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Abstract. Autonomous systems operating in uncertain environments
require robust decision-making capabilities to ensure safety and effi-
ciency. The partially observable Markov decision process (POMDP) frame-
work provides a structured approach for such decision-making under un-
certainty. However, conventional methods relying on expected returns
fail to account for the risk of undesirable events. In this paper, we in-
vestigate simplification techniques in the context of risk-aware POMDP
planning, replacing the conventional expectation operator with Condi-
tional Value at Risk (CVaR). We explore the concept of a risk envelope
and its implications for C'VaR-based POMDPs, and present two novel
simplification techniques to reduce computational complexity, while an-
alyzing the impact of each on the risk envelope. These techniques in-
clude lightweight bounds over belief-dependent rewards and clustering
of future observations. Our theoretical analysis demonstrates that these
methods can accelerate risk-aware POMDP planning, while providing
formal planning performance guarantees on the impact of simplification.
The proposed framework enhances the practicality of risk-aware POMDP
planning, bringing it closer to become a viable alternative for real-world
applications in autonomous systems.

1 Intro

Risk awareness is a fundamental capability in Al and robotics, particularly in
the context of safe autonomous decision-making. Autonomous systems, which
perform complex tasks in uncertain scenarios without human intervention, have
become a significant focus in recent research. Endowing these systems with the
capability of assessing risk and making risk-aware decisions is essential to en-
hance their robustness and safety.

In such systems the agent has access only to sensor observations and not to its
state directly. The partially observable Markov decision process (POMDP) [I] is
a mathematically principled framework for addressing decision-making problems
in these challenging settings. POMDP models an agent acting in an uncertain
environment, where the agent cannot directly observe the state and instead
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maintains a distribution over the state, which is referred as the belief. POMDP
problems are computationally intractable [2] due to their inherent complexity,
due to the curse of dimensionality or the curse of history, where optimal policies
may depend on the entire sequence of actions and observations. The research
community has been extensively investigating approximate offline and online
planning approaches to provide better scalability to support real world problems,
see e.g. recent surveys [3][4].

A recently developed framework suggested the notion of simplification, see
e.g. BI6)[7][8][9]). This framework adapts one or more of the POMDP problem
components in order to solve the decision problem more efficiently, while guar-
anteeing either to find the same actions as in the original problem, or at least
bound the loss in the solution quality with respect to the original problem. Yet,
the used objective in those algorithms is the expectation of the return with
respect to future measurements, with the exception of [10].

However expectation is inherently flawed as it is oblivious to the distribu-
tion over the return hence it is unable to express the risk in the selected action
and is unable to prevent selecting actions that lead to rare undesirable events.
This limitation is crucial in numerous problems in AI and robotics (e.g. con-
sidering safety aspects). In contrast to the expectation operator, reasoning on
the level of distribution over reward (or return) or constraint, facilitates robust
decision-making by utilizing distribution-aware objective operators, known as
risk measures.

Quantifying risk can be done using different risk measures. Among these, co-
herent risk measures have been identified to possess desirable properties for as-
sessing risk [I1]: monotonicity, translation invariance, positive homogeneity, sub-
additivity. Risk measures that are not coherent could lead to an agent (e.g. robot)
behaving in an irrational manner, which may lead to unreasonable and unsafe
decisions. Examples of coherent risk measures include the conditional value at
risk (CVaR) [12], and entropic value-at-risk (EVaR) [13]. In contrast, the com-
mon risk measure value-at-risk (VaR) is not a coherent risk measure (does not
satisfy subadditivity). Recently, coherent risk measures have been advocated for
quantifying risk in robotics applications [14].

Replacing the expectation operator and the applicability of the recursive
formulation in the context of MDP with a discrete state space has been discussed
in [I5]. Formulating a recursive formulation for known risk objectives such as
CVaR and approximating Value Iteration algorithm while considering discrete
state spaces has been done in [16]. Recently, a sampling based approach with
CVaR as the objective was developed [?], yet it considers only a Bayes adaptive
MDP formulation.

In the POMDP setting, risk averse planning started to emerge only recently
[I7UI8IT0]. However, simplification of risk-averse decision making problems, has
not been investigated thus far, except for [I0]. In that work, it was shown that
computationally cheaper bounds on the return yield deterministic bounds on
Value At Risk. To the best of our knowledge, that work was the first work to
investigate simplification for risk aware planning. However that work considers
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only the VaR objective which is not sensitive to the tail distribution of the return,
i.e. the risky region. For those reasons we consider using coherent risk measures,
which have been suggested as a measure to quantify risk in autonomous systems
[14]. To our knowledge, simplification of decision making problems with coherent
risk measures has not been investigated thus far.

In this work, we investigate simplification techniques in the context of risk-
aware POMDP planning, replacing the conventional expectation operator with
CVaR. First, we examine the risk envelope, a key component in defining coherent
risk measures, and explore its implications for decision-making under uncertainty
considering the original and simplified problem definitions. We then introduce
two specific simplification methods that leverage the structure of POMDPs to
reduce computational complexity. The first simplification leverages lightweight
bounds over belief-dependent rewards, while the second simplification is based on
clustering of future observations. In both cases, we consider information-theoretic
rewards (e.g. in the context of informative planning and active SLAM), which
are typically computationally more expensive than state-dependent rewards. We
prove the risk envelope does not change for the first simplification, and is im-
pacted for the second simplification. Leveraging these findings we then derive
rigorous bounds on planning performance considering the simplified and the orig-
inal problem definitions. Overall, our approach provides theoretical foundations
and practical methods for accelerating risk-aware planning, ensuring that the
quality of decisions remains within acceptable bounds.

To summarize, the main contributions of this paper are: (a) we conduct
an in-depth analysis of the risk envelope for CVaR-based POMDPs; (b) we
introduce a general simplification formulation for risk-aware POMDPs and the
corresponding simplified risk envelope; (c) we propose two specific simplification
techniques, each backed by rigorous theoretical foundations. We envision these
foundations will lead to accelerated risk-aware POMDP planning with formal
performance guarantees.

2 Preliminaries and notations

2.1 POMDP

Formally the POMDP is defined as a tuple M = (X, A, Z,T, Z, r, by), where X', A
and Z are the state, action and observation spaces, and T(2’ | z,a) and Z(z |
x) are the probabilistic transition and observation models, respectively. by £
bilxk] = P(xk|ao.k—1,21.x) is the belief over the state at planning time instant
k. The belief can be updated via Bayesian inference as b[z'] = ¥(b[z], a, ') £
n' [ Z(z | )T (2" | z,a)b[z]dz, where 7 is a normalization constant.

The belief transition model describes how the belief state evolves over time,
incorporating the effects of actions and observations. Given a belief state by,
action ay, and observation zj1, the updated belief state b1 is computed using
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the observation model Z and the transition model T according to

P(bgt1 | bx, ax) 2/ P(bk+1|bk,ak,2k+1)/ Z(2k41]Tr1) (1)

Zk+1 Tr41

/T($k+1|$k,ak)bk(ﬂﬂk)dﬂfkdfl?k+1dzk+17

Tk

where P(karl |bk, ag, Zk+1) = P(bk+1|w(bk, ag, Zk+1)).
In the conventional setting, the value function is defined as the expected
return V™ + (b)) = Eg, [Gk | bk, T+ ], where the return Gy, is defined as

L
Gr(bis Tog) =Y 1(bpeis T (brti)) + 7(brs 1), (2)

9

|
-

I
o

where L is the planning horizon, and the expectation is with respect to the
return distribution

P(Gy | b, Ty )- (3)

For simplicity we denote ), = {7y Tht—1}, where T ; represents a belief
dependent policy for time step k+ j, i.e. mg4;(bgy;) determines the action a4 ;.
We shall also denote the random variable (RV) reward at any time instant ¢ by
Tt.

The goal of POMDP is to maximize the objective function by finding the
optimal policies for each time step 7, = arg max, V7" (br).

Under the assumption that

P(rt | bt7 a't)
P(bgr1[0(br, g, zr+1))

(e — 7(be, ar)) (4)
(bes1 — Y(br, ak, 2k41)), (5)

the value function can be expressed as V™ + (by,) = Ez, 1., 1 [Gr(br, Tt )] It can
be also written recursively as,

=9
=9

V7 (b)) = 1(bg, (b)) + B [VTE0+ (byegr) | be, Trer ] (6)

Zk+1

The standard POMDP formulation uses a state dependent reward function,
meaning the belief dependent reward is expectation over the states with respect
to the belief 7(b, a) = Ez~b[r(z, a)]. Recent works extended the POMDP frame-
work to support information-theoretic rewards over the belief (see, e.g. [T9120]).
This extension allows to to perform tasks such as exploration, e.g. informative
planning, information gathering, but raises the reward computation time.

2.2 Coherent Risk Measures and Conditional Value at Risk

Coherent risk measures are a class of risk assessment tools used to evaluate and
manage risk in uncertain environments. It has been shown [I2] that coherent
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risk measures have a dual representation that expresses a coherent risk measure
as an optimization problem over expectation. For some random variable (RV)
X ~P(X), we have

P(X) = 5125 Ex~ep(x)[X], (7)

where U is the risk envelope (see e.g. [I3][14]),

UP(W)) = {§(w) : ¢(X) < ]EX~§P(X>[X]7/Q§(M)dP(w) =1} (®)

Each member £ € U in the risk envelope defines a density over the return,
Qe¢(X) £ ¢(X)P(X). The dual form (7)) states that the CRM is the expected
value of the RV X with respect to the worst case density Qg (X).

A widely used coherent risk measure is the CVaR.
CVaR can be defined using the value at risk (VaR) a RV
X ~P(X) as:

CVaRa(X) = é]E[X|X < VaR,), ©) e
VaRy(X) =sup{x : F(x) < a}. /\ ;

See Figure [1] for illustration of VaR, CVaR and expecta- Fig.1: Illustration

tion.
f CVaR, VaR and
In the case of CVaR, the risk envelope is defined as © art, Vat at
expectation for a

general distribution

Uewr 0 P@)) = ) 10 60) < 7. [ €@)dP(w) = 13, B(x),
(10)

and by applying change of variable formula [2I] we can
write the risk envelope as

o0, B(e) = (@0 < €@ < 2. [ epx@ =1} ()

This risk envelope corresponds to all distributions Q¢(X) for which the ratio
E(X) = Qe(X)/P(X) is bounded by 1/a. In our context, X is the return Gy,
and P(X) is ]P)(Gk | bk,’lTkJr).

3 Approach

We define the value function in a risk averse setting considering a coherent risk

measure ¢(.) from (7)) as V™ (b, @) = ¢(Gr (b, Ty )),
where G (bg, k) is the return . Specifically, in this work we focus on
CVaR,i.e.

VﬂkJr(bk,Ot) S CVaRa(Gk(bk77T1€+)|bk,71']9+>. (12)
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3.1 Risk Envelope of a POMDP

In the context of a risk averse POMDP with the C'V a R risk measure, understand-
ing the risk envelope plays a crucial role in decision-making under uncertainty.
In this section we analyze this risk envelope, starting with the myopic case, and
then generalizing to a non-myopic setting.

Myopic Case We start our analysis by observing the myopic case i.e. look-
ing one time step ahead. The corresponding risk envelope can be written
explicitly as,

ucvar(aap(rk—&-llbkaak)) = (13)

(E(re) - / € )P [bis ag)drpn = 1, (k1) < .

QI+

This set includes all the permissible risk ratios £(ry+1) that satisfy the nor-
malization condition and are bounded by é Under standard assumptions in
POMDPs, we derive conditions for the risk ratio to belong to the risk envelope
by sequentially integrating over the belief state and action transitions:

(k1) P(rg1|br, ag)drir = §opoth(bg,ak, zx+1): (14)

Tk4+1 Zk4+1

/ Z(zk+1|x1€+1)/ T(xk+1\;1:k,ak)bk(xk)dxkdzk+1dzk+1 =1.
Thk+1

Tk

For a full derivation see Appendix We denote { o p as &,, and rewrite ,
Ep(U(brs ak, 2i41))P(2k4 1|0k, ar)dzg 41 = 1. (15)
Zk41

Therefore, we can express the risk envelope using the observation likelihood
P(2k41]0k, ax),

ucilaT(a7P(zk+1|bkaak})) = (16)
{fp(w(bk,ak,zk+1)2)k!+1]%klak €0 (b, a, z11))] = LEp (Wb, ag, zp41)) < é}

Similarly, we can express the risk envelope via the belief transition model,

.

QI+

ucvm‘(avp(bk-&-l‘bkv ak)) = {fp(bk-i-l) : E [fp(bk-i-l)} = 17£p(bk+1) <

br41|br,ar

By focusing on the belief transition model P(bg41|bk, ar) or observation likeli-
hood P(zgt1|bg, ar) instead of the distribution over the reward P(rg41|bk, ax),
we simplify the analysis of the risk envelope. This approach leverages the natural
structure of POMDPs.
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Non-myopic Case We now extend our analysis to the non-myopic case. Re-
calling the definition of the return , we define the risk envelope as follows,

ucvar(aa]P(Gk:Jrl‘bkvﬂnk«F)) = (17)

{8(Gry1): | E(Gry1)P(Gria|br, Ty )dGr1 = 1,6(Gryr) < — 1

Gy

O

We further analyze the non-myopic risk envelope :
/ §(Gra1)P(Grya|br, Thy )dGrqr = (18)
Gk+1

/ §(Gk+1)/ P(Grt1|bk, Tht, bkt 1:6+L)P(bkt1:k+L | bk, 0k )dbpy1:64+0dGrg1 =
Gri1 b

k+1:k+L

/ / 0(Gry1 — Grr1 bkt L, Tt ) )P(bkgr:k+L | bk, Ty )dbpg1:64LdGry1 =
Grt1 Y bky1:k+L

/ P(brt1:k+L | ks Tot) | E(Gr1)0(Grr1 — Grg1 (bregr:k+L, Tt ))dGry1dbrt1:k4L =

bit1:k+L Gr41

/ P(br+1:k+L | bk, Tt )E(Grg1 (bkt1:k+L, Tht ) ) dbrt1:6+L =

blt1:k+L

/]P’(bkﬂlbkﬂfk(bk))/ P(brt2:k+r | brtts Ty 1)+ )€ (Gt (bt 1iktLs Tht )bkt 11541y
brg1 b

k+2:k+L

where Gj.11 refers to the return as a random variable, and Gr41(bg+1:k+L, Tk+)
to the value of the return given specific realizations of byy1.p+r and w4 .
Further, we denote

{UME / P(bryo:ktL | bt T 1)+)E(Gry1 (Ohg1:k4-Ly T ) )dbr 2.0 4 1,
bryo:ktL

and notice that fbk+1 é(ka)P(bHﬂbkmk(bk)) =land 0 < g(bk+1) < i
The corresponding risk envelope is therefore

ucvar(a7]p(bk+1 | bk7 Wk(bk?))) = (19)
{E(brt1) : \ E(brs1)P(brs1|br, mx (bg ) )dbg1 = 1,0 < E(bgy1) < é}

Using this belief transition model’s risk envelope, we now extend the CVaR
decomposition theorem [22] to a Belief-MDP framework.

CVaRa(Gr(br,mr) | b miy) = r(be, m) + / P (b1 be, 7

b1
§(brt+1)CVaRag (b, 1) (Gror1 (Okt1s T(hr1)4) bkt 15 T(hg1)+ ) dbrr1,  (20)

min
E€Ucvar (o,P(bg41|bk,7r))

where to reduce clutter we used m = 7 (bg)-
This formulation provides a recursive structure for the CVaR in Belief MDPs.
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3.2 Risk Envelope in a Simplified POMDP

Return

Simplification techniques in POMDPs aim to re-
duce computational complexity while preserving in’»(ck\b,ﬁ,ﬁw)

or bounding the quality of decision-making out- I %

comes. These techniques often modify components N o
of the POMDP M = (X, A, 2, T, Z,r,by), thereby Grlbees) —
defining a simplified POMDP M, to accelerate the —  simplified
decision-making process. So far, simplification of Tt Policies

POMDP problems with formal guarantees has been

developed considering an expectation operator (see, Fig.2: Conceptual illustra-
e.g. [BI6I7/8,?]). To our knowledge, simplification in tion of the original
a risk averse setting with coherent risk measures, and simplified distri-
and its effect on the risk envelope, has not been butions over the return.
investigated thus far.

By expressing the risk envelope in terms of POMDP components, we can
analyze how modifications to these components impact the risk envelope and its
relation to the risk envelope of the unmodified POMDP.

Specifically, let us denote the simplified distribution over the return by P(G}, |
bi, T+ ). See illustration in Fig. 2] For instance, considering a simplified POMDP
tuple M = (X, A, Z,T,Z,r,by), where the simplified components are denoted
by O, this distribution can be expressed as

L1
P(G | bk,WkJr):/ P(Gr | brkr s Thy) [ [ P(Oran | be me(be))dbrsrierr, (21)

bkt1:ktL t—k

where the belief transition model is simplified to

P(bit1 | btyat):/ P(btﬂ\bt,amzt)/ Z(zt41 | Te11): (22)
Zt+1

Tt+1

/T(th+1 ‘ T, at)bt(sct)dxtdxt+1dzt+1.
Tt
The simplified distribution over the return and the corresponding simplified
belief transition model can be appropriately adjusted to support simplifi-
cation of additional components in the POMDP M.

The corresponding risk envelope is Ueyar (o, P(G |by, Tx1 ) ), assuming the sim-
plification does not change the risk measure. The effect of simplification on the
risk envelope, i.e.

ucvar(aaP(Gk‘bkﬂrqu)) Vs. Z/{cvar(a7]p(Gk:|bk77Tk+)7 (23)

can be analyzed in terms of how it alters the risk ratios &.

In the following sections, we investigate specific simplification strategies and
their theoretical underpinnings to accelerate risk-aware planning, emphasizing
both the consistency of decision-making and computational efficiency while an-
alyzing how each simplification impacts the risk envelope.
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3.3 Bounds on Belief-Dependent Rewards

We begin by utilizing existing computationally lightweight analytical upper and
lower bounds over the reward to bound the CVaR risk measure, and hence the
value function. Referring to our formulation from Section such a simplifi-
cation can be represented as a simplified POMDP M = (X, A, Z,T, Z,7,by),
where 7 corresponds to either the lower or the upper bound.

Specifically, suppose we have bounds over the immediate reward due to sim-
plification,

L £ U(by,ar) < (b, ar) < ulbe,ar) £ ug, Vb, ay. (24)

For example, these bounds can utilize less state samples [10] or less hypothe-
ses [23], and hence are computationally more efficient. Denote the cumulative
summation over the upper bound by

L-1

GOy i) 2 ) wlbrrss Trps (b)) + wlbrr) g Thekpr—1, - (25)
=0

and define similarly G (by, 74 ) for the lower bound .

We now prove that the relation between the bounds is preserved when ap-
plying CVaR on the return. To the best of our knowledge, this result did not
appear previously in literature.

We begin by showing that the simplified and the original problem have the
same risk envelope.

Lemma 1. Let l;11,ui+1 be lower and upper bounds on p such that holds,
then CV(ZRQ(’LLtJ,_l | btvﬂt(bt)); C’VaRa(lt_,_l | bt77rt(bt)) and CVaRa(rt_H |
by, (b)) have the same Risk envelope with respect to a belief transition model
for all time instances t.

Proof. Let a; £ m;(b;), then:

1
gp € ucvar(Oé,P(Tt+1|bt>at>) = fp < E s fp(bt+1)P(bt+1|bt7at>dbt+1 =1,
big1
1
Eu € Uevar (a, P(ugq1|by,ap)) = &u < o Eu(big1)P(by1|be, ar)dbipq = 1,
bey1
and similarly for &. Hence &,, &y, & € Ucvar (0, P(byt1|be, ar)). |

Lemma and the CVaR recursive formulation provide the necessary math-
ematical structure to extend known computationally lightweight reward bounds
to bounds on the CVaR risk measure over the return Gy, which is central
to the proof of the following theorem.

Theorem 1. Given the reward bounds , the CVaR value function can
be bounded, for any policy T4, by

Vﬂk+7l<bk,a> < Vet (blw a) < ‘/'7r1c+,u(bk7 a)’ (26)



10 Ido Nutov and Vadim Indelman

where
Vﬂk*”u(bk,a) £ CvaRa(Gz(bk,ﬂk+)|bk,ﬂk+) (27)

Vbl (b, a) 2 CVaRa (G (b, Ty )bk T )- (28)

For proof see Appendix

We envision these bounds can be used to speedup risk-averse POMDP
planning while providing formal performance guarantees, in-line with the sim-
plification framework (e.g. [24], [9]). We leave the investigation of these aspects
to future research.

3.4 Simplifying by Clustering Observations

In this section we focus on another simplification technique that is based on
clustering observations, aiming to speedup risk-averse POMDP planning with
belief-dependent rewards, while still maintaining a high level of performance and
providing formal guarantees. In [25], such a simplification and corresponding
bounds were developed considering the conventional expectation operator. To
our knowledge, our work is the first to consider such a simplification in a risk-
averse POMDP setting.

Following [25], we define an abstract observation model by partitioning the
observation space into C' clusters, with each cluster containing K observations,

_ A 1

K
2(z" | 2) & 5 > z(F|x), vme[LK] (29)

k=1

where Z(z* | x) corresponds to the original observation model. By construction,
the abstract observation model Z(z™ | x) assigns a uniform probability to all
observations within that cluster. Referring to Section this corresponds to
the simplified POMDP M = (X, A, Z,T,Z,r,by).

We further denote the observation likelihood after performing action ay from
belief by, and utilizing the abstract observation model as P(zp41/bg, ax), i.e.

P(ze11 | besae) 2 Bay v, Bayysjar,a0 2 (2041 | @) (30)

In contrast to the simplification from Section [3.3] we first show that cluster-
ing observations impacts the risk envelope. We then derive bounds between the
original and simplified risk measure functions while accounting that each has its
own risk envelope. Specifically, the following lemma shows that clustering obser-
vations preserves the simplified risk envelope within the original one, providing
a basis for further theoretical development:

Lemma 2. Let Z(2™|z) and P(z441|bs,a¢) be the abstract observation model

and likelihood ,_then
Ucvar (047 P(thrl |bt7 at)) c ucvar(aa ]P(Zt+1 |bt7 at))7 (31)

where Ueyar (o, P(2¢41|bt, at)) is the CVaR risk envelope (16)).



Simplified Risk Aware CVaR-based POMDP With Performance Guarantees 11

Proof. Let & € Ueypar (o, P(2¢11|bs, ar)). Then, by marginalizing over the state and
recalling the definitions of the abstract observation likelihood and model
, the following follows:

N. N,
> &z )Pz b ar) = 5(%}1)/ Z(zpr|ve1)P(ega|br, ar) (32)
gt = sein
C ' K-c
S T R0) DD DN M EE A
Trt1 c=1 k=c(K—1)+1
C K-c o 1 K-c ‘
:/ P(zialbea) Y Y 5(27{11)? S Z(z )
Ttt1 c=1 k=c(K—1)+1 j=c(K—1)+1
N,
Z/ P(2er1lbe,ar) Y E(2141) 2 (2041 |T041) Z 2 1)P(2i4[br, ar) = 1.
Tet1 i=1 i=1
Therefore, & € Uepar (o, P(2¢11|bs, ar))- O

We now define CVaR that is calculated based on the abstfact observation like-
lihood , and the corresponding risk envelope Ueyar (a, P(2141]0¢, ar)) as

CVaR(resa|br, ar) = min E.ppo [E(zri1)rhsa b, arl,  (33)
EE€Ucvar (,P(2k+1 bk, ak))

where the expectation E,, .1 [-] is taken with respect to the abstract observation
likelihood .

While Lemma [2]is valid for general belief-dependent rewards, similar to Sec-
tion we shall focus on information-theoretic rewards, which are typically
computationally more expensive than state-dependent rewards. Specifically, we
now consider minus the differential entropy as the reward function, and develop
bounds over future differential entropy considering CVaR as the coherent risk
measure and observation clustering as the simplification. Lemma [2] is crucial as
it forms the basis for these bounds (see proof of Theorem [2| below).

To represent, the belief, we employ a particle filter [26] where b, = {z?, ¢/} .
Particle filters approximate the belief in POMDPs by representing the belief as a
set of weighted particles. Each particle represents a possible state of the system,
and the weights correspond to the likelihood of each state given the observations.
This approach allows us to approximate complex belief distributions. Let by =
Yp F(bk 1,ak—1,2k) represent the particle filter Bayesian update. Further, let

by = Up F(bk 1,ak—1, 2k ) represent this update utilizing the abstract observation

model .
The entropy H(b(x)) of a belief b(z) is defined as H(b) = — [, b(x) log(b(z))dz,
which, however, cannot be calculated exactly for general dlstrlbutlons We adopt
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the estimator proposed by [27] considering a particle-based belief representation,

N N N
H(be) =1log(Y_ Z(zklwi)gi 1) — Y ak -log [Z(zelat) Y T(whlag_y, ar—1)al_,].
=1

i=1 j=1

(34)

This estimator provides a method to calculate the entropy of the belief repre-
sented by particles. More precisely, it requires access to ZS;C, I;k,l, ak—1, and zg. It
calculates entropy using the particle weights, offering a robust and efficient way
to estimate the belief state’s entropy without needing a closed-form expression
for the belief distribution.

We now present the following theorem, which provides a bound on the CVaR
of entropy. This theorem demonstrates the relationship between the CVaR of the
entropy for the abstract observation model and the original observation model.

Theorem 2. Let CVaRa(H(ng) | b, ar) and CVaRa(H(bry1) | bi,ax) be
the CVaR of the entropy estimator considering abstract and original ob-
servation models, respectively. Then,

0 < OVaRa(H(bes1) | be, ar) — CVaRa(H(bpsr) | b, ar) < log(K).  (35)

For proof see Appendix

These computationally-lightweight bounds are in-line with the work [25]
which developed bounds for entropy under the expectation objective consid-
ering observation clustering as a simplification. To our knowledge, this is the
first time it is shown that these bounds are also valid for the CVaR coherent
risk measure.

4 Conclusion

In this paper, we introduced a novel approach to simplifying risk-aware planning
under the Conditional Value at Risk (CVaR) coherent risk measure within the
framework of Partially Observable Markov Decision Processes (POMDPs). We
first considered a general simplification formulation and reveal it has its own
risk envelope, which may be different than the risk envelope of the original risk-
averse POMDP problem. We then considered two specific simplifications, that
were previously only suggested and analyzed for the conventional expectation
operator: (i) lightweight bounds on a belief-dependent reward function, and (ii)
clustering of future observations.

For the first simplification, we proved that the risk envelope does not change,
and using this fact we derived computationally efficient bounds on the original
CVaR-based value function. For the second simplification, considering a myopic
setting and differential entropy as the reward function, we utilize the connection
between the original and the simplified risk envelopes to show, for the first time,
that the bounds that were originally developed for the expectation operator are
also valid for the CVaR risk measure.
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Our findings suggest that our simplification framework of risk-averse POMDP
can significantly reduce the computational burden in online non-myopic planning
scenarios, considering computationally expensive belief-dependent reward func-
tions (such as entropy), while providing formal performance guarantees. These
can be used to either ensure that the actions selected are sufficiently close to
optimal, thus maintaining safety and robustness, or as a mechanism to adapt
the simplification and thereby tighten the bounds until achieving an acceptable
level of planning performance.

Furthermore, we believe the theorems presented in this paper are a key step
toward achieving optimal decision-making using Bellman optimality in risk-
sensitive contexts. The application of these theoretical results can potentially
be extended to a broader range of decision-making scenarios, including those
involving multiple risk measures or more complex decision frameworks. In terms
of a practical application, our approach offers a pathway to more efficient and
effective planning in various domains, including robotics, autonomous vehicles,
and other systems requiring robust decision-making under uncertainty. Future
work will involve empirical validation in these areas to further test and refine our
methods, ensuring they are both robust and practical for real-world deployment.
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A Appendix
A.1 Derivation of
/ E(rit1)P(rhylbr, ar)driir =
Tk+1
/ £(Tk+1)/ S(rit1 — p(brt1))P(bret1[br, ar)dbri1drisr =
Tk+1

b1

E(p(br+1))P(brt1]br, ar)dbrt1 =

bry1
€(P(bk+1))/ I(br+1 — bk, ar, 2k+1))P(2k+1 bk, ar)dbi1 =
bry1 Zg41
| €ototn o s Pl an)dan =
Zk+1

/ f(p(w(bk,am«zkﬂ)))/ P(zk+1|$k+1)/P($k+1|$k7ak)bk(xk)dxkdkarldszrl =1,

Zk+1 Tr41 Tk

which can be written as (14)):

6 opo ’(ﬂ(b;€7 ag, zk+1)/]P’(zk+1|xk+1)/]P’(xk+1|xk, ak)bk(:vk)dxkdxk+1dzk+1 =1.
x

Zk+1 k+1 Tk

A.2 Proof of Theorem [

The value function satisfies the recursive Bellman equation for Belief MDP
(20)

Vet (bk,a) = T(bk, 7Tk)+ (36)

/P(bk+1|bk,Wk)ﬁ(bk+1)V”(k+1)+(bk+1,£(bk+1)04)~

min
§€Uevar (0 P(bk,mx)) by,

The bounds’ value functions — also satisfy the recursive Bellman equa-
tion. Furthermore, based on Lemma , the risk envelope remains unchanged
when applying the reward bounds. Therefore,

Vm“‘*"u(bk, Oz) = u(bk, 7Tk)+
i P(b b b VTk+D+4 () b
o Bkl i) (s, E(bys1)a)

Vﬂ—kJ”l(bk, a) = l(bk,’ﬂ'k)—‘r

i P(bj41|b b1 ) VD (B g E(b .
5eucvar(gl,IIPI(l~|bk,mc))/bk+l (1108, T8)E(Drt1) (brt1, & (br+1)x)

We denote:
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= arggzrlin{ i P(br+1bk, 7)€" (br+1)CV aRogu by 1) (Glgr (Ot 1, Ty 1)1 ) 1
k+1
gi arg;lnin{ A P (b1 1bk, mh)E (b 1) CVaRaer v, 1) (Gt (Drrrs T(rs1y+)) s
k+1
(37)

£" £ argmin{ P(bk+1bk, 7)€" (bt 1) CVaRaer by 1) (Gt Okt 1, T(hr1)4)) -

&£ br41

We now prove that the relation between the bounds is preserved, utilizing the
above definitions of £7, ¢! and £*. We start with the upper bound:

) + [ POl )€ () (38)
br+1
CVaRaer by1) (Glgr Okt 1, Tk 1)) 0415 Trg 1y 1) < (39)

(B, ) + / P (B [bis 1) (Biy1)-
b1

CVaRagu(by 1) (Gla1 (1, T 1)+ ) Okt 1, T(reg1) 1) < (40)

ul(bg, i) + / P (B [bes 1) (Biyr)- (41)
b1

CVaRueu (b 1) (Ghpr Okt 15 Tog1)+)) Dkt 15 T(g1)4)- (42)

Similarly, for the lower bound:

(b k) + / P (b1 bk, T )7 (b ) (43)
k41

CVaRaer by 1) (Grpr Ok+1, Tk 1)) bkt 1, T (1) 4) = (44)

)+ [ Bbalbe )€ (o) (45)

CVaRagr (v ) (Gl (01 Tk 1)) [Bh1s (g 1)1) > (46)

by i) + /b P (b1 [bre, 1) E (b1 ) (47)

CVaRag (b4 1) (Ghopr (Bt 1, (o 1)) Dr1s Ty ) (48)

Putting ([38)-([2) and (43)-(48) together yields V™+1!(by, o) < V™t (by, o) <
O

Vet (b, a).
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A.3 Proof of Theorem 2

Denote by € € Uepar (o, P(zry1|br,ar)) and € € Uepar (o, P(241|br, ar)) the
optimal risk ratios, considering the corresponding risk envelopes,

CVaRa(MH(brs1) | be,ar) = min  E., ., [€(zkr1)H (brs) |br, ax] =
E€Ucvar (a, P(Zk+1|bk ay))

E2k+1 [g(szrl)H(karl”bkv ak]v

CVaRo(H(bii1)|bk, ar) = min - Es, ., [€(zkp1)H bk 1) b, ax] =
E€Ucvar (0,P(2141|bk,ar))

B [€7 (2 1) H (brs1) b, an).

Lower bound

We use the dual form and Lemma [2] to prove the lower bound,

CVaRo(H(bei1) | b ar) — CVaRa(H(bpsr) | br, ax) = (49)
Bepir (€t H(P(wpr|br, ap, 2551)) — E (& (s 1) H(P(@gr1]br, g, 2511))) \Z/
e Lemma 2]
(50)
Eopr (E(ze41)H HP(wps1|brs an, 2541)) — E (E(zae)) HP(@hr i, ar, z141))),
Zk+1
(51)

where we use P(xk+1|bk,ak,zk+1) to explicitly denote the dependence of the
partlcle belief bk+1 on bk,ak and zg4+1 (and similarly for P(zk+1|bk,ak,zk+1)
and ka).

We now plug-in the entropy estimator ( in the main paper)

N

M mo|i N i i j
_ = Z(Zk+1\90k+1 > 1T($k+1|$k ak)qi
M+ Z €(zi1) Z 2k+1\ﬂfk+1 G log( N ]m 0 m ,
m=1 i=1 D=1 Z(Zk+1|$k+1)%

(52)

z

M m i N i i J
= i i Z(Zk+1|$k+1) > T($k+1|$lm ak)qk
Trar Y E(21) > Z(zi @i )i log( e )=
m=1 i=1 -1 Z(Zk+1‘xk+1)qk
le] K.-C N t i N t i i
_ z TN Z(zhar|har) Ziv—y Z (kg [Th41)g
k41 Z Z €(zi41) Z Z(zg1|Ties1) g - log( T 72 R I.C, )-

N
e=1t=K-(c—1)+1 i=1 Z(zlthrl |$}c+l) D=1 Z(Zitcﬂ \%?JH)%
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Using the inequality log(z) < x — 1,Vz > 0,

N

- i i Z(zt 1)z N7 Z(2hy |t qi/
—77k+12 Z g(ZIiJrl)ZZ(Z;chlLTkJrl)Qk'lOg( (( k+1| kH)X]:V — (2ol -t) - )

Zk+1 |$k+1) Ei’:l Z(thﬁtl ‘332’+1)qu

c=1t=K-(c—1)+1 i=1
(53)
c N

3 iy ZGnlein) S0 Zkalei)a
77k+1Z Z E(ZZH)ZZ(ZEHFUZH)QZH— Pl kil p=1 Tkl Rl k]z

N
c=1t=K-(c—1)+1 i=1 Z(z£+1|x}€+1) Ei’:l Z(ZZ+1|$Z+1)qi'

c K-C N
ﬁk+1z Z &(2k41) ZZ 21| T G —

c=1t=K-(c—1)+1 i=1

c K-C N
Th+1 Z Z £(2k41) ZZ Zh1|Thi1)gk = 0.
=1

e=1t=K-(c—1)+1

Upper bound

We now prove the upper bound:

CVaRa(H(brsr) | b, ar) — CVaRa(H(bpsr) | b, ar) = (54)

Er (E(zhe1)H HP(ps1|Drs ar 2541)) — E (€ (2t HB(@pi1 B, an, 2041))) =
ZE+1

(55)

. N . ) .
Z(ZITH |I;c+1) Zj:l T(I%H |IZ7 ak)Qi
NS , -
D=1 Z(Z;Z"Hlﬂfiﬂ)qz

M N
—Mhi1 Y E(20) Z (2341141 a3 Log(
m=1 i=1

(56)

ol mo1 i Z(zz?ll ‘3524-1) Z;V:1 T(x§c+1 |x}c’ ak)qi
Mr+1 Zf 2R ZZ(Zk+1|xk+1)Qk log( N 1 p
m=1 i=1 D=1 Z(Zk+1‘5”k+1)q/c

(57)

We select a general element g from the risk envelope Ucvar(a7]fp(z£l+1|5k,ak)).
Since a risk measure involves solving a minimization problem over this envelope,
considering a general element within the risk envelope makes the entire expres-
sion larger. Additionally, we define h(m) = [%] + 1 for a general integer m. We

define g as follows and then prove it indeed belongs to Ueyar(av, P(zﬁﬂgk? ag)):

K-h(m % 7
mo\ A t:K(.(h)(m)q)Hg (2t 1)P (2 41|k k)
9(z141) = K-h(m) (58)

t=K-(h(m)—1)+1 P(Ziﬂ |k, ax)

2
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We now prove that g(z; ) € Ucvar(a, P(z,ﬁﬂgk, ax)):

K-h(m) -
. m A\ ,m g _ - t:K~(h(m)—1)+1€ (Zk+1) (Zii+1|bk7ak)P m g B
> 9GP bry ar) = > KR () - (zk41 bk, ar) =
m=1 m=1 Zt:K-(h(m)—1)+1 P(2} 4110k, ax)
K-h(m ~
i pon K<(h(m) 1>+1§ (Zk+1) (z,ﬁ+1|bk,ak) .
K-h(m) N
m=1 2it=K-(h(m)—1)+1 Zl 1 Z(Zk+1|xk+1)z T(‘Tk+1|:rk7ak)Qk
N
ZZ(Zk+1|$k+1 ZT $k+1\9ﬁk7€bk)Qi =
i=1 j=1
K-h X -
% PO 1<(Tf3<m L1y € (g1 P(zhga [Or, ar) .
K h(m
m=1 ((h)(m) 141 Zz 1Z(Zk+1|xk+1)zj 1T(xk+1|xk,ak)qk
K-h(m) N
*Z > Z(zhs1|7is1) D T(@iosa |2, ar)qh =
i=1t=K-(h(m)—1)+1 j=1
Mo K-h(m)

Z K Z f*(zi+1)P(ZZ+1|Ek7ak) =1,

t=K-(h(m)—1)+1

and
K-h(m * 7 K-h(m 7
Zt I((»(h?(m)fl)ﬁ»lf (zltc+1)P(zltc+1|bkaak) 1 Zt K((h)(m —1)+1 HD(ZZ+1|bk7ak) 1
9(zk) = K-h(m) Pt b K-h(m) Pt b T
2t i (h(my—1)+1 E(Zgabrs ax) @D K- (h(m)—1)+1 P(Zk 1[0k, ar)

(59)

To conclude, we showed that Z%Zl g(z P(z b, ax) = 1and g(z]7 ) < L.

Therefore, according to (11)), g(z]7,) € Uevar (o, P(2]7; |bk, ax)).
Referring to (54), we now take notice that log( 2 lx’jv“) ijf T(f,k“ lf,k’ak)q’“ ) <
o1 2w ),

0, as the log of a discrete probability distribution. By replacing the optimal risk
ratio £(2j7 1) € Uevar(r, P(2]7 1 |bk, ax)) with the risk ratio g(277, ;) € Uevar (0, P(277 1 [bi, ax)),
in (54), we get the bound

CVaRa(H(brs1) | br,ar) — CVaRa(H(bky1) | br,ax) < (60)

_ m a Z(z,ﬁﬂmiﬂ) Zj\, 1 T($i+1|$i,ak)qi
—Mk+1 Zg(zk+1 Z Zk+1|xk+1 g log( ZN Z(zr

i’'=1 k+1|w?;'+1)qzi'
(61)

M N mo |0 N i i j
i i Z(ziy1 i) 20 5—1 T (@hga [Ty ak) i,

Mh+1 § (zh1) ) Z (2141 |Thq1)ar log( ~ = " ~
Z Z Zi’:l Z(zlrcn+1|x}c+1)<1}c

m=1 =1

).
(62)

We now look at one of the clusters (without loss of generality, at the first one,
i.e. m = 1), plug-in the definition of the abstraction observation model 7 and
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define a matrix notation of the cluster

N K gx t t o3
5 211 § (2 1)P (241 |0k, ak
Zk+1 ZZ Zk+1|$k+1 ql = ==L — =

N T p4T
_ A 167P17Z
= Z(Zepr|Thsr)ar & =25t
tK:l P(Z,t€+1|bk,ak) ;

K 1Tp ~°
(63)
where
5*(4-‘-1) ZZI\; Z(zliJrl‘m}chl)qz P(Zli+1|bk: ax) 1
= ' Zg 2 ' P2 ' 12
5*(z,§+1) Zi\’ﬂ Z(f’«'ﬁl‘%ﬂ)% P(z,€{+1|l3k, ax) 1
(64)
We apply
1Ptz 1 (" P17 Z,) - 1 tr(P1T)tr(Z,67) 1r(Z,6T) = €77
K 1Tp K tr(1T P) - K tr(17T P) T K T
(65)
Hence, we re-write (61) as
M ol ; i Z(%T—&-l@i—&-l) ZN 1 T@Z-&-l@i»“ﬂ%
—Tk+1 £ (21 Z (211 |h+1) gk log( s
'm.zl ; Zj\/] 1 Z(zk+1|$k+1)%
(66)
N ; ; Z(len+1|33;c+1) EN 1 T($2+1|$27 ak)q.
Mot 1 £ (zr41 Z(zi1 |Th41)qr log( !
mz:l ; Ez’ 1Z(Zk+1‘xk+1 qk
M N
Mk+1

- i i Z(2 Tk )
£ (Z?+1)ZZ(Z?+1|452+1)Q12 log( kt+1l7k+1
m=1

_ - )+
P Z(ZL”HI%H)

(a)

al m i i ZAL (len+1|$£+1)qi
Mhet1 E & (ze1) E Z (2141 |Thg1) Qe log(ZN )
m=1 =1

i=1 Z(zk+1|x1¢+1)qA

(®)

We now treat the terms (a) and (b) separately, starting with (a)

2

(@) = Mr+1 Zf 241 ZZ(ZI?HWZH)Q}; log(K)+

m=1 i=1

2

m | i ; Z(z" |zt
Me+1 E f Zk+1 E Z (2 1] Tkt1)qr log( (kﬂ‘ kH)
i=1

> Z(Zk+1|xk+1)
M

< Mkt Z I E Z Z(Z?+1Ix§;+1)qi log(K) = log(K).
m=1 1=1

2
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For term (b), we utilize the Jensen’s inequality,

= YN 2o T )i
(b) _7719+IZ§ Zk+1 ZZ(ZkJrl‘karl)QkIOg( N )
m=1 i=1 D1 Z(= k+1‘mk+1)qk
M

< log(fk+1 »_ & Zk+1)

m=1

N

S,

M=

Z(2k+1|$k+1)qk(§ -1 Z(Zﬁn+1|w}€+lizl? )

1 i=1 Z(Z;Z"+1|x?;+1

.
1

Z(%ﬁl@iﬂ)‘]i)-

= log(7k-+1 Z € (2i41)

m=1

HMZ

We again look at one of the clusters in matrix notations (without loss of gener-
ality, at the first),

1 1
2 tr(178)(2"1)) < Ztr(€a )tr(117) = tr(ga"). (67)
Hence, for the term (b) we get,
M N M N ) )
log(Ms1 Y € (21%1) D Z(=i k1)) < log(Mer Y €°(21%1) Y Z(2ka |whi1)gk) = O,
m=1 =1 m=1 1=1

(68)

Therefore, 0 < C’VaRa(’H(zkH) | by, ag) — CVaRe (H(bgsr) | by, ax) < log(K).
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