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Example: Controlled Helicopter

e 28-dim model of a Westland Lynx helicopter
— 8-dim model of flight dynamics
— 20-dim continuous Heoe controller for disturbance rejection

— stiff, highly coupled dynamics

S. Skogestad and I. Postlethwaite, Multivariable Feedback Control: Analysis and Design. John Wiley & Sons, 2005. 5



Simulation vs Reachability

Simulation

— single behavior
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Simulation vs Reachability

¢ Simulation

— single behavior
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Simulation vs Reachability

e Simulation e Reachability
— single behavior — cover of all behaviors
vertical o.s . . . . . — _reachable?
speed o | NOT!

initial —2_ W
states = “I\//

-0, -_ reachable states over time (~5 sec)

-0.6 1 | 1 1
0 5 10 15 20 25 30
t [s]



Simulation vs Reachability

¢ Simulation e Reachability
— deterministic — nondeterministic
* resolve nondet. using * continuous disturbances...

Monte Carlo etc. * implementation tolerances...

— scalable for nonlinear dyn. — scalable for linear dynamics

vertical o.s
speed 0_4'_

initial —2_ W
states L U

_0'4'_ ( equivalent }

~0.6; : L>228 corner case simulations
TS]




Simulation vs Reachability

e corner case simulation: check all extreme points
— nvariables, T time steps
— initial set given by intervals = 2" vertices

— inputs given by intervals = 2" vertices

2" (2")' trajectories
/N

[initial setJ [ inputs ] [time steps}
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Simulation vs Reachability

e corner case simulation: check all extreme points
— nvariables, T time steps
— initial set given by intervals = 2" vertices

— inputs given by intervals = 2" vertices

2" (2")" trajectories

e template reachability (interval enclosure):

[T O(n3) operations]
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Outline

e Template Reachability in SpaceEx
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SpaceEx Verification Platform

reachability, monitoring, simulation
ADHS’09, ICTSS’11, CAV "11

open source: spaceex.imag.fr

S p a C e E X State Space Explorer

Model | Specificston ~ Options ~ Output  Advanced

Model editor

Download

Model file

Configuration fie

User input file User file

Examples Bouncing Ball (xr7), .cfg)

Timed Bouncing 8all

Nondet. Bouncing Ball (

Cicle (Tl .cfg)

_ Fittered Oscilator 6 (.

Fitered Oscilator 18 (.7

l, .cf)

Fitered Oscilator 34 (.7

A filtered oscillator.

Same as the 6-variable filtered oscillator, but with a higher order filter.
With 34 state variables, an analysis with octagonal constraints is no
longer practical, since this requires 2=34°2=2312 constraints to be
computed at every time step. The analysis with 2*34=68 box
constraints remains cheap.

Variables: x,y.2,...5

Overview a
Analysis Start Stop
Execution terminated |

Home About SpaceEx Documentation

Console

Iteration 6... 8 sym states passed, 1 waiting 0.4575
Tteration 7... 9 sym states passed, 1 watting 0.041s
Tteration 8... 10 sym states passed, 1 waiting 0.434s
Iteration 9... 11 sym states passed, 1 warting 0.9368
Tteration 10... 12 sym states passed, 1 waiting 0.457s
Tteration 11... 13 sym states passed, 1 waiting 0.920s
Tteration 12... 14 sym states passed, 1 waiting 0.4555
Tteration 13... 14 sym states passed, 0 waiting 0.9175
Found fixpoint after 14 iterations.

Computing reachable states done after 10.058s L
Output of reachable states... 0.823s -

Graphics

Run SpaceEx Downloads Contact

Reports

11.055 elapsed
29516KB memory
SpaceEx output: fie :

.0 0 Spacebx Model Edi

fle LA Help Experimental
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bae®60i &
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P @BAwT
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x5S0, yu355.0
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SL2SX: Translating Simulink to SpaceEx

e semi-automatic, gentle subset of Simulink
— continuous time linear blocks

— steps, switches, etc.

SIMULINK SpaceEX

Automotive Suspension from Simulink Example Library
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SL2SX: Translating Simulink to SpaceEx

_ Imitial Pitch =-0.120 Initial Pitch = -0.120
-0.12 ~0.120 . ; —
—0.122-— N
o 1ae —0.124 E
—0.126 ]
Simulink el SPOCEEX _
Ut SimUIaﬁon t/u— -0.130.— SimUIaﬁon '
o [
~0-1335 -0.134 ' , ' ‘
o 1 2 3 4 5 6 71 8 9 10 o 2 4 8 8 10

Automotive Suspension from Simulink Example Library
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SL2SX: Translating Simulink to SpaceEx

N 115 -
b wt

' Initial Pitch [-0.121,-0.119] Initial Pitch [-0.124,-0.116]
| SpaceEx | ™ SpaceEx
| Verification . | | Verification |
i 4 8 - . 4 8

Automotive Suspension from Simulink Example Library
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Reachable States over Time

o flowpipe

A

"\ initial states
Xo
C
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Template Reachability

template polyhedra (box)

Girard and Le Guernic, 2008
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Template Reachability

refined template

g \

A
"\ initial approx

C

Girard and Le Guernic, 2008
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Template Reachability

A

"\ initial approx

C

* extended over intervals of time (convex hull+bloating)
* approximation error bounded

20



Example: Switched Oscillator
CAV’11

e Low number of directions sufficient?

— here: 6 state variables

minor
differences

. box directions . octagonal directions
6 x more work

21



Outline

e Applications
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UnCoVerCPS — Design Flow

requirement
l formalSpec l
monitor nondeterministic
automaton high-level model I

Simulink

SpaceEkx ,
SCADE Simplorer

simulation model

Matlab Real-Time
SCADE Compiler

[

online

SpaceEx
online
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Case Study: Electro-Mechanical Brake

RTSS’14
Spring

Electric |, Brake
2 : il
Motor Caliper

deadline_miss

timep > 1 A time; > miss(2) A timez > miss(3)
Atimez > miss(4) A timey > miss(5)
I' == (-R/L + K*K/(L*d_rot) )*I + 1/L* U & timey := timez A times := timeg A times := time;

ohnekraft
x' == K/(i*d_rot)*I

time; := timeg A timeg :=0

()

NoMiss

o 0 < timep < 1 d‘f‘i‘?nl:n;—ml“
00 y_db- : bl PR i 0 =
hl—mw o timey = 1/P Atime] = 1/P A time, = 1/P Cimar =

Atimey = 1/P A timej = 1/P

Plant & Controller Scheduler (timed automaton)

Frehse, Hamann, Quinton, Woehrle. Formal analysis of timing effects on closed-loop properties of control software. RTSS'14 24



Case Study: Electro-Mechanical Brake

Software
Timing
_ model , Closed-loop
activate T terminate : properties
Derive
Scheduler scheduler Plant f—
Model properties
(a) Timing analysis of software - -
Discretized
Closed-loop Software —><>
properties Model 3
) write
Plant i Scheduler
Continuous Property
)  Software Model
Model
(c) Closed-loop verification
(b) Closed-loop verification including timing effects
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Case Study: Electro-Mechanical Brake

caliper position

x

[dm]

0.05

0.01F

0.00"
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verified: reaches target within 20ms

t[ms]

time
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Case Study: Electro-Mechanical Brake

current

I
[A]

highest impact not from the fastest

1.0

0.9r

0.8r

0.7r

0.6

0.5F

0.4r

0.3
8

10 11 12 13

t[ms]

time

physical properties: maximum impulse on contact
(measured via current)
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Case Study: Electro-Mechanical Brake

caliper position [ 1 case fails completely J

0.05¢

0.04F

0.03f
0.02}

0.01F

00 ) A T S —
0 5 10 15 20

controller with (artificial) fault time
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Case Study: Automated Driving

target trajectory

reachable states
of manceuvre (offline)

mancoeuvre library
(offline)

Daniel Hess. Safe Vehicle Cooperation in UnCoVerCPS. 2016
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Case Study: Automated Driving

reachability:
final states contained
In initial states

$

can be chained

\ ¢

manoeuvre automaton

Daniel Hess. Safe Vehicle Cooperation in UnCoVerCPS. 2016
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Case Study: Automated Driving

online;
from manosuvre automaton,
choose safe subset

-----

Daniel Hess. Safe Vehicle Cooperation in UnCoVerCPS. 2016
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Case Study:
Human-Robot Co-Existence

@ desired trajectory

/_

@ trajectory planning

i @
P
\_ = 3
- ,®
ra
— b
\ S .

J/

@ update of safe path

L/

@ collision checking

Matthias Althoff. Artemis Spring Event. http://road2cps.eu/events/wp-content/uploads/2015/10/UnCoVerCPS.pdf
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Case Study:
Human-Robot Co-Existence

Experiment at TU Munich (Althoff et al.)
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Case Study:
Human-Robot Co-Existence

gl . P ¥ UnCoVer
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Conclusions and Perspectives

e Set-based simulation: exhaustive envelope
e Can account for uncertainty

— modeling error, operating conditions

— environment and user behavior
¢ Huge potential for online use

— Verification: garantee safety

— Monitoring: measurements conform to model

— Prediction: trigger fail-safe in time

35
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