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Lyapunov Controller

. ‘c‘ | u*(x) = argmin  ||u — uges(x)||?
(u,0)€UXR

s.t. Vix,u) < —aV(x)

ETSN), & SO sy

+ Theorem = Stable Walking
—
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Low Level: Control Actuators \\\

Frequency ~1kHz Reher, AA, TRO 2021 (in prep)
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Low Level: Control Actuators

Ma, AA, ICRA 2020, CSL 2020
Frequency ~1kHz Ma, Csomay-Shanklin, AA, RAL/ICRA 2021 (to appear)



(Controlibarrierfunctions) h(x,u) > —~h(x)
)

C is safe

Control Barrier Functions
Provide a framework for safety-critical control:
Necessary and sufficient conditions for set invariance

e Dynamics: x = f(x) + g(x)u

C={x: e Safe set C: defined by A:

h(x) = 0}

Ames, Tabuada Grizzle (2014)




@ontrollbarrierfunctions, h(x,u) > —vh(x)
i

C is safe

Control Barrier Functions
Provide a framework for safety-critical control:

Necessary and sufficient conditions for set invariance

h(x,u) > —v(h(x)) @ Dynamics: x = f(x) + g(x)u
C={x : h(x) = 0; e Safe set C: defined by h:
Ames, Tabuada Grizzle (2014) C = {x c R": h(X) > O}
% e %“. =7 Control Barrier Function
\g(,) > o  KedmflE .
~ For all x € C, there exists u € R such that:
\ \ X
SN ;313( () . "
de oL b e elew € i h(x,u) = 3¢ (%) (f(x) + g(x)u) > —v(h(x))
' 0
. C 1s safe )

Here v : R — R is an extended class X function (strictly increasing with ~(0) = 0).
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Frequency ~10Hz Learning MPC
N .
min ) I(x, ) + Q(xn)
Ug,...,UN-1
t=0
s.t. Xk+1 = Akxk + Bkllk + Wy
xp € X,ur€eU,xy € CS
Xp = X(t), VZUk ew

U. Rosolia, and F. Borrelli, TAC’18, TAC’22 + Theorem — Optimality
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Robust MPC

N Linearized
) 1ok, ug) + Q(xn) model
t=0

/

s.t. Xx4+1 = AxXk + Bruyx + wy

X € X,up €U, Vw, € W
AN
| Model errors

min
up,...,uUN—-1

X =%(T);

CBF safe tracking From MPC

I

u(x) = argmin |4 — uges(x)

(u,0)eUxR
s.t. f'z(x, u) > —a(h(x))

y

Guarantees tracking error bounds




. “ Property (mid level safety). The control policy 7¥(-) guarantees high level
Property (low level safety). The control policy m*(-) from the augmented safety for the augmented closed-loop system, if for the initial conditions x(0) =

system guarantees low level safety for the closed-loop system, if there exists a #0) L e(0) € S, N X, and e(0) € S have that
set Sp C X, such that Vx T (t;) € So N Xy and YvT (tx) € V we have that ContraCtS on Z(0) + €(0) € S, N Xy and e(0) € S, we have tha
i ifi z eS8, NAy,
o(t) € 5, and ult) € ULVt € (te,tun]. Operating Conditions

T(2) €V, V2 € AT (ty) ®S.),Vk € {0,1,...}.

Property (low level tracking). The control policy ©“(-) from the augmented Property (mid level tracking). The reset map Ac(:) from the augmented
system guarantees low level tracking for the closed-loop augmented system, if system guarantee high level tracking for the augmented closed-loop system, if for
there exists a set S, such that Ve™ (ty) = xt (ty) =77 (ty) € Se, Vat (tr) € SaNAy Contracts on the initial conditions x(0) = £(0) + e(0) € S, N Xy and e(0) € S, we have that

and Yv™T (t;) € V we have that .
’c Tracking bounds A() = 8a(2) + Ac2),
Ae(2) € Se,Vz € 7 () B Se, VE € {0,1,...}.

e(t) = x(t) — T(t) € So, ¥t € (ti, tusi).

Robust MPC

Mid Level: Trajectory Planning

. Li d
p Model Predictive Control s Z 102, ug) + Q(le)ne?nrgdeel

o uQ,..., UN—_1 /
0

s.t. Xr+1 = Arxix + Bruy + wy

o~ xx € X, upy €U, Vw € W
Frequency ~10Hz AN

Xo = x(t), ~ Model errors

CBF safe tracking From MPC

Low Level: Control Actuators

Control Barrier Functions
u*(x) = argmin  ||u — uges(x)||?
(u,0)eUxR

s.t. h(x,u) > —a(h(x))

Guarantees tracking error bounds

Fast Frequency ~1kHz



Property (low level safety). The control policy () from the augmented Property (mid level safety). The control policy 7¥(-) guarantees high level

. ; low level safely for the closed-l y 7 th - safety for the augmented closed-loop system, if for the initial conditions x(0) =
system guarantees low level safety for the closed-loop system, if there exists a 7(0) + e(0) € S, N X, de(0) €S, have that
set Sp C X, such that Vx T (t;) € So N Xy and YvT (tx) € V we have that ContraCtS on z(0) + €(0) 2 and e(0) we have tha
i iti 2 €8, N Ay,
o(t) € 5, and ult) € ULVt € (te,tun]. Operating Conditions

w(z) €V, Vz € A(Z™(t) ® Se),Vk € {0,1,...}.

Property (low level tracking). The control policy ©“(-) from the augmented Property (mid level tracking). The reset map Ac(:) from the augmented
system guarantees low level tracking for the closed-loop augmented system, if system guarantee high level tracking for the augmented closed-loop system, if for
there exists a set S, such thatVe™ (t,) = 7 (tr) =TT () € Se, Va T (tr) € SuNXy Contracts on the initial conditions x(0) = £(0) + e(0) € S, N Xy and e(0) € S, we have that

and Yv™T (t;) € V we have that .
' Tracking bounds A() = 8a(2) + Ac2),
Ae(2) € Se,Vz € 7 () B Se, VE € {0,1,...}.

e(t) = x(t) — T(t) € So, ¥t € (ti, tusi).

Robust MPC
Mid Level: Trajectory Planning

. Li d
,_ Model Predictive Control s Zl X, ) + O le)ne?nrgzdeel

Uy, ..., UN_1 /
@O
/ s.t. Xx41 = Axxk + Brug + wy
' X € X,up €U, Vw, € W
Safe Interconnection Xp =%(l); >

Model errors
'

Low Level: Control Actuators Control Barrier Functions

Frequency ~10Hz

CBF safe tracking From MPC

12

u(x) = argmin |4 — uges(x)
(u,0)eUxR

s.t. f'z(x,ll) > —a(h(x))

Guarantees tracking error bounds

Fast Frequency ~1kHz
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The mission objective is to find the science sample given
partial environment observations

sy,

Uncertam

Region F "ﬁ/
" Known _ \\

OBsta,ele;i =
Cew

Sclence

sample y - 4

POMDP Planning Minimize time to
/ completion
N

p* = argmin, E¥|}) 1g(sg)
k=0

s.t. u € argmax P*[w" = ¢ 3 . zZ.
Maximize probability of being safe —
4 A
R
MPC constralnt ¥$ | §

Nonlinear system e ¢

ROS Gl RSO DI 2102 0, . “TAC, 2021 {submitted)
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Minimize time to

/ completion
N

Y 1g(sp)
k=0

u € argmax P*[w
x

POMDP Planning

= argmin,, [E” [

- o8

"]
=
Maximize probability of being safe

Robust MPC

Linearized
Z I(xg, ux) + Q(xn) Model

/

Xk+1 = AxXk + Brug + wy

xx € X,up €U, Vur € W
AN
| Model errors

min
Hp,---, UN—1

X =%x(T);

CBF safe tracking From MPC

I

argmin ”u - udes(x)

(u,6)eUxR
s.t. Q(x, u) > —a(h(x))

Guarantees tracking error bounds
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iGooperativeglask and Path Planning

R

Decentralized multi-agent safety shield

V&Y
@W Search for T seconds

Update Map

Search
completed!

High-level Search Policy .. .

N /

. = = argmin,, E¥ 2 Lg (s

k=0

completion

s.t. p € argmax P*[w" |= ¢'] J

Information — .

Abort
mission

Explore for T
seconds

A 4

N
pu° = argmax, E* > I(sp)

S.t.

k=0
{ € argmax, ]P"

High-level Explore Policy, probability

of gathering useful

measurements
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Future Work
. | Goal: Robust Real-World Autonomy

Summary
Control Barrier Functions + Sensing

o Goal: Safe Multi-Robot Systems
Planning in Natural Environments

-
S

Realization on Dynamic Robots q
Applications to Space Exploration =
Applications to “Partners”

Safety with Control Barrier Functions

Safety at Discrete Planning level »
Towards the Unification Across Layers r;

Experimental Realization

"
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