner‘ Deep Learning Processor Profiler Performance Results
LastLayerLatency(cycles) LastLayerlLatency(seconds) FramesNum Total Latency
Network 12213262 8.85551 1 12213382
conv_module 3292845 2.814%96
convl 412728 B.808188
norml 173252 8.80879
pooll 58636 B.800827
conv2 6568582 2.89298
norm2 128169 B.00858
pool2 53269 8.00824
conv3 782456 B.88355
convd EERe5a 2.89273
convs 488977 B.808186
pool5 28859 8.800a%
fo_module 8921217 8.84855
fcb 1759889 2.8058a
7 7a30ed44 8.8319%6
fc8 138771 8.80859
* The clock frequency of the DL processor is: 228MHz
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Design Exploration and Customization

LIVE EDITOR INSERT SRR & =@ O ISeerch Documentation p
< P 1 EI ﬁ b O » Users » jerickse » Documents » MATLAB » DefectDetection » dnnfpga_defectdetection.l - P
H Live Editor - C:\Users\jerickso\Documents\ MATLABY DefectDetection\DefectDetectionExample.mlx @ x
| DefectDetectionExample.mb |T|

Create Target Object

Deep Learning Processor Profiler Performance Results

11 hT = dlhdl.Target('Xilinx', 'Interface’, 'Ethernet’, 'IPAddress’, '18.19.18.15") LastLayerlateney(cycles) LastlayerLatency(seconds) =
Network 12213262 @.85551
- = conv_module 3292045 8.81496
Create Workflow Object for trainedDefNet Network e o e
normi 173252 8.02879
12 hil = dlhdl.Workflow( Network',snet_defnet, 'Bitstream’,'zculd2 single', 'Target’',h pooll 58636 8.08027
conv2 656582 8.02298
norm2 128169 8.02858
: : : pool2 53269 8.02024
Compile trainedDefNet Series Network conv3 780456 8.82355
convd Gaoasa 8.82273
13 hN.compile convs 488977 2.821868
pools 20859 2.082885
fc_module 8921217 8.84855
y . fcb 1759380 8.02500
Program Bitstream onto FPGA and Download Network Weights fc7 7030644 8.83196
fc8 138771 8.02@59
14 b deploy * The clock freguency of the DL processor is: 228MHz

Run Prediction for One Image

15 unzip( testImages.zip")

17 filename=[pwd, '/testImages/ngl.png'];
18 img=imread(filename);

19 predictDefect(hl, img);

Command Window

4\ MathWorks




Collaborate to Quantize Network

oy

S

Accuracy

Systems
Engineer
input cc:nv coznv c(;"V °°4“" °°5"V fc6 | fc7 | fc8
Pa(';';:::;’; n/a | 35K | 0.4M | 0.9M | 1.3M | 0.5M | 37M | 16M
-
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Int8 Quantization

: Search Documentation pel ‘ Sign In

HOME PLOTS APPS LIVE EDITOR INSERT VIEW
EH»EHE » C: » Users » jerickso » Documents » MATLAB » DefectDetection » dnnfpga_defectdetection.1 iR
B Live Editor - C:\Users\jerickso\Documents\MATLAB\DefectDetection\DefectDetectionExample.mbx *
| DefectDetectionExample.mlx * | + |
— s T e T i T A —
22 websave('trainedBlemDetiet.mat’',url); i m (=3
23 end B
24 net2 = load('trainedBlemDetNet.mat'); =
25 snet_blemdetnet = net2.convnet ar Performance Results =
26 analyzeNetwork(Snet—bleMdetnet) LastLayerLatency(seconds) FramesNum Total Latency Frames/s
o " 9.02222 1 4887512 45.0
Create Workflow Object for trainedBlemDetNet Network 8.00571
9.82212
27 hi = dlhdl.Workflow('Network',snet_blemdetnet, 'Bitstream’,'zcul®2 single’,'Targe g'ggggz
9.00181
= = = 9.82019
Compile trainedBlemDetNet Series Network psaion
9.01643
28 hi.compile 0.80007
51 228MHz
Program Bitstream onto FPGA and Download Network Weights
29 hW.deploy
Run Prediction for One Image
30 filename=[pwd, ' /testImages/okl.png' ];|
31 img=imread(filename);
32 predictDefect(hW, img);
inf8 Quantization o
» v
Command Window ®
fx 5> 8
< >

UTF-8 script Ln 30 Col 38
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Converge on an FPGA-Optimized Deep Learning Network

N

//f % Create target object

hTarget = dlhdl.Target(..)
Application % Create workflow object, using the target
hW = dlhdl.Workflow(..);
Layer :
% Compile the network COI‘?;I'O| Weights &
hiW. compile; . . Activations
Instructions

% Program the bitstream and deploy the compiled network and weights ~____—’,——"" _~___—’,——""
hW.deploy; F

\» deepNetworkQuantizer [score, speed] = hW.predict(img, ‘Profile’, ‘on’);

p——
v U q
Ho; o 7 | i g
5= o T o
- T

Parameters Speed

140 MB 18 fps
84 MB 45 fps
68 MB 139 fps

Generate
HDL
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Generate Custom Deep Learning Processor HDL and IP Core

f % Create a custom processor object o
hPC = dlhdl.ProcessorConfig;
_ _ % Customize processor characteristics
Appllcatlon hPC.setModuleProperty('conv', 'KernelDataType', 'int8');
lodic hPC.setModuleProperty('conv', 'ConvThreadNumber', 64);
g hPC.setModuleProperty('fc', 'KernelDataType', 'int8'); Custom Processor
l T hPC.setModuleProperty('fc', 'FCThreadNumber', 16);

hPC.TargetFrequency = 300; IP core interface

DL Processor
HDL

% Create workflow object for this config, estimate performance
hW = dlhdl.Workflow('Network’,quantizer, 'ProcessorConfig’,hPC)
hW.estimate('Performance');

HDL Coder

% Generate HDL and IP core using HDL Coder

\ dlhdl.buildProcessor(hPC);

» Configure processor settings &
« Parallel threads, frequency, memory sizes ‘ @ -----
» Quantized or single precision floating point P18
- Target frequency - (T

« Target any hardware MM

» Synthesizable RTL with AXI mappings
« Automatic Xilinx or Intel implementation

4\ MathWorks




Collaborate to Converge on Deep Learning FPGA Implementation
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Application
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Deep Learning HDL Toolbox

Prototype from MATLAB

g Tune for system requirements

_0 :
.&. Configure and generate RTL
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Learn More

Deep Learning Solutions in MATLAB
https://www.mathworks.com/solutions/deep-learning.html

Deep Learning HDL Toolbox
https://www.mathworks.com/products/deep-learning-hdl.html

Onramp: Deep Learning in MATLAB
https://www.mathworks.com/learn/tutorials/deep-learning-onramp.html

MathWorks FPGA Solutions Page
https://www.mathworks.com/solutions/fpga-asic-soc-development.html

LAB BXIPO &\ MathWorks
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