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Hybrid Systems & Air Traffic Control

Hybrid Systems

continuous evolution along differential equations + discrete change
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Verification of Hybrid Systems & Air Traffic Control

31

x] = —vi+vacost + wxo
Xp = vo sin ) — wxy
V= 0—w

Hybrid Systems
continuous evolution along differential equations + discrete change
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Verification of Hybrid Systems & Air Traffic Control

31

X; = —Vvi+va cos ) + wxp
Xp = vo sin ) — wxy
V= 0—w

Example (“Solving” differential equations)

xi(t) = w_g (xlwg €os tw — Vow €os twsin ¥ + vow cos tw cos tosin 1 — vipsin tw

+ xpwosin tw — vow cos ¥ cos tosin tw — vowV 1 — sin 92 sin tw
—+ vow cos ¥ cos tw sin tp + vow sin ¥ sin tw sin tg) e
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Verification of Hybrid Systems & Air Traffic Control

31

x] = —vi+vacost + wxo
Xp = vo sin ) — wxy
V= 0—w

Symbolic Verification Numerical Verification
X constant/nilpotent dynamics V' challenging dynamics
X otherwise “no” solutions X approximation errors
V" sound x unsound, ...see [PCO07]
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Verification of Hybrid Systems & Air Traffic Control

31

x] = —vi+vacost + wxo
Xp = vo sin ) — wxy
V= 0—w

How To Get What We Really Need?

v challenging dynamics, e.g., curved flight
v automatic verification
V' sound
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|dea: Exploit Vector Field of Differential Equations

“Definition” (Differential Invariant)

“Property that remains true in the direction of the dynamics”
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“Definition” (Differential Invariant)
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|dea: Exploit Vector Field of Differential Equations

“Definition” (Differential Invariant)

“Property that remains true in the direction of the dynamics”

@ How to find diff. invariants?
agree

- free \\/\
0
exi
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|dea: Exploit Vector Field of Differential Equations

“Definition” (Differential Invariant)

“Property that remains true in the direction of the dynamics”

@ How to find diff. invariants?
agree

@ How do diff. invariants fit
together?
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|dea: Exploit Vector Field of Differential Equations

“Definition” (Differential Invariant)

“Property that remains true in the direction of the dynamics”

@ How to find diff. invariants?
@ o How do diff. invariants fit

together?

@ o Find all at once? 10000-dim
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|dea: Exploit Vector Field of Differential Equations

“Definition” (Differential Invariant)

“Property that remains true in the direction of the dynamics”

@ How to find diff. invariants?
agree

@ How do diff. invariants fit
-~ free together?

@ @ Find local diff. invariants?
\

exit
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|dea: Exploit Vector Field of Differential Equations

“Definition” (Differential Invariant)

“Property that remains true in the direction of the dynamics”

@ How to find diff. invariants?
agree

@ How do diff. invariants fit
together?

|::| @ Find local diff. invariants?
\
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|dea: Exploit Vector Field of Differential Equations

“Definition” (Differential Invariant)

“Property that remains true in the direction of the dynamics”

f\ @ How to find diff. invariants?
(agree .
gree e @ How do diff. invariants fit
> free .ot b together?
|::| @ Find local diff. invariants?
N @ How to put local differential
it J T invari
exi Y - invariants together?
“— circ |

&
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|dea: Exploit Vector Field of Differential Equations

“Definition” (Differential Invariant)

“Property that remains true in the direction of the dynamics”

f\ @ How to find diff. invariants?
\agree) e @ How do diff. invariants fit
> free .ot b together?

|::| @ Find local diff. invariants?
Y °

/ € ) How to put local differential
.t See . . .
exi ~— o\ === invariants together?
circ | . . .
\\I/ e How do discrete transitions fit?
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|dea: Exploit Vector Field of Differential Equations

“Definition” (Differential Invariant)

“Property that remains true in the direction of the dynamics”

f\ @ How to find diff. invariants?
\agree) e @ How do diff. invariants fit
> free .ot b together?

|::| @ Find local diff. invariants?
Y °

/ € ) How to put local differential
.t See . . .
exi ~— o\ === invariants together?
circ | . . .
\\I/ e How do discrete transitions fit?

@ What does “fit" really mean?
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@ Motivation
© Compositional Verification Logic d.

© Decompositional Inductive Verification of Hybrid Systems
@ Verification by Symbolic Decomposition
@ Discrete Induction
@ Differential Induction

@ Computing Differential Invariants by Combining Local Fixedpoints
@ Local Fixedpoints & Differential Saturation
@ Global Fixedpoints & Interplay

© Case Studies & Experimental Results
@ Conclusions & Future Work
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© Compositional Verification Logic d.
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Verification Logic for Hybrid (Sub-)Systems: dC

safe \ far — [entry|(safe A tangential)

where safe = (x1 —y1)? + (x2 — y2)? > p?
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Verification Logic for Hybrid (Sub-)Systems: dC

safe \ far — [entry|(safe A tangential)
safe A\ tangential — [other subsystem|safe
where safe = (x1 — y1)? + (x2 — y2)? > p?
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Verification Logic for Hybrid (Sub-)Systems: dC

safe \ far — [entry|(safe A tangential)
safe A\ tangential — [other subsystem|safe
where safe = (x1 — y1)? + (x2 — y2)? > p?

conjunction
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Verification Logic for Compositional Hybrid Programs

Definition (d Formula ¢)
0120 | 20| pAY [ VY| =9 |Vxd|3x¢|a]o

with terms 61,60, of nonlinear real arithmetic (+,-)

Definition (Hybrid program «)

x'=f(x)\NH (continuous evolution)

x 1= f(x) (discrete jump) _

?H (conditional execution) jump & test
a; B8 (seq. composition)

aup (nondet. choice) Kleene algebra
a* (nondet. repetition)
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© Decompositional Inductive Verification of Hybrid Systems
@ Verification by Symbolic Decomposition
@ Discrete Induction
@ Differential Induction
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Verification by Symbolic Decomposition
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Verification by Symbolic Decomposition

[0]G A [8]G ° G
aup
[aUﬂ]G

G
o; 3
[0: ]G “we PG
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Verification by Symbolic Decomposition

[0]G A [8]G ° G
aup
[aUﬂ]G

G
o; 3
[0: ]G “we PG

GI(X)
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Verification by Discrete and Differential Induction

Definition (Discrete Invariant F)

F
Vo(F — G) @
Ve(F = [a]F)
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Verification by Discrete and Differential Induction

Definition (Discrete Invariant F)

F *

Yo(F — G) «

Ve(F — [a]F) F — [a]F F
/[ ~ . \
< O O - w /

_/ o « « A
[a*]G G

Definition (Differential Invariant F)
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Verification by Discrete and Differential Induction

_ ", b " dc
Vg=rionmg=hicoF 15\ ( S fi) =Y - ff(x))
i=1 i=1

(b>c)eF

Definition (Differential Invariant F)
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@ Computing Differential Invariants by Combining Local Fixedpoints
@ Local Fixedpoints & Differential Saturation
@ Global Fixedpoints & Interplay
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Differential Induction for Roundabout Mode

[X{ =di Ad] = —wda Axb=da Ady =wdy...]0a —y1)? + (2 — y2)? > p°
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Differential Induction for Roundabout Mode

lix=yll> r | dllx=yl* r |, Bllx=yl* /s 8||X YH2 I~ 0p? s
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[X{:dl/\d{:—wdg/\xé:d2/\d2—wdl...](xl—y1)2+(x2—y2)2Zp
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Differential Induction for Roundabout Mode

0x1 1 Oy1 1 0xp X2 yo 2 = 0xq

[X{ = dl/\d{ = —wdz/\Xé = d2/\dé :wd]_...](Xl —y1)2+(x2 —y2)2 > p2

_vl|I2 —_vl|I2 _vl|I2 —_vl|I2 2
I == T = N T3V
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Differential Induction for Roundabout Mode

8|IX yH2 5|IX —y|?

5||X y||2 5\\X Y|| op?
di + v e + dr + 62287x1d1"'

[Xl = d1 A dl —wdQ /\X2 = d2 A d2 = wdl . .](X]_ —y1)2 + (X2 —y2)2 >p

Ny
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Differential Induction for Roundabout Mode

2(x1 —y1)(di —e1) + 202 — y2)(da — &) >0
8||X }’HZd + 6||Xy1y||2e + ('9||X )/||2d + 8HX }/|| & > 6p dl

Ny

[xl—dl/\d1 —wdg/\xz—dg/\d2—wd1 J(xa y1) +(x2—y2)22p
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Differential Induction for Roundabout Mode

2(x1 —y1)(di —e1) + 202 — y2)(da — &) >0
8||X }’HZd + 6||Xy1y||2e + ('9||X )/||2d + 8HX }/|| & > 6p dl

Ny

[xl—dl/\d1 —wdg/\xz—dg/\d2—wd1 J(xa y1) +(x2—y2)22p
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Differential Induction for Roundabout Mode

2(x1 —y1)(di —e1) + 202 — y2)(da — &) >0
8||X }’HZd + 6||Xy1y||2e + (’9||X )/||2d + 8HX }/|| & > 6p dl

Ny

[Xl—dl/\dl —wdz/\XQ—dz/\d2—wd1 ]( y1) +(X2—y2)22p

Proposition (Differential saturation)

F differential invariant of [x" = 6 A H|G, then
X =0AH|G iff [xX=0ANHAF]G

[d{ = —wdr A e{ = —we /\Xé =dr A dé = wdl..]dl — e = —w(XQ — y2)
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Differential Induction for Roundabout Mode

2(x — yl)(*w(xz — )+ 202 — y2)w(x1 — y1) > 0
2(x1 —y1)(dh —e1) + 202 — y2)(co — &) > 0

2 2 2
= P = I T IR T

[Xl—dl/\dl —wdz/\XQ—dz/\d2—wd1 ]( y1) +(x2—y2)22p

Ny

Proposition (Differential saturation)

F differential invariant of [x' = 6 A H|G, then
X =0AH|G iff [xX=0ANHAF|G

[d{ = —wdr A e{ = —we /\Xé =dr A dé = wdl..]dl — e = —w(Xz — y2)
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Differential Invariants as Fixedpoints

[Clarke'79]
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Differential Invariants as Fixedpoints

for U,;,»= do decompose
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Differential Invariants as Fixedpoints
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Differential Invariants as Fixedpoints

diffsat

for U,;,»= do decompose
for x' = f(x) do diffsat

André Platzer, Edmund M. Clarke (CMU) Computing Differential Invariants as Fixedpoints CAV'08 9 /14
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diffsat
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Differential Invariants as Fixedpoints

diffsat

loopsat

for U,;,»= do decompose
for x' = f(x) do diffsat
for o* do loopsat
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Differential Invariants as Fixedpoints

diffsat

loopsat

for U,;,»= do decompose
for x' = f(x) do diffsat } repeat until fixedpoint
for o* do loopsat
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Fixedpoint Iterations for Air Traffic Control

agree

&
L

é
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Fixedpoint Iterations for Air Traffic Control

Example (dC formula of verification subgoal)

safe A\ far — [agree|(safe A far A compatible)
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Fixedpoint Iterations for Air Traffic Control

Example (dC formula of verification subgoal)

safe A\ far A compatible — [entry|(safe A tangential)
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Fixedpoint Iterations for Air Traffic Control

Example (dC formula of verification subgoal)

safe A\ tangential — |[circ|(safe A tangential)
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Fixedpoint Iterations for Air Traffic Control

Example (dC formula of verification subgoal)

safe A\ tangential — |[exit](safe A far)
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Fixedpoint Iterations for Air Traffic Control

Example (dC formula of verification subgoal)

safe A\ far — [free|(safe A far)
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© Case Studies & Experimental Results

André Platzer, Edmund M. Clarke (CMU) Computing Differential Invariants as Fixedpoints CAV'08 10 / 14



Case Studies
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Experimental Results

Case Study Proof Steps | Dimension
Roundabout (2) @ 14 8 117 13
Roundabout (3) 387 42 182 18
Roundabout (4) @ 730 39 234 23
Roundabout (5) 1964 88 317 28
bounded speed entry 20 34 28 12
flyable entry (simplif.) 6 10 98 8
ETCS-kernel 27 28 53 9
ETCS-safety @D 183 87 169 15
ETCS binary 56 27 147 15
ETCS controllability 1 6 17 5
RBC controllability 1 7 45 16
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@ Conclusions & Future Work
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Conclusions

Verifying hybrid systems with challenging dynamics:
@ Verification by decomposition:
differential dynamic logic dC

o Differential invariants instead of
reachability along solutions

1% KeYmaera - Prover

(=)
. . . . A m:ZnS\mnllW‘ % Goal Back| | 3 Reuse NG| BaRiiprosiclosad, éhm
° Cor’pputmg differential invariants e, @ B
as fixedpoints .
& Invariant Initially Valid 0042/ @"
i

b3
+D T (A/2%ep A2+ ep*v00)

Differential saturation procedure

Exploit locality in system designs

© @l Case 2 —
B @ v.0.0>=0&(15.0=0&ep

Verify challenging aircraft control — = 2l “

£ -1, V- 0&t<ep)
)

K Strateay: Applied 49 rules (13.9 se0, dlosed 6 goals, 0 remaining

Sound “by construction” KeYmaera
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Future Work

o Compare differential invariants with classical state reachability?
e Particularly good for hybrid systems with parameterized dynamics
e Single initial state = simulation more appropriate

o Case studies

o Successful for aircraft and train control
o Performance for other case studies?
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@ Background Material

Related Work

Formal Semantics

Differential Invariants
Differential Saturation Procedure
Case Studies

Hybrid Automata Embedding
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Op Par T Cl Tec Aut Cex|Dim[ 1
vV X VvV xX||v Vv V LHA

HenzingerH94, HyTech

LafferrierePY99 vV X Vv x|V v forgetful reset
Franzle99 vV X Vv x|V v || X ||robust systems
CKrogh03, CheckMate|| vv x v X || v V polyhedral
Frehse05, PHAVer vV x vV x|[|v v Vv [ 8 [LHA (+affine)
MysorePMO05 vV X v xX||v e v | 4 |bounded prefix
TomlinPS98,MBT05 o X X X|[o o e | 4 ||HJB numPDE
RatschanS07, HSolver || vv X x| v v X 4 |linterval
MannaS98, STeP v X|| v o X 7 |linv—VCG, flat
AbrahdmSHO1, PVS || e x| o o x| ~9|HA-PVS, -
ZhouRH92, EDC X o v .|| x x x X ||no maths
DavorenNOO, Ly X X VI o x x| x ||prop. H-semantics
RonkkoRS03, HGC v X x x| x x x| x |[|[HGC—HOL
SSManna04 e © X || v X || 4/1 | equational system
CTiwari05 e o© X || v x |16/0 ||linear, -"-
PrajnaJP07, barrier e X X || o X || 3 ||needs 10000-dim
dC & dTL vV vV vV V|| v e x || 28 | expr., compos.
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Differential Dynamic Logic dC: Formal Semantics

Definition (Kripke state)
v:V =R with set of variables V
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Differential Dynamic Logic dC: Formal Semantics

Definition (Formulas ¢)

v = [a]
V= ()¢

Sl
RSl

w = ¢ for all w with (v, w) € p(a)
w | ¢ for some w with (v, w) € p(«)

Definition (Hybrid programs «)

p(xX'=1f(x)) = {(¢(0),p(r)) : ¢ x' = f(x) for duration r}
(v,w) € p(x:=0) <= w=v[x+— [6],]
p(?x) = {(v,v) : viEX}
plaUy) = pla)Up(y)
pleiy) = pla)op(n)
(v,w) € p(a*) <= thereis p(_az Vi p(_)oz) “““ M w

A,
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RSl
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Differential Dynamic Logic dC: Formal Semantics

Definition (Hybrid programs «)

p(x' = f(x)) = {(¥(0),(r)) : ¢ = x" = f(x) for duration r}

with [[XI]]@(C) = %(C)
o thereis ¢:[0, r] — State with ¢(0) = v,p(r) =w

@ [x], () is continuous in ¢ on [0, r]

° d|[>;]]t¢(t) ) = |[f(x)]](p(g) for ¢ € (0,r)
o ¥,y = Iyvl, otherwise
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Differential Induction Principle

o1 — [F]

o1
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Differential Induction Principle

o1 — [Fl,,
o2 — [F]

02

André Platzer, Edmund M. Clarke (CMU) Computing Differential Invariants as Fixedpoints CAV'08 14 / 14



Differential Induction Principle

o1 — [Fl,,
0—2 = |]:F]]0'2
In the limit:
d[F],
do
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Differential Induction Principle

o1 — [Fl,,
0—2 = |]:F]]0'2
In the limit:
d [Floee
dt

where d‘zj(tt) according to ODE
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Differential Induction Principle

o1 — [Fl,,

0—2 = |]:F]]0'2
In the limit:

d [Floee

Q) = [Ve=rnFls

where d‘zj(tt) according to ODE
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Differential Induction Principle

o1 — [Fl,,

0—2 = |]:F]]0'2
In the limit:

d [Floee

Q) = [Ve=rnFls

where d‘zj(tt) according to ODE

Lemma (Derivation lemma)

Valuation is a differential homomorphism
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Derivations and Differentiation

(
D(r)=0 if r is a (rigid) number symbol
D(x(M) = x(r+1) if x € X is non-rigid,n > 0
D(a+ b) = D(a) + D(b)
D(a-b)=D(a)- b+ a- D(b)
D(a/b) = (D(a) - b~ a- D(b))/b?
D(F) = \ D(F;) {Fi,...,Fn} all literals of F
i=1
D(a > b) = D(a) > D(b) accordingly for <, >, < =
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Derivations and Differentiation

Lemma (Derivation lemma)

Valuation is a differential homomorphism: for all flows ¢ all ¢ € [0, r]

d |[9]]Lp t
—29(0) = 1DO)]

Lemma (Differential substitution principle)

If o = x! = 0; A H, then ¢ = D « (H — D) for all D.

Definition (Differential Invariant)

(H— F') = H—D(F)%  for [x/ = 6; A H]F
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Differential Invariants and Variants

Counterexample

FVx(x2<0—2x-1<0)

x*<0 F[X=1x*<0

FVx(x>0— —x<0)
F{(x'=—-x)x<0
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Differential Invariants and Variants

Counterexample

X Xo+t

=

FVx(x?<0—2x-1<0)
x*<0 F[X=1x*<0

F

FVx(x>0— —x<0)
F{(x'=—-x)x<0
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Differential Invariants and Variants

Counterexample

X Xo+t
FVx(x><0—2x-1<0) A
x*<0 FX¥=1x*<0 g
0 - t
X
X ’
FVx(x>0— —x<0) ° *%\
F{(x'=—-x)x<0 T xpet
0 - t
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Differential Saturation Procedure

refine dC verification calculus to automatic verification fixedpoint algorithm

$

function prove(AF [DAH|G):
2:if prove(Vgy(H— G)) then
return true /* property proven */
for each F eCandidates(A-[DAH]G, H) do
if prove(AANHFE F) and prove(Vy(H — VpF)) then
H := HAF /x refine by differential invariantx/
goto 2; /x repeat fixedpoint loop x/
end for
return "not provable using candidates”
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Full European Train Control System (ETCS)

provable automatically!
spec 1 T.v2 —m.d? < 2b(m.e —T.p)AT.v>0AMd >0Ab>0
— [ETCS](7.p > m.e — 7.v < m.d)
ETCS: (train U rbc)*
train : spd; atp; move
spd : (?rv<mr; ra=x 7—b<T.a<A)
U(?r.v > m.r; 7.a:=%; 70 > 1.a > —b)
atp : SB = % + (% +1) (§52 +eTv);
(?(m.e — 7.p < SBV rbc.message = emergency); T.a := —b)
U(?m.e — 7.p > SB A rbc.message # emergency)
move: t:=0; (r.p/ =7v,7vV =73, =1ATVv>0At <e¢)
rbc : (rbc.message := emergency)
U (mg:=m;m =
m.r>0Am.d>0Amg.d? —m.d? < 2b(m.e — mg.e))
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Full European Train Control System (ETCS

state = 0,
2%b*x (m-2)>v-~2-4d"2,
v>0,d>0, v>0,ep> 0, b> 0, amax > 0, d >0
==>
v <= vdes
-> \forall R a_3;
( a_3> 0 & a_3 <= amax
> ( m-z
<= (amax / b + 1) * ep * v
+(v"2-4d°2) /(@x*xDb)
+ (amax / b + 1) * amax * ep ~ 2 / 2
-> \forall R tO;

( t0>0
-> \forall R tsO; (0 <= tsO & ts0 <= t0 -> -b * tsO + v >= 0 & tsO + 0 <= ep)
-> 2% b*x (m-1/2%(-b*t0~ 2+ 2*t0*v+2%*2z))
>= (-b * t0 + v) " 2
-d" 2
& -b * t0 + v >= 0
& d >= 0))
& ( m-z

> (amax / b+ 1) * ep * v

+(v~"2-d°2) /(@2%*Db)

+ (amax / b + 1) * amax * ep = 2 / 2
-> \forall R t2;

( t2>0
-> \forall R ts2; (0 <= ts2 & ts2 <= t2 -> a_3 * ts2 + v >= 0 & ts2 + 0 <= ep)
-> 2xb* (m-1/2x% (a3 *%t2 "2+ 2% t2x*v+2x%z))
>= (a_3 * t2 + v) "~ 2
-d "2
& a3 *xt2+v >0
& d >= 0)))
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Tangential Roundabout Collision Avoidance Maneuver

provable automatically!

b= ¢ [ATCYs
¢ = Ix—yl?2p* = (a =)+ (e —y) 2 p°
ATC = free; agree; F(w) A G(w)

free = Jw F(w) AJoG(o) N ¢

agree = Juw:=u; Ic(d:=w(x — ) Ne=w(y —c)})

x; = vcosV =d n=e

/\xézvsinﬁ =d» /\yﬁzez

'7:("‘})_ r o r_ g(g)E I
ANdp = v(=sin¥)¥ = —wd, Nep = —pe
ANdy = v(cos?)) = wdy Ney = e
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provable automatically!

Y = o= [ATC e
¢ = (a-n)P+le-nP>2pPAn-2a)l+0—2)?>p
ANxi—21)> 4 (0 — 2)* > p? A (a — u1)? + (o — w)? > p
Ayr = n)’ + (2 — w)? > pP? Az — n)* + (22 — 1p)* > p?
ATC = free agree'
X1 = d1 A\ X2 d2 A\ dl wde A dé = wxdl
ANyi=eANyy=eNe=—wyeNe)=uw,e
N =HANZb=hHAf =—-wh A =wh
Ay =giAuy=gAg =—wu g = wul
free = (wX = Wy =k W=k Wy =k
X{ = d1 /\Xé = d2/\d{ = —wxdz/\dé :wxdl
ANyi=eANyj=eNe=—weNe)=uw,e
Ny =R NZ,=HAf =—w,h AN =w,h
ANy =g AUy =g Ng = —wugr A& = wug1 N )"
agree = wi=x*; C:=%,
di=—w(x — @), db=wla —a);
e =—wln —a) ea=w(l— o),
hi=—w(z1—a), hi=w(z— o)
gi=—w(uy —c);, & =w(th — )
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Embedding Hybrid Automata as Hybrid Programs

= accel,

(?q =accel, 2 =vAV =a)

U (?7g = accel Nz > SB; a:=—b; q:=brake; ?v>0)
U (?g = brake; zZZ=vAVv =aAv>0)

U (?q=brakeNv <1, a:=a+5;, q:= acce/))*

q:
(
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Embedding Hybrid Automata as Hybrid Programs

= accel,

(?qg = accel, zZ/=v AV =a)

U (?q = accel Nz > SB; a:=—b; q:=brake; v >0)
U (?q=brake, Z2=vAv =aAv>0)

U (?q = brakeAv < 1; a:=a+5; q:=accel))”

q:
(
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Embedding Hybrid Automata as Hybrid Programs

q := accel,

( (?q=accel, 2 =vAV =a)

U (?q = accel Nz > SB; a:=—b; q:=brake; ?v >0)
U (7 = brake; zZZ =vAVv =aAv>0)

U (

?7q = brakeANv <1, a:=a+5, g:= acce/))*
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Embedding Hybrid Automata as Hybrid Programs

q := accel,

( (?q=accel, zZZ=vAV =a)

U (?q = accel N\z > SB; a:=—b; q:=brake; v >0)
U (?q =brake, Z2=vAv =aAv>0)

U (?q=brakeAv < 1; a:=a+5; q:=accel))”
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Embedding Hybrid Automata as Hybrid Programs

= accel,

(?q = accel, 2 =vAV =a)

U (?7g = accel Nz > SB; a:=—b; q:=brake; ?v>0)
U (?g = brake; zZZ =vAVv =aAv>0)

U (?q = brakeNv <1, a:=a+5;, q:= acce/))*

q:
(
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Embedding Hybrid Automata as Hybrid Programs

q .= accel,

( (?q=accel, zZZ=vAV =a)

U (?q = accel N\z > SB; a:=—b; q:=brake; v >0)
U (?q = brake;, zZZ=vAVv =aAv>0)

U (?q=brakeAv <1, a:=a+5; q:=accel))
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