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What we will see today...
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Functional Segmentation of Autonomous System

Aircraft/ Sense Perceive Plan & Decide Control Conne_ct/
Platform Communicate

 Control Surfaces, » Radar : L
* Environment : « Communication
slats, flaps * Camera i . ) * Guidance, )
o : mapping * Object Avoidance L with ground
« Lifting Body e Lidar Sy : Navigation &
; * Classification * Path & motion operator
» Landing Gear * EO/IR . . Control :
« Segmentation planning . » Multi-agent
 Battery s IMU . . * Flight SW L
 Object Detection * SLAM . communication
* Power * GPS-INS . certification : .
L » Sensor Fusion « Satellite data link
Management * HW Certification
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Functional Segmentation of Autonomous System
Customer Groups

“Autonomous Algorithms”

e Control Surfaces, * Radar )
* Environment .
slats, flaps  Camera manDbin . Obiect Avoidance » Guidance,
- Lifting Body - Lidar ppIng J | Navigation &
-  Classification * Path & motion
» Landing Gear « EO/IR - Segmentation planning Control
 Battery s IMU . . . * Flight SW
* Power * GPS-INS . gg:]es(g[r?:itseigtrllon S certification
Management « HW Certification

A sy

Different Approaches for Modeling
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Autonomous System Development Workflow

Aerodynamics and _ Autonomous _ Test and Refine in _ Test and Refine on
Flight Control b s 4 algorithm v Simulation 4 Real Robot

Challenge 1: Challenge 2: Challenge 3:
Understand Design and Verify Verify and Implement
the dynamics autonomous the algorithm

with control algorithm algorithms on to a real hardware
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Design Control algorithm with Dynamics

{ A
Three-axis Gyroscope "

Three-axis Accelerometer Three-axis Inertial

Measurement Unit
Turbofan Engine System

Second Order Nonlinear Actuator

3D Observer Form
3D Controller [A(v),B(v),C(v),F(v),H(v)]
[A(v),B(v),C(v},D(v)] 7
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Design Control algorithm with Dynamics

File Edit View isplay Diagram Simulation Analysis Code Tools Help
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Design Control algorithm with Dynamics
Simulink Control Design & Control System Toolbox

Simulating plant and controller in one environment

hint
gles

Simulink Control Design & Control System Toolbox
automatically linearize the plant, design and tune your PID controllers



Design Control algorithm with Dynamics
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¥y asbQuadcopter ¢ - Simulink o L =B8] X [Jeo - =& %]
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Design Control algorithm with Dynamics

Stateflow

= Model and simulate decision logic

— supervisory control
— task scheduling
— fault management

= Develop mode-logic

— using state machines and flow charts

See how the logic behaves with diagram anlmatmr\

— and integrated debugger

|

event_lIg

Launchpad

N

1
) !

\fail
\
fail \
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event D

event LO
2

| LiftOff 5 |Detach

Abort

I
1

- /
/

..........

Ty o Py Ry el e

vehicle Mode
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Design Control algorithm with Dynamics

" #3 Stateflow (chart) s launchabort/launchAbortController - Simulink e (S1 06 | go Launch Abort - VR =& X |
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Autonomous System Development Workflow

Aerodynamics and _ Autonomous
Flight Control I~ algorithm

Challenge 1:
Understand

the dynamics

with control algorithm

Challenge 2:
Design and Verify
autonomous
algorithms

—

Test and Refine in —
Simulation 4

Challenge 3:
Verify and Implement
the algorithm
on to a real hardware

Test and Refine on
Real Robot

4\ MathWorks
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How to develop Autonomous algorithms?

Camera,
EOIR, LIDAR,
GPS/IMU, ...
Q
4 )
f Control and Perception Algorithms \
, - c Planning —* Motion Control
Jp—— <EE ~_ —1
Sensor ;ﬁ $ 2| | Localization < Obstacle
Processing ) Avoidance
Mapping
N J
. Autonomous algorithm )
Autoroute, gated, post-process automatically Efficient, speed, endurance, automation
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How to develop Autonomous algorithms?
Manage Sensor data

Z Video Player = | = X4 I
File Tools View ?Iayback Help N z Figure 1 [:&
0 & | 0% -

File Edit View Insert Tools Desktop Window Help
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Processing RGB:480x640 27
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How to develop Autonomous algorithms?
Manage Sensor data
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How to develop Autonomous algorithms?

Sensor data flow

Sensor

Fusion

4\ MathWorks

Planning

=

Localization

ﬁk

Global Map

=

Motion control

Obstacle
avoidance

J

EOIR: Electro Optical Infra-Red 18
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How to develop Autonomous algorithms?

System Level Design with MATLAB, Simulink

~
/| Sensor
/ Communication Layer

ROS
IsNew

Subscribe

rdrone/front/image_raw Msg

\Application Layer

Subscribe_Image

Set
Pace

Simulation Pace

MATLAB Thread
1 sec/sec

ROS
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Subscribe

Msg
la /ground_truth/state
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‘ |
|

P Image

ROSImage stopDetected

ImageProc

To Video
Display

| bFlagSend_bbox

RN

Interface with Sensors and other application

Istatus Monitor

Subscribe_State

—>
ﬁl Logic_Enabler

>
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Artil%al Horizon
Pose
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Head]

> |
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Logic_bbox (Command \
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Il ROS
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How to develop Autonomous algorithms?
System Level Design with MATLAB, Simulink

Sensor | Application Layer Contol Ul
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How to develop Autonomous algorithms?
System Level Design with MATLAB, Simulink

Sensor (| Application Layer ontol Ul
Communication Layer EFlagSend_bbox
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IsNew Image To Video
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How to develop Autonomous algorithms?

System Level Design with MATLAB, Simulink

= Design Perception algorithm
— Matlab function
— S-function
— | System Object
— | State & flow control

Other
Code

Algorithm Design q\\:‘"“:?:i'ﬂ @ Jlib
Using MATLAB/Simulink g

e

C/C++, Python, Java

Fortran

COM components and ActiveX® controls
RESTful, HTTP, and WSDL web services

22
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How to develop Autonomous algorithms?
System objects

= Model dynamic systems using the MATLAB language
— Algorithms implemented as MA

MATLAB SIMULINK

The Language of Technical Computing Simulation and Model-Based Design

il o i =S L LT AN g Uy iy s 77
2o g et s, A w7 e ¥ oS o Tnipolr o
% Simulate the modified SUI-1 channel model. Bemoulli *  cooder *| _ EBipolar
JL Binary . dlconveter
102 — Nsamp = 1.5e6; % Number of channel samples Cg:;l?:::r Encode
103 — Nsamp_f = le3; % Number of samples per frame
104 — Nframes = Nsamp/Nsamp_f; % Number of frames I ——r
105 — chanOut = zeros (Nsamp, Nr); +TxErmrHane n AWGN
106 — pathGains = zeros(Nsamp, length(tau), Nt); i RxCa\culatbn
107 — for iFrames = 1:Nframes |
108 — inputSig = modulate (hModem, randi(S, [0 M-1], Nsamp £, Nt)); .
109 — idx = (l:Nsamp f)+ (iFrames-1)*Nsamp f; e
[chanOut (idx, :), pathGains(idx,:,:)] = step(h, inputSig);

111 — end Pa?ae:::us
Pt sl i W ncail sl i 2PN i o

Decoder

Turbo Decoder

23
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How to develop Autonomous algorithms?
System objects

| RemoveMean.m | + |

1
2
3
4
g
i
7
a8
9

10
11
12
13
14
15
1a
17
18
15
20
21
22
23
24
25
26

Base Class is:

classdef EemoveMean < matlab.System e

FRemoveMean Remove estimated running mean

matlab.System

Properties provide persistent

properties
% Memory weighting
Weight = 0.998 e
end

properties (DiscreteState)
Mean
end

methods (Accezs=protected)

memory within the object

Functions for each phase of your

function ¥ = steplmpl (obj,u) e
vy = u — ob]j.HMean:;
obj.HMean = u - yv*obj.Weight:

end

function setuplnpl (obj)
obj.Hean = 0;

end

function resetlImpl (okb])
obj .HMean = 0;

end

end

end

system (validation, initialization,
7 reset, step, ...)

- MATLAB automatically calls
housekeeping functions,

e.g., validation, initialization, etc.

24



How to develop Autonomous algorithms?

System objects

=
EE Simulink Library Browser

File

Edit View Help

B O -

Enter search term

Ml N

B [ ¥ [ [ [ ¥ [oF =¥ [ ] =

4
System

Real-Time Windows Target
SimRF

Simscape

Simulink 30 Animation
Simulink Coder

Simulink Extras

Stateflow

Libraries Library: Simulink/User-Defined Functions m
4 [Py] simulink -
CommgGnly Used Blocks o
Conti 5
—
Dizcontinuities
Dizcrete mirpreten | Interpreted
Logic and Bit Operations MATAEFS ] MATLAB Func..
Lookup Tables
Math Operations Jmatiabiie b Level-2
Model Verification MATLAB 5-Fu...
ModelWide Wilities
Portz & Subsystems 4 & b MATLAB
Signal Attributes fen Function

MATLAB
System

| ) Builder
SFunciion S5-Fundtion
E@EmpEE | Examples

MATLAB

Showing: Simulink/User-Defined Functions

The Language of Technical Computing

Function Block Pa

>,' Unspecified
1 System

MATLAB Systemn

‘).

MATLAB System

object. Specify the class name.

SoNET

[ oK ][ Cancel H Help

4\ MathWorks

u Remove Mean v

SIMULINK

Simulation and Model-Based Design

MATLAB Systemn

Remove estima¥gd running mean

Source code

Farameters
Enable custom wi

Memory weighting: 0.999

Simulate USiﬂ{: ICode generation ']

oK Cancel Help Apply
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How to develop Autonomous algorithms?
Sensor fusion framework

Sensor fusion Framework
a—

Eile Edit  Miew Insept  Tools Deskwop  Windbow  plelp
N da kA5 TDeL- 1S 0DBE o
Time: 0.71 Number of Targets: 5 Number of Tracks: 0

18000
gD
Time il | Time
TO0G |
Measurement ; State
5000 t - .
Measurement N : State Covariance
5080 I & (o]
‘ Track ID
4000 | Age
. Assigns detecti P ¢ s Confirmed
« Creates new tre i
v Is Coasted
« Updates existin ARE |
« Removes old tr S P ok e |0 10000
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How to develop Autonomous algorithms?
Sensor fusion framework

= Track Manager

Radar
Object

Pairs of visions and
associated radars

Assignments Fusion
V4R F) + FR) Fused Object List
1 2 1 2
V4R, Pl W)+ fR) >
Vo+ Ry F ) * £ (R

! costMatrix

[assignments, unassignedVisions, unassignedRadars] = ...
assignDetectionsToTracks(costMatrix, param.costOfNonAssignment);

27
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How to develop Autonomous algorithms?
Sensor fusion framework

= Tracking Filter

Initial state
& covariance

Xo
X

Output of
updated state

x_corr

>
I:)k -1

Previous state
& covariance

Xk—l

k > k-1

Current becomes

<
P_corr

Time Update (“Predict”)

[z_pred,x_pred,P_pred] = predict(obj)

z pred : prediction of measurement

Xx_pred : prediction of state

P_pred : state estimation error covariance
at the next time step

Predicted state

» X _pred

revious
P \ 4

Measurement Update (“Correct”)

Current Measurement

v

[z_corr,x_corr,P_corr] = correct(obj,z)

z _corr : correction of measurement
x_corr : correction of state
P_corr : state estimation error covariance

p4

4\ MathWorks
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How to develop Autonomous algorithms?
System Level Design with MATLAB, Simulink

% ¥4 Stateflow (charty ARDroneDemo/MctionPlanner/MctionPlanner * - Simulink
File Edit View Display Chart Simulation Analysis Code Tools Help
E-o-f e L ERSg-E-@d® P A~ [int Normal - @D
i? D H Lﬂ oE 7 g g G 4 de mﬁ Iz @ ) 44 wu Ji? MationPlanner
(L HZ w g oE v u U UL v = @© |[%a] AROroneDemo P [Pa] MotionPlanner b =] MotionPlanner
Mz ﬂ"’l @71 HE Y 44 OoME system  FHE €2 LR b ma HE AT
- ﬁ 24 - “ ﬂ"l YU UYL~ ﬂ f& ] L 8 N, | - = 53 & | /PlannerMain
Y i SYSTEM OBJECT EEER wd q e '
1 classdef SignDetector < matlab Systern & matlab.systermn.mixin.Propagates ... ~ =] Slate==2]
2 & matlab.system.mixin.Customlcon o oiay DelayTock Takeoff
- . e Al 2 = .jen:
i :'n Sign Detecotr System Object . o gl\/!o(ionCommand = uint8(1); (Mission1
: System Object Statefl "-
~ . - - - ™| Moti = uint8(0); .
5 % NOTE: When renaming the dass name Untitled2, the file name yS e eC a e OW ghictonCommand SUNiE0)
’
B % and constructor name must be updated to use the class name. 2 [state == 3 || state == 7] 9 i
7 % - reang o er [eMotionState == 2] r'_ss"’"""“
8 % This template includes most, but not all, possible properties, attributes 4 en: u— & “tCntThres
: : T 50 eMotionCommand = uint8(2); eMouonCommand umlB(3) ' S
9 % and methods that you can implement for a System object in Simulink. s targetMotionLinear.X [eMotionState == 0]
10 ® eMotionCommand = uint8(0); (argelMotloanear Y=0; (Mission1Calc
. . MotionLi Z= obalPosXYZ.Z; en:
1 % Public, tunable properties =) | DelayToc Hineer 3 > i = iffX = 0; DiffY=0 io
: - . Pror oy O [eMotionState ==2 && centerPosWidth.Z<10] targetMotionAngular.Z = -globalPosRPY.Z; du: L= 2 g iY=0
12 properties ] LandDelay {PlannerDelay.DelayTick} du: ¥ DiffX = DIffX + .
eMotionCommand = uint8(0);
1 ex: calcMotionDif calcMotionDiffY + calcDiffValWorld( nlmagerdi
13 ffY = MotionDiffY
= End {CntThres = 10: C:LCMOWS,?‘"Z Mcak:MgloonDuﬂZ + calcDiffValWorld( nimageHeig
J issionCnt = nMissionCnt+1;
15 [nScenario >= 4]{PlannerDetay.DelayTick} :X:.ss{m niissiontn
. . DiffX = Diff nt-1.5;
16 % Public, non-tunable properties /Mission2 B DiffY = ionDiffY/nMi nt:
17 properties(Nontunable) . 1 [eMotionState ==2] @ DiffZ = stttk
18 - imDir = 'unclassified Data’ % Undassified |data directory name. (e O :':‘::"::::v::msmm after(tCntThres,
19 - collectTraininglmages = false; % Save images for training -2 2 s (Mission1Worker
20— recordFlag = false; % Record video tonCommand = (1 b s i - en:
_ - o mt e o . i . S : du . targetMotonAngular Z = targetWayLocal(3) % disp('Mission1'); A DiffX); DiffY); di
21 classifierMATFile = ‘trainedClassifier’; % Trained cassifier MAT File Name. ShoonCommend = kB0 o s [eMotionState == 2] eMotionCommand = uint8(4); )
2= end po ) inear.X DiffX
e Scenario = nScenarios inear.Y = 0; % calcMotionDiffY:
23 inear.Z % DiffZ:
. . | | ater(iCotThros. ek i Z2=0;%-g Y.Z;
24 properties(DiscreteState) P i
WesonzCaicWay :
25 i " o v \eMoﬁonCommand = uint8(0);
26 - end S B A » L
\
27 \_ )
28 % Pre-computed constants 8
29 properties(Access = prlvate) _’PIannefDeIay \‘. v
30— outputBusName = 'stopSignBus_bbox’; : ! | M?Tl;:\i/a Tunmlo Difvaw rid(pixelDiff, distWorld, focalLength)
: H calcDiffVal = calcDiffValWorld(pixelDiff, distWorld, focalLen
al = dateTxt = [|; % 1g to save current date and time - ! BelavTick i £ 9
. . . H layTi {
32 - dassifier = [I; % trained classifier ; S:«_aadyDelay E
4= outputimage = [I; % image with results from object detection . | {Cnt=tCnt+1; i MATLAB Function MATLAB Function
94 — BW = [: % black and white mask from ima-:Jr.'. L] E i rotM = rotationM(angleRad) trnM = translateM(x, y)
2h= end - E [tCnt>tCntThres}{PlannerMain.Delay Tock} l}
8 » |@
37 methods Sl =
38 % Constructor | 29
39 function obj = SignDetector(varargin)
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Design (and verify) Autonomous algorithms
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How to develop Autonomous algorithms?

CONTROL

LU
(2]
Z
L
n

CONNECT PLAN PERCEIVE

Control System Thx Simscape Toolboxes Simulink Real-Time

mmmmmm

Data Acquisition Thx

Computer Vision
,‘a" o 1Y LglT :

Phased Array Statistics & Machine Learning

Stateflow
Robotics System Tbhx P
[ o ettt

Communications Thx ' WLAN System Toolbox Robotics System Tbx

e = % -
e (T [ 'YX X )
2:ROS

L ‘,ln_ : [ N N ]

4\ MathWorks
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Autonomous System Development Workflow

Aerodynamics and _ Autonomous
Flight Control © algorithm q

Challenge 1:
Understand

the dynamics

with control algorithm

Test and Refine in Test and Refine on
Simulation q Real Robot

Challenge 2:
Design and Verify
autonomous
algorithms

Challenge 3:
Verify and Implement
the algorithm
on to a real hardware

4\ MathWorks
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How to Deploy autonomous algorithm?

MATLAB Coder - Code from MATLAB

— Portable code for numerical algorithms

— Desktop applications (standalone, library) MATLAB and Simulink
Algorithm and System Design

Simulink Coder - Code from Simulink
— Rapid prototyping or HIL applications
— Real-time machines

91elauan)

Embedded Coder — Production optimized code
— Embedded applications
— MCU and DSP (fixed or float)
— Code verification (in-the-loop)
— Target-specific support (APIs and examples)

|AII coders generate portable code (ANSI/ISO C) by default.

4\ MathWorks
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How to Deploy autonomous algorithm?

4\ MathWorks
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Autonomous System with MATLAB/Simulink

BAE Systems Controls Develops
Autopilot for Unmanned Aerial Vehicle Using
MathWorks Tools

Challenge

Enable teams working in separate locations to design
a sophisticated UAV autopilot system quickly and

An Eagle 150 unmanned aerial vehicle

inexpensively flight.
(Image courtesy of Composites Technology
SO | u t| on Research Malaysia.)

Use MathWorks tools, modify existing software designs with
Model-Based Design, and automatically generate embedded
control code

Results
= Design and rework costs substantially reduced “MATLAB and Simulink greatly
= Testing cycle time minimized reduced development cycle time
= Coding errors and manual documentation and cut system software design
work minimized and testing costs by 50%.”
Feng Liang
BAE Systems Controls

Link to user story 35



http://www.mathworks.com/company/user_stories/bae-systems-controls-develops-autopilot-for-unmanned-aerial-vehicle.html?by=company

Autonomous System with MATLAB/Simulink

Airnamics Develops Unmanned Aerial
System for Close-Range Filming with
Model-Based Design

4\ MathWorks

Challenge

Design and develop an unmanned aerial camera
motion system for close-range aerial filming

Solution

Use Model-Based Design with MATLAB and Simulink to
accelerate the design, debugging, and implementation
of the vehicle’s fly-by-wire and flight management
system software

Results

= Time-to-market shortened by up to an order of
magnitude

= Test flight anomalies quickly resolved
= Debugging time reduced from weeks to hours

Airnamics co-founders Marko Thaler and
Zoran Bjeli¢ with the R5 MSN1 prototype

after its first flight.

Link to user story

“With Model-Based Design our three-
engineer team found more than 95%
of control software bugs before the
first flight. We used the test flights to
increase our Simulink models’
fidelity and isolate remaining bugs
with high precision. The result is a
safer, more reliable, and higher-
guality product.”

Marko Thaler

Airnamics

36
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Summary of Aerial Autonomous System

“Autonomous Algorithms”

e Control Surfaces, * Radar )
* Environment .
slats, flaps  Camera manDbin . Obiect Avoidance » Guidance,
- Lifting Body - Lidar ppIng J | Navigation &
-  Classification * Path & motion
» Landing Gear « EO/IR - Segmentation planning Control
 Battery s IMU . . . * Flight SW
* Power * GPS-INS . gg:]es(g[r?:itseigtrllon S certification
Management « HW Certification

A sy

Different Approaches for Modeling




Key Takeaway

Designing Autonomous system

using MATLAB and Simulink can help in :

Understanding the dynamics with control algorithm
» Model aerodynamics, propulsion and motion
» Design control algorithm in single environment
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Design vision, radar, perception algorithms
» Visualizing different sensor data
» Develop and test sensor fusion and tracking algorithm

Implementing the algorithm on actual hardware
» Test and verify algorithm on 3D simulators
» Automatic C/C++ code generation on to actual hardware
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5 Thank vyou
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MATLAB

IS the easlest and
most productive environment
for engineers and scientists



