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Case Study: Delivery Robot
How can we build a robot that is safe? l

High-level Requirements

Safety “Do not collide with obstacles”

Liveness “Arrive at a destination”
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Model Variations and Verification

Obstacle Avoidance

Dynamic Window specifies robot kinematics, decouples safety from
optimization ~ well suited for hybrid safety verification

Handle complexity

Dimension 1D ~» 2D ~ Add floor levels

Steering Manhattan ~ Differential ~ Omnidirectional drive
Safety Static ~ Passive ~» Passive friendly ~~ Active

Uncertainty Sensor uncertainty ~ Sensor failure ~» Actuator disturbance
~> Differential inequality models of disturbance

Liveness Cross goal line ~ Before deadline ~ Cross intersection with
obstacles ~ Before deadline ~ Reach goal ~~ Before
deadline ~ In tricky environments ~ Escape
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What is safe?

Static safety

V' Verified with
KeYmaera
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What is safe?

Static safety

V' Verified with
KeYmaera
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What is safe?

Passive safety

V" Verified with
KeYmaera
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What is safe?

Passive safety

V" Verified with
KeYmaera
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Passive friendly safety

v" Verified with
KeYmaera
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Passive friendly safety

v" Verified with
KeYmaera

Stefan Mitsch (CMU) Nov. 21, 2013 4 / 39



Robot Invariants and Constraints

Safety
2
static lpr — Polloo > v
2b
assive v =0V ||pr — pol| >V—'2
P r = Pr Po || oo 25
+ sensor 16 — Polloo > v +v¥
Pr — Pol| 2b b
V2 v
=+ disturb ”p, = po”oo 2bU =+ VTm
V2

fail Br — Po|co v
+ failure 18 = Polloc > 50 + Vo

, v Vv
friendly ||pr — polloo > 2b + — 25, + V( )
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Robot Invariants and Constraints

Safety Invariant + Safe Control (RSS’13)

2
o Ve A A 2
static ||pr — po||oo > % +<E + 1) (EE +5Vr)
2
. b A A
passive vi =0V ||pr — Polloo > :—;’ +VVI + (F + 1) (552 +e(vr + V))
Question
+ sensor How to find and justify constraints? Fe(ve + V)) + Up
. v2 Vr A A,
+ disturb lpr — polloo > 20, + Vm +(bU,,. + 1) (Ee +e(vr + V))
. R v A A,
+ failure 1Br = Polloo > 2b+vb +<E+1) (55 +e(v+ V)) + Uy, + g2
V2
. V2 A A,
friendly ||pr — polloo > 2b 4 == b, 4F V( b ) +(E 4+ 1) (EE +e(vr + V))
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Process: Modeling, Verification, Synthesis

@ Construct model along with its proof

o Model
o Verify ~ Counterexample
o Reiterate until proved

@ Synthesize code from model

verify with document correctness
> KeYmaera >

refute model/property with

Y
ou nterexample]

(

C
refine L

synthesize

code
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Sphinx: Graphical and Textual Modeling

7 stationaryobstacle: K/ stationaryobstacles.key 53

L Brake JL Coast J l Sense J

[2°B_r*Abs(C_r - X_0)|> V_rA2 + 2*(A_r + B.
| 2°B_r*Abs(y_r - y_0) > V_rA2 + 2*(Ar + B.

[P

fenondeterministicAssignmenty)

42 H
43 7% ResetClock */
448 t =03
45 /% Plant */
/\( FBre=ardar<=Ar 46 {x_r' = vor *dxr, yor' = vor ¥ dyr, dxor' = -vor/r * dyr, dy.r
478 einvariant(t >= 0,
L] a8 dx_rAZ + dy_ra2 = 1
3 StationaryObstacles | B3 StationaryObstacles | §3 Controller %3 49 /% proof hin 2-norm with infinity-norm *
[ Properties / Model Validation =) Console & Hybrid Simulation 5% () Proof " Search ©]Error Log [/ History =0

225 250 275
t

Xr—yr dxr dyr—r ar t—vi|
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Robot: State

Position pr = (7, )
Orientation d, = (d¥ = cosf, d¥ = sinf)
Translational velocity, acceleration Vr,ar
Rotational velocity wr
/
Dr/s
Y
d’lv d, N
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Robot: Motion Dynamics

translational ODE p, = v.d, v, = a,
rotational DAE whllpr — pell = ar /
& = —w,d! & =wd

/
pr &
dyv d, N

Example (Differential invariants)

@ Move on circle: pr — Pe = wdi
@ Stay in the box: lpr — Polloo < vet + £t
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Robot: Control (2D)

Challenge (Hybrid Systems)

ar:=—b

U (ar:=%7—b<a <A
wri=*1—-Q < w, <Q;
?SafeCtrl)

U (?v, =0;a, :=0;w, :=0)

a v p
1.04
0.2 8
0.8
2 3 6 s 75 6
a9 0.6 o
_04 04 ¢
-06 02 2
~0.8l | t. Py
2 4 3 8 10 % 7 % B i
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Robot: Control (2D)

Challenge (Hybrid Systems)

ar:=—b

U (ar:=%7—b<a <A
wri=*1—-Q < w, <Q;
?SafeCtrl)

U (?v, =0;a, :=0;w, :=0)

a w
oz} |_| Mt |_|
2 4 6 8 7o L I_I
—02 L L
~04 =
0.6 =10
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Robot: Control (2D)

Challenge (Hybrid Systems)

ar = —>b
U (ar:=%7—b<a <A

wri=%*;7—

Control choices

?SafeCtrl
) brake a, := —b
U (?v, =0;a, =
(Pvr r accelerate, new curve
dr =k Wy
@ stay a, . =0;w,:=0
b [ ] ol
7 7 3 g 70t UI_I
-0.2 4
_04 -0.5 LJ
_06] -10
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Robot: Drive Variants

Differential drive Omnidirectional drive

Controller picks only curve radius Controller picks orientation too
~» smooth orientation changes ~> sudden orientation changes

r:==x; r £0; pc :=*; ?||pr — pcll > 0;
rwr = vy ?”(pr - pc)er =V
dr = (pr - pC)J_
r
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Static Safety

Challenge (Hybrid Systems)

ar:=—b

U (ar:=%7—b<a <A
wri=*1—-Q < w, <Q;
?SafeCtrl)

U (?v, =0;a, :=0;w, :=0)

Safety Condition: Non-Zero Distance to Obstacle

lpr = poll >0
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Static Safety (d Model)

Verified Property
Pstatic —7 [dWstatic] (Hpr - POH > 0)

dwetatic = (ctrl,; dyn)*
ctrl, = (a, :=—b)
U((?v, =0; a,:=0)
U(a, =% ?7—b<a <A wi=% ?7-Q<w, <Q;
ri==x%; r Z0A rw, = vy, po = %; ?SafeCtrI)

v2 A A
SafeCtrl = ||pr — poHoo > 2_b T <E + 1) <§52 + EVr>
/ ar

dyn={p. = v,d,, V. = a,, d = w,d*, W = — t'=1

& v, >0ANt<¢e}
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Passive Safety

Challenge (Hybrid Systems)

Moving obstacles: distance 55
on current curve not enough 30f ‘
@ Dynamic obstacles ZZ :l
(other agents) i i
@ Avoid collisions N = O_,——-“ -
(define safety) ‘

a 12 p
7 7 G g 7 I 4 Px
08
=i
3l
06
) |
04
-3
02 1
Py
-4
2 P i3 s 7o L 3 7 # # 0
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Passive Safety

Challenge (Hybrid Systems)

Moving obstacles: distance 55
on current curve not enough 308 ‘
@ Dynamic obstacles ZZ :l
(other agents) i i
@ Avoid collisions "Of' """"" <O 8 T

(define safety)

a w
2 4| 6 8 10 t
) H
=i
= ul_l 2 4
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Passive Safety

Challenge (Hybrid Systems)

ar:=—b

U (ar:=%7—b<a <A
wri=*1—-Q < w, <Q;
?SafeCtrl)

U (?v, =0;a, :=0;w, :=0)

Safety Condition: Already Stopped or Sufficient Space to Stop

2
Vr=0v||Pr_P0||>\2/_L+V%
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Passive Safety (dC Model)

Verified Property

2
ops = [dwps] (v = OV llp — poll > 55 + V% )

dwps = (ctrly; ctrly; dyn)”
ctrlo = vo = %; 7] < V4

ctrl, = see static safety

2b b b 2
dyn = {P:- = V,«dr, vl/’ = ar, dl{ = wrd}7 w; = %

2 7 A A
SafeCtrl = ||pr — polloc > AR VAL (— + 1) (—

P =V, ! =1& v, >0At<¢}

e2+e(vr + V))

bl
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Passive Friendly Safety

Challenge (Hybrid Systems)

Passive friendly safety: don't
cause unavoidable collision

@ Dynamic obstacles
(other agents)

@ Avoid collisions
(friendly safety)

a v p
7 7 G g 7o L s Px
-02
08
—04 3
~06 06
-08 2
-1.0 04
-12 02 1 Py
~14
2 P i3 s 7o L
2 7] 6 § 10
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Passive Friendly Safety

Challenge (Hybrid Systems)

Passive friendly safety: don't
cause unavoidable collision

@ Dynamic obstacles
(other agents)

@ Avoid collisions
(friendly safety)

a w

2 4 3 8 75 4

-02

—04 3

-06

-0.8] 2

- 1.0)

-12 1
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Passive Friendly Safety

Challenge (Hybrid Systems)

ar:=—b

U (ar:=%7—b<a <A
wri=*1—-Q < w, <Q;
?SafeCtrl)

U (?v, =0;a, :=0;w, :=0)

Safety Condition: Robot and Obstacle have Sufficient Space to Stop

V2
../\(VrZO/\Hpr—PoH >g+TV/\OSVOS V>
o

— (obstacle) (||pr — poll > 0 A v, =0)
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Passive Friendly Safety (dC Model)

Verified Property

V2
Opfs — [AWpfs] ... A (v, =0A|lpr—poll > =— +7V A0 < v, < V)

2bo
— (obstacle) (||pr — poll > 0 A v, =0)

dw,ss = see passive safety
2 2

— iy _ vr L
SafeCtrl = ||p; — polloc > T - 2h, +V ( b —|—7-)

o) (oo
obstacle = (ctrl,; dyn,)”

ctrlo = dy 1= %; ?|do|| = 1;

Ao = %, o+ aoco < V
dyn, = (t :=0; p, = Vody, V. =20, ' =1 & t < e A v, >0)

Stefan Mitsch (CMU) Nov. 21,2013 19 / 39



Sensor Failure and Fallback

Challenge (Hybrid Systems)

Sensor failure: Uncertainty,

fallback to dead reckoning
o

0.20

0.15
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Challenge (Hybrid Systems)

Sensor failure: Uncertainty,
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Static Obstacles: Minimum Safety Distance Estimate

v b [pr — Po|
1 1 1 005 0.61
05 05 05 0025 0.28
2 2 2 01 1.42
1 1 2 005 0.33
1 2 1 005 0.66

Safety distance (v,)
safedist
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Static Obstacles: Maximum Velocity Estimate

llpr — Polloo > Maximum velocity
2
3+ (5 +1) (5% +ev)
A

maxv
b € v
Corridor ||py — pol| = 1.25

1 1 0.05 1.48

0.5 0.5 0.025 1.09

2 2 01  1.85 L

1St

1

2

(”Pr po”oo

2 0.05 2.08

Door ||pr — po|| = 0.25 iy

1 1 0.05  0.61 T
05 05 0.025 0.47
2 2 0.1 0.63
1 2 0.05  0.85
2 1 0.05  0.56
} 8

02 04 06 038
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Moving Obstacles: Minimum Safety Distance Estimate

+ e - Safety distance (v;, ¢)

= 25|[se =
(4+1) (4 + (vr+V))

v A b V e [lpr—pol
1 1 1 1 005 061
05 05 05 05 0.025 0.28
2 2 2 2 01 142
1 2 1 005 033

1 & 0.0
1 2 1 2 005 0.66 .
Safety distance (v,)

safedist
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Moving Obstacles: Maximum Velocity Estimate

1Py = Pollse > g) Ll Maximum velocity
(%4_1) (é52_|_€(vr+ V)) (Ilpr = Polloo)
maxv
A b % € v 5
Corridor ||py — pol| = 1.25 4

1 1 1 0.05 0.77 3

0.5 0.5 0.5 0.025 0.69 2

2 2 2 01 061 | i
1 2 1 005 04 22

2 :

1 2 005 1.3 Maximum velocity ()

Door ||pr — po|l = 0.25

maxv
1 1 1 005 0.12 o5
05 05 05 0025 0.18 06
2 2 2 01 0 o
1 2 1 005 0.26 s
2 1 2 005 1

02 04 06 08 1.0°
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Robot Shape: Transform Obstacles

Transformation

@ blow up obstacles ~> robot shape not needed Do = (s o)

@ Trajectory is safe, if it does not intersect ps = (s, Yy
any of the transformed regions

@ Robot shape expands every point on an pr = (0, yr)
obstacle's shape

Example (Circle Example (Rectangle | Example (Circle
robot) robot) robot & obstacles)

O O
)

1O
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What is the goal of the robot?

Cross finish line

35 3
30 30
25 25
20 20
15 15
10 10
05 05 mmmmmmmmm e o .-----
0 1 2 3 4 s o O T 2 3 + B o
35 3
30 30
25 25
20 20
15 15
10 10
05f ==m=——————————— Soninn Slieieiiet 0.5 o o .
0 1 2 3 0 5 o O i 2 3 + B o

v' Verified with
KeYmaera
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What is the goal of the robot?
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35 3
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25 25
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What is the goal of the robot?

Cross intersection

3s S 3
30 30 30
25 25 25
20 20 20
15 15 Is
10 10 L 10
05 pmmmmm—m————— e 05 ] S ..-_..
0 T 2 3 O B 6
3
30
25
20
15
10
0.5 pmmmmmm e e .
0 [ 2 3 O B 6

V' Verified with
KeYmaera
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What is the goal of the robot?

Cross intersection

3s S 3
30 30 30
25 25 25
20 20 20
15 15 Is
10 10 L 10
05 pmmmmm—m————— e 05 ] S ..-_..
0 T 2 3 O B 6
3
30
25
20
15
10
0.5 pmmmmmm e e .
0 [ 2 3 O B 6

V' Verified with
KeYmaera
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What is the goal of the robot?

Stop at goal

v" Verified with
KeYmaera

Stefan Mitsch (CMU) Nov. 21, 2013 26 / 39



What is the goal of the robot?

Stop at goal

v" Verified with
KeYmaera
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Non-determinism in Verification

4l Less deterministic More deterministic [lip

o[ Sarey Y (o) Lvnes
All runs are safe | At least one run All runs reach the goal

reaches the goal (exclude empty set with (a))
Example Example Example

(ar :=x) (ar :== %) if(xr > xo) then a, :=%; ...

U (?v, =0;...) Uv,=0;..) else if(yr < yo) then a, := A;
U(ar =% ...) U (ar :=%; ...) else if ...

pick smart values
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Cross finish line ({«) Liveness)

Verified Property

Verified Property

2
vy
pcgt — (cgl) (pe < pr) Pl — (cgl) (Vr > 0Apg <prt 2b>
Robot is located after | Robot reaches a point where it cannot prevent
finish line passing the finish line, not even by fully braking

cgl = (ctrl; dyn)*
ctrl=a, =%, 7—b<a, <A
dyn=(t:=0; p.=v,, v,=a,, ' =1& t<eAv, >0)

Braking distance *=
2%
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Cross intersection ({a) Liveness for one obstacle)

Verified Property

Peio — (cio) (ph > pY A (cio) (py > p}))

1. Obstacle
crosses

2. Robot
crosses
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Cross intersection ({a) Liveness for one obstacle)

Verified Property

cio — (cio) (B > pY A (cio) (5} > pY)

cio= ((ctrlo || ctrl,); dyn)”
ctrl, = ap :=*; 7T — b < a, <A;

a, =% ?7—b<a <A if AfterX

a =%, M0<a <A if PassFaster
ctrl, =< a,:=0 if PassConst

(ar :=—=b)U(?v, =0; a,:=0)

U (?SafeCtrl; a, == %; 7...) else
V2 A A, X
SafeCtrIEpJ,’<p£,’Vp,+—+ —+1) =z +ev | <p;
2b b 2
dyn = (t := X =v, vi=ap, pi =V, V) =a,,t' =1

0;
&t SE/\V,ZO/\VOZme)

Stefan Mitsch (CMU) Nov. 21, 2013 29 / 39



Cross intersection ({a) Liveness for one obstacle)

Verified Property

Pcio — {cio) (py > pY A (cio) (p} > p¥))

ar=x; 7—b<a <A if AfterX
ar=x; 0<a, <A if PassFaster
ctrl, = ar:=0 if PassConst
(ar:= =b)U (?v, =0; ar:=0)
U (?SafeCtrl; ar :=*; ?...) else

AfterX = p} > p}

@ robot can do whatever it wants if it passed the intersection
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Cross intersection ({a) Liveness for one obstacle)

Verified Property

pcio —+ (cio) (pL > pY A {cio) (> p)

ar=x%x; ?—b<a <A if AfterX
ar:=x%; 0<a <A if PassFaster
ctrl, = ar:=0 if PassConst
(ar :==—=b)U(?v, =0; a, :=0)
U (?SafeCtrl; ar :=*; 7...) else

PassFaster = v, > 0 A (py + vo —Pr +A (Po p,) <p/
v, v,

v, + Ae

@ robot can pass in front, even when obstacle accelerates for the
remaining time to the intersection

VpY <py+ mep° p’)

@ robot can pass behind obstacle, even when obstacle drives with
minimum speed and robot accelerates once
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Cross intersection ({a) Liveness for one obstacle)

Verified Property

Pcio — {cio) (py > pY A (cio) (p} > p))

ar=x; 7—b<a <A if AfterX
ar=x; 0<a, <A if PassFaster
ctrl, = ar:=0 if PassConst
(ar:= =b)U (?v, =0; ar:=0)
U (?SafeCtrl; ar :=*; ?...) else

X
PassConst = v, > 0 A p) < p} + meu

r

@ robot can pass behind obstacle, even when obstacle drives with
minimum speed for the remaining time
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Cross intersection ([a] Liveness for one obstacle)

Verified Property

Yy Yy
Pr — Po

Yo N T = 2 v EID(deadIine — [cio] (safe A afterx))

A
deadline= D < —e A p} + > (D +¢)* > pX

safe=||pr — po|| >0
afterx= (T =D — p} > p})

1. Obstacle
crosses
i N

\
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2. Countdown
starts

3. Robot crosses before
countdown finished




Cross intersection ([a] Liveness for one obstacle)

Verified Property

PP : :
G A\ T = =——— = EID(dead/me — [cio] (safe A afterx))

min

A
deadline= D < —e A p} + 5 (D +¢)* > pX

safe = ||pr — po|| > 0
afterx= (T = D — p} > p3)

Characteristics

@ The robot will be after the intersection exactly at the deadline

e T is a count-down to D

@ Deadline D is negative and T starts positive, because we need the
zero-crossing point in the proof (if T < 0, robot must accelerate to
make it past intersection before deadline)

@ Deadline must be at least ¢, otherwise robot cannot react
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Cross intersection ([a] Liveness for one obstacle)

Verified Property

Y _
Pr —pe — EID(deadline — [cio] (safe A afterx))

min

Pcio N T=

cio = ((ctrly || ctrl,); dyn)”
ctrlo = ap i=%; 7 — b < a, <A;

(a, =% ?7—b<a <A if AfterX
a=A if ObsPassed
ol = ari=x M0<a <A if PassFaster
"7 a:=0 if PassConst
(ar i =—=b)U((?v, =0; a,:=0)
(U (?SafeCtrl; a, :=x%; 7...) else

dn=(t:=0, p' =v,, v.=a,, p) =vo, V., =25, t' =1, T =1
&t<eAv,>0AV, > Vpuin AT > D)
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Cross intersection ([a] Liveness for one obstacle)

Verified Property

4
et A\ 1 = M — EID(deadline — [cio] (safe A afterx))
Vmin
ari=% 7-b<a <A if AfterX
ar=A if ObsPassed
ctrl, = 4 =% M0W<a <A if PassFaster
r= ar =0 if PassConst

(ar:==b)U(?v, =0; ar:=0)
U (?SafeCtrl; ar :==x%; 7...) else

AfterX = p; > p} ObsPassed = p{ <py

PassFaster = v, > 0 A (py + vo +A <p° y p,) <p/
r r

pX—p
VP! < P+ Vini °+A;)

px— pf
PassConst = v, > 0 A pY < pY + me%

r
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Cross intersection ([a] Liveness for two obstacles)

Verified Property

Py1 pr

o N T =
Pci2o Voin

— 3D (deadline — [ci20] (safe A afterx))

PY — Py

A
deadline= (D > e Ap} + (D —)*> > pX A
VmaX

2
safe = ”Pr - PolH >0A “Pr - Po2|| >0
afterx= (T > D — p} > p3) N (py < p5 — pop < pY)

>D-T)

Distance between obstacles
allows crossing

\{—Jl

1. Front obstacle
crosses

2. Countdown
starts

3. Robot crosses before
countdown finished
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Cross intersection ([a] Liveness for two obstacles)

Verified Property

Py1 pr

o N T =
Pci2o Voin

— 3D (deadline — [ci20] (safe A afterx))

PY — Py

A
deadline= (D > e Ap} + (D —)*> > pX A
VmaX

2
safe = ||pr — po1|l > O A[[pr — po2l| > 0
afterx= (T > D — p} > p3) N (py < p5 — pop < pY)

Characteristics

@ The robot will be after the intersection for all times after the deadline

>D-T)

@ T is a count-up to D

@ Deadline must be large enough so that robot can make it past
intersection by fully accelerating

@ Second obstacle must leave sufficient space for robot to pass
(maximum velocity)

-_—
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Reach goal ({a) Liveness)

Verified Property

Prg = (rg>(Pg —A<p ANO<v, < V5 A(rg) (v, = 0))
Alrgl (pr < pg + A)

J L Carefully approach goal
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Reach goal ({a) Liveness)

Verified Property

o — (18) (pg — A < pr A0 < v, < Vi A (rg) (v, = 0))
Alrgl (pr < pg +4)

rg = (ctrl, dyn)*
ctrl = (a, := —b)
U(?pr<pg_A/\VrS V@; ar = %; ?_bgarg V@_Vr <A)

- <
U(?v, =0; a,:=0)
v2 A A
? _r - P .
U(.pr+2b+<b+1) <25 +8v,> < pg +A4A;
ar =% ?—b<a <A)
dyn=(t:=0; p,=v,, v,=a,, ' =1& t<eAv, >0)
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Reach goal before deadline ([a] Liveness)

Verified Property

Pg_A_Pr+V®_Vr+ Vo

SOrgbd/\T>5+ Vo

—>[rgbd](p,<pg+A/\(T<0—>( A<p,/\v,—0)>)

b

rgpg = (ctrl; dyn)*

( (ar := —b)
U(?v, =0; a, :=0)
Gl & A
a, = *;
7-b<a < Yo <p

dn=(t=0,p.=v,V=a,t/=1T'=-1&t<eAv,>0
r r

Stefan Mitsch (CMU)

if pr > pg — A
: V2
if p, + S50
F (A1) (e 4 ev) < pg -

else
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Differential Inequality Models of Disturbance

@ Acceleration Disturbance

@ Steering Disturbance

— / /
dyn=(p, = v, v, = a,

N>

dyn=(p; = vr, v, < ar + u,

ar Vr

] t
I . t
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Additive Acceleration Disturbance

dmn=pl=vd, vV.<a+u d=wdt, =", ¢=1

r

&t<eAv,>0

braking accelerating

[ L Passive Safety:
| : : o ; vr
-b 0 A A+b Ve =0V [|pr — pol| > 55 + V%
int=...A0<u<b
V2

+ (2‘+”+1> (A;“ e —|—5(vr+V))
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Additive Acceleration Disturbance - Interval

Disturbance Interval
Effective acceleration/braking in interval [—uy, u/]

2

; V,
fi | = — 00 - v ;
SafeCtr ||pr Po” > 2(b _ Ur) + b— u,

A+ u, A+ u,
+ (b—u, +1) (Tez+e(vr+V))
1 ar

dm=p.=vid, a,—uyy<v. <a+u, d=wd =" t=1
r

r—

&t<eAv,>0

Proof for interval same as for previous model (only upper bound matters)
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Multiplicative Acceleration Disturbance

dyn=pl = v,d,, v. < a,u, d' = w,dt, w

I
~
~
I
—

/
r

&t<eAv,>0

braking accelerating | Aol S

1 Passive Safety:
t t t a 2
int=...A0<u
v2 %
SafeCtrl = ||pr — polloo > QI;u + Vb_;

+ (% + 1) (%sz +e(vr + V))
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When to use formal verification & validation

When should | use formal V & V? E.g.

@ | want to guarantee safety / correctness
@ | can imagine that there are reasonable models of the relevant physics
@ | want to know how the system behaves in all possible cases

@ | do not yet have clear requirements and want to specify them
unambiguously

@ | want to know under which operating conditions my system will work

When is it challenging to use?

@ The physics of the system has no reasonable models.

@ Nobody understands any part of the system.
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Model Variations and Verification

Obstacle Avoidance

Dynamic Window specifies robot kinematics, decouples safety from
optimization ~ well suited for hybrid safety verification

Handle complexity

Dimension 1D ~» 2D ~ Add floor levels

Steering Manhattan ~ Differential ~ Omnidirectional drive
Safety Static ~ Passive ~» Passive friendly ~~ Active

Uncertainty Sensor uncertainty ~ Sensor failure ~» Actuator disturbance
~> Differential inequality models of disturbance

Liveness Cross goal line ~ Before deadline ~ Cross intersection with
obstacles ~ Before deadline ~ Reach goal ~~ Before
deadline ~ In tricky environments ~ Escape
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