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What are cyber -physical systems ?
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Hard to formally define, but these definitely
are not cyber -physical systems é
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Longitudinal dynamics : ABS
(anti -lock brake system) and
ASC (automatic stability
control)

Lateral dynamics : EDRC(engine
drag reduction control) and
CBC(corner braking control)

DSC (dynamic stability control)
Is using all the above

Also:

A Automatic gearboxes
A Anti -theft systems
A Multimedia systems
A Navigation systems

A
etc CPSLab -
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Embedded in : Automotive Systems
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A 270 user interactive functions
A 67 embedded platforms / (5 data buses?)
A 65 MB of binary code.
A Next generation (2010):
~ 1 GB of software, IP is being studied
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CPS: Smart Road Infrastructure

Methods Gap - Cyber-physical systems (e.g. collision avoidance)

* Heterogeneous modeling — hybrid dynamics, wireless networking, dynamic agent scenarios
Abstractions and refinements for synthesis and analysis — hierarchical systems structures

* Component composability and consistency — systems integration, rapid development
Verification (within and across) design and implementation

Detects pedestian on
crosswalk and warns
vehicle that is tuming
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Embedded in ;: Avionics

Boeing 777 1280 networked microprocessors
50% of design cost ($ and time)
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Embedded in : Home appliances

LG Smart Appliance
with THINQ™ Technology

Smart Washer & Dryer Smart HOM-BOT

\§

&
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§\\
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Smart Refrigerator
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Smart Meter

%gi,?g l;?:one/ Customer Service Center

Smart Meter

A communication
gateway between
the Smart Grid
and the home.

Geothermal
Heat Pumps
Reduces HVAC and
water heating energy

requirements by 30%.

Home Energy Manager
The central nervous system
for the net zero energy home
helps homeowners optimize
energy consumption.

A

GE Heat Pump
Water Heater

Uses less than half the
energy of a conventional
electric water heater.

High efficiency Energy Star Appliances shed

@ i Demand Response Appliances

load from the grid and help consumers save
money during peak demand.

Energy Storage
Battery storage for backup
power and peak loads.

GE Water Filtration
Filters, conditions and monitors
home water usage.

Solar Photovotaic

3 kW to 4 kW solar array
on the roof to meet energy
requirements of the home.

Small Wind
Supplementary renewable
generation.

Energy Efficient Lighting
High efficiency CFL, LED and
OLED lighting.

%\ |H‘.&]g\ﬂél[l0ﬂ at work
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Embedded in : Medical Devices

Vision : Doctor -on-a-chip
Operating room of the future & Digital hospital
Remote monitoring of elderly (body area networks)
Medical implants (artificial eyes, ears etc)

ARTIFICIAL EYE

¢ Gl"EN

IMAGING

Stimulator
chip

INSIDE THE M2A™ CAPSULE -

1. Optical dome
2. Lens holder
3. Lens

4. Illuminating LEDs (Light Emitting Dlode) B B C n eWS
5. CMOS (Complementary Metal Oxide Semiconductor) Imager

6. Battery

7. ASIC (Application Specific Integrated Circuit) transmitter
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Cyber-Physical Systems

~ compuiol™
2
e di %&,

Information

Q.Symms/

Cyber-Physical Systems (CPS) refers to the class of
systems that integrate (engineered)  phiysical systems
with computational and communication systems.
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Where CPS Differs from
the traditional embedded systems problem:

A nice differentiation by Lee & Seshia:

The traditional embedded systems problem:

Embedded software is software on small computers. The
technical problem is one of optimization (coping with limited
resources and extracting performance).

The CPS problem:

Computation and networking integrated with physical processes.
The technical problem is managing dynamics, time, and
concurrency in networked computational + physical systems.

RS Gy CPSlLab -
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2007 PCAST Report

PRESIDENT'S COUNCIL OF ADVISORS ON SCIENCE AND TECHNOLOGY -

Lezlelarsnio Usider Crizlllenieje:

gctnaition Technolagy HD
: . s R
in a GCompetiti oflel

O i s
R Eelarel] \atorldng and lnforEld i
\ {4 Program

Technical Priorities for Networking and
Information Technology R & D Development

NIT Systems Connected with the Physical World
Software

Data, Data Stores, and Data Streams
Networking

High-End Computing

Cyber Security and Information Assurance
Human-Computer Interaction

NIT and the Social Sciences

The report can be obtained here.

12
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http://www.ostp.gov/pdf/nitrd_review.pdf
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There exlI sts a resear-c

. Cyber- Physical Systems Week
_ http :/lwww.cpsweek.org/
. Conferences: HSCC, RTAS, IPSN, ICCPS
. Multiple workshops

oo

(}s" % . Embedded Systems Week
& Information % __http ://www.esweek.org/
A Sii 4 _ Conferences: CASES, CODES+ISSS, EMSOFT

., Multiple workshops
. Real- Time Systems Symposium
_ Track on CPS
. Many workshops, special sessions, issues etc

LESU OGN CPSlLab -
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Why so much urgency in CPS?

Can we really bet our lives on the current CPS?
(designed with the current tools and practices)

LESU OGN CPSlLab -
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CPS examples where things went wrong ...

2005: Demonstration of _
1998: Near Earth Asteroid Autonomous Rendezvous  1996: Ariane 5

Rendezvous (NEAR) Technology (DART)

1991: Patriot
Missile Software
Failure

%‘ARIZ@NA STATE
- UNIVERSITY
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Near Earth Asteroid Rendezvous (NEAR)*

A Dec. 20, 1998: 3 years en route to 433 Eros

A Executes a 15min main engine burn to place vehicle in orbit about
the asteroid
A The software detects a transient in the lateral acceleration that
exceeded the coded bounds in the software
A the mechanical system could sustain the forces

DSM acceleration 3 July 1997

[
1 Ut SRRSO h[ ...............................................................................

I S e | 4—— Xaxis transientat S i
: LVA'ignition :

e
)

X-body acceleration
(m/s?)

0.04
0.02

o

Aft Deck

—o.02
—0.04
—0.06

Y-body acceleration
(m/s?)

* Hoffman, E. J.; Ebert, W. L.; Femiano, M.

02 . . B 1 , D.; Freeman, H. R.; Gay, C. J.; Jones, C. P;
g | [\ B transtont Luers, P. J. & Palmer, J. G. The NEAR

rendezvous Burn Anomaly of December
. e f 1998 Applied Physics Laboratory, Johns
198 Hopkins University, 1999

Time after start of settling burn (s)

LESU OGN CPSlLab -
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http://spacese.spacegrant.org/Failure Reports/NEAR_Rendezvous_BurnMIB.pdf
http://spacese.spacegrant.org/Failure Reports/NEAR_Rendezvous_BurnMIB.pdf
http://spacese.spacegrant.org/Failure Reports/NEAR_Rendezvous_BurnMIB.pdf
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Near Earth Asteroid Rendezvous (NEAR)

A The software shuts down the engine and uses thrusters to place
NEAR in an earth -safe attitude

A After the thrusters, the software had to switch to reaction
wheels for attitude control
A Code for transition from thrusters to reaction wheels was missing!

A The momentum was high so wheels were spinning faster than the limits set in
software Y wheels were ignored in the computation

A etc etc

A Bottomline: most of the missionds fuel
gets control again! Mission was completed 13 months later.

LESU OGN CPSlLab -




Near Earth Asteroid Rendezvous (NEAR)

A Control theory is excellent for designing systems that
operate I n one omodedo
A Designs can tolerate both noise and system failures

A Software verification and model checking  are excellent
at catching many types of bugs in software

A Big Challenge: How do we detect (transient) errors in
the interaction of the  Physical components with the
Cyber components ?

18
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In general, verifying a hybrid system is an 9

undecidable problem !

. /d ( I (54 Control laws
Jd O/ dt = (O+CW)xJ (O+Cv)+ U:hX,W . .
+J(OXCv-Cav/ dt)+u (x,w) Acceleration on the z axis should
dWdt=1/2(WO + a O) not exceed 0.1
dy/ dt =-1/2 WO

4 Cyber-Physical J
e Specification
System P

fo(x,u,w)

node Val_Lim(el : real; Min, M real)
returns (sl : rs s A
in:rea ax : real;

e
xmax , xmin) = if (Max 3 Min)
then (Max , Min)
else (Min , Max) ;
sl = if (xmax <= el)
then xmax
else (if (el > xmin) —~
th o YES NO
else xmin) ;

R. Alur and C. Courcoubetis and N. Halbwachs and T. A. Henzinger and P-H. Ho and X. Nicollin
and A. Olivero and J. Sifakis and S. Yovine, The algorithmic analysis of hybrid systems, TCS

Henzinger, Kopke, Puri, Varaiya, What's decidable about hybrid automata?  Proceedings of
the twenty -seventh annual ACM symposium on Theory of computing .

B %‘ARIZONA STATE C P S L ab i

UNIVERSITY




What can be done? *

A Previous approaches to the problem:

identifying decidable classes

barrier certificates / invariants

)
<
n
o
=
3
reachability algorithms E
2
<

Completeness of analysis

This talk ...

_l‘ ARIZONA STATE
- UNIVERSITY




Overview 21
Motivation

Robust Testing
Problem - Challenges
Specification language (MTL)
Robust Temporal Logic Testing
Analog system robust testing / verification
Hybrid system robust testing

Testlng Robustness

Temporal Logic falsification as an optimization
Robustness for hybrid trajectories

Monte - Carlo testing

Metaheuristics

S-TaLiRo

Comblned Robust Testing & Testing Robustness

Future Research
| BSULONoay CPSlLab -
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ROBUST SIMULATIONS

Advantages :
£ A finite number of simulations
£ Coverage guarantees
£ Scales as well as simulation scales
e More complicated specifications than safety
£ Almost no parameters to set besides the simulation parameters
New tools : we need metrics

LESU OGN CPSlLab -
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Problem 1: Robust Temporal Logic Testing

‘ Robust Tester l /

LB L) {

Fainekos, Girard and Pappas, 7emporal logic verification using simulation , FORMATS 2006

Julius, Fainekos, Anand, Lee, Pappas, Robust Test Generation and Coverage for Hybrid Systems, = HSCC 2007
Fainekos, Pappas, MTL Robust Testing and Verification for ~ LPV Systems, ACC 2009
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What are the challenges in robust TL testing?

1. What is the specification language ?

Bigger challenge: make engineers actually write specifications
In any specification language

2. How can we define neighborhoods of signals with the
same temporal properties?

3. Can two signals have approximately similar behavior?

4. How can we verify a system for an infinite set of
parameters?

RS Gy CPSlLab -
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Robust Temporal Logic Testing
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Testlng Robustness
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Robustness for hybrid trajectories

Monte - Carlo testing
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Metric Temporal Logic (MTL)

release

Syntax: a :=T|" |plupla,bda,|a,00,]/a,Ud,]0,R0,

| can be of any bounded or unbounded interval of R*, but 1U ¢
lL.e. | =[0,+4), | =[2.5,9.8]

Derived operators:
Eventually (in the future)  F 0 :=TU, U

Always (globally) G U ="RU

Koymansd 9 ®pecifying real -time properties with metric temporal logic

LESU OGN CPSlLab -




adanow

G a- always a

F adeventually a
X ad next state a
aUboauntilb

aBb oa before b

%‘ARIZONA STATE
— UNIVERSITY

27

LTL intuition

5

~°

CPSlLab -




MTL : An example for signals »

Boolean
abstraction

[ I ] I
t | time

LESU OGN CPSlLab -




29
MTL : More complicated examples

I

( |

't o)
I
I

time
. Boolean
a R— ﬂ abstraction
'
t | I time

' ua A
R B _
\ J

t | 6 time
b A
! | ! '
- _F } ﬁ H
(Ua)y,b t ; i I time
ua t ' - :
I i | |
(a1 | L
t s : time

LESU OGN CPSlLab -




30
Temporal Logic Testing

LTL/MTL
//\/\

U =GpUFyuaGp,

-

AD Boolegn
! | abstraction J L

Erreerereeeenneenennn Monitoring
. ............. :> Algorlthm

[Maler and Nickovic 0 0 4

[Thatiand Rosu 0 0 4 ]

[ Rosu and Halv
Truth Value [ Geilen 601]

{",T} ot her s ¢é

RS Gy CPSlLab -




Overview 31
Motivation

Robust Testing
Problem - Challenges
Specification language (MTL)
Robust Temporal Logic Testing
Analog system robust testing / verification
Hybrid system robust testing

Testlng Robustness

Temporal Logic falsification as an optimization
Robustness for hybrid trajectories

Monte - Carlo testing

Metaheuristics

S-TaLiRo

Comblned Robust Testing & Testing Robustness

Future Research
| BSULONoay CPSlLab -
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Two signals that sati sf

P

y O/

5- s,
MTL Spec:
G(p- Foo Po) OF

-5~

-10




LTL to motion planning >

‘ F(p,U F(p3 U F(p, U % (p30 py) Upy))) I

LESU OGN CPSlLab -




Robustness of Temporal Logics

34

LTL /MTL

U =G(p;- Feopo)

Robustness parameter

Ui Re{zx A&} /

for continuous -time signals, TCS, 2009

UNIVERSITY

Fainekos and Pappas,Robustness of temporal logic specifications
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Metric Spaces

A A metric space (X, d)is a set X with a generalized metric d
A A generalized metric on a set Xis a function d: Xx XY V*, such
that the three following properties hold
forall X, X, X31 Xitis d(Xy,Xs) ¢ d(X;,Xo)+d(X,,X5)
forall x,%, I Xitis d(xy,x,) = 0iff X, =X,
forall X%, I Xitis d(Xy,X,) = d(X,,X,)
A Given a metric d, aradius U V*and a point xi X, then the openU
ball centered at xis defined as

By(x,Q ={yl X|d(xy)<U}

Remark:

(V*,+,¢) is a positively
ordered commutative
monoid

X

RS Gy CPSlLab -




(Signed) Distance

36

Let xI X be a point, CI X be a set and d be a metric. Then we define

disty(x;C) .= Inffd(x;y) jy 2 c(OC)g
depthy(Xx; C) = disty(x; XnC)

. C~ . Sadisty(x;C) if xB C
Dista(x; C) = depthy(x;C) if x 2 C
disty(x,C) depthy(x,C)

Bd(X’O
X

%‘ARIZONA STATE
— UNIVERSITY
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Definition of robustness for signals

Given a signal s, we can define the robustness degree as

‘ U:= Dist, (s, L (0)) I

} (589 =sup{d(s(t),s () [tT R}

37

L(ua)

XR

ARIZONA STATE
UNIVERSITY

CPSlLab -
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Main result

Theorem: Let G be an MTL formula, Sbe a (continuous or discrete time)
signal and |L°J>O be the robusiness parameter of G with respectto S,
then for all s i BJ(S,O we have that sAa iff s Ad

N

N\

\J

Fainekos and Pappas,Robustness of temporal logic specifications for  continuous-time signals,
Theoretical Computer Science, 2009

LESU OGN CPSlLab -
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Simple example

LESU OGN CPSlLab -
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TaLIRo: Temporal Logics Robustness

7

N

TaLiRo

Robustness parameter
Ui Veée{" E)

_l’ ARIZONA STATE
- UNIVERSITY




Discrete -time Robust Semantics for MTL

[l p(p, i) = c timed trace X
[Pl (1. ) := Dista(o (i), O(p)) o= O Y
[=ilp (1. i) = 1] p (1. )
[61V dolp (11 1) = [a]p (1. 9) U [d2] (41, 9)
[rtslp(ni) == ] ([eoloGui) 0[] [o1]p(u. k)

jer—H(r(i)+RrI)

Algorithm |
ABased on formula re-writing

ASuitable for runtime monitoring
algorithms

ATime complexity (open problem):

worst case exponential in the size
of the formula and linear in the
size of the timed trace

%"ARIZ@NA STATE
- UNIVERSITY

41

i<k<j

Algorithm Il
ABased on dynamic programming
ASuitable for offline testing

ATime complexity (open problem):
for LTL linear in the size of the
formula and the size of the timed
trace

CPSlLab -
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Malin results

Theorem: Let 0 be an MTL formula and € = (0 , Hg¢)a TSS, then
—dist; (0, LT (0, 0)) < [0, O] p(p,1) < depth (o, L] (0, O))
[0.Op(p)| < [Disty (), £7 (6, 0))]

(Xn, ) Sk

t 4 Y
(Xo:t0) o - —

v

(X1,ty) 1S

Extension to continuous time:

Fainekos and Pappas,Robustness of temporal logic specifications for continuous  -time signals,
Theoretical Computer Science, 2009

UNIVERSITY




Computing Distances 43

For computational reasons we allow only convex or concave sets
which are usually described using intersections OR unions of halfspaces

S=1x] "joay(aax 0 b)g

Assume S is convex
ifyl S
Solve QP:
min (x-Y)T(x-Y)
S.t. L’Jja]-xcl:bj
— - £, A Dist(y,S) = -minvalQP
S=fxj ja(gaxoh)g [ P& °
suchthat S is convex forj [ J
dj = |bj-a]-x|/norm(a j)
end for
Dist(y,S) = min {d ;}; ;
end if

BSU T CPSlLab -
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aLIRo Usage
A Operator correspondence
X U ’ - a
! \/ [\ -> <->
1 Ys A E U R
X W I <> U R

A Timing constraints are indicated by _<a,b > where
< {(} and >} and abl F.e{inf }

A Sets are given as Matlab objects with members
A loc: the set of discrete modes or locations
A A:the array that conatains the vectors a
A b: the array that contains the scalars b,
A str : the name of the atomic predicate

RS Gy CPSlLab -




Examples

A No room temperature drops below [14.50 14.50 13.50 14.00 13.00 14.00
14.00 13.00 13.50 14:00]
phi ="[]p’;
pred.str ='p’;
pred.A = -eye(10);
pred.b = -[14.50; 14.50; 13.50; 14.00; 13.00; 14.00; 14.00;
13.00; 13.50; 14.00];

A The daily cost (C) of heating never exceeds 10 and if the difference
between the thermostat setting and the indoor temperature (T) drops
below -4.5 degrees, then the temperature difference is raised above
degrees within 30 min and stays so for 15min.

phi ="[|(C / \ (T -><>[0,0.5][]_[0,0.25]T))"
pred (1). str ='C

pred (1).A =101 0];

pred (1).b = 10;

pred (2). str ='T"

pred (2).A=[00 - 1],

pred (2).b =4.5;

45

-4.5
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Running TaLiRo on aDell PowerEdge 1650

2 —
- > - - 1| o@,) =15+
R T O
1 O (?) ) o © e
. . Tl . Tl © 0 o) © o
= PO ¢) »)
S(i) = sinWi)+sin 24i) L b o > @ i
[0 S} O
. . o 0 o o @ O a O
L(|) =0.21 @ o @] - ® o e
O O O O
-1 o ©
e} o O
O Oo [oXe}
@ ® ©
2
0 3.1416 6.2832 9.4248 12,5664 15708 18.8496 21.9911
Time

G(p, | Fo.01.0MPD)

signal’s time domain | number of samples | computation time (sec) | robustness
[0,21.99] 110 0.00 0.097603
[0, 188.49] 943 0.03 0.097603
[0, 6283.2] 31,416 1.05 0.092065
0,219911.48] 1,099,558 37.61 0.091793

%‘”ARIZ@NA STATE Implementation of Algorithm | (formula re -writing) (\PS Lab
_ C |

UNIVERSITY




Related Research Y

U Robustness in temporal logics

i WRT time :
a Huang, Voeten, Geilen 6 0 BRealtime property preservation in approximations of timed
systems
a Henzinger, Majumdar , Prabhu 6 O, ®uantifying similarities between timed systems
o é
u WRT state
o Huth, Kwiatkowska 6 9 Quantitative analysis and model checking
a Lamine, Kabanzab O, OUsing fuzzy TL for monitoring behavior -based mobile robots

u de Alfaro, Faella, Stoelinga 6 0 4i/near and Branching Metrics for Quantitative
Transition Systems

u de Alfaro, Faella, Henzinger, Majumdar , Stoelinga 6 0 Model Checking Discounted
Temporal Properties

o Rizk, Batt, Fages, Soiman6 08 On a continuous degree of
formulae with applications to systems  biology
i WRT state & time
a Donze,Maler 6 1 0, Ratisfacteorn of Temporal Logic over Real -valued signals

RS Gy CPSlLab
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S-TaLiRo

Comblned Robust Testing & Testing Robustness

Future Research
| BSULONoay CPSlLab -




49
Example : a study of transient dynamics

CS\WW W “‘M System (dim 81):

- — — x(t) = Ax(t) + bU;, (t)
Uou.t (t) - C'T(t)

Step input (t> 0):

Un(t) =1

_° Steady state at t=0

(I, - z(0) = —A~1U,, (0)

N |",\,I """""""""" i Property:

B | T A } 0 =GplFouGp,
% v S ' \O(pl) =[-1.51.5
= | _ O(p,) =[0.81.2

N | Initial conditions:
{ 7 }/ Uy, (0) € [—0.2,0.2]

-0.2 I 1 !
0 1.4 1.6 1.8 2

I ! I
0.2 0.4 0.6

OI.B 1‘ 1I.2
Tirrf (nanoseconds)

%’ARIZONA STATE . ¢ (\ L b

— UNIVERSITY VPS a —




Robust TL testing of analog systems >0

Robust Tester

g

L@ L) 5‘3

Fainekos, Girard and Pappas, 7Temporal logic verification using simulation , FORMATS 2006
Fainekos, Pappas,MTL Robust Testing and Verification for  LPVSystems, ACC 2009




Main idea

Closed-loop system E: )

y)
T i x L@ L(U)B}

y = 9(x)
Specification U y

Proj,(P"é L (&)

Urobustness parametg

o 19

B, (U,|U)

%‘ARIZONA STATE
L UNIVERSITY
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Main idea

Closed-loop system E: ) IR

=10 o @ e
X1 X ¢ L@®I L@)

y = 9(x)
Specification U y

Urobustness parametg

B, (4,Ith

RS Gy CPSlLab -
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Main idea

Closed-loop system E: )

y)
T i x L@ L(U)B}

y = 9(x)
Specification U y

Urobustness parametg

B, (4,Ith

%‘ARIZONA STATE
- UNIVERSITY
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Achieving coverage |

Closed-loop system E: ) >

x = T(x) ;

| X
y = 9(x) %o
Specification U

X
I
/y
/
- ///
(/ \\ \ -
7 D
/\+’\\ : ‘s
\‘7"

%’ARIZONA STATE
- UNIVERSITY
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Good news!

Coverage with a finite
number of simulations

-

T

CPSlLab




Computing bisimulation functions

Quadratic Bisimulation Functions for Deterministic Linear Systems

X
y

=AX Y V(X) =X Mx

= Cx is a bisimulation function if

Proceadings of the
44in IEEE Gonferen
the European Confrel Conferance 2005
Saville, Spain, Dece

mbar 12-15, 2005

Approximate Bisimulations for Constrained Linear Systems

ca on Daclslon and Control, and

WeA16.4 M 2 CTC
A'TM+MAGCO

Antoine Girard and George J. Pappas

Bisimulation Functions using Sum Of Squares Relaxation

X

= f(x) | v V(X1,X,) =/d(X;, X5)

IS a bisimulation function if

Proceadings of the

d4in E Conferencs slon ro MoB01.3
llllll paan Control GConfarance 2005

Savl Spaln, Decemb: 200

Approximate Bisimulations for Nonlinear Dynamical Systems

Antoine Girard and George J. Pappas

(%, X5) - Hgl(xl) - gz(xz)Hz Is SOS

FSi

1 2

55

} HA(Xy, X5) f(x,)- Mfz(xz) Is SOS

ArizonaSTATE  [FOr more details and possibilities see Tabuada 2009] CPS Lab
C _

UNIVERSITY




Achieving coverage I
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Closed-loop system E: ) 5 erhi)

Y] mgen | e

x=fx) .0\ I L(

j X,1 X L(B) 1 L(a) T e e S S\
y = g(x) gl T
Specification U Aottt time

Even better news!
It is possible to verify

the system with
just one simulation
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Quick falsification
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Closed-loop system FE: A ,
4 e | e .
= f(X) i X - L (E) ‘I L (L_,I ) ':’ ?.,5\:::_°:°.-|- ..... I -!gjjfffii-""{ .3/
y — g(X) XO l‘\\\‘:/z,'l ".Il' --------- i S PR o ..".-/
Specification U ) SO
Proj,(P"é L (&)
Observation!

A robust system with
respect to the property
requires less simulations
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Coverage certificates

Closed-loop system E: A

x = f(x) ;

| X
y = 9(x) %o
Specification U

Good news!
We get coverage
guarantees after

K iterations.
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Main results

Theorem: Let V be a bisimulation function, for i=1,2,let (x,y;) be
trajectories of £ and Ube the robustness parameter of G wrt y;, then
$i7 {1,2}.V(x,(0)%,(0)) <Uimplies y, Aa iff y,Ad

Proposition: Let V be a bisimulation function. For any compact set of
initial conditions X, | R, for all u> 0, there exists a finite set of
points {x,, €} IxX, such that

forall xI X, there exists x, such that V(x,x) ¢ i

Theorem: Let (X.,¥,),€.(X.Y,) be trajectories of [ such that Disc(X,,U) =
{x,(0),6 x(0)}. Let Ube the robustness parameter of  wrt y. Then,

it {1,re.U>0 p yi LB .yAc
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I T (MATLAB toolbox)
. | | VYA, 4
< | Property:
S s} | ]
b | | 0 =Gp,uF,.Gp,
ot | | O(py) =[-dd ]O(p,) =[0.8,1.2
1.4~
. False | False | False
12 | ; : ; A=1]4
, 08 A1 F5alse False | False
L B 1 15 13
R R - False | True | True
0.2 ‘ ‘ : ‘ A=1| 6
02 oi2 0j4 056 ojs 1

from Zhi HanG205PhD Thesis CPSLlLab

— iaFaa NI




Uout (Valts)

T Experimental Results
il (MATLAB toolbox)
Property:
O(py) = [-dd ]O(p,) =[0.8,1.2
1.4—
1.2 ‘ ‘ . ‘ A =1
0.8 ‘ ‘ . : -~
06 S A=1
04
0.2 ‘ ‘ o : A=1
OF == == :
-0.2 ‘ l

0 0.2

from Zhi HanodéX05PhD Thesi s

— aaa NI

0.4 0.6 0.8 1

61




16 T T T T T : . . ‘ 62

e . | Experimental Results
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Experimental Results
(MATLAB toolbox)
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Experimental Results
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Extension to systems with uncertain
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parameters
Closed- loop system dz ) LT'L /, MTL :
dx/di= AEM) x®) Xl X | L@ 1 L@,0) [U=6G 1 Fo G2
y(t) = C X(t) pt)l P Observation map O
7 4

O\

y-approximately
bisimilar

N Z

y-robustification

N Z

v

Closed- loop system do
dx/dt= Adx(t)

e

LTL/MTL

_ Xl X Observation map ©
y() =C X : j
L(Z0 ) L(a,0y) ?
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Approximating an LPVwith an LTI System

Theorem: Let dz be an L RWVAP ISty exiss
a positive semidefinite matrix M such that

N T T
w2 8C'C -cice

i ep(p). SN () 0 gy, yeAlp) O
¢ 0 A(pla &0 Ap)

' _ ' ' T
Then F(,X5) —\[[Xg XE]M [Xg Xg] is a bisimulation
function bet ween dz an
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Approximating an LPVwith an LTI System

Proposition: Let dz be an pdbPandlsty stle m,
F(x, X)) =JV(XX) = \[[XT x'T]I\/I [xT X' ]T

be a bisimulation function between dzanddZpo ) . T h en,
solution of the static games

maxae sup Iinf F(x,x'), sup inf F(X, x)
Cx EP(X, )2 e xi EP(Xo) X Xo

|- OOt

computes the optimal points xandxd6 whi c h

upper bound ¢ = Hx, x9 for the approximate bisimulation
relation.

prpvi g
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Putting Everything together

Proposition:
Consider an MTL formula y and amap O: DZY RX). If systems dz
and dd  ajfagproximately bisimilar and B (L(dD ) L(&,0), then
L(d2 | L(&,0).

Corollary:

Consider an MTL formula y and amap O: DZY AX). If systems dz
and dd  ayragproximately bisimilar and L( d® ) L(&,0,), then

L(d) | L(&,O).
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