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Deep learning is part of our everyday lives

Face Detection Automated Driving
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Deep Learnlng In MATLAB used in Industry
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Seismic Event Detection
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Steel Image Analysis Defect Detection




Deep Learning and Al in Research

University of
Southern California

University of
Twente

a. System identification:

Input Actuations
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b. Creating an inverse
kinematics map:
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Reinforcement Learning for Robotic Arm

Augmented Reality of blood flow

eep Learning for Tumor Detection
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Neural Networks simulate tornadic wind load
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https://blogs.mathworks.com/deep-learning/2019/07/24/deep-learning-for-medical-imaging/
https://blogs.mathworks.com/headlines/2019/05/16/robot-quickly-teaches-itself-to-walk-using-reinforcement-learning/
https://uk.mathworks.com/company/newsletters/articles/visualizing-and-diagnosing-reduced-blood-circulation-with-augmented-reality-and-deep-learning.html
https://uk.mathworks.com/company/newsletters/articles/using-artificial-neural-networks-and-performance-based-engineering-to-assess-the-structural-effects-of-tornadoes.html?s_tid=srchtitle

Al-driven system design

Data Preparation Al Modeling

||||||‘|| Data cleansing and % Model design and
preparation tuning

Hardware

e o'
@ Human insight =503 accelerated training

Simulation- i
generated data Interoperability

Simulation & Test

Integration with
complex systems

'(>|:I_-, System simulation

— X System verification
— Vv and validation

Deployment

. Embedded devices

% Enterprise systems

¢ Edge, cloud,
desktop
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Deep learning for signals

Deep learning for motor temperature estimation

Data Preparation
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Continental uses data-driven engine temperature models for
ECU development

Classical ECU Functions
Advantages/Disadvantes

Advantages

» Require development (modelling + coding)

© Require methodology development for
calibration = training

© Require tooling for thetra _ .

(backpropagation) i i i i i
|||||

© Require very special mea i i i E E
engine test bench i i i i i
|||||

2 """ Deep Dynamical Systems
Temperature example 40min of driving (validation)
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Link to presentation
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https://www.mathworks.com/videos/virtual-xcu-calibration-with-neural-networks-1559311099816.html

Deep learning for images and video

Deep learning for vehicle detection

Data Preparation

Al Modeling

Simulation & Test
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Deep learning is often part of a larger system

Simulate and test all your components together in Simulink

SIMULATION MODELING FORMAT
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Development workflow with Model-Based Design

Component Component
design & test integration & test
Simulations, rapid prototyping SIL & PIL

Component
iImplementation

Automatic code generation

10
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Al system development with Model-Based Design

Simulation & Test

Integration with
complex systems

‘Dﬁ] System simulation

— x System verification
—+v and validation

Component
Integration & test
SIL & PIL

Component
_> design & test

Deployment

Simulations, rapid prototyping

|§| Embedded devices

Data Preparation Al Modeling
Component
|\‘|l|||| DEIE] cle_ansing and Mo_del design and 5 5
preparation tuning Imp lementation

¢ Edge, cloud,

Automatic code generation desktop

A cacm Hardware
C3C
@ alllut i accelerated training

Simulation- -
generated data Interoperability
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What can you do with Al?

12

Is the model slow? Not possible to get real time for HIL?
— Speed up high fidelity models by creating Al based surrogate models

Is the model inaccurate for certain outputs compared to lab data?

— Increase accuracy of complex processes, like emission calculations, by using data
driven models trained on measured lab data

Is there a sensor value you would like to have but that you can only
afford to get in labs?
— Create virtual sensors using Al

Many more...

& MathWorks



Integrating deep learning models into Simulink

SIMULINK®

Algorithms Environment

Al for algorithm development Al for environment modeling

Simulate for system-level testing = Speed up high-fidelity Simulink model
Verify system requirements = Reduce Simulink model complexity
Deploy to CPU/GPU/ECU = Enable HIL tests if first-principles

model cannot be obtained

13 4\ MathWorks



Deep learning for environment modeling

SIMULINK®

Algorithms Environment

14 Deep Learning for engine surrogate model



Physics-based vs data-driven modeling

First principles models and data-driven models can co-exist

First-principles models Data-driven models
Physics, math, domain knowledge Statistics, optimization, Al
4 Graybox e
Advantages Advantages
May capture (global) parameterizable behaviors = May succeed when first-principles models are
with low/high fidelity unavailable or challenging/impossible to find
Have clear (explainable) physical meaning = May reduce complexity, simulate faster
Do not require data engineering = Can leverage existing, measured data

Do not require domain knowledge

Challenges Challenges
Can be challenging/impossible to derive = Require a lot of data
Require significant time for derivation = Are often not
Require expertise in the respective domain — Interpretable, explainable

— easily parameterizable in a physically meaningful way
15 = Cannot extrapolate well beyond training data



Example overview
Replacing a first-principles engine model with an Al-based surrogate
Vehicle

SIMULINK®

Controllers

#* >

Road
conditions

Visualization

—»

Simulated
driver

Closed-loop control of vehicle speed

16 4\ MathWorks



Example overview
Replacing a first-principles engine model with an Al-based surrogate

SIMULINK
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Environment EM
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Example overview
Replacing a first-principles engine model with an Al-based surrogate

SIMULINK

Environment EM -
m's) o $’

————— |+ m/s) .
J_’ i

Longitudinal Driver

Visualization

Passenger Car

W Controllers

Engine model '/ Could be
Inputs Outputs —— , developed in
Engine speed (RPM) # ‘ Engine Torque = “ HE T third-party
Ignition timing 2 [ 3(© = i
. R | tools (e.g.

Throttle position
Wastegate valve : GT-POWER)
Simscape

Deep Learning Toolbox :
Powertrain Blockset
Vehicle Dynamics Blockset




Example overview
System-level simulation

19

| SIMULATION MODELING
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Al-driven system design

Data Preparation Al Modeling Simulation & Test Deployment

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

Q Human insight

Simulation-
generated data

20 4\ MathWorks



Al system development with Model-Based Design

System Complete
Requirements system test
System SyStem-Ievel
Architecture Integration & test
HIL
Component Component
design & test integration & test
Simulations, rapid prototyping SIL & PIL
Data Preparation
Component
Data cleansing and . .
"‘“m' pretparation ° |mp|ementat|0n
Q Human insight Automatic code generation

Simulation-
generated data

4\ MathWorks



Data preparation
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Data Preparation

'|‘I'|‘|l Data cleansing and
preparation

Q Human insight

Simulation-
generated data

22

represents most of your Al effort

Data is Food for Al

~1% of Al research?
A

~99% of Al research?
A

\[ \

80% 20%
PREP ACTION
Source and prepare high quality ingredients Cook a meal

Source and prepare high quality data

Train a model

Source: Andrew NG slide from MLOps 2021

4\ MathWorks



Generate synthetic data for training

System Complete
Requirements system test
System System-level
Architecture integration & test
H
Component Component
design & test integration & test
Simulations, rapid prototyping SIL&PIL
Componen t
im

Data Preparation

ll‘“”l' Data cleansing and
preparation

9 Human insight

4>&| Simulation-
generated data
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Data preparation demo

System Complete
Requirements system test
System System-level
Architecture integration & test

HIL

Component Component

design & test integration & test

Simulations, rapid prototyping SIL & PiL
Component

implementation

Automatio code ganeration

Data Preparation

'|‘I'|‘|l Data cleansing and
preparation

Human insight

Simulation-
generated data
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Open Part 1

TRl - Dl e &) 2 tem- | Brewiore P (5] seton v P> &
Mew Open Swe B3N Gor Dk v Tet BT UM Cote Cortol Tak 2 BRI | o, GiRmmdddunce | o,  qp g
v v v bt v v v [Helide Sution Biontoled -
% DaPy b G owork b BN Dvepleaming model integrated Sersdation » 1 Tag LSTM
] 9200
[— [2] Uve Echtor - Comon VN Deeplesming model_imegrated. Smulston®]_Tr LSTMEEN_Dema LSTM for_EngineTrgmis
Name N, Do LSTM_for_(ngineTog mix ¥

2Demo_LSTM_for_EngineTr...
“EN_Demo_LSTM_for_Engi...

LogData20210204_doeS1... |
netmat - ]
ReadMe.txt 2

Input feature

* Engine Speed

« Ignition timing

+ Throttle position
+ Wastegate valve

Response
* Engine Torque

load LogData20210204 doe512.mat Load data from a ".mat" file

= v

% extract data which will be used
EngSpd = data{7}.Values.Data';
SpkAdv = data{11}.Values.Data';
ThrPosPct = data{14}.Values.Data';
WgAreaPct = data{15}.Values.Data';
EngTrq_fil = data{4}.Values.Data';
% Catenate 4 feature vectors

WgAreaPct; ... Wastegate valve

EngSpd; ... Engine speed

SpkAdv]; % Spark timing
Y_transient =EngTrq_fil; % Engine Torque

X_transient = [ThrPosPct; ... Throttle Position

A6

{[{a]f (55

E

‘X _transient  4x778962 dbo..
Y _transient  7x778962 dbo..
ymu 941296

21
22

HYsig 254823 vl 24

Create dataindex PT€Pare features and responses

tdatalength = 10000; % The last index of the training data, Data from index 1 to 1008@ are usec

testdataidx = 100001; % First index of data for testing
% Use indexes to separate training and evaluation data from the overall data.

4\ MathWorks



Data preparation demo

S S LIVE EDITOR INSERT Search Documentation Pl £  Fukumotodh v
d}, & E [zl compare 2] A El = Nonna]‘v“ iﬁlRefa(:)rv [Q [E] section Break [) @»
New Opent sove i Bt NG 5o I Bookmark v | Text BIUM Gode) Controll Task: 22 8820 || i B Runand Advance | o, Step  Stop
v v v |gbpotv v H - v [E] #2 & | Section P& RuntoEnd -
FILE NAVIGATE TEXT CODE SECTION RUN =
System Complete 4« HGHE » G » work » EN_Deepleamning model integrated_Simulation » 1_Trq_LSTM -0
Requirements system test 5] B9c B @b 2
Current Folder @ | |[S] Live Editor - C¥work¥EN_DeepLearning_model_integrated_Simulation¥1_Trq_LSTM¥EN_Demo_LSTM_for_EngineTrg.mix ® x
System System-level Name | EN_Demo_LSTM_for_EngineTrg.mix + |
P integration & test ) . -
. “Demo_LSTM_for_EngineTr... Esl
T e SEN_Demo_LSTM _for Engi... ’ T
A X 7. | load Logratazeziezes doesznat | | 0ad data from a “.mat" file =
o LogData20210204_doe51... g _ = =
ponent — M
i | tati " N . .
n'mpema"am “net.mat % extract data which will be used
“ReadMe.txt 10 EngSpd = data{7}.Values.Data';
s ikl SpkAdv = data{11}.Values.Data';

Data Preparation oot et ThrPosPct = data{14}.Values.Data';

WgAreaPct = data{15}.Values.Data';

: E“g.i!‘e S.pe.ed EngTrq_fil = data{4}.Values.Data';
D t | 0 d : !I'gf:]rlglt(zlrlzt;l)rg;?t?on : % Catenate 4 feature vectors
I|‘|I|‘|I 212 Ce_ansmg an + Wastegate valve X_transient = [ThrPosPct; ... Throttle Position
preparatlon WgAreaPct; ... L.\lastegate valve
Response EngSpd; ... Engine speed

SpkAdv]; % Spark timing
Y_transient =EngTrq_fil; % Engine Torque

* Engine Torque

Human insight

create data index PF€Pare features and responses

HX_transient  4x778962 do..

3Y_transient Ix1718962 do.. 21 tdatalength = 10000; % The last index of the training data, Data from index 1 to 10000 are usec
Simulation- Setp— T 22 testdataidx = 100001; % First index of data for testing
’ % Use indexes to separate training and evaluation data from the overall data. o
generated data “Ysig 254823 2l - . :
< > Command Window ®

25 4\ MathWorks



Al-driven system design

Data Preparation Al Modeling

% Model design and
tuning

s Hardware

—aa accelerated training

* Interoperability

26

Simulation & Test Deployment

4\ MathWorks



Al system development with Model-Based Design

System Complete
Requirements system test

System System-level

Architecture Integration & test
HIL

Component Component
design & test integration & test

Simulations, rapid prototyping SIL & PIL

Al Modeling

Component
Model design and . .
tuning iImplementation

bl N Automatic code generation
C3C3 accelerated training

* Interoperability

4\ MathWorks



Start with a complete set of algorithms and pre-built models

28

Al Modeling

@ Model design and
tuning

Hardware
i (i
Cas accelerated training

‘;k Interoperability

-

Algorithms

Machine learning
Trees, Naive Bayes, SVM...

Deep learning
CNNs, GANs, LSTM, MIMO...

Reinforcement learning
DQN, A2C, DDPG...

Regression
Linear, nonlinear, trees...

Unsupervised learning
K-means, PCA, GMM...

Predictive maintenance

RUL models, condition indicators...

Bayesian optimization

~

-

Pre-built models

Image classification models
AlexNet, GoogLeNet, VGG,
SqueezeNet, ShuffleNet, ResNet,
DenseNet, Inception...

Reference examples

Object detection
Vehicles, pedestrians, faces...

Semantic segmentation
Roadway detection, land cover
classification, tumor detection...

Signal and speech processing
Denoising, music genre recognition,
keyword spotting, radar waveform
classification...

...and more...

J
4\ MathWorks




Al modeling demo: Creating and training the LSTM model

Use LSTM networks to capture time dependencies in time-series data

29

Al Modeling

@ Model design and
tuning

Hardware
i (i
Cas accelerated training

‘;k Interoperability

Inputs

Engine speed (RPM)

Ignition timing
Throttle position
Wastegate valve

U

Sequenceinput
sequencelnput

h 4

‘ Open Part 1

Istm
IstmbLayer

Output is used with next time step

-

v
fc

fullyConnected

h 4

B8 i |
fullyConnected.
[ ]

h 4
A |
Outputs

Engine Torque

o

\

/

LSTMs carry a memory cell (state) throughout

4\ MathWorks



Al modeling demo: Creating and training the LSTM model

Use LSTM networks to capture time dependencies in time-series data

System Complete
Requirements system test
System . Sys(em-leuel
Architecture integration & test

HIL

Component Component
design & test integration & test
Simulalions, rapid prolotyping SN
Component

implementation

Automatic coda generation

Al Modeling

@ Model design and
tuning

Hardware
3 accelerated training

‘;k Interoperability
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LIVE EDITOR

INSERT

,{"j ™ g (5] compare & St Nmm?\v E = L& Refactorv EI [E] section Break [> (N
o (e e e e I Bookmark + | Tt B L U b Code Control Task N lefmosiete S g L
v~ v = |mbponv o~ 3 - - w7 [ Seciion & RuntoEnd =
FILE NAVIGATE TEXT CODE SECTION RUN =

e« HaHE » C » work » EN_Deepleaming_model integrated Simulation » 1_Trq LSTM

BimBocBOL

Current Folder

Name =

“Demo_LSTM_for_EngineTr... -

® | |[&] Live Editor - C:¥work¥EN_Dex
[ EN_Demo_LSTM_for_Engin

* @[

@

odel_integrated_Simulation¥1_Trq LSTM¥EN_Deme_LSTM_for_EngineTrg.mix
=1

il
a

£EN_Demo_LSTM_for_Engi...
“LogData20210204_doe51...

Hnet.mat

BReadMe.txt
net.mat (MAT-file) ~
std_transie... 7x7 718967 do.-
Hstd_transie... 7x778962 do..
#tdatalength 10000
Htestdataidx 100001
HThrPosPct Ix7718962 do..
Mtraining 0
EWgAreaPct  7x778962 do..
HX_transient  4x7718962 do..
EY_transient  7x778962 do..
HYmu 94.1296

<

N 4
\ 42
N 44

N 47

N\ 53

\ 56

vl N

Command Window

Create network

at Ei' E

deepNetworkDesigner

% num of dimmentions of featurg
numFeatures = 4;

numResponses = 1;

% num of nodes of
numHiddenUnits = 50;

Create a network
using "Deep Network Designer"

% Create Network

layers = [ ...
sequenceInputLayer(numFeaty|
lstmLayer(numHiddenUnits, "Name","1stm", "OutputMode™, "sequence™)
fullyConnectedLayer(numHiddenUnits, "Name","fc")
fullyConnectedLayer(numResponses, "Name","fc2")
regressionLayer("Name", "regressionoutput")];

lgraph = layerGraph(layers);

% setup traning options
maxEpochs = 108; g

4\ MathWorks



Al modeling demo: Creating and training the LSTM model

Training results

System Complete
Requirements system test
System . Sys(em-leuel
Architecture integration & test

HIL

Component Component
design & test integration & test
Simulalions, rapid prolotyping SN
Component

implementation

Automatic code generation

Al Modeling

Model design and
tuning

Hardware
accelerated training

‘;k Interoperability
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Training Progress (2021/05/09 23:08:41)

200

800

800

400 500 600
Iteration
300 400 500 600
400 500 600
Iteration

800

Results
Validation RMSE: MNIA
Training finished: Reached final iteration
Training Time
Start time: 2021/05/00 23:08:41
Elapsed fime: 194 min 1 sec
Training Cycle
Epoch: 1000 of 1000
Iteration: 1000 of 1000
Iterations per epoch: 1
Maximum iterations: 1000
Validation
Frequency: MNIA
J Other Information
1000 piargware resource: Single CPU
Learning rate schedule Constant
Learning rate: 0.001
4 Learn more
RMSE
Training (smoothed)
Training
. — -@— - Validation
1000
Loss

4\ MathWorks



32

MATLAB interoperates with other frameworks

Framework Interoperability bridges the gap between data science, engineering and production

Al Modeling

@ Model design and
tuning

Hardware
i (i
Cas accelerated training

‘;k Interoperability

PyTorch

TensorFlow /
N\ 4

MATLAB
E M ONNX H MXNet

TensorFlow Importer

Caffe importer

Y, \ \
Caffe I

TensorFlow Core ML

4\ MathWorks


https://www.mathworks.com/products/deep-learning.html#frm

Al-driven system design

33

Data Preparation Al Modeling

Simulation & Test

Integration with
complex systems

'(>|:I_-, System simulation

— X System verification
— Vv and validation

Deployment

4\ MathWorks



Al system development with Model-Based Design

Simulation & Test

SyStem Integration with CO m p | ete
Requirements A e system test

‘D'LL] System simulation

— x System verification
—+v and validation

System
Architecture

Component Component
design & test integration & test
Simulations, rapid prototyping SIL & PIL
Component

iImplementation

Automatic code generation

4\ MathWorks



Use deep learning within entire system models in Simulink

Integrate your deep learning model with your other algorithms for system-level simulation and test

SIMULINK'
v

Road

conditions

Controllers

Systom
Requirements -
System
Architecture Visualization

Component

design & test
Savedations. raped prototyping

Component
implementation -
Automatic code generation 5 [l . .
Simulated mo 2imulink Library Browser - O k4
driver = check dynamic o Q‘ yeR-rEr@ e @

Simulation & Test

Deep Learning Toolbox/Deep Neural Networks

> Aerospace Blockset ~

. 2 Audio Toolbox
Integration with Automated Driving Toolbox
» AUTOSAR Blockset Y image yored [ Y input output [
Complex SyStemS Communications Toolbax

Communications Toolbox HDL Support
» Computer Vision Toolbox

Control System Toolbox Image Classifier Predict
p . Data Acquisition Toolbox
-D[j_‘] SyStem S|mulat|on DDS Blockset _: . 2
% Deep Learning Toolbox
Deep Neural Networks A input yored D Yinput output
Shallow Neural Metworks
s . DSP System Toolbax | — | E—
—X SyStem verification » DSP System Toolbox HDL Support
—_ and Va“datlon Embedded Coder Stateful Classify stateful Predict

Fixed-Point Designer v

Use Deep Learning Toolbox block library to bring trained
35 deep learning models into Simulink &\ MathWorks



Simulation demo

Simulation & Test

Integration with
complex systems

'D&] System simulation

— x System verification
—+v and validation

36

BUED|e & &
Gle Rz e 8

®

A RR

Integration of trained
Al model into Simulink

Open Part 2

Open Part 3

System-level simulation
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Simulation demo: Integration of trained Al model into Simulink

System Complete
Requirements system test
System Systoem-level
Architecture integration & test
Component Component
dosign & test Integration & test

Component
implementation

Simulation & Test

Integration with
complex systems

'DE’ System simulation

— x System verification
—+ and validation
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ﬁ de — |
SIMULATION DEBUG MODELING FORMAT APPS = T o A (7] (v)
1, [ 10Open ~ i = Stop Time [10000 | e
= g % 5 fotme [0 @ B
- i - - 1 - | e Ex
New AYE Library Signal [ oo Step Run Step 0 Data Bird's-Eye
v = Print « Browser Table O@ Fast Restart Back v - Forward Inspector
_FLE | UBRARY | PREPARE SIMULATE =
5 demo_SL_LSTM = »
@ - o
z - o
© | ® |[Pajdemo_sLLsT™ | 2
@ g
o —
2= 3
3 g
=5
- |ompmo.:=}°"“""
Ll
= KT
[InputData == 2
. -
e > e o
Ymu e
Lﬁ h
«
Ready View 1 waming 92% auto(FixedStepDiscrete)

A GPU is not required here because the neural network is not very deep
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Simulation demo: System-level simulation
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Speeding up with ROM (Reduced Order Model)

» Detailed simulation with 3D-CAE tool
(Large calculation load per step)

= Deep Learning model
v' Reduced order
v Libraries for inference
v' Parallelization on GPU

Dimension compression and simulation speed-up
. using deep learning models
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Al-driven system design
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Al system development with Model-Based Design
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Requirements

System
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Component Component @ Embedded devices
design & test integration & test
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desktop

Component
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Automatic code generation

4\ MathWorks



Deploy to target with zero coding errors

Deployment

E] Embedded devices

% Enterprise systems

¢ Edge, cloud,
desktop
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Deployment demo: Automatic C code generation
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Deployment demo: Automatic C code generation
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Deployment demo: Hardware-in-the-loop simulation
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Deployment demo: Hardware-in-the-loop simulation
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Conclusion
Replacing a first-principles engine model with an Al-based surrogate

First principles models and data-driven models can co-exist

First-principles models Data-driven models

< BT TR 3

= Preprocessed synthetic data generated from

Simulink SIMULINK" [

- Trained a deep learning-based LSTM model to el m
replace part of the complex dynamics of a vehicle ] [ -
engine '

= Integrated trained network into Simulink for system- s @7 _, oupus Ergine model_
level simulation together with first-principles = ElaueigEilg i)
Fomponents e

- Generated C code and performed HIL tests
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