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Abstract

Continuous Partially Observable Markov Decision Processes (POMDPs) with general belief-dependent rewards are
notoriously difficult to solve online. In this paper, we present a complete provable theory of adaptive multilevel sim-
plification for the setting of a given externally constructed belief tree and Monte Carlo Tree Search (MCTS) that constructs
the belief tree on the fly using an exploration technique. Our theory allows to accelerate POMDP planning with belief-
dependent rewards without any sacrifice in the quality of the obtained solution. We rigorously prove each theoretical claim
in the proposed unified theory. Using the general theoretical results, we present three algorithms to accelerate continuous
POMDP online planning with belief-dependent rewards. Our two algorithms, SITH-BSP and LAZY-SITH-BSP, can be
utilized on top of any method that constructs a belief tree externally. The third algorithm, SITH-PFT, is an anytime MCTS
method that permits to plug-in any exploration technique. All our methods are guaranteed to return exactly the same
optimal action as their unsimplified equivalents. We replace the costly computation of information-theoretic rewards with
novel adaptive upper and lower bounds which we derive in this paper, and are of independent interest. We show that they
are easy to calculate and can be tightened by the demand of our algorithms. Our approach is general; namely, any bounds
that monotonically converge to the reward can be utilized to achieve a significant speedup without any loss in performance.
Our theory and algorithms support the challenging setting of continuous states, actions, and observations. The beliefs can
be parametric or general and represented by weighted particles. We demonstrate in simulation a significant speedup in
planning compared to baseline approaches with guaranteed identical performance.
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session, the robot has to take into account all possible future
actions interleaved with possible observations. Each such
future history of the length of predefined horizon defines a
lace of the future beliefs (blue lace in Figure 1) and cor-
responding cumulative rewards named return. Solving

1. Introduction

Efficiently solving Partially Observable Markov Decision
Processes (POMDPs) implies enabling autonomous agents
and robots to plan under uncertainty (Garg et al., 2019;
Kurniawati et al., 2008; Silver and Veness, 2010; Smith and
Simmons, 2004; Sunberg and Kochenderfer, 2018; Ye et al.,
2017). Typical sources of uncertainty are the imprecise
actions, sensor type, sensor noise, imprecise models, and
unknown agent surroundings. However, solving a POMDP
is notoriously hard. Specifically, it was proven to be

'Technion Autonomous Systems Program (TASP), Technion - Israel
Institute of Technology, Haifa, Israel

Department of Computer Science, Technion - Israel Institute of
Technology, Haifa, Israel

PSPACE-complete (Papadimitriou and Tsitsiklis, 1987).
The actual POMDP state is hidden. Instead, at each time
step, the robot shall decide which action to take based on the
distribution over the state, given the corresponding history
of performed actions and observations received so far. Such
a distribution received the name “belief.” In a planning
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POMDP in the most common sense means finding a
mapping from belief to action called policy, which maxi-
mizes the expected return.

Earlier offline solvers such as Kurniawati et al. (2008)
and Smith and Simmons (2004) are applicable to small or
moderately sized discrete POMDPs. These methods re-
quire passage over all possible states and observations
(Kochenderfer et al., 2022) since they are built on value
iteration of a-vectors, so called full-width methods (Silver
and Veness, 2010). More recent online solvers are suitable
for POMDPs with large but discrete action, state, and
observation spaces (Silver and Veness, 2010; Ye et al., 2017).
Still, continuous state, action, and observation spaces remain to
be an open problem (Sunberg and Kochenderfer, 2018).
Another challenging aspect of solving POMDP and the subject
of interest in this paper is general belief distributions repre-
sented by weighted particles. Further in the manuscript we will
regard the combination of both, nonparametric beliefs and a
fully continuous POMDP as a nonparametric fully contin-
uous setting.

In a fully continuous setting with parametric or general
beliefs one shall resort to sampling of future possible
actions and observations. In a sampled form, this abun-
dance of possible realizations of action—observation pairs
constitutes a belief tree. Building the full belief tree is
intractable since each node in the tree repeatedly branches
with all possible actions and all possible observations as
illustrated in Figure 1. The number of nodes grows ex-
ponentially with the horizon. This problem is known as the
curse of history.

The reward function in a classical POMDP is assumed to
have a specific structure, namely, to be the expectation with
respect to the belief of the state-dependent reward function.
While alleviating the solution, this formulation does not
support more general, belief-dependent reward functions,
such as information-theoretic rewards.
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However, POMDP planning with belief-dependent re-
wards is essential for various problems in robotics and
Artificial Intelligence (Al), such as informative planning
(Hollinger and Sukhatme, 2014), active localization
(Burgard et al., 1997), active Simultaneous Localization and
Mapping (SLAM) (Stachniss et al., 2005), and Belief Space
Planning (BSP) (Indelman et al., 2015; Platt et al., 2010;
Van Den Berg et al., 2012). Araya et al. (2010) provide an
extensive motivation for general belief-dependent rewards.
One of the widely used such rewards is Information Gain,
which involves the difference between differential entropies
of two consecutive in time beliefs. Such a reward is crucial
in exploration tasks because, in these tasks, the robot’s goal
is to decrease uncertainty over the belief. For instance,
uncertainty measures such as differential entropy and de-
terminant of the covariance matrix of the belief cannot be
represented as expectation over a state-dependent reward
with respect to the belief. Another example of a belief-
dependent reward is entropy over discrete variables that
correspond to data association hypotheses (Pathak et al.,
2018). Computationally-efficient information-theoretic
BSP approaches have been investigated in recent years,
considering Gaussian distributions (Elimelech and
Indelman, 2022; Kitanov and Indelman, 2024; Kopitkov
and Indelman, 2017, 2019).

Yet, POMDP planning with general belief-dependent
rewards in particular, when the beliefs are represented by
particles exacerbate the computational challenge of the
solution even more. For example information theoretic
rewards such as differential entropy, are computationally
expensive.

Let us focus for the moment on differential entropy. Even
if the belief is parametric but not Gaussian, calculating the
exact value of differential entropy involves intractable in-
tegrals. This fact also motivates to use a weighted particles
representation for the belief. In this case differential entropy
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Figure 1. Schematic visualization of the belief tree and the inplace simplification. The superscript in this visualization denotes the index
in the belief tree. By »* we denote the simplified version of the belief b.
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can be estimated, for instance by Kernel Density Estimation
(KDE) (Fischer and Tas, 2020) or a model-based estimator
(Boers et al., 2010). However, these estimators have qua-
dratic cost in the number of samples and are usually the
bottleneck of planning algorithms. The reason is that this
increased computational burden is incurred for all nodes in
the belief tree. Importantly, the estimation errors of these
estimators with respect to differential entropy over theo-
retical belief are out of the reach due to the unavailability of
both, the theoretical belief and the entropy on top of it. Yet,
due to the convergence of the belief represented by particles
to the theoretical belief (almost sure convergence (Crisan
and Doucet, 2002)), the mentioned above estimators con-
verge to the exact differential entropy. This prompts us to
use as many belief particles as possible to get closer to the
theoretical belief. Nevertheless, increasing the number of
belief particles severely impacts planning time.

In this paper, we accelerate online decision making in the
setting of nonparametric fully continuous POMDPs with
general belief-dependent rewards. Crucially, planning
performance of our accelerated approach is the same as that
of the baseline approaches without our acceleration. Before
stating our contributions, we review the most relevant works
in this context.

1.1. Related work

Allowing general belief-dependent rewards in POMDP while
solving such a problem efficiently is a long standing effort.
Some previous seminal works such as p-POMDP (Araya et al.,
2010; Fehr et al., 2018) as well as Dressel et al. (2017) have
focused on discrete domains, small sized spaces and have
tackled the offline solvers. Furthermore, these approaches are
limited to piecewise linear and convex or Lipschitz-continuous
rewards. Another work named POMDP-IR (Spaan et al., 2015)
suggests an interesting framework for specific form of infor-
mation rewards involving manipulations on the action space.
Still, in Araya et al. (2010), Dressel et al. (2017), and Fehr et al.
(2018), the state, action, and observation spaces are discrete and
small sized. Another line of works is Belief Space Planning
(BSP) (Indelman et al., 2015; Platt et al., 2010; Van Den Berg
etal., 2012). These approaches are designed for fully continuous
POMDPs, but limited to Gaussian beliefs. In striking contrast,
our approach is centered in the more challenging fully con-
tinuous domain and nonparametric general beliefs represented
by particles while at the same time our framework is general and
supports also exact parametric beliefs.

One way to tackle a nonparametric fully continuous
setting with belief-dependent rewards is to reformulate
POMDP as a Belief-MDP (BMDP). On top of this re-
formulation one can utilize MDP sampling-based methods
such as Sparse Sampling (SS) proposed by Kearns et al.
(2002). However, this algorithm still suffers from the curse
of history and such that increasing the horizon is still
problematic.

Monte Carlo Tree Search (MCTS) made a significant
breakthrough in overcoming the course of history by

building the belief tree incrementally and exploring only the
“promising” parts of the tree using the exploration strategy.
An inherent part of MCTS-based algorithms is the explo-
ration strategy designed to balance exploration and ex-
ploitation while building the belief tree. Most widely used
exploration technique is Upper Confidence Bound (UCB)
(Kocsis and Szepesvari, 2006).

MCTS algorithms assume that calculating the reward
over the belief node does not pose any computational
difficulty. Information-theoretic rewards violate this as-
sumption. When the reward is a general function of the
belief, the origin of the computational burden is shifted
towards the reward calculation. Moreover, in a non-
parametric setting, belief-dependent rewards require a
complete set of belief particles at each node in the belief
tree. Therefore, algorithms such as POMCP (Silver and
Veness, 2010) and its numerous predecessors are inap-
plicable since they simulate each time a single particle
down the tree when expanding it. DESPOT-based algo-
rithms behave similarly (Ye et al., 2017), with the
DESPOT-a as an exception (Garg et al., 2019). DESPOT-
o simulates a complete set of particles. However, the
DESPOT-a tree is built using a-vectors, such that they are
an indispensable part of the algorithm. The standard
a-vectors technique requires that the reward is state de-
pendent, and the reward over the belief is merely ex-
pectation over the state reward. In other words, DESPOT-
o does not support belief-dependent rewards since it
contradicts the application of the a-vectors.

The only approach posing no restrictions on the
structure of belief-dependent reward and not suffering
from limiting assumptions is Particle Filter Tree (PFT).
The idea behind PFT is to apply MCTS over Belief-MDP
(BMDP). Sunberg and Kochenderfer (2018) augmented
PFT with Double Progressive Widening (DPW) to support
continuous spaces in terms of actions, states, and obser-
vations, and coined the name PFT-DPW. PFT-DPW uti-
lizes the UCB strategy and maintains a complete belief
particle set at each belief tree node. Recently, Fischer and
Tas (2020) presented Information Particle Filter Tree
(IPFT), a method to incorporate information-theoretic
rewards into PFT. The IPFT simulates small subsets of
particles sampled from the root of the belief tree and
averages entropies calculated over these subsets, enjoying
a fast runtime. However, differential entropy estimated
from a small-sized particle set can be significantly biased.
This bias is unpredictable and unbounded, therefore, se-
verely impairs the performance of the algorithm. In other
words, celerity comes at the expense of quality. Often-
times, the policy defined by this algorithm is very far from
optimal given a time budget. Fischer and Tas (2020)
provide guarantees solely for the asymptotic case, that
is, the number of subsampled from the root belief state
samples (particles) tends to infinity. Asymptotically their
algorithm behaves precisely as the PFT-DPW in terms of
running speed and performance. Yet, in practice the per-
formance of IPFT in terms of optimality can degrade
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severely compared to PFT-DPW. Moreover, Fischer and
Tas (2020) do not provide any study of comparison of IPFT
against PFT-DPW with an information-theoretic reward.
Another undesired characteristic of IPFT is that the averaging
of the differential entropies is done implicitly and the number
of averaged entropies per belief is the visitation count of the
corresponding belief. Therefore, to properly compare IPFT
with PFT-DPW one shall increase the number of simulations
inside the IPFT algorithm. We explain this aspect more
thoroughly in Section 8.3.5. Prompted by these insights, we
chose the PFT-DPW as our baseline approach, which we aim
to accelerate. In contrast to IPFT designed specifically for
differential entropy, our approach is suitable for any belief-
dependent reward and explicitly guarantees an identical
solution to PFT-DPW with an information-theoretic reward,
for any size of particle set representing the belief and serving
as input to PFT-DPW.

The computational burden incurred by the complexity of
POMBDP planning inspired many research works to focus on
approximations of the problem on top of existing solvers, for
example, multilevel successive approximation of a motion
model (Hoerger et al., 2019), lazy belief extraction on top of a
particle-based representation (Hoerger and Kurniawati,
2021), linearity-based solvers (Hoerger et al., 2020), and
averaging differential entropy estimated from tiny subsets of
particles (Fischer and Tas, 2020). Typically, these works
provide only asymptotical guarantees (Fischer and Tas, 2020;
Hoerger et al., 2019) or no guarantees at all. In addition many
of these approximations leverage the assumption that the
belief-dependent reward is an averaged state-dependent re-
ward (e.g, Hoerger et al., 2019; Hoerger and Kurniawati,
2021), and therefore cannot accommodate belief-dependent
rewards with general structure (e.g., do not support
information-theoretic rewards such as differential entropy).

Recently, the novel paradigm of simplification has ap-
peared in literature (Barenboim and Indelman, 2022, 2023;
Elimelech and Indelman, 2022; Kitanov and Indelman,
2024; Lev-Yehudi et al., 2024; Shienman and Indelman,
2022; Sztyglic and Indelman, 2022; Zhitnikov and
Indelman, 2022b, 2024). The simplification is concerned
with carefully replacing the nonessential elements of the
decision-making problem and quantifying the impact of this
relaxation. Specifically, simplification methods are ac-
companied by stringent guarantees. A prominent aspect of a
simplification paradigm is the usage of the bounds over the
reward or the objective function. As opposed to approxi-
mations, the simplification framework always keeps some
sort of connection to the original unsimplified problem and
by that provides deterministic guarantees relative to the
given solver. Despite that various objective function bounds
have been practiced in Kochenderfer et al. (2022), Smith
and Simmons (2004), Walsh et al. (2010), and Ye et al.
(2017), these techniques are not applicable in the realm of
belief-dependent rewards and a fully continuous setting. In
addition, commonly these approaches assume that the state
dependent reward is trivially bounded from below and
above by some constant.

1.2. Contributions

This work is about accelerating online decision making
while obtaining exactly the same solution as without ac-
celeration. Specifically, we contribute an adaptive multi-
level simplification framework that accounts for belief-
dependent rewards, possibly nonparametric beliefs, and
continuous state, observation and action spaces.

Our framework accepts as input adaptive monotonical
and computationally inexpensive bounds over the exact or
estimated reward. Given such reward bounds, it accelerates
online decision making. Specifically, given such adaptive
monotonical reward bounds, it is possible to adaptively
bound the value function for any given policy and expedite
decision making. If the value function bounds for different
candidate policies do not overlap, we do not pay in terms of
quality, namely, we obtain the same solution as the
equivalent unsimplified method. In the case these bounds do
overlap, then we can progressively tighten them by in-
voking a process that we shall call simplification adaptation
or resimplification until they no longer overlap.

Our techniques return exactly the same solution as the
unsimplified equivalent. Such an unsimplified baseline can
correspond to decision-making problems where the reward
can be exactly calculated (analytically), or where the reward
is estimated. In either case, if the bounds over the corre-
sponding reward are provided and satisfy the assumptions
stated in Section 3.3, one can apply our framework to speed
up the decision-making process while obtaining the same
best action as with the original rewards instead of the
bounds. Such a capability is therefore particularly appealing
in light of the information-theoretic rewards that are es-
sential in numerous problems in robotics, but are often the
computational bottleneck.

Further, there are two settings that we separately and
explicitly discuss in this paper. We start from a given belief
tree, that can be constructed by a POMDP solver that is not
coupled with the solution, for example, SS. In this setting,
we can prune branches of the belief tree whenever the
mentioned objective bounds for different candidate policies
or actions do not overlap.

We then discuss an anytime setting of MCTS, where the
belief tree construction is coupled with the solution due to
an exploration strategy (e.g., UCB). The exploration
strategy builds upon an exploratory objective. Since the
exploratory objective typically requires access to the ob-
jective estimates to select an action at each arrival to a belief
node, we cannot prune suboptimal candidate actions. In-
stead, we can only dismiss them until the next arrival to this
belief node. The simplification and reward bounds are used
here to bound the exploratory objective and the value
function at the root of the belief tree.

Finally, we focus on a specific simplification of non-
parametric beliefs represented by particles and a differential
entropy estimator as the reward function. Our simplification
is subsampling of the original belief to a smaller sample
size. We contribute novel computationally cheaper bounds
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over the differential entropy estimator on top of such a
simplified belief and incorporate these bounds into our
framework. By that, we produce a specific embodiment of
the general framework presented earlier.

To summarize, we list down the contributions of this
work, in the order they are presented in the manuscript.

1. Building on any adaptive monotonically convergent
bounds over belief-dependent reward, we present in this
paper a provable general theory of adaptive multilevel
simplification with deterministic performance guarantees.

2. Forthe case of a given belief tree as in Sparse Sampling,
we develop two algorithms, Simplified Information
Theoretic Belief Space Planning (SITH-BSP) and a
faster variant, LAZY-SITH-BSP. Both are comple-
mentary to any POMDP solver that does not couple
belief tree construction with an objective estimation
while exhibiting a significant speedup in planning with
a guaranteed same planning performance.

3. In the context of MCTS, we embed the theory of
simplification into the PFT-DPW algorithm and in-
troduce SITH-PFT. We provide stringent guarantees
that exactly the same belief tree is constructed by
SITH-PFT and PFT-DPW. We focus on a UCB ex-
portation technique, but with minor adjustments, an
MCTS with any exploration method will be suitable
for acceleration.

4. We derive novel lightweight adaptive bounds on the
differential entropy estimator of (Boers et al., 2010) and
prove the bounds presented are monotonic and con-
vergent. Moreover, these bounds can be incrementally
tightened. We believe these bounds are of interest on
their own. The bounds are calculated using the sim-
plified belief (See Figure 1). We emphasize that any
other bounds fulfilling assumptions declared in Section
3.3 can be utilized within our framework.

5. We present extensive simulations that exhibit a sig-
nificant improvement in planning time without any
sacrifice in planning performance.

This paper is an extension of the work presented in
Sztyglic and Indelman (2022), which proposed novel
adaptive bounds on the differential entropy estimator of
Boers et al. (2010) and introduced the simplification
paradigm in the context of a given belief tree. To be precise
we explicitly clarify how this work differs from the
conference version of this paper (Sztyglic and Indelman,
2022). In this version, we extend the simplification
framework to the rewards depending on a pair of
consecutive-in-time beliefs, for example, Information
Gain as opposed to the conference version where such an
extension was only mentioned. In this version, we provide
alternative proof of these bounds and prove that these
reward bounds are monotonic. In the setting of a given
belief tree, we present an additional algorithm, that we call
LAZY-BSP. This algorithm is faster than SITH-BSP
suggested in Sztyglic and Indelman (2022). Importantly,

we extend our simplification framework to support also
anytime MCTS planners. Additionally, we provide ex-
tensive performance evaluation of our methods in
simulations.

1.3. Paper organization

The remainder of this paper is structured as follows. Section 2
provides background in terms of POMDPs, theoretical ob-
jective and commonly used objective estimators. We devote
Section 3 to our general adaptive multi-level simplification
framework. In Section 4, we consider a given belief tree
setting in which the belief tree construction is not coupled
with the solution. In Section 5, we delve into the MCTS
approach in the context of our multilevel simplification. In
Section 6, we consider a specific simplification and develop
novel bounds on an information-theoretic reward function.
Section 7 assesses the general adaptation overhead of our
methodology. Finally, Section 8 presents simulations and
results corroborating our ideas. In order not to disrupt the
flow of the presentation, proofs are presented in appropriate
Appendices.

2. Background

In this section, we present the background. To elaborate, we
present a POMDP with belief-dependent rewards followed
by theoretical and estimated objectives that correspond to
different online POMDP solvers. Our techniques work with
estimated objectives.

2.1. POMDPs with belief-dependent rewards
A POMDP is a tuple

<X5~A,Za T,Oap,%b0>, (1)

where X, A, Z are state, action, and observation spaces,
respectively. In this paper, we consider continuous state,
observation and action spaces. T(x,a,x") = Pr(¥|x,a) is
the stochastic transition model from the past state x to the
subsequent x’ through action a, O(z,x) = Pp(z|x) is the
stochastic observation model, y € (0, 1] is the discount
factor, by is the belief over the initial state (prior), and p is
the reward function. Let & = {by, ag, z1, ..., @s_1, zx} denote
history of actions and observations obtained by the agent up
to time instance & and the prior belief. The posterior belief at
time instant & is given by by (x;) = P(xg|hy).

In our generalized formulation, the reward is a function
of two subsequent in time beliefs, an action and an

observation:
p(brsais zir1, bir) = (1 = A)p*(br, ai, b))+ (2)

3)

where 4 > 0. The first reward component p*(by, ay, byy1) is
the expectation over the state and action-dependent reward r

+2p" (be, ar, zis1, bisr),
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(xx, ap) or r (ag, x4+1). Correspondingly, these two possi-
bilities yield

Fla)=s dor(da), @)

k ny

Px(bk, Qay, bk+1) = Eb
X~

&=l

or

x 1 .
P (b, a, biy1) = XMLE})M [7(@x, Xp41)] :Z Z r(ak,xZH)'
(5)

which is commonly approximated by sample mean using
n, samples of the belief. The second reward component
p!(br,ax,zky1br+1) is an information-theoretic reward
weighted by 4, which in general can be dependent on
consecutive beliefs and the elements relating them, for
example, information gain or specific estimators as Boers
et al. (2010) for nonparametric beliefs represented by
particles. For instance, in Section 6.1, we consider the
entropy estimator introduced by Boers et al. (2010). As will
be seen in the sequel, although the theoretical entropy is
only a function of a single belief b,.;, the mentioned es-
timator utilizes by, ay, zz+1, and byiq; hence the second
reward component, p’ (by, ar,zr+1bi+1), depends on these
quantities.

The policy is a mapping from belief to action spaces a; =
7i (by). Let my be a shorthand for policy for ¢ — k£ + L
consecutive steps ahead starting at index ¢, namely, /.1,
for £ > k.

2.2. Theoretical objective

The decision-making goal is to find an optimal policy 7
maximizing the value function as such:

V (b, miy) st berr = w(be, we(be), zes1), (6)
where V (by, m;) is defined by

k+L—1

E Z Vgikp(bz, 7o(be)s Zev1, bes )‘bka Tkt (7
=k

Zk+1:k+L

and y is the Bayesian belief update method. Utilizing the
Bellman formulation (7) takes the form of

Vbismiy) = EE [ (bi, i (bi)» zie 1> bici ) | b, 74
Zk+1
‘H’EE [V(‘/’(bk,ak,Z/m),7F(k+1)+)|bk,7rk].
Zk+1
The action-value function under arbitrary policy is given by
O(br, {ar, mps1y+ }) = }E] [p(br, Ay zis1, biit ) |br, ai]
Zk+
+VZ£EI[V(‘//(bkaak,ZkH),7F(k+1>+)|bk,ak].

®)

)

The relation between (8) and (9) is V (by, 7iv) = O (by, {7y
(br), w1y y)- If  is the optimal policy, we denote it by z*.
For clarity, let us designate for action-value function under
optimal future policy Q(bx, {ax, (s ), }) a short notation

0O (by, ap). If O (by, ay) can be calculated, the online POMDP
solution for the current belief b; will be

n: (by) € argmax Q(by, ay).

a

(10)

Linearity of the expectation and the structure displayed by
equations (2) and (3) lead to a similar decomposition of
action-value function (9) as such

0() = (1 =)0 (") +20'("), (11)

where 0" is induced by state-dependent rewards and O’ by
the information-theoretic rewards.

From here on, for the sake of clarity, we will use the
notation of history %, and the belief b, interchangeably for
any time k. In a similar manner, we shall use the notations
by, a; and hiay interchangeably.

2.3. Estimated objective

The continuous observation space makes the theoretical
expectations in (7) and (9) attainable in very limited
cases. Generally we shall resort to estimators. Similar to
theoretical counterparts, the relation between the esti-
mated optimal value and action-value function reads

V (be.7;,) = max O(by. ). (12)

Also in equation (10), the theoretical Q (b, ax) is substituted
by the estimator Q(by, a;). Naturally, we expect from the
estimator to admit the decomposition

o~ ~X

Ob,ar) = (1 - 10 (b, ar) + 10 (b ). (13)

Typically the @er[lement is easy to calculate, thus it is out of our
focus, whereas O is computationally expensive to compute.

Below we present two common sample based estimators
that will be used in this paper.

2.3.1.0bjective estimator in case of a given belief tree. We
turn to the setting of a given externally-constructed belief
tree, for example, by a SS algorithm. For the sake of clarity
and to ease the explanation, we assume that the number of
child posterior beliefs is constant at each nonterminal belief
and denoted by n.. Relaxing this assumption is straight-
forward. The Bellman form representation of (7) using such

an estimator is
~ 1 ; i
V (b, my) = — Zp(bk, T (br)s 241 b;c+1)

1

nz

Z

nz

1 > .
+y— Z V(l//(bka nk(bk)’z}c+l)’7r(k+l)+),
Z =l
(14)

and the corresponding estimator for (9) under an optimal
future policy reads
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nz

1 .
Zp(bka akaz;ﬁ—l’ b;H—l)

Z =1

1 &
+y—

zZ

@(bksak) =
(15)
/I}(‘//(bk’ Uy Zpy1)s nzﬂk+1)+)’

S

i=1

where 7, is the number of children of b, under the execution
policy ., and i is the child index.

2.3.2. Interchangeability between the history and
belief. The purpose of this section is to clarify why
further we will use interchangeably belief and the his-
tory. The belief is merely a reinterpretation of the
knowledge about the POMDP state stored in history in
the form of a PDF. The belief b, is a function of the
history 4. Therefore, different histories may yield the
same belief. To avoid ambiguity and relate the objec-
tives and their position in the belief tree with some abuse
of notation, we sometimes switch the dependence on the
belief to dependence on corresponding history. In
general, we can write b, (h,).

2.3.3. Coupled action-value function estimation and belief
tree construction. The estimator presented above leverages
symmetric, in terms of observations, Bellman form.
However, in MCTS methods, due to exploration driven by,
for example, UCB (16), the estimators are assembled from
laces of the returns. In each simulation, a single lace is added
to the estimator at each posterior belief. Whenever a new
posterior belief node is expanded, a rollout is commenced
such that the lace is complemented to the whole horizon.

MCTS repetitively descends down the tree, adding a lace
of cumulative rewards (or updates visitation counts of an
existing lace) and ascends back to root. On the way down it
selects actions according to an exploration strategy, for
example, (16). This results in a policy tree that represents a
stochastic policy represented by visitation counts N (ha)/
N(h). Further we will focus on UCB exploration strategy,
however, all derivations of our approach are general and are
valid for any exploration strategy, for example, P-UCT
(Auger et al., 2013) or e-greedy exploration (Sutton and
Barto, 2018).

A UCB-based MCTS over a Belief-MDP (BMDP) (Auer
et al., 2002; Sunberg and Kochenderfer, 2018) constructs a
policy tree by executing multiple simulations. Each simu-
lation adds a single belief node to the belief tree or ter-
minates by terminal state or action. To steer toward more
deeper and more beneficial simulations, MCTS selects an
action a* at each belief node according to the following rule

a* = argmaxUCB(ha), where
acA

UCB(ha) = Q(ha) + ¢ - \/log(N(h))/N(ha),  (16)

where N (k) is the visitation count of the belief node defined
by history h, N (ha) is the visitation count of the belief—
action node, ¢ is the exploration parameter and, Q(%a) is the

estimator of the action-value function Q for node ha
obtained by simulations. The rule described by (16) is a
result of modeling exploration as a Multi-Armed Bandit
(MAB) problem (Auger et al., 2013; Kocsis and Szepesvari,
2006; Munos, 2014). When the action is selected, a question
arises either to open a new branch in terms of observation and
posterior belief or to continue through one of the existing
branches. In continuous action, and observation spaces, this
can be resolved by the Double Progressive Widening (DPW)
technique (Auger et al., 2013; Sunberg and Kochenderfer,
2018). If a new branch is expanded, an observation 7' is created
from state x' drawn from the belief b propagated with an
action a.

Let the return, corresponding to lace i starting from
some belief b at depth ¢ — k, be g(b}, as,z, | ) for 0 €
[k : k+ L — 1]. More specifically, suppose the new
posterior belief was expanded at depth &’ of the belief tree
such that @' > ¢. We have that g(b},a,,z}.,.,,,) is com-
posed from two parts, the already expanded tree part and
the rollout added part such that

i
g(b’,,ahz‘m Ir+L) = (b an ¢+l)+ Z e //’ by "1 Z/+l /+| + (17)
=5

belief tre
k+L—1
3 (et by, ) . (8)
I=k+d'

rollout

where L is the horizon (tree depth), 7*' is an optimal tree
policy depending on the number of the simulation i through
Q and visitation counts in (16) and u is the rollout policy.
Importantly, in rollout the observations are drawn randomly
and since we are in continuous spaces the beliefs in the
rollouts are unique. A new belief node is added for / =k + d".
If due to DPW no new belief node was added to the belief
tree, no rollout depicted by (18) is commenced and the
return sample takes the form of

i i _
g(b[, Ao, Zpyy :k+L) =
k+L-1

+ > p (b

I=0+1

b),z§+1,b}+1)

(19)

The estimate for (9) under optimal future policy is as-
sembled from laces in accordance to

; i
P (b/, aZp,5b /+1

N(heay)

1 (
" N(ha) >

i=

@ (heae)

(20)

i i
g(b,{, Aoy Zpyy :k+L) )

where each reward p(b, a,Z, b') in the belief tree appears the
number of times according to the visitation count of the
node b, namely, N (%"). We note that for both estimators (15)
and (20), the formulation in (13) holds.

Now we move to the details of our general approach.
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3. Our approach

This section is the core of our general approach. We first
describe bounds over the theoretical and the estimated ob-
jectives. We then endow the rewards bounds with discrete
simplification levels. Finally, instead of calculating rewards,
we calculate the bounds over them and if they are not tight
enough we tighten them so we can make faster decisions with
bounds over the objectives instead of objectives themselves.

3.1. Theoretical simplification formulation

Simplification is any kind of relaxation of POMDP tuple (1)
elements, accompanied by guarantees that quantify the
(worst-case or potential) impact of a particular simplifica-
tion technique on planning performance. In this section, we
present a general simplification framework that is applicable
to any reward bounds that satisfy the assumptions stated in
Section 3.3.

Our framework applies without any change to parametric
and non-parametric beliefs, and to closed-form belief-
dependent rewards (that can be calculated exactly,
i.e., analytically), as well as to estimated rewards. There-
fore, in this paper, we do not differentiate between these
cases and denote the belief-dependent reward by p (b, ay,
Ze11, beit), without using the notation [ for estimators. In
other words, depending on the setting, p() and b, can
represent, respectively, an analytical reward and a para-
metric belief, or a reward estimator and a nonparametric
belief. In all cases, if one can provide monotonically
adaptive bounds on the reward, our framework will return
an identical solution as if the decision making was per-
formed with original reward calculations (i.e., depending on
the setting, either an analytical reward calculation or reward
estimator calculation). In Section 6, we provide a specific
incarnation of the framework considering non-parametric
beliefs represented by a set of weighted samples and a
reward estimator, and where the simplification corresponds
to utilizing only a subset of the samples.

As mentioned, we aim to simplify the belief-dependent
reward p (by, ag, zp+1, bes1) calculations. Namely, the original
reward p is bounded using the simplified belief 4° instead of
original belief 5. This operation materializes in the form of
following inequality

s s
B(b/’ bﬁa AryZot1, b/ﬂ»l: b€+1)

21

< p(be,ar, 211, beyy)

— (1S s
< p(béa b/f) ApyZpy 1, b[+1) b[+])9

where p and p are the corresponding lower and upper
bounds, respectively. The superscript s denotes the fact that
the corresponding belief was simplified as we depict in
Figure 1. Notice that in (21) the pair of consecutive beliefs,
b, and by, can be simplified differently.

Henceforth, in order to avoid unnecessary clutter we
will omit the dependence on the observation and denote
the bounds over the reward using simplified beliefs as
follows

p’(b,a,b")<p(b,a,b")<p’(b,a,b"). (22)

It should be stressed that since in the belief tree b always
has a single parent b, the reader should think about such a
reward as one corresponding to &'

A key requirement is reduced computational com-
plexity of these bounds compared to the complexity of
the original reward. Instead of calculating the expensive
reward p (b, a, b') for each pair of beliefs b, b, we first
obtain the corresponding simplified beliefs b° and 5™, as
illustrated in Figure 1, and then formulate the bounds p*
and 7* from (22). However, we note that the form (22)
is actually more general and not limited to belief
simplification.

Further we formulate bounds over the value function
Equation 8 and action-value function Equation 9, both
under the optimal policy. In fact, our bounds hold under
an arbitrary policy. We narrow the discussion to optimal
polices solely for the clarity of the explanation and this
is not a limitation of our approach.

Suppose inequality (22) holds for any possible pair of
consecutive beliefs, for example, these are analytical
bounds, as opposed to (Zhitnikov and Indelman, 2022b). A
direct consequence of this fact, alongside the structure of
(7), is that

V(b ) <V (bey) <V (be, ),

holds for any belief b, and ¢ € [k, k + L — 1]. Using the
Bellman representation as in (8) the bounds (23) take the

(23)

AR ACHRAY

14 E[ + (blfﬂr /+1)+)]
V(bem,.) = B [p'(be,mi(br), b)) +

v
V(brsmieanys)]
(24)

The bounds over the value function Equation 8 in (24)
are initialized at the Lth time step in the planning horizon as
V(byip,miir) =0 and V(bj iy, i) = 0. Similarly the
bounds over the action-value function (9) under an optimal
future policy are

O(br. {ar. 77'-?€+1)+}) =0

bﬂ, a/)

(b/’ {a/, (+1 +})

25

where the policy 71'& )4 is optimal. Note, as we observe in
(24), the simplification assumed herein does not affect the
distribution of future observations with respect to which the
expectation is taken.
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3.1.1. Bounding the belief-dependent element of the = 1
reward. At this point, we want to recall that commonly, the Q(be, {ag, (o1 +} = . Z b/, a, b /+1
state-dependent element (2) is much easier to calculate than =1
the belief-dependent one. Leveraging the structure man- l le/ ﬂ )
ifested by (11) the immediate bounds over (3) induce n. 4 G e+
bounds over Q'(-) as such N
, _ Q (bfa {a/9 (041 +} = Z b[) a@) (+1
Q (bkzak)SQl(bkaak)SQ (bkaak)’ (26) 11 n
and utilizing (11), we arrive at +y—z ; V(Berr ey )
_ — 32
Olbi ) = (1 = )Q*(bi,ar) +40 (broar)  (27) G2
We emphasize that the superscript i in (31) and (32) denotes
Ol ar) = (1 = 1) 0" (br, ar) + 40" (bi a). (28)  the child posterior nodes of b,.

Importantly, the belief-dependent element (3) does not have
to be information-theoretic. The simplification paradigm is
general and works for any belief-dependent operator given
appropriate bounds.

3.2.Bounds over the estimated objective

As we explained in Section 2.3 in practice the value and
action-value function are estimated. Instead of using (23)
and (25), we have

r (b/’ ”H) (bfﬂ 7[1/+) I:/(b/’ ”Z+)’ 29)

and

Q (bfa {afa 71')(*(,_*_1)_*_}) S@(bh a[) S@(bb {ala 7[?(+])+})3
(30)
respectively.

The bounds, in case of symmetric estimators from
Section 2.3.1, are

V b”’”/+ = ﬁ+1)

5

+

Z (b7
1
Z‘

IA/(le’ [+1) )
=1

= 1
K (bl’ ”;+) = n_
1

ZE /+1s /+1)+)

where to clarify we repeat that n, is the number of children
of b, under the execution policy 7. and i is the child index.
The bounds over the estimated value function in (31) are
initialized at the Lth time step in the planning horizon as
V(bk+L,7l'k+L) =0 and K(bk+L,7Tk+L) =0.

In a similar manner, we define also bounds over (15) as
such

§|,_.

G

The bounds over MCTS estimator (20) are

0

N (ha)

(ﬁx (bZa ar, b;+1)

i=1

1
(ha) = )

k+d'—

b3S b (00).5)

I=0+1

4 Z yl —l—: .3 1 b;Jr]))

(/,)S (bér a, bzﬂ)

(33)

k+d'—1

+ Z yl —0 Y(b},
I=0+1
k+L—1

+ > 7 (Bn(b). b))

I=k+di

" (B1), Bl )

Let us clarify again that in (33) the superscript i denotes the
number of the simulation. Moreover, the reward bounds within
the tree repeat in more than a single simulation according to the
visitation count of the corresponding posterior belief. Clearly,
the decomposition displayed by equations (27) and (28) is
valid for both bounds (32) and (33). We have that

Olbi,a) = (1 — D0 (br, a) + 0 (broar)  (34)

O (beax) = (1 = )0 (b ax) + 20" (brsar).  (35)

3.2.1. Impact of the information weight A. Allow us to
linger on the A from equations (11) and (13). It is hard to
predict how the objective will behave with various values of
A. Nevertheless, if the bounds are over the belief-dependent
element of the reward, by subtracting (35) from (34), we
arrive at

= ~ =l ~T
O(b, ar) — Q(bk, a) = /I(Q (br, ax) —Q (bk,ak))~

(36)
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The width of the bounds is monotonically increasing with A.
Of course, it will also happen to a theoretical analog of such
a bounds displayed by equations (27) and (28). We can
envision more speedup from applying the simplification
paradigm with lower values of A and will see it in the
simulations.

Further we will consider the estimated action-value or
value functions and therefore omit the word “estimated.”
We will also omit mentioning each time that our bounds are
under the optimal policy.

3.3. Multi-level simplification

We now extend the definition of simplification as we en-
vision it to be an adaptive paradigm. We denote level of
simplification as how “aggressive” the suggested simplifi-
cation is. Observe an illustration in Figure 2.

With this setting, we can naturally define many discrete
levels such that s € {1, 2, ..., nyax} represents the sim-
plification level, where 1 and 7., correspond to the
coarsest and finest simplification levels, respectively. For
instance, suppose the belief is represented by a set of
samples (particles), as in Section 6. Taking a small subset of
particles to represent the simplified belief corresponds to a
coarse simplification. If one takes many particles, this
corresponds to a fine simplification.

Remark. From now on the superscript s denotes the

discrete simplification level. Importantly we always

have a finite number, denoted by 7., of simplifi-
cation levels.

Further, we assume bounds monotonically become
tighter as the simplification level is increased and that the
bounds for the finest simplification level n,,,, converge to
the original reward without simplification. More formally,

denote A'(b,a,b )25 (b,a,b') — p(b,a,b) and
A (b,a,b')2p(b,a,b’) — p*(b,a,b).
Assumption 1. M0n0t0n1c1ty Let nmax > 2, Vs € [1,
Amax 1] we get: A'(b,a,b)>A" (b a,b’) and
A (b,a,b')>A T (b,a,b).
|

Figure 2. Reward bounds and different levels of the
simplification. Here, 7,,, = 5. Warmer colors visualize tighter
bounds, whereas colder colors (blue) indicate looser bounds and
cheaper to calculate.

Assumption 2. Convergence. Vb, a, b’

p="mx (b, a,b) = p="mx(b,a,b') = p(b,a,b).

In Section 6, we derlve novel bounds on top of a par-
ticular simplification that takes a subset of belief samples
instead of a complete set. We prove that these bounds indeed
satisfy both assumptions.

The simplification levels of the reward bounds for dif-
ferent posterior belief nodes in the belief tree determine how
tight the bounds over the value or action-value function are.
To tighten the bounds over the objective, we have the
freedom to select any rewards the belief tree and tighten the
bounds over these selected rewards by increasing their
simplification levels; this, in turn, would contract the
bounds over the objective.

We call a particular algorithmic scheme to select the
rewards a resimplification strategy. A general valid re-
simplificaiton strategy is defined as follows.

Definition 1. Resimplification strategy. Given a pair

we get:

of lower Z(b[, Toy) (Q (be, {ay, n(’§+|)+})) and upper

bounds ¥ (b, m.) (O(by, {ay, mfi1y+})) over the esti-
mated objective, the resimplification strategy is a rule
to promote one or more simplification levels of the
rewards in the the subtree rooted at b, and defined by
the mentioned above estimated objective. If the re-
simplification does not promote_the simplification
level for any reward, so Q(by,{asmfi)})—

Q (bfa {a(, 7T("2+1)+}) = O
Note that, all the rewards within a subtree defined by

(bé, {an, nfii1)4}), O

maximal simplification level implies Q(b(/, {ap, @

(b(,{(l(, mfi1)+}) are being at the

Tlityet)—

Q (bg, {as, 7 1)+}) = 0, but the inverse implication is not
necessarily true. Once initiated, a valid strategy can select
no reward for simplification level promotion only if
Obr {an 71y })— Q (be {an xhi)4}) = 0.
Theorem 1 Monotonicity and Convergence of Esti-
mated Objective Function Bounds. If the bounds over the
reward are monotonic (assumption 1) and convergent
(assumption 2), for both estimators (32) and (33), the
bounds on the sample approximation (30) are monotonic
as a function of the number of resimplifications and
convergent after at most Ny, - M resimplifications for
any resimplification strategy. Here M is the number of
posterior beliefs in (32) or (33). Namely, if all the re-
wards are at the maximal simplifciation level ny,, we
have to reach

0()=0()=0() (37)
__ Similarly for optimal value function the equality
V() =V()=TV() holds.

The reader can find the proof in the Appendix 11.1.
Theorem 1 ensures that if the resimplification strategy is

valid (Definition 1), we do not get stuck in an infinite loop of
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V (bey )

max Q(bg,a) < V(be,m*) < max é(b;;,a)
a - a

4 Qb a) AQ(by,q) vi(b;.m
_ s Qbr.a®) < V(be, )< Q(be, a®) E(bpﬂr*)
) (be, Vo) =
M ) Olbe, a®) e Q (be,a®)
O 1
90 - 5 (be,a') IQ (bpa)
= Qe = _ Qe Qtay
o ) Qo ) - 20.0%) Qe
Q(br,a") &b, —_ -
Qra®) O
1 5 3 n 2 3 Q(bg,a®)
a a a a
a a o = =
@ (b) (©

Figure 3. In this illustration we have three candidate actions {a', @*, 4>} that can possibly be taken by the robot from the belief node b,.

(a) We observe that @ (be, aé) > Q (be, a? ) and prune action a>. (b) After the resimplification no overlap an we can safely decide that az is
optimal. Moreover we prune the withered interval corresponding to the a2. (c) Another situation where we are not concerned about
optimal action, we solely want to send up to the tree the bounds over optimal value function.

resimplifications if instead of O(-) we use its bounds. In
particular, if (37) is reached, there is no reason to activate the
resimplification routine.

Importantly, as we discuss next and corroborate by
simulations in many cases we can identify the optimal
action before reaching the maximal number of
resimplificaitons.

3.4. Adaptive simplification mechanics

Our adaptive simplification approach is based on two
key observations. The first key observation is that we can
compare bounds over (30) constituted by rewards at
different levels of simplification. Our second key ob-
servation is that we can reuse calculations between
different simplification levels avoiding recalculation of
the simplification from scratch.

Naturally we do not want to reach (37). Let us begin by
explaining how we determine an optimal action by using
bounds over the action-value function instead of its explicit
calculation and obtain a significant speedup in planning
time. If there is no overlap between the intervals originated
from the upper and lower bounds (30) of each candidate
action, we can determine the optimal action and therefore
there is no reason to call the resimplification routine.

Contemplate about some belief b, in the belief tree. We
annotate by superscript j candidate actions emanating from
b,, such that the index j corresponds to the jth candidate
action. We first select a candidate action using the lower
bound (30) over O(by, a)) as

J' (60) = arg max {0 (b (), (o)) + /) }
(38)

where ¢/ is an action-dependent constant. In case of a given
belief tree ¢/ = 0 Vj, whereas in case of MCTS, it is a
constant originated from UCB as in (16).

We then ask the question whether or not an overlap with
another candidate action exists,

?
- PPN
0 (bs, {aﬁ’”ﬁﬂw}) +e 2

{0 {dpatin}) +¢} (39

> max
Je{l. N}

See a visualization in Figure 3(a).

If the condition displayed by equation (39) is not ful-
filled, as depicted in Figure 3(a), we shall tighten the bounds
(30) by calling a resimplification strategy. Importantly, in
case of a given belief tree, even if an overlap is present
similar to branch-and-bound technique (Kochenderfer et al.,
2022) we can prune any subtree obtained with action j
satisfying

O (b fa] atins}) + ¢/ 20(br far 7)) + ¢
(40)

We illustrated this aspect in Figure 3(b). If the belief tree
is constructed gradually as in MCTS based methods and
anytime setting, instead of pruning, we still can use (40) to
dismiss suboptimal, at current simulation of MCTS, actions
(See Figure 4).

Once no overlap is present (the condition (39) is fulfilled)
we can declare that the selected action is optimal
(¥ (be) = d, <b’>). Utilizing the optimal action we can
bound the optimal value function V (b, 7:2?.) as such

= = 4
V(b {al oo 1) 20 (b {a] ", linyy }), (41)
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0 te.a)+ c(heat)

Qh @)+ c(hea®)

=

O (he,a®) + c(he
he,at)+ c(hea)

@
on the way down
the tree,

cannot prune,
can only dismiss

Q (he,a®) + c(hea?)

CLl a2

Figure 4. Demonstration of our approach in the setting of MCTS.
In contrast to Figure 3(b), we cannot prune action @ and can
only dismiss it to not participate in resimplifications. This is
because, in the next tree queries, > may be the best action for the
robot to take.

V (b, {x}, m T(er1) ))éQ(bg, ”?7+1+})

Let us recite that the bounds (41) and (42) are con-
ditioned on the fact that there is no overlap of the
bounds intervals that correspond to different candidate
actions, namely the condition (39) is met for each belief
b, in the belief tree. This situation is visualized in
Figure 3(b).

On the other hand, to identify the optimal immediate
action aff, we require no overlap between bounds of dif-
ferent actions only at the root of the belief tree (where the
belief is b;). This means that at each belief node b, in the
tree, besides the root, we only want to bound the value
function for the optimal action (and under optimal future
policy). While it is possible to do so by first determining the
optimal action, as in (41) and (42), we can bypass this step
and directly bound the value function over the optimal
action as follows,

—
/—Aﬁ

(42)

V(be, {1+ }) émflx@(béa {d,7lns}),  (43)

V. by, {mt, wliny }) 2 maxQ (b, {2y }), - (44)
that is, relaxing the requirement of no overlap between
bounds for different actions at any node b, besides b,. See
illustration of (43) and (44) in Figure 3(c). In turn, elimi-
nating a single overlap at the root results in lower rewards
simplification levels in the tree, although such a value
bounds may be looser. As we shall see, this approach would
typically yield more speedup.

Nevertheless, when we need a policy tree we still have
to obtain an optimal action at each belief node within the
tree. This requires no bounds overlap at each node, as in
the former setting. This situation arises for example when

the action and observation spaces are large but discrete. In
this case the robot sometimes does not do re-planning
at each time step. Instead the robot uses the policy tree
as a representation of the policy and selects an optimal
action that corresponds to the received observation. In
addition, such a strategy accommodates possible reuse
calculations in such a solved belief tree (Farhi and
Indelman, 2019, 2021).

To conclude this section, let us summarize. As discussed,
we have the following two variants:

® The resimplification is initiated at each nonterminal
posterior belief node b, up until no overlap between
candidate actions is present and the optimal action 7/ (b,)
is selected. This way we bound the optimal value
function of the descendant to b, nodes using an optimal
action according to (41) and (42). We named this ap-
proach Policy Tree (PT).

® The resimplification is commenced solely at the root b
of the whole belief tree. We eliminate the overlap and
obtain an optimal action only at b;. This way we use (43)
and (44) to bound the optimal value function of the
descendant to b, nodes. We shall refer to this variant of
our approach as LAZY.

3.5. Specific resimplification strategies

In this paper we consider two specific resimplification
strategies that are elaborated in the next sections: Simpli-
fication Level (SL) and Gap. We note that additional valid
resimplification strategies exist and can be plugged-in into
the above-proposed general theory.

3.5.1. Simplification level. The resimplification strategy
can be directly tied to the simplification level. In this sit-
uation the resimplifcation strategy promotes simplification
level of the rewards inside the belief tree corresponding to
bounds in (29) or (30) based on the simplification level
itself. We provide further details in the setting of a given
belief tree, considering a PT variant in Section 4.

3.5.2. Gap. Another possibility is that the resimplification
is tied to the gap p° — p°. Such a resimplification promotes
the simplification level if the reward bounds gap satisfies a
certain condition. We describe thoroughly this re-
simplification flavor in the setting of a given belief tree,
considering LAZY variant in Section 4.2, and in MCTS
setting, considering a PT variant in Section 5.4.

Each of these strategies can be used in conjunction with
any of the variants PT and LAZY. In the sequel, we shall
denote these combinations explicitly, for example, PT-SL,
LAZY-Gap and PT-Gap.

The preceding discussion raises the question of how do
we actually incorporate the proposed bounds into online
decision making. This brings us to the next section. We first
consider a given belief tree and then coupled belief tree
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construction and solution as in MCTS methods. It shall be
noted that further presented resimplification strategies are
also suitable for static candidate action sequences, with
minor modifications.

4. Adaptive simplification in the setting of a
given belief tree

We start with the assumption that the belief tree was
generated in some way and that it is given, for example,
Sparse Sampling (SS) algorithm introduced by Kearns
et al. (2002). In other words the belief tree construction is
not coupled with rewards calculation and estimation of
the objective.

In this setting, we contribute two resimplification
strategies. The first strategy is described in Section 4.1.
The general idea is to break down recursively a given
belief tree T into its sub-problems (subtrees), denoted as
{'ﬂv}l,l1 (each subtree j at the root belief has a single action
s and solve each sub-problem with its own simplification
level of the corresponding belief subtree. Ultimately this
would lead to the solution of the entire problem via
action-value function bounds (32). This strategy is based
on Simplification Level and it is a PT strategy. The action-
value bounds should not overlap at each node in the
given belief tree.

The second strategy is described in Section 4.2. This
resimplification strategy is based on Gap and it is a
LAZY strategy. Here, the general idea is to first sub-
stitute all the rewards in a given belief tree by bounds
with the coarsest simplification level. We then eliminate
an overlap between candidate actions only at the root
belief node b; by a repetitive descending to the belief
tree, promoting the simplification levels along a single
lace chosen according to largest gap and ascending
back. We emphasize that in this setting, the action-value
bounds should not overlap only at the root node in the
given belief tree.

As mentioned in the beginning of Section 2.3.1, only
for simplicity we consider a symmetric setting in terms
of sampled actions and the observations, but the ap-
proach is applicable without any limitations to any given
belief tree.

4.1. Resimplification strategy: PT-SL

This section presents our first resimplification strategy. We
now turn to thorough description.

Not to be confused with policy tree represented by
the (14) or (15) the given belief tree (T) has more than a
single action emanating from each belief node besides
the leaves.

We now assign a simplification level to the bounds on
the value and action-value functions. Consider again
some belief node b, in the belief tree, and assume re-
cursively for each of its children belief nodes b,

Q" (bes ol H.H}) @ 5“(zm<(x;.w;[.l).})
ll

¢

Figure 5. Pruning the subtrees by adaptively promoting the
simplification levels of the rewards inside. Here, the
simplification levels of a subtrees are not equal. It is possible that
s'#5™!. Note that here the superscripts are relative to b, as opposed
to Figures 1 and 6.

we already calculated the optimal policy ﬂ(>;+1)+(b€+1)
and the correspondmg upper and lower bounds

14 (le, ((+l +) and V (bry1,7( €+1) ). In general, these
bounds for each child sub-policy tree of b, can corre-
spond to different simplification levels.

From now on let the superscript s over the action-value
function bounds from (32) and (31) denote the simpli-
fication level stemmed from pertaining reward bounds.
The bounds previously described by equation (32) for
belief node b, incorporating simplification level, are now
modified to

0 (bofduati ) =1 Z
n; =1
+ y— Z V

~

0" (b {d.

e

b/’ a(, /+|

/.H: (+1 +)

1
n Zps b/,a(, /+1)

=1

T(r+1 +}

(45)

; *
/!+l’”(/3+1)+>’

as illustrated in Figure 5. We shall pinpoint the abuse
of notation here. In contrast to (32) the superscript s
over the immediate reward bounds denotes a specific
simplification level instead of indicating a general
simplification. _

Note equation (45) applies for each @, € A, and as
mentioned, each belief node b} .1 (one for each observation
z +1) has, in general, 1ts own simplification level s'. In other

words, for each 5 415 s' is the simplification level that was

sufficient for calculating the bounds {? (b, +1’”(Z1)+),

~s'

v (b, +1,7r(f+1)+)} and the corresponding optimal policy
7t(7+1)+ . Thus, when addressing belief node b, in (45), for
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each belief node b, .1 and its corresponding simplification
level s', these bounds are already available.

Further, as seen in (45), the immediate reward and the
corresponding bounds p and p, in general, can be calculated
with their own simplification level s. In particular, when
starting calculations, s could correspond to a default coarse
simplification level, for example, coarsest level s = 1.
Another possibility is to set s = s for corresponding sim-
plification level of value function bounds of the ith child
belief.

To define simplification level s’ of the bounds (45), we
leverage the recursive nature of the Bellman update and
define

§SEmin{ s , 57,5257, (46)
—
ﬁ‘: —'
2V (b7 /+1)+)
K‘ (bl£+1’ €+l) )

where {s'=!,s"=2,...,s"""} represent the (generally dif-

ferent) simplification levels of optimal value functions of
belief nodes bé , considered in the expectation approx-
imation in (45).

We now wish to decide which action a’ JeAis op-
timal from belief node b; the correspondmg optlmal policy
would then be ##, = {af,7{, )}, where zff,), is the
already-calculated optimal policy for belief nodes {5 41 }?;1
that af leads to. See illustration in Figure 5.

Let us utilize now a general simplification approach
described in Section 3.4. Overall in each belief node
we have n, candidate actions indexed by superscript j
in (45).

At each belief node we first select an optimal ac-
tion candidate according to (38) with a nullified action-
dependent constant (Vj ¢/ = 0). Further, in any PT
resimplification strategy there are three possible
scenarios.

* No overlap is present ((39) is satisfied) and we are at the
root, that is, b, = b. In this case the optimal action shall
be returned.

® No overlap is present ((39) is satisfied) and we not at the
root by. In this case, using the optimal action we bound
optimal value function using the (41) and (42).

® Equation (39) is not satisfied, meaning an overlap is
present. In the presence of overlap we shall prune actions
according to (40) and commence resimplification routine
based on resimplification strategy.

We now discuss how the simplification level is updated
recursively from the simplification level of pertaining re-
ward bounds, and revisit the process to calculate the op-
timal policy and the corresponding bounds. For some
belief node b, in the belief tree, consider the bounds

—_S‘/

O (br{a/, fi1)}) and Q (bea {aj, xhi1)4}) from (45)

for different actions aé € A, that partially overlap and
therefore could not be pruned. Each policy tree corre-
sponding to action a, can generally have its own simpli-
fication level s/. We now iteratively increase the
simplification level by 1. This can be done for each of the
branches, if s’ is identical for all branches, or only for the
branch with the coarsest simplification level.

Consider now any such branch whose simplification level
needs to be adapted from ¢ to s’ + 1. Recall, that at this point, the
mentioned bounds were already calculated, thus their ingredi-

ents, in terms of {/‘)S(b[,a’ b \).p* (b d, b,+l)}

{7 G
proximating the expectation in (45), are available. Recall also
(46), that is, each element in {s,s'=!,s=2,...,5"="} is either
equal or larger than . We now discuss both cases, starting from
the latter.

As we assumed bounds to improve monotonically as
simplification level increases, see Assump. 1, for any s* > s/

and
=1

n;
é+1) ) (bl(+1a €+1) )}:], involved in ap-

i

+ 1 we already have readily available bounds ? (b} 410

7r(*z+1)+),25 (b}, 1> 741)+) which are tighter than those that
would be obtained for simplification level s’ + 1. Thus, we
can safely skip the calculation of the latter and use the
existing bounds from level s’ as is.

For the former case, that is, s' = s/, we now have to adapt
the simplification level of a child tree i to s’ + 1 by cal-
culating the bounds v o (Bl ys 1)) v ! (bl 15
i 1)+). Here, our key insight is that, instead of calculating
these bounds from scratch, we can re-use calculations be-
tween different simplification levels, in this case, from level
s'. As the bounds from that level are available, we can
identify only the incremental part that is “missing” to get
from 51mp11ﬁcat10n level s to s' + 1, and update the existing

bounds V (bH], (f€+1)+)’— (bH,, nfi1)4) to recover

—=s'+1 ~ .

(b)yys whiy), Vo (b, > mlii1)4) exactly. The
same argument applies also for bounds over momentary
rewards. In Section 6.2.3, we apply this approach to a
specific simplification and reward function.

We can repeat iteratively the above process of in-
creasing the simplification level until we can prune all
branches but one. This means each subtree will be solved
maximum once, per simplification level. Since we as-
sumed the reward bounds converge monotonically to the
original reward for the finest level s = n,, (See Figure 2),
from Theorem 1, we are guaranteed to eventually dis-
qualify all sub-optimal branches. Our described approach
is summarized in Algs. 1 and 2.

s'+1

4.1.1. llustrative example. We now illustrate the described
above resimplification strategy in a toy example. Before we
start this section, let us clarify that in the example the su-
perscripts are global over the belief tree in contrast to the
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previous section. Consider Figure 6 and assume the subtrees
to b} were solved using simplification levels that hold st=s'
+ 1, s* < s°, s*. Further assume the immediate reward
simplification is s = s'. According to definitions above this
means that for subtree starting at b, and action a, the
simplification level is min{s', s>} and for action aﬁ
the simplification level is min{s>, s*}. Now, we consider
the case the existing bounds of the subtrees were not
tight enough to prune, we adapt simplification level starting
from b} and promote s «— s' + 1. Since s' <s' + 1 we re-
simplify the subtree corresponding to simplification level of
s' to simplification level s' + 1, that is, to a finer
simplification.

However we do not need to re-simplify subtrees cor-
responding to s?, s>, s*: The tree corresponding to s> is
already simplified to the currently desired level; thus we can
use its existing bounds. For the two other trees, their current
simplification levels, s° and s*, are higher (finer) than the
desired s' + 1 level, and since the bounds are tighter as
simplification level increases we can use their existing
tighter bounds without the need to “go-back™ to a coarser
level of simplification. If we can now prune one of the
actions, we keep pruning up the tree. If pruning is still not
possible, we need to adapt simplification again with sim-
plification level s' + 2.

az71 ,
1
ZE -, 7]

7 \A

1 @ 2
Qg a;
2 3 4

iyl Rt Zo41

—*,84

~

<

3 4

A K, S
1%

Figure 6. An example of the simplification paradigm. The
superscript here denotes global number of the belief,
observation or action in the belief tree as opposed to equation (45)
and Figure 5.

Al

gorithm 1 Simplified Information Theoretic Belief Space

Planning (SITH-BSP)

: procedure SOLVEBELIEFTREE(belief-tree: T)

1
2 if T is a leaf then
3 //Corresponds to a single belief node.
4 return 0, 0
5: end if
6 for all subtrees T7 € {T’ }I;ill do /I Actions
7 //Observations ‘
8 for all subtrees T € {T}7<, do
9 //Returns Optimal Value bounds and prune
suboptimal branches of T,
10: SOLVEBELIEFTREE(T/*?)
11 Set the simplification level of p*(b,a’,b"?)
and p°(b,a’, b'") as in (46)
12: end for ;
13: Calculate QS 7Q according to (45)
14: end for B ;
15: PRUNE({Q",Q }‘]ﬂl) // Alg. 2
16: while not all subtrees T4 € {T7 }‘j“i‘l but 1 pruned do
17: Find minimal simplification level sp,;, between
~ s —s’ .
all@ ,Q corresponding to not pruned T’
18: /I Can be more than single subtree
19: select subtree s/ == Spin
20: RESIMPLIFY TREE(TY)
21: PRUNE({Q” ,Q 1) I/ Alg. 2
2:  end while ’
23: return optimal action branch that left «* and
~ 5 —s’
Q ,Q
24: end procedure
25: procedure RESIMPLIFYTREE(T)
2. for all subtrees T/ € {T7%}'z; do
27: RESIMPLIFYREWARD(TY, b, o/, b')  // Alg. 3
28: if b* has children then
29: // s* is a simplification level of corresponding
optimal value function (policy tree)
30: if s* < spi, then
3l: /I Alg. 4
32: RESIMPLIFYSUBTREE(T?, b, b%)
33: st st 41
34: end if
35: end if
36: end for
37 sl s 41
38: end procedure
Algorithm 2 Pruning of trees
1: procedure PRUNE
2: Input: (belief-tree root, b; bounds of root’s children,
{QJ, Q] ) Il ng is the number of child branches
(candidate actions) going out of b.
3 Q « max{Q'}]e,
4 for j € 1]: n, do
5. ifQ° > then
6: prune child j from the belief tree
7: end if
8: end for
9: end procedure
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Algorithm 3 ResimplifyReward

1: procedure RESIMPLIFYREWAD(T/, b, a, b/l
2 Obtain corresponding to the T/ bounds V, V.

3 Ve V- Elat)

KHZ—M

: Advance leveln(z)f simplification of &’
6: VveLp(bab)

7: V<—V+ (bab)

8: end procedure

Algorithm 4 ResimplifySubtree

1: procedure RESIMPLIFYSUBTREE(T]’ bb)

2 V() V(b) L
3 V() « V(b) -ED
4: RESIMPLIFYTREE(T?)

s Ve V(b) + 4L
6 V<« V(b) +7V(b)
7: end procedure

Algorithm 5 Lazy Simplified Information Theoretic Belief
Space Planning (LAZY-BSP)

1: procedure PLAN(belief: b, belief-tree: T)

2: BOUNDOPTIMALVALUE(belief: b, belief-tree: T)

3: a* <~ ACTIONSELECTION(b, L) /I Alg. 6

4 return a*

5: end procedure

6: procedure BOUNDOPTIMALVALUE(belief-tree: T)

7 if T is a leaf then

8: /ICorresponds to a single belief node.

9: return 0, 0

10: end if

11 for all subtrees T7 € {'JIV'}‘]"i‘1 do

12: for all subtrees T7¢ € {T7}":, do

13: V),V ()~ BOUNDOPTIMALVALUE(b,
%)

14: Set the simplification level of p*(b,a’,b')
and p°(b, a’, b'") to coarsest possible

15: end for ]

16: Calculate Q], QJ

17: end for

15 V(b) « rnax{Q }
19: V( ) mjaX{Q }

20: return V (b), ?(b)
21: end procedure

Algorithm 6 Action Selection for Lazy Simplified Informa-
tion Theoretic Belief Space Planning

1: procedure ACTIONSELECTION(belief: b, horizon: L)

20:
21:

22:
23:
24:
25:
26:
27:

28:

29:

PRONE(Q”, @ 12
al « argmax Q (b, {a, Wfk+1+)}>

a

/I Alg. 2

Q < arg max b, {a,m )

aEA\af Q( { k+1+)}

R +

A ( (b 4@ Ty })*Q(b,{aTJrZ‘k_HH}))
while A > 0 do

a* < LAZYRESIMPLIFY(b, L)
end while
return a*

end procedure
: procedure LAZYRESIMPLIFY (belief: b(h), depth: d)

if b is leaf then

return 0, 0
end if
aeargcr}(l;a)x Q(b {a, 7t Q(b {a, 7l

a€c 1
/l Gap as in (47)

if d == 1 then

b + argmax p°(bab’) — p*(bab’)

v eC(ha) -

else _ R

b+ argmax V(b)) —V(¥)

b eC(ha)

end if
BESIMPLIFYREWARDLT, b,a,b) //7Alg 3
J QW {a, 7y 14} Q(b, {a, 7} — V‘{(b/)
Q(b, {@W:k+l+)} — Qb {a, ”Ekk+1+) —V(¥)
z(b ), V(¥') + LAZYRESIMPLIFY(b,d — 1)
Q( {a, 7r(k+1+)}<—Q (b,{a, 7Tk+1+ }+’yV b')
Qb (s 1)} Qb T4} + V(D)
V(b) max{Q(b {a, 7T(k+1+>}}

V(b) max{Q(b {a, 7013}
return V (b), V(b)

30: end procedure

4.1.2. A detailed algorithm description. Let us thor-
oughly describe Alg. 1. We are given a belief tree T.
First at the line 10, Alg. 1 recursively descend to the

leaves.

When the line 11 is hit for the first time

the corresponding rewards are set to the initial
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simplification level or also possible that minimal level of
child optimal value bounds is used. In our simulations, we
used minimal reward level. Further the algorithm calculates
bounds over action-value function represented by (45). This
happens in line 15 of Alg. 1. The next step is to try to prune all
subtrees but one utilizing Alg. 1. Note, at this point all the
subtrees T/ are already policy trees, namely, only a single
action emanating from each posterior belief. In there is more
that single action left after pruning, at the line 20, Alg. 1 calls
routine ResimplifyTree to initiate resimplification for se-
lected subtree corresponding to action . The simplification
level of a single step ahead reward is always have to be
promoted as we do in line 27. Further, Alg. 1 treats similarly
subtrees, if they are present.

4.2. Resimplification strategy: LAZY-Gap

The PT resimplification strategy from the previous
section assures that no overlap is present (Figure 3(b))
at each non-leaf posterior belief and we know the op-
timal action to take. However, it can inflict a redundant
computational burden. We can handle the overlap only
at the root of the belief tree and use the bounds over
optimal value function according to (43) and (44). Since
we already presented the resimplification strategy based
on the simplification levels, our second resimplification
strategy will be based on the distance between reward
bounds. However, the bounds (43) and (44) can be
utilized directly also with the resimplifcation strategy
based on simplification levels. Yet, this is out of the
scope of this paper.

In this section, we present a lazy variant of the re-
simplifcation strategy. In a LAZY variant, the overlap is
checked solely at the root b, of the whole belief tree. In this
approach three scenarios can be encountered at each belief
node.

® The belief node is not root. We bound optimal value
according to (43) and (44).

¢ At the root b, we shall check for overlap. If no overlap is
present ((39) is satisfied) we prune all suboptimal actions
according to Alg. 2 and return an optimal action as
described in Section 3.4.

¢ Inthe presence of an overlap at the root b, (equation (39)
is not satisfied), we shall prune actions according to (40)
and Alg. 2 and commence a resimplification routine for
the nonpruned actions based on the resimplification
strategy.

Having presented general steps of any LAZY variant of
resimplification strategy, we are ready to delve into specific
gap driven resimplfication strategy. Let us introduce the
following notation

G(ha) 2 0(ha) — O (ha). (47)

We remind the reader that sometimes, for simplicity of
explanation, we will make the gap dependent on belief
and an action, and denote G(ba). We use this gap to steer
the resimplification procedure toward more promising
lace. The lace with actions inducing largest gap (47) at
each belief action node along the lace will be selected to
resimplification. In fact, we use similar gap for value
function to select observations along the lace. Now let us
proceed to the detailed algorithm description.

4.2.1. A detailed algorithm description. This approach is
summarized in Alg. 5 When we apply this re-
simplification strategy, we first use the lowest simpli-
fication level for each pair of consecutive beliefs in the
given belief tree. In other words, Alg. 5 first descends to
the leaves of the given belief tree. Then it bounds each
optimal value function using the initial simplification
level using (43) and (44). This initial passage over the
given belief tree is enclosed by routine BoundOpti-
malValue. In the procedure ActionSelection, we in-
crease the simplification level of the reward bounds in
the given tree until there is no overlap at the root, as in
Figure 3(b). In this way, we can prune entire given
subtrees at the root, corresponding to candidate actions.
The procedure LazyResimplify descends back to some
leaf through the lace with largest gaps on the way. It
selects action in line 15. It then select observation/belief
according to largest gap of a single step ahead rewards if
these rewards are leafs (line 17) or the largest gap of the
optimal value function bounds (line 19).

5. Adaptive simplification in the setting
of MCTS

In the previous sections, we described the application
of the adaptive simplification paradigm when the
belief'tree is given or its construction is not coupled with
the solution. We now turn to an anytime setting where
the belief tree is not given. Instead, the belief tree
construction is coupled with the estimation of the action-
value function (20) at each belief action node. Such an
approach is commonly used in Monte Carlo tree search
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(MCTS) methods based on an exploration strategy, for
example, Upper Confidence Bound (UCB) as in (16).
Our goal is to suggest a resimplifcation strategy so that
exactly the same belief tree as without simplification
would be constructed. Also the same optimal action is
identified with and without simplification. To support
general belief-dependent rewards, we select PFT-DPW
as the baseline, as mentioned in Section 1.1.

Algorithm 7 SITH-PFT

: procedure PLAN(belief: b)

1
2 for i € 1 : n or timeout do

3 h<«0

4: SIMULATE(D, diax, h)

5 end for

6 return ACTIONSELECTION(b, h) // called with

nullified exploration constant ¢
7: end procedure
8: procedure SIMULATE(belief: b, depth: d, history: h)
9: if d =0 then

10: return 0

11: end if

12: a < ACTIONSELECTION(b, h)

13: if |C(ha)| < koN(ha)® then

14: o0 < sample x from b, generate o from (z, a)

15: b GPF(WL) (bCLO)

16: Calculate initial p*, p® for b, b’ based on s < 1//
minimal simp. level B

17: C(ha) < C(ha) U{(p°, p*,b',0)}

18: L,U « p°, p° +~v RoOLLOUT(Y, hao, d — 1)

19: else B

20: (P°, p°,b', 0) + sample uniformly from C'(ha)

21: L,U + 7°, p* +~ SIMULATE(Y, hao, d — 1)

2:  endif B

23: if deepest resimplification depth < d then /I
accounting for updated deeper in the tree bounds. See
section 5.3 o

24: reconstruct Q(ha), Q(ha)

25: end if B

26: N(h) < N(h)+1

27: N(ha) < N(ha)+1

% Q(ha) « Q(ha) + L&)
~ ~ L—Q(ha

29: Q(ha) < Q(ha) + ﬁ

30: return L, U

31: end procedure

Common exploration strategies conform to the structure
presented in (38). Without losing generality, we focus on the
most advanced, to our knowledge, exploration strategy,
named UCB and portrayed by (16).

5.1. UCB bounds

With this perspicuity in mind, we now introduce bounds
over (16)

UCB(ha)20(ha) + ¢ - \/log(N(h))/N(ha),  (48)
UCB (ha) 2.0 (ha) + ¢ - \/log(N (1)) /N (k). (49)

Similar to the given belief tree setting we now proceed to the
explanation how the reward bounds (22) yield (48) and (49).

5.2. Guaranteed belief tree consistency

Algorithm 8 Action Selection for SITH-PFT

1: procedure ACTIONSELECTION(b, h)

2: if |C(h)| < ko N(h)* then
Widening

3: a < NEXTACTION(h)

4 C(h) + C(h)u{a}

5 end if

6: while true do

7

8

9

// action Prog.

Status, a <~ SELECTBEST(b, h)
if Status then

: break
10: else
11 for all ¥, 0 € C(ha) do
12: RESIMPLIFY (Y, hao)
13: end for
14: reconstruct Q(ha), Q(ha)
15: end if o
16: end while
17: return a

18: end procedure

19: procedure SELECTBEST(b, h)
20: Status <« true

21: a < arg max{UCB(ha)}

22: gap < Oa

23: child-to-resimplify < a

24: for all ha children of b do

25: if UCB(ha) < UCB(ha) A a # a then
26: Status < false

27: if Q(ha) — Q(ha) > gap then
28: gap « Q(ha) — Q(ha)

29: child-to-resimplify < a
30: end if

31: end if

32: end for

33: return Status, child-to-resimplify

34: end procedure

Since the simplification paradigm substituted UCB (16) by
the bounds (48) and (49), the belief tree construction is
coupled with these quantities, as opposed to the situation
with the given belief tree. If there is an overlap between
bounds on UCB for different actions, we can no longer
guarantee the same belief tree will be constructed with and
without simplification.

In this and the following sections, we address this key issue.
Specifically, we define the notion of Tree Consistency and prove
the equivalence of our algorithm to our baseline PFT-DPW.

Definition 2. Tree consistent algorithms. Imagine two
algorithms, constructing a belief tree. Assume every
common sampling operation for the two algorithms uses
the same seed. The two algorithms are tree consistent if
two belief trees constructed by the algorithms are
identical in terms of actions, observations, and visitation
counts.
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Our approach relies on a specific procedure for selecting
actions within the tree. Since in each simulation the MCTS
descends down the tree with a single return lace as in (20),
on the way down it requires the action maximizing UCB
(16) we shall eliminate overlap at each belief node as de-
scribed in Section 3.4. Further we restate the action selection
procedure described in Section 3.4 with particular action-
dependent constant from equations (38) and (39) rendering
the UCB bounds from (48) and (49).

Our action selection is encapsulated by Alg. 8, which
is different from the procedure used in PFT-DPW. On top
of DPW as in Sunberg and Kochenderfer (2018) with
parameters k, and o, instead of selecting an action
maximizing the UCB (16), at every belief node, we mark
as a candidate action the one that maximizes the lower
bound UCB as such

a = argmax UCB (a).
acC(h)

(50)

If Ya#a, UCB (ha)>UCB(ha), there is no overlap
(Figure 7(c)) and we can declare that a is identical to a*, that
is, the action that would be returned by PFT using (16) and
the tree consistency has not been affected. Otherwise, the
bounds must be tightened, so ensure the tree consistency.
We examine the ha siblings of ha, which satisfy
a#a:UCB (ha) <UCB(ha) (Figure 7(a)). Our next step is
to tighten the bounds by resimplification (Figure 7(b)) until

(b)

there is no overlap using the valid resimplification strategy

according to Definition 1.
Remark. Note that here we cannot use the “lazy variant”
from Section 4.2 due to the fact that the MCTS requires
selecting an action going down to the tree, see line 12 of
Alg. 7. Therefore, if the UCB bounds do still overlap, we
cannot assure that the same act on will be selected as in
case of UCB itself.

5.3. A detailed algorithm description

Now we introduce our efficient variant of the Particle Filter
Tree (PFT) presented in Sunberg and Kochenderfer (2018).
We call our approach Simplified Information-Theoretic
Particle Filter Tree (SITH-PFT). SITH-PFT (Alg. 7) in-
corporates the adaptive simplification into PFT-DPW. We
adhere to the conventional notations as in Sunberg and
Kochenderfer (2018) and denote by Gpg(xy(bao) a gener-
ative model receiving as input the belief b, an action a and
an observation o (For clarity we substituted Z' by o.), and
producing the posterior belief &’. For belief update, we use a
particle filter based on n, state samples. A remarkable
property of our efficient variant is the consistency of the
belief tree. In other words, PFT and SITH-PFT have the
same belief tree constructed with (16), while SITH-PFT
enjoys substantial acceleration. By C(ha), we denote the set
of the children (posterior beliefs corresponding to the
myopic observations) of the belief action node uniquely

A M A M A MA A
é / Overlap § \ Resimplify é A
3 3 3
o o o
) ) )
f f > m f > f f >
al CL2 (11 a2 al CL2

Figure 7. Illustration of our approach. The circles denote the belief nodes, and the rectangles represent the belief-action nodes. Rollouts,
emanating from each belief node, are indicated by dashed lines finalized with triangles. (a) The simulation starts from the root of the
tree, but at node b3 it can not continue due to an overlap of the child nodes (colored red) bounds. (b) One of the red colored belief-action
nodes is chosen, and resimplification is triggered from it down the tree to the leaves (shaded green area in the tree). The beliefs and rollouts
inside the green area (colored by light brown) undergo resimplification if decided so. This procedure results in tighter bounds. (c) After
the bounds got tighter, nothing prevents the SITH-PFT from continuing down from node b3 guaranteeing the tree consistency. If needed,

additional resimplifications can be commenced.
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indexed by the history /4 with concatenated action a. Line
13 in Alg. 7 is the DPW technique from Sunberg and
Kochenderfer (2018) with parameters k, and a,. The M)
is the visitation count of belief or belief action nodes. In MCTS,
the O estimate is assembled by averaging the laces of the returns
over simulations see equation (20). Each simulation yields a
sum of discounted cumulative rewards. Therefore, by replacing
the reward with adaptive lightweights bounds (22), we get
corresponding discounted cumulative upper and lower bounds
over the returns. Averaging the simulations (Alg. 7 lines 28-29),
yields the bounds over the action-value function and the UCB
bounds used in the routine ActionSelection () to be explained in
the next paragraph. —
Consider a belief-action node ha at level d with Q(ha),

O (ha). Suppose the algorithm selects it for bounds nar-

rowing, as described in Section 5.2 and Alg. 8 line 7. All
tree nodes of which ha is an ancestor, contribute their

immediate p*, p° bounds to E(ha), Q(ha) computation.

Thus, to tighten @(ha), 0 (ha), we can potentially choose
any candidate node(s) in the subtree of ha. Each child
belief node of ha is sent to the resimplification routine
(Alg. 8 lines 11 — 13), which performs the following tasks.
First, it selects the action (Alg. 9 line 7) that will participate
in the subsequent resimplification call and sends all its
children beliefs nodes to the recursive call further down the
tree (Alg. 9 line 8-10). Second, it refines the belief node

p, p according to the specific resimplification strategy (Alg.
9 lines 3, 4, 12, and18). Third, it reconstructs @(ha), @ (ha)

once all the child belief nodes of 4a have returned from the
resimplification routine (Alg. 9 line 11) as we thoroughly ex-
plain in the next section. Fourthly, it engages the rollout re-
simplification routine according to the specific resimplification
strategy (Alg. 9 lines 4 and 13). Upon completion of this re-
simplification call initiated at sa, we obtain tighter immediate
bounds of some of /a descendant belief nodes (including
rollouts nodes). Accordingly, appropriate descendant of /a

belief-action nodes bounds (5, Q) shall be updated.

Many resimplification strategies are possible, below we
present our approach. In Section 4.2 we presented a re-
simplicifation strategy based on gap. Now we adapt it to the
MCTS setting.

5.4. Specific resimplification strategy: PT-gap

In this section, we explain the resimplification procedure in
more detail. In particular we present a specific re-
simplification strategy and further show that this strategy is
valid according to Definition 1. When some sibling belief
action nodes have overlapping bounds (Figure 3(a) and 7),
we strive to avoid tightening them all at once since fewer
resimplifications lead to greater acceleration (speedup).
Thus, we choose a single ia-node that causes the largest
“gap,” denoted by G, between its bounds (see Alg. 8 lines
24-30), where G is defined by (47).

Algorithm 9 Resimplification

1: procedure RESIMPLIFY (b, h)
2: if b1is a leaf then

3: REFINEBOUNDS(b)

4: RESIMPLIFYROLLOUT(b, h)
5: return

6: end if o

7: a + argmax{N (ha) - (Q(ha) — Q(ha))}
8: for allv’, 0 € C(ha) do

9: RESIMPLIFY (¥, hao)

10: end for

11: reconstruct Q(hd), Q(ha)

12: REFINEBOUNDS(b)

13: RESIMPLIFYROLLOUT(b, h)

14: return

15: end procedure

16: procedure RESIMPLIFYROLLOUT(b, h)

17: prollewt ¢ find weakest link in rollout

18: REFINEBOUNDS(b™!out

19: end procedure

20: procedure REFINEBOUNDS(b)

21:  if (51) holds for b, refine its 5°*1, p**! and promote
its simplification level a

22: end procedure

Further, we tighten the bounds down the branch of the chosen
node (see Alg. 8 lines 11-13) for each member of C(ha), the set
of children of /a. Since the bounds converge to the actual
reward (Assumption 2) we can guarantee that Alg. 8 will pick a
single action after a finite number of resimplifications; thus,
tree consistency is assured.

Specifically, we decide to refine p°, p* of a belief node
indexed by /' at depth @ within the subtree starting from a
belief action node indexed by ha at depth d when

—d (=5 5 1
¥ (0~ p’) 2 G(ha),

; (51)

where G(ha) corresponds to the gap (47) of the belief-action
node ha that initially triggered resimplification in Alg.
8 line 24.

The explanation of resimplification strategy based on
(51) is rather simple. The right hand side of (51) is the mean
gap per depth/level in the sub-tree with %a as its root and
spreading downwards to the leaves. Naturally, some of the
nodes in this subtree have p°* — p° above or equal to the
mean gap and some below. We want to locate and refine all
those above or equal to it. For the left side of (51), the
rewards are accumulated and discounted according to their
depth. Thus, we must account for the relative discount
factor. Note that the depth identified with the root is the
horizon dp,x = L, as seen in Alg. 7 line 4, and the leaves are
distinguished by depth d = 0. For each rollout originating
from a tree belief node, we find the rollout node with the
largest p — p satisfying (51) term locally in the rollout and
resimplify it (Alg. 9 lines 4 and 13). To choose the action to
continue resimplification down the tree, we take the action
corresponding to the belief action node with the largest gap,
weighted by its visitation count (Alg. 9 line 7). With this
strategy, we aim to keep the belief tree at the lowest possible
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simplification level while
consistency.

If the action selection procedure triggers resimplification,
it modifies the bounds through the tree. Since the re-
simplification works recursively, it reconstructs the belief-
action node bounds coming back from the recursion (Alg.
9 line 11)_Similarly, the action dismissal procedure re-
constructs O and Q of the belief-action node at which the
action dismissal is performed (Alg. 8 line 14). Moreover, on
the way back from the simulation, we shall update the
ancestral belief-action nodes of the tree. Specifically, we
need to reconstruct each @ and @ that is higher than the
deepest starting point of the resimplification (Alg. 7 line 23—
25). The reconstruction is essentially a double loop. To
reconstruct Q(ha), Q (ha) we first query for all belief
children nodes 4ao. We then query all belief-action nodes
that are children to the kao, that is, haoa'. The possibly
modified immediate bounds p and p are taken from hao
nodes and the Q(-), O (+) bounds are taken from the haoa'
nodes. Importantly, each of the bounds is weighted ac-

cording to the proper visitation count.

maintaining  belief tree

5.5. Guarantees

In this section, we first show that the resimplification
strategy suggested in the previous section is valid.

Lemma 1. Validity of the suggested resimplification
strategy. The resimplification strategy presented in
Section 5.4 promotes the simplification level of at least
one reward in the rollout or belief tree. Alternatively, all
the rewards are at the maximal simplification level ny,.x. In
other words, the suggested resimplifcation strategy is valid.
We provide the complete proof in Appendix 11.2.
Having proved the validity of the suggested resimplification
strategy, we proceed to the monotonicity and convergence
of UCB bounds from (48) and (49).
Lemma 2. Monotonicity and convergence of UCB
bounds. The UCB bounds are monotonic as a function of
the number of resimplifications and after at most nya-M
resimplifications we have that

UCB (ha) = UCB (ha) = UCB(ha). (52)

We provide the proof in Appendix 11.3. Now, using
Lemma 2, we prove that SITH-PFT (Alg. 7) yields the same
belief tree and the same best action as PFT.

Theorem 2. SITH-PFT and PFT are Tree Consistent

Algorithms for any valid resimplification strategy.

Theorem 3. SITH-PFT provides the same solution as

PFT for any valid resimplification strategy.

We provide the full proofs of Theorems 2 and 3 in
Appendix 11.4 and 11.5, respectively. We showed that for
any valid resimplification strategy SITH-PFT is guaranteed
to construct the same belief tree as PFT and select the same
best action at the root. From Lemma 1, our resimplification
strategy is valid. Thus, we achieved the desired result.

6. Specific simplification and
information-theoretic bounds

In this section, we focus on a specific simplification in the

context of a continuous state space and nonparametric

beliefs represented by n, weighted particles,

bE{w, X}, (53)

Suggested Simplification: Given the belief representation

(53), the simplified belief'is a subset of n] particles, sampled
from the original belief, where n} <n,. More formally:

by 2 {(x.wi)lied;={1,2,...,n}, |4} = n},

(34)

where A} is the set of particle indices comprising the
simplified belief b} for time £.

Increasing the level of simplification is done incre-
mentally. Specifically, when resimplification is carried out,
new indices are drawn from the sets {1,2,...,n,}\4} and
and included to the set A;. This operation promotes the
simplification level to s + 1 and defines 45"

6.1. Novel bounds over differential
entropy estimator

As one of our key contributions, we now derive novel
analytical bounds for the differential entropy estimator
from Boers et al. (2010). These bounds can then be used
within our general simplification framework presented
in the previous sections. To calculate differential
entropy

(b)) 2 — / b(xy) - log (b)) .

One must have access to the manifold representing
the belief. In a nonparametric setting this manifold is
out of reach. We have to resort to approximations.
Several approaches exist. One of them is using Kernel
Density Estimation (KDE) as done, for example, by
Fischer and Tas (2020). Here, however, we consider the
method proposed by Boers et al. (2010). This method
builds on top of usage of motion and observation
models such that

i=1

H(biy ars zis1s bigr) Zlog [Z Po (zes1]x), )W}c]

_ Z w,, - log []P’O (zr1 %) Z Py (), [/, ak)w,{] .
i =
(35)

One can observe this method requires access to samples
representing both b, and b,.q; thus, this corresponds to
an  information-theoretic reward of the form
p!(br,ax,zi 41, by 1). Note that as explained in Section 3
such a reward is tied to by ;.
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Figure 8. Schematic visualization of calculations reuse principle in
bounds. We select columns using indexes from set 4] and rows by
Ay ;. We marked by olive color resulting constituents of the bounds.

For the sake of clarity and to remove unnecessary clutter we
apply an identical simplification described by (54) to both
beliefs b, and by.;. The simplification indices for both beliefs
are defined by 47, . However this is not an inherent limitation.
One can easily maintain two sets of indices so as the theory
presented below is developed to this more general setting.
Moreover, as mentioned in Section 3, we have the same belief
by+y also participating in p! (byy1, @ri1, 2512, bri2). In this
reward, the simplification indices for b;.; will according to
Ay, (and not according to A4j ).

Utilizing the chosen simplification (54), we now intro-
duce the following upper and lower bounds on (55).

Theorem 4. Adaptive bounds on differential entropy
estimator. The estimator (55) can be bounded by

. N N
E(bka Ay Z4- 15 bk+1:Ak9Ak+1)

<- ﬁ(bk, Ay Zfey 1, bk+1) (56)
Su(bkaakazk+1’bk+1;Ai,A;+1),
where
us — log [Z Po(zis |x2+1)w5;] (57)
=1
+ Z Wiy - log[m - Po(zii|x.y)]
4L 4
+ Z ch+1 -log [IP’O (zk+1 |x§€+l) Z P, (x;'{Jrl ’x,f, ak)w]{}
i€ Jj=1

2 log [Z Po (zis1 ‘x2+1)W21

i=1

X

£ ey Tog |Polzen v ) S Pr (v i

i=1 JEA,

(58)

and where superscript s is the discrete level of simplification
s € {1, 2, ..., Hmax)s mén}axl}”r(xﬂx, a) and A3,
A5, S{1,2, ...} ’

See proof in Appendix 11.6. Theorem 4 accommodates
different sets A #4;,,. These sets denote sets of particle
indices from b, and b, for simplification level s. In general,
each of these sets can have its own simplification level.
However, this is out of the scope of this paper. Here, both sets

%> A4y have the same simplification level, as well as the
number of levels. Yet, the number of particles at each level can
vary between A4} and A4j_ ;. Each subsequent level (low to
high) defines a larger set of indices such that higher levels of
simplification (i.e. more samples) correspond to tighter and
lower levels of simplification correspond to looser bounds.
Note that the bounds (57) and (58) actually use the original and
simplified beliefs so it settles with equations (21) and (22).

Importantly, by caching the shared calculations of both
bounds in the same time instance, we never repeat the
calculation of these values and obtain maximal
speedup. Without compromising on the solution’s quality
we are accelerating the online decision making process.

6.2. Bounds properties and analysis

We now turn to analysis of the bounds and investigation of
their properties. Allow us to start from computational
complexity. We then examine monotonicity and conver-
gence of the bounds and reuse of calculations.

6.2.1. Computational complexity. Equations (57) and (58)
suggest that the bounds are cheaper to calculate than H
from (55), with complexity of O(n - n,) instead of O(n?),
where n£|45|=|4],,|. Altogether, time saved for all
belief nodes in the tree will result in the total speedup of
our approach.

6.2.2. Monotonicy and convergence. Theorem 5. Mono-
tonicity and convergence. The bounds from (56) are
monotonic (Assumption 1) and convergent (Assumption
2) to (55).

See proofin Appendix 11.7. Finally, bounding (55) using

Theorem 4 corresponds, in our general framework from

Section 3, to (21).

6.2.3. Re-use of calculations. The bounds can be tightened
on demand incrementally without an overhead. Moving from
simplification level s to level s + 1, corresponds to adding some
m additional particles to b* to get »*"'. For bounds calculation,
we store the highlighted elements of the matrix in Figure 8.
This allows us to reuse the calculations when promoting the
simplification level and between the lower and the upper
bounds in a particular time index. Namely, after a few bounds-
contracting iterations they are just the reward itself and the
entire calculation is roughly time-equivalent to calculating the
original reward. This will happen in a worst-case scenario.



Zhitnikov et al. 23
.We provide. the theoretical time.complegity analys.is p(bya, 2, b)) = —(1—2) E [r(x)] - /17’:(( ba,z,b).

using the specific bounds (from Section 6.1) in Appendix Kb

11.8. Now we are keen to present our simulations. (59)

7. Adaptation overhead

Whereas the bounds presented in Section 6 are incremental
repeated resimplifications may lead to actually slower decision
making. This overhead is caused by additional algorithmics
introduced by the resimplification routine. We can anticipate
such scenarios when the actions are symmetrical in terms of
the reward. However, as we empirically observed and will
shortly present in the next section, in the setting of given belief
tree the cases where the simplification is beneficial prevail.
Especially in the LAZY variant since there Alg. 5 engages
resimplification routine only at the root of the belief tree.

In the setting of MCTS the situation is slightly more
complicated. In UCB we cannot prune actions for eternity but
only dismiss up until the next arrival to the belief node. This
is because when MAB (defined in Section 2.3.3) converges it
switches the current best action with arrivals to the belief
node; such a behavior necessitates our simplification ap-
proach to tighten the bounds for many candidate actions. As a
result in a MCTS setting we obtain less speedup than in the
setting of a given belief tree considering LAZY variant (Alg.
5). Nevertheless in some problems the simplification ap-
proach is invaluable, as for example, in the problem described
in Section 8.1.3 and investigated in Section 8.3.5. Impor-
tantly, we can further accelerate resimplification routines by
parallelization. However, this is out of the scope of this paper.
All our implementations are single threaded.

8. Simulations and results

We evaluate our proposed framework and approaches in
simulation considering the setting of nonparametric fully
continuous POMDP. Our implementation is built upon the
JuliaPOMDP package collection (Egorov et al., 2017). For our
simulations, we used a 16 cores 11th Gen Intel(R) Core(TM)
19-11900K with 64 GB of RAM working at 3.50 GHz.

First, we study empirically the specific simplification
and bounds from Section 6 and show that they become tighter
as the number of particles increases. We, then benchmark our
algorithms for planning in the setting of a given belief tree
(Section 4) and in an anytime MCTS setting (Section 5). In
the former setting, we compare SITH-BSP and LAZY-BSP
against Sparse Sampling (Kearns et al., 2002). In an anytime
MCTS setting, we compare SITH-PFT with PFT-DPW
(Sunberg and Kochenderfer, 2018) and IPFT (Fischer and
Tas, 2020). This performance evaluation is conducted con-
sidering three problems, as discussed next.

8.1. Problems under consideration

We proceed to the description of the evaluated problems. In
two first problems, the immediate reward for 4’ is

8.1.1. Continuous light dark. Our first problem is 2D
continuous Light-Dark problem. The robot starts at some
unknown point xy € R?. In this world, there are spatially
scattered beacons with known locations. Near the beacons,
the obtained observations are less “noisy.” The robot’s
mission is to get to the goal located at the upper right corner of
the world. The state dependent reward in this problem is
r(x)= —|]x — x£°¥||3. The initial belief is by = N (4o, 1 - 09),
where we select xo = uo for actual robot initial state. The
motion and observation models are

Pr(x'|x,a) = N(x+a,I - o7), (60)
and

0 =Py(zlx) = N (x —x",1 - 00 - max{d(x), duin}),
(61)

respectively, where d (x) is the * distance from robot’s state
x to the nearest beacon with known location denoted by x°,
and d,;, is a tuneable parameter.

8.1.2. Target tracking. Our second problem is 2D contin-
uous Target Tracking. In this problem, we have a moving
target in addition to the agent. In this problem the belief is
maintained over both positions, the agent and the target. The
state  dependent reward in this problem is
r(x)= —|]x*nt — x@eet||2 The motion model of the target
and the agent follows

IP)T("X, Cl) — J\/‘(xagem _’_aagent’ ZT) _J\/’(xtarget + atarget’ ZT)a

where by x we denote the concatenated {x*¢™, x“***'}. For
target actions we use a circular buffer with {1, 1, <} action
sequence of unit length motion primitives. For simplicity we
assume that in inference as well as in the planning session the
agent knows the target action sequence. The observation
model is also the multiplication of the observation model from
the previous section with the additional observation model due
to a moving target. Thus, the overall observation model is

Po(-hs {x"},_) = N (@™, Zo (™ {x"} )
'N(xagent _ xtarget, 20 (xagent’xta.rget))’

where Zp(x*; {x>1}_ ) conforms to the observation
model covariance described in Section 8.1.1 and
20 (xagent xtarget)

(62)

B { ailnxagent o xtarga”z’ if ”xagem o xtargetHz dein

2
o,l, else

Before the planning experiments we study of the entropy
estimators and the bounds presented in Theorem 4.
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Figure 9. The plot shows the evolution of belief in terms of sets of particles along the actual trajectory of the robot. The color of the
particles from yellow to red illustrates the evolution of the belief over time. The green ellipses represent the parametric Gaussian belief
covariances obtained from update by the Kalman filter. The canvas color here is 6o = o7 = 0.075 as in equations (60) and (61),

respectively. (a) Our first scenario. (b) Our second scenario.

8.1.3. Safe autonomous localization. Our third problem is
a variation of the problem presented in Section 8.1.1.
Here we change the reward to be the combination of
localization reward and safety reward (Zhitnikov and
Indelman, 2022a)

localization reward
e N,
p(b,a,z,b') = —H(b,a,Z,b)

+5Q2 Ly eamey )=o) B) = 1) (63)

safety reward

Such a safety reward divides the candidate actions into
two sets, the safe set and the unsafe. If the safety pa-
rameter s is sufficiently large to assure that safe action is
selected, these two sets are detached enough in terms of
safety reward and the unsafe set is substantially inferior
such that there is no point to calculate localization reward
precisely over this set of actions. There, we can, without
any harm for decision-making outcome, substitute dif-
ferential entropy by the bounds at the low simplification
levels. This aspect makes the simplification paradigm
invaluable.

8.2. Entropy estimators and bounds study

In this section, we experiment with a passive case of the
continuous 2D Light Dark problem from Section 8.1.1. Our
goal is to study the various entropy estimators and our
derived bounds from Section 6 over the estimator developed
in Boers et al. (2010). In this study, we manually supply the
robot with an action sequence to conduct. This results in a
single lace of the beliefs corresponding to observations that
the robot actually obtained by executing a given externally
action sequence. We also provide some attempt in this

section to compare estimated reward with the exact ana-
lytical counterpart.

Over this sequence of the beliefs, at each time instance
of the sequence we calculate minus differential entropy
estimator (information) in four ways. The first is the
Boers estimator (Boers et al., 2010) and our bounds from
Theorem 4. The second is KDE approximation as done
by Fischer and Tas (2020). The third is the naive cal-
culation of discrete entropy over the particles weights:

H(b) = =S w' - logwi. The fourth estimator is analytical

and it requires additional explanation. If we make an
unrealistic assumption that robot’s ground truth state
from which the observation has been taken is known,
plug it into the covariance matrix of (61) and set prior
belief to be Gaussian; the motion and observation
models met all the requirement for the exact update by
the Kalman filter (linear additive models). For the proof,
see Thrun et al. (2005). In this case, the belief stays
Gaussian and the differential entropy has closed form
solution.

We have two scenarios. In the first scenario, the robot
moves diagonally to the goal using a unit length action
(Figure 9(a)) 15 times. Along the way, it passes close-by
two beacons. Consequentially, the robot’s information
about its state peaks twice. In our second scenario, the
robot moves five times to the right — followed by
10 times 1 and again five times to the right —
(Figure 9(b)).

The prior belief in this setting follows a Gaussian dis-
tribution by = N( ( 88 ) , (gg 28 > ) , the motion and
observation models parameters are
oo =or = 0.075,dpin = 0.0001. The number of un-
simplified belief weighted particles is n, = 300. For creating
initial weighted particles, we use the following proposal
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Figure 10. Bounds convergence for our first scenario 7, = 300: (a)
n, = 30 particles, (b) n] = 150 particles, and (c) #}, = 270 particles.
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Figure 11. Bounds convergence for our second scenario n, = 300:
(a) n{ = 30, (b) n{ = 150 particles, and (c) n{ = 270 particles.

The initial weights are the ratio w(x) = bo(x)/g(x).

To examine the bounds monotonical convergence with a
growing number of simplified belief particles we plot the
bounds (57) and (58) for minus entropy estimator (55)
alongside estimators described above for the entire robot
trajectory of the beliefs.

The results for the first and second scenarios are pro-
vided in Figures 10 and 11, respectively. For both sce-
narios, we observe that the bounds become tighter as the
number of particles of simplified belief #; increases. We
also witness that all estimators vary but the overall trend is
similar, putting aside the discrete entropy over the weights.



26

The International Journal of Robotics Research 0(0)

The discrete entropy over the weights fails to ade-
quately represent the uncertainty of the belief. This is an
anticipated result. Let us proceed to the planning
experiments.

8.3. Planning

In this section, we study and benchmark our efficient
planning algorithms. In our algorithms 1 and 5, the tree is
built by SS (Kearns et al., 2002) such that the given belief

12
Light Beacons
Goal
Agent Initial Pose
9 Agent Ground Truth

tree is obtained when the algorithm descends to the leaves.
We first compare Alg. 1 and 5 versus SS. We then proceed to
simulations in an anytime MCTS setting.

For all further experiments, the belief is approximated by
a set of n, weighted samples as in (53). The robot does
replanning after each executed action.

8.3.1. Acceleration measures. Let us begin this section by
describing our measures of acceleration. We report planning
time speedup in terms of saved accesses to particles.

Figure 12. Exemplary 2D light dark problem planning scenario. Here, we present the first trial of configuration 4 = 0.5 of Table 1.

Table 1. This table shows cumulative results of 20 consecutive alternating planning and execution sessions of the continuous light dark
problem averaged over 15 trials. Each planning session creates a single belief tree to perform a search for optimal action. This given belief
tree has 4,809 belief nodes. Overall, in 20 planning sessions, we have 96,180 belief nodes. The horizon in each planning session is L = 3.
The number of observations sampled from each belief action node is n! = 1, n? = 3, and n} = 3 at the corresponding to superscripts
depths 1, 2, and 3, respectively. This table examines the influence of various values of 4.

Particles Time speedup Resimpl. calls Obs. model R
BSP Alg. n, A speedup (64) (66) (recursive) Motion model calls calls Return (V)
Alg 1 SITH 100 0.1 7876+ 020 6444151 2.05-10°+0.05-10° 313105+ 0.02 - 10% 9.62 - 10°£0.0 —115.49 + 16.58
Alg 5 LAZY 85.46 122 71.59+1.52 1071 -10°£4.61 -10° 238 -105+0.13-10% 9.62-10°+£0.0 —115.49 £ 16.58
SS 9.62 - 10% + 0.0 9.62-10°+0.0 —115.49 + 16.58
Alg 1 SITH 100 02 68.82+0.32 53.59+205 3.36-10°£0.06 - 10° 422-108£0.03-10° 9.62-10°£0.0 —103.51 + 1491
Alg 5 LAZY 80.09 £ 1.52 65.01 +1.88 25.65-10°+6.17-10°  3.01 - 103+ 0.18 - 108 9.62 - 10°+0.0 —103.51 + 1491
SS 9.62 - 10% + 0.0 9.62 - 10°+0.0 —103.51 + 14.91
Alg 1 SITH 100 03 5833 +0.52 4276 +£2.96 4.13 - 10° £0.05 - 10° 5.40 - 10°+£0.01 - 10° 9.62-10°+0.0 —91.86 + 13.88
Alg 5 LAZY 74.85+2.63 5894+3.04 4266-10°+£980-10° 3.59-10%+029-10° 9.62-10°+00 —91.86+ 13.88
SS 9.62 - 10° £ 0.0 9.62-10°+0.0 —91.86+ 13.88
Alg 1 SITH 100 0.4 45.66+0.83 2933 +478 470 -10°+0.04 - 10° 6.84 - 10°+£0.08 - 10% 9.62-10°+0.0 —80.44 +11.77
Alg 5 LAZY 69.94 +1.89 53.85+256 59.05-10°+£876-10°  4.16-10°+022 - 10° 9.62-10°+£0.0 —80.44 = 11.77
SS 9.62 - 108+ 0.0 9.62-10°+0.0 —80.44 +11.77
Alg 1 SITH 100 0.5 3446+0.79 1898 +4.16 527 -10°+0.05-10° 7.92-10%+0.01 - 108 9.62-10°£0.0 —66.3+8.0
Alg 5 LAZY 63.6 £223 46.67+281 81.48-10°+8.52-10° 4.87-10°+024-10° 9.62-10°+0.0 —66.3+8.0
SS 9.62 - 10° + 0.0 9.62 - 10° + 0.0 —66.3 + 8.0
Alg 1 SITH 100 0.6 25.09+0.89 12.05+4.83 5.85-10°=0.05-10° 8.64 - 10°+£0.05- 10° 9.62-10°+£0.0 —5536+6.93
Alg 5 LAZY 5632 +£2.72 3845+3.65 113.26-10°+11.45-10° 571-10°+028 - 10° 9.62-10°+£0.0 —55.36 = 6.93
SS 9.62 - 10% + 0.0 9.62 - 10°+0.0 —55.36+6.93
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The following speedup is based on the final number of
simplified beliefs particles required for planning

2 s
D <ni,x - "i,x”i,x)

2
ini,x

- 100, (64)

where the summation is over the future posterior beliefs
in all the belief trees in a number of a consecutive
planning sessions in particular scenario. Equation (64)
measures relative speedup without time spent on re-
simplifications. It is calculated at the end of several
consecutive planning sessions. To calculate speedup
according to (64) one shall pick up the final number of
particles of simplified belief n]  used for the simplified
reward for each beliefnode i, sum over all the nodes of the
belief trees (given or constructed on the fly) from plan-
ning sessions, make a calculation portrayed by (64).
Importantly, acceleration measure (64) assumes that time
of evaluating the motion and observation models do not
vary from one evaluation to another. If the number of

belief particles is not depending on the belief (n; , = n,),
we can further simplify the (64) to

Zi (I’lx - nf,x)
————2.100.
Zinx

To calculate planning time speedup, we use the following
metric

(65)

tyaseline — Lour

- 100. (66)

Toaseline

If the quantities (64) and (66) are identical we can
conclude that there will be no overhead from re-
simplifications and adapting the bounds. Note also that
in the first place it is not clear how many particles », for
belief representation to take. The number of particles n,
shall be as large as possible due to fact that we do not
know when the belief represented by weighted particles
will converge to the corresponding theoretical belief.

Table 2. This table shows cumulative results of 20 consecutive alternating planning and execution sessions averaged over 15 trials of
continuous light dark problem. The given belief tree in a single planning session has 4,809 belief nodes. Overall, in 20 planning sessions,
we have 96,180 belief nodes. The horizon in each planning session is L = 3. The number of observations sampled from each belief action
nodeisn! = 1,n? = 3,and n} = 3 at the corresponding to superscripts depths 1, 2, and 3, respectively. In this table, we examine influence

of various number of belief particles.

Particles Time Resimpl. calls Obs. model R
BSP Alg. n, A speedup (64) speedup (66) (recursive) Motion model calls calls Return (V)
Alg 1 SITH 200 0.5 341408 2501+511  530-10°+£004-10° 31.80-10%+025-10% 1924 -10°+£0.0 —69.36 +7.95
Alg 5 LAZY 64.0£298 51.71+49  83.95-10°+1024-10° 1935-105+1.29-10% 1924 - 10°+£0.0 —69.36 + 7.95
SS 38.47 - 108 £ 0.0 1924 - 10°+ 0.0 —69.36 + 7.95
Alg 1 SITH 300 0.5 33.84+0.83 1867202 530-10°+£004-10° 71.74-10°£0.58 - 10° 28.85-10°+0.0 —68.29 + 8.42
Alg 5 LAZY 63.39+3.44 4734 +372 84.09-10°+10.66 - 10° 43.91-10%+3.09 - 10° 28.85-10°+ 0.0 —68.29 + 8.42
N 86.56 - 108 £ 0.0 28.85 - 10°+ 0.0 —68.29 + 8.42
Alg 1 SITH 400 0.5 33.97£0.85 2534+344  6.65-10°+0.06-10° 181.50 - 10° + 1.41 - 10° 54.51 - 10°+ 0.0 —67.92 £ 11.52
Alg 5 LAZY 66.06 £2.3 53.74+34 10690 - 10° +15.73 - 10° 105.35 - 10 £5.75 - 10° 54.51 - 10°+ 0.0 —67.92 + 11.52
N 218.05 - 10° £ 0.0 5451 -10°+£0.0 —67.92+11.52
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Figure 13. Simplification levels at each depth of the given belief tree of light dark problem (Section 8.1.1) after determining best action
for one of the planning sessions. Here, we present planning session 6 of the first trial of configuration 4 = 0.5 of Table 1. The radius of
circles represents the fraction of all nodes at a particular depth that have a particular simplification level. This figure is associated with

Table 3. (a) LAZY-SITH-BSP Alg 5 and (b) SITH-BSP Alg 1.
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To thoroughly study the acceleration yielded by our & =
simplification paradigm, we calculate total speedup over a i =00 -5
number of the consecutive planning sessions in terms of E Dl 85
particles in accordance to (64) and in terms of time in _§
accordance to (66). Eﬁ R S .

PN Il
8.3.2. Results for 2D continuous light-dark in the setting of ‘gb l w0 % €
a given belief tree. We start from the problem described in ‘%
Section 8.1.1. Our action space is constituted by motion E 2
primitives of unit length A = {—, 7,1, N, —, v, |, N} 2 Tl o n
In this problem the selected parameters are o7 = o9 = 0.1, ) wl ¥ * ¥
dmin = 0.0001, y = 0.95. We simulate 15 trials of 20 con- =
secutive alternating planning and action execution sessions. & I
Figure 12 shows an exemplary trial of 20 executions of the g T I o
best action identified by the robot. 2 w | F kg

We investigate the influence of the parameter A on bt
speedup in Table 1 and the impact of changing the number g S
of particles in Table 2. In both tables, we see the particles ki b Ilesg
speedup (column 4) and the time speedup (column 5). As Tés -l = '
expected with increasing values of 1 (column 3) the g
speedup diminishes. LAZY-BSP (Alg. 5) produces larger c.g - b
speedup in terms of particles (column 4) and time (column g I JL + 2
5) than SITH-BSP (Alg. 1). All three algorithms always g w1 = ©
selected the same optimal action. We observe that the %:
return is always identical (column 9). Significant time _a§ < S
speedup is obtained in the range of 35%—70% for LAZY- é I JL T =
BSP depending on the values of 1. For the SITH-BSP we 5 == e
see less time speedup ranging from 65% to 10% with 8= -
increasing 4. 2 | 5

In all tables, the number of motion and observation g L] > g
model calls does not include belief update calls but only the g
calls for reward or bounds calculation. The number of it 2 -
accesses to the observation model is always the same for all = g « ‘ﬂ'
three algorithms (column 8). This agrees with the structure 5| < Rt § G
of the bounds (57) and (58). For the baseline SS, up to 8 "0'; =]
rounding errors, the number of motion model accesses, as e 5 o

Iy ; N . E 8| =
we anticipated, is the squared number of unsimplified belief 23|~ | |ao
particles multiplied by number belief nodes in the tree £ - c% Ul E “
minus one for root belief, multiplied by number of planning 5 &
sessions (column 7 in the tables). This is in agreement with § 2 <3| e
(55). Also, for all three algorithms the number of accesses to L; =
the observation model was the number of particles of un- % g n
simplified belief minus one for root belief, multiplied by the PN E D
number of belief nodes in the tree, multiplied by the number f 8 o
of planning sessions. 2 § «

We see that, while having larger particle speedup (col- 288
umn 3), LAZY-BSP makes more resimplification calls § é T o
(column 6) than SITH-BSP. Observing the histograms of 2.
simplification levels in Figure 13, we understand that LAZY é E = -
variant of resimplification strategy leads to lower simpli- %go
fication levels of the rewards at the deepest level of a given 4 ’: -8
belief tree. This was expected since the rewards at the upper —Lé é =T
levels of the belief tree participate in more laces and 2 3 o
therefore their simplification level is promoted more times EE N E
(See Alg. 5). In addition, at the lowest levels reside more I % %” ﬁ 7!
beliefs and corresponding rewards. This fact is corroborated = ﬁ o | o o
by Table 3 where we witness that LAZY-BSP yields more E g Bl<<
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beliefs, in the given in belief tree, with lower simplification
levels than SITH-BSP.

8.3.3. Results for 2D continuous target tracking in the
setting of a given belief tree. Our action space is
A={—, /1, N, , |, \,Null}, where action Null
means that agent doesn’t take any action. In this problem we
selected the parameters to be dp,i, = 0.0001, X =1 - oy,
where o7 = 0.1 and 69 = 0.1, y = 0.95.

We simulate 15 trials of 15 consecutive alternating
planning sessions and the executions by the robot of the
selected optimal action. Figure 14 shows an exemplary

0.175

Light Beacons
target ground truth
Agent Initial Pose
target initial pose
Agent Ground Truth

0.150

0.125

0.100

0.075

0.050

0.025

(a)

trial. We show the agent particles in Figure 14(a) and the
target particles in Figure 14(b). Similar to the previous
section, we study speedup with growing A in Table 4 and
as function of various amounts of belief particles in
Table 5. Again we observe that speedup diminishes with
growing 1; LAZY-BSP (Alg. 5) produces a larger
speedup in terms of particles (column 4) and time
(column 5) than SITH-BSP (Alg. 1); accesses to motion
and observation models are as expected; the return is
identical for three algorithms.

In Figure 15, which is associated with Table 6, we
observe that to select an optimal action LAZY-BSP
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Figure 14. In this illustration we show second trial of Table 5, configuration 7, =250. The canvas color here is 6p = o7 = 0.1. (a) Agent

particles. (b) Target particles.

Table 4. This table shows cumulative results of 15 consecutive alternating planning and action execution sessions averaged over 15 trials
of continuous target tracking problem. The given in a single planning session belief tree has 6,814 belief nodes. Overall, in 15 planning
sessions, we have 102,210 belief nodes. The horizon in each planning session is L = 3. The number of observations sampled from each
beliefaction nodeisn! = 1,1 = 3, and n?> = 3 at corresponding to superscripts depths 1, 2, and 3, respectively. In this table, we examine

influence of various values of A.

Particles Time speedup R

BSP Alg. ne A speedup (64) (66) Resimpl. calls (recursive) Motion model calls Obs. model calls  Return (V)
Alg 1 SITH 100 0.1 77.43+026 603+221  1.69-10°+0.04-10° 348 -10°+£0.03 - 10° 1022-10°+£0.0 —79.87 + 9.69
Alg 5 LAZY 8697+ 128 71.18+242  7.44-10°+3.09-10°  232-10%+0.16 - 10° 1022 -10°+0.0 —79.87 £ 9.69
SS 1022 - 108+ 0.0 1022 - 10° £ 0.0 —79.87 £ 9.69
Alg 1 SITH 100 02 64.64+057 4639+227  260-10°+004-10°  503-10°+0.07-10° 1022-10°+0.0 —73.38+9.8
Alg 5 LAZY 83.52+ 1.7 6724+262 1652-10°+£556-10°  2.75-10°+0.22-10° 1022-10°+£0.0 —73.38+9.38
SS 10.22 - 10% + 0.0 1022 -10°£0.0 —73.38+9.8
Alg1SITH 100 03 49.57+093 2925+239  3.14-10°+0.05-10°  6.86-10°+0.10 - 10° 10.44 - 10°+£0.0 —66.29 +9.3
Alg 5 LAZY 79.83 £2.55 63.34+345 2661 -10°+841-10°  321-108+0.30-10° 10.44 - 10°+£0.0 —66.29 +9.3
SS 10.22 - 108 + 0.0 1044 - 10° £ 0.0 —66.29 £9.3
Alg1SITH 100 04 3575+1.09 1445+285  3.61-10°+0.06-10° 833 -10%+0.09-10% 10.44-10°+0.0 —59.99 = 8.05
Alg 5 LAZY 7438 +35 5569 £438 4274-10°+12.16-10° 3.90 - 10%+ 038 - 10° 10.44 - 10°+ 0.0 —59.99 + 8.05
SS 10.22 - 108 + 0.0 10.44 - 10° £ 0.0 —59.99 + 8.05
Alg 1 SITH 100 0.5 2551 +1.04 644+249  405-10°£0.06-10°  9.18-10°+0.08 - 10° 1044 - 10°+0.0 —53.15+7.03
Alg 5 LAZY 67.76 +3.88 4794 +508 63.18-10°+1571-10° 4.75-10%+0.44 - 10° 1044 - 10°+ 0.0 —53.15 £ 7.03
SS 1022 - 108+ 0.0 10.44 - 10° £ 0.0 —53.15 £ 7.03
Alg 1 SITH 100 0.6 18.06+1.0 263 +232  443-10°+0.06-10°  9.65-10°+0.06- 10° 1044 -10°+£0.0 —46.97+7.14
Alg 5 LAZY 59.53 £3.78 38.14 £4.69 8927 - 10° £15.03 -10° 577 - 10+ 0.43 - 10° 10.44 - 10°+0.0 —46.97 = 7.14
SS 10.22 - 105 £ 0.0 10.44 - 105+ 0.0 —46.97 £ 7.14
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Table 5. This table shows cumulative results of 15 consecutive alternating planning and execution sessions averaged over 15 trials of
continuous target tracking problem. The given belief tree has 6,814 belief nodes. Overall, in 15 planning sessions, we have 102,210 belief
nodes. The horizon in each planning session is L = 3. The number of observations sampled from each beliefaction node is n! = 1, 1% = 3,
and 73 = 3 at corresponding to superscripts depths 1, 2, and 3, respectively. In this table, we examine various numbers of belief particles.

Particles Time speedup

BSP Alg. n, A speedup (64) (66) Resimpl. calls (recursive) Motion model calls Obs. model calls Return (V)
Alg 1 SITH 150 0.5 25.19+£0.94 872+24 403 -10°+£0.03-10° 2071 -10%£0.15-10° 1533 -10°+£0.0 —54.0=8.16
Alg 5 LAZY 68.36 £2.66 5023 +32  63.14-10°+£9.15-10°  10.55- 10+ 0.65 - 10° 1533 - 10°+£0.0 —54.0+8.16
SS 22.10 - 108 £ 0.0 1533 - 10°+ 0.0 —54.0+8.16
Alg 1 SITH 250 0.5 23.87+098 11.01 393  4.11-10°+0.05-10°  58.10-10°+£0.40 - 10% 25.55.10°+ 0.0 —55.57 +9.59
Alg 5 LAZY 66.18 £3.35 51.51+3.83 70.02-10°+12.74-10° 30.79 - 108 £2.37 - 10% 25.55-10°+£0.0 —55.57 +9.59
SS 63.88 - 10° £ 0.0 25.55 - 10 £ 0.0 —55.57 £9.59
Alg 1 SITH 350 0.5 23.95+1.07 40.18+1029 4.11-10°+0.03-10° 113.81-10°+0.89 - 10° 3577 - 10° £ 0.0 —55.62 +8.73
Alg 5 LAZY 6636 £2.58 67.17 £4.86 69.40 - 10° £ 10.08 - 10°  60.19 - 108 £3.62 - 10° 35.77 - 10° £ 0.0 —55.62 + 8.73
SS 12521 - 10° £ 0.0 3577 - 10° £ 0.0 —55.62 + 8.73
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Figure 15. Simplification levels at each depth of the given belief tree of target tracking problem (Section 8.1.2) after determining best
action for one of the planning sessions. Here, we present planning session 6 of the first trial of configuration 7, = 250 of Table 5. The
radius of circles represents the fraction of all nodes at particular depth that have a particular simplification level. This figure is associated
with Table 6. (a) LAZY-SITH-BSP Alg 5 and (b) SITH-BSP Alg 1.

leaves more beliefs with lower simplification levels at
the bottom of the given belief tree and produces more
beliefs with lower simplification levels than SITH-BSP.
A significant time speedup is obtained in the range of
30%—70% for LAZY-BSP depending on the values of 4.
For the SITH-BSP, we see less time speedup ranging
from 60% to 2% with increasing 4. The same best action
was identified by SITH-BSP, LAZY-BSP and SS in all
cases. Interestingly, in configuration n, = 350 of Table 5,
for the first time, we obtained that time speedup (66) is
larger than particle speedup (64). This points to the fact
that this run was so long due to large number of un-
simplified belief particles n, = 350 so that the time of
access to motion and observation models varied.

8.3.4. Experiments with MCTS. In an anytime setting of
MCTS we focus on the 2D-continuous light dark problem from
Section 8.1.1. We place a single “light beacon” in the continuous
world. Here we changed the reward. The agent’s goal is to get to
location (0, 0) and execute the terminal action - Null. Executing it
within a radius of 0.5 from (0, 0) will give the agent a reward of

200, and executing it outside the radius will yield a negative
reward of —200. For all other actions, the multi-objective reward
function is p(b,a,z,b') = — E [[x||,] — H(b,a,z,b"). The
agent can move in eight® evenly spread directions
A={—-, /1, N, ¢, |, ,Null}. Motion and obser-

vation models, and the initial belief are Pr(-|x,a) =
N(x+a3r), Polz) =N (xmin{1, |x - |3} - So),

and by = N (x¢, %), respectively. x” is the 2D location of the
beacon and all covariance matrices are diagonal (i.e., £ =1 ¢?).

We selected the following parameters
—55 0.2 0.0
X0 = (OO ),20— (00 02),0'1‘—0'0—0.075. We

experiment with 10 different configurations (rows of
Table 7) that differ in n, (number of particles), L (MCTS
simulation depth), and #iter (number of MCTS simulation
iterations per planning session). Each scenario comprises
10 planning sessions, that is, the agent performs up to
10 planning action-executing iterations. The scenario stops
if the best action determined in planning is Null. We repeat
each experiment 25 times. In each such repetition we run
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Table 6. This table displays the numbers of the beliefs at each simplification level in given tree after the identification of optimal action at the root ;. Here, we investigate target tracking problem

and belief tree as in Figure 15. The size of given belief tree is 6,814 belief nodes.

Simpl. level, particles
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PFT-DPW and SITH-PFT with the same seed and calculate
the relative time speedup in percentage according to (66),
where fppr_ppw and fgiry_ppr are running times of a
baseline and our methods, respectively.

In all different configurations, we obtained significant
time speedup of approximately 20% while achieving the
exact same solution compared to PFT. In Table 7, we report
the mean and standard error of (66) as well as maximum
and minimum value. Remarkably, we observe that we
never slowdown the PFT-DPW with SITH-PFT. We also
present total running times of 25 repetitions of at most 10
(the simulation stops if best identified action is Null)
planning sessions in Table 8. Note that we divided the total
planning time by the number of planning sessions in each
repetition.

An illustration of evaluated scenario can be found in
Figure 16. Note that SITH-PFT (Figure 16(a)) yields an
identical to PFT solution (Figure 16(b)) while IPFT demon-
strates a severely degraded behavior. We remind the purpose
of our work is to speedup the PFT approach when coupled
with information-theoretic reward. Since the two algorithms
produce identical belief trees and action at the end of each
planning session, there is no point reporting the algorithms
identical performances (apart from planning time).

8.3.5. Localization with collision avoidance solved by
MCTS. In this section, we investigate the application of
three algorithms, IPFT (Fischer and Tas, 2020), PFT-DPW
(Sunberg and Kochenderfer, 2018) and our SITH-PFT
encapsulated by Alg. 7. The algorithmic implementation of
IPFT boils down to making more simulations inside IPFT
with substantially less number of belief particles sub-
sampled from root belief.

Further, we discuss the quality and speed of IPFT. Rep-
resentation of the belief with a tiny amount of particles in-
duces larger error in differential entropy estimation and other
parts of the reward function such as, for example, soft safety
reward component in (63). The authors of (Fischer and Tas,
2020) claim that IPFT averages differential entropies cal-
culated from tiny subsets subsampled from the particle belief.
However, observing the SIMULATE routine (similar to our
in Alg. 7) in (Fischer and Tas, 2020), we see that in practice
this average is obtained through more simulations, starting
from a new subsample from the root belief, with less number
of particles, thereby averaging entropies calculated from
different beliefs with less number of particles, but same
history of actions and observations. The parameter K in
(Fischer and Tas, 2020) in practice is the visitation count N
(b) of each belief in the belief tree. There is no direct control
of this parameter. In other words, to make a proper com-
parison we shall increase the number of SIMULATE calls
inside IPFT by a factor K = n,/m_where m is the size of the
subsample from a belief represented by n, particles. In such a
way in both belief trees, built by IPFT and PFT-DPW, there
are the same number of total particles. This is in contrast to
using the same number of calls to SIMULATE in both trees.
If the number of calls to SIMULATE is the same the number
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Table 7. Time speedup (66) obtained SITH-PFT versus PFT-
DPW. The rows are different configurations of the number of belief
particles n,, maximal tree depth L, and the number of iterations per
planning session. In all simulations SITH-PFT and PFT-DPW
declared identical actions as optimal and exhibited identical belief
trees in terms of connectivity and visitation counts.

(ny, L, #iter.) mean =+ std max. min.

(50, 30, 200) 19.35 £ 6.34 30.17 7.99
(50, 50, 500) 1743 £ 54 33.49 10.72
(100, 30, 200) 21.97 + 8.74 49.24 7.36
(100, 50, 500) 22.54 £ 6.33 36.09 13.65
(200, 30, 200) 26.27 £9.36 4243 11.17
(200, 50, 500) 26.17 + 7.64 4431 14.43
(400, 30, 200) 21.88 +8.47 37.04 10.34
(400, 50, 500) 21.71 £ 6.01 32.69 9.67
(600, 30, 200) 20.27 £ 7.38 32.95 8.77
(600, 50, 500) 19.93 + 6.48 31.26 6.49

Table 8. Total runtime of 25 repetitions of two algorithms.

(ny, L, #iter.) Algorithm Tot. plan. time (sec)
(50, 30, 200) PFT-DPW 49.7
SITH-PFT 40.25
(50, 50, 500) PFT-DPW 125.05
SITH-PFT 103.71
(100, 30, 200) PFT-DPW 185.47
SITH-PFT 145.08
(100, 50, 500) PFT-DPW 460.29
SITH-PFT 357.57
(200, 30, 200) PFT-DPW 709.66
SITH-PFT 526.18
(200, 50, 500) PFT-DPW 1755.08
SITH-PFT 1298.86
(400, 30, 200) PFT-DPW 2672.56
SITH-PFT 2099.0
(400, 50, 500) PFT-DPW 6877.24
SITH-PFT 5403.91
(600, 30, 200) PFT-DPW 6335.09
SITH-PFT 5056.96
(600, 50, 500) PFT-DPW 15,682.47
SITH-PFT 12,602.09
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- -4
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(a) SITH-PFT (b) PFT-DPW

of particles in the tree built by IPFT will be much smaller than
in the tree built by PFT-DPW. Do note that we cannot assure
that the same K will be for each future history due to the
exploratory nature of MCTS.

The speed of IPFT is linked with the rollout policy of
MCTS. As we mentioned above, when the belief is rep-
resented by particles we know that asymptotically when
the number of particles tends to infinity this representation
converges to the theoretical belief for any given belief
(Crisan and Doucet, 2002). Therefore, we shall take as
many particles as possible for the belief representation.
Given that the size of subsample m in IPFT does not
change, this will increase the parameter K and therefore
slowdown IPFT. Because when the new belief node is
expanded in the belief tree there is always a rollout ini-
tiated, a more complex rollout policy will slowdown IPFT
more, yet, this is ultimately the question of how big the
parameter K is.

As we observe in Figure 17, IPFT is less accurate
compared to PFT-DPW and SITH-PFT in spite of a much
larger number of calls to SIMULATE routine compared to
PFT-DPW and SITH-PFT. Clearly, better localization is
closer to the beacons. In Figure 17(a) we see that more
trajectories went to completely different from beacons di-
rections as opposed to Figure 17(b) and (c) displaying
identical results. From Figure 18(a) we conclude that in
10 from 15 trials the information reward obtained in exe-
cution of the optimal action returned by IPFT was inferior to
the corresponding reward obtained by SITH-PFT and PFT-
DPW. From Figure 18(b) we see that IPFT is slowest from
the three algorithms while SITH-PFT (Alg. 7) is the fastest
in all trials.

8.4. Discussion

Although the speedup was significant and steady for all
simulations, we did not observe growth in speed-up with
growth of number of belief particles in any simulation. This
can be explained by the fact that increasing number of
particles of the belief (n,) changes also the bounds because
the parameter n, is present in the bounds as well. The

0125 0125

0.100 0.100
0.075 0.075
0.050

0.050

0.025 0.025

(c) IPFT

Figure 16. 2D continuous light dark. The agent starts from an initial unknown location and is given an initial belief. The goal is to get to
location (0, 0) (circled in red) and execute the terminal action. Near the beacon (white light) the observations are less noisy. We consider
multi-objective function, accounting for the distance to the goal and the differential entropy approximation (with the minus sign for
reward notation). Executing the terminal action inside the red circle gives the agent a large positive reward but executing it outside it, will
yield a large negative reward. (a) SITH-PFT. (b) PFT-DPW. (c) IPFT.
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Figure 17. The plot shows 15 differently colored robot trajectories. Each such trajectory comprises 10 time steps. In each such step the
robot performs re-planning and executes the best action selected by an appropriate BSP algorithm. The color of each trajectory matches
planning with the same seed in each plot. The canvas color here is 6p = o7 = 0.03 as in equations (60) and (61), respectively. The
parameters are 7, = 300, m = 20, number of calls to SIMULATE of IPFT is 4,500, the number of calls to SIMULATE of PFT-DPW and SITH-
PFT is 300. In such a setting the constructed belief trees by these methods have the same number of total samples (see Section 8.3.5 for
details). (a) Safe IPFT. (b) Safe SITH-PFT (Alg 7). (c) Safe PFT-DPW.
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Figure 18. This plot is associated with Figure 17. Each color matches the corresponding trajectory in Figure 17. The parameters are n, =
300, m=20,and K =300/20 = 15 number of calls to SIMULATE of IPFT is 4,500, the number of calls to SIMULATE of PFT-DPW and
SITH-PFT is 300. In such a setting the constructed belief trees by these methods have the same number of total samples (see Section 8.3.5
for details). (a) Cumulative information reward as in (63) in the execution of the trajectory. Here, the SITH-PFT curve and the PFT-DPW
curve overlap. This is because the rewards are identical since the same best action is calculated by SITH-PFT and PFT-DPW; (b)

average planning times of 10 planning sessions in each trial.

limitation of our approach is that it leans on converging
bounds, which are not trivial to derive and specific for a
particular reward function. In addition, it requires slightly
more caching than the baseline. Our simplification approach
may still be ill-timed, since the resimplifications take an
additional toll in terms of running time.

9. Conclusions

We contributed a rigorous provable theory of adaptive
multilevel simplification that accelerates the solution of
belief-dependent fully continuous POMDP. Our theory
always identifies the same optimal action or policy as the
unsimplified analog. Our theoretical approach receives as
input adaptive bounds over the belief-dependent reward.
Using the suggested theory and any bounds satisfying

stated conditions we formulated three algorithms, con-
sidering a given belief tree and an anytime MCTS setting.
We also contributed a specific simplification for non-
parametric beliefs represented by weighted particles and
derived novel bounds over a differential entropy estimator.
These bounds are computationally cheaper than the latter.
Our experiments demonstrate that our algorithms are
paramount in terms of computation time while guaranteed
to have the same performance as the baselines. In the
setting of the given belief tree, we achieved a speedup up to
70%. In an anytime MCTS setting, our algorithm enjoyed
the speedup of 20%.
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Appendix

Proof for Theorem 1

To shorten the notations we prove the theorem for value
function under arbitrary policy. Note that by substituting the
policy 7+ by {7i(b,), it 1)+ }, where a, = w(b,) we always
can obtain action-value function. Without loosing generality
assume the resimplification hits an arbitrary belief action
node. The new upper bound will be

= 1 —s — =
V(brmi)typ | A7 (bab) K (bab) | <V (brmr).

<0

(67)

The new lower bound will be
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- 1 ps .
V (beme) = (A b,a,b') — A (b,a, ) )
<0

>V (b i), (68)

where M = n? depending on the depth d of resimplified
reward bound Moreover if the 1nequa11tles involv-
ing increments are strict A’(b,a,b)> (b a,b)
and A*(b,a)>A*"1(b,a,b') also the retracting the bounds
over Value function inequalities are strict. In case of
MCTS, we have that M = N(ha)/N(h'), where history ha
corresponds to b, and action a, and A’ corresponds to &'

Proof of Lemma 1

Recall that the bounds p, p of belief nodes and “weakest
link” rollout nodes are refined when the inequality (51) is
encountered.

Assume in contradiction that the resimplification
strategy does not promote any reward level and G(ha) >
0. This means that G(ha)/d > 0 and for all reward bounds
the inequality y*~¢ - (p —p)<1/dG(ha). This is not
possible since G(ha)/d is the mean gap with respect to
simulations of MCT and the depth of the belief tree,
multiplied by the appropriate discount factor, over

all the nodes that are the descendants to ha. See
equation (33).
Proof of Lemma 2
Observe that
UCB(ha) — UCB (ha) = O(ha) — O (ha).  (69)
We already proved the desired for 5( ),Q (_ha) in
Theorem 1. Using the convergence Q( ) =0() = 0(-) we
obtain
0() +c-/log(N(h))/N (ha)
= 0(:) + ¢+ /log(N () /N (ha)
= 0(-) +c- /logN (W) /N(ha).  (70)

The proof is completed.

Proof of Theorem 2

We provide proof by induction on the belief tree
structure.

Base. Consider an initial given belief node by. No
actions have been taken and no observations have been

made. Thus, both the PFT tree and the SITH-PFT tree
contain a single identical belief node, and the claim
holds.

Induction hypothesis. ~ Assume we are given two iden-
tical trees with n nodes, generated by PFT and SITH-PFT.
The trees uphold the terms of Definition 2.

Induction step. Assume in contradiction that different
nodes were added to the trees in the next simulation (ex-
panding the belief tree by one belief node by definition).
Thus, we got different trees.

Two scenarios are possible:

Case 1: The same action-observation sequence ay, z1, a1,
Z5...a,, was chosen in both trees, but different nodes were
added.

Case 2: Different action-observation sequences were
chosen for both trees, and thus, we got different trees
structure.

Since the Induction hypothesis holds, the last action a,,
was taken from the same node denoted 4’ shared and
identical to both trees. Next, the same observation model is
sampled for a new observation, and a new belief node is
added with a rollout emanating from it. The new belief
nodes and the rollout are identical for both trees since both
algorithms use the same randomization seed and observa-
tion and motion models. Case 2 must be true since we
showed Case 1 is false. There are two possible scenarios
such that different action-observation sequences were
chosen:

Case 2.1. At some point in the actions-observations se-
quence, different observations z;,z} were chosen.

Case 2.2. At some point in the actions-observations se-
quence, PFT chose action ' while SITH-PFT chose a
different action, a, or got stuck without picking any
action.

Case 2.1 is not possible since if new observations were
made, they are the same one by reasons contradicting Case
1. If we draw existing observations (choose some obser-
vation branch down the tree) the same observations are
drawn since they are drawn with the same random seed and
from the same observations “pool.” It is the same “pool”
since the Induction hypothesis holds. Case 2.2 must be true
since we showed Case 2.1 is false, that is, when both al-
gorithms are at the identical node denoted as # PFT chooses
action aT, while SITH-PFT chooses a different action, a, or
even got stuck without picking any action. Specifically, PFT
chooses action ' = arg max UCB and SITH-PFT’s candidate

a
action is a = arg max UCB (ha). Three different scenarios are
acA

possible:
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Case 2.2.1. The UCB,UCB bounds over ha were tight
enough and @ was chosen such that a’ #a.

Case 2.2.2. SITH-PFT is stuck in an infinite loop. It can
happen if the UCB, UCB bounds over A, and at least one
of its sibling nodes ha, are not tight enough. However, all
tree nodes are at the maximal simplification level. Hence,
resimplification is triggered over and over without it
changing anything.

Case 2.2.1 is not possible as the bounds are analytical
(always true) and converge to the actual reward
(@ = UCB = UCB) for the maximal simplification
level. Case 2.2.2 is not possible. If the bounds are not
close enough to make a decision, resimplification is
triggered. Each time some /a node - sibling to sa and
maybe even ha itself is chosen in SelectBest to
over-go resimplification. According to Lemmas 1 and 2,
after some finite number of iterations for all of the
sibling ha nodes (including ha) it holds UCB (ha) =
UCB(ha) = UCB(ha) and some action can be picked. If
different actions have identical values we choose one by
the same rule UCB picks actions with identical values
(e.g. lower index/random). Since Case 2.2.2 is false,
after some finite number of resimplification iterations,
SITH-PFT will stop with bounds sufficient enough to
make a decision; as Case 2.2.1 is false it holds that
a’ = a. Thus we get a contradiction and the proof is
complete.

Proof of Theorem 3

Since same tree is built according to Theorem 2, the only
modification is the final criteria at the end of the planning
session at the root of the tree: @ = arg max Q(ha). Note
we can set the exploration constant of YCB to ¢ = 0 and
we get that UCB is just the O function. Thus if the bounds
are not tight enough at the root to decide on an action,
resimplification will be repeatedly called until SITH-PFT
can make a decision. The action will be identical to the
one chosen by UCB at PFT from similar arguments in the
proof of Theorem 2. Note that additional final criteria for
action selection could be introduced, but it would not
matter as tree consistency is kept according to Theorem
2 and the bounds converge to the immediate rewards and
0 estimations.

Proof for Theorem 4
Let us first prove that u + H>0. It holds

37
ut+H="3 w, logm Po(zi|xi,,)]+
AL,

Z W;(+1 -log lpo (Zk+1 |x;€+1) Z Pr <x§c+1 }x,f, ak)W;f‘| .
i, o
Z w;;»+1 -log [PO (Zk+l ‘x;chl) Z Pr (x;chl ’x,{, a;JW,{| -
=1 7=l

(71)

The equation (71) equals to
Z Wi,y - log[m - Po(zis1 ¥, )] —

i€A2+l
Ny .
i i i j
E  Wis  log lp0(2k+l|xk+1) E :Pr(xk+l|xk’ak)wk]
A =1

Fix arbitrary index i¢ 4; . The log is monotonically
increasing function so it is left to prove that

Ny . .
mPo (ZkH ‘x;wrl) >Po (Zk+1 ‘xjcﬂ) Z Pr (x;(+1 ‘xli’ ak)wii'
J=1

If Po(zerilxi,,) =0, we finished. Assume
Po (zk+1|xh, ) #0. Recalling the definition maxPr(x'|x, a),
it holds that Y

X, a

Ny

P, (Zk+1 |xj€+1) Z maxPr (X1 |k, ap)wy
i1 Xk+1
= Xk, A

> Po(zn ) Y Pr (¥ blawl.  (72)

J=1

We reached tlle desired result. Now let us show the
second part £+ H<0. Observe, that

0>0+H=

Ry
i i i J J
E Wy log Po(zk+1|xk+l)g IP’T(xk+l|xk,ak)wk

i=1 JEA,

— Z Wi, log [IPO (zkr1 %) Z Pr(x}., ’x,i, ak)w,{]
=1 =1
(73)
Select arbitrary index i. We shall prove that

tog | B (215 ) D B (5., o

Py
JeA,

—mh@@mimmmmdw

Jj=1
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Again use that log is monotonically increasing and as- Assume again without loosing generality that

sume that Py (Zk+l |x§{+1) #0. We have that Aiﬂ = A;U{q}. In that case
As(b3a9bl) _AS+1(baasb/) = (81)
ZPT xk+1|3éjk,ak k ZPT xA+1’xk’ak)
I . (74 T
= _ZPT X1 M:ak)“/kfo Zwk+1 log | Po (zis1]x}.) ZPT xk+1|xk’ak) Wi
JE4;, i=1 JeA,

(82)

Proof for Theorem 5
ff +Zwk+l log ]PO zkH‘ka ZPT xk+l’xk’ak k .

We first prove that et
A (bya, ') >8" (b,a, ') 20. (75) 83
Recall that from the previous proof equation (71) Select arbitrary index . We got back to end to previous
theorem. Note that by definition the bounds are convergent since
b a,b) . log Py (Zk Al )] we are using all the particles. To see it explicitly suppose that
lﬂz;; . s {i¢A;,} =0 and {i# 4]} = Q. We have that
Z wk+1 log | Py (Z](+] |xk+1 Z IP’T karl |xk,ak) wy F(b, a,b') = A'(b,a,b'") = 0. (84)
iZA45 1
P o This concludes the proof.
(76)
Suppose we promote the simplification level. Without . . .
loss of generality assume that 43| = 45, ,U{g}. From the Bounds time complexity analysis
above we conclude that g 47, We turn to analyze the time complexity of our method
using the chosen bounds (57) and (58). We assume the
+1 (b,a,b') = &' (b,a, b) significant bottleneck is querying the motion Pr(x’|x, @) and

observation Pp(z|x) models. Assume the belief is ap-

—w! i g
Wi, (log[m - Po (zkplxi. )] (77) proximated by a set of n, weighted particles,

—log | Po (ze1 |5, ) ZP (3 s ak)w,{] ) b= {x, W, (85)
B Consider the Boers et al. (2010) differential entropy
Itis left to prove that approximation for belief at time k + 1,
m - Po(ze|xl,,) H(bes ar, i1, bist) Zlog [i:lPZ(Zk+l|x§{+1)w;":| + (86)
Poleihd) S Pr (i fbaut T 5

J=1
ny
We already done that in previous theorem. Now we prove Z Wiy, - log lIP’O (21 xi) Z Pr (X |xk, a) k] :
the second part - -

A(b,a,b')>A"" (b,a,b')>0. (79) : (87)

The next equation is the minus equation (74) Denote the time to query the observation and motion

models a single time as ¢,,, and #,,,;, respectively. It is clear

A'(b,ab) from (85), (86) (term ) and, (87) (term b) that:
= Z:WZH log|Po (zi+1|xi..1) ZPT (¥ s @) wi Wbasin (86)0((b)) = O(n. o + 12 ). (85)
i= Jj=1
Since we share calculation between the bounds, the
Zwk+1 log | Po (Zk+1‘xk+1 ZPT xk+1 |xk’ak) Wi | - bounds’ time complexity, for some level of simplification s, is:

i=1 Jed

(80) O + ') = O(ny - lops + 15+ N~ bor), (89)
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where n} is the size of the particles subset that is currently
used for the bounds calculations, for example n} = |4°| (4°
is as in (57) and (58)) and #, u° denotes the immediate upper
and lower bound using simplification level s. Further, we
remind the simplification levels are discrete, finite, and satisfy

SE{L,2, o A}, 7 = —H = =" (90)

Now, assume we wish to tighten ¢, ¥* and move from
simplification level s to s + 1. Since the bounds are updated
incrementally (as introduced by Sztyglic and Indelman
(2022)), when moving from simplification level s to s +
1 the only additional data we are missing are the new values
of the observation and motion models for the newly added
particles. Thus, we get that the time complexity of moving
from one simplification level to another is

O +u = +ut) =0((™ = 1) ny - tor)

o1

where © (¢° + u* — ¢*™' + u*") denotes the time complexity
of updating the bounds from one simplification level to the
following one. Note the first term from (89), n,-t,,,, is not
present in (91). This term has nothing to do with

simplification level s and it is calculated linearly over all
particles n,. Thus, it is calculated once at the beginning
(initial/lowest simplification level).

We can now deduce using (89) and (91)

s+1 s+1
®(€s+ _|—su+ ) :s S s+1 s+1 (92)
O +u') +O(C +u’ > +ut!).

Finally, using (88)—(92), we come to the conclusion that
if at the end of a planning session, a node’s b simplification
level was 1 <s < np.x than the time complexity saved for
that node is

G)((nx - n;) /. tmo,). 93)

This makes perfect sense since if we had to resimplify
all the way to the maximal level we get s = npax =
ny " = n, and by substituting #n] = n, in (93) we saved
no time at all.

To conclude, the total speedup of the algorithm is de-
pendent on how many belief nodes’ bounds were not re-
simplified to the maximal level. The more nodes we had at
the end of a planning session with lower simplification
levels, the more speedup we get according to (93).
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