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= [2; @];
= [-0.1 -1; 1 -0.1];
trueModel = @(t,y) A*y + B*controlsignal(t,ft,f);

5 L > : % EXRFGRE, HAHE MRS T RTTIE
5 MRS num|1me>teps = 20Y0;

x() = Ax(O) Bu(t) o
odeOptlons = odeset(RelTol=1.e-7);
t = linspace(9, T, numTimeSteps);
[~, xTrain] = ode45(trueModel, t, x0,
odeOptions);
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Classical ECU Functions
Advantages/Disadvantes

Advantages Disadvantage

Deep Dynamical Systems
Temperature example 40min of driving (validation)

(Ontinental T — e N ﬂ

Michael Wutz, © Continental AG
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5 Link to presentation 5



https://www.mathworks.com/videos/virtual-xcu-calibration-with-neural-networks-1559311099816.html
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'Renault & Deep Learning Networks 3t NO, HEf: LSTM

Hkllj"z - l | ‘ | | | '| | —Real data
. . . ' —LSTM
Design, simulate, and improve aftertreatment o8|
systems to reduce oxides of nitrogen (NO,) 07}
emissions os |
%o.s—
BR
Use MATLAB and Deep Learning Toolbox to model 03|
engine-out NO, emissions using a long short-term oz | A
memory (LSTM) network o1 I
‘2—:&% 100 200 300 400 Tsiioe[s]eoo 700 800 900 1000
. . . . d issi f I i d deled
NO, emissions predicted with close to 90% accuracy Moy omissions from the LE T netmar | ome and modeie
= LSTM network incorporated into aftertreatment o _ _
simulation model “Even though we are not specialists in deep learning, using

. MATLAB and Deep Learning Toolbox we were able to create
= Code generated directly from network for ECU P ng LS

deployment and train a network that predicts NOy emissions with almost

90% accuracy.”
- Nicoleta-Alexandra Stroe, Renault

6 Link to article


https://www.mathworks.com/company/newsletters/articles/using-deep-learning-networks-to-estimate-nox-emissions.html
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Data Preparation Simulation & Test Deployment

[l T - Embedded devices
complex systems

Data cleansing and @ Model design and
preparation tuning

. Hardware : : :
oim
@ Human insight =S ccelerated training 'Dﬁ System simulation % Enterprise systems

— x System verification ¢ Edge, cloud,

SULIE- '}k Interoperabilit
P Y —+V and validation - desktop

generated data
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Modeling & Training Simulation & Test Deployment
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2016 - 2019

Toolboxes

+ Deep Learning Toolbox

» Text Analytics Toolbox

* Reinforcement Learning

* Predictive Maintenance Toolbox
Code Generation

+ GPU Coder

 MATLAB Coder

Apps

* Image Labeler

» Deep Network Designer

» Video Labeler

» Signal Labeler
Interoperability

» TensorFlow-Keras Importer
* ONNX Support

BN AR

2020 - 2021

Apps
+ Experiment Manager
» Lidar Labeler

* Reinforcement Learning
Designer

Compression

* Quantization

Code Generation

* Deep Learning HDL Coder
Model-Based Design

* Image Classification & Model
Prediction

* Recurrent Neural Networks
* Object Detectors
Interoperability

» TensorFlow Model Importer

Accessibility

» Deep Learning Model Hub
Apps

» Data Cleaner
Compression

+ Taylor Pruning

Code Generation

» TensorFlow Lite
Interoperability

» TensorFlow Lite inference for
MATLAB and Simulink

Machine Learning
* Drift Detection
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o™, Model design and

A 4 A 4 .
DESIGN
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- "
IMPLEMENTATION

[ H =

FPGA ASIC

]4—

11

V.

INTEGRATION

NOLLYDIdIH3A ® LETL

Simulation & Test
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High-fidelity model

= [, S g—
R =X kil 4T =5
= DB E S R E S FER R A — M L
7I€ [ SN p——— SNy v ry |
(st~ utinesiate
 BIREAVFISEEARGFRAERNREE

Simulation time

Jott A TARRIRE
= MRARGRREGE Reduced-Order Model (ROM)

= Hardware-in-the-loop testing OO

= Enable system-level simulation —0 OK 'Q \)—

C FRERERE, Nt w000 T

« gt Ean
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FRBIBER)
SEIR A

. ., ¥ Simulink, Simscape products, Simulink Design
Physics-based : | Optimization

o

FEM-Parametrized
PMSM

Simulink, Simscape Multibody, Simscape
= Electrical, Partial Differential Equation Toolbox,
Control System Toolbox

Model-based J E I

Reduced Order
Flexible Solid

Reduced order
model

_ _ _ — | | Simulink, Simulink Control Design, Control
Linearization J an System Toolbox

SN IR BN

- ) )u'1 3D T{u) ) ) o
Static 3z L Simulink, Curve Fitting Toolbox,
Yuz Model-Based Calibration Toolbox
\. J
Data-driven
( ) Simulink, Statistics and Machine
i , _| Learning Toolbox, Deep Learning
Dynamlc $:| Toolbox, System Identification

J Toolbox
13 Focuge today .
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| s — . . . : .
MIEIXE) (Data-driven) vs. B—JRIREMR (first-principles)
AR E — R EIR AT AT
BRI TN AR s [EIBpEA
Statistics, optimization, Al Physics, math, domain knowledge
Advantages Advantages
HE—RIEHREE T HERN T LA IE(EA - AR/ SREERR (2R AIS8LITA
PERERE, HEME - JEMTRVMIERE R X (ATRERE)
AT AR F HaIE BRIsE SR - FEHEIE
NEZTFEIR
Chz:!eng;s ‘ Challenges
P TR . ETRE S E—FE
e ofen . EEBANTLAIRSENE S
- BEYEEXHEHK

ISR BiE 2 SN SMERE F155 55 14
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Vehicle

SIMULINK®

Controllers : .
Visualization
, | - % 2

Road
conditions

Visualization

—

SInE=
driver

ZE IR A2 ]
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Passenger Car

Visualization

16

Engine model

A

Simscape
Powertrain Blockset
Vehicle Dynamics Blockset

Could be
developed in

third-party
tools (e.g.
GT-POWER)
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SIMULINK

Environment M et
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2= IOATA e = 2
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Longitudinal Driver

Visualization

Passenger Car

W Controllers

MINE b 12 Engine model Could be
EEHFEIR (RPM) =) ) o iy developed in
ﬁ%ﬁ*ﬂ‘ﬂ? = | [l third-party
,;;:;‘Qg% . i tools (e.g.
F 5B Simscape : GT-POWER)
Deep Learning Toolbox Powertrain Blockset
Vehicle Dynamics Blockset




| . [/ MathWorks AUTOMOTIVE CONFERENCE 2022
T~ 151 8% s
RGEMIGE

SIMULATION
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PROJEC ILE LIBRARY PREPARE SIMULATE REVIEW RESULTS
5 SiCiPtReferenceApplication
@
é @ |*a|SiCiPtReferenceApplication » ¥
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1]
3| @
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E3
@
i =
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c
e
o | &
o
= J
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Data is Food for Al

/

DATA ] [ RESEARCH J [ REQUIREMENTS J
y A 4 \ 4 ~1% of Al research? ~99% of Al research?
DESIGN
| A
Environmental Models { \ { ‘

Physical Components g 8 o% 20%
; IMPLEM;TAHON 1 §
C, C++ CUDA VHDL, Verilog [ PR E P ACTION
Ll | Bl Source and prepare high quality ingredients | Cook a meal
V. '
( NTEGRATION /4= | source and prepare high quality data Train a model

Source: Andrew NG slide from MLOps 2021
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Ll B Metrics Assessment i
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@
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)
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i . g
Ega Velociy (m's) inLane  Time Gap
" LansliasaeDettetcr LaneF osowingDecisionLogic
Data Preparation eaxica) o Lo s Stesring Angle |

Feioged]

* [lorm. Tam.. Lano Corir (==l ane Center ‘
rad)
Lanes 9) -

" ‘Cane Markar Detector St00rg_ NG ()
[ DATA ] [ RESEARCH } [ REQUIREMENTS J — 0 | womeeommaf oo e
= resfuoandl] " et i) ——
} S Ties N boscceforsion ™y = o
v ' b dewsctionsiniof—#-= MIO Relative Velocity B{MIO Relative elocity -T
- ~ e | Vetucie Dynamica
DESIGN Vericle Detecior

|  Tracks.
Lane |
| ForwardvehicieSensorFusion ] Longiludinal Veloity
| Vision MIO Track Index ] Longitudinal Velocity
| e Lae Bourdiaries
. sl Radar Canfimed Tracks| .  Ackors.
Environmental Models . racks Lane Following Conlroller
Actory | o Lane Folowing Decision Logi: rrore -

T Forward Vehicls Sensor Fusion
Physical Components Tone Dounaanes
Algorithms ,, Copyright 2019-2021 The MathWorks, Inc.
e - o e
i Simulink/Simscape

~
IMPLEMENTATION

\ MCU DSP GPU FPGA ASIC Oth er teC h n i q u eS :
[ INTEGRATION Jj % & § gt ) =

Wireless Waveform Unreal Engine®
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Design of Experiments
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Input features

DoE =

W e~ ;B W N =

EngTrgReq
60
128
94
m
7
144
85
19
68

EngSpdR...
2000
2500
2750
2875
2625
2125
2563
3313
2938

SpkAdvOfst

Vary model
parameters

Log data

Response

Engine speed (RPM)
Ignition timing
Throttle position
Wastegate valve

Engine Torque

Run
simulation

30 |

15
8

-19
-1

4

-21
-28

21
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| AN V3 | ALY
1/5\53%5&:1' = }ﬂz

Design of Experiments

LIVE EDITOR

E\}' =) E (| Compare 2 Normal v E % 42 Refactor» b |Z] section Break [> @

9 £ 1 Run and Advance
New Open Save Code Control Task ,'A’ & 3 Run Bl Ru "
>~ ~ v |m=Bpot~ v [JBookmark v - v [E] i ¢  section P& RuntoEnd

FILE NAVIGATE TEXT CODE SECTION RUN
< % (51 ol 5 2/ » home » Igarcia » Documents » MATLAB »

& Print v o  Find ~

Text

M
.B I UM Run  Step Stop

M
® | x

=)

Simulation Manager* A - O X
|=l Live Editor - /home/lgarcialbo(umentslMATLAB/aI-wlth-mbd-rJ ‘ 29
= E:5% =N =T

—_—

2000 Open Sa StopJob | Simulation R B
50 100 15 ¥ 've e g‘:,;.s scatter surf W:::i:: [|
EngTrqReq FILE SIMULATIONS INSPECT RESULTS OPTIONS B I—ﬂ
Simulations Figure 1 = -] Plot Properties =] |
. Title ‘
2 . . . . . . , . . Grid Ox Oy
& 20 Ll N R e ® . ., .
5 =t - F s e eve e * . ° - X-AXIS
> 0 .. -z = b L] .. L] a e —
© L] @ . . Bl d
< 140 L » ; e ': . « 2 e Data | EngSpdReq - |
- e SEIRE NG  Caps 8 e —
4000 130 '.. 6 - g = -:. & o . ® oo 1 X Limits 2000 |to[4000 | M Auto
o o ¢ e p - e TR O B .
o - e B LR ]
EngSpdReq 2000 30 EngTrqRe ¢ > u W SETGT o % e p———" R ~ Y-AXIS
120 5 e . ™ a o ) i | Ol —_—
% - s ® » P ) e d Data | EngTrqReq - |
° L ] 5 .C - e . ee & —_—
- SR .
%110 . > .-" .0 - @ . e . = T g, ® 3 | ¥ Limits 60 |wo[150 | MAuo
- - - =] L] ’ L
Execute Simulation 5 PR & " _a ) (RPN Tl 5 . o' | ~ MARKER COLOR
o L
For this demo, the engine model is brought fr & _— B * B o 2 X 7 ————
S e 0 , @ . b o e Data  Simulation Status |
® L ] LR L] -_—,,,1php
« https://www.mathworks.com/help/aut 1) % ia e, - @ ®o0 o s s e Label
« https://www.mathworks.com/help/aut _" c s e a i Vs . IR T . Limits 0 Jo[1_ | MAw
80 3 .'- * o, ...F b % & & @ .. ®s 4 Colormap | parula(defauit) ~|
Def - s - i ol T Lt ] d - I ® g0 Colorbar  []
efault setting: Simulation Type => "Rapid A¢ o o, e & s TR . P
0Fre & se % . - .y e 1
36 open_system( 'DoE_Engine_Test.s1) : ,':. 8 s .’ P a* = . e L :
37 % Run parallel simulations, 300§ &0 N e . PP T . L, .
38 simout = helper.simulation(DoE, 2000 2200 2400 2600 2800 3000 3200 3400 3600 3800 4000
EngSpdReq
Starting parallel pool (parpool) usif
Connected to the parallel pool (numb€ gy smioN DETAILS |Running on 32 parallel workers (Speedup:19.5) 975 R 12sec remaining & »

[10-Jun-2022 ©3:33:09] Checking for > - -
[10-Jun-2622 03:33: Starting Simulink on parallel workers...

[10-Jun-2622 03:33: Loading project on parallel workers...

[10-Jun-2022 03:33:56] Configuring simulation cache folder on parallel workers...

[16-Jun-2022 03: Transferring base workspace variables used in the model to parallel workers...
[10-Jun-2622 03: Loading model on parallel workers...

[16-Jun-2622 ©3:34:53] Running simulations...

Check and Save Simulation Result ye
22 | BEEd=

. Zoom: 125% |uTF-8 LF script Ln 38 Col 79
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&

Dynamic

DATA RESEARCH REQUIREMENTS ) LOO k u p
,ﬁ' 4 v — — LSTM
DESIGN table S
- Surface
L ] Fitting Neural ODE
. 2
4 IMPLEMENTATION § \ J L )
- | Machine | NLARX
C WTEGRATION ) Learning models
— etc. — etc.
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HTAIBYROM: LSTM
Mﬂﬂlﬂr“ﬁuy& HE R = ) B8] _E Bk 5

Inputs
Engine speed (RPM)
Ignition timing
Throttle position
Wastegate valve

1

ml;:rc!iﬁizﬁtﬂ Qutput is used with next time step

|
h 4

Istm
IstmbLayer

fc
fullyConnected.

‘.flly(}o nected.. ]
»

[ IZ&SZ;S.&'L;L, | LSTMs carry a memory cell (state) throughout

4

Outputs

24 Engine Torque
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AIFJROM: LSTM
MBS |B) 7 FI & HE A = S B8] _E Y (i #5i

INSERT
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0)
=]
x
acedsyion O

atl @m

-
a‘ Deep Network Designer A - OX
Design Get M
APP app|| DESIGNER
K A
&9 @ I:|_||:' |_-u‘| @, Zoom In % 4 4
5 [E Live Edif  New Fit @ zoomoOut Auto ||Analyze | Export
- — to View Armrange - -
E: [ RoM1] . = z
s NETWORK BUILD NAVIGATE LAYOUT | ANALYSIS | EXPORT ry
E — Layer Library Designer Data Training | I Properties
é‘: Input type Sequence
— = e =
K| input Output type Regression
;; 28 E yolov2ReorgLayer L @ sequenceinput... J Number of layers 6
- %
= 21 yolov2TransformLayer Number of connections &
N 30 el B y
o
t:L>l 31 anchorBoxLayer ——
= 32 Istm
3 IstmLayer
2 33 @ ssdMergeLayer L ot
$| 34 e
a - OUTPUT
o
= m softmaxLayer h
g drop
A E sigmoidLayer dropoutLayer
TR 35 ! .
ol 36 classificationLayer
o
= 37
o  J
38 regressionLayer ( - - |
a9 a fullyConnected.
40 rpnSoftmaxLayer e
41 ! rennBoxRegressionLayer
42 h i
43 rpnClassificationLayer a fc
44 fullyConnected. v Overview
45 pixelClassificationLayer — T —
46
dicePixelClassificationLayer -
a7 E L . -
[5] ¢] regressionout... |
g YoloveOulputLayer ﬁ regressionLayer -—
§ - g
§ I4 ]
N
s Open Deep Network Designer app from the MATLAB Toolstrip to interactively design your neural network.
\
% deepNetworkDesigner
\
3
3
3 48 numFeatures = 4;
s 49 numrResponses = 1;
% 50 numHiddenunits = 60;
N 51 dropoutProbability = 0.2;
3
¥ s2
N
N 58 layers = [ —
N RAALARAATANIELAVAT(AUREARLFAS thamal finnuti) ' . _?f} =
- - Y | Zoom: 125% UTF-8

script

Ln 47 Col 45
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HETAIFJROM: Neural ODEs
ERHEMEE I RENTSHFE

Ordinary Differential Equations (ODES) Neural ODEs

' =|f(t, 2) t €|(to,tyr) = Solving an ODE from first principles may be
z(to) =|z0 challenging / not always possible

.

Model bh - g . = Train a neural network from data to represent
odel phenomena in many domains: the function £(t, z)

physics, finance, biology, chemistry, ...
= Solve the ODE using the trained network

= In real-world applications, ODEs are solved NN(t, z,0) instead of f(t,z)
with numerical integration techniques,
approximating z(t) Solution of the ODE

2, Initial condition

ODE Gobver L2 2L b DU aperation

26 26
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AIFJROM: Neural ODEs

EHMZMEE S RE NS
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EDITOR PUBLISH
q.;] b H iz Compare ~ E)ﬂ - ;‘a&J (',_'Proﬁler El EJSectmnBreak l> @5
i (4 Find v ] #3 [ 54 Run and Advance
New Open Save &Print v Go To Refactor = L& Analyze Run Run Step Stop
- v - v [{ Bookmark « > Hl~ Section P&} Run to End -
FILE NAVIGATE CODE ANALYZE SECTION RUN
<@ % (51 @l 3 3/ » home » Igarcia » Documents » MATLAB » al-with-mbd-reduced-order-modeling » v iR
) 3
g i
- B
5| 75 iter = 0;
2l 760 for epoch = 1:options.numEpochs
gl 77
§ 78 miniBatch = initMiniBatch(Y, predictTimesteps, perturb_tspan,
= 79 numIterationsPerEpoch, miniBatchSize);
3| 8o
5, 81[] for iteration = 1:numIterationsPerEpoch
3| 82 iter = iter + 1;
2| 83 [
:. 84 % change learnRate
2| 85 learnRate = initiallLearnRate/( 1 + learnRateDecay*iter );
.g' 86
3 87 % change tspan —
| 88 % if mod(epoch,5) == 0
E 89 % predictTimesteps = predictTimesteps + 2;
gl 90 % end
91
92 % start with Euler ODE and then switch to odeSolver after first epochs
93 % if epoch < 5
94 % odeSolver = "dleuler";
95 % else
96 % odeSolver = options.odeSolver;
97 % end
98
99 [ % Create batch training data
100 % d1lx® nx-by-miniBatchSize
101 % dlud@ nu-by-miniBatchSize-by-numTimesPerObs
102 % targets nx-by-miniBatchSize
103 % [d1xe, timestep_ids, targets, numTimesPerObs] = createMiniBatch(...
104 % Y, predictTimesteps, miniBatchSize, Ts, perturb_tspan); -
105 [d1xe, timestep_ids, targets, numTimesPerObs, miniBatch] = extractMiniBatch(...
106 Y, miniBatch, Ts, iteration);
107
1e8 R P R S e —
109 [gradients, loss] = dlfeval(...
110 @(ts, x, p, T)mdlerd_fcn(ts, x, p, T, numTimesPerObs, timestep_ids, UalllInterp,
111 dlode45GradientMode, actFun, odeSolver,useAugmentation, augmentationSize,
112 maxStep, relTol, absTol),
113 Ts, dlx®, neuralODEParameters, targets);
114 T extract ross Tromararray
115 currentLoss = double(extractdata(loss)); LS
116 = 5 : »
-| | Zoom: 125% UTF-8 CRLF trainNeuralODE Ln 1 Col 1
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ETAIFYROM: Nonlinear ARX
{5 FH Sigmoid-based Nonlinear ARX Modeli#{ TS IR B 61 iF

Nonlinear ARX (NLARX)

QOutput Function

= Extends linear ARX to the nonlinear case

u Offset
input —»
= Flexible choice of nonlinear functions SO YD, Function

Current input and pact
output > . ’ ’ .
inpute and outputs Linear

= May be more interpretable than Deep Funciion
Learning models

= Potentially faster training and simulation

28 28
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ETAIFYROM: Nonlinear ARX
{5 FH Sigmoid-based Nonlinear ARX Modeli#{ TS IR B 61 iF

LIVE EDITOR

=] :| Compare - Naormal = = .| Refactorw = Section Break It

= - Rl I g =i = ® e g ER o P
rint = ind = g un an ance
New Open Save — Go To - Text B Code Control Task *° % Run Run Step Stop
= = ~ lmExport v+~ [ Bookmark w : - ~ [l = = Section &} Run to End -

FILE NAVIGATE TEXT CODE SECTION RUN A

$ % Eia i 3/ v home » Igarcia * Documents » MATLAB » al-with-mbd-reduced-order-modeling » v P

B Live Editor - /home/lgarcia/Documents/MATLAB/ai-with-mbd-reduced-order-modeling/Part 1 - Al Modeling/ROM_3_NLARX_Sigmoid.mlx *

ROM_3_NLARX_Sigmoid, mbx * + |

2. Design and estimate NLARX (Sigmoid) Model

E

66 doEstimation = true; %#ok<*UNRCH> ;
67 =
68 if doEstimation
69 ssOrder = 4; % linear state-space model order (regressor order)
70 unitNumber = 20; % Sigmoid network unit number

Estimate linear model md 10

71 ssOpt = ssestOptions('Focus', 'simulation');
72 % linear model (initial guess)

73 e

74 mdle = ssest(zEst,ssOrder,

75 'Feedthrough’, true,

76 'Ts',ZESL. TS, 5

77 'DisturbanceModel’, 'none’,

78 ssopt);

79 toc;

Estimate nlarx from linear model with sigmoid

80 Tsl = 5; % sampling period of the 1st intermediate nlarx model

81 Ts2 = 1; % sampling period of the 2nd intermediate nlarx model

82 downSamplel = round(Ts1/Ts);

83 downSample2 = round(Ts2/Ts); k

Refine md 10 to a nlarx model with Ts1

84 nlarxopt = nlarxoptions('Display', 'off', 'SearchMethod','lm', 'Focus', 'simulation’');

85 nlarxopt.SearchOptions.MaxIterations = 20;

86

87 tic;

88 mdll = nlarx(zEst(1l:downSamplel:end),d2d(mdl@,Ts1),idSigmoidNetwork(unitNumber),nlarxopt);
89 toc;

Refine md 11 to md12 with Ts2

920 mdl2 = mdl1;
21 md12.Ts = Ts2;
92 Eigs i
29 - Zoom: 125% |uTF8 LF script In 65 col 30 29
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ETFAIFIROM: Nonlinear ARX
& FASVM-based Nonlinear ARX Modeli#{T{CIB{ERI 6 &

LIVE EDITOR
El.:j | E:J [izl Compare E>u <« - Normal = = < Refactor = [é‘ |Z] Section Break l> Q
New Open Save PIEERY Go To Gl Text BIUM Code Control Task % % Run E} e = Run Step Stop
= = ~ ot v~ [ Bookmark ¥ : - ~ [l = Section &} Run to End
FILE NAVIGATE TEXT CODE SECTION RUN x
<% Eia i 3/ v home » Igarcia * Documents » MATLAB » al-with-mbd-reduced-order-modeling » v P
B Live Editor - /home/lgarcia/Documents/MATLAB/ai-with-mbd-reduced-order-modeling/Part 1 - Al Modeling/ROM_4_NLARX_SVM.mlx *
ROM_4_NLARX_SVM,mbx * + |
. . i}
2. Design and estimate NLARX (SVM) Model @
66 doEstimation = true; %#ok<*UNRCH> =
67
68 if doEstimation
69
70 Kernel = 'gaussian';
71
T2 % Parameters obtained using Experiment Manager:
73 BoxConstraint = 8.9381;
74 EpsilonMargin = 0.0002;
75
76 isNormalization = false;
17 k= alg
78 downsample = Ts1/Ts;
79
80 % nlarx and options
81 focus = 'prediction';
82 nlarxopt = nlarxOptions('Display', 'off', 'SearchMethod','1lm', 'Focus', focus);
83 nlarxopt.Normalize = false;
84
85 linReg = linearRegressor({'EngineTorque’',...
86 'ThrottlePosition', 'Wastegatevalve', 'EngineSpeed’, 'SparkTiming'}, ...
87 f1:3,0:1,8:1, 8:4,0:1%);
88
89 svm = idSupportVectorMachine(Kernel);
90 svm.BoxConstraint = BoxConstraint;
91 svm.EpsilonMargin = EpsilonMargin; I
a2
93 tic;
94 nlarxSvM = nlarx(zEst(1:downsample:end), linReg, svm, nlarxopt);
95 toc;
96 nlarxsSvM.Ts = Ts;
97 else
98 load(fullfile(projectPath, "models", "nlarxSvM.mat"))
59 end
3. Test the Model
Now, evaluate the model's performance on the test data set. -
30 B Zoom: 125% |uTF8 LF script Ln 65 col 30
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ONNX

System Identification Toolbox/Models

Use Statistics and Machine Learning Toolbox
System Identification Toolbox and Deep

( Learning Toolbox block libraries to bring Al
models into Simulink

MathWorks AUTOMOTIVE CONFERENCE 2022

Models

» Statistics an
v System Iden
Estimators

d Machine Learn
tification Toolbox

> UAV Toolbox

ing Toolbox ~

Y IDNLARX MODEL  [»

Nonlinear ARX Model

<« O PyTorch

Predict

Use MATLAB Function
Blocks for:
Pre-/Post-processing

= Feature Extraction

= Other models

Deep Leaming Toolbox/Deep Neural Networks

> Computer Vision Toolbox
Control System Toolbox
ata Acquisition Toolbox

DDS Blockset Yimage yprod [ Winput output
v p Learning Tooclbox
Deep Neural Networks
hallow Neural Networks —
ystem Toolbox age Classifier Predict
ystermn Toolbox HOL Supp:
» Embedded Coder -3 r
Fixed-Point Designer
' ! g N input prac [y Y it
» Fixed-Point Designer HDL Support
» Fuzzy Logic Toolbox
I |
HDL Coder
et ful Classify ful Predict
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Al

X2 Simulink

N EFRIAERI

SIMULATION
= T [ open - (=] Stop Time | tstop F 2 = a5
@ 4 s ! y B > 14 @ P % @
Project | New & save ~ Library Signal v || Accelerator - Step T Step Data Logic Bird's-Eye  Simulation -
2 -~ @Pint - P Table ug Fast Restart Bl = i) Inspector Analyzer Scope Manager
PROJECT FILE LIBRARY PREPARE SIMULATE REVIEW RESULTS a
5 ALROM 3
g 3
g | @ [Palarom» -z
& 3
& Z
HE g
2 - r g
=
" target || >
g P input C ionoutput Truth o
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»
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DLLSTM
DL NeuralQDE
> 1 Normalized Prediction_LSTM
1 )
2
Neural ODE . Predicton Mé [ODE
m Denormalized - Normalized —— Normalized . Denormalized [~ rediction_NeuralO|
3
g NLARX Sigmoid - o
Normalize Denormalize Prediction_NLARXSigmoid
»{ 4
2 _ NLARX SVM 'D
nlarxSigmoid Prediction_NLARXSVM
NLARX Sigmaoid
> nlarxSVM
]
5]
NLARX SVM
»
33 Ready 154% FixedStepAuto
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N EFHIAIRE RIS B B Simulink

Simulink Profiler

R
F Time Plot (Dark Band = Self Time Total Time Tirme | = i

> | Neural ODE 0 1.441 0.000 0

> LSTM I 0.798 0.000 0

> MLARX 5fgmnfl:| 0148 LD (1]
From Workspace1 0.086 0.086 23794
Dermux 0057 005y 05184
Prediction_LSTM 0019 0019 23793
Prediction_MNeuralODE 0.003 0.003 23793
Prediction_MNLARXSigmoid 0.003 0.003 23793
Prediction NLARXSWVM 0003 0003 237493

> MNormalize 0.000 0.000 0
Cast To Double 0.000 0.000 3

> MLARX S5V L0 0LOD0 (1]

> Denormalize 0.000 0.000 0
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SIMULATION
= . {3 Open ~ 1] Stop Time | 250 N 1 _—
T 5] = | 4 & b J 5 @
Project | New e save ~ Library Signal | Accelerator =l Step Run Step Data Logic Bird'sEye  Simulation E
- * = Prnt - Browser Table g Fast Restart Back - - Forward Inspector Analyzer Scope Manager
PROJEC ILE LIBRARY PREPARE SIMULATE REVIEW RESULTS
5 SiCiPtReferenceApplication
@
é @ |*a|SiCiPtReferenceApplication » ¥
-
1]
3| @
=
E3
@
i =
- t
g =
c
e
o | &
o
= J
Env 3 ﬂ »
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(m/s) . Visualization
» i .
—
]
)
Lot
4 Performance and FE Scope A - OX
Eile Tools View Sjmulation Help »
@- QP @® - EH-FH-
He
&
M5
» = Ready Sample based  T=250.000
Ready View diagnostics 161% ode23th
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| : : :
Hardware-in-the-loop simulation
B YGRS A AR

[ DATA J [ RESEARCH J [ REQUIREMENTS ] d—

4 \ 4 A 4
DESIGN
]
I \/ I l l LI \- [< Environmental Models

» Physical Components F'I
w
] ) > =

4 N .
4 Visualization| Algorithms <
| ‘ + R 2
oy | had g !
b g
Driver Y =
Passenger G IMPLEMENTATION [=]
=

| C,C++ CcubA VHDL, Verilog I -

MCU DSP GPU FPGA AsIC

[ INTE(.-‘-!ATION J -_,

Code generation Code generation
from algorithm from plant model

Build & download models
Adjust parameters

EEE——
e

Monitor signals

Target platform Real-time computer
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| Hardware-in-the-loop simulation

i « Connect to HIL Simulator [T ]
_ & Run Simulation m J
[ @ —\\_I& \\
(oo} T T \
Sequenceinput % Q i
Xmu » @ = .
5 (o]
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IR ARG ITAT AAIE R

LSTM Neural ODE | NLARX Sig | NLARX SVM
Long Short-Term Memory Neural Ordinary Nonlinear ARX Sigmoid Nonlinear ARX Support
Network Differential Equation Vector Machine

Training Speed ) O O O
Interpretability O O O O
Inference Speed O O O O
Model Size O O O O
Accuracy (RSME) O O O O

Results are specific to Vehicle Engine ROM example

42 * Trained using GPU NVIDIA A100
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Data-driven models

SIMULINK®

s)
+ fows)

rrrrr

Controllers

First-principles models

>

ssssssssssss

Inputs

Engine speed (RPM) -
Ignition timing
Throttle position
Wastegate valve

Al model

43

Engine model

.f-.‘J]“ e
Simscape

p 7
Powertrain Blockset s,
Vehicle Dynamics Blockset

Could be
developed in
third-party
tools (e.g.

GT-POWER)

T IESimulink & B 23R

WNZGFRINERF SR EF S R G HHRRBIRE &
MRERNEWME NSRS

BN TR B E R BISimulink, &4 F—[RIEiER
AT RERF{E

Generated C code and performed HIL tests
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Model an Excavator Dipper
Arm as a Flexible Body

.
Simscape Multibody,

Partial Differential Equation Toolbox
Link

Generate a Deep Learning Sl
Engine Model

Deep Learning Toolbox,
Statistics and Machine Learning Toolbox
Link

44

LPV Approximation of Boost
Converter Model

[t din) >
Duty Cycle LI
Resistive Load

Simscape Electrical,
Simulink Control Design
Link

Physical System Modeling

Using LSTM Network in Simulink

—=m g

Deep Learning Toolbox
Link
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Simplifying Higher-Order Plant
Models

Amplitude
==

10
Time (seconds)

Robust Control Toolbox
Link

Surrogate Modeling Using Gaussian
Process-Based NLARX Model

trainediodel

T T e

Monlinear ARX Model

Simulink, Simscape, System Identification Toolbox,
Statistics and Machine Learning Toolbox
Link
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https://www.mathworks.com/help/physmod/sm/ug/model-excavator-dipper-arm.html
https://www.mathworks.com/help/slcontrol/ug/lpv-approximation-of-a-boost-converter-model.html
https://www.mathworks.com/help/robust/gs/simplifying-higher-order-plant-models.html
https://www.mathworks.com/help/autoblks/ug/generate-a-deep-learning-si-engine-model.html
https://www.mathworks.com/help/deeplearning/ug/physical-system-modeling-using-lstm-network.html
https://www.mathworks.com/help/ident/ug/surrogate-modeling-using-gaussian-process-nlarx-model.html
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MathWorks Provides Capabilities to Develop and Use Al Models

Verticals

MACHINE LEARNING

K-Means Gaussian Processes

Logistic Decision Trees

Regression :
Support Vector Machines

Random

Forests Generalized
Additive Models

Feedforward
Neural Networks

PCA NARX Networks

Naive Bayes

Linear
Regression

Autoencoders

DEEP LEARNING

CNNs Transformers

LSTMs Neural ODEs

TCN VAE GANs
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WLAN
Toolbox

Computer Vision

Toolbox

Audio
Toolbox

Automated Driving
Toolbox

Lidar
Toolbox

Signal Processing
Toolbox

5G
Toolbox

Wavelet
Toolbox

Powertrain
Blockset

Robotics System
Toolbox

Communications
Toolbox

*

Statistics and
Machine Learning

Toolbox

Deep Learning

Toolbox
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'MathWorks Engineering Support

Technical Support
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5 22 \ [ IMATLAB Al

EFETH, TERE, REEXRES...

% - 9 -

Deep Learning Onramp Machine Learning Onramp Reinforcement Learning Onramp
Get started quickly using deep learning An interactive introduction to practical machine An interactive introduction to reinforcement
methods to perform image recognition. learning methods for classification problems. learning methods for control problems.

Details and launch Details and launch Details and launch
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https://www.mathworks.com/learn/tutorials/deep-learning-onramp.html
https://www.mathworks.com/learn/tutorials/machine-learning-onramp.html
https://www.mathworks.com/learn/tutorials/reinforcement-learning-onramp.html
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N 1‘& %.Ji',_:';l?\

REZIANIZIR /T R 8 _EHLERE):
https://www.mathworks.com/learn/tutorials/deep-learning-onramp.html
Deep Learning Workshop (3/\B EFSEE)

EEMTEIMEL R FAT

Deep Learning ¥l (16/pBHREIRIE, &L T)
https://ww2.mathworks.cn/learn/training/deep-learning-with-matlab.html
ERAMATLABHTRE¥IBE (RIEFLZH, WDBKARZEID
https://www.mathworks.com/academia/courseware/teaching-deep-learning-with-matlab.html
MATLABBEH R (ATLAEZEEMATLABHRIET)
https://ww2.mathworks.cn/help/deeplearning/examples.html

Github MATLABREZ 3 KRR
https://github.com/matlab-deep-learning/

MATLABR{E AR S

HIRBINNNSRGER (—) « REFT

HIBWHWNSRGER (Z2) : RGEhd
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