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How Can We Prove Complex Highways?
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Simplifying Assumptions

* Vehicles have positive Velocity
°* Accurate sensing
* Instantaneous braking and acceleration

r

°* Time synchronization

o Delays for sensor updates is bounded

. Straight lane dynamics
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How Can We Prove Complex Highways?
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Sensor limits on actual cars are always local.
Sometimes a maneuver may look safe locally...
But is a terrible idea when implemented globally.




Car Control:

Proof Sketch

Local Lane
Control

2 vehicles
1 lane
no lane change

Global Lane

Control

:
:

n vehicles
1 lane
no lane change

Local Highway

|
:
:
[

|
|
|
|
|
|
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
|
|
|
|
|
|
n vehicles

1 lane
lane changes

Global Highway
Control

n vehicles
m lanes
lane changes




Car Control: Local Lane Control
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Differential Dynamic Logic”

*The short version.

Initial Conditions — [Model] Requirements
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Car f is safely following car £if (f < {)
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Car Control: Definition of Safety

4 A

Car f is safely following car £if (f < {)
et
(f<x?t) = Xp+gp <Xt g
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Car Control: Local Lane Control

-
To Prove: (f <) — [llc|(f < {)
llc = (ctrl;dyn)”
ctrl = Lot || ferts
le = (ag =% A=B < ap<A))
Jar = (ap ==, A=B < ay; <-b))
U (?Safe,; a;:==x A-B<a;<A)
U (?(vy=0); a;:=0)
2
Safe, = x, + ;—2 +(% + 1)(%82 +8‘Vf) < Xxp+ %
dyn = (t:=0; xp =vp, Vi =ay, xp=ve, Vp=apt’ =1
. vi20 A v >0 A 1<LE)

Initial Conditions — [Model] Requirements
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Car Control: Global Lane Control

- N
To Prove:
Yi:Ci < L) — [glc](Vi: C(i < L*(7)))
glc = (ctrl"; dyn")” i
ctrl” = Vi: C (ctrl(i))
ctrl(i) = (a(i) == = 2—=B < a(i) < b))
U (7Safe.(i); a(i) == H(—B < a(i) <A))
U (200G = 0); ai) = 0)
N "\ )2
Safe (i) = x(i) + % + (% + 1)(%82 + 8v(i)) < x(L(i)) + V(Lz(;;) i
dyn" = (1:=0; Yi:C (dyn(i)),l’ = 1,1 < &)
dyn(i) = xX'(i) = v(i),v'(i) = a(i),v(i) > 0
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To Prove:
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U (7Safe.(i); a(i) == H(—B < a(i) <A))

U (= 0); a(i) = 0)
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dyn" = (1:=0; Yi:C (dyn(i)),l’ = 1,1 < &)
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Proof: Global Lane Control

— [ v

Vix(i) < x(L({@)) - [gle] Vi x(i) < x(L3))

Safety is Transitive
Vix(i) < x(L()) - Vix() < x(L* (@)

[glc] Vi x(i) < x(L(L)) - [glc] Vi x(i) < x(L*(i))

(1 gen)

(cut)
Vix(i) < x(L(l)) - [glc] Vi x(i) < x(L*(Q))
B Bl B
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Car Control: Local Highway Control
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i To Prove: \
Vi:C(i < L(i)) — [lhc]Vi: C(i < L(i))
lhc = (delete™; create™; ctrl"; dyn")"
create = n :=new; N((F(n) < n) A (n < L(n)))
(n:=new) = n:=x, A(E(n)=0); E(n) =1
(F(n)<n) =VYj:C(L(j)=n— (j < n))
delete = n:=x; AEn)=1); E(n) =0

Initial Conditions — [Model] Requirements
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To Prove:
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lhc = ctrl";dyn”)*
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(n:=new) = n:=x, A(E(n)=0); E(n) =1
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[

To Prove:
Vi: LVYi: Ci(i < Li(i)) = [ohc] VI : LVYi: Ci(i < Lj(i))

ghc == (YI:Ldelete;; YI1:Lnew;; ¥l : Lctrl}; Y1 : Ldyn})

Initial Conditions — [Model] Requirements
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To Prove:

z' : Ci(i < Li(i)) = [ohc] VI : LVi : Ci(i < L;(i))

ghc = deletef; Vi:Lnew;; ¥Yl: Lctrl}; Y1 : Ldyn})

Initial Conditions — [Model] Requirements




Global Highway Control

Vix(i) < Li(x(@)) - [the] Vix (i) < Lj(x(D)
vl (Vix (D) < Ly(x() - [the]vi x(1) « Li(x(D)))

VIVix(i) < Li(x(@)) - VI [lhe]vi x(@) < Lj(x())

VIVix(i) < Li(x(@) = [VI (the) [VIVix(@) « Lj(x(D)

VIVix(Q) < Li(x(D) = [ghe]Vi Vix(@) « Lj(x()
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Challenges Solutions

® Infinite, continuous, and ® Quantifiers for distributed
evolving state space, R” dynamics and changing number

* Continuous dynamics of cars

e Discrete control decisions * Compositionality — using small

e Distributed dynamics problems to solve the big ones

o LI .
o Arbi trary number of cars, Hierarchical and modular proofs
changing over time ® Variations in system design

* Emergent behaviors ® Future work: curved road

\_ dynamics
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