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© Motivation



Hybrid System
@ Continuous evolutions
(differential equations)

@ Discrete jumps
(control decisions)
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RBC

far ST neg SB cor MA

Z]
continuous evolution along differential equations + discrete change I

@ Parameters have nonlinear influence

@ Handle SB as free symbolic parameter? MA L

@ Challenge: verification (falsifying is “easy”)
@ Which constraints for SB?
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VYMAGSB “train always safe”



ETCSEz < MA | TL-MC | v [ x| v |x]|Vv




RBC

far ST  neg SB  cor MA

ETCSEz < MA | TL-MC | v [ x| v x|V

X no finite-state bisimulation for HS
x no general handling of free parameters
X with parameters, everything gets nonlinear!




L L L
far ST  neg SB  cor MA

ETCS =z < MA TL-MC
= (AX(ETCS) — z < MA) | TL-calculus

v
X




ETCS =z < MA TL-MC
= (AX(ETCS) — z < MA) | TL-calculus

X

x declaratively axiomatise operational model
X expressiveness for characterisation?
X automation




far ST neg

ETCS =z < MA TL-MC VIxX |V x |V
= (AX(ETCS) — z < MA) | TL-calculus X | X | vV | .| X
= [ETCS|z < MA DL-calculus | v | vV | x | vV | X




far ST neg

ETCS =z < MA TL-MC VIxX |V x |V
= (AX(ETCS) — z < MA) | TL-calculus X | X | vV | .| X
= [ETCS|z < MA DL-calculus | v/ | v | x | vV | X

v [RBC]partitioned — 3SB (Train)[RB(]safe
X intermediate states
X automation




far ST neg

ETCS =z < MA TL-MC VIxX |V x |V
= (AX(ETCS) — z < MA) | TL-calculus X | X | vV | .| X
= [ETCS|z < MA DL-calculus | v | vV | x | vV | X




far ST neg

ETCS =z < MA TL-MC VIxX |V x |V
= (AX(ETCS) — z < MA) | TL-calculus X | X | vV | .| X
E[ETCS|z < MA DL-calculus | v/ | v | x | vV | ?

dC = DL + HP I
C AndréPlatzer (CMU) " Hybrid Logical Verification for Hybrid Systems [ a1y
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© Differential Dynamic Logic dC for Hybrid Systems
@ Design Motives
@ Syntax
@ Semantics



RBC

far ST neg SB  cor MA




RBC

- L ,l r ‘
far ST  neg e -

v
v2 < 2b(MA — z)

MA



RBC

dc = FOL /&
R r— r =
far ST neg SB cor MA
YMA3ISB ... ! v2 < 2b(MA — z)
V>0 ... N4
MA






df = FOLr + ML




dC = FOLr + DL




dC = FOLr + DL + HP




dC = FOLr + DL + HP

[if(z > SB)a:=—b; 2" = a]v? < 2b




dC = FOLr + DL + HP

[if(z > SB)a:=—b; 2/ =a]v? < 2b

-
hybrid program




RBC

= - T
far ST neg SB  cor MA

How about hybrid automata?

dC = FOLr + DL + HP




RBC

B - T
far ST neg SB  cor MA

dC = FOLr + DL + HP

v2<2b..




RBC

B - T
far ST neg SB  cor MA

dC = FOLr + DL + HP

-




df = FOLg + DL + HP — r =
far ST neg SB  cor MA
E
|::| v2 < 2b.




RBC

B - T
far ST neg SB  cor MA

Tl e

dC = FOLr + DL + HP

(not compositional J




x' = f(x)
x 1= f(x)
X

o; 8
alup

a*

(continuous evolution)
(discrete jump)
(conditional execution)
(seq. composition)
(nondet. choice)
(nondet. repetition)

jump & test

Kleene algebra




x' = f(x) (continuous evolution)
x 1= f(x) (discrete jump) _
7x (conditional execution) jump & test
;3 (seq. composition)
aup (nondet. choice) Kleene algebra
a* (nondet. repetition)
ETCS = (ctrl; drive)* RBC
ctrl= (?MA — z < SB; a:= —b) A
2 _ C g ‘:;::::;::/ R
U(MA—z > SB;a:=..)) = | =
driVe = Z” = a far ST neg SB cor MA

Av>0AT<e



x' = f(x) (continuous evolution)
x 1= f(x) (discrete jump) _
7x (conditional execution) jump & test
;3 (seq. composition)
aup (nondet. choice) Kleene algebra
a* (nondet. repetition)
ETCS = (ctrl; drive)* RBC

ctrl= (?MA — z < SB; a:= —b) A

? _ C g ‘:;:::”::/ %,
U(PMA—z> SBja:=...) o | _

drive=1:=0;7 =v,v =a,7 =1 far ST nez  SB cor  MA

Av>0AT<e



x'=f(x) A\ x (continuous evolution)
x 1= f(x) (discrete jump) _
7x (conditional execution) jump & test
;3 (seq. composition)
aup (nondet. choice) Kleene algebra
a* (nondet. repetition)
ETCS = (ctrl; drive)* RBC
ctrl= (?MA — z < SB; a:= —b) A
2 _ C g ‘:;:::‘/::/ R
U(MA—z > SB;a:=..)) o | _
drive=1:=0,Z =v,v =a,7 =1 far ST nez  SB cor  MA

Av>0AT<¢e



- AV, —, Vx,3x, =<, +,- (R-first-order part)
[a]d, (a)¢ (dynamic part)

SB> ... — [(ctrl;drive)"]z < MA

RBC

All trains respect MA e r b
RBC partitions MA far ST ne 8B cor MA
= system collision free
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@ if v F&£x

a=d O



a=Dd O
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Qa-span

a=Dd O



Qa-span

a=Dd O



Qa-span

a=Dd O




a=Dd O

compositional semantics = compositional calculus!




© Compositional Verification using dC
e Compositional Verification Calculus
@ Deduction Modulo by Side Deduction
@ Soundness and Completeness
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compositional semantics = compositional rules!
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RBC

T T
far ST neg SB cor MA

Fv>0Az<MA— (Z=v,vV=-=b)z>MA



RBC

T T
far ST neg SB cor MA

v>0,z<MAF 3t>0(z:=—3t* + vt +2z)z > MA
v>0,z<MAF (Z=v,v =-b)z> MA
Fv>0ANz<MA— (Z=v,vV=-=b)z>MA




RBC

T T
far ST neg SB cor MA

[Collins/Tarski QE not applicable!]

v20,2<MAI—EItZO(z::—gt2+vt+z>z>MA
v>0,z<MAF (Z=v,v =-b)z> MA
Fv>0Az<MA— (Z=v,vV=-=b)z>MA




RBC

T T
far ST neg SB cor MA

v>0,z<MAFt>0A(z:=—2t°+vt+2z)z > MA
start
side
v>0,z<MAF 3t>0(z:= -3t + vt +2z)z > MA
v>0,z<MAF (Z=v,v =-b)z> MA

Fv>0Az<MA— (Z=v,vV=-=b)z>MA




RBC

Frr T —
far ST neg SB cor MA

v>0,z<MAF 212+ vt+2z> MA
v>0,z< MAF t>0 v>0,z< MAF <z:=—§t2+vt+z>z>M

v>0,z<MAFt>0A(z:=—2t°+vt+2z)z> MA
start
side
v>0,z<MAF 3t>0(z:= -3t + vt +2z)z > MA
v>0,z<MAF (Z=v,v =-b)z> MA

Fv>0Az<MA— (Z=v,vV=-=b)z>MA




RBC

=5 N
Frr T —
far ST neg SB cor MA

v>0,z<MAF 212+ vt+2z> MA
v>0,z< MAF t>0 v>0,z< MAF <z:=—§t2+vt+z>z>M
v>0,z<MAFt>0A(z:=—2t°+vt+2z)z> MA

start
v>0,z<MAF QE(3t(...t>0 A =882 + vi + z > MA)) Zide

v>0,z<MAF 3t>0(z:= -3t + vt +2z)z > MA
v>0,z<MAF (Z=v,vV =-b)z> MA
Fv>0Az<MA— (Z=v,vV =—=b) z>MA




RBC

Frr T —
far ST neg SB cor MA

v>0,z<MAF 212+ vt+2z> MA
v>0,z< MAF t>0 v>0,z< MAF <z:=—§t2+vt+z>z>M
v>0,z<MAFt>0A(z:=—2t°+vt+2z)z> MA

start
v>0,z<MAFE v? > 2b(MA — 2) Zide

v>0,z<MAF 3t>0(z:= -3t + vt +z)z > MA
v>0,z<MAF (Z=v,vV =-b)z> MA
Fv>0Az<MA— (Z=v,vV =—=b) z>MA




dC calculus is a sound & complete axiomatisation of hybrid systems
relative to differential equations.




dC calculus is a sound & complete axiomatisation of hybrid systems
relative to differential equations.

verification of hybrid systems = verification of dynamical systems!




@ Conclusions



dC = DL + HP e

Verifying parametric hybrid systems: KeYmaera
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