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continuous evolution along differential equations + discrete change
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Example (“Solving” differential equations)
1 . . .
xi(t) = — (xlwgcos tw — Vow €os tw sin ¥ + vow cos tw cos tpsind — vy osin tw
wo

+ xpwosin tw — vow cos ¥ cos tosin tw — vowV 1 — sin 92 sin tw
—+ vow cos ¥ cos tw sin tg + vow sin ¥ sin tw sin tg) .
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X] = —vit+vacost + wxp
xé = Vo sin 1 — wxy
¥ = 0—w

Example (“Solving” differential equations)

Vt>0 — (xlwg Cos tw — Vow €os twsin ¥ + vow cos tw cos tpsin 1 — vypsin tw
wo

+ xpwosin tw — vow cos ¥ cos tosin tw — vowV 1 — sin 92 sin tw
+ wow cos ¥ cos tw sin tp + vow sin ¥ sin tw sin tg) ...




continuous evolution along differential equations + discrete change




@ Unrealistic instant turns can cause problems
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@ Unrealistic instant turns can cause problems (= smooth curves)

@ Geometric intuition can be misleading (= hybrid system model)

= Introduce smoothly curved flyable maneuver as hybrid system model

Verification for: nonlinear curve dynamics + mode switching? J
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df = FOLr + DL + HP I

Flif(x > 0)w:=1; d] = —wdp, dj = wdi]v > 1



df = FOLr + DL + HP l

Flif(xa > 0)w:=1; d] = —wds,ds =wdy v > 1

~
hybrid program
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“Formula that remains true in the direction of the dynamics”
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“Formula that remains true in the direction of the dynamics”
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“Formula that remains true in the direction of the dynamics”
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Example (dC formula of verification subgoal) J
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Example (dC formula of verification subgoal)
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[X{ = d, di = —wdz,Xé = db, dé = wdy .. .](Xl — y1)2 + (X2 — y2)2 > p2
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a||x yll2

2 2 2
d +8||x 1y|| e _|_3||X }’” dy +6||x y|| ezzg—’;ldl

[x1 = d1, di = —wdh, x} = C/2, d2 =wd; .. ]( —11)° + (2 — y)? > p?




2 —y1)(di —e1) +2(x2 — y2)(cd2 — &) > 0
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[df = —wdr,e] = —wex, xh = do,ds = wdi.]di — e1 = —w(x2 — y»)
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@ Flyable Tangential Roundabout Maneuver









FTRM is collision free:

Ix =yl > farA... — [FTRM]||x — y|| > p




@ Experimental Results



tangential roundabout (2a/c)

7.2

(
tangential roundabout (3a/c) | 253.6 342 18
tangential roundabout (4a/c) || 382.9 10.2 520 23
tangential roundabout (5a/c) || 1882.9 39.1 735 28
bounded maneuver speed 0.5 6.3 14 4
flyable roundabout entry* 10.1 9.6 132 8
flyable entry feasible* 104.5 87.9 16 10
flyable entry circular 3.2 7.6 81 5
limited entry progress 1.9 6.5 60 8
entry separation 140.1 20.1 512 16
mutual negotiation successful 0.8 6.4 60 12
mutual negotiation feasible* 7.5 23.8 21 11
mutual far negotiation 2.4 8.1 67 14
simultaneous exit separation® 43 12.9 44 9
different exit directions 3.1 11.1 42 11




© Conclusions & Future Work



@ Formal verification can scale to real
aircraft maneuvers!

o Differential invariants instead of
reachability along solutions

o Fixedpoint computations to find @ Improve differential invariant
differential invariants generation

@ Compositional verification @ Abstract interpretation domain

o Challenging arithmetic complexity @ Widening in fixedpoint loop
(simplifications) @ Nonlinear real arithmetic
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