Tra]ectory Optmnzanon 1 for Ergodic
Control

Ian Abraham

—

SCHOOL OF ENGINEERING ' "
& APPLTED SCIENCE N e



Introduction to Ergodic Coverage

Ergodic Exploration/Search
* Goal: achieve ergodic dynamics over bounded area
* Approach: optimize ergodic metric over trajectories
* Nonlinear/nonconvex problem
¢ Many “good” local minima
» Extendable to arbitrary constraints
Independent of robot dynamics/spatial scale/sensor/information measure
Non-Myopic Exploration (formulated over long planning horizons)
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Introduction to Ergodic Coverage

Ergodic Coverage

* A trajectory is said to be ergodic if, on average, it spends time
in regions proportional to the utility of exploring said area

* For tf — 00 | ergodic trajectories guarantee complete coverage

lim " b(g 0 2 (t) dt_/ b(w)u(w)dw

tf—>OO f

Desired coverage distribution
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Introduction to Ergodic Coverage

Ergodic Coverage
* An ergodic metric computes the distance to ergodicity
¢ (Can be computed in the Fourier domain

* Trajectory measure defined as Dirac delta function

En(m) = ) Ay (Cff = Mk)Q

kekKv

-3 A (tlf /Otf Fk(gox(t))dt—/w Fk(w),u(w)dw)

kelkCv

Desired coverage distribution
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Ergodic Trajectory Optimization

Ergodic Trajectory Optimization 10
* Ergodic metric can be included in common trajectory
optimization formulations
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Approach 1: iLQR, DDP &= ¥ ac(h, ~u)’
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Requires First Derivative Information = > Ay (E /O Fi(gox(t))dt — /W Fk(w)M(W)dw>
e Problem not in Bolza form er
o Its derivative is!
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Plug and Play Into Traj Opt. Solver
dFy (w) dg (x)  Add in control costs as needed

dw dx * Choose your integration

DFk(g O QZ) —
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Approach 2: Discretize then Optimize

Approach
* We solve problem over discrete trajectories
* Form a discrete-time ergodic metric X = [T0,T1,...,T7_1]
A u = [Uo Ui UT—1]
-~ . k' k 2 Y Y
E(x(t),p) = E(x,p) = Y Mg (F(x) — 1) _
ke T dt
2
1 L= . Tip1 = F(xe, ut)
— E : Ak T E :Fk(gOth))—ILL :ZEt+Atf(33t,ut)
kelCv t=0
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Approach 2: Discretize then Optimize

Approach kexy
* We solve problem over discrete trajectories | T 2
* Form a discrete-time ergodic NLP = k%; A (f ; Fi(gox)) — uk>
T—1
min  E(x, ) + Z O(xe, up) Plug and Play Into Opt. Solver
o t=0 * Hessian not very friendly
(3, € ‘)f’ = U,~g(a?t) c W, Vi : fggg);c Newton’s method works
s.t. 4 Lo = Lo, LT = Lf * Choose your own
Tii1 = x¢ + Atf(xg, uy) discretization/colocation
\hl(Xa U) <0, h2(X7 11) =0
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Approach 3: Sample-based (TBD Later)

Learning Task

Approach
¢ Optimize problem through sample- T

based optimization!
 Very fast, but less accurate

D1 (pllg) = —Ep<s> log q(s))
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Uniform Coverage with Multiple
Drones and Safe Constraints

e .

Multi-drone ergodic search with drone-drone and drone-obstacle avoidance using
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Multi-drone ergodic search with drone-drone and drone-obstacle avoidance using



