
1

LabCPS

School of Computing, Informatics and 
Decision System Engineering

Arizona State University

+ fainekos at asu edu

: http://www.public.asu.edu/~gfaineko

Georgios E. Fainekos

23 June 2011 - UCLA

Robust Testing and Testing Robustness
for Cyber - Physical Systems

http://www.public.asu.edu/~gfaineko


2

LabCPS

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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Embedded in : Automotive Systems

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:

Å Automatic gearboxes

Å Anti -theft systems

Å Multimedia systems

Å Navigation systems

Å etc
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Embedded in : Automotive Systems

Å 270 user interactive functions 

Å 67 embedded platforms / (5 data buses?)

Å 65 MB of binary code. 

Å Next generation (2010): 

¸ ~ 1 GB of software, IP is being studied
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CPS: Smart Road Infrastructure
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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
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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)

BBC news
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Cyber-Physical Systems

Cyber-Physical Systems (CPS) refers to the class of 
systems that integrate (engineered) physical 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.
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2007 PCAST Report

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 .

http://www.ostp.gov/pdf/nitrd_review.pdf
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There exists a research momentum é

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

¸ Embedded Systems Week
¸http ://www.esweek.org/
¸Conferences: CASES, CODES+ISSS, EMSOFT
¸Multiple workshops

¸Real- Time Systems Symposium
¸Track on CPS

¸Many workshops, special sessions, issues etc

http://www.cpsweek.org/
http://www.cpsweek.org/
http://www.cpsweek.org/
http://www.esweek.org/
http://www.esweek.org/
http://www.esweek.org/
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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)
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CPS examples where things went wrong ...

1998: Near Earth Asteroid 
Rendezvous (NEAR)

1996: Ariane 5
2005: Demonstration of 
Autonomous Rendezvous 

Technology (DART) 

Caltechõs 2005 DARPA Grand 
Challenge Entry, Alice

1991: Patriot 
Missile Software 

Failure

1997: Korean Air 747 in Guam
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Near Earth Asteroid Rendezvous (NEAR)*
Å Dec. 20, 1998: 3 years en route to 433 Eros

Å Executes a 15min main engine burn to place vehicle in orbit about 
the asteroid

Å The software detects a transient in the lateral acceleration that 
exceeded the coded bounds in the software 
Å the mechanical system could sustain the forces

* Hoffman, E. J.; Ebert, W. L.; Femiano, M. 
D.; Freeman, H. R.; Gay, C. J.; Jones, C. P.; 

Luers, P. J. & Palmer, J. G. The NEAR 
rendezvous Burn Anomaly of December 
1998 Applied Physics Laboratory, Johns 

Hopkins University, 1999 

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)

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

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

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

Å etc etc

Å Bottom line: most of the missionõs fuel was wasted before earth 
gets control again! Mission was completed 13 months later.
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Near Earth Asteroid Rendezvous (NEAR)

ÅControl theory is excellent for designing systems that 
operate in one òmodeó
Å Designs can tolerate both noise and system failures

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

ÅBig Challenge: How do we detect (transient) errors in 
the interaction of the Physical components with the 
Cyber components ?
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In general, verifying a hybrid system is an 
undecidable problem !

¸ 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 .

Cyber-Physical

System
Specification

Algorithm

YES NO

JdȎ/ dt =-(Ȏ+Cv)xJ (Ȏ+Cv)+
+J(ȎxCv-Cdv/ dt )+u
dŴ/ dt =1/2(ŴxȎ+ȁȎ)

dȁ/ dt =-1/2ŴTȎ

normal

dx / dt =

f 1(x,u,w)

xÍA1

x0

xÍA2

problem

dx/ dt =

f 2(x,u,w)

Acceleration on the z axis should 
not exceed 0.1

Control laws
u = h(x,w)
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This talk ...

What can be done?

Å Previous approaches to the problem:

¸ identifying decidable classes

¸ barrier certificates / invariants

¸ reachability algorithms

¸ robust testing

¸ systematic simulations / model based testing

¸ statistical techniques
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Overview
Motivation

Robust Testing
¸ Problem - Challenges

¸ Specification language (MTL)

¸ Robust Temporal Logic Testing

¸ Analog system robust testing / verification

¸ Hybrid system robust testing

Testing Robustness
¸ Temporal Logic falsification as an optimization

¸ Robustness for hybrid trajectories

¸ Monte -Carlo testing

¸ Metaheuristics

¸ S-TaLiRo

Combined Robust Testing & Testing Robustness

Future Research
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Advantages :
Ë A finite number of simulations

Ë Coverage guarantees 

Ë Scales as well as simulation scales 

Ë More complicated specifications than safety

Ë Almost no parameters to set besides the simulation parameters

¸ New tools : we need metrics

ROBUST SIMULATIONS

Reach(I)

I
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Problem 1: Robust Temporal Logic Testing

Specification ū

Closed-loop system Ɇ

xç = f (x; p; u)
X0 ÌX

y = g(x; p; u)

L (Ɇ) ÌL (ū)

Robust Tester 

Fainekos, Girard and Pappas, Temporal 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 LPVSystems , 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?
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Overview
Motivation

Robust Testing
¸ Problem - Challenges

¸ Specification language (MTL)

¸ Robust Temporal Logic Testing

¸ Analog system robust testing / verification

¸ Hybrid system robust testing

Testing Robustness
¸ Temporal Logic falsification as an optimization

¸ Robustness for hybrid trajectories

¸ Monte -Carlo testing

¸ Metaheuristics

¸ S-TaLiRo

Combined Robust Testing & Testing Robustness

Future Research
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Metric Temporal Logic (MTL)

Syntax:

Derived operators:

I can be of any bounded or unbounded interval of R+, but IÚç

i.e. I = [0,+Æ),  I = [2.5,9.8]

ū::= T | |̂ p | ùp | ū1 ûū2 | ū1 úū2 | ū1 UIū2 | ū1 RIū2

Eventually (in the future) FI ū := T UIū

Always (globally) GI ū := R̂Iū

until release

Koymansõ90, Specifying real -time properties with metric temporal logic
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LTL intuition 

a ða now

G a - always a

F aðeventually a

X aðnext state a

a U bða until b

a Bbða before b

a a a a aa

* * a * **

a * * * **

a a b * *a

* a * b **

a * * * **
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MTL : An example for signals

FI a

time

a

Boolean
abstraction

a

time

I

I

t

t

R



29

LabCPS

MTL : More complicated examples

FI a

time

a

Boolean
abstractiona

time

I

I

t

t

X

GIô ùa

(ùa) UI b

b

timet

ùa

timeIôt

ùa

timet

b

Iô
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Temporal Logic Testing

Truth Value

{ ,̂T}

[Maler and Nickovic ô04]
[Thati and Rosu ô04]
[Rosu and Havelund ô05]
[Geilen ô01]
others é

Monitoring

Algorithm 

LTL / MTL
ū= G p1úF[0,ɇ]G p2

A/D
Boolean

abstraction
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Overview
Motivation

Robust Testing
¸ Problem - Challenges

¸ Specification language (MTL)

¸ Robust Temporal Logic Testing

¸ Analog system robust testing / verification

¸ Hybrid system robust testing

Testing Robustness
¸ Temporal Logic falsification as an optimization

¸ Robustness for hybrid trajectories

¸ Monte -Carlo testing

¸ Metaheuristics

¸ S-TaLiRo

Combined Robust Testing & Testing Robustness

Future Research
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0 2 4 6 8 10
-15

-10

-5

0
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s
1

s
2
 

MTL Spec:
G(p1­F¢2 p2)

p2

p1

Two signals that satisfy the same spec, but é



33

LabCPS

LTL to motion planning

F(p2úF(p3úF(p4ú×(p3ûp4) Up1)))

p1 p2

p3 p4

p1 p2

p3 p4
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Robustness of Temporal Logics

LTL / MTL
ū= G(p1­F¢2 p2)

Monitor/Tester 

Robustness parameter

ŮÍRè{ ± Æ}

|Ů|

|Ů|

Fainekos and Pappas, Robustness of temporal logic specifications 
for continuous -time signals , TCS, 2009
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Metric Spaces

Å A metric space (X, d) is a set X with a generalized metric d

Å A generalized metric on a set X is a function d : X x XY V+, such 
that the three following properties hold
¸ for all x1, x2, x3ÍX it is d(x1,x3)¢d(x1,x2)+d(x2,x3)

¸ for all x1,x2ÍX it is d(x1,x2) = 0 iff x1 = x2

¸ for all x1,x2ÍX it is d(x1,x2) = d(x2,x1)

Å Given a metric d, a radius ŮÍV+ and a point xÍX, then the open Ů-
ball centered at x is defined as 

Bd(x,Ů) = { yÍX | d(x,y)<Ů}

C

2Ů

X

x Remark:

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

Let xÍX be a point, CÌX be a set and d be a metric. Then we define

di std(x; C) := inff d(x; y) j y 2 cl(C)g

depthd(x; C) := di std(x; XnC)

Di std(x; C) :=
è à di std(x; C)

depthd(x; C)

if x 62 C

if x 2 C

x

C

depthd(x,C)

x

Bd(x,Ů)

X

distd(x,C)

x
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Definition of robustness for signals

Ů:= Distɟ(s, L (ū))

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

L (ū)

s

XR

ɟ(s,sô) = sup{ d(s(t),sô(t)) | t ïR}

s

L (ùū)



38

LabCPS

Main result

Theorem: Let ūbe an MTL formula , s be a (continuous or discrete time) 

signal and |Ů|>0be the robustness parameter of ūwith respect to s, 

then for all sô in Bɟ(s,Ů) we have that s Ãū iff sô Ãū

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

|Ů|

|Ů|
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X

Spec : Fp
O (p)

Simple example

Ů

Bɟ(s,Ů)îL (ū)
s
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TaLiRo: Temporal Logics Robustness 

LTL / MTL

Formula

TaLiRo

Robustness parameter

ŮÍVè{ ,̂È})

Timed trace

ŀ = (ŵ,Ŷ)
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Discrete -time Robust Semantics for MTL

Algorithm I
ÅBased on formula re -writing
ÅSuitable for runtime  monitoring 
algorithms 
ÅTime complexity (open problem):
worst case exponential in the size 
of the formula and linear in the 
size of the timed trace

timed trace
ŀ = (ŵ,Ŷ)

Algorithm II
ÅBased on dynamic programming
ÅSuitable for offline testing
ÅTime complexity (open problem):
for LTL linear in the size of the 
formula and the size of the timed 
trace
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Main results

Theorem: Let ūbe an MTL formula and ɛ= (ů,Ű)be a TSS, then

(x0,t0)
(x2,t2)

(xn,tn)

(x1,t1)

Extension to continuous time:
Fainekos and Pappas, Robustness of temporal logic specifications for continuous -time signals, 

Theoretical Computer Science, 2009
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Computing Distances
For computational reasons we allow only convex or concave sets
which are usually described using intersections OR unions of halfspaces

Assume S is convex
if y ÎS

Solve QP:
min (x -y)T(x -y)
s.t. új aj x¢bj

Dist(y,S) = -minvalQP
else

for j ÍJ
dj = |b j -aj x|/norm(a j )
end for
Dist(y,S) = min  {d j }jÍJ

end if

S = f x j ^ j 2J (aj áx ô bj )g

S = f x j _ j 2J (aj áx ô bj )g

such that S is convex

y

S

y

S

S
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TaLiRo Usage
ÅOperator correspondence

ÅTiming constraints are indicated by _<a,b > where
<Í{(,[} and >Í{),]} and a,b ÍF+è{ inf }

ÅSets are given as Matlab objects with members
Å loc: the set of discrete modes or locations

Å A: the array that conatains the vectors aj

Å b: the array that contains the scalars bj

Å str : the name of the atomic predicate

× Ù ᾿ ­ ª

! \ / / \ - > <- >

¹ ¼ Ã É U R

X W [] <> U R
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Examples
Å 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];

Å 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 -4.5 
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 = [0 1 0];

¸ pred (1).b = 10;

¸ pred (2). str = 'T';

¸ pred (2).A = [0 0 - 1];

¸ pred (2).b = 4.5;
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Running TaLiRo on a Dell PowerEdge 1650

0 3.1416 6.2832 9.4248 12.5664 15.708 18.8496 21.9911
-2

-1

0

1

2

Time

G(p1ÏF(0.0,1.0)ùp1)

s(i) = sinŰ(i)+sin 2Ű(i)

Ű(i) = 0.2i

O(p1) = [1.5,+Æ)

Implementation of Algorithm I (formula re -writing)
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Related Research

üRobustness in temporal logics
ü WRT time :

ü Huang, Voeten, Geilen ô03, Real-time property preservation in approximations of timed 
systems

ü Henzinger , Majumdar , Prabhu ô05, Quantifying similarities between timed systems
ü é

ü WRT state : 
ü Huth , Kwiatkowska ô97,Quantitative analysis and model checking
ü Lamine, Kabanzaô00, Using fuzzy TL for monitoring behavior -based mobile robots
ü de Alfaro, Faella, Stoelinga ô04,Linear and Branching Metrics for Quantitative 

Transition Systems
ü de Alfaro, Faella, Henzinger , Majumdar , Stoelinga ô04, Model Checking Discounted 

Temporal Properties
ü Rizk, Batt , Fages, Soliman ô08 On a continuous degree of satisfaction of temporal logic 

formulae with applications to systems biology

ü WRT state & time : 
ü Donze, Maler ô10, Robust satisfaction of Temporal Logic over Real -valued signals 
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Overview
Motivation

Robust Testing
¸ Problem - Challenges

¸ Specification language (MTL)

¸ Robust Temporal Logic Testing

¸ Analog system robust testing / verification

¸ Hybrid system robust testing

Testing Robustness
¸ Temporal Logic falsification as an optimization

¸ Robustness for hybrid trajectories

¸ Monte -Carlo testing

¸ Metaheuristics

¸ S-TaLiRo

Combined Robust Testing & Testing Robustness

Future Research
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Example : a study of transient dynamics

System (dim 81):

Step input (t > 0):

Steady state at t = 0-:

Property:

ū= G p1úF[0,ɇ]G p2

O (p1) = [-1.5,1.5]

O (p2) = [0.8,1.2]

ɇ

Initial conditions:
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Robust TL testing of analog systems

LTL / MTL
ū= G p1úF[0,ɇ]G p2

Closed-loop system Ɇ

xç = f (x )
X0 ÌX

y = g(x)

L (Ɇ) ÌL (ū)

Robust Tester 

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



51

LabCPS

Proj0 (PūéL (Ɇ))

Main idea

xç = f (x )

Closed-loop system Ɇ:

X0 ÌX

Specification ū

L (Ɇ) ÌL (ū)

X0

Ůrobustness parameter

Bɟ(ů,|Ů|)

y = g(x)

time
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Proj0 (PūéL (Ɇ))

Main idea

xç = f (x )

Closed-loop system Ɇ:

X0 ÌX

Specification ū

L (Ɇ) ÌL (ū)

X0

Ůrobustness parameter

Bɟ(ů,|Ů|)

y = g(x)

time
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Proj0 (PūéL (Ɇ))

Main idea

xç = f (x )

Closed-loop system Ɇ:

X0 ÌX

Specification ū

L (Ɇ) ÌL (ū)

X0

Ůrobustness parameter

Bɟ(ů,|Ů|)

y = g(x)

time
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Achieving coverage I

xç = f (x )

Closed-loop system Ɇ:

X0 ÌX

Specification ū

L (Ɇ) ÌL (ū)

X0

y = g(x)

Good news!
Coverage with a finite 
number of simulations

Proj0 (PūéL (Ɇ))

time
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Computing bisimulation functions

Quadratic Bisimulation Functions for Deterministic Linear Systems

xç = Ax

y = Cx

y

is a bisimulation function if

0MAMA

CCM

T

T

¢+

²

MxxV(x) T=

Bisimulation Functions using Sum Of Squares Relaxation

xç = f (x )

y = g(x )

y )x,q(x)x,V(x 2121 =

 )(xf
x

)x,q(x
)(xf

x

)x,q(x
22

2

21
11

1

21

µ

µ
-

µ

µ
-

 )(xg)(xg)x,q(x
2

221121 --

is SOS

is SOS

is a bisimulation function if

[For more details and possibilities see Tabuada 2009]
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Achieving coverage II

L (Ɇ) ÌL (ū)

X0

xç = f (x )

Closed-loop system Ɇ:

X0 ÌX

Specification ū

y = g(x)

Even better news!
It is possible to verify

the system with
just one simulation

Proj0 (PūéL (Ɇ))

time
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Quick falsification 

X0

L (Ɇ) ÌL (ū)
xç = f (x )

Closed-loop system Ɇ:

X0 ÌX

Specification ū

y = g(x)

Observation!
A robust system with

respect to the property
requires less simulations

Proj0 (PūéL (Ɇ))

time
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Coverage certificates

L (Ɇ) ÌL (ū)

X0

xç = f (x )

Closed-loop system Ɇ:

X0 ÌX

Specification ū

y = g(x)

Good news!
We get coverage
guarantees after

K iterations.

Proj0 (PūéL (Ɇ))

time
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Main results

Theorem: Let (x1,y1),é,(xr,yr) be trajectories of Ɇsuch that Disc(X0,ŭ) =

{ x1(0),é,xr(0)} . Let Ůi be the robustness parameter of ūwrt yi. Then,

Proposition: Let V be a bisimulation function. For any compact set of 
initial conditions X0ÌR, for all ŭ > 0, there exists a finite set of 
points { x1,é,xr} ÌX0 such that 

for all xÍX0, there exists xi, such that V(x,xi) ¢ŭ

Theorem: Let V be a bisimulation function, for i = 1,2, let (xi,yi) be 
trajectories of Ɇand Ůi be the robustness parameter of ūwrt yi, then 
 $iï{1,2}.V( x1(0),x2(0)) < Ůi implies y1 Ãū iff y2 Ãū

 "iï{1,é,r} .Ůi > ŭ µ"yïL (Ɇ) . y Ãū
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Experimental Results
(MATLAB toolbox)

T=0.8 T=1.2 T=1.6

Ȃ=1.4
False

1

False

1

False

1

Ȃ=1.5
False

1

False

15

False

13

Ȃ=1.6
False

1

True

17

True

7

Property:

ū= G p1úF[0,ɇ]G p2

O (p1) = [-ɗ,ɗ], O (p2) = [0.8,1.2]
T

Ȃ

from Zhi Hanõs PhD Thesis2005

T

Ȃ
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Experimental Results
(MATLAB toolbox)

T=0.8 T=1.2 T=1.6

Ȃ=1.4
False

1

False

1

False

1

Ȃ=1.5
False

1

False

15

False

13

Ȃ=1.6
False

1

True

17

True

7

Property:

ū= G p1úF[0,ɇ]G p2

O (p1) = [-ɗ,ɗ], O (p2) = [0.8,1.2]
T

Ȃ

from Zhi Hanõs PhD Thesis2005

T

Ȃ

-0.1526
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Experimental Results
(MATLAB toolbox)

T=0.8 T=1.2 T=1.6

Ȃ=1.4
False

1

False

1

False

1

Ȃ=1.5
False

1

False

15

False

13

Ȃ=1.6
False

1

True

17

True

7

Property:

ū= G p1úF[0,ɇ]G p2

O (p1) = [-ɗ,ɗ], O (p2) = [0.8,1.2]
T

Ȃ

from Zhi Hanõs PhD Thesis2005

Ȃ

-0
.0

2
9
8
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Experimental Results
(MATLAB toolbox)

T=0.8 T=1.2 T=1.6

Ȃ=1.4
False

1
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1

False
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Ȃ=1.5
False

1

False
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Ȃ=1.6
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Experimental Results
(MATLAB toolbox)
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Experimental Results
(MATLAB toolbox)
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L (Ɇ) ÌL (ū,O)

L (Ɇô) ÌL (ū,Oŭ) ?

Extension to systems with uncertain 
parameters

Closed- loop system ǳ

ų-approximately

bisimilar

X0 ÌX

p(t)ÍP

dx/dt = A(p(t)) x(t)

y(t) = C x(t) 

Closed- loop system ǳõ

X0 ÌX
dx/dt = Aô x(t)

y(t) = C x(t) 

ų-robustification

LTL / MTL

ū= G ́ 1 F̓[0,ɇ] G ́ 2

Observation map Oŭ

LTL / MTL

ū= G ́ 1 F̓[0,ɇ] G ́ 2

Observation map O
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Approximating an LPVwith an LTI System

Theorem: Let ǳ be an LPV system and põÍP. If there exists 
a positive semidefinite matrix M such that 

Then                                                          is a bisimulation 
function between ǳ and ǳõ. 
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Approximating an LPVwith an LTI System

Proposition: Let ǳ be an LPV system, põÍP and let

be a bisimulation function between ǳand ǳ(põ). Then, the 
solution of the static games

computes the optimal points x and xõ which provide an
upper bound ų= F(x, xõ) for the approximate bisimulation 

relation.
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Putting Everything together

Proposition:

Consider an MTL formula ŷand a map O : ǱŸ P(X). If systems ǳ
and ǳõ are ų-approximately bisimilar and Bų(L(ǳõ)) ÌL(ű,O), then  

L(ǳ) ÌL(ű,O).

Corollary:

Consider an MTL formula ŷand a map O : ǱŸ P(X). If systems ǳ
and ǳõ are ų-approximately bisimilar and L( ǳõ) ÌL(ű,Oų), then 

L(ǳ) ÌL(ű,O).


