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@ CPS are Multi-Dynamical Systems
@ Hybrid Systems / Games / Stochastic / Distributed Hybrid Systems

© Differential Dynamic Logic
© Axioms and Proofs for CPS

o Differential Invariants for Differential Equations
e Differential Invariants
@ Example: Elementary Differential Invariants

e Applications
@ Ground Robot Navigation
@ Airborne Collision Avoidance System
o KeYmaera X

© Summary
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Cyber-Physical Systems Analysis: Aircraft Example

Which control decisions are safe for aircraft collision avoidance?

Cyber-Physical Systems

CPSs combine cyber capabilities with physical capabilities
to solve problems that neither part could solve alone.
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CPSs Promise Transformative Impact!

Prospects: Safe & Efficient

Driver assistance Pilot decision support  Train protection
Autonomous cars Autopilots / UAVs Robots near humans

r(ft)

1000 2000 3000 4000

Prerequisite: CPSs need to be safe
How do we make sure CPSs make the world a better place?
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Can you trust a computer to control physics?
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Can you trust a computer to control physics?

© Depends on how it has been programmed

@ And on what will happen if it malfunctions

Rationale

@ Safety guarantees require analytic foundations.
@ A common foundational core helps all application domains.
© Foundations revolutionized digital computer science & our society.

© Need even stronger foundations when software reaches out into our
physical world.

CPSs deserve proofs as safety evidence!
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CPSs are Multi-Dynamical Systems

CPS are characterized by multiple
facets of dynamical systems.

CPS Compositions Tame Parts

CPS combines multiple Exploiting compositionality

simple dynamical effects. tames CPS complexity.
Descriptive simplification Analytic simplification
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CPSs are Multi-Dynamical Systems

hybrid systems
HS = discrete + ODE

André Platzer (CMU)


http://symbolaris.com/andre.html
http://lfcps.org/

Dynamic Logics for Dynamical Systems

differential dynamic logic —
dC = DL + HP [ole Gy @

differential game logic
dGL = GL + HG

() smg

< 3 o
quantified differential DL
QdL = FOL + DL + QHP
JAR'08,CADE’11,LMCS’12,LICS"12,LICS'12

TOCL'15,CADE'15,JAR'17, TOCL'17
André Platzer (CMU)
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Dynamic Logics for Dynamical Systems

Dynamic Logics

@ DL has been introduced for programs
Pratt'76,Harel,Kozen

@ lts real calling are dynamical systems

@ DL excels at providing simple+elegant
logical foundations for dynamical systems

~
g
@ CPSs are multi-dynamical systems o
S
@

nondet

@ DL for CPS are multi-dynamical

JAR'08,CADE'11,LMCS'12,LICS'12,LICS'12 TOCL'15,CADE'15,JAR'17, TOCL'17
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CPS Analysis

Concept (Differential Dynamic Logic) (JAR'08,LICS'12)

1 2 3 4 5 6 7
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CPS Analysis

Concept (Differential Dynamic Logic) (JAR'08,LICS'12)

" seq.

compose

(if(SB(x,m))a:=—b) ; X' = v,V =a
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CPS Analysis

Concept (Differential Dynamic Logic) (JAR'08,LICS'12)

“L) seq. nondet)
compose repeat
((£(SB(x,m)) a:=—=b) ; xX' = v,V =2 i
test ODE
ot
ol 1
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CPS Analysis
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CPS Analysis

Concept (Differential Dynamic Logic) (JAR'08,LICS'12)

init
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Differential Dynamic Logic dZ: Syntax

Definition (Hybrid program «)
x=f(x)|?7Q | X =f(x)&Q |aUB| ;8| a*

Definition (d Formula P)

e>é|P|PAQ|VXxP|3IxP| [P | ()P

JAR'08,LICS'12,JAR'17
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Differential Dynamic Logic dZ: Syntax

Discrete
Assign

Test Differential | | Nondet.
Condition Equation Choice

Definition (Hybrid program «)

x=f(x)|?7Q | X =f(x)&Q | aUB | ;8| a*

Definition (d Formula P)

e>é|P|PAQ|VXxP|3IxP| [P | ()P

[ 1 1
All Some | |All Some
Reals l Reals Runsl Runs

JAR'08,LICS'12,JAR'17
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Differential Dynamic Logic: Axiomatization

]
[
[U]
[}]
[']

= dPle) e Pl

[?Q]P <+ (Q — P)

[x' = f(x)]P < V=0 [x:= y(1)]P (v'(t) = f(¥))
[a UBIP > [a]P A[BIP

[ B1P ¢ [a][5]P

[@*]P < P A [o][a*]P

[a](P = Q) = ([e]P — [0]Q)

[@*]P <> P A [a*](P — [a]P)

[@*]Vv>0(P(v) — (a)P(v—1)) = Vv (P(v) = (a*)Iv<0 P(v))
LICS'12,JAR'17
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Complete Proof Theory of Hybrid Systems

Theorem (Sound & Complete) (JAR'08, LICS'12, JAR'17)

dL calculus is a sound & complete axiomatization of hybrid systems
relative to either differential equations or to discrete dynamics.

Corollary (Complete Proof-theoretical Bridge)

proving continuous = proving hybrid = proving discrete

Continuous Discrete
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Differential Invariants for Differential Equations

Differential Invariant Differential Cut Differential Ghost
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Differential Invariants for Differential Equations

Differential Invariant Differential Cut Differential Ghost
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Differential Invariants for Differential Equations

Differential Invariant Differential Cut Differential Ghost
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Differential Invariants for Differential Equations

Differential Cut Differential Ghost
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Differential Invariants for Differential Equations
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Differential Invariants for Differential Equations

QF [xX =f(x))(P)
Pk [x = f(x)& Q]P

PE[X=f(x)&Q]C Pk [x =f(x)&QAC]|P
Pr[x =f(x)&Q]P

Differential Ghost
P+ 3yG GFI[X=f(x),y =glxy)&Q]G
Pt [x' = f(x)& Q]P
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Differential Invariants for Differential Equations

WxPHy?<c? F X =y, y = —w?x — 2dwy & w>0 A d>0] w?x?+y?<c?
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Differential Invariants for Differential Equations
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Differential Invariants for Differential Equations
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Differential Invariants for Differential Equations
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Differential Invariants for Differential Equations
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Differential Invariants for Differential Equations

*

w>0 A d>0 F 2w?xy + 2y(—w’x — 2dwy) <0

w>0 A d>0 F [x:=y]ly:=—w?x — 2dwy] 2w?xx’ 4+ 2yy’ <0
WXy’ <’ F X =y, y = —w?x — 2dwy & w>0 A d>0] w?x?+y?<c?

T R \ |
S B Nn domain

i z

i ])1}} SRV A SN
i i N
i .

IR / j/éf

4 //////

damped oscillator



http://symbolaris.com/andre.html
http://web.keymaeraX.org/show/lics/damposc.kya
http://lfcps.org/

Differential Cuts for Differential Equations :

WxPHy? < F X =y, y = —w?x—2dwy, d' =7 & w>0] w?x?+y?<c?
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Differential Cuts for Differential Equations :
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Application Highlights

Obstacle Avoidance + Ground Navigation Train Control Brakes

BOSCH SIEMENS 0 &

APPLIED PHYSICS LABORATORY
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Ground Robot Obstacle Avoidance: Verify

@ Fundamental safety question for ground robot navigation
@ When will which control decision avoid obstacles?
@ Depends on safety objective, physical capabilities of robot + obstacle

Pass parking Avoid/Follow Head-on Turn

’s

© Identified safe region for each safety notion symbolically o
@ Proved safety for hybrid systems ground robot model in KeYmaera X

André Platzer (CMU) iFM'17 17 / 29
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Ground Robot Invariants and Safe Control Constraints

Safety * Invariant + Safe Control
) s2 A A,
static lp—olloo > 35 +<E + 1) (55 +es)
. s? s A A,
passive s#0—||p— ol > 5 +VB+ (E+1> (55 +e(s+ V))
R s? s A A
+ sensor 1A — oflee > 55 + VB +(B + 1) (EE +e(s+ V)) + A,
. s° A
+ disturb lp — olloc > T +VbAa +(bAa )( e +e(s+ V))
. . s A
+ failure 15— ollec > 2b + Ve +(3+1)( e +e(v+ V)) + A, +gA
, E A
friendly [|p — 0]|ec > 25 T 25, 2b, ( ) +<E+1)( e +e(s+ V))

RSS'13,1JRR'17
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Ground Robot Invariants and Safe Control Constraints

static lp — oflcc >

5 +(5+1)(55+=9)
2

passive

+ sensor How to find and justify constraints? Proof! + V)) + A,
+ disturb. lp — ol > %;+vb%a +<b%+1)<§52+5(5+ V)>
+ failure H,afo\|x>5—2+v[f) ( +1><§2 v+V)>+Ap+gA
friendly [|p — of|ce > S—Z 2\2 (b 7)) + (% +1><2 *te(s+ V)
RSS'13,1JRR'17
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Airborne Collision Avoidance System ACAS X: Verify

@ Developed by the FAA to replace current TCAS in aircraft
@ Approximately optimizes Markov Decision Process on a grid

@ Advisory from lookup tables with numerous 5D interpolation regions

0 2000 4000 6000 8000r(ﬁ)
@ Identified safe region for each advisory symbolically o
@ Proved safety for hybrid systems flight model in KeYmaera X

TACAS'15,EMSOFT'15,STTT'17
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Airborne Collision Avoidance System ACAS X: Compare

ACAS X table comparison shows safe advisory in 97.7% of the
648,591,384,375 states compared (15,160,434,734 counterexamples).
11400 - |—ownship (coming trom left, within RA limits)
11200 - [—intruder (coming from right) PP -
oo |- original ownshippath 77
-- NMAC box around ownship | __--""
EIOBOO
5 10600
=
2 10400
% 10200
10000
9800
9600 Il Il 1 1 1 1 1 ]
-20 -15 -10 ) 7—5 o 0 ) ) 75 ) 10 15 20
ACAS X issues DNC advisory, which induces collision unless corrected J

TACAS'15,EMSOFT'15,STTT'17
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Airborne Collision Avoidance System ACAS X: Refine

e Conservative, so too many counterexamples
@ Settle for: safe for a little while, with safe future advisory possibility

@ Safeable advisory: a subsequent advisory can safely avoid collision

strengthening

0 1000 2000 3000 4000 ()
@ Identified safeable region for each advisory symbolically o
@ Proved safety for hybrid systems flight model in KeYmaera X

STTT'17
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Airborne Collision Avoidance System ACAS X: Compare

648,591,384,375 states compared (=899 10° counterexamples).

Counterexample: Action Issued = Maintain
Followed by Most Extreme Up/Down-sense Advisory Available

ACAS X table comparison shows safeable advisory in more of the J

10400 y‘
10200
2
joooo| =
e \ e
g 9800 -
=] 1
E ]
‘S 9600 - B ST iy -
——ownship (coming from left
9400 1 mmemmeemm oo —imruderp (Szominggfrom righ)t)
............. ge:ay;
-------- elay
9200 - - NM,&’C box around ownship
ACAS X issues Maintain advisory instead of CL1500 J

STTT'17
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Airborne Collision Avoidance System ACAS X: Compare

ACAS X table comparison shows safeable advisory in more of the
648,591,384,375 states compared (=899 10° counterexamples).

Safe Version: Action Issued = CL1500
Followed by Most Extreme Up/Down-sense Available

10400 — ’,f
10200 |
i
10000 <
g
o 9800
©
2
T 9600
——ownship (coming from left)
9400 ——intruder (coming from right)
............. delay 1
------- delay 2
9200 - --- NMXC box around ownship
ACAS X issues Maintain advisory instead of CL1500 J

STTT'17
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Verified CPS Applications: Trains & Airplanes

RBC

T
far ST neg SB cor MA r(ft)

0 1000 2000 3000 4000

'09,JA1S'14, TACAS'15 EMSOFT'15,FM'09,HSCC'11,HSCC'13, TACAS'14, RSSRail'17
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Verified CPS Applications: Cars

FM'11,LMCS'12,ICCPS'12, ITSC 11, ITSC 13,1JCAR’12
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KeYmaera X aXiomatic Tactical Theorem Prover for CPS
ﬁ Proof search —
2
I

eYmaera X

Mode

Proof B Auto  # Normalize 'O Step back =
Propositional -  Hybrid Programs -  Differential Equations ~

SBasecase 4 SUsecase5 = Induction step 6

Tox20 v [=x+1; U {x'=v)] x=0 [] [aublPo(alPADIP
z v20

P x20,v20 - [fxi=x+1; u {X'=v}}] x20

B

4 - x20Av20 — [{x:=x+1; v {x'=vatrue}}'] x=0
\ generates proofs }Q\
\_|
ModelPlex proof —

Flexible

Proof automation

Customizable
Scala+Java API

Trustworthy

Uniform substitution
Sound & complete Interactive Ul Command line
Small core: 1700 LOC | Programmable REST API
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KeYmaera X Small Kernel for Soundness 1700 LOC
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Disclaimer: Self-reported estimates of the soundness-critical lines of code + rules
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Logic & Proofs for Cyber-Physical Systems

Logical foundations make a big difference for CPS, and vice versa
differential dynamic logic ,\fj\[
dC = DL + HP ole Qe ¥

@ Strong analytic foundations

@ Multi-dynamical systems

@ Practical reasoning advances @ Combine simple dynamics

o Significant applications
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Numerous wonders remain to be discovered
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Future CPS Challenges

Numerous wonders remain to be discovered

@ Scalable continuous stochastics CADE'11

@ Concurrent CPS

@ Real arithmetic: Scalable and verified CADE'09

@ Verified CPS implementations, ModelPlex FMSD'16

@ Correct CPS execution

@ CPS-conducive tactic languages+libraries ITP'17

@ Tactics exploiting CPS structure/linearity/. . .

@ Invariant generation FMSD'09 TACAS'14

@ Tactics & proofs for reachable set computations

@ Parallel proof search & disprovers

@ Correct model transformation FM'14

@ Inspiring applications g.}g A 62%
CPSs deserve proofs as safety evidence!J t-? § ?},}_

@ S o
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Differential Dynamic Logic dZ: Semantics

Definition (Hybrid program semantics) (I] : HP — o(S x S))

[x:=€e] = {(w,v) : v=w except [x]v = [e]w}
[?Q] = {(w,w) : wel[Ql}
[x = f(x)] = {(¢(0),¢(r)) : ¢ = x" = f(x) for some duration r}
[aus] = [e]UA]
[o: 8] = [e] o [5]

1 = Ul
neN

Definition (dC semantics) (I-] : Fml = ©(S))
[e>é] = {w : [e]w > [E]w}
[-F1 = [PI°

[PAQ] = [PIN[Q]
[()P] = [e] o [P] ={w : v €[P] for some v : (w,v) € [a]}
|[[a]P]] = [(a)=P]={w : ve[P]forallv: (w,v) €[]}

[9x P] w : w- e[P] for some r € R
André Platzer (CMU)

iFM'17  1/1


http://symbolaris.com/andre.html
http://lfcps.org/

André Platzer.
Logic & proofs for cyber-physical systems.
In Nicola Olivetti and Ashish Tiwari, editors, /JCAR, volume 9706 of
LNCS, pages 15-21. Springer, 2016.
doi:10.1007/978-3-319-40229-1_3

André Platzer.
Logics of dynamical systems.
In LICS [34], pages 13-24.
doi:10.1109/LICS.2012.13.

André Platzer.
Differential dynamic logic for hybrid systems.
J. Autom. Reas., 41(2):143-189, 2008.
doi:10.1007/s10817-008-9103-8.

André Platzer.
A complete uniform substitution calculus for differential dynamic logic.

J. Autom. Reas., 59(2):219-265, 2017.

André Platzer (CMU) iFM'17 1/1


http://dx.doi.org/10.1007/978-3-319-40229-1_3
http://dx.doi.org/10.1109/LICS.2012.13
http://dx.doi.org/10.1007/s10817-008-9103-8
http://lfcps.org/

doi:10.1007/s10817-016-9385-1.

André Platzer.
Differential game logic.
ACM Trans. Comput. Log., 17(1):1:1-1:51, 2015.
doi:10.1145/2817824.

André Platzer.
Differential hybrid games.
ACM Trans. Comput. Log., 18(3):19:1-19:44, 2017.
doi:10.1145/3091123.

André Platzer.
The complete proof theory of hybrid systems.
In LICS [34], pages 541-550.
doi:10.1109/LICS.2012.64.

André Platzer.
A complete axiomatization of quantified differential dynamic logic for
distributed hybrid systems.
Log. Meth. Comput. Sci., 8(4):1-44, 2012.

André Platzer (CMU) iFM'17 1/1


http://dx.doi.org/10.1007/s10817-016-9385-1
http://dx.doi.org/10.1145/2817824
http://dx.doi.org/10.1145/3091123
http://dx.doi.org/10.1109/LICS.2012.64
http://lfcps.org/

Special issue for selected papers from CSL'10.
doi:10.2168/LMCS-8(4:17)2012.

André Platzer.
Stochastic differential dynamic logic for stochastic hybrid programs.
In Nikolaj Bjgrner and Viorica Sofronie-Stokkermans, editors, CADE,
volume 6803 of LNCS, pages 431-445. Springer, 2011.
doi:10.1007/978-3-642-22438-6_34.

André Platzer.
A uniform substitution calculus for differential dynamic logic.
In Felty and Middeldorp [35], pages 467-481.
doi:10.1007/978-3-319-21401-6_32

André Platzer.
Differential-algebraic dynamic logic for differential-algebraic programs.
J. Log. Comput., 20(1):309-352, 2010.
doi:10.1093/logcom/exn070.

André Platzer and Edmund M. Clarke.
Computing differential invariants of hybrid systems as fixedpoints.

André Platzer (CMU) iFM'17 1/1


http://dx.doi.org/10.2168/LMCS-8(4:17)2012
http://dx.doi.org/10.1007/978-3-642-22438-6_34
http://dx.doi.org/10.1007/978-3-319-21401-6_32
http://dx.doi.org/10.1093/logcom/exn070
http://lfcps.org/

Form. Methods Syst. Des., 35(1):98-120, 20009.
Special issue for selected papers from CAV'08.
doi:10.1007/s10703-009-0079-8.

André Platzer.
The structure of differential invariants and differential cut elimination.
Log. Meth. Comput. Sci., 8(4):1-38, 2012.
doi:10.2168/LMCS-8(4:16)2012.

André Platzer.
A differential operator approach to equational differential invariants.
In Lennart Beringer and Amy Felty, editors, /TP, volume 7406 of
LNCS, pages 28-48. Springer, 2012.
doi:10.1007/978-3-642-32347-8_3

Stefan Mitsch, Khalil Ghorbal, David Vogelbacher, and André Platzer.
Formal verification of obstacle avoidance and navigation of ground

robots.
I. J. Robotics Res., 2017.

André Platzer and Jan-David Quesel.

André Platzer (CMU) iFM'17 1/1


http://dx.doi.org/10.1007/s10703-009-0079-8
http://dx.doi.org/10.2168/LMCS-8(4:16)2012
http://dx.doi.org/10.1007/978-3-642-32347-8_3
http://lfcps.org/

European Train Control System: A case study in formal verification.
In Karin Breitman and Ana Cavalcanti, editors, ICFEM, volume 5885
of LNCS, pages 246-265. Springer, 2009.
doi:10.1007/978-3-642-10373-5_13

Stefan Mitsch, Marco Gario, Christof J. Budnik, Michael Golm, and
André Platzer.
Formal verification of train control with air pressure brakes.
In Alessandro Fantechi, Thierry Lecomte, and Alexander Romanovsky,
editors, RSSRail, LNCS. Springer, 2017.

Jean-Baptiste Jeannin, Khalil Ghorbal, Yanni Kouskoulas, Aurora
Schmidt, Ryan Gardner, Stefan Mitsch, and André Platzer.
A formally verified hybrid system for safe advisories in the
next-generation airborne collision avoidance system.
STTT, 2016.
doi:10.1007/s10009-016-0434~-1.

Jean-Baptiste Jeannin, Khalil Ghorbal, Yanni Kouskoulas, Ryan
Gardner, Aurora Schmidt, Erik Zawadzki, and André Platzer.

André Platzer (CMU) iFM'17 1/1


http://dx.doi.org/10.1007/978-3-642-10373-5_13
http://dx.doi.org/10.1007/s10009-016-0434-1
http://lfcps.org/

A formally verified hybrid system for the next-generation airborne
collision avoidance system.

In Christel Baier and Cesare Tinelli, editors, TACAS, volume 9035 of
LNCS, pages 21-36. Springer, 2015.
doi:10.1007/978-3-662-46681-0_2

Jean-Baptiste Jeannin, Khalil Ghorbal, Yanni Kouskoulas, Ryan
Gardner, Aurora Schmidt, Erik Zawadzki, and André Platzer.
Formal verification of ACAS X, an industrial airborne collision
avoidance system.

In Alain Girault and Nan Guan, editors, EMSOFT, pages 127-136.
IEEE, 2015.
doi:10.1109/EMSOFT.2015.7318268.

Nathan Fulton, Stefan Mitsch, Jan-David Quesel, Marcus Volp, and
André Platzer.

KeYmaera X: An axiomatic tactical theorem prover for hybrid systems.

In Felty and Middeldorp [35], pages 527-538.
doi:10.1007/978-3-319-21401-6_36

André Platzer (CMU) iFM'17 1/1


http://dx.doi.org/10.1007/978-3-662-46681-0_2
http://dx.doi.org/10.1109/EMSOFT.2015.7318268
http://dx.doi.org/10.1007/978-3-319-21401-6_36
http://lfcps.org/

Stefan Mitsch and André Platzer.
ModelPlex: Verified runtime validation of verified cyber-physical
system models.
Form. Methods Syst. Des., 49(1):33-74, 2016.
Special issue of selected papers from RV'14.
d0i:10.1007/s10703-016-0241~z.

André Platzer, Jan-David Quesel, and Philipp Riimmer.
Real world verification.
In Renate A. Schmidt, editor, CADE, volume 5663 of LNCS, pages
485-501. Springer, 2009.
doi:10.1007/978-3-642-02959-2_35

Nathan Fulton, Stefan Mitsch, Brandon Bohrer, and André Platzer.
Bellerophon: Tactical theorem proving for hybrid systems.
In Mauricio Ayala-Rincén and César A. Munoz, editors, /TP, volume
10499 of LNCS, pages 207-224. Springer, 2017.
doi:10.1007/978-3-319-66107-0_14.

André Platzer.

André Platzer (CMU) iFM'17 1/1


http://dx.doi.org/10.1007/s10703-016-0241-z
http://dx.doi.org/10.1007/978-3-642-02959-2_35
http://dx.doi.org/10.1007/978-3-319-66107-0_14
http://lfcps.org/

Logical Foundations of Cyber-Physical Systems.
Springer, Switzerland, 2017.
URL: http://www.springer.com/978-3-319-63587-3.

André Platzer.
Logical Analysis of Hybrid Systems: Proving Theorems for Complex
Dynamics.
Springer, Heidelberg, 2010.
doi:10.1007/978-3-642-14509-4.

Thomas A. Henzinger.
The theory of hybrid automata.
In LICS, pages 278-292, Los Alamitos, 1996. IEEE Computer Society.
doi:10.1109/LICS.1996.561342.

Jennifer M. Davoren and Anil Nerode.
Logics for hybrid systems.
IEEE, 88(7):985-1010, 2000.

Ashish Tiwari.
Abstractions for hybrid systems.

André Platzer (CMU) iFM'17 1/1


http://www.springer.com/978-3-319-63587-3
http://dx.doi.org/10.1007/978-3-642-14509-4
http://dx.doi.org/10.1109/LICS.1996.561342
http://lfcps.org/

Form. Methods Syst. Des., 32(1):57-83, 2008.
d0i:10.1007/s10703-007-0044-3.

Jan Lunze and Frangoise Lamnabhi-Lagarrigue, editors.
Handbook of Hybrid Systems Control: Theory, Tools, Applications.
Cambridge Univ. Press, 2009.

Paulo Tabuada.
Verification and Control of Hybrid Systems: A Symbolic Approach.
Springer, 2009.

Rajeev Alur.
Principles of Cyber-Physical Systems.
MIT Press, 2015.

Laurent Doyen, Goran Frehse, George J. Pappas, and André Platzer.
Verification of hybrid systems.
In Edmund M. Clarke, Thomas A. Henzinger, Helmut Veith, and
Roderick Bloem, editors, Handbook of Model Checking, chapter 30.
Springer, 2017.
doi:10.1007/978-3-319-10575-8_30.

André Platzer (CMU) iFM'17 1/1


http://dx.doi.org/10.1007/s10703-007-0044-3
http://dx.doi.org/10.1007/978-3-319-10575-8_30
http://lfcps.org/

Proceedings of the 27th Annual ACM/IEEE Symposium on Logic in
Computer Science, LICS 2012, Dubrovnik, Croatia, June 25-28, 2012.
IEEE, 2012.

Amy Felty and Aart Middeldorp, editors.
International Conference on Automated Deduction, CADE’15, Berlin,
Germany, Proceedings, volume 9195 of LNCS. Springer, 2015.

André Platzer (CMU) iFM'17 1/1


http://lfcps.org/

	CPS are Multi-Dynamical Systems
	Hybrid Systems / Games / Stochastic / Distributed Hybrid Systems

	Differential Dynamic Logic
	Axioms and Proofs for CPS
	Differential Invariants for Differential Equations
	Differential Invariants
	Example: Elementary Differential Invariants

	Applications
	Ground Robot Navigation
	Airborne Collision Avoidance System
	KeYmaera X

	Summary
	Appendix

