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Verifying Hybrid Systems

|
far ST negot SB corr
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Verifying Hybrid Systems

Hybrid Systems
continuous evolution along differential equations + discrete change
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Verifying Hybrid Systems
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far ST negot SB cor MA

problem | technique | OP|PAR| T |closed
ETCS =z < MA | TL-MC | v | x | v | x
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Verifying Hybrid Systems

L | | )
far ST negot SB cor MA

problem | technique | OP|PAR| T |closed
ETCS =z < MA | TL-MC | v | x | v | x
X no free parameters like ST, SB
X no finite-state bisimulation for HS
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Verifying Hybrid Systems

problem | technique | OP|PAR| T |closed
ETCSEz< MA TL-MC V| X | V| X
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Verifying Hybrid Systems

problem | technique | OP|PAR| T |closed
ETCSEz< MA TL-MC V| X | V| X
= (AX(ETCS) — z < MA) | TL-calculus X v

[x declaratively axiomatise operational model ]
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Verifying Hybrid Systems

problem | technique | OP|PAR| T |closed
ETCSEz< MA TL-MC V| x | V| X
= (AX(ETCS) — z < MA) | TL-calculus X | oo | V| ..
= [ETCS]z < MA DL-calculus | v | v | x | V
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Verifying Hybrid Systems

problem | technique | OP|PAR| T |closed
ETCSEz< MA TL-MC V| x | V| X
= (AX(ETCS) — z < MA) | TL-calculus X | oo | V| ..
= [ETCS]z < MA DL-calculus | v | v [ x| V
v [RBC]partitioned — (Train)[RBC]|safe
X no intermediate states
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Verifying Hybrid Systems

problem | technique | OP|PAR| T |closed
ETCSEz< MA TL-MC V| x | V| X
= (AX(ETCS) — z < MA) | TL-calculus X | oo | V| ..
= [ETCS]z < MA DL-calculus | v | v | x | V
= [ETCS|Oz < MA DTL-calculus | v | v |V | V

differential temporal dynamic logic

dTL=TL + DL + HP
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© Temporal Dynamic Logic dTL
@ Syntax
@ Trace Semantics
@ Conservative Extension
@ Safety Invariants in Train Control
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Temporal Dynamic Logic dTL: Syntax

Definition (Hybrid program «)

x' = f(x) (continuous evolution)
x:=0 (discrete jump)

[5% (conditional execution)
a; B8 (seq. composition)
aUup (nondet. choice)

a* (nondet. repetition)
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Definition (Hybrid program «)

x' = f(x) (continuous evolution)
x:=0 (discrete jump)

[5% (conditional execution)
a; B8 (seq. composition)
aUup (nondet. choice)

a* (nondet. repetition)

ETCS = negot,corr,z’ = a e
negot = Z =v.l' =1 .
corr = (?MA—2z < SB; a:=—b) et r rooee
far ST negot SB corr MA
U(PMA—2z>SB; a:=...)
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Temporal Dynamic Logic dTL: Syntax

Definition (Formulas / state formulas ¢)

- A, V,—, Vx,3x, =<, +,- (first-order part)
[a]m, (o) (dynamic part)

Definition (Trace formulas )

1) (non-temporal part)
O¢, O¢ (temporal part)
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Temporal Dynamic Logic dTL: Syntax

Definition (Formulas / state formulas ¢)

- A, V,—, Vx,3x, =<, +,- (first-order part)
[a]m, (o) (dynamic part)

Definition (Trace formulas )

1) (non-temporal part)
O¢, O¢ (temporal part)

[ETCSIO(¢ < L — z < MA)

ETCS = negot;corr,z" = a T N

T f
o / / far ST negot SB corr MA
negot = zZ =v, 0 =1

André Platzer (University of Oldenburg) Temporal Dynamic Logic for Hybrid Systems LFCS'07



Temporal Dynamic Logic dTL: Trace Semantics

Definition (Hybrid trace)

Hybrid trace is sequence of continuous functions o; : [0, r;] — Sta V/
X

Semantics of hybrid program: set of all its hybrid traces o
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Temporal Dynamic Logic dTL: Trace Semantics

Definition (Hybrid trace)

Hybrid trace is sequence of continuous functions o; : [0, r;] — Sta V/
X

,,J’\f,J\I,J\I,J\I,J\I,J\I,J\I,J\I,J\I,J\I,J\f,/\)
Semantics of hybrid program: set of all its hybrid traces o
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Temporal Dynamic Logic dTL: Trace Semantics

Definition (Hybrid programs «: trace semantics)
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Temporal Dynamic Logic dTL: Trace Semantics

Definition (Hybrid programs «: trace semantics)

/:f'

:x (x)@

X

v
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Temporal Dynamic Logic dTL: Trace Semantics

Definition (Hybrid programs «: trace semantics)

Q;
AAG A
a, =«
.
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Temporal Dynamic Logic dTL: Trace Semantics

Definition (State formulas ¢)
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Definition (Trace formulas ¢)
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Temporal Dynamic Logic dTL: Trace Semantics

Definition (Trace formulas ¢)

il
~ ™
Vi NN J\ﬁQVJ/) 10}
« L
(@)~ v
Vl,\)‘
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Temporal Dynamic Logic dTL: Trace Semantics

Definition (Trace formulas ¢)

[a]m ~7
v Tn Ao lasspan
m‘s
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Temporal Dynamic Logic dTL: Trace Semantics

Definition (Trace formulas ¢)

Qa-span
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Temporal Dynamic Logic dTL: Trace Semantics

Definition (Trace formulas ¢)
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Conservative Extension dTL/dL

Proposition
dTL is conservative extension of non-temporal d_, i.e.,

trace semantics = transition semantics (without OJ, )

® 9
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Conservative Extension dTL/dL

Proposition
dTL is conservative extension of non-temporal d_, i.e.,

trace semantics = transition semantics (without O, )

o—0
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@ Verifying Safety Invariants in Train Control
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Verification Calculus for dTL

6 A [x:=6]¢ e e

=00 OF =0 @
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Verification Calculus for dTL

_ ¢ ¢
o N [x:=0]p x=0
=004 @ _____________ @
Q)
[a]0¢ A [a][5]06 A5 A
[o; 8106  He B
Lo a, 8=«
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Verification Calculus for dTL

. ¢ ¢
o N [x:=0]p x=0
e Dty
a; 3
[2]0¢ A [][8]0¢ AAS A
[o; B]0¢ 2 o D¢
Lo a, 8=«
[x' = 0] W@
[x = 0|06 D¢
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Verification Calculus for dTL

. ¢ ¢

o N [x:=0]p x=0

e Dty
a; 3

[2]0¢ A [][8]0¢ AAS A

[o; 81006 2 o D¢
Lo a, 8=«
x' = f(x)
[x' = 0]¢
v 0o
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Verification Calculus for dTL
Temporal Reduction Rules

10 temporal rules

(T2) PX(]Z)D¢ (T7) <7X(Z>S<>¢

Ly s
(T4) m (T9) m
m B G
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Verification Calculus for dTL
Non-temporal Rules

10 non-temporal rules

(D1) <a<fuvﬁ<>€2” (D6) ¢V<Sf>z*>¢
) G 9 g
(D4) Z;:;Z (Do) th(zif:_:ﬁtw
(D5) T?;i(f (D10) vrzix[f:_zgﬁ(t)](ﬁ
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Verification Calculus for dTL

Propositional /Quantifier Rules

10 propositional rules

ey —- ey 2 e S
P S e P ke
0 g
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Verify Safety in Train Control

ETCS = negot;corr,z’ = a RBC
negot = Z' =v, 0 =1 l;/,;:f” A
corr = (?"MA—2z < ST; a:=-b) e \\‘\
’\ I H =
UPMA—z>ST;a:=...) far ST mnogol 55 con MA
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Verify Safety in Train Control

ETCS = negot;corr,z’ = a RBC
negot = zZ' =v,l' =1 L A
corr = (?"MA—2z < ST; a:=-b) e \\‘\
lm" r ‘m
UPMA—z>ST;a:=...) far ST mnogol 55 con MA

%, £>0 F v < 2b(MA — Lv — z)
%, 0>0 F (z:=4lv+z,a:=-b)Vi>0 ((<L — St°+vi+z<MA)
$, 020 F (z:=4v+z,a:=-b)Vt>0(z := St°+vt+2)9)
UV, >0 F (z:=4lv+z,a:=-b)[Z" = a]lp >
Y ELv+z< MA P, >0 F (z :=Llv+z)[corr][z" = a]U¢ >
Y EVISO(I<L—Iv+z< MA) ), l>0F (z:=0lv+z)[corr, 2" = a]llp
Y EVI>0(z:=Iv+2z0:=1])¢ Y = 4>0 — (z:=40v+z)[corr, 2" = a]lU¢
Y + [negot]¢p Y V>0 (z :=bv+2z)[corr; 2’7 = a]llp
1 F [negot]Lp Y F [negot][corr; 2’7 = a]ll$
¢ F [negot; corr, 2”7 = a]l¢
F ¢ — [negot; corr, 2”7 = a]U¢
v
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Verify Safety in Train Control

v2 < 2b(MA—Lv—2z) e
Lv+z < MA A

i ;
far ST negot SB corr MA

P, £>0 F (ZTfrmzraa DVt Q et 2t°vitz<MA)
Y, £>0 F (z:=4v+z,a:=-b)Vt>0 (z := at‘+vt+z>¢>)
UV, >0 F (z:=4v+z,a:=-b)[Z" = a]lp >
Y8 +z< MA P, €>0 F (z :=Llv+z)[corr][z" = a]U¢ >
U F VISo<At—trTz < MA) 0,050 F (z

.= bv+z)[corr; z/" = a]llp
Y = 4>0 — (z:=40v+z)[corr, 2" = a]lU¢
) = V0>0(z :=lv+z)[corr, 2" = a]llp
¥ F [negot][corr; 2" = a]ll$
¢ F [negot; corr, 2”7 = a]l¢
F ¢ — [negot; corr, 2”7 = a]U¢

VFEVI>0(z =tz =D
Y F [negot]p
¥ F [negot]U¢p
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Verify Safety in Train Control

inv = v2 < 2b(MA — z) A

== : \‘«;
L Il n
far ST negot SB corr MA

vV
l\)‘<
o

+
—
Ty

ST>Lv+ ¥ SB

1) (3 + <)
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Soundness

Theorem (Soundness)

dTL calculus is sound.

Proposition (Incompleteness)

“All” discrete or continuous fragments of dTL are inherently incomplete.

fragment | discrete | continuous

FOL v
[a]0¢ X X
[0]0¢ x x
[o]¢ X X

(Yet, reachability in hybrid systems is not semidecidable)
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@ Conclusions & Future Work
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Future Work

Prove dTL/dL relatively complete

“Temporal” induction

Improve alternating “liveness” quantifiers [a]0 ¢
dTL*

[ETCS|(O¢ sensor — (U stable)
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Conclusions (1)

Deductively verify temporal properties of operational hybrid systems

differential temporal dynamic logic
dTL=TL+ DL+ HP

problem | technique | OP| PAR| T | closed
ETCS |= z < MA TL-MC V| x| v ] x
= (AX(ETCS) — z < MA) | TL-calculus X | oo | V|
= [ETCS|z < MA DL-calculus | v | v | x| V
E[ETCS|Oz < MA dTL-calculus | v | v |V | V
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Conclusions (1)

Train control (ETCS) verification

@ Modular temporal /non-temporal
calculus 800 e IO
. . [ mamsmpi], [ Gow B [ B e alnlE
e Constructive deduction modulo — 5
e . e e 2 <= vdes_0 ; H
o Venﬁcat'On tool HyKeY Proot {Goals | User Canstraint 3z ;
roof 7a >= 0 & a <= amax
- \1¢C ¢ n
@ Parameter discovery ﬂ =
e BN $ 0002
K@ Strategy: Applied 405 rules @00.9 se0, closed 5 goals, 0 remaining

KR
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