Risk-Averse Online POMDP Planning
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via CVaR of the Immediate Cost with Performance Guarantees

Apply CVaR within each belief; retain expected-value planning over future beliefs.

1. CVaR of the immediate cost

A belief can assign small probability to dangerous states. Expected cost can
hide this danger; CVaR averages the worst « fraction of costs, with o € (0, 1].
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At each step, the particle belief b, induces a cost distribution. Red particles carry high costs;
the worst-a tail determines p.(b:, a;). The transition 7 propagates particle beliefs; the return sums
Expected cost | CVaR,

CVaR costs with discount ~.
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(b) Risk-aware cost

(a) Expected cost

The same search tree can select different actions when immediate costs account for risk within
the belief. Circles are particle beliefs; squares are actions. Dotted histogram lines mark ex-
pected cost (left) and CVaR (right); thick root edges mark the chosen actions.

Change the cost computation; retain the planner’s expected-value back-
ups.

At o = 1, CVaR reduces to expected cost. Smaller o focuses on a smaller,
more costly part of the belietf.
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2. Definition of the action-value function

Belief b, over state z; action a € A; cost c¢(z, a). Particle belief b, =
N, . -~
{(fl?z'a wi)}izls Wi — wz/ >3 Wy
True-belief and particle-belief costs
Ca(by, a) = CVaR, pop,|c(z, a)], pa(by, @)
u|T = max(u,0); N, particles; discount v € (0, 1].

= inf lp+ S [e(eia) — )7 (1)

Expected-value backups under policy =
For the POMDP M and particle belieft MDP Mp,

Q%,t(l_?tﬁ a, a) — C&([Ztv a) T+ 4:[VJ\Z,t+1(bt+1v_a) ‘ btv a]?

- 2
Q?Mp,t(bt7 a, CV) — poz(bta CL) + {"Mp[v]@[))t—}l(bt—l—l? Oé) ‘ by, CL]. ( )

For J € {M, Mp}, belief s, and final step T,
Vidls,a) = Qp(s,m(s), ), Vip, =0, (3)

3. Finite-sample guarantees

Let d = d2* bound the posterior-to-proposal density ratio, Ap = cpax — Cuin,
D =T —t and Gpy = =2 +*. Choose 0 < ¢ < « and failure probability
0y € (O, 1)

Particle approximation

Under the paper's coupling assumptions, independent particle propagation,
and posterior coverage with density ratio bounded by d, (5) holds with proba-
bility at least 1 — §, when the particle count satisfies (4).

d*. [2(D+1)(j4d] )
N, > | - 2], 4
P= g2 P8 [8 ] )
Apd
QXM - Q?Mp,t < 2 Gpiie. (5)
From the true POMDP to a planner estimate
It Q% — QMA < eet With probability at least 1 — 6 (6 € (0, 1)), then with
probability at least 1 — 0 — 0y,
. Apd
Q%,t o Q?Wp,t < 2 GD+1 € 1 Eest- (6)

Approximation carries one 1/« factor; policy evaluation and sparse sampling
have a-independent estimation bounds.
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4. Results

ANPL

Autonomous Navigation and

Perception Lab

PFT-DPW (PFT) and POMCPOW (POW): 500 episodes per configuration,
a = 0.1, N, = 200, 4 seconds per step. Each environment—planner pair is

tuned separately.
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Reported 95% confidence intervals are shown where available. PacMan shows CVaR cost re-
turn instead of goal completion. In PushPOMDP, CVaR-cost planners reduce both collisions and
goal completion compared with expected-cost planners.
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