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Abstract

Markovian [Belief Space Planning (BSP)| also known as|Partially Observable Markov Decision Process (POMDP))|
planning, is a necessary task in robotics and artificial intelligence. In a partially observable setting, due to
uncertainty stemming from noisy sensors, imperfect actuation, and possibly an unknown environment, the robot
makes decisions using the belief over the state instead of the state itself, which is hidden. Being undecidable in
finite time in an exact way, the POMDDP]| model gave rise to a multitude of approximations leveraging different
assumptions. However, providing strict guarantees on the impact of such approximations remains a challenge. In
this thesis, we take a different path. Instead of leveraging approximations, we are aiming to simplify the[POMDP]
and provide guarantees on the impact of such a simplification. In addition, risk awareness is an indispensable
part of robust and reliable autonomy. Yet, the classical POMDP] formulation utilizes the expectation as the
operator to compare the distributions stemming from future rewards. The expectation poorly accounts for risk.
In this dissertation we tackle this gap.

This thesis includes five works. In the first work, we introduce the simplification paradigm, in conjunction
with a risk aware objective. In our second work, we focus on the exploration problem. In this problem, the
robot must explore an unknown map. Usually, the dimension of the map is large, therefore, the state over
which the belief is maintained becomes high dimensional. Thus, such a[POMDP)]exhibits a great computational
complexity. This computational burden makes solving this problem in real time a major challenge. At the
core of our second work is our novel formulation of a belief-dependent Probabilistic Constraint. We utilize
this constraint to speed-up the autonomous exploration or serve as a stopping exploration criterion. In our
third work, we apply the simplification paradigm to a belief-dependent continuous [POMDP] In support of
this concept, we present several contributions. We begin with a thorough description of a novel and general
theoretical framework of the simplification. We, then, discuss two settings, a given belief tree and a[Monte Carlo]
[Tree Search (MCTS)| In both settings, we accelerate planning without compromising the quality of the
obtained solution. In our fourth work, we consider our probabilistically-constrained belief-dependent [POMDP]
again. Here we focus on the safety aspect. In this work, we suggest fast algorithms for probabilistically-
constrained and chance-constrained nonparametric continuous[POMDP] considering the setting of a given belief
tree. We continue to the setting of MCTS]|in our fifth paper. We demonstrate the benefits of our methods on
several robotics related problems, namely active [Simultaneous Localization And Mapping (SLAM)| for mobile
robots, autonomous navigation to the goal, sensor placement, autonomous robotic cleaner, and target tracking.

Overall, the results of this research improve the robot’s efficiency and quality of online decision making
under uncertainty.
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Chapter 1

Introduction

The demand for autonomous systems has increased drastically in various fields such as autonomous navigation,
robotic arm operations, humanoid robots, and artificial intelligence. One of the most important applications
is autonomous vehicles operating as a single autonomous entity and relying solely on onboard sensors. Other
examples include unmanned aerial robots for inspection and testing, agricultural robots, etc. Applications
are ubiquitous. Decision making under uncertainty is at the heart of any autonomous system acting with
imperfect information. The renowned framework for making decisions using incomplete information is the
In a partially observable setting, which is common in real world scenarios, there is no direct access
to the [POMDD] state. Instead, the robot must make a decision relying on the history of performed actions
and received observations in an interleaving manner. The history also includes the prior knowledge about the
[POMDP] state in the form of a distribution over the state, which is called the prior belief.

The robot utilizes the history in the form of [Predictive State Representation (PSR)|[32], [19] or distribution
over the POMDP]|state given the concurrent history, the belief. In this thesis we focus on the belief approach.
The belief is the posterior distribution over the state given all information available up to the current time. The
state could regard the robot’s position (pose) as in the localization problem where the map is known and given.
In the more challenging active [SLAM] problem, the state also consists of a map to be explored.

The robot maintains a belief conditioned on the available history at each time instant. This history is
obtained by the robot while it performs its task (Inference rectangle in Fig. . In the planning stage, the
posterior belief about thestate serves as input to the planner ( rectangle in Fig. . Within the
decision making stage the robot simulates future histories, maintains corresponding beliefs, and reasons about
their evolution while accounting for different sources of uncertainty. There are two types of uncertainty, namely
outcome uncertainty and state uncertainty. The outcome uncertainty stems from imperfect robot actuators and
materializes in the form of a probabilistic transition model. The state uncertainty is the result of observing the
state through the lens of imperfect onboard sensors. Examples of sensing devices include a camera or
[[maging, Detection, And Ranging (LIDAR)l When the robot operates in the field, it perceives the world with
the available sensors, gathers information, and plans its next action(s) (Fig . The operation continues in a
cyclical interleaving manner of information gathering using onboard sensors and

This research focuses on the active problem of planning under uncertainty in the robot’s loop, Fig[T.1] When
a robot performs planning in the belief space, it must solve a Solving a [POMDDP] i.e., calculating the
“right decision” in terms of an optimal action sequence or policy, involves anticipating every imaginable turn
of future events with a predefined number of steps ahead into the future (the planning horizon). Each future
event is defined by the simulated future history and the corresponding belief. The robot’s task is defined by a
belief-dependent reward function. In this thesis, we focus on information-theoretic rewards such as differential
entropy, expected (with respect to belief) distance to goal, and minus trace of the covariance matrix of the
belief. The future instant rewards, that correspond to a future observations episode (decision epoch or script)
under a particular execution policy, are then combined into a single value called the return (long-term reward
in some papers, e.g. [38]). One typical example of the return is the future cumulative reward.

The [POMDP] planning can be done with finite or infinite horizons. In a finite horizon setting, the agent
performs planning with a fixed number of steps ahead of time. As the horizon grows, the robot can contemplate
and reason about a more distant future. Within the planning session, equipped with motion and observation
models, the agent must ponder over every possible realization of the future observations episode, of the length of
the horizon, for every available reactive action sequence (policy). For each realization of the future observations
and actions episode (decision epoch or script), it calculates a series of beliefs the size of a horizon, on each
of which it calculates a reward and sums up the rewards. The realization of a cumulative reward is a single
realization of the future. In a sampled form, this abundance of possible realizations of action-observation pairs
constitutes a belief tree (Fig. . If the belief-dependent reward is merely the expectation, with respect to
belief, of a state-dependent reward, the belief tree will not necessarily contain the entire belief at each node.
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Figure 1.1: Deployed robot’s loop. By bi(xy) we denote the belief in time index k over possibly high
dimensional state xx. Output of BSP is the best static action sequence ay,,, ; ; or reactive one 7*, namely the
policy. Having performed an action/actions the robot senses environment and obtain measurements z;. With
performed actions and received observations it updates its belief.

In this case, instead of the belief tree, the robot has a history tree with different belief approximations at each
node [1]. In our setting of general belief-dependent rewards the robot has 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. The number of belief nodes grows exponentially with the horizon. Here emerges the problem: to
be more productive and reach the goal faster, the robot must cogitate (speculate) about a more distant future.
Namely, to increase the horizon as large as possible. However, a larger horizon corresponds to a deeper belief
tree, meaning a heavier decision making problem from the computational point of view. Therefore, choosing an
optimal action (policy) is exceptionally computationally demanding and prohibitively expensive. are
notoriously hard to solve. This issue is exacerbated when the state over which the belief is maintained is high
dimensional.

Alternatively, can be formulated with an infinite horizon. Each immediate reward is mul-
tiplied by a non-negative discount factor smaller than one [42]. Such an infinite series is convergent if the
reward is bounded [45]. The agent is given a terminating action or terminating condition on the belief. Using
dynamic programming under the assumption of bounded reward and a not too large discrete state, action, and
observation spaces, POMDP] with an infinite horizon can be solved exactly. This means that, in some limited
cases, reasoning about the belief tree can be avoided. Instead, one employs tabular, also known as full width
methods [37]. We focus in this thesis on continuous state and observation spaces, leading to a continuous space
of the reachable future beliefs space at any future time instance. The reachable future beliefs space is the space
constituted by the future beliefs, in a particular time index, that can be obtained from the belief given as a
result of the inference stage (Fig.[1.1]). This belief is fed to the planner. As a result of the inference stage, the
robot can have any belief. All in all, even to employ tabular methods for a given belief, one shall visit an infinite
uncountable number of beliefs. This means that, in continuous domains, the robot has to solve @ online.
One way to do that is to resort to sampling and construct a belief (history) tree such that, even the infinite
horizon formulation is approximated by the belief tree of the depth as large as possible. Offline approximate
methods do not produce satiable results.

General belief-dependent rewards such as information theoretic rewards are essential for [BSP] However,
rewards of this type introduce an additional computational burden. The common [POMDP]formulation assumes
that the belief-dependent reward is nothing but an expectation, with respect to belief, over the state reward. So far
we found a single state dependent reward, minus distance to a goal state, which accounts for uncertainty when
averaged with respect to belief. We show a proof of that claim in our fourth work. In many other continuous
problems, e.g., autonomous exploration, localization, and sensor deployment, the reward is belief-dependent. It
can be a minus trace of the covariance matrix of the belief or a minus of differential entropy. These rewards
cannot be represented as an expectation of a state dependent reward.

Typically the algorithms for online planning under uncertainty use approximations without accounting for
their impact on the decision making outcome. On the contrary, we focus on the simplification paradigm.
To simplify the decision making problem means carefully examining all the components and possibly making
them more simple or coarse through accounting for the impact of the simplification. An inherent part of the
simplification paradigm is the guarantees on the effect of the simplification.

Our key insight is as follows. When the candidate action sequences or policies are far enough in terms of the
objectives over the returns, computationally demanding components of the decision making can be simplified.
Such a simplification incurs no impact on the precedence of the candidates in terms of the objectives. In other
words, it preserves the trend. We call such a phenomenon action consistency.

We now provide a literature survey on the current state-of-the-art methods to make a decision under uncer-
tainty with general belief distributions. This problem is often referred to as[BSP] [POMDP} stochastic control,
and active perception. We aim to provide an overview of state-dependent and belief-dependent POMDPE solvers
that provide an approximate solution [30} 37, 48, 41|, 13] as well as safety and risk aware approaches [6], [14]
[36].
@ [21] has proven to be a celebrated mathematical framework for planning under uncertainty. m
consists of a transition (motion) model, observation model, reward/cost for being at some particular state, and
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Figure 1.2: Objective function tree, by is the belief at time k, aj, aj,aj are the actions, b, , is the belief at
time k + 1 propagated with action applied at time index k (belief action node), 2} 11 zi 11 z;z 41 are sampled
observations.
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executing some action. The transition model is the [Probability Density Function (PDF)|of being at some mo-
mentary state given the previous momentary state and action (control). The observation model is the
to receive some observation given the momentary [POMDD] state. Notably, such [POMDP)] formulation can
be converted to [Beliel-MDP (BMDP)| where the belief is the state of the resulting [Markov Decision Process|
and the reward over the belief is the expected, with respect to belief, reward over the state or general
belief-dependent reward. The fundamental problem in [POMDDP]is to devise an optimal policy from the belief
to the action. An equivalent definition of the meaning of solving is to find a policy from the history
to the action. The belief is merely a way to accumulate and represent the history. A conventional and most
common objective operator is the expected value over the returns. The journey to solve POMDP] started from
offline methods [26],[25]. These methods are designed to perform most of the, unbearable online to the robot,
computations before execution. As we mentioned before, in very small discrete problems it is possible to visit
all the states and observations.

These earlier offline attempts are based on dynamic programming and provide poor performance when the
state and observation spaces grow.

Algorithms to solve m online operate on the belief tree (Fig. or history tree [41] depending on
the reward structure. The exponential growth with the horizon is not the only problem of belief tree based
approaches. Additionally, the number of possible states grows exponentially with the state space dimension,
and consequently, an adequate representation of the belief requires more particles. Those last two problems are
known as the curse of history and the curse of dimensionality respectively.

Some of the approaches are designed solely for discrete spaces. Further, we elaborate separately on each
method whether or not it extends to continuous domains and general belief-dependent rewards. Note that in
large discrete spaces and continuous spaces, one should resort to sampling. However, in continuous spaces,
the probability of receiving the same sample twice is zero. Therefore, continuous spaces require additional
treatment.

Offline solvers and state-dependent rewards Classical offline methods [25] are intended to find offline
a policy that is optimal for all possible beliefs. These methods are based on a-vectors and point-based value
iteration [30, B4, B8]. The a-vectors approach leverages the fact that the reward is state-dependent and the
belief-dependent reward is obtained by the averaging with respect to belief. Another name for policy is the
reactive plan [25]. One can interpret a policy as a conditional plan represented as a tree. We also can define
a conditional subplan as a policy associated with a particular observation, see [25]. Each possible observation
defines a conditional subplan. Note that since the reward is state-dependent, in an infinite horizon setting,
the conditional subplan depends on the observation instead of the entire history. This is because in discrete
spaces we exhaustively enumerate all the states and the observations. In a finite horizon setting, the conditional
subplan depends also on the horizon and it gets smaller when the time index progresses. The a-vector is the
vector of the values of state-dependent utility functions, starting from the state realizations or samples from
the belief distribution [I3], under the conditional plan, the set of a-vectors, each annotated with an action,
can represent the policy for all beliefs. The application of such policy is to find a-vector maximizing the inner
product with the belief, meaning maximizing the utility function. The action appropriate to such a-vector is
optimal. Importantly, representing optimal value function as the maximum over a-vectors of the inner product
of an alpha vector with the belief indicates its [PieceWise Linear Convex (PWLC)| property and enables pruning
suboptimal a-vectors safely. Alternatively, a one-step look-ahead can be used to avoid keeping track of the
actions associated with the alpha vectors. This strategy utilizes the Bellman form of the belief-dependent
utility function and selects using a-vectors the maximal utility in the next step, appropriate to every possible
action and observation.




Point-based value iteration is based on a set of representative beliefs. For each belief, one a-vector is
associated. Each a-vector is initialized, such that, when multiplied with the corresponding belief, it yields a
lower bound of the optimal value function for this belief. The algorithm updates the a-vector of each belief.
The backup process is applied to each belief from the set individually. It iterates through actions. For each
action, it iterates through observations, updates belief with the action and the observation, and chooses the
best a-vector from the set with regard to the posterior belief. It then performs a backup operation for each
state using selected a-vectors appropriate to the observations at the next step. At the end of the loop through
actions, the algorithm is left with one a-vector per action, and it returns the best one [26]. This algorithm
improves the set of a-vectors. Since each a-vector is appropriate to the best action for the corresponding belief
from the set, when a new belief comes for query the planner to return the best action, the best action is set
by selecting the best a-vector. Point-based value iteration provides an approximate solution but substantially
speeds up the exact solution by the a-vector method. These methods are designed for discrete state, action,
and observation spaces. Moreover, a-vector is hyperplane [45] in the belief space, meaning that the reward over
the belief is assumed to be merely expectation over the reward of the state as opposed to the general setting of
belief-dependent rewards we consider.

The [38, B9] presented [Heuristic Search Value Iteration (HSVI)| algorithm which augmented the point-based
value iteration method with a forward exploration heuristic leveraging lower and upper bounds of the optimal
value function to the full extent. The heuristic that drives the exploration of the reachable belief space is the
gap, obtained by the Bellman update, between the upper and lower bounds of the value function. Their lower
bound is based on a-vectors and point-based value iteration described above. The upper bound is based on
a set of points belief/value function bound, known as Sawtooth Upper Bound [25]. periodically prunes
dominated elements in both the lower bound vector set and the upper bound point set. This approach received
the name Sawtooth Heuristic Search [25]. While the lower bound is updated using a backup operation and
adding a new a-vector to the set, the upper bound is updated with a local Bellman update, and adding a new
belief/value bound point to the set. These bounds are limited to state-dependent rewards or specific forms of
belief-dependent rewards which we discuss further. The a-vectors by definition can not accommodate a general
belief-dependent reward. The Sawtooth Upper Bound leverages the convexity of value function and it is based
on an initial set of belief-value pairs and has to contain all of the standard basis beliefs. Typically, Fast Informed
Bound is used on the values corresponding to the beliefs from this initial set, which is again based on a-vectors
[25]. In addition, evaluation of this bound on the new belief requires linear interpolation; so to remain bound
for the new belief point it requires convexity of the optimal value function [15].

Algorithms which use point based value iteration and sawtooth upper bound require a set of beliefs. Al-
gorithm [Successive Approximations of the Reachable Space under Optimal Policies (SARSOP )| uses successive
approximations of the optimal policy to iteratively generate the above mentioned set of beliefs. The [SARSOP]
algorithm build upon [HSVI] Extension of the point-based value iteration solvers to continuous domains requires
additional research. Although a-vectors are theoretically valid for continuous spaces, utilizing sampling may
introduce additional complexities. As we will further discuss, [13] can possibly be extended to continuous spaces
through determinization [25].

Online solvers and state-dependent rewards More recently, online methods have become successful.
These algorithms are approximations and some of them are suitable for continuous state and observation spaces.
The output of these methods is an action recommended for the current belief. The algorithm itself is a (random)
policy that maps from beliefs to actions online.

Many of these algorithms were designed for an [MDP)]setting of a fully observable state and further extended
to One example is the [Sparse Sampling (SS)| algorithm [22]. This algorithm applies to continuous
[MDP| by sampling the next states from the generative model. Recursively, it opens all the actions until the depth
is equal to the horizon. Naturally, it extends to [POMDP] through BMDP)| formulation. It can be thought of as
a sampling version of forward search [26]. Another distinguished algorithm for is This algorithm
tackles the curse of history by building a belief tree incrementally, and revealing only the “promising” parts of
the tree. It can also operate with high dimensional and large state space since it only samples the state from a
generative model (Similar to so it applies to

An inherent part of [MCTS| based algorithms is the exploration technique, e.g., [Upper Confidence Bound]
[B], [27]. The exploration technique is designed to balance exploration and exploitation while building
the belief tree. Let us describe an out-of-the-box for discrete [MDP] opens the belief tree by
looping over the simulations (tree queries). Each simulation progresses with expanding state-action nodes and
state nodes along the way in an alternating manner. To expand the state-action node from the upper level
state node it firstly opens all the actions and then at each arrival to the state node it selects an action to go
with It then samples the next state from the generative model, to create a state node. (Reward generally
depends on the state and action emanating from it and the subsequent state.) If the drawn state is already a
child of the current state action node, the simulation continues down the tree. In the case where the drawn
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state is new, a rollout with random or offline policy is carried out from the new state and the algorithm backups
up to the root.

Note that this out-of-the-box [MCTS| algorithm does not apply to BMDP]with continuous state and observa-
tion spaces. In case that state space is continuous, the same state will never be drawn, resulting in an extremely
shallow and non-representative tree. There are other renowned algorithms such as [Partially Observable Monte]
Carlo Planning (POMCP)| [37] (extension of MCTS|to [POMDP)) and [Determinized Sparse Partially Observable
mﬂﬂ%ﬂflowewr, these algorithms employ the assumption/limitation that reward over the belief
is the expected value of reward over the state. Therefore, they apply to[Artificial Intellegence (AI)| problems and
are less relevant to [BSP| where the reward is a general function of the belief. Such rewards, e.g., information-
theoretic, pose additional computational difficulty as we already mentioned. Moreover, information-theoretic
rewards such as differential entropy are not bounded, rendering foundations of [UCB|invalid; Since [UCB]is based
on Hoeffding bound [I6]. To our knowledge, there is also no proof that differential entropy is Lipshitz.

Offline solvers and simple forms of belief dependent rewards Earlier attempts such as [2], [T1], [7] were
tackling offline solvers with simple forms of belief-dependent rewards, such as[PWLC| [2] or [Lipshitz Continuous|
[11]. Concretely, the authors of [2] proposed to perform a piecewise linear approximation to the convex
belief-dependent reward and extend point-based value iteration, e.g, [38]. The authors from [11] extended
further to belief-dependent rewards. They showed that the Bellman update operator(also known as
the Bellman optimality operator) preserves for finite horizons. The authors show how to define, initialize,
update, and prune [LC| upper and lower bounding approximators of the optimal value function and derive a
variant of the algorithm. Authors of [7] present SARISA - an extension of to information-
seeking actions. This algorithm is also limited to PWLC| rewards.

Information theoretic reward in the context of online solvers for continuous [POMDP] Incorpo-
ration of information-theoretic reward into [POMDP]is a long-standing effort. In the context of robotics, such
rewards are especially important for precise navigation. The robot should be able to steer itself to areas of
high visibility to decrease uncertainty about its state. Info-theoretic reward allows robot to reason about its
own uncertainty. Monte Carlo Tree Search made a significant breakthrough in overcoming the course of history.
However, when the reward is a general function of the belief, the origin of the computational burden is shifted
towards the reward calculation. Moreover, belief-dependent reward prescribes the complete set of belief parti-
cles at each node in the belief tree. Therefore, algorithms such as POMCP [37], and its numerous predecessors
are inapplicable since they simulate, each time, a single particle down the tree when expanding it. [DESPOT]
based algorithms behave similarly [48], with the a being an exception [13]. a simulates a
complete set of particles. However, this algorithm depends on a-vectors. In particular, as in other DESPOT}Hike
algorithms, the belief tree is determinized. Therefore, sibling belief nodes have identical particles and are dis-
tinct solely by their weights. [DESPOT}a leverages this regard and uses the a-vectors to efficiently approximate
the lower bound of the value function of the sibling belief nodes without expanding them. Since DESPOTHike
methods are based on the gap heuristic search [25], this lower bound is an essential part of the exploration
strategy. In other words, the[DESPOT}a tree is built using a-vectors, such that they are an indispensable part
of the algorithm. Note that an integral part of this approach is that the reward is state-dependent, and the
reward over the belief is merely an expectation of the state reward with respect to belief. Thus, DESPOT}«
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 is the
[41]. The idea behind is to apply [MCTS| over [BMDP] [41] augmented with Double
Progressive Widening and coined the name PFT-DPW. PFT-DPW utilizes the [UCB] strategy and maintains
a complete belief particle set at each belief tree node. It applies to a continuous space, which is the space of
the particle represented beliefs. Recently, [I2] presented [Information Particle Filter Tree (IPFT)| a method to
incorporate information-theoretic rewards into [PFI] The [[PFT| planner is remarkably fast. It simulates small
subsets of particles sampled from the root of the belief tree and averages entropies calculated over these subsets.
However, differential entropy estimated from a small-sized particle set can be significantly biased. This bias
is unpredictable and unbounded and, therefore, may severely impair the performance of the algorithm. The
authors from [I2] provide guarantees solely for the asymptotic case, i.e, the number of 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 performance of [PET]in terms of optimality can degrade severely
compared to PFT-DPW. Moreover, [12] does not provide any reliable study of comparison of against
PFT-DPW with an information-theoretic reward.

Risk aware, chance-constrained and robust POMDP The discussed algorithms stem from the [AT] com-
munity and are designed for general POMDP)] problems. The Robotics community is primarily concerned with
navigation problems. In these problems, notions of safety and risk are fundamental. One example is collision



and obstacle avoidance. Some prominent attempts are [Belief Road Map (BRM)| [35], [Rapidly-exploring Ran-|
[dom Belief Tree (RRBT)| [6], and [Feedback-based Information RoadMap (FIRM)| [I] which consider Gaussian
beliefs. The paper [6] explicitly defines the probability of collision as a chance constraint of the decision-making
problem. The authors utilize closed-loop control within the planning and consider the probability of collision
on top of the controller steering the robot to the nominal trajectory. Another example of chance constraint can
be the probability that the path is too long and that fuel in a flying vehicle will run out before reaching the
goal. Namely, for a possible sequence of future observations (episode) and the beliefs, along a subset of state
trajectories, is considered to be valid. A more recent algorithm tackling general distributions but discrete state
and observation spaces is[Risk Bounded AO* (RAO™*)|[36]. This algorithm extends[A heuristic search procedure]
[for AND/OR graphs (AO*)|[33] to the Risk-bounded variant. The authors of [36] exemplify their algorithm on
automated planning for the science agents problem, visualizing the importance of the chance constraints. The
science agent starts from some initial position and operates on the map with obstacles. The agent can visit
four different sites on the map. At each site, it can find a discovery with some probability. Since the agent’s
position is uncertain, collision is probable. The agent is required to finish at the relay station. In a limited
time, the agent has to gather as much information as possible and arrive at the relay station. The duration of
each traversal is uncontrollable but bounded. The authors of [36] used a single chance constraint that the event

“arrives at the relay location on time” happens with a probability of at least some given parameter. There are
other notable works, e.g., [23] combines POMCP] and [FIRM], and very recent [47].

Simplification paradigm The computational burden incurred by the complexity of POMDP planning in-
spired many research works to focus on approximations of the problem, e.g., [I7]. Typically, approximation
based planners show asymptotical guarantees, e.g., the convergence of the algorithms. Recently, the novel
paradigm of simplification has appeared in literature [44] 8 [I8] [24]. The simplification is concerned with care-
fully replacing the nonessential elements of the decision-making problem and quantifying the impact of this
relaxation. Specifically, simplification methods are accompanied by stringent guarantees, while alleviating the
computational burden of the decision-making problem.

Thus far, simplification has been utilized in the high-dimensional setting with Gaussian beliefs. However,
general belief distributions and risk-aware formulations received less attention. Recently [43] developed novel
adaptive bounds on a differential entropy estimator based on a belief representation by weighted particles [5]. A
technique that appears to be close to our notion of simplification is described in [I7]; where the authors describe
successive multi-level approximations of the models from coarse to fine. Another interesting work utilizes
confidence intervals to eliminate actions in the context of MDP|and [Multi Armed Bandit (MAB)| problem [9].

The extremely challenging high dimensional active[SLAM] problem was addressed when the belief is modeled
as a Gaussian [28] 29], as well as general belief distributions [I0]. These works reduce computational complexity
by reusing the calculations between common parts of non-myopic candidate actions [29], and between planning
sessions [I0]. Another line of works builds upon the simplification paradigm in the context of Gaussian beliefs
such as [8] sparsifies the belief, while [24] bypasses costly calculations, substituting the reward by a topological
signature.

The remainder of this thesis is organized as follows. In Chapter [2] we discuss our methodology. We then
continue to the Chapter [3| where we present our published papers. Chapter {is a collections our unpublished
papers. Chapter [5] the conclusion, discusses all the published and unpublished papers in this thesis.




Chapter 2

Methodology

In this chapter, we discuss our methodology. Works such as [46], [9], [38] are especially close to our methods. In
general, our approach leans on adaptive bounds over the objective. Let us, in this section, give an example of
the bounds usage, namely providing guarantees using confidence intervals. Taking inspiration from [22], we will
construct confidence intervals over all the candidate action sequences simultaneously. We will see that stochastic
intervals do not convey the desired information. We would like to know absolutely if any impact has been made
by simplification. This question translates to the presence of any overlap of the intervals, for each candidate
policy, induced by the lower and upper bounds over the objective. Let us consider the decision-making with
static action sequences. We will now describe how to make an optimal decision, with some probability, using
an adaptive finite number of observation episodes laces.

2.1 Partially Observable Markov Decision Process

Purely for clarity of the exposition, we focus, in this chapter, on the static candidate action sequences
A = {ag.x+1—1} instead of policies. Further, we separately redefine POMDP)| and corresponding policies in

each paper. The[POMDP]is a tuple
<X5AkaZ7T7Oapa’Y7b0> (21)

where x € X, z € Z and the individual state and observation and X and Z are state and observation spaces.
The 7 € (0,1] is a discount factor and by is a prior belief. The state evolves according to the transition model

Pr(z'|z,a) (2.2)

that models outcome uncertainty. The state is accessible solely through observations using the observation
model

Po(z|z) (2.3)

that models the state uncertainty. The Ay is the space of candidate action sequences obtained by an external
process separately for each planning time index k. The agent has access and maintains the belief over the

[POMDPI state
by (1) = P(ak|bo, aok—1, 21:k)- (2.4)
The @ objective is to find an action sequence ay.x4+1—1 € Ag that maximizes the value function

k+L—1

V (b, ak:k+r—1) :E{ Z 7€7kp(b£aa£;b2+1)‘bkaak:k+L—l]- (2.5)
=k

In this research we assume that p is a general belief dependent reward.

2.2 Confidence Intervals

Suppose the reward is bounded p™" < p < p™a* and the maximal horizon is L™?*. Denote Viax = p™axL[max
and denote aj, = argmax,, ca V(bk,ar+) where V is the theoretical Value function. Let also be aLJr =

argmaxy,, ea V™ (by, ag)-

10
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Figure 2.1: Simple application of confidence bounds. These bounds hold with some probability and the
intervals themselves are stochastic.

Lemma 1 (Chernoff bound). For any given belief by, and an action sequence a4 with probability of at least
_A2m

1 —e Viaax it holds that

[V (be, arr) — VU™ (b, ager )| < A (2.6)

where V(m)(bk,ak+) = % S ?Lf*l p(b@,ag,b}#l) and the probability is taken over the draw of the pr.pir
Jrom P(pr:p+1|bk, @iy )-

The proof is immediate using Chernoff bound and Hoeffding Lemma. Now we want to bound |V (bx,aj, ) —
VO (b, af ).

2.3 Probability Construction

Defining probability on a product space from A when each product is induced by the candidate action se-
quence, we obtain the new outcomes space (Qz,]-'z)‘A| with an outcome being wiws...wj4 € xii‘lQi and
o-algebra ® f The set N € ®l’4‘1}} is defined as N £ N, B; with B;€F;. The @ over this space is
P((pk:k+L)ak+€A\|bk, A) = Hak+6A ]P(pk:k+L|bkaak+)-

2.4 Probabilistic Intervals

Using the previously seen lemma we have that

P(ﬂ {'V(bk’aH) Ve (i) |<)‘ku’ ) ( HP(W brsart )=V ™ (by,an) |<)\’bk7ak+)>>(]- e ‘“‘X)IA‘~

apy €A ap+€A
(2.7)
We use
V(m)(bk, ak+) A< V(bk, ak+)<V (bk CL]H_) +A Vapr €A (2.8)
max V(m)(bk,ak+) A < max V(bg,ar4)< max ym )(bk,ak_,_) + A (2.9)

ak+€.A k+€ ak+€A

)\
with probability of at least (1—e TV )|A‘ Note that here we know where the true optimal value can be using

the estimated value, but we do not know if the same action sequence was selected. It will happen if no overlap is
present, namely, we denote a = arg max,, . ¢ V) (b, agy). TEV ) (by, aLr)—/\ < max,, , ¢ A\qt V) (b, agy )+
A. However, we do not know with which probability it will happen. This is because the intervals themselves
are stochastic due to the dependence on the estimated value (Fig. . We need deterministic bounds over the
objective. This brings us to this research beginning in the next section.
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(a) (b)
Figure 2.2: These are analytical bounds. The intervals are deterministic. (a) The simplification loss is the
overlap ; (b) No simplification impact in this case.
2.5 Deterministic Intervals and the Overlap

Having established the necessity for deterministic bounds we outline our approach. We will try to bound the
objective deterministically as such

Vb, apy) < V(bg,ars) < V(bg, ak+) (2.10)

As we see in Fig. the simplification loss is the overlap. On the contrary, in Fig. no simplification
impact is present due to absence of the overlap.
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Abstract

It is a long-standing objective to ease the computa-
tion burden incurred by the decision-making prob-
lem under partial observability. Identifying the sen-
sitivity to simplification of various components of
the original problem has tremendous ramifications.
Yet, algorithms for decision-making under uncer-
tainty usually lean on approximations or heuristics
without quantifying their effect. Therefore, chal-
lenging scenarios could severely impair the per-
formance of such methods. In this paper, we ex-
tend the decision-making mechanism to the whole
by removing standard approximations and consid-
ering all previously suppressed stochastic sources
of variability. On top of this extension, we scruti-
nize the distribution of the return. We begin from
a return given a single candidate policy and con-
tinue to the pair of returns given a corresponding
pair of candidate policies. Furthermore, we present
novel stochastic bounds on the return and novel
tools, Probabilistic Loss (PLoss) and its online ac-
cessible counterpart (PbLoss), to characterize the
effect of a simplification.

1 Introduction

While operating in a partially observable setting, the robot
repetitively performs actions and receives observations from
the environment in an interleaving manner. The result of each
action is a imprecise change in the robot’s state. The robot
has access to the probability density of the state, given the
history of its actions and the observations alongside the prior.
We call this probability density a belief. In each planning
session, the robot shall reason about future beliefs and se-
lect an optimal action based on its current belief using belief-
dependent rewards and the objective operator. The robot shall
look into the future as far as possible. With the growing
horizon, however, the computational burden is becoming un-

*The original journal paper: A. Zhitnikov and V. Indelman. Sim-
plified Risk Aware Decision Making with Belief-dependent Rewards
in Partially Observable Domains. Artificial Intelligence, Special Is-
sue on “Risk-Aware Autonomous Systems: Theory and Practice”,
2022.
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Figure 1: The Extended Belief Tree versus the standard.

bearable for the robot due to exponential growth in complex-
ity [Papadimitriou and Tsitsiklis, 1987]. Many research ef-
forts in Artificial Intelligence (AI) and Robotics communi-
ties have tackled the described problem. In Al community,
it received the name Partially Observable Markov Decision
Process (POMDP), whereas, in the Robotics community, it is
known as Belief Space Planning (BSP). In classical POMDP
the belief-dependent reward is assumed to be the average of
the state-dependent reward with respect to belief. While al-
leviating the solution, this assumption hinders the ability to
actively decrease uncertainty over the belief using general
belief-dependent operators. In BSP, general belief-dependent
rewards are essential, e.g., navigation, sensor placement prob-
lems. The classical assumption in BSP is that the belief fol-
lows Gaussian distribution [Indelman et al., 2015].

The AI community began to introduce general belief-
dependent rewards starting from the discrete domains [Araya
et al., 2010], [Fehr et al., 2018], and limiting assumptions
concerning the reward operators [Dressel and Kochenderfer,
2017]. More recent approaches such as Sparse Sampling (SS)
[Kearns et al., 2002], and Monte Carlo Tree Search (MCTS)
[Sunberg and Kochenderfer, 2018] build upon Belief-MDP
(BMDP). These methods are suitable for continuous domains.
Still, in the continuous setting of states and observations,
these methods give an approximate solution with only asymp-
totical optimality guarantees. On the other hand, the BSP
community introduced a concept of simplification [Indelman,
2016],[Elimelech and Indelman, 2022], [Shienman and Indel-
man, 2022b], [Kitanov and Indelman, 2019]. As opposed to
approximations, the simplification paradigm substitutes var-
ious parts of the decision-making problem while providing
guarantees on the impact of such a substitution.
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In this work, we focus on the distribution of the rewards
in a nonparametric setting. Our objective is to simplify the
decision-making problem and analyze the impact of the sim-
plification.

2 Notations and Problem Formulation

Let P be the probability density and P the probability. In
this paper, we focus on the finite horizon setting. Fur-
ther, to shorten notations, we shall often use [J; to denote
Uk+1:k+1, where L is the planning horizon. By = we denote
identity.

2.1 POMDP with Belief Dependent Rewards
p-POMDP [Araya et al., 2010] is an eight tuple

<X?A727Ta07p7’77b0>? (1)
where X', A, Z are state, action, and observation spaces with
x € X,a € A,z € Z the momentary state, action, and
observation, respectively, T(z,a,2') £ Pr(2|z,a) is the
transition model from the past momentary state x to the next
2’ through action a, O(z,x) = Pz(z|z) is the observation
model, p (b, 2', a,b) is a scalar reward operator, v € (0, 1] is
the discount factor, and by is the prior belief.

2.2 Belief Space Planning
The posterior belief at time instant k is given by

bi(wx) = P (2x|bo, ao:k—1, 21:1) - ()
The usual assumption is that the belief is a sufficient statistic
for decision making objective [Bertsekas, 1995]. However,
in practice, the belief requires some representation. This rep-
resentation is not perfect, e.g., parametric or sampled form;
thus, in (2), we used the ~ sign. In a real life scenario
b = ((. .. ¥ (bo, ao, 21), ak—2, 2k—1), Ak -1, 2 ), where ¢
is a method for updating the belief. By m £ mp.pq—1 We
denote a vector of policies for L time steps starting from time
step k. Each such policy 7, at time step ¢ maps belief to an
action 7g(bg) = ay. The general decision making under un-
certainty objective function is of the following form

VE (b, 7) = @(P (prtriktlbr Thikrz—-1)  9k)  (3)

s.t. be = P (b1, me—1(be-1), 2¢),

where L is the planning horizon, p, is a random immediate
reward, ¢ is an objective operator, and gy £ fon (Pk+1:k+L)
is the return [Sutton and Barto, 2018]. A common choice
for ¢ is expectation over the distribution of future rewards
given all data available [Defourny et al., 2008]. The re-
turn is a deterministic known function of the realization of
Pk+1:k+L> €8, it could correspond to the cumulative reward
g = ZzL=1 pr+e¢. Finally, v is a general method for propa-
gating the belief with action and updating it with the received
observation.

The objective (3) is ultimately based on the distribution
of the return given all information available for planning
under selected policy P(gx|by, 7x), which decomposes via
marginalization over future observations zy4+ = Zk41:k+1 as

P(gr|br,m)= [P(gk|bk, T, 284 )P(2ht [br, T)d2kt . (4)
Zk4
A common assumption is that P(g|bg, 7, 2x+, ) is a Dirac
delta function.
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3 Foundations

In this section we introduce probabilistic p-POMDP and rig-
orously define the simplification paradigm. We further con-
tinue to the formulation of the general bounds on the re-
ward/return which can be analytical or stochastic.

3.1 Extended Setting, Probabilistic p-POMDP

Sometimes the belief b,_; has a simple parametric form,
where 6;_; is a vector of parameters, e.g., a Gaussian be-
lief. 1In this case, belief update 1) can be deterministic,
and is denoted by tat(0¢—1,me—1(0r-1), 2¢). In more gen-
eral and challenging scenarios the belief by_; is given by a
set of weighted samples {(w! ,,z% )}¥ ;. Therefore, 1
is a stochastic method, e.g., a particle filter [Thrun et al.,
2005]. Applying multiple times ¢ on the same input will
yield different sets of samples approximating the same dis-
tribution of the posterior belief. We denote the stochastic 1
by st (be—1,mr—1(be—1), z¢). Another form to formulate the
above is that the distribution

B(be—1,a0-1,20,be) £ P (belbe—1,a0-1,20), (5

is not a Dirac delta function. This aspect was disregarded so
far, to the best of our knowledge. Note that in a Belief MDP
(BMDP) formulation, the assumption is that B is a Dirac
delta function. Similar arguments hold for the momentary
reward operator of the belief. We extend p (b, 2/, a, b) to

R(be—1,a0-1, 20, be, pe) = Pr (pelbe, 20, a0-1,be—1), (6)

To our knowledge, we are the first who treat these aspects as
random.

Before introducing simplification formally and analyzing
its impact, we shall account for all potential sources of vari-
ability. We remove conventional approximations by extend-
ing (1) to a probabilistic reward model R (6) and probabilistic
belief update B (5), and introduce

M:<Xasz7T707R7’77bkyB>a (7)

which we name probabilistic p-POMDP (Pp-POMDP). The
rationale behind these conditional distributions (R and B) is
to capture additional sources of stochasticity, such as stochas-
tic belief update, stochastic calculation of a given reward op-
erator or simply not knowing the operator reward in an ex-
plicit analytic form.

As discussed earlier, the value function (3) is based on (4).
These previously overlooked sources of stochasticity impact
the likelihood of the observations

P (2ry1:64L bk, ) ®)
as well as the joint reward distribution P (pg |bg, 7, 2kt ) =
P (pr+1:k+L|0k, Thikt L—1, Zk+1:k+1) given a realization of
future observations. In contrast, in the regular setting of
POMDP and p-POMDP P (p |bg, 7, 2+ ) is Dirac’s delta
function. If B is a Dirac function, a sample from (8) uniquely
defines the corresponding posterior beliefs byy1.5+r. This,
therefore, corresponds to the classical belief tree (R could
still be non a Dirac function). In contrast, our Pp-POMDP
(7), corresponds to an extended belief tree, which, due to (5),
allows many samples of the beliefs by 1.5 1, for each sample
of 2g11.x+1 from (8) ( See Fig. 1).
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Figure 2: Our extension and the simplification in the context of a
single candidate policy.

3.2 Simplification Formulation

To formally define the simplification procedure, we augment
the Pp-POMDP tuple (7) with a simplification operator v £
Viyoooy V4L

MV:<X7A727TaOaR7’77bkaB7U>' (9)

This general operator defines any possible modification of the
original problem defined by (7) alongside with (3) to a new,
simpler to solve, problem. The definition (9) allows us to re-
tain the connection to the original nonsimplified problem (7)
and examine the impact of the simplification on (7). The op-
erator v can be for example, sparsification of the initial belief
by [Elimelech and Indelman, 2022], replacing the reward by
its topological signature [Kitanov and Indelman, 2019], di-
rect calculation of lightweight reward bounds [Sztyglic and
Indelman, 2022], selecting a subset of hypotheses in a hybrid
or mixture belief [Shienman and Indelman, 2022a], to name
a few.

Generally, M and M, are different decision making prob-
lems. We shall be interested in working online with the latter
while providing the guarantees with respect to the former. To
distinguish a simplified reward from the original reward, we
denote the former by p instead of p; similarly, we denote the
simplified belief by b instead of b. Note the operator v can be
stochastic, as discussed below. Specifically, belief simplifica-
tion is described by the distribution

P(be|be; v)). (10)

In general, the distribution (10) over the simplified belief by
corresponds to a stochastic simplification operator uzb . This
is the case, for example, when by is represented by a set of
N weighted samples and Vé’ is the operation of subsampling
n samples according to weights; i.e., applying this operation
on by multiple times leads to different sets of n samples, each
representing another realization of by from (10). Overall there
are (JZ ) such combinations. For a deterministic operator l/é),
(10) is a Dirac function.

Further, there are several cases of how a simplification af-
fects belief update (5) from time ¢ — 1 to ¢.

1. Without any simplification we
Pp(be|be—1,m¢—1, 2¢) from (5).

have

2. Given a simplified belief be_1, while keeping the
original stochastic belief update s, we have
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P (belbe—1,me—1,2¢), Where each realization of by

is obtained via 1. Thus, given lv)z_l, this distribution is
not a function of v.

3. We can also simplify the belief update operator, g, to
s Denoting the corresponding simplification operator
vy, this yields P (be|be—1, 71, 25 7))

4. Finally, one can decide at time ¢ to apply simplification

on the belief (determined by 1/5) via (10). The corre-
sponding belief update can be written as

Pé(i)z\gé—l,ﬂe_l,zg; Vé’,yf) =

/ P(belbe; V2P 5 (belbe—1, o1, 263 v )dby,

be

where by is the integration variable.

We combine these cases and write
B(be—1,m0—1, 20, be; ) 2B (belbe—1, me—1, 25 V2, v7). (11)

Similarly, reward simplification could be, in general, stochas-
tic, leading to the distribution

P(pelpe; vy)- (12)

Thus, given a simplified belief Bz and Iu)[,l, and recalling (6),
the distribution over py is

Py (Pelbe, 2o, -1 (be—1), be—1;v) =

[P(ﬁdﬁe; VP R(pelbey 20, mo—1(be—1), be—1)dp,
D

which we denote as the simplified reward model,

R(bg, 20, mo—1(be—1), pe; v) £ .
Py (Delbe, 20, mo—1 (be—1), be—13 ).

Throughout the document we assume that operator v does not
affect the observations likelihood. In other words, the mea-
surements are sampled as in the original problem as in (8).
For the further discussion we make the following shorthand
notation. Let Hyy7 = {b, T, 25+ } be future history at the
time index k + L.

3.3 Online Stochastic and Analytical Bounds

We turn now to the joint distribution over original and simpli-
fied rewards, given the future history and operator v, namely
P (pr+, P+ |Hi+1,v). In an online setting we do not have
access to the original rewards as calculating them explicitly
defeats the purpose of simplification. Instead, we shall now
utilize simplification to provide bounds over the original re-
wards. These bounds can be used to provide performance
guarantees, and should be cheaper to calculate than the orig-
inal unsimplified rewards. Further, the bounds can be analyt-
ical as in previous simplification approaches, e.g, [Elimelech
and Indelman, 2022]. Ultimately for each realization of the
return we are interested in the following relation

I < gr < (14)
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Figure 3: The simplification in our extended setting and its impact
of the joint distribution of a pair of the returns corresponding to the
pair of the candidate policies.

One way to do that is to develop analytical bounds, which
will hold for any possible observation 2z 1.5+, received and
any corresponding return, e.g, as in [Sztyglic and Indelman,
2021]. 5 5

Our extension allows R and B, as well as R and B to be
any distributions. They can remain Dirac functions, e.g., if
belief update and the reward calculation have a closed form.
Successively, P(gr|bk, 7, zk+, ) remains Dirac delta. How-
ever, in the more general case, following our extension, there
is a joint distribution of original and simplified returns given
a realization of the future and the present

P(gk>§k|Hk+L7V)a (15)

as illustrated in Fig. 2. Given the history H+ 1, the return gy,
as well as the simplified return g, has variability, in contrast
to the conventional approach. Ordinarily, the belief update
is commenced once and treated as deterministic. So as the
rewards and return do not have variance given the history of
the actions and the observations. Since (15) is no longer a
Dirac function, we can use knowledge about this distribution
to design bounds, which will hold with some probability. In
the main paper [Zhitnikov and Indelman, 2022], we show that
it is possible to harness the structure of (15) to design the
mentioned more lenient online bounds. Moreover, analytical
bounds, designed in a conventional setting, can be used in
our extended setting without any revision. In our extended
setting, they will bound with probability one.

Having introduced the novel stochastic bounds, we proceed
to the formulation of the constraints, that these bounds shall
fulfill to be meaningful. Let the parameter controlling the
confidence level be o € [0,1). For every possible sample
g we do not know which sample g, one could obtain in the
original problem. However, if the bounds are designed such
that P(gg, , u|Hg+ 1, v) render

1—()4§P(1{Z§gkSU}III/HIH_L,I/) (16)

these bounds can be useful. Notably, the above equation does
not involve simplified return, so is applicable also in the case
bounds are directly formulated (and not via a simplified re-
turn). However, in this case the bounds are analytical and
a = 0. To summarize, there are three types of online re-
ward/return bounds:

1. Deterministic bounds. These analytical bounds exist in
case of a closed form belief update 14, and a determin-
istic operator reward, e.g., belief is a Gaussian and the
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reward is differential entropy. In this case, even in our
extended setting R and B remain Dirac functions.

2. Stochastic bounds that hold with probability one,
namely o = 0. These are also analytical bounds. In
our extended setting R and B are no longer Dirac func-
tions. However, these bounds hold for any realization of
sample approximation, as stated around (14).

3. Stochastic bounds that hold at least with probability 1 —
a. They exist only in our extended setting when R and
B are not Dirac functions.

4 The Return Given a Candidate Policy

Applying the marginalization over the observations we obtain
the distribution of the original and the simplified return given
the candidate policy and the operator v (See Fig. 2).

P(gx, G |bx, T, V):/P(gmékmmb V)P (21 |br, T)d2g 1.

Zk+
For further discussion please see [Zhitnikov and Indelman,
2022].

5 The Pair of the Returns Corresponding to
the Pair of Candidate Policies
Imagine a pair of a candidate policies. In such a setting we
are interested in the following distribution (See Fig. 3)
P(gk,g;,gk,gﬁbk,7T,7T/,l/). (17)
On top of (17) we propose a tool to examine the simplifica-

tion impact on the original not simplified problem. We call it
Probabilistic Loss.

5.1 Probabilistic Loss (PLoss)
Consider a random variable £ : 2 — R over the events space
Q defined as such
max{gj (w) — gr(w),0} if gr(w) > Gi(w)
L{w) £ max{gr(w) = g;,(w), 0} if gr(w) < gi(w) (18)
0 if g (w) = g3, (w)
The realization of random variable £(w) = A differs from
zero if the simplification have switched the ordering of the

original returns and the original difference between returns
was A.

5.2 Online Bound on Probabilistic Loss (PbLoss)
Since the PLoss is inaccessible online we propose another
random variable which is accessible.

max{u (w) — l(w),0} if gr(w) > G (w)
max{u(w) —'(w),0} if gr(w) < gi(w) (19)
0 if gi(w) = g}, (w)

To give to the reader a glimpse into the connection between
PLoss and PbLoss suppose the bounds (14) are analytical.
This implies that £(w) < L(w) VYw € Q and this implies

P(A < L(w)) < P(A < L(w)) (20)
To the impact of the proposed ideas onto Decision Making

please refer to the journal paper [Zhitnikov and Indelman,
2022].

L(w) 2
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Available online 27 August 2022 main under partial observability. This paper proposes a simplification framework to ease

the computational burden while providing guarantees on the simplification impact. On top
of this framework, we present novel stochastic bounds on the return that apply to any re-

ﬁ?t’i\:i,gir;&intelligence ward function. Further, we consider simplification’s impact on decision making with risk
Decision making under uncertainty averse objectives, which, to the best of our knowledge, has not been investigated thus far.
Belief space planning In particular, we prove that stochastic bounds on the return yield deterministic bounds on
POMDP Value at Risk. The second part of the paper focuses on the joint distribution of a pair of

returns given a pair of candidate policies, thereby, for the first time, accounting for the cor-
relation between these returns. Here, we propose a novel risk averse objective and apply
our simplification paradigm. Moreover, we present a novel tool called the probabilistic loss
(PLoss) to completely characterize the simplification impact for any objective operator in
this setting. We provably bound the cumulative and tail distribution function of PLoss
using PbLoss to provide such a characterization online using only the simplified problem.
In addition, we utilize this tool to offer deterministic guarantees to the simplification in
the context of our novel risk averse objective. We employ our proposed framework on a
particular simplification technique - reducing the number of samples for reward calculation
or belief representation within planning. Finally, we verify the advantages of our approach
through extensive simulations.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

Autonomous online decision-making is a fundamental aspect of intelligence. In a partially observable setting, which is
common in real world scenarios, there is no direct access to the state. Instead, the robot has to maintain a belief over the
state and reason about its evolution while accounting for different sources of uncertainty within the decision-making stage.
The renowned framework to do so is the Partially Observable Markov Decision Process (POMDP) [18]. Crucial elements
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defining the robot’s behavior are the random reward and the objective operator applied to the reward distribution. The
random nature of the reward arises from the uncertainties in the system.

Solving a POMDP, i.e., calculating the “right decision” in terms of an optimal action sequence or policy, involves antici-
pating every imaginable turn of future events and computing the returns based on the corresponding rewards. One typical
example of the return is the future cumulative reward.

There is a large body of algorithms, formulated on top of POMDP, to approximate decision-making under uncertainty.
Classical offline methods [21] are trying to find offline a policy that is optimal for all possible beliefs. These methods are
based on «-vectors and point based value iteration [24,26,34]. Since the «-vector is the vector of the utility function values,
starting from the state realizations or samples from the belief distribution, under the conditional plan, the set of «-vectors,
each annotated with an action, can represent the policy for all beliefs. The application of such policy is to find o-vector
maximizing the inner product with the belief. Unfortunately, these methods are suitable solely for the discrete state, action,
and observation spaces. Some work on extending the «-vectors to continuous spaces has been done by [28]. More recent
formulations suitable for continuous spaces are operating on the belief tree.

A necessary factor for planning to be successful is the number of future steps ahead (horizon) that an agent considers in
the decision-making process. The belief tree grows exponentially with the horizon. However, the exponential growth with
the horizon is not the only problem of the belief tree based approaches. Additionally, the number of possible states grows
exponentially with the state space dimension, and consequently, an adequate representation of the belief requires more
particles in the setting of non-parametric beliefs. Those last two problems are known as the curse of history and the curse of
dimensionality respectively.

More recently, online methods became successful. Some of them are suitable for continuous state and observation spaces.
The output of these methods is an action recommended for the current belief. The algorithm itself is a policy which maps
from beliefs to actions online. Prominent examples are POMCP [33] and its various extensions (e.g., [37]), an algorithm
designed for large POMDP and based on Monte Carlo tree search. Another popular algorithm, DESPOT [35] [44], focuses on
the set of randomly sampled scenarios over the belief tree, avoiding drawbacks of the UCT [22] algorithm used in POMCP.

Standard POMDP formulations consider state-dependent rewards and assume that the belief-dependent reward is noth-
ing but expectation over the state reward. POMDP with belief-dependent rewards received much less attention, although these
rewards are essential in numerous problems, such as information gathering, autonomous navigation, and active sensing.
Information theoretic rewards are especially significant for belief space planning (BSP) [17], [10]. Araya et al. [1] introduced
p-POMDP and extended the exact «-vectors method and a family of point based approximation algorithms to consider
convex belief-dependent reward functions. Later Fehr et al. [9] extended their work further to Lipschitz-continuous reward
functions. Spaan et al. [36] proposed to augment action space with information-reward actions. Dressel and Kochenderfer [7]
proposed an extension of SARSOP [24] to specific forms of belief-dependent rewards. However, these extensions are limited
either to a discrete setting or to specific forms of belief dependent rewards. In a general setting, belief-dependent rewards
are computationally demanding and prohibitively expensive.

Further, the most popular and widespread objective operator is the expected value of the return. However, the expected
value as the objective has inherent flaws. It is oblivious to the distribution of the reward. Meaning it is unable to account
for the risk that the selected action or policy is suboptimal and to prevent rare undesirable events. One way to introduce
the notion of risk to decision making is to augment the expected return value with chance constraints. This augmentation,
however, introduces additional complications which are out of the scope of this paper [31]. With this motivation in mind,
we focus on an alternative to the expected value objectives in the context of BSP in continuous domains.

Replacing expected value by other objectives in the context of MDP has been discussed in [6]. Importantly, Defourny
et al. [6] discuss risk measures and applicability of Bellman form. Attractive risk averse objectives include Value at Risk
(VaR) and Conditional VaR (CVaR) [5]. VaR and CVaR were extensively studied in the context of MDP, whereas in the POMDP
planning community, they started to emerge only recently [12,13]. So far, we did not find work considering belief-dependent
rewards in the context of decision making under uncertainty with risk averse objectives.

The computational burden incurred by the complexity of POMDP planning inspired many research works to focus on
approximations of the problem, e.g., [14]. Typically, approximation based planners show asymptotical guarantees, e.g., the
convergence of the algorithms. We take a different path, which is to simplify the original decision-making problem. In other
words, instead of approximating the problem, we substitute it with a simpler one. If the order of policies with respect to
the original and simplified problems’ objective is preserved, such substitution does not affect the decision-making quality.
Moreover, suppose we can find online bounds over the original problems’ returns/rewards or objective function, utilizing
the simplified problem. In that case, it is possible to account for the simplification loss.

Replacement of various parts of the decision making problem to ease the computation burden while preserving the
precedence of objectives for potential action plans recently appeared in the literature under the names simplification
paradigm [39,41,8,16,19] [32,2], action consistency [8,19] and tree consistency [41]. Yet, these works have limitations. A
common assumption is a specific objective operator - expectation. Moreover, Elimelech and Indelman [8], Kitanov and In-
delman [19] assume Gaussian distributions and maximum likelihood observations while working in the highly challenging
setting of a high dimensional state. Sztyglic et al. [41] consider non-parametric beliefs; however, they build upon a specific
belief dependent reward operator.

The general simplification paradigm is concerned with carefully replacing the nonessential elements of the decision
making problem and quantifying the impact of this relaxation. Specifically, simplification methods are accompanied by
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stringent guarantees while alleviating the computational burden of the decision making problem. Therefore, previous works
formulated the simplification paradigm on top of analytical bounds and a conventional expectation operator as the objective.
Existing works consider a deterministic belief update; however this is problematic for non-parametric beliefs which cannot
be updated in a deterministic way. In the setting of general beliefs, we shall resort to a particle filter [42] which is a
stochastic belief update method since it is based on sample approximations.

1.1. Contributions

We study the simplification impact on decision making under uncertainty considering a general objective operator and
non-parametric beliefs, which therefore involves the distribution over returns. This distribution conveys all the information
about the decision making problem. Our overall goal is to examine how the simplification method influences the perfor-
mance of the decision-maker while accelerating the decision making process.

To account for the impact of simplification on the distribution over returns, we first relax typical assumptions regarding
the belief update along with the operator reward and introduce probabilistic p-POMDP, which we denote as P p-POMDP.
Given a simplification and an objective operator, we utilize bounds over the return to provide performance guarantees in
terms of quality of solution with respect to the original (un-simplified) decision making problem. These bounds can be
analytical, and thus hold with probability one. Crucially, we also introduce stochastic bounds that are applicable to any
reward function, in contrast to analytical bounds that must be derived for each reward function separately.

Further, we consider specifically simplification impact on decision making with risk averse objectives. To the best of
our knowledge, this is the first work that investigates simplification in this context. Our key result is the derivation of
deterministic bounds on the risk averse objective (Value at Risk) using stochastic bounds on the return/reward. Consequently,
we obtain solving speedup and provide guarantees.

Moreover, we examine how simplification impacts the joint distribution over the returns for two candidate policies.
We believe this distribution conveys previously unaccounted information, as generally the returns for different policies,
conditioned on the current belief, are coupled. To the best of our knowledge, this joint distribution has not been studied
yet. Towards this end, we propose a novel risk aware objective operator on top of the joint distribution over returns for
two candidate policies. This is as opposed to conventional objectives that are based on the marginal distribution of the
return given a policy. Furthermore, we develop a method to provide guarantees for the simplification of such an objective.
Specifically, we introduce probabilistic loss (PLoss) and the corresponding online bound on probabilistic loss (PblLoss)
to completely characterize the simplification impact on the joint distribution of the rewards given two candidate policies,
meaning for any objective operator. We then utilize the latter to provide performance guarantees in terms of deterministic
bounds considering the mentioned risk aware objective operator.

Finally, we apply our general formulation considering a specific simplification: reducing the number of samples of the
belief for the reward calculation. To be precise, in the setting of an explicitly given belief surface (e.g. Gaussian mixture
model), we endow the stochastic bounds with an adaptivity property and show how to take the lowest possible number of
samples while remaining action consistent. In the setting of general beliefs represented by particles we lower the number
of particles of the belief and provide performance guarantees.

To summarize, our key contributions are as follows. (a) We extend p-POMDP to probabilistic o-POMDP (IP o-POMDP) by
relaxing the assumption that the reward operator and the belief update are deterministic; (b) We introduce novel stochastic
bounds on the return/reward and rigorously formulate the simplification framework on top of general objective operators
and returns/rewards; (c) Using our formulations we present simplification of risk averse decision making under uncertainty;
(d) We present a novel objective utilizing joint distribution of the rewards corresponding to two candidate policies and de-
scribe a method to simplify such decision making while preserving action consistency; (e) We introduce the general concept
of PLoss and provide its online description with PbLoss and utilize it to provide guarantees in terms of deterministic
bounds; (f) Finally, we exemplify our framework on a particular simplification technique, which is reducing the number of
samples within planning.

1.2. Paper structure

This paper is organized as follows. In section 2 we introduce the notations and formulate the problem. In section 3 we
provide mathematical foundations for our approach. We then focus on the marginal distribution of the return in section 4
and on the joint distribution of a pair of the returns corresponding to two candidate policies in section 5. We present a
specific simplification in section 6. In section 7 we exemplify our findings on the problem of autonomous navigation with
light beacons.

2. Notations and problem formulation

Let us denote by IP the probability density function and by P the probability. By lowercase letter we denote a random
vector or its realization. For two random variables x and y, we say that they are equal x = y if they are equal as functions on
their measurable space. Further, to shorten notations, we shall often use [y, to denote [Jy41.x4+r, Where L is the planning
horizon. By = we denote identity. We summarize important notations used throughout the paper in Table 1.
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Table 1
List of important notation.
Nomenclature
X, A Z State, Action, and Observation spaces
xxeX,aqre A, zxe Z Momentary state, action, and observation, respectively.
1{} Indicator function defined on set {}.
anb min{a, b} where a,b € R.
avhb max{a, b} where a,b € R.
Pk+r Pk-+1:k+L Reward vector from time index k + 1 until k + L including the ends.
Pktr Pk+1:k+L Simplified reward vector.
Return calculated from the reward vector, such that g £ Far (Prs1:k+1)
8 and fg, is some deterministic function.
8k Simplified return calculated from simplified reward vector.
Zktr Zkt1ktL Observation vector from time index k + 1 until k 4+ L including the ends.
v A general method for updating the belief.
T, Mhikt+L—1 Policy sequence from time index k up until k+ L — 1 including the edges.
The sequence of simplification operators
U Vit from time index k up until k + L including the edges.
HitL L (b, 7, Zk+ ) The future history at the time index k + L.

2.1. POMDP with belief dependent rewards

Let k be an arbitrary time step. p-POMDP [1] is an eight tuple

<X5A727Taoapayab0>v (1)

where X, A, Z are state, action, and observation spaces with x, € X, q; € A, zx € Z the momentary state, action, and
observation, respectively, T (X, ak, Xk+1) = Pr (X¢11|Xk, ax) is the stochastic transition model from the past momentary state
X, to the next x,.q through action ay, O(z,xx) = Pz(zx|xx) is the stochastic observation model, p (ka,zkH,ak,bk) is
a scalar reward operator, ¥ € [0, 1] is the discount factor, and bg is the belief about the initial state (prior). Notably, the
infinite horizon planning case necessitates ¥ < 1, whereas ¥ =1 is permitted in a finite horizon. In this paper, we focus on
the finite horizon setting. Moreover, the reward can be dependent on consecutive beliefs and the elements relating them
(e.g., information gain [10]).

2.2. Belief space planning

The posterior belief at time instant k is given by

b (x) ~ P (xk|bo. Go:k—1, Z1:k) - (2)

The belief is an efficient way of storing all relevant information that has been obtained so far. The usual assumption is
that the belief is a sufficient statistic for decision making objective [3]. However, in practice, the belief requires some
representation. In general, this representation is not perfect, e.g., parametric or sampled form; thus, in (2), we used the ~
sign. In a real life scenario

bk = 1//(1//( .. llf(b()v aO’ 21)7 ak727 Zkf‘l)’ ak*]’ Zk)7 (3)

where i is a method for updating the belief. Denote by 7, policy at time step £ such that 7ry(b¢) = a, maps belief to the
action. It is noteworthy that policy 7t (b) is a random function of the belief in general. For simplicity we assume that policy
is deterministic. However, our development is not constrained to deterministic policies. By 7 £ 7y, _1 we denote a vector
of policies for L time steps starting from time step k. Let us focus on the finite horizon setting. The general decision making
under uncertainty objective function is of the following form

Vi, ) = 90(]13’ (Ok1:k-+11bks Thekr1-1) gk) (4)
st.by=v(be—1,me—1(be-1), 2¢),

where L is the planning horizon, p; is a random immediate reward, ¢ is an objective operator, and g = S (Ok+1:k+1) 1S
the return [38]. The return is a deterministic function of the realization of py41.x+.- A common choice for ¢ is expectation
over the distribution of future rewards given all data available [6]. The return is some known function of the realization
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of prr1:k+r; as discussed in [6], e.g., it could correspond to the cumulative reward gy = Zéz] Pr+¢. Finally, ¢ is a general
method for propagating the belief with action and updating it with the received observation.

The objective (4) is ultimately based on the distribution of the return given all information available for planning and some
selected policy P (gk|bk, Tkk+1—1), which decomposes via marginalization over future observations zy, = zy 1.4+ as

P(gklbk, ) = / P (gk|bk, ThkL—15 Zk1:k+1) - P Zkp1:k+L 1Pk, Tk L—1)AZk1:k4L- (5)
Zie+

A conventional assumption is that P (gy|bg, 7, zxy, ) is a Dirac delta function.
3. Foundations

In this section we extend POMDP with belief-dependent rewards to probabilistic POMDP and rigorously define the sim-
plification paradigm. We further continue to the formulation of the general bounds on the reward/return which can be
analytical or stochastic. We conclude this section with our key insight.

3.1. Extended setting, probabilistic POMDP with belief dependent reward

Sometimes the belief by_; has a simple parametric form, where 6;_1 is a vector of parameters, e.g., a Gaussian be-
lief. In this case, belief update i can be deterministic, and is denoted by ¥q¢(6¢—1, T¢—1(6¢—1), Z¢), Wwhere the subscript dt
stands for deterministic. In more general and challenging scenarios the belief by_; is given by a set of weighted samples
{(w};_],xz_])}f\’: 1- Therefore, ¥ is a stochastic method, e.g., a particle filter [42]. Applying multiple times v on the same in-
put will yield different sets of samples approximating the same distribution of the posterior belief. We denote the stochastic
¥ by Yse(be_1, me—1(be—1), z¢). Thus, ¥ is a random function of the previous belief, an action and the observation. Note
also another common situation where by_1 is parameterized, but there is no closed form update. In this case, ¥ is also a
stochastic method. Another form to formulate the above is that the distribution

B(bg—1,7w¢—1(be—1), z¢, be) = P (belbe—1, -1, 2¢) (6)

is not a Dirac delta function. This aspect was disregarded so far, to the best of our knowledge. Note that in a Belief MDP
(BMDP) formulation, the assumption is that B is a Dirac delta function.

Similar arguments also hold for the momentary reward operator of the belief and the previous action. In its pure theo-
retical form, the momentary reward is a deterministic operator of the posterior belief and possibly an action. For example,
a common immediate reward is of the form

par(h) = Exp [ f (B (), 0] = / b(x) £ (b(x), )dx, (7)

where usually f(b(x),x) = —logb(x) or some reward on the state f(b(x), x) =r(x), producing differential entropy or mean
distance to goal. Unfortunately, an analytical expression for the reward operator pq¢(-) is available in only limited scenarios,
e.g., if the belief is modeled as Gaussian and the reward is differential entropy. The representation of the beliefs in (6)
dictates adequate practical reward operators. Sometimes the deterministic operator can be constructed on top of a particular
belief representation. E.g., (6) outputs a set of weighted samples and (7) is adapted to be a deterministic operator of this
output [4]. However, it is not always possible. In extremely challenging situations the reward includes modification of the
representation of the belief. This could introduce an additional source of stochasticity. We extend (7) to

R(be—1,7e—1(be-1), e, be, pe) = Pr (pelbe, 2o, wo—1(be—1), be—1), (8)

embracing these possibilities. To our knowledge, we are the first who treat these aspects as random.

Before introducing simplification formally and analyzing its impact, we shall account for all potential sources of variabil-
ity. We remove conventional approximations by extending (1) to a probabilistic reward model R (8) and probabilistic belief
update B (6), and introduce

M:<X1A’27T7 O,R,vak,B)v (9)

which we name probabilistic p-POMDP (IP 0-POMDP). The rationale behind these conditional distributions (R and B) is to
capture additional sources of stochasticity, such as stochastic belief update, stochastic calculation of a given reward operator
or simply not knowing the operator reward in an explicit analytic form.

As discussed earlier, the value function (4) is based on (5). These previously overlooked sources of stochasticity impact
the likelihood of the observations

P (Zk41:k4L bk, 7)., (10)
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Fig. 1. Illustration of one branch of the extended belief tree. In a conventional setting (bottom), under the policy 7, a specific realization of observations
Zk+1:k+3 defines the beliefs along the way. In our extended setting (top), that is not the case, as discussed in text. It is customary to choose the same
beliefs used to build the tree to obtain reward distribution or samples from the reward. We decoupled beliefs from the tree and beliefs from the reward
calculation. By the red arrow, we denote our extension (red e). (For interpretation of the colors in the figure(s), the reader is referred to the web version of
this article.)

as well as the joint reward distribution P (k. |bk, 70, Zkt) = P (0k+1:k+1 ks Tk 1-1, Zkt1:k+1) given a realization of future
observations. The latter can be factorized as

P (ot |bk, 7T, 2y ) =

/ PR (0k-+11bk+1, Zks1, 7Tks bic) P (brg11bi, Tk, Zks1)

bk+1
// PR (kL 1PktLs ZkaLs Thtri—1 birr—1) P (Pror Ibks-r—1: T 1—1, Zkgr)dbgsr - . dbgyadbyeys. (11)
bkia byt

In contrast, in the regular setting of POMDP and o-POMDP P (pk+|bk,rr,zk+) is Dirac’s delta function. If B is a Dirac
function, a sample from (10) uniquely defines the corresponding posterior beliefs by1.x+;. This, therefore, corresponds to
the classical belief tree (R could still be non a Dirac function). In contrast, our IP p-POMDP (9), corresponds to an extended
belief tree, which, due to (6), allows many samples of the beliefs by i.x4+; for each sample of zy i+ from (10). We
illustrate this in Fig. 1.

3.2. Simplification formulation
To formally define the simplification procedure, we augment the P p-POMDP tuple (9) with a simplification operator v,

M, =(X,A Z,T,0,R, v,bi,B,v), V2, ..., 0. (12)

This general operator defines any possible modification of the original problem defined by (9) alongside with (4) to a new,
simpler to solve, problem. The definition (12) allows us to retain the connection to the original nonsimplified problem (9)
and examine the impact of the simplification on (9). Further, we also define a novel decision making problem, undergoing
simplification to ease the computational burden. The operator v can be for example, sparsification of the initial belief by
[8], substitution of the operator differential entropy by a simpler operator, e.g., trace of covariance matrix, discarding the
normalizer in the differential entropy operator [30], replacing the reward by its topological signature [19], direct calculation
of lightweight reward bounds [40], selecting a subset of hypotheses in a hybrid or mixture belief [32]. In Section 6, we
consider a specific simplification of taking less samples for reward calculation considering parametric and non-parametric
beliefs.

Generally, M and M, are different decision making problems. We shall be interested in working online with the latter
while providing the guarantees with respect to the former.

To distinguish a simplified reward from the original reward, we denote the former by ¢ instead of p; similarly, we
denote the simplified belief by b instead of b. Note the operator v can be stochastic, as discussed below.

Specifically, belief simplification is described by the distribution

P (by|be; vP). (13)

In general, the distribution (13) over the simplified belief by corresponds to a stochastic simplification operator vf . This is

the case, for example, when b, is represented by a set of N weighted samples and vé’ is the operation of subsampling n
samples according to weights; i.e., applying this operation on b, multiple times leads to different sets of n samples, each
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N
n

b

representing another realization of b, from (13). Overall there are ( 0

(13) is a Dirac function.
Further, there are several cases of how a simplification affects belief update (6) from time ¢ — 1 to £.

) such combinations. For a deterministic operator v

1. Without any simpliﬁcatiop we have Pg(b¢|be_1,m¢_1, z¢) from (6).
2. Given a simplified belief b,_1, while keeping the original stochastic belief update s, we have

Pg(belbe_1, 1, 20),

where each realization of bg is obtained via . Thus, glven bg 1, this distribution is not a function of v.
3. We can also simplify the belief update operator, ¥, to V5. Denoting the corresponding simplification operator v[ , this
yields

Py (belbe—1, o1, 2; Uzb)-

4. Finally, one can decide at time ¢ to apply simplification on the belief (determined by vf) via (13). The corresponding
belief update can be written as

Py (belbe—1, o1, 245 VT, Vf) =/P(B£|B£; VP (belbe—1, o1, z¢; ng)dl;e,

be
where by is the integration variable.
We combine these cases and write
B (52—1,776—1,@, be; V)éPg(leBe—l, To—t,2¢; 0, 0)). (14)

Similarly, reward simplification could be, in general, stochastic, leading to the distribution

P (felpe; v)). (15)

Thus, given a simplified belief E[ and B[_], and recalling (8), the distribution over gy is

Py (Belbe, 2o, we—1(be—1), be1; U)=/P(,5(|,5£; VYPR(Pelbe, ze, e—1(be—1), be—1)dpr,
Pe
which we denote as the simplified reward model,

R(be, 2, we—1(be—1), Pe; v) 2 Py (ﬁell;e, 2o, wo—1(be—1), be—1; V) . (16)

Throughout the document we assume that operator v does not affect the observations likelihood. In other words, the
measurements are sampled as in the original problem as in (10).

3.2.1. Joint distribution of simplified and the original reward given the candidate policy and the observations

Consequently, the models (14) and (16) impact (11), and lead to several alternatives for the original and the simplified
joint reward distribution given a realization of the future observations. The first alternative is to simplify the initial belief
by to by and apply the update method s on the simplified belief

P (0k+ PrtIbi, 70, Zkye, V) = /P(b,(|b,<,vk)/ f bi11bk, T, 2y 15 )]P’B (bis11bi, Tk, Zi41)

by b1p by
Py (ﬁk+1|bk+1,2k+1,ﬂk,bk;U)IF’R (Pl<+1|bk+1,zk+1777ksbk)/ / (17)
bk+2 BIH—Z
/ / Di L 1Bkt L1 Tt L1 Zht L U)PB (bir b 1—1, ThL-1, Zkt1)

bk+L bk+L
Py (,51<+L Ibk+Ls Zkt s ThrL—15 D115 v) PR (Ok+L1Pk+Ls ZkLs ThL—1 Dkyr—1)dbgyrdbyeyp . ..

dby2dby2dbyes 1dbyy 1dby.
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The second alternative is to maintain/update the original belief. In this situation, we maintain and update the original
belief and then use it to determine a simplified belief to calculate the simplified reward. This is in contrast to updating
based on simplified beliefs from previous times as in (17). Thus,

P (0kt» Prr 1bies 70, 2k, v) =

/P(Bklbk;vf)/ /Pk(ﬁk-l-ﬂ[’k-i-l,ZI<+1»7Tk(Bk),BI<§V)PR (Ok+11bk+1, Zks1, Tk, b))

Ek bk+1 Bk+1
y L
P(kar] |bk+la Vk+1 )PB (bk-H |bk7 Tk, Zk—H) / / o
bit2 BIH—Z
/ / P (Ok-+L1bkr1s ZktLs T 1—1 (Brgr—1)s brrr—15 VPR (Ok+L1bkt1s ZhtLs Thr1—1, brrr—1) (18)
bievr by y

P (bgrbis 1; v,fH)IP’B (e Ibyr—1, ThgL-1, Zkt 1) dbyy1dbyy .. . dbyy2dbyyodbydbyy 1dby.

Having introduced the two alternatives above, we are ready to go through their differences. The simplification approach
defined by (17) uses only the observations from the belief tree. In the sequel, we explain why it is advantageous. In this
setting, in addition to maintaining/updating b, for constructing the extended belief tree, we also have to maintain/update
the simplified version b,. Nevertheless, the advantage is that by definition of (17), we nullify covariance between simplified
and the original reward/return as opposed to the equation (18). In other words, considering (17) one can write,

P (Pt Pkt bk, 7T, Ziey s V) =P (0t Ibk, 7T, 2y ) P Ok bie, 7T, 2k, v) (19)

Alternatively, if maintaining/updating a simplified belief is not desirable, e.g., belief is given as a surface but no closed
form solution for reward exists, the update of a simplified belief by can be avoided. Towards this end we use (18). This is
in contrast to updating based on simplified beliefs from previous times as in (17). Such simplification does not necessarily
require to sample the original beliefs again. One could utilize original beliefs already present in the belief tree for simulating
the observations. In the next section we delve into the subject of the bounds. Importantly, from structure of (18) we see
that this distribution cannot be broken down to the multiplication of the marginals as in (19). In particular, the correlation
is present through the component P (by|by; vf).
Note, sometimes estimators of the reward, e.g., [4] require a specific connection between two consecutive beliefs.

3.3. Online stochastic and analytical bounds

While thus far we considered the joint distribution over original and simplified rewards, P (,ok+, P+ bk, T, Zey v), in
an online setting we do not have access to the original rewards as calculating them explicitly defeats the purpose of
simplification. Instead, we shall now utilize simplification to provide bounds over the original rewards. These bounds can be
used to provide performance guarantees, and should be cheaper to calculate than the original rewards.

Further, the bounds can be analytical as in previous simplification approaches, e.g., [8]. The bounds can be obtained via
a simplified reward or directly as in [39]. For example, the authors of [39] proposed lightweight analytical adaptive bounds,
calculated from the original belief, such that I, < p; < u, is always true by definition. If the bounds are calculated directly,
we skip (18) and have instead the following.

P(/Ok+,lk+,u/<+|bk,7T,Zk+»V)Z/P(Bklbk: vp) / /

by Dkt by
P 0kt 1 s 1 Ukt 11Dkt Bt Ziey 1 (i), bies s VP (i1 b1 1, )P (Bres 1bks s Zies1) (20)
/ // /]P)(,Ok—&-L,lk+L»uk+L|bk+LaBk+L’Zl<+L»7Tk+L—1(bk+L—1)abk+L—1»BI<+L—1;U)
biyabyyy  brtibryg
P by 1 1bicr 13 0y )P (BieLlbies 11, k11 Zky1-1) dBrydbiyp .. dbyey 2dby 2dby 1 by 1dby.

The simplification type depicted by (20) is an extension of in-place simplification described in [39] to an extended setting.
Ultimately for each realization of the return we are interested in the following relation

I<gy<u. (21)
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Fig. 2. Our extended setting permits variability of the reward given the present and a realization of the future. On the contrary, in a conventional setting,
(23) is always a Dirac delta function. Our extension reflects on the original distribution of the return as well as the simplified.

One way to do that is to develop analytical bounds, which will hold for any possible observation zj 1., received and any
realization of return, e.g., as in [39].

In this section we show that there is another way to find more lenient bounds. Let Hy; = {bk, T, zx} be future history
at the time index k + L. Our extension allows R and B, as well as R and B to be any distributions.

They can remain Dirac functions, e.g., if belief update and the reward calculation have a closed form

P (pelbe—1,ae-1,2e) =8(pe — pat (Ve (Oe—1, ar—1, Z¢))). (22)

Successively, P (gy|bk, 7, zx+,) remains Dirac delta. However, in the more general case, following our extension, there is a
joint distribution of original and simplified returns given a realization of the future and the present

P (gk, 8k Hk+L, V), (23)

as illustrated in Fig. 2. As we observe in Fig. 2, given the history H;, the return g, as well as the simplified return g
has variability, in contrast to the conventional approach. Ordinarily, the belief update is commenced once and treated as
deterministic. So as the rewards and return do not have variance given the history of the actions and the observations. Since
(23) is no longer a Dirac function, we can use knowledge about this distribution to design bounds, which will hold with
some probability. In Section 6, we show that it is possible to harness the structure of (23) to design the mentioned more
lenient online bounds.

Our framework permits to detach the process of estimation of the bounds from the realization of the reward and truly
use all accessible information in a simplified problem. For example, one way to design probabilistic bounds is to find online
a random variable or deterministic scalar € such that the probability

P(Igk — 8kl < €[Hi+1, V) (24)

is bounded from below. The corresponding probabilistic lower and upper bounds will be | = g, — € and u = g + ¢, re-
spectively. We, therefore, refer to [ and u as random variables. In our setting, even if the bounds actually bound with very
low probability, it is still possible to analyze the quality of the simplification. Moreover, analytical bounds, designed in a
conventional setting, can be used in our extended setting without any revision. In our extended setting, they will bound
with probability one.

Having introduced the novel stochastic bounds, we proceed to the formulation of the constraints, that these bounds shall
fulfill to be meaningful. The following conditional P (g, 8, !, u|HyL, v) encloses all the variables situated in the problem.
Let the parameter controlling the confidence level be « € [0, 1). For every possible sample g, we do not know which sample
g one could obtain in the original problem. However, if the bounds are designed such that P (g, [, u|Hys 1, v) render

1—a<P(I{<g<u}=1Hiqr. V) (25)

these bounds can be useful. Notably, the above equation does not involve simplified return, so is applicable also in the case
bounds are directly formulated (and not via a simplified return). However, in this case the bounds are analytical and o = 0.
To summarize, there are three types of online reward/return bounds:

1. Deterministic bounds. These analytical bounds exist in case of a closed form belief update 14 and a deterministic
operator reward pq¢(b) from (7), e.g., belief is a Gaussian and the reward is differential entropy. In this case, even in
our extended setting R and B remain Dirac functions.

2. Stochastic bounds that hold with probability one, namely o = 0. These are also analytical bounds. In our extended
setting R and B are no longer Dirac functions. However, these bounds hold for any realization of sample approximation,
as stated around (21).

3. Stochastic bounds that hold at least with probability 1 — «. They exist only in our extended setting when R and B are
not Dirac functions.
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3.4. Key insight - characterization of the return using stochastic bounds

Let us recite that our goal is to accelerate the decision making. We recall the notion of “usual stochastic order” and
interpret the definition within our context.

Usual stochastic order implies, that if for three random variables I, gy, u given by, w holds [ < g, and g, < u for Yo € Q,
so V& € (—o0, 00)

P(I> &|by, 7, v) < P(gk > &|bk, 7w) < P(u> &by, 7, v). (26)

Let us present out main theorem which we will extensively use further.

Theorem 1 (Characterization of the return using stochastic bounds). Fix a € [0, 1). Assume that (25) holds. This implies that V& €
(_007 OO)
P(u> §&|by, 7w, v)

(P(I>&|b, 7w, v) —a) (1 —a) < P(gr > &by, ) < I —o +a. (27)

For the detailed proof please refer to Appendix A.1. Let us further improve the bounds as such

LBy(E) =0V (P(>&|b, 7w, v) — ) (1 — ) < P(gk>§ by, 70), (28)
where V is a maximum operator.

Pu>§lb,,v)

P(gk>$|bk,7r)51/\<
1—o

+Ot) =UBy (), (29)
where A is the minimum operator.
4. Simplification impact on a marginal distribution of the return

Previously, we defined a simplification procedure that results in a corresponding new decision making problem that
should be easier to solve. From P (pj|bk, 77, zk+, v) and P (Oy bk, 7, Zk4, v) we arrive at the distribution of the original
as well as simplified returns P (gy|bx, ) and P (g |by, 7, v) for the evaluated candidate policy. In this section, we show
how the stochastic bounds can be utilized in the context of known risk aware objectives such as VaR. Notably, this section
presents a discussion concerning the marginal distribution of the pair of the returns - original and simplified given a
candidate policy.

4.1. Distributions affected by the simplification

In this section we decompose the distribution of interest. To grasp the simplification impact we shall assess the relation
between simplified and original returns portrayed by the following distribution

P (k. 8k|bk, Tek1—1, V) = / P (k. &k|bk. 7T, Zks, V) - P (zky- b, )dz)es.. (30)
Zk+
Recall that zy1.+1 = zx+. In general the simplification operator v can affect also the observation likelihood (10). We leave
it to future research.

4.2. Decision making

Algorithm 1 Generic simplified with performance guarantees sampling based decision making algorithm with challenging re-
wards and objectives (note that the theory is formulated for policies but here we discuss discrete space of action sequences
A).

Input: belief by, action space A.

for action sequence a' from all possible action sequences i € 1:|.A| do

Sample returns and calculate interval LB, UB'.
end for . _
Set optimal action sequence a'* by i* = arg MaXx;_q; 4 LB

Find j* = argmax;_y,) 4\ UBJ. Define loss incurred by the simplification as follows max{0, B/ — £LB"};

max{Q.UB” —LB"} | VF-V(b.a)

In case that absolute loss doesn’t have meaning, define relative loss as follows min(ZBT B = VF|

, Where V* is true optimal value.

10
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Fig. 3. lllustration of Value at Risk. Probability that the return will be under VaR is 8. In other words VaR is S-quantile of the return.

In this section, we apply our findings in order to bound popular objectives with lightweight bounds to accelerate the
decision making mechanism. We skip the most common objective operator, the expectation, since it is oblivious to the dis-
tribution of the returns. Therefore the expectation is not a risk averse objective. Motivated by this assertion, we consider
more versatile objectives. Since it is not clear whether or not these objectives conform to Bellman form we incorporate
simplification with generic decision making (Algorithm 1). In this algorithm, we traverse the loop over the possible action
sequences. We calculate the interval defined by the upper and lower bound on the value function in each loop iteration.
Finally, we select the action sequence with the highest lower bound and compare it with the highest upper bound corre-
sponding to all other action sequences. We report a relative loss. Using analytical or stochastic bounds on the return our
goal is to bound the value function V as such

LB<V <UB (31)

to accelerate the decision making. To our knowledge there are no attempts to simplify risk aware decision making under
uncertainty through maintaining guarantees on the simplification impact.

Risk averse objectives One possible risk averse probabilistic objective for POMDP is

E[1{gk > a}|bk, w] = P(gk > albk, 1), (32)

where a € R. Maximizing this objective can be thought as maximizing the probability of achieving the target a. If we
choose belief dependent reward to be the negative entropy I(by) = —H(by), set a = I(by) and the return to be terminal
reward gy = pr, Or g = %Zﬁﬂﬁ 41 Pe [21], such objective quantifies the probability that information gain is positive; and
such decision making prefers the action which maximizes probability of positive information gain. We can further control
amount of most probable information gain by setting a = c - I(by), where c is a factor larger than one. Once optimal action
is obtained we are confident that gy > a with probability P(gy > a|by, ). Substituting & by a the bounds from (28) and
(29) hold for this objective.

Another objective is reward variant of Value at Risk (VaR) (Fig. 3)

VaRg (gk|bk, ) = sup{é s.t P(gx > &|bk, w) = 1 — B}. (33)

This objective articulates that we are interested in the maximal worst case return. Meaning maximal return such that
probability mass to be above this return is larger than 1 — 8. Notably, if gi|bx, ¥ has a strictly increasing Cumulative
Distribution Function (CDF), the VaR is its g-quantile VaRg(g|byx, w) = P~1(gy < Blbk, 7). The CDF of a continuous random
variable is strictly increasing if it does not have intervals on a real line happening with probability zero. In the case of
symmetrical distributions, the expected value overlaps with median, which is VaR with confidence level g = 0.5. Using
again usual stochastic order, we can bound this objective with analytical return bounds as well as with stochastic return
bounds. We start from analytical bounds. Let us focus on the lower bound. We want to show that

VaRg(l|by, 7w, v) < VaRg(gk|bk, 7). (34)

Since the bounds are analytical we use (26) to behold

{§st.PU> &b, m,v) =1 - B} C{Es.t. P(gk > &by, m) =1 — B} (35)

We know that maximum on the containing set is above or equal to maximum on the contained. This argument yields

11
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sup{§ s.t. P(I>& bk, m) = 1 — B} < sup{§ s.t. P(gk>&|bx, m) = 1 — B}. (36)
Switching roles of | to g, and g, to u we have that
Now let us bound the objective (33) using stochastic bounds.

Theorem 2 (Deterministic bound of Value at Risk using stochastic bounds on the return). Assume that (25) holds. Let 0 <a < 1,0 <
B <1.Assumethata(2 —a) <B<1—a.

VaRﬂ—;xiz—u) (Ilbk, 7w, v) <VaRg (gk|bk, 7) <VaRg1a@—p—a)(Ulbk, 7, V). (38)

The reader can find the detailed proof in Appendix A.2. Let us mention that the above bounds hold for theoretical
objectives. In practice, however, the sample approximations are sufficiently close to the theoretical values.

5. Simplification impact on the joint distribution of the returns given two policies

So far, we analyzed marginal distributions over the returns/rewards corresponding to a candidate policy in the context
of known risk aware objectives. Interestingly, if we consider the joint distribution over the returns corresponding to two
candidate policies, as we further show, we can define novel objectives and harness the information encoded in the joint
distribution.

We start by showing that P (g, g |by, 7w, ") # P (glbk, ) - P (g |bk, ). The source for correlation is the mutual likeli-
hood of observations:

P(gkv g]ilbkv T, 77:/) = / ]P}(gk’ gl/<|bkﬁ T, T[/’ Zfe+5 Z]/<+) ' P(zk—l—’ Z]/<+|bks T, n/)dzk—i-dzl/{Jr = (39)
ZiH—
Zier
/ ]P)(gk|bkv T, Zk+)P(g]/<|bkv jT/Z]/<+) : ]P)(Zk-‘rv Z]/<+|bk7 T, n/)dzl<+dzl/<+ (40)
Z],<+
Ly

Let us observe the joint likelihood of observations given the belief at present time and two candidate policies
P (Zk+1;k+L, z,’<+1:k+L|bk, T, n’) breaks down using chain rule as follows

/ ’ ’ ’
P (zl(+1ll<+Lv Z]<+1;]<+L|bk’ T, ) =P (zk+1 s Zkt1 |br, 7T, 7Tk)

/ / P (zks21bk+1, k1) P (Zeg 2 1Bk 12 1) P8 (bier1 1Dk T, Zkes1) P (bjeyq 1D s Ziy 1) (41)

bk+1 b,,{Jrl

/ / / / P (zkslbier 115 Tes1-1) P (Zhey Py 110 T 1) -

beyaby,  brerr-1bp

/ / / / / / /
Pg (bl<+L [Ds1—15 Tht1—1, Zk+L) Pg (bk+L |bk+1__1 s e L—1> ZI<+L) dbgyr1 db]¢+1__1 e dbk+2dbk+2dbk+1dbk+1

The myopic observations P (Z/<+1,Zl/< +1|bk, JTI<,JT,£> are correlated through the present time belief by. To see this explicitly
we marginalize over the propagated states and employ the observation and motion models

/ /
P (ZI<+1 » Zk1 |bk, 7, 7Tk) =

/ Pz (Zkt1 X4 1) Pz (24, 1 1% 1) PT Kie1 1700 (Bie) » 1) P (X1 1771 (bie) Xi) by (X)) dXpey 1dxG 1 A (42)

Xk+1
Xier1
Xk
This insinuates that to base decision making on marginal means to lose this correlation which we aim to exploit. Prompted
by this insight we suggest an objective uncovered in the next section.
Remark: Note that when the belief is parametric, we do not have a way to jointly parametrically propagate the belief
with a pair of actions as in (42). However, we can always sample the parametric belief. So even if the belief by is parametric
we still can account for correlation in (42) by switching to samples.

12
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Fig. 4. This figure shows alteration of the distribution of joint returns g and g; of two candidate policies 7z and 7’ as a result of simplification. Color
intensity denotes distribution values. This is a conceptual illustration, i.e., we do not imply higher/lower rewards or change of support due to simplification.

Extension of the decision making objective Let us define the objective to be maximized involving two candidate policies.

JL(bkv nv TLJ) = (p <]P> (Iok+12k+l.v p]/(+]k+L |bk’ n’ n/> ’ (gk3 g’;)) (43)
s.t.bg =Y (be—1, we—1(be-1), 2¢).
5.1. Distributions affected by simplification

Now we stipulate on the quality of the simplification for two candidate policies 77 and 7’. To quantify the impact of the
simplification procedure, we shall concentrate on the joint distribution of the pair of simplified and original returns appro-
priate for two candidate polices P (g, g, &k. & |bk. 7w, ', v). Our goal is to examine how the simplification procedure alters
the joint distribution P (g, g bk, 7w, ") towards P (g, &bk, 7w, 7', v). These two distributions are illustrated in Fig. 4. In
the context of (43) we focus on

P(gkv g]/<7 glﬁ é-]/<|bl<7n7n/s V), (44)

i.e., the joint distribution over original and simplified returns of both policies. This distribution decomposes via marginal-
S . _ P
ization over future observations zyy = zxy1k+1 and zj, =z ;. as

P(gkﬁg]/@gk’g];'bl(’n’n/s V):/P(gk,gl/{,gk,g“bk,ﬂ,ﬂ/,U,Zk.l,_,zl/{_,’_)']P(Z[<+,Zl/<+|bk,7T,7T/)d2k+dzl/<+, (45)

Zie+
/
Zk+

which, according to (6), (8) and (14)-(16), decomposes to

/ P (g, 8kl Hierr> VIP (8 & Hyyr» V) - Pkt Ziy bk, T, ) dzpe 1 dz (46)
Zie+
2,

S

Note that the pair of histories is defined as follows Hy. | £ {bk, , zx+} and ’Hk+L =

shared by both histories.

In other words, the simplification operator v independently affects each realization of the future. Given two such real-
izations (Hyyr, Hy, 41» V), the pairs of original and simplified returns are statistically independent of all other rewards. This
crucial observation will be significant in the sequel.

{bk,n/,z;{Jr}; where the belief by is

5.2. Decision making

This section outlines a generic algorithm for decision making favoring pairwise joint distribution of the returns (Algo-
rithm 2). This algorithm starts by taking the first action sequence as the best. We again traverse the loop over the possible
action sequences. We compare two action sequences in each loop iteration and select the current optimal sequence. In the
end, the optimal action sequence is optimal with respect to all possible action sequences. In particular, we propose a novel
method to perform decision making using the joint distribution of the returns corresponding to the two candidate policies.
The authors from [27] proposed to perform decision making with maximum likelihood observations. However, when the
belief distribution is general and sophisticated, a generalization of [27] is to compare number of samples which fulfill the

13
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Algorithm 2 Generic simplified with performance guarantees sampling based decision making based on pairwise joint distri-
butions (note that the theory is formulated for policies but here we discuss given discrete space A of action sequences).
Input: belief by, A.
a* «a' _
for action sequence a' from all possible action sequences do
Make simplified decision making using two actions a* and a'
a* < action defined as optimal in the line above

end for
return a*
12 samples
11samples £~ 7777
________ ‘P
4 samples a 6 samples
6 samples
7 samples
9k > gk, gr < gp, ke > G, Gk < G
(a) (b)

Fig. 5. (a) Hypothesis based decision making; (b) The outcome of decision making is wrong with margin 6 samples due to simplification.

hypothesis that gx > g, with number of samples satisfying g, < g;. Such a decision making process can be thought as risk
aware, since we are concerned with choosing an action which will be optimal with higher probability. Namely, if

S N
D g > gl =) g < g}, (47)
i=1 i=1

where the summation is over s samples of the pairs of the returns, we declare that 7 is better, else the 7’ is better. Note
we assume that the event g, = g; happens with probability zero. This assumption is fulfilled with continuous distributions.

Simplified hypothesis based decision making Assume for the moment that bounds in (21) are analytical (hold with probability
one), e.g., bounds from [39]. We can then define simplified returns as follows g, = ”T“ and g, = 1% Simplification of the
decision making portrayed by (47) is as follows. We take a simplified return instead of the original and ask if the following

inequality is fulfilled
S . . S . .
DU > =D U < &) (48)
i=1 i=1

If the answer is yes, we declare that 7 is better, else 7’ is better. Similar to not simplified decision making (47) we assume
that the event g, = g, happens with probability zero.

The question is can we make a wrong conclusion with respect to the original problem due to the simplification, see
Fig. 5. To provide guarantees on such a simplified decision making we first develop a novel mathematical tool we call
Probabilistic Loss, which we believe has much bigger potential since it is able to describe the simplification impact for any
operator objective ¢. We then, in section 5.4, show how to provide guarantees for the specific objective operator (47).

5.3. Probabilistic loss (PLoss)

Let us define the following random variable, which we shall refer to as “loss”

max{g; — gk. 0} if &> g,

e (49)
max{gy — g, 0} if gy < &,.

With (49) we aim to capture a complete impact of a simplification onto the decision making problem (43). Specifically,
this definition captures for each possible realization of g, g. gk. g, the absolute difference between the original returns
A =g, — g| in case action trend was not preserved on this realization. Meaning, at this realization, the optimal actions
of original and simplified problems would differ. Given a sample (g, g, &. &), the simplification is action consistent at
this sample if the sign of the difference of the returns is preserved. In other words, the same action would be identified

14
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Areturn

>
L

A
(@) (b)

Fig. 6. Illustration of (a) the distribution of loss, and (b) the online bounds of the return.

as optimal with the original and simplified returns; else we must account for the loss (49). Our object of interest is the
distribution density of £ given all the information available at our disposal,

P (Llbg, 7w, 7', ). (50)

We denote this distribution by Probabilistic Loss (PLoss). See illustration in Fig. 6a. E.g., if (50) is the Dirac delta function
8(L), the simplification method is absolute action consistent for every possible objective operator ¢. Moreover, for any A,
its CDF IP (L‘, <Al|bg,m, 7T, v) provides probability to suffer loss at most A. Similarly, the Tail Distribution Function (TDF)
P (L > Albg, w, 7/, v) provides probability to suffer loss greater than A. The source of distribution (50) is (44).

5.3.1. Online bound on probabilistic loss (PbLoss)

The distribution defined by (50) requires access to (44) which we do not have in an online setting. To circumvent
the requirement of accessing gx and g;, we propose to substitute them by online lower and upper bounds I, u and I, u’,
respectively. These bounds should be accessible without knowledge of original returns. Similar to section 3.3 we aim to
bound each original return corresponding to its candidate policy.

Let us consider a sampled return realization (g, g. &k &) from (44). As in an online setting we do not actually have

access to the original returns (g, g,’c), we strive to bound the latter,

I<gi<u l'<g,<u, (51)

where, for now, we assume (51) holds for any sample of (g, g, 8k, gL); for example, these could be analytically-derived
bounds. This setting is illustrated in Fig. 6b. However, further we also discuss a more general setting where we allow (21)
to be violated with probability larger than zero.

Using these bounds we are able to define online a bound on loss (49) without accessing the original problem (R and B),

max{u’—1,0} if g > g,

LEfr(8lLu gl u)= L 52
Tz 8k ) max{u—I',0} if & < g,. (52)

Note that sometimes we can find bounds over the returns by applying the same function fg, on the bounds on the momen-

tary rewards (returns when L = 1), e.g., in case of cumulative reward u = ZE:,& 41 Ue and | = EL& . l,. However, this is not

always possible, e.g., if g, deviates from the sum of momentary rewards or in the case of Bellman form of the objective.
Sometimes it is, therefore, better to work with momentary bounds.
In an online setting, we are interested in the distribution density of £,

P (Llbg, 7w, 7', v), (53)
which we denote by Probabilistic Bound on Loss (PbLoss).
As we discuss in Section 5.3.2, PbLoss characterizes the impact of a simplification in an online setting; thus, it enables

to determine online if a candidate simplification is acceptable given a user-specified criteria. The decision to either accept
or decline a (candidate) simplification is guided by probabilistic guarantees, as provided by our approach.

5.3.2. Description of PLoss online

In this section, we show how PbLoss can be used in an online setting to characterize PLoss (which is unavailable
online). In turn, this enables us to provide online probabilistic performance guarantees for a considered simplification (rep-
resented by operator v), or to decide if it is adequate given a user-specified criteria.

Specifically, recall PLoss CDF and TDF, i.e., probability to suffer loss at most, or greater, than A € R, respectively,

PLoss CDF: P (L <Alby, 7,7, v) (54)
PLoss TDF: P(£> Alby, T, 7/, v). (55)
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We now aim to bound PLoss CDF (54) from below, and PLoss TDF (55) from above by utilizing PbLoss.
We now consider PLoss TDF and express P (L > Albg, mw, 7/, v) as

P(L>A,L=Llbg, 7w, 7', v)+P(L>A,L<Llby, 7w, 7", v).

The first term can be written via chain rule as

P(L>A|L>L, by, 7w, 7", v) P (L= LIy, w, 7', v). (56)

Performing chain rule similarly also on the second term and recalling that P(L > £|-) + P(L < £|-) = 1, allows to express
PLoss TDF as

P(L>AIL= L, by, 7w, 70", v) A+ P(L> AL <L, by, 7w, 7", v) (1=2), (57)

where

2EP(L> Liby. .7 v) =P (1{5—25} = 1|by, 7, 7, v) . (58)
While A from (58) is unavailable, we can bound it from below using

1—o <P (Vg <uy = UHisr, V) (59)

and
1—a <P (1pog o) =110 ) (60)
and

Theorem 3 (Probability that bound bounds). Fix o € R. Assume that (59) and (60) hold. Then:

P<1{ﬁ_2£}=1|bk,ﬂ',n’/, v) > (1 _a)z_ o

We provide the detailed proof in Appendix A.3. Now we show that given the event {£ > £}, PLoss TDF is bounded
from above by PbLoss TDF. It is clear that VA € R,

P (/; > Aoy = 1,bk,n,n’,v)5p (E > Apopy=1.bg, 7w, 7, v). (62)

Finally, we characterize PLoss as follows.

Theorem 4 (Upper and Lower bounds). Denote

P(L> Albg, 7,7’ v
Ga(A)émin{l, ( 1P )+2a—a2},

(1-a)?
so
P(L> Albg, 7w, 7', v) <60, (A) VA €Rxg (63)
and
P(L<Albg, 7w, ', v) >1—60,(A) VAeR=. (64)

The full proof can be found in Appendix A.4. With accessible online 6, (A) we are able to obtain a complete characteriza-
tion of the simplification. Moreover, since 0 < L, setting A =0 in Algorithm 3 we can assess the probability to be absolute
action consistent for any ¢.
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Algorithm 3 Online empirical characterization of the PLoss with PbLoss.
Input: Two candidate policies 7z, 7z'. Initial belief by. Samplers from P (. L u|Hyyr, v) and P(g,. 1, u’|Hl’<+L, V).

Sample by, or take the initial samples from inference. Obtain s samples from P (zk_,.]jk“, Zl/<+1:k+L|bk’ T, 71/) and create two belief policy trees.

for sample pairs (zj41:k+L, Z;<+1:k+L) do
Obtain sample (g, 1, u, &I, u’).
Calculate fz (8,1 u, &.1',u") according to (52).
end for
{fz(8k. 1 u, &, I, u")} represents the set of samples of L.

- S 1
Output: VA empirically calculated P (L > Albg, 7,7, v) as M.

5.3.3. Calculating PLoss offline and PbLoss online
One approach to obtain PLoss offline is to sample (g, g, 8k. &) from (44) using decomposition (46). PLoss is then

represented by {fz (8, 8. & &)}
We take samples of P(zyy, z, +|bk, m, ") from the corresponding extended belief policy trees. To sample

P(gk, 8kl Hiv1, V) P& &M p V), (65)

we use the original (not simplified) rewards calculated from the beliefs present at the belief tree (belief tree does not
undergo simplification) and their simplified counterparts.
So far, we did not explain how to calculate PbLoss (53). One approach is to sample (g, u, g,.1',u’) from

P (&, L u, g, I u'|by, w, 7", v) (66)

and evaluate £ for each such sample via (52). Then, PbLoss is represented by {fz k. Lu, g.l' u")).

Generating samples from (66) involves marginalizing over future measurements zj; = z 414+, and z,i L= z,/< kL Simi-
lar to (46), the (66) decomposes to
/ P(Eks lv U|Hk+l_, V)]P)(g]/p ll, u/|H/k+L’ V)P(szrv Z]/<+|bk9 jT& n/)dzl<+dzll<+ (67)
Zie+
2,/
k+

In practice, P(z, z, +|bk,n,n’) corresponds to two extended belief policy trees, starting from the same root (by) and
having the same rule for choosing rollouts. The specific way of obtaining samples from

P (@i, L ulHir,v) . Pl 14, v) (68)

depends on the operator v. We summarized the proposed approach in Algorithm 3. In the next section, we elaborate on
these aspects, considering a specific simplification operator.

5.4. Guarantees on simplified hypothesis based decision making

In this section we provide guarantees on the simplification portrayed by (48). We recite that the concept of PLoss
and PbLoss is valid for any objective operator ¢. In this section we describe a specific usage for the objective operator
presented in section 5.2. Let us make a following definition

N S
< p e L
AP £ 1N g > g - D g < &) (69)
i=1 i=1
Each not-action consistent sample decreases this margin by 2, so in order to be not-action consistent we need to satisfy

S
2.3 1L > 01 = AP (70)
i=1
The following relation permits us to answer the question either or not it is possible that the order is switched due to
simplification.

S
> UL >0 =s-P(L>0lby, 7,7, v). (71)
i=1

The offline condition that simplification is action consistent will be

25P(L > Olby, 7w, ', v) < AP, (72)
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From here we can define the online accessible condition that simplification is action consistent as

S
2.3 1L >0 < AP (73)
i=1
We observe that the above relation involves PbLoss from Algorithm 3. Remarkably, for analytical or stochastic bounds for
sufficiently large s so (59) and (60) hold, we obtain that the condition to be action consistent is

250, (0) < AP. (74)

Noteworthy, similar to VaR we provide deterministic guarantees using stochastic bounds.
6. Specific simplification

In this section, we exemplify our technique on a specific simplification method. Let us recite that if the simplification
regime acts according to (17), it results in uncorrelated g|by, 7w, zx,, v and gi|by, 7, k.. Conversely, if the simplification
strategy complies to (18), the correlation is present. We start from the setting of a given belief surface and continue to the
general nonparametric setting. In the following section we describe adaptive stochastic bounds in the setting of an explicitly
given belief surface.

6.1. Online adaptive bounds on sample based return with a given belief surface

Let us start from the scenario in which the belief surface is explicitly given and we are interested in negative differential
entropy as a belief dependent reward. Assume the belief is represented in closed form as a Gaussian mixture such that we
have a deterministic update ¥4, (see e.g. [25]). Since the differential entropy doesn’t have a closed form solution, we are
obliged to sample from the corresponding posterior belief. Assume we have n i.i.d. samples. One way to approximate the
desired reward [10] is

S [ .
I=E[In( ~-—H=- In(b(x")). 75
[In(b(x))] - ; n(b(x')) (75)
We refer to (75) as a simplified reward. This estimator is unbiased as
1 ¢ 1 ¢
E [n Zln(b(x ))} - ZIE [ln(b(x ))] E[In(b(x))] = I. (76)
i=1 i=1 Vi xj~b
Assume that by is a sampleable surface and
gl ML = g (E[InCbexe) Dy, 1) (77)
n k-+L
. 1 i
&kl Hie+L, vV = fg (E Zln(be(xg))) (78)
i=1 £=k+1

Note that g |H is theoretical at this point. Its distribution is Dirac delta and its variance is zero. In case we have a belief
surface represented as a Gaussian mixture with M components the complexity of calculating such simplified return will be
O(n- M), where n is the number of samples from the surface.

Using a standard Gaussian confidence interval [29] we obtain

P (1gk — 8| < zaj2se()| Hys1, V) 1 — . (79)

Adaptive stochastic bounds Let us focus on variance of the reward. Assume that fg, is of the following form.

k+L

1
o (Presru1) = 7 > pe (80)
e=k+1

Denote by 1 column vector of ones. The variance V (% le;’; 1 D¢

by, Hi+1, v) can be written as

17321

< maxaﬁ. (81)
1

1 1.
v Zl Pk+1:k+L

bi, Hk+L, U) =
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Fig. 7. Potential simplification techniques: (a) Choosing a subset of samples only at time k and updating the simplified belief. Such a simplification corre-
sponds to (17).; (b) Choosing a subset of samples at each time ¢ and updating the original belief. Such a simplification corresponds to (18).

From now let us focus on the variance of g¢|bg, Hy.r, v, which is (the samples from the belief surface are i.i.d.)

1< . 1
\% |:H Eln(be (x")) b, Hie V:| = Hwabg [In(be(x)) by, Hires V1. (82)

If we knew how to update incrementally V-, [In(b(x))], this would yield adaptive stochastic bounds. We have samples
from b, so we can calculate sample variance using n samples of the belief as

n n 2

. 1 . 1 .

Vi~b, In(bg (%)) |bi, Hite, V] = 1 E In?(be(x')) — (E E lﬂ(be(xl))) . (83)
i=1 i=1

Alternatively, using Taylor expansion similar to [15] we obtain an approximation for desired variance

Vb, [In(b¢ (x))] = E[In? (be (x))] — E2[In(be (x))]. (84)

Suppose we use sample variance. It has readily available incremental update using Welford’s online algorithm. Suppose we
have calculated se%(n) and g = %Z’E:ﬁ 41 My, now we want to tighten the bounds. We sample point x, ~ b, from each
surface £ =k + 1 :k + L. Firstly we update the simplified return incrementally

k+L k+L
. 1 Inb(xp) — . 11 .
1 4
gt = I ) <u2+f =&+ |1 > Inbxp) — & | (85)
£=k+1 £=k+1

We then update the se% (n) towards se% (n+ 1). Again the incremental update is readily available

(n+1)-se?(n+1)=n-sel(n) + (Inb(x)) — uH)(Inb(x;) — ). (86)

We will have to bookkeep 1.
Unfortunately, the belief surface is not always obtainable. Moreover, not always not-simplified reward has zero variance.
To these aspects we devote the next section.

6.2. Online bounds on sample based return - general setting

Suppose we are given from the inference stage a belief represented by a set of N weighted particles by = {w;;,x;;}{": 1
We would like to simplify planning by taking substantially less particles Ek = {w,](,x,j{}’}:l. Alternatively we subsample the

original belief b, at each time index to obtain b, = {wfz,xj}’}:l. Our simplification operator v provides a way to choose a

subset of n samples from the original N samples. For example, subsampling according to weights. We take ¢ as an off-
the-shelf particle filter, which produces the same number of samples as the input. The two ways of updating the belief are
illustrated in Fig. 7. To present development for (25), we continue with unbiasedness assumption and take an inspiration
from confidence intervals. Let us introduce the following model

8k - w\ (se’(N) cov
<§k>mk+L’U N((u)( cov sez(n)>>’ (87)

where se is the standard error and cov is the covariance. Online we do not have access to these quantities. The standard
error depends on the number of samples N and n respectively, dwindling as the number of samples increases. We assume
that each marginal is distributed around the same mean value p (no bias).
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Denote y = gy — 8. It is known that y is a zero mean Gaussian with the following variance

var(y) = se?(N) + se%(n) — 2cov. (88)

__ Y —d-1(1_ ; : —
Let z= N N(0,1) and zy/, = @' (1 — a/2), where @ is a CDF of a standard normal variable so P(z > z4/2) = /2

and

P(~z4p<z2<zqp)=1-a. (89)
In other words

P(Iy1 = zapvNar ) M, v) =1 - (90)
Using the facts se(N) < se(n) and cov < se(N)se(n) we arrive at two cases. The first case is the zero covariance (cov = 0).

var(y) = se?(N) + se®(n) < 2se?(n). (91)

The second case is more general.

var(y) = se?(N) + se?(n) — 2cov < 4se?(n). (92)
Thus, from (90) we obtain for both cases

P (I8 — & = Za/2V2sem[Hip1,v) = 1 — @ (93)

P (I8k — 8kl < zaj22se() | Hy41, V) = 1 — . (94)

6.2.1. Comparison to baseline methods
As a baseline we take conventional methods applying s once and treat the sample obtained as representative.

Sample mean Let us assume that the objective is the sample mean of the return with one sample of return per observation
and {zx41x+1};_,; samples of observations. Suppose that samples of observations are i.i.d. Let us recall that the variance of
this sample mean is as follows

1 1
\ (; Zg;i) =3 (Ez+[se2(zk+, N)1+ V(u(zm)) : (95)
i=1

With analytical bounds we bound deterministically every sample g,’< so we bound sample mean. However in case of stochas-
tic bounds we can not bound expected value but we can use samples of simplified return instead original. Under the model
(87) the expected value of the same sample mean will stay the same however the variance of the estimator will grow. In
this case we will accelerate decision making but we will pay with increasing variance

S
i=1

Teny) 1
s (— Zg,’c) = (2 ls6? Gir M+ V (1z60) ) (96)

We believe that this is an interesting relation.

Sample Value at Risk When the objective is sample approximation of VaR with analytical bounds as well with stochastic
bounds, we can bound only the theoretical VaR.

6.2.2. Estimation of the variance

As we do not have access to se(n) in (93) and (94), it has to be estimated. The simplest way to do that is to repeatedly
sample simplified returns m times from one of (17), (18), (20) depending on the simplification type. Note that a possible
bias of the particle filter and the estimation of standard error make (90) only asymptotically correct. However, when dealing
with a sufficient amount of samples N and n, these deviations from (87) are negligible. Even with repeated re-sampling we
will reduce computational complexity, as we analyze in Section 7. The bounds for both simplification methods are

(no cov) u = 8y + 2o j2v25em | = & — Za 23/ 25em, (97)
(cov)u =g, + ZQ/QZSAem =g, — za/22§em. (98)

Moreover, since we recalculate the simplified reward m times, we could improve the final simplified return. In this case, we
take the average of the samples of the simplified return given the history (prior belief, candidate policy, and the realization
of the observations) as a final simplified return for this history
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1 .
P 5J
G=—> & (99)
m

and the model becomes

Skl ML, v ~ N (&, se?(n)). (100)

The bounds in this case are

U= gk +zgp2sem =8k —zu25€m. (101)

These bounds asymptotically hold with probability at least 1 — c.
Using g, = 2 Y7 &, where i =1:s we will obtain

1 1/1
v (; Zgli) =3 <n—1EZ+[se2(zk+, n]+ V(M(Zk+))) : (102)
i=1

6.3. Implementation details and computational complexity

Now we describe steps in building an extended belief tree which is common for all our simulations. First, we need to
construct an extended belief tree appropriate to a given candidate policy (see Fig. 1); alternatively, if the objective operator is
mounted on the joint distribution of a pair of returns given a pair of policies, as in (43), we shall construct a pair of coupled
belief trees. Second, we shall apply the simplification and calculate simplified returns and bounds. In all simulations with
nonparametric beliefs we choose s to be an off-the-shelf particle filter with low-variance re-sampling [42]. The entire
belief update process complexity is O(N). Since the extended belief tree does not undergo simplification, it is common to
the original and simplified problems.

In practice, the marginal likelihoods IP(zy|by, ) and P(z, +|bk,J'r’) as in section 4 or the mutual likelihood of the
observations P(z,<+,z;<+|bk, w,7'") as in section 5 (see (41)) correspond to two extended belief policy trees, starting from
the same root (by) and having the same rule for choosing rollouts.

Below we discuss the construction of the extended belief tree. Let N be a number of samples of the posterior belief.
We choose the samples of the belief for creating the observations heuristically according to the following scheme. Let ng)
be number of observations generated by each belief at level ¢ of the tree. We specify ngl) (the number of observations
generated by by) and the dwindle factor c. Starting from ¢ = 2 the number of observations generated by each belief on

M
level ¢ in the tree is calculated as ny) = max{1, L@ZZWJ}- In the setting of nonparametric beliefs, we sample states for the

observations from resampled posterior with Fisher-Yates shuffling (with early termination) [20]. This algorithm is O(N) for
initialization, plus O(ny)) for random shuffling.

In our extended belief policy tree, there may be many beliefs stemming from an observation. Denote this number by n.
In the setting of nonparametric beliefs represented by the particles, the complexity of constructing the tree is

L-1 ¢

OmN) Y T nen?. (103)
(=1i=1
At each level of the tree beside the bottom, we must apply a particle filter number of times equal to the total number of
the beliefs at the next level, which is ]_[f:1 nbng) at level ¢. Also, we need to subsample observations at the current level.
Since the number of beliefs at the next level is not smaller than at the current level, and the subsampler and particle filter
complexity is linear in N, we are left with (103). Let us mention that sampling from the belief and application of particle
filters on each level can be done in parallel.

Now we analyze the speedup in running time as a result of simplification in the setting of nonparametric beliefs. As a
momentary reward, we take the differential entropy estimator from [4]. This selection makes the complexity of calculating
the momentary reward to be O(N?). For the bounds calculation depending on the simplification method we need to apply
particle filter with n samples (17) or with N (18), (20)) samples, L times for each return. Since its complexity is linear in the
number of samples, the expected speedup is governed only by the immediate reward and bounds calculation. The speedup
is approximately

N2
n2-m’

(104)
This acceleration has a rather intuitive explanation. Since we are comparing running time of exactly the same function the
ratio gives approximately exact speedup. The empirical behavior of estimator is as ©@(N?). We obtained this speedup in all

our simulations.
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Fig. 8. Gazebo simulated environment. Each square in the map corresponds to 1 x 1 meters square.

7. Simulations and results - autonomous navigation with light beacons

In this section, we demonstrate our findings. In the center of our focus are the risk-averse operators, and in all cases,
simplification yields a significant speedup without sacrificing the quality of the solution. We consider the setting of marginal
distributions over returns per candidate policy, as in Section 4, and the joint distribution over the returns given a pair of
policies, as in Section 5. In both settings, we consider the problem of autonomous navigation to a pre-defined goal in an
environment with known beacons.

We start from marginals of the return in the setting of a given belief surface and then proceed to the general domain of
nonparametric beliefs and an inaccessible belief surface. We then continue to the joint distribution of a pair of the returns
given two policies and PLoss and PbLoss simulations. Finally, we report the technical characteristics of computers used
in simulations in Appendix B.

7.1. Marginal return distributions corresponding to candidate polices

For our simulations, we utilize a localization problem with a known map created in the Gazebo simulator [23]. We used
a Pioneer 3-AT robot to perform navigation to the goal as illustrated in Fig. 8.

7.1.1. A given belief surface

We start by exemplifying the adaptive bounds from Section 6.1 in the setting described in [25]. We do not assume
that we know which beacon generated an observation in this setting. Instead, we maintain a hypothesis about each pos-
sible configuration of the beacons creating the observation. Such an approach is realistic since, in the planning phase, the
robot considers the future observations identically as in the inference phase when the real observation is obtained. It re-
sults in belief being a Gaussian Mixture Model (GMM), where each component corresponds to a possible configuration of
data association. The weights of the components are probabilities of the hypothesis that the Gaussian component is an
actual configuration. No analytical expression exists for differential entropy when the belief surface is GMM, so we are
obliged to sample and want as few samples as possible. For simplicity, we consider only two possible paths to the goal,

as shown in Fig. 9. We take the belief b, over of the robot’s 2D location as a Gaussian N (u, £), where p = (gg) and
0 05
out the recursive setting instead of smoothing, we strictly follow the theory presented at [25]. Let us restate that, in plan-
ning, when considering possible observations, we do not assume that we know from which beacon they arrived; instead,
we maintain hypotheses regarding each possible configuration of the beacons to yield an observation. We denote each such
data association by Bi¢-
In this study we utilize the following motion model T.

Y= (0'5 0 ) The belief update is deterministic v4;. Each beacon is visible on the maximum radius of 3 meters. Leave

Xir1 =X+ ag + llagll - wie - wi ~N(0, Zy), (105)

where x e R?, a e R?, =, =w -1 (w is a given parameter) and action a; € A. The A is the set of action sequences
with actions of variable length. Each visible beacon b produces the observation according to the following model z; ~
N(le—xb”%, 2v), where X, = v -I. We selected the following parameters w = 0.5 and v = 0.005. Overall observation is the
concatenation of the observations received from all seen beacons. Let us denote by M the given map with its beacons. For
simulating an observation for planning we sample state x;,, from the belief propagated with an action. We use the simplest
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Fig. 9. Gazebo simulated scenario where the belief surface is explicitly given. The white numbers enumerate the paths, the black numbers enumerate the
light beacons, the yellow circle is the goal, the black dots are the spots there the observations are taken by the robot, the purple circle is the initial belief
bg.

model for By, being Pg(Biye(i) = 1Xkre) = | Xkre —x?|| <r}, where the index i goes from 1 until the number of beacons
in the map. According to this model, given the state and the map, each beacon is deterministically seen or not. Once we
obtained the configuration of the seen beacons Sy.,; we sample the observation from the following model as follows. We
define subsequence By, (ij) such that the index j pull in ascending order the indexes of i where fi,(i;) equal 1.

Mgt ¢ (Xke) ) Mgt (Xky-e) _
Pziselire M= [ P@L e M= [ P@E e x?), (106)
j=1 j=1

where ny¢(xxy¢) is the number of beacons seen from the state xi,,. If no beacon is seen there is no observation received
(Nk+¢ (Kge1-0) = 0).

For belief update, however, we do not assume that we know this configuration By,,. The belief in each time instant
is a Gaussian Mixture. To update the belief, we propagate each gaussian with an action using standard Kalman filter [42].
To update propagated Gaussian with an observation, we do not assume we know from which beacons this observation is
received. This result to Gaussian mixture obtained from each propagated Gaussian, where each Gaussian in the mixture
corresponds to the beacons configuration, which can render such an observation. We utilize unscented Kalman filter [42] to
update each propagated Gaussian with the observation and a realization of the Sy, ,. The weight of Gaussian corresponds to
the probability that such beacons configuration resulted in the obtained observation. The above requires to model visibility
of the beacon given the state from propagated Gaussian. Since Sy, is a discrete random variable, we normalize when all
the above probabilities are computed. For an in-depth discussion, please refer to [25].

We sample 500 samples from propagated belief and set the parameter visibility radius as follows r = 3.

Let us recall that in this setting the original return is the theoretical differential entropy over the belief surface which is
out of the reach. We want to set the number of samples from the belief surface n as small as possible to decide which path
out of two brings less uncertainty. We aim to choose the path maximizing uncertainty criterion, which we define as follows

W(P (Pkt1:k4L b Thekgr—1, V) ék) = VaRg (g |bk, 77, v), (107)
where
1 k+L 1 n
uI 7
i = (b1 1br, ) = Ze% - ifljln(be(x;)) : (108)
=K =

We set o = 0.05 such that z4, =1.96, and g = 0.3, overall number of observations in the belief tree is 500. Note that the
condition o - 2 —a) < B <1 — « is fulfilled. We start from initial n =5 and add one sample for each immediate reward
in the belief tree until there is no overlap between the intervals. In this simulation the adaptation yielded not overlapping
deterministic bounds on VaR when n =28 and the second path was chosen as optimal. The interval for the first action
sequence was [—3.77, —2.76] and for the second sequence was [—2.74, —1.52].
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Fig. 10. Diverse short paths. The current robot position denoted yellow arrow-head and the goal marked by yellow circle. Candidate paths are enumerated.
Transparent silver spheres are the light beacons.

Table 2
Running times for each of the three action se-
quences for N = 2000 and n = 100.

a az as

gy time [sec] 30178 23858 20664

8x time [sec] 85 64 57
I, u time [sec] 4084 3255 2805
speedup 7.24 7.18 7.22

7.1.2. Not accessible belief surface in the setting of nonparametric belief

In this section we consider non parametric beliefs represented by particles. The belief surface in this setting is out of the
reach. We remain in recursive formulation of the two dimensional continuous state space. For updating the belief we use
particle filter with low variance resampler [42]. We begin by building the Probabilistic Road Map (PRM) using OMPL library.
After the map is built we apply the Diverse Short Path algorithm [43]. The resulting paths from robot to goal are visualized
at Fig. 10. These paths constitute our action space. We normalize by path length L to obtain fair comparison. To accelerate
the calculations we apply Algorithm 1.

We use same motion model as in the previous section. However, the observation model varies. In this scenario there are
four beacons, but each beacon is always seen and produces the observation according to the following observation model
0. z,i +e ~N Xy, Ty (Kee)) for i=1,...4, where the spatially-varying covariance matrix is

S@=vE-1 v =w-|x-23, (109)

where xf’ is the location of the light beacon number i. The noise parameter w is taken from the motion model. In contrast
to the previous section, we assume that the data association is solved. Overall observation received from all the beacons
has the following probability density function

4
Pz(z1%) = [ [P @pXese: XD). (110)
i=1

Without losing generality, we assume by at planning time is uniformly distributed in a unit square, such that the differential
entropy is zero. In the naive approach to evaluate motion and observation models Py and IP; we need to inverse covariance
matrix. Of course we can speedup this calculation by caching values of distribution of parameters or even value of evaluated
motion model. However, this is out of scope of current discussion. We utilize an off-the-shelf Julia language implementation
of Gaussian distribution. In general evaluation of the model can be extremely costly as described in [14].

We present results in Fig. 11b. Note that we chose N = 2000 guided by the works such as [4] and [11]. In this setting
we obtain 8 times speedup according to (104), corroborated by Table 2, while the same optimal action is chosen as without
simplification.
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Fig. 11. Simplified risk aware decision making using VaR. (a) Three candidate paths and four light beacons. (b) Results of simplified planning under
uncertainty with g = 0.3. The first path is true optimal path due to its proximity to the beacons. In this scenario w =0.01 and v = 0.001. The optimal path
selected by solving the simplified problem is first and the relative error is zero whereas the online bound on the relative error is 0.07. In this simulation
N =2000 and n = 100. For calculation of the standard error for the bounds we recalculate the simplified reward m =50 times.
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Fig. 12. Comparison of the hypotheses for action sequence one and two. The total number of samples is 500.

7.2. Joint distribution of the rewards corresponding to two candidate policies

In this section we exemplify simplified hypothesis based decision making outlined in section 5.2. We utilize the concept
of PLoss to provide guarantees considering the specific objective from (48). Further we delve into PLoss to show the
complete characterization of the simplification for any objective operator ¢.

7.2.1. Simplified hypothesis based decision making

Let us focus on the previous scenario shown in Fig. 10. Our setting is as in previous section N = 2000, n = 100, m = 50.
We start by comparing the first path to the second and show the results in Fig. 12. The first hypothesis is that the first
action sequence is better and the second hypothesis is that the second action sequence is better. Remarkably, we observe
that the simplification actually improves the decision making since more samples fall into the first hypothesis, and as we
below show the first hypothesis is indeed optimal. We now utilize PbLoss at A =0 to provide deterministic guarantees.
Continuing the discussion on Fig. 12 we obtain A" =480. The sample approximation P(L > 0|by, 7,7/, v) = 0.166, such
that the offline condition (72) is met 44 < 480. The online bound on PLoss TDF at A =0 is 64(0) = 0.47 such that the
online condition (74) is also met as 472 < 480. Therefore, we can guarantee deterministically that the actions trend is
preserved as a result of the simplification.

According to Algorithm 2 we shall also compare the first and the third paths. We present the comparison in Fig. 13. In
this experiment we obtain AP = 408, P(L > 0|by, w, ', v) =0.166, 6, (0) = 0.83, such that the offline condition is fulfilled
while the online condition is violated. To conclude, we were able to provide online guarantees that the simplification was
action consistent when we compared the first and the second path. In some cases, as the comparison of the first and the
third path, we cannot guarantee action consistency. Meaning, in this case, there is room to take more samples. It is even
more interesting to utilize an incremental approach and develop adaptive stochastic bounds in the setting of nonparametric
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Fig. 13. Comparison of the hypotheses for action sequence one and three. The total number of samples is 500.

beliefs. This is, however, out of the scope of this paper, and we leave it to further research. Alternatively, the analytical
adaptive bounds from [39] can be used.

7.2.2. Probabilistic loss

We believe that the concept of PL.oss and PbLoss can provide much more than showed in the previous section. PLoss
characterizes the simplification in a complete manner such that it is possible that one can define probabilistic more lenient
action consistency on top of PLoss. Thus, we devote this section to experiments with PLoss and PbLoss. In addition we
show time acceleration speedup of the calculation of belief dependent rewards in the belief tree as a result of simplification.
Further we discuss empirical action consistency for any objective operator ¢.

We exemplify our method on the problem of autonomous navigation to a goal with light beacons, which can be used
for localization. In all our simulations in this section, the return gy is a cumulative reward. In this study, the simplification
conforms to (17). As the action space we take the space of motion primitives. Moreover, let us emphasize we do not
average the simplified rewards taken for the approximation of standard error since we aim to examine general behavior and
standard error possibly can be estimated without resampling of the returns. The bounds are calculated according to (97).

For simplicity, assume we have a linear motion model T, where x € R? as well as a € R?

Xkp1 =Xk + QG+ Wi wi ~N(0, Zy), (111)

where X, =w I (w is a given parameter) and action a; € A, and where the action space A is the space of motion
primitives of unit length.

We consider next probabilistic and absolute action consistency description using PLoss offline and PbLoss online. We
say that the action consistency is probabilistic if the probability that a pair of samples of the return will not preserve the
trend with respect to a pair of actions due to simplification is larger than zero. Remarkably, the analysis below is valid for
any objective operator ¢.

Characterizing probabilistic action consistency The observation model O is as follows, z ~ N (x, Z,(x)), where the spatially-
varying covariance matrix is

Syx)=v(x) -1, v(x):w-min{l,||x—x*||§}, (112)

where x* is the location of the light beacon closest to x. The noise has a constant variance w. Without losing generality,
we assume by at planning time is uniformly distributed in a unit square. We set L = 12 and compare two action sequences:
Ay41:4+12 is six times (1,0)7 and after that six times (0, 1). In the action sequence a,’cH:k+12 we switched the order of
actions such that the robot performs six times (0, 1)T and after that six times (1, 0)7.

One realization of a possible future in terms of measurements and corresponding posterior beliefs is illustrated in Fig. 14.
It is clearly seen that proximity to a beacon improves localization. Note, the robot is always able to avoid a dead reckoning
scenario as it always gets an observation from the closest beacon. We hope that this setting conveys a real world scenario
where an ambulating robot is equipped with long and short range sensors. The close range sensors are activated when the
robot is inside a unit circle around the beacon. When the robot is outside a unit circle from the closest beacon, the beacon
is detectable only by the long range sensors, which are less sensitive. We present results of the simplification for w = 0.1,
N =1500, m =50, « =0.01, z4/2 = 2.56, and the total number of observations is 500. For each sample of zpiq.xyr, we
sampled by;1.k4+1 once. As we see in the left part of Fig. 15 we gained speedup as expected (104) for n = 175. We show
measurements of all running times in our simulations in Table 4.
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Fig. 14. Results for scenario 1 - probabilistic action consistency: Illustration of one realization of the future in a simulated scenario considering two possible
action sequences. We start from by represented by samples uniformly distributed on a unit square. We demonstrated two sequences of observations
alongside ground truth state samples, and the closest beacons produced these observations from the left. From the right, we plotted two sequences of the
beliefs produced by these two histories. We show 100 most probable samples of each belief.
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Fig. 15. Results for scenario 1 - probabilistic action consistency: (left) Demonstration of runtimes of the total number of the returns for a given extended
belief tree where N = 1500 and n = 175. Note that this illustration agrees with (104); (right) action consistency of the samples of the return.

From these samples of the returns and bounds, we build PLoss and PbLoss in Fig. 19. In the right part of Fig. 15
quadrants II and IV, we observe samples that are not action consistent. To assess performance we need to choose some
representative A. Since online we have access exclusively to the simplified problem, let us choose A* = [E[g|by, 7w, V] —
E[g,|bk, 7', v]| and A = 0.5A*. Note that under our model in average the sample mean is not influenced by the lowering
the number of samples of the reward. Only the variance of sample mean is increased. Moreover we assume that the
distributions are without gaps such that the expected value of the return is some sample with probability density function
larger than zero. Table 3 quantifies online characterization against offline PL.oss TDF.

We showed an illustration of this scenario in Fig. 14. In Fig. 16, we demonstrated scatter plots that show samples of the
simplified and original returns’ differences. We identify that with decreasing n, more samples are not action consistent. This
phenomenon is corroborated by the histograms of £ in Fig. 17.

Let us focus on n =175 in Fig. 18; online we can conclude that probability that loss incurred by this simplification
will be greater than A* is at most 0.11, while actual P(£ > A*|-) is 0.0. Similarly, the probability for loss incurred by this
simplification to be greater than 0.5A* is at most 0.33, while actual P(£ > 0.5A*|-) is 0.0. In this scenario, the simplification
is not absolute action consistent; it means variability described by (87) is sufficient to switch the order of the returns and
incur loss A at some sampled realization.

Furthermore, our bounds depend on variance (se%(n)) of the sample approximation of the reward (97), which, according
to (87) does not depend on A. Hence, as A decreases towards zero, the contribution of variance versus the difference
between simplified returns grows for any realization of £. Therefore, PbLoss departs from PLoss as A decreases. We
observe this behavior in Fig. 18. Moreover, with the diminishing number of samples, this effect is amplified, as demonstrated

27



A. Zhitnikov and V. Indelman Artificial Intelligence 312 (2022) 103775

Table 3
Results for scenario 1 - probabilistic action consistency: Online characterization
for N=1500, @ =0.01, zy/2 = 2.56.

n P(L>05A%)  64(0.5A%)  A* P(L>A*)  64(A%)
175 0.0 0.33 414 0.0 0.11
150 0.01 0.43 404 00 0.17
125 0.01 0.43 421 0.0 0.2
100 0.0 0.56 408 0.0 0.29
75 0.01 0.64 401 0.0 0.39
50 0.02 0.83 372 0.01 0.63
25 0.07 1.0 334  0.03 0.94

Table 4
Results for scenario 1 - probabilistic action consistency: run times for N = 1500.

n=175 n=150 n=125 n=100 n=75 n=>50 n=25

gk time [sec] 104957 69658 95651 69713 68584 96354 66513
2 and I, u time [sec] 72694 34842 33759 15498 8293 5589 969
2, time [sec] 1454 661 669 298 172 119 14

I, u time [sec] 71240 34181 33090 15200 8121 5469 955
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Fig. 16. Results for scenario 1 - probabilistic action consistency: We demonstrate from the left to the right action consistency of the samples of the returns
for n=175,n=125,n=75,n =25, whereas N = 1500. As we see, samples violating action consistency are present at all graphs.

in Fig. 18, due to growing variance (87). Remarkably, when samples of original returns are more distinct, the effect of
variance is nullified. In such a setting, our characterization is incredibly precise, see Fig. 24.

Thus, the behavior of the PbLoss is more conservative in more delicate scenarios, where two candidate policies are
close to each other in terms of returns. Importantly, for significantly different policies, PbL.oss becomes tighter to PLoss.
This brings us to the next section.

Revealing empirical absolute action consistency In this scenario we modified the noise in the observation model as such
v(x) =w-||x—x* ||§. In addition we removed one beacon on the way of the second action sequence. We remain with w = 0.1,
m =50, @ =0.01, z/> = 2.56 and set N = 1000. In this scenario the returns of two action sequences are much more distant.
The samples in the right segment of Fig. 21 are more distant from the origin than in Fig. 15. The characterization is shown
in Table 5. Therefore, the simplification is empirically absolute action consistent. As we see from the Table 5, observing
0y (A = 0.0) we are able to identify online that for n = 100 and n = 75, probability to receive samples of the returns
violating action consistency is at most 0.03, while P(£ > 0.0]-) is 0.0.
Here the covariance matrix of the observation model is

Ty =v) -1, v =w-|x—x*|3. (113)

We demonstrated this scenario in Fig. 20. As we can see in Fig. 22, the clouds of samples are farther from the origin than
in the previous scenario. Therefore, two action sequences are more distant. In this case, the simplification is empirically
absolute action consistent, as we observe in the histograms of £ in Fig. 23 and empirical characterization shown in Fig. 24.
We report run times for two scenarios in Table 4 and Table 6, respectively.
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Fig. 17. Results for scenario 1 - probabilistic action consistency: Histograms of PLoss and PbLoss for N = 1500, o = 0.01, zy /2 = 2.56, bin width is 1.0;
from the left to the right n =175, n =125, n=75, n = 25.
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Fig. 18. Results for scenario 1 - probabilistic action consistency: Empirical characterization for N = 1500, o = 0.01, z4/2 = 2.56, evaluated in a grid with
intervals 0.001; from the left to the right n =175, n =125, n =75, n = 25.

Table 5

Results for scenario 2 - empirical absolute action consistency: Online character-

ization for N = 1000, o = 0.01, Zo 2 = 2.56.

n P(L>0.0]) 6,(A=0.0) A* P(L>A*[)  Gy(A%)
100 0.0 0.03 17.54 0.0 0.02
75 0.0 0.03 17.14 0.0 0.02
50 0.0 0.06 16.65 0.0 0.02
25 0.0 0.19 1527 0.0 0.02
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Fig. 19. Results for scenario 1 - probabilistic action consistency: Histograms of PLoss and PbLoss for N = 1500, n =175, @ = 0.01, z4/2 = 2.56 (bin width
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Fig. 20. Results for scenario 2 - empirical absolute action consistency: Illustration of one realization of the future in a simulated scenario considering two
possible action sequences. We start from by represented by samples uniformly distributed on a unit square. We demonstrated two sequences of observations
alongside ground truth state samples, and the closest beacons produced these observations from the left. From the right, we plotted two sequences of the
beliefs produced by these two histories. We show 100 most probable samples of each belief.
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Fig. 21. Results for scenario 2 - empirical absolute action consistency: (left) Demonstration of runtimes of the total number of the returns for a given
extended belief tree where N = 1000 and n = 100. Note that this illustration agrees with (104); (right) action consistency of the samples of the return.
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Fig. 22. Results for scenario 2 - empirical absolute action consistency: We demonstrate from the left to the right action consistency of the samples of the
returns for n =100,n = 75,n =50, n = 25, whereas N = 1000. As we see, all the samples are action consistent.
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Fig. 23. Results for scenario 2 - empirical absolute action consistency: Histograms of PLoss and PbLoss for N = 1000, o = 0.01, zy /2 = 2.56, bin width is
1.0; from the left to the right n =100, n =75, n =50, n = 25.

Table 6
Results for scenario 2 - empirical absolute action consistency: run
times for N = 1000.

n=100 n=75 n=>50 n=25

g time [sec] 36745 45187 44899 30889
g, and I, u time [sec] 17361 12546 4388 844
gy time [sec] 363 247 65 14

1, u time [sec] 16998 12299 4323 830

8. Conclusions

We introduced a novel simplification framework in the challenging continuous domain with possibly nonparametric be-
liefs and general belief dependent rewards. We presented a formulation of novel stochastic bounds on the return and proved
that these bounds yield deterministic bounds on VaR. We considered simplification impact also on the joint distribution of
a pair of returns given two candidate policies, while accounting for the correlation between these returns. In this context,
we proposed an innovative objective operator on top of the joint distribution. In addition, we presented a mathematical tool
PLoss and its online counterpart PbLoss to characterize the simplification impact on the decision making entirely for any
objective operator. Moreover, we utilized it to provide deterministic guarantees for our novel risk aware objective operator
mounted on the joint distribution of a pair of returns given a pair of policies. We presented an instance of our framework
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Fig. 24. Results for scenario 2 - empirical absolute action consistency: Empirical characterization for N = 1000, o = 0.01, zy /2 = 2.56, evaluated in a grid
with intervals 0.001; from the left to the right n =100, n =75, n =50, n = 25.

with a specific simplification method, which is reducing the number of samples of the return or the belief used for reward
calculation. Finally, we verified the advantages of our approach through extensive simulations. For example, in section 7.1.2
we obtained approximately 8 times speedup with respect to the original problem while still identifying the optimal action.
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Appendix A. Proofs for the theorems

A.1. Proof of the Theorem 1

Using the marginalization over future observations with Probability Density Function (PDF) being P (zy. |bk, r) we have
that

P =g ey = 1lbe. 7. 1) > (1 — 1) / P (zis Ib, )2y = 1 — at. (114)

Zk+

=1

The following holds from property of a lower bound (usual stochastic order) V& € (—o0, 00)

P> &lbk, 7w, v, l<g<uy=1) < P(gk > &bk, w, j<g<uy = 1). (115)

Denote A = P(1y<g,<uy = 1|bk, 7, v). This notation implies that 1 — A = P(1<g,<u) = Olby, 77, v). Using marginalization over
the indicator function we have that

P(gk > &bk, w) = P(gk > &bk, 7w, v, Yy<g<uy = DA+ P(&k > &bk, T, v, 1<g,<uy = 0)(1 — 4). (116)
Since each summand in the equation above is non negative and using (114) we obtain

P(gk > &bk, ) = P(I> &bk, w, v, {I < gr <u} =11 — ). (117)
Assume « € [0, 1), exist c € R such that

P(gk > &lby, w,v) =c(1 — ). (118)
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This implies

P(gk>& Nl =g =u}=1lby, 7w, v) < P(gk > &bk, w,v) =c(1 - ). (119)

Applying the chain rule and rearranging the terms, we have that

P(gr>&M{l<gi<u}=1,by,m,v)<c <c. (120)

——
<1

Using again marginalization over the indicator function, we represent the P(l > &|by, r, V) as

P(l>‘§|bk7 T, V, 1{l§gk§u} = ‘l))" + P(l>§|bk9 T,V, l{lggkgu} = 0)(1 - )") (121)
Using that A <1 and P(I>&|by, 7w, v, 1j<g,<uy =0) <1 we have that

P(>é&|b,m,v) <P(>E&|be, 7w, v, lj<g<uy =D +1 =A< P> &b, w1, v, <<y =D +1—-(1—0). (122)
Using (115) and (118), we arrive at the desired result

1 (l>§|bk7nale{l<gk<u}_]) o =<
P § b , T

P(gk > &bk, m, v, ly<g<yy =D +a <ct+a= T a (123)
Rearranging the terms bears

(P( > &|b, 7w, v) —a)(1 — o) < P(g > &|bk, 7). (124)
Switching the roles of g to u and I to g, we obtain the upper bound

P(g > Elb ) < >1§|_bz’n’v) +a. (125)
This completes the proof. O
A.2. Proof of the Theorem 2

Let us start from upper bound. From Theorem 1

{s s.t P(gy>&|by, T, v)zl—,B} - {s s.t %b';n’v)—i—azl—ﬂ}. (126)
Equivalently

{S StP(gy>E&lbg,m,v)>1— ﬁ} CiéstPu>E&lbg,m,v)>1-—-—a)(1 —cx)}. (127)
Rearranging the terms, we have that

sup {5;‘ stP(gx> &by, m,v)>1— B¢ <sup {é stPu>é&lby,m,v)>1—-B+a@2—-p - oc)}. (128)
It is left to show that

0<B4+a@—-B—a)<1. (129)
Since o + B8 <2 and «o > 0, we have

O<p=p+a-p—-a. (130)
To prove the right inequality we show that

B+a2—-B—a)—1<0. (131)
Multiplying by —1 we observe that the inequality reads

1-B-a)(1—-a)=0. (132)

-

>0
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Requiring that 1 — 8 — o > 0, we obtain the condition which we already assumed

1—a)>8. (133)
We have that

VaRg (gklbk, 7, V) < VaRgiq@-p—a)(Ulbg, 7, v). (134)

To prove the second part of the theorem we use the following

Est(PU>E&lbg,m,v)—a)(1—a)>1 —ﬂ} c {S s.t P(gk > &b, 7w, v) > 1 —/3}- (135)
Equivalently,
1-8
EstP(U>&lbg,m,v)>1—|1- T—a %) (S & st P(gx>E&lbg, T, v)>1-p¢. (136)
It is left to show that
1—
051——'8—0551. (137)
1—-«o
We immediately see that 1 — }:5 — o < 1. Rearranging the terms, we arrive at the second condition that
a(2—a) <p. (138)

This completes the proof. O
A.3. Proof of the Theorem 3
By definition

P(l{/jzg} =11y<g<uy =1, 1{l/gg,’cgu/} =1,b, . 7', ziy, Z;(_,_, v) =1 (139)

We first apply marginalization over future observations zy=zj1+, and z{( L= z;< kL and events {w|l(w)<gr(w) < u(w)}

and {o|l'(w)<g}(®) < u'(w)}. We then use the fact that given two histories M £ {bi. 7, z+} and Hj, ;£ (b, 7', 7, ),

the events {w|l(w) < gkx(w) < u(w)} and {a)|l’(a)) < gL(w) < u’(w)} are independent of each other. Furthermore, each such

event depends exclusively on its own history by design. We have that P (l{ézc} =1|bg, w, 7', v) equals to

/ P (1{52[,} = llbk, T, jT/, Zk+-» Zl/<+’ V) P (Zk+, Z]/(+ | bks T, 71/) de+dZ,/<+. (140)

Zk+
!
Ziet

Moreover, the P (1{525} =1|bx, 70, 77, 2z, le<+’ u) is larger or equal to
P zopy =1 A usgezny = 1A Typ<g <y = 1| by, 1, T, Zky s Ziy s V). (141)
Engaging the chain rule and using the constraints (59) and (60), and their statistical independence we face that

P (1{525} =1by, 70, 7, Ziey . 24y ") >(1-a)? (142)

The above expression straightforwardly yields that P (1{ fer) = 1|bg, w, 7/, v) > (1 — «)? through the marginalization over

the future observations since f?{+ P (zk+, Zy | by, 7, 71/) dzy4dz,, =1. This completes the proof. O
k+

A.A4. Proof of the Theorem 4
To shorten notations let us denote |by, 7w, 7w/, v by |- in the proof. Let us express PLoss TDF as
P(L>AN=P(L> ANz =1,) P (Yzagy =11) + P (L= ATz gy =1, ) P (Yzagy =01) . (143)
Similarly, PbLoss TDF reads
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P(E> A1) =P (2> Az =1) P (Yzagy =11) + P (£> Az =1.) P (1zepy =11) . (144)
Since o € [0, 1) it exists c € R such that

P(£>AA1{E—ZL}:1|-)5P(£>A|-):c(1—a)2. (145)
This implies

P(£> AN gy =1.") P (1izapy = 1) Scl -, (146)

= (1—a)?
P<E>A|1{EZ£}=1,->§C <c. (147)
P<1{526}=1|')
<1

Moreover, using that P(l{E-Zﬁ} =1)+PA ;s p=1)=1, we obtain

P(L>Al)=P(L>A|IL>L,)P(L=L])+

P(L>AIL<L,)(1-P(L=L)) <
P(L>AIL>L,)+1-(1-a)® <c+2a—a?, (148)
but ¢ = P(E=Ab g T'Y) We showed that
(1-a)
P(L> Alb, 7, 7', v) 5
P(L>Al)< + 20 —a“. (149)
1—a)?
Furthermore, by definition of TDF
P(L>Al) <1 (150)

We write the above two relations compactly as

P(L> Al) <6a(A), (151)
where 6y (A) = min {1, m?ﬁ—’w + 20 — 012}. Clearly
P(L <A, 7', v)=1—P(L> Alb, 7,7, 1) > 1 — 04 (A). (152)

This concludes the proof. O
Appendix B. Technical characteristics of computers used in simulations

Our simulations are written in Julia language with a multi-threaded calculation of immediate reward. We used 4 com-
puters with the following characteristics:

1. 40 cores Intel(R) Xeon(R) E5-2670 v2 with 256 GB of RAM working at 2.50 GHz;
2. 24 cores Intel(R) Core(TM) i9-7920X with 64 GB of RAM working at 2.90 GHz;
3. 20 cores Intel(R) Xeon(R) E5-2630 v4 with 64 GB of RAM working at 2.20 GHz;
4. 20 cores Intel(R) Core(TM) i9-9820X with 64 GB of RAM working at 3.30 GHz.
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Simplified Continuous High-Dimensional Belief
Space Planning With Adaptive Probabilistic
Belief-Dependent Constraints

Andrey Zhitnikov

Abstract—Online decision making under uncertainty in partially
observable domains, also known as Belief Space Planning, is a
fundamental problem in Robotics and Artificial Intelligence. Due
to an abundance of plausible future unravelings, calculating an
optimal course of action inflicts an enormous computational bur-
den on the agent. Moreover, in many scenarios, e.g., Information
gathering, it is required to introduce a belief-dependent constraint.
Prompted by this demand, in this article, we consider a recently
introduced probabilistic belief-dependent constrained partially ob-
servable Markov decision process (POMDP). We present a tech-
nique to adaptively accept or discard a candidate action sequence
with respect to a probabilistic belief-dependent constraint, before
expanding a complete set of sampled future observations episodes
and without any loss in accuracy. Moreover, using our proposed
framework, we contribute an adaptive method to find a maximal
feasible return (e.g., Information Gain) in terms of Value at Risk
and a corresponding action sequence, given a set of candidate
action sequences, with substantial acceleration. On top of that, we
introduce an adaptive simplification technique for a probabilisti-
cally constrained setting. Such an approach provably returns an
identical-quality solution while dramatically accelerating the on-
line decision making. Our universal framework applies to any
belief-dependent constrained continuous POMDP with parame-
teric beliefs, as well as nonparameteric beliefs represented by
particles. In the context of an information-theoretic constraint,
our presented framework stochastically quantifies if a cumula-
tive Information Gain along the planning horizon is sufficiently
significant (for e.g., Information Gathering, active simultaneous
localization and mapping (SLAM)). As a case study, we apply our
method to two challenging problems of high dimensional belief
space planning: active SLAM and sensor deployment. Extensive
realistic simulations corroborate the superiority of our proposed
ideas.

Index Terms—Active simultaneous localization and mapping
(SLAM), autonomous robotic exploration, belief space planning
(BSP), belief-dependent probabilistic constraints, belief-dependent
rewards, constrained belief-dependent partially observable
Markov decision process (POMDP).
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1. INTRODUCTION

COMPREHENSIVE approach to craft many online
decision-making problems, characterized by the agent
situated in an environment and acting under uncertainty, is
the partially observable Markov decision process (POMDP).
For most such problems, it is sufficient to assume that the
belief-dependent reward is merely the expectation of a state-
dependent reward with respect to belief. This assumption
is the case in classical POMDP formulations. In contrast,
numerous problems in robotics, such as informative plan-
ning tasks [1], active simultaneous localization and mapping
(SLAM) [2], and sensor deployment (SD) problem [3] are
explicitly concerned with decreasing uncertainty, thereby raising
the need for planning with general belief-dependent reward
functionals.

General belief-dependent operators were examined in the
context of reward but hardly so in the context of the constraint.
In the robotics community, continuous POMDP with belief-
dependent information-theoretic rewards is known as belief
space planning (BSP) [4], [5]. Oftentimes the belief in BSP is
over a high-dimensional state. In this article we focus on such a
setting.

One of the embodiments of high-dimensional BSP, and
also the subject of our interest, is active SLAM. Further we
sometimes omit word “active.” In SLAM, the environment
where the robot operates is unknown and shall be revealed by
the robot. Such a map can be represented, for instance, as a
discrete occupancy grid [6] or continuous landmarks [5]. In the
latter setting, typically the robot’s state comprises the robot’s
pose trajectory and the map to be estimated. In the landmark-
based SLAM the previous robot poses are not marginalized out
but kept to preserve the sparse structure of the belief. Another
related problemis SD. In this problem, arobot shall decide where
to deploy sensors to measure some spatially dispersed continu-
ous phenomenon, e.g., temperature. The map is represented by
a grid, such that the number of grid cells is the dimension of the
quantity of interest.

Both of these problems have a high-dimensional state. In the
SD problem, the state is of the dimension of the grid alongside
the robot pose. The number of grid cells can be arbitrarily
large. In the SLAM problem, in the case of a binary grid map,
the dimension is large since, typically, a satisfactory resolution
is desired. In the case of continuous landmarks representation,
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the robot gradually reveals more and more landmarks making
the state increasingly large.

Since the belief is to be maintained over a high-dimensional
state, it is not an easy task for an online operating robot. This
computational challenge in the context of planning is known as
curse of dimensionality. Moreover, with an increasing planning
horizon, the number of possible measurements and candidate
action sequences grows exponentially, assembling the computa-
tionally intractable decision making problem. This phenomenon
is usually regarded as the curse of history. Many research efforts
have targeted both curses.

Since typical high-dimensional BSP problems hold an enor-
mous computational burden, many methods exist to reduce
computational complexity and find an approximately optimal
solution. Let us mention a few. In robotics, the abundance of
possible future observations within the planning phase is often
resolved by the maximum likelihood (ML) assumption. Origi-
nally suggested for low-dimensional BSP by Plattet al.[7], it was
adopted to active SLAM [8], [9]. Yet, while widely used, taking
into account merely the most likely measurements episode is
highly unrealistic, particularly in the presence of significant
uncertainty. It is possible that the largest available reward is
not the most likely one, resulting in a substantial error in the
objective estimate and, consequently, a suboptimal autonomous
behavior. Stachniss et al. [10] sampled a single episode of
possible future observations. One standing-out approach to use
a number of sampled observations builds upon the reuse of
calculations between successive planning sessions, alleviating
the computational burden [11], [12]. Another approximation
in a high-dimensional BSP setting done by [11] and [12] is to
consider predefined static action sequences instead of policies.
Interestingly, this approximation is also implicitly done by all
methods utilizing ML observations or a single sample of the
future observations episode. This is because under a single future
observations episode assumption the candidate policy and prede-
fined static action sequence are the same. One more method [3]
along these lines leverages the structure of the belief over a high-
dimensional state to speedup BSP and does not compromise
performance at all. Notably, while the authors of [3] used ML
assumption, it is not an inherent limitation of the approach. An
additional example [13] is finding approximate POMDP solu-
tions through belief compression. This approach was designed to
reduce computational complexity for high-dimensional beliefs
and policies, but works with expected state-dependent rewards
and the extension to general belief-dependent rewards requires
clarification.

The artificial intelligence (AI) community is also engaged
in augmenting the classical POMDP formulation with belief-
dependent rewards. The journey started from p-POMDP [14]
and significantly advanced through time [15], [16], [17]. Com-
monly, these approaches seek to find an optimal policy instead
of predefined static action sequence.

Recent methods, merging both worlds, build upon the sim-
plification paradigm [18], [19], [20]. These simplification-based
methods finally relax limiting assumptions, e.g., Gaussian belief,
piecewise linearity, or Lipschitz continuity of the reward, and
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permitted universal belief-dependent rewards, such as differen-
tial entropy of general beliefs. Since the differential entropy
operator acts over the belief, which can be parameterized in
various ways, e.g., Gaussian or set of particles, questions of
piecewise linearity, or Lipschitz continuity are vague and well
defined only when the state is discrete and the number of
possible state realizations is finite. In a continuous setting, they
shall be approached individually for each belief parameteriza-
tion. This fact discards many early approaches [14], [15] to
include belief-dependent rewards within POMDP. Another line
of simplification works alleviate the curse of dimensionality
in the setting of multivariate Gaussian distributions utilizing
sparsification [21], [22] and topological [23], [24] aspects. The
simplification paradigm was also applied with Gaussian-mixture
distributed beliefs [25], [26], [27].

Adaptivity is another important mechanism to identify re-
dundancies in the decision making problem and reduce the
computational effort [28].

All decision-making methods discussed above are concerned
with selecting the best action and disregarding the actual amount
of profit or risk entirely. However, the latter is essential, since
preventing the robot from performing unnecessary or self-
destructive operations is highly important. This gap can be filled
by introducing constraints into the decision-making formula-
tion. Some attempts to do so in the context of safe POMDPs
include chance constraints [29].

A general belief-dependent constraint, however, has not re-
ceived proper attention so far except in our previous work [30],
where we focused on safety and comparison to chance con-
straints, and not on the Information gathering tasks. Note
that chance constraints do not accommodate general belief-
dependent operators such as Information Gain (IG).

In this article, we continue to investigate the facets of
our proposed earlier framework [30] of belief-dependent
probabilistically constrained continuous POMDP. Motivated by
Information gathering, also called informative planning tasks,
we focus on the cumulative form of the constraint in the realm of
high-dimensional BSP. This is in contrast to the multiplicative
form as in our previous article. One of the specific applications
of our framework is stopping exploration. Moreover we
provably extend the simplification framework to both forms of
the constraints in our novel probabilistically constrained setting.
The first form is cumulative and the second is multiplicative.

There are attempts to use differential entropy gain as a
constraint to halt exploration in the problem of active SLAM [9],
[31]. However, it was only partially investigated since
algorithms solving BSP typically assume single observations
episode [1], [3], [9], [10] to alleviate the computational
burden. Stopping exploration is still regarded as an open
problem [31]. Importantly, we did not find any works relaxing
single observations episode assumption in the context of SD
problem [3], [22], [32] and informative planning [1].

Our probabilistic belief-dependent constraint of cumulative
form, which will become apparent later, generalizes previous
approaches. The naive way to threshold a belief-dependent
operator under partial observability is to do expectation with
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respect to observations. However, even this has gained less
attention so far and has not been done to the best of the
authors’ knowledge, due to the reason discussed above, single
observations episode assumption. In contrast to expectation
with respect to future observations, we propose a probabilistic
condition. Our proposed variant is sensitive to the distribution of
the belief-dependent constraint, which we call inner constraint,
while averaging with respect to future observations is not.

As opposed to a threshold on expectation with respect to
observations, we propose two conditions. Interior condition
thresholds using ¢ the belief-dependent operator (return) for
given sequence of possible future observations. The exterior
condition verifies that the interior one is satisfied with confidence
level of at least 1—e. To rephrase it, we require that the frac-
tion of the observation sequences samples fulfilling the interior
condition will be at least 1—e. In due course, we consider two
different problem formulations. In the first problem, J is speci-
fied externally by the user. We coin this problem as optimality
under a probabilistic constraint. In the second problem, that
we name maximal feasible return, 0 is a free parameter to be
maximized. In turn, our formulation and approach enable fast
adaptive maximization of value at risk (VaR) on top of a general
belief-dependent return. This problem is highly challenging due
to the fact that VaR is not a coherent functional [33].

Our contributions are fourfold. Below we list them down in
the same order as they are presented in the manuscript.

1) First, we utilize our probabilistically constrained belief-
dependent POMDP in the context of an information-
theoretic constraint. We focus on the IG, however, our
theory supports any other belief-dependent operator, e.g.,
difference between traces of covariance matrices of two
consecutive-in-time beliefs. We analyze the mutual infor-
mation (MI) constraint and ML observation approach ver-
sus our novel probabilistic constraint. Notably, we did not
find any works shifting the MI from the reward operator
to the constraint.

2) Second, we rigorously derive a theory of simplifica-
tion in the constrained setting. We emphasize that the
simplification paradigm has not been considered in this
setting before. Given a monotonically converging to
the belief-dependent constraint or/and reward bounds,
depending on context, our approach can be simplified,
gaining substantial speedup without any loss in perfor-
mance quality.

3) Third, we present an algorithm to maximize VaR adap-
tively utilizing the suggested theory. As we unveil in
this article, this enables the decision maker to save time
by adaptively expanding the lowest required number of
observation episodes without compromising the quality
of the solution.

4) Fourth, we apply our technique to a high-dimensional BSP.
In particular, our case studies are active SLAM and SD
problems.

The rest of this article is structured as follows. We start from
background and notations in Section II. Section III presents
our next step, that is, the in-depth discussion of the problem
formulation and our approach. In Section IV, we then present an
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application of our methods. Section V presents the simulations
and results. Finally, Section VI concludes this article.

II. BACKGROUND AND NOTATIONS

By the bold symbols, we denote time vector quantities; by
Ua.», we mark series annotated by the time discrete indices run-
ning from a to binclusive. The letter P symbolizes the probability
density function (PDF) and P the probability. By lowercase letter
we denote the random quantities or the realizations depending
on the context. For brevity, we sometimes replace Eg[-|-] by

Ep. [

A. High-Dimensional BSP

Let us introduce the POMDP with belief-dependent rewards
named p-POMDP alias to BSP. The p-POMDP is a tuple
(X, A, Z,T,0,p,7v,by) where X, A, and Z denote state, ac-
tion, and observation spaces with x € X, a € A, and z € Z
the momentary state, action, and observation, respectively.
T(2',a,2)=Pr(2'|x,a) is a stochastic transition model from
the past state x to the subsequent z’ through action a. Further,
v € (0, 1] is the discount factor, by is the belief over the initial
state (prior), and p(b,b') is a general belief-dependent reward
depending on two consecutive in time beliefs. For conciseness,
let us denote interchangeably Oy and Og.x41—1, as well as
O(k+1)+ and Ogy 1.4 . This article deals with static action
sequences of variable horizon L. Namely, our action space
is A= {aL:HLi_l}L’i‘l. Our actions along a particular action
sequence are of different lengths. We also can think about such an
action sequence as a path P comprising motion primitives. Yet,
the action sequence is a much more general notion. So far, we
have described the classical components of POMDP. However,
in BSP, the observation model O(-) undergoes a customization
that will be apparent later. For now, we leave it undefined.

An autonomous robot deployed in an environment (possibly
unknown) repeatedly performs acting, sensing, and planning
sessions, up until it reaches the required goal or fails to do so as
we further formulate. In the planning phase, the robot relies on
the entire action-observation history. Let h; £ {bo,ap.t—1,21:4}
be the history, i.e, the set comprising the performed by the agent
actions ag.;—1 and obtained observations z;.; in an interleaving
manner up to time instant ¢, and the prior belief by. To clarify,
we denote by ¢ an arbitrary time instant and by & the time instant
of the current planning session. Such that if ¢ > k, the subscript
t regards to future time. Another representation of history is the
posterior belief. We define the posterior belief b; as a shorthand
for the PDF of the POMDP state, given all information up to
time instant ¢. The state is denoted by x; and the belief is
bi(x;) = P(a;|hs). In this article the belief converts the history
to a more convenient form, b; and can be used interchangeably
with hy, as opposed to our previous work [19].

Frequently, in BSP problems, the robot’s map is unknown
and therefore regarded as a random quantity. This allows the
robot to operate in unfamiliar environments. For the SLAM
problem we opt for landmarks map representation, so the robot’s

state is @y = (wg.¢, {6 }jM:(lk))7 where xg.; are the robot poses,
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Possible belief trees in continuous setting given B, 4 1.4 2. By purple and teal colors, we denote possibly different dimensionality of the observation as

explained in Section II-B. Thick yellow lace illustrates the observation sequence z 4 1:,+2 (Section III-E). (a) Visualization of the belief tree given the realization
of Bj41.,+2 for action sequence ay 4. Here, we show two samples of observations per propagated belief. Superscript designates the child number. This belief
tree supports policies and Bellman update. (b) In this belief tree the observation superscript designates the lace. (c) One possible realization of configuration is

B = (01011)7".

{67 }JA/i(lk ) are the landmarks and M (k) is the number of land-
marks the robot has observed until time instant k inclusive.
These landmarks represent the unknown robot’s environment,
specifically the map, to be estimated. To emphasize that j is not
a time index, we denote it by a superscript instead of a subscript.
Commonly, in SD problem the map is known. The robot moves
over the known map divided into cells. Many works assume
a deterministic transition model [1], [3], [22]. In contrast we
do not make this assumption and formulate the SD problem as
a complete POMDP with state comprising the robot position
z; € R? and the phenomenon of interest, vector £ € RY. Over-
all, the POMDP state is ¢; = (14, &) = (x4, 1Y), Note that for
clear notation, cells in state are linearly indexed. The conversion
from a Cartesian index to linear does not pose a problem. Let
LinInd(-) be the function doing that.

B. Observation Configuration Random Vector and Model

In this section, we rigorously define a customized observation
model in BSP. The dimension of the observation in BSP planning
can vary in time. A typical reason for this variability is the
finite visibility radius or sensing range of the robot. In a SLAM
problem, the robot observes a subset of landmarks, whereas in
a SD problem, the robot’s position defines the observed cells,
a subset of sensors yielding the reading of the phenomenon of
interest. We denote by vector 3 the configuration of observed
landmarks or cells. Let us start from SLAM.

1) B for Active SLAM: Let 3, € {0,1}™*) be a random
vector of Bernoulli variables, statistically independent given
robot’s pose x; and a landmark, as will be shortly displayed
by (1) and (2). Its dimensionality is the number of landmarks
present in the belief. Each realization of 3, defines a subset of
visible landmarks. Such a realization has ones at the indexes
of visible landmarks and zeros else, such that 3]/ = 1V €
("1 where n(3) = >,18)7. By [}/ we indicate the co-
ordinate j of a vector.) The superscript v defines a subsequence
of indices j¥ of visible landmarks [Fig. 1(c)]. Let us clarify,
jt, 72, ... represent, strictly increasing with v, values of indexes
of enumerated landmarks resulting in a random set {j "}Z(fl),
such that j¥ = j(v).

The mapping from the Boolean vector 3 to the random finite
setof indices {j!, j2 ...} is invertible. Therefore, one can define
a probability over the random finite sets [34] instead of Boolean
vectors.

One way to define a probabilistic model for visible landmarks
configuration is as follows:

Ps (B = U, ) = Lyja, 05 <py (24, 17)
Ps ([B/)) = 0]z, ) =1 — Ly, —pij<ry (2, ¢7) (D)

where 7 is a visibility radius. Our approach is not limited to
this specific model and supports any other model; for instance,
in more complex scenarios (1) would imitate a camera field of
view. Equation (1) portrays that each landmark deterministically
has a visibility radius. If the robot is close enough, it receives a
signal from the landmark. Overall we arrive at the following:

M (k)
Po (Bilar (#1;1) = T P (B 2.6). @
j=1

Here, we assumed that ¢ > k and the planner does not reveal
new landmarks in a planning session, that is, M (k) depends on
the present time % but not the future time ¢. We define now a
customized observation model for n(3) > 0 as

n(B)
O(z,x,8) 2 P(zlz, {¢'} )11, 8) = [] Pz (+"]2.6").
v=1

3)

where x is the last robot pose in .

2) B for SD: As we mentioned above, in SD problem the
variability of the dimension of observation stems from another
source. The dimension of 3 is the number of cells. Vector 3
has one at the coordinates corresponding to the linear indexes
(converted from Cartesian index) of the grid where active sensors
yield an observation. The simplest model for 3 is as follows:

Pg([ﬂt]j = 1‘3%) = 1{Lin1nd(Ce11(a:,,))::j}(xt)
Pﬁ([/@t]j = O\JJt) =1- 1{Lin1nd(0e11(mt))::j}(l‘t) 4)
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describing that the observation is received from a single sensor
at the cell of the robot location. The Cell(x;) function returns
Cartesian indices of the cell there the robot is located. Overall
we have that

2

/3t|33t ([8:) |xt (%)

117

The observation model for n(ﬁ) > 0 materializes as

n(B)

O(z,x,8) 2 P(z|z, £, 8) = Pz(2"|z) [ Pz(2"|x, [€]").
v=1

6)

Now, we turn to the BSP objective to be maximized.

C. Objective

A common BSP objective is given by the following:

Uk, ak+3p) = Eg, ). [uﬁ(k+1>+(bk7ak+§P)|bkaak+]
(7
where U Pe+0+ (by, g ; p) is
ket L1
Bzppns | D P06 ber1) |brs ary By ®)
=k

and where ¢ is the running time index and k is the present
time instant. The inner expectation U/ Bty + (b, agy; p) [see
possible belief trees in Fig. 1(a) and (b)] corresponds to the utility
given a static set of visible landmarks (SLAM problem) or active
sensors (SD problem), or another constellation of parameters
depending on the considered problem. Therefore, conditioned
on a sequence 6(k 41)4- per time index, the dimension of the
observation is fixed (It can be different, however, for different
time indices). Thus, the expectation operator is well defined. The
outer expectation performs an average of such values, weighted
in terms of B ;1) [Fig. 1(c)]. Note that while it is appealing
to fold the conditional expectations in (8) using the law of
total expectation, we cannot do that since the dimension of the
observation z, depends on each specific realization of 3,.

To summarize this section, BSP accommodates continuous
spaces and varying dimension of observation conditioned on
state. To verify our algorithms in different scenarios we will
simulate both trees depicted in Fig. 1(a) and (b).

III. PROBLEM FORMULATION AND APPROACH

In this work, we define and tackle two novel problems. Both
problems are explicitly aware of the distribution stemming from
future observations and, therefore, are risk-aware.

A. Introducing Distribution Awareness into BSP

Our first problem formulation is the optimality under a prob-
abilistic constraint

a* € arg max, U(b, ak; p) subject to
ak+€

P(C(bk;k+L;¢, 5) = 1|bkaak+) > 1—c¢ (9)
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where c is the indicator variable over inner condition, as we will
shortly see, ¢ is the general belief-dependent operator, and § and
0 < e<1 are scalars. The utility ¢/ in (9) conforms to (7). The
parameters ¢ and € are supplied by the user.

The inner expression ¢(by.x+1;®,0) in (9) can be of two
forms. The first (cumulative) form is as follows:

c(brik+0:0,0) Z 1 /i, (br:k+z) (10)
{( tgk ¢(bt7bt+1)) > 5}

and the second (multiplicative) is

k+L
(bt @, 0) = H Lig(b,)>5y (be)- (11
t=k
Note, the strict inequality marked by the red color

in (10). Further, let us refer to the inner inequality
as the inner constraint and correspondingly the outer
inequality (9) as the probabilistic (outer) constraint. From
now on, let us denote constraining return and the actual
return operators as s(bp.pyr; ®)= f:kL*l ¢(be,bey1) and
S(bpkrr; p)= f +kL ! p(bs, bey1), respectively. To encapsu-
late both cases p and ¢ we will denote $(bg.i+1; *)-

Now, we contemplate what will happen, if ¢ is a free parameter
and not predetermined as before. In this case we would like to
select action sequence corresponding to largest maximal feasible
return [actual or constraining s(by.x+1.;-)] with probability of
at least 1—e. That is, maximal ¢ yielding that, at most, a single
action sequence is feasible. With this insight in mind, we arrive
at our second problem formulation, which we named maximal
feasible return defined as follows:

a* € arg max V(by, ap;€)
ak+€

12)

where the VaR expressed by V(by,, ax; €)
bk, ax+ ) defined by

sup{5 . P(S(bk:]H_L; ) Z 6|bk,ak+) Z 1-— 6}.

It is noteworthy that in (13), we have nonstrict inner inequality
> ¢ (marked by the red color). We will need it further in our
approach. In contrast, in (10) the inequality involving 4 is strict.
This aspect will be clear in the sequel. Moreover, inclusion
to or exclusion from the set in (13) of the ¢ that satisfies
P(s(bg.k+r;) = 0|bg, ars) > 1—e does not impact the out-
come of supremum operator in (13).

Due to noncompliance to Bellman form of (13) computing
(12) is notoriously challenging.

= VaR.(s(bx.k+1; )]

13)

B. Averaging With Respect to Observations

Another way to introduce a belief-dependent constraint to
POMDP would be by averaging with respect to observations.
Namely, the probabilistic constraint in (9) is replaced by the
condition C(by, ax; @) > d (Note also here that the inequality
is strict) given by

Clbk, arr; 0)=Eg,,,, [CP0+0+ (b, ary; ) bk, ary] >6

(14)
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where CP+0+ (b, ayy; ¢) equals to

k+L-1

Z D(be, bes1)| b Ao, Byt

t=k

E 5)

Z(k+t1)+

However, if one transfers the utility (7) to the constraint, in
other words, when p(-)=¢(-) such a constraint appears to be
problematic. If U(-)=C(-), we can always maximize the utility
and ask if the optimal utility is larger than § (i.e.,i/* > §).In case
that max,, e 4 U(bg, ar1; p) < 6, no feasible action sequence
exists in A. In general, this is the question of what one verifies
first, optimality or feasibility. As we shall further see, in some
cases the order does matter and we can save time by a fast
feasibility check and cancellation of action sequences.

One important operator related to the averaging with
respect to observations is MI. Assume that we can de-
duce (3 from the corresponding observation z. In this
case bi(x;) = P(x¢|he, B1.,). We shed light on this fact in
Section IV-A. Using this assumption, we can write (15)

as Zf:;{rl E | E [d(be, bes1)]|brs Qs By 1.4]-

Zit+1:t Zeg1|be,a,Be41
Assume also that the belief is over the last robot pose and some
static-in-time random term, e.g., map in SLAM or phenomenon
of interest in SD. Let’s call this static-in-time random term Y.
Recall, that in our formulation of SLAM the robot does not reveal
new landmarks in a planning session, so the map is static-in-time
within planning. In SD the map is known and, therefore, is not
part of the state. Suppose a myopic setting and define

E [@(br, bret1)] = MI(Tge1, X5 Zht1 i, Qe

Zk41|bk,ak 4,841

Brs1) = [=h(bet1)]
Zk41|bk k4B 41

+h(P(zg41, X|bks Akt Brr1))
(16)

where the differential entropy of the belief h(b) is given by

h(b) 2 — / b(@) log b(z)de. (17)
We see that (16) is always nonnegative due to MI(-) > 0. In
addition, differential entropy does not have units. At this point,
we arrive to the question of selecting a meaningful §. Thanks
to the strict inequality in (14), we can set 6 = 0 and catch
and discard the action sequences where the observations are
statistically independent from the state. This is highly unlikely,
however, that all the candidate action sequences will be not
feasible. Therefore, such a constraint hardly can serve as a
stopping exploration criterion.

If the robot is fully observable and the belief is solely over the
fixed-in-time-term x as in SD, by defining ¢ as IG in the most
common sense

¢(b, V) =1G(b, V') = —h(V') + h(b) (18)
we obtain a telescopic series in (15) and (15) equals to
E [~h(bk+1) +h(bk)]| =MI(X; Zk+1[bks @kt Brgry4)- (19)

Z(h 1)+ 10k @kt Bkt 1)+

1689

We again observe that to define a meaningful § besides 6 = 0
and stop to explore will be problematic also here.

Let us now consider the belief is over the whole robot trajec-
tory and the fixed-in-time random term . If we utilize (18), we
obtain a telescopic series in (15), which becomes

Ez iy [Fh(0krr) +h(b) bk, art, Brrs1)+]
= MI (Z0:k4 L, X5 Z (k1) + | Ok @t Bt 1) 1)

+h (P(20:k+ 1> X[k @kt Bis1)+) - (20)

Here, with § = 0 the robot can stop to explore if all candidate ac-

tions yield E [h(br+r)+h(by)] < 0. This
2t 1)+ 08,0k + By 1)+

is because of the additional to MI(+) term in (20).

Now, we see the purpose of the strict inequality in (10).
This is to allow the robot to explore only if the cumulative
IG is nonnegative (6 = 0). We continue to debate the matter
of selecting ¢ in Section IV-C.

C. Single Observation Sample Approximation

Another option would be to use a ML episode of observations
k+L-1

2\ r, and check (3700 @(by, ar, 2),big1)) >0, where

the ML observation z%ﬂ‘l is obtained as follows. We start from

a ML state M carg max,,  P(x¢i1[be, ar), and then find
BMcarg maxg,  Pg(Byi|2ylh) (see Appendix A). This, in

turn, results in zM4 € arg maxthP(th\mﬂﬁ,,@M_Ll). The
ML assumption approximates the observations episode likeli-
hood as

P (zgenye b axs) =0 (2asns — 20y ) @D

where §(+) is Dirac delta function. Note that the probability in
(13) can be written as

/ P ({s(bkikrri*) = 6}Hbrs Z(ht1)+> Qht) -
Z(k+1)+

P(2 (k1) 410k, @k )d2 (414 :/

Z(k+1)+

l{s(bk:k+L;~)26}(bk+)

P(2 (kg 1)+ 10k A4 )2 (g 1) 4+ (22)

Plugging (21), this in turn yields the degeneration of the
probability in (13) t0 1{s,.,..,:)=s}(D)isr)- In this case,
the set in (13) is {0 : Lygp,., pyz0) (Dhoprp) = 1—€}, so if
0 < e<1 the set above is {d:6 > s(b}, ;;-)} and sup{d:d <
s(b% . 5} = s(B): .-). We conclude that under the ML
assumption the expected return is equivalent to VaR with any
confidence level € € [0, 1). In fact, this applies for any single
sample approximation. We can conclude that using single sam-
ple approximation prevents the application of distribution aware
operators, such that VaR or conditional VaR (CVaR).

D. Comparison

Now we are back to our distribution aware setting. We can
interpret the difference between expected constraint (15) and
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our probabilistic risk-aware constraint (9) as follows. The con-
ventional constraint is unaware of the distribution of the cumu-
lative values of operator ¢. It decides whether the constraint is
fulfilled or not solely using the expected value. The constraint’s
expected value may fail to represent the underlying distribution
adequately. In contrast, our formulation is distribution aware.
We explicitly regard the distribution of future laces of the beliefs
using parameters € and 6.

In the following sections, we develop a universal theory to
evaluate the sample approximation of our proposed probabilis-
tic inequality (9) adaptively. On top of that, we expedite the
evaluation process even more by extending the simplification
paradigm to our setting, enjoying the substantially improved
celerity versus baseline approaches.

E. Adaptive Belief Tree

In reality to evaluate our probabilistic constraint in (9)
we shall marginalize over observation episodes, leverage that
P(c(bkaktLs @5 6) = bk, ak+, 2(k11)+) = c(bk:k+1; ¢, 0) and
solve

/ C(bk:k+L§¢7 5)P(z(k+1)+|bk7ak+)dz(k+1)+- (23)
Z(k+1)+

The integral in (23) is not accessible in a general setting. One way
to approximately evaluate the (23) is to sample from observation
likelihood P(2 (j41)+|bx, ar+ ). We assume that we have a fixed
budget m of samples of observation laces. Our aim is to use
the fact that we have a particular structure of the probabilistic
condition (23) and to address its evaluation while constructing
the belief tree, thereby saving valuable running time or providing
a more accurate solution.

Imagine a candidate action sequence ay.+r—1. 1o approxi-
mate the utility and the probabilistic constraint (9), an online
algorithm at the root (for each candidate action sequence)
expands upon termination m laces appropriate to the drawn
observations {z} ., }/,. Through the article we label the
laces in the belief tree by the superscript [ [yellow thick lace
in Fig. 1(a) and (b)]. Each lace [ corresponds to a particular
realization of the sequence of the beliefs, return s(bg.x+1.; p) or
constraining return s(bg.x+1; ¢). The sample approximation of
(23) from m laces is

m

et

PO (e(bpurr; 6,0) = by, aky) =

k k:+L7
) (24)
and the outer constraint in (9) becomes
L i 0,0)>1 25)
— c(b — €.
m g k k+L7

We employ an already expanded part of the belief tree with m
laces to bound the expression of the probabilistic constraint (24)
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from each end using the following adaptive lower bound

1 & 1 &
=D ey 6:0) < — Y T elBy1:0.0)  (26)
=1 =1
b
and the upper bound
ub™)
1 m—1m 1
%ZC hik+L5 @ 0) < +— Z (Vs 13 5 0)
1=1
27

where, the algorithm already expanded m < m laces. By adap-
tivity, we mean the expanding lowest number of laces m to
accept or discard the candidate action sequence.

FE. Adaptive Simplified Constraint Evaluation

As introduced in [18], [19], [21], and [25], the simplification
paradigm seeks to ease the computational burden in the decision
making problem, while providing performance guarantees. The
latter is achieved by applying bounds over various quantities in
the decision making problem (e.g., bounds over a reward func-
tion). In this section, we extend this concept to our probabilistic
belief-dependent constrained POMDP setting (9) and (12).

Suppose we have adaptive deterministic bounds over ¢,
i.e., these bounds hold for any realization of the beliefs. Further,
evaluating these bounds is computationally cheaper than the
operator ¢. One example of such bounds can be found in [18]
and [20]. Let us present the main theorem of this section, which
will shed light on how these bounds can be utilized, propagating
their adaptivity further to the adaptive probabilistic constraint
evaluation.

Theorem 1 (Simplification machinery): Imagine a sampled
set of the observations laces {2}, 1.,/ }7 . Assume that VI

9 (blé—i-lv bé) S ¢ (bé-s-h bé) S 5 (bé-l—la blﬂ) .

Let two forms of sampled inner constraint bounds variants be

(28)

c(bi@;w;as,é)él{ (HZL,IM b))>5} (Bhierr) (29
t+4+1,9t

1 k+4-L-1
{e
t=k

for cumulative form (10) and

c (bgc:k%»L;?v 6) £ } (bgc:k%»L) (30)

Q(btﬁ»l ,bt)> >4

k+L

ke 2:6:0) = TT L5002 01) 31)
t=k
k+L

(Ol ¢ (32)

RN 1{@(1;,5)25}([95:)
t=k

for multiplicative (11). Equation (28), in turn, implies that the
following inequalities are satisfied without dependency on the
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() (b)

Fig. 2. (a) Conceptual visualization of our simplification approach
(Section III-F). For clarity we show a myopic setting. Gradient displays the
PDF, i.e., a larger number of samples lands in the area of greater intensity. Using
the bounds, we want to assess whether the fraction of the sampled observation
laces above ¢ is at least 1—e. As we see, we can invalidate the bottom sample ¢
using solely the upper bound ¢. In a similar manner, we can validate the upper
sample ¢ using solely the lower bound ¢. Note that the width of the vertical
strip has no role in this visualization. (b) Simplification approach in this article
delegates the bounds over ¢ to the second layer bounds 162 and ub(®.

form and for any m:

m

ZQ bgckJerd’ 5 SZC bgck+L7¢7 <
=1

=1

NE

c (bfakJrL;&, 5) .

(33)

=1

Importantly, this result holds with strict inequality in (10), (29),
and (30) denoted by the red color and nonstrict.

We provide a detailed proof of Theorem 1 in Appendix B.

Let us now show how to speed up the process of evaluation of
the probabilistic constraint from (9). The key component of the
acceleration is that the adaptivity of the bounds (28) is delegated
to adaptivity of the probabilistic constraint bounds (33). Assume
the bounds from (28) are adaptive, using insights provided by
Theorem 1, we first check if

2

m
1

—Z T > 1—e (34)

If the above relation holds (marked by ?), we declare that the
outer constraint is fulfilled. Else, we probe if

2
m !

1 = (Bl TN
Ezc(bk:mbéﬁﬁ) < 1—e

(35)

If yes, we declare that the outer constraint is violated. In case
we are not able to say anything (both relations do not hold), we
tighten the bounds. In other words, we make the bounds closer to
the actual value of ¢ (e.g., by utilizing more particles [19], [20]
or mixture belief components [25]). We presented a visualization
of our simplification approach in Fig. 2.

Now our goal is to merge the insights gained in Section III-E
with the simplification. Clearly, from (26) and by substituting
m by m in the left-hand side (LHS) of (33) we have that

?

=
1—€¢ <

3

1 1 &
Ezc(kk—o—Lad)é §EZC kikt L3 P
=1

=1

1b(2) JT5EY)

(36)
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Similarly from (27) and right-hand side (RHS) of (33) the
following holds:

ub(M)

—-m

Lo
— 0)
er;C kekL 5 0)

ub(2)

o
m N

Ty= Z by 1 3,0) <1 — €.

(37

By a question mark, we denote the inequalities that shall be
fulfilled online to check whether the outer constraint is met
(36) or violated (37). If we cannot incur the status of the
outer constraint we shall add more laces (adapt the first layer
bounds 1b("), ub™)) or/and tighten the bounds from (28) (adapt
the second layer bound 1b(®, ub(®)). Such an approach permits
adaptive evaluation of the sample approximation of probabilistic
constraint in (9) manifested by (24) before expanding the m
laces of the belief sequences by . After a finite number of
adaptation steps and smaller than or equal to m we guaranteed
to evaluate (25) in the exact way. Specifically, only one of the
inequalities (36) and (37) will be satisfied with some m. We
validate (25) using the lower bound (36) or invalidate it using
the upper bound (37). Using 1™ ub™), we save time that would
be spent on the m — m laces that would be expanded if one
continues to sample the observation episodes (laces) up until
the budget of samples is reached, namely, m laces. In addition,
using 1b®), ub(?), we save time required to calculate the actual
operator ¢ instead of the bounds (28) for the expanded m laces.

G. Adaptation

It occurs that the proposed bounds have riveting properties. To
describe a pair of lower (6™ 1b®)) and a pair of upper bounds
(ub™  ub®)) simultaneously, we omit the superscript. The lower
bound is bounded by zero 0 < 1b from below and the upper
bound is bounded by one ub < 1 from above. When we adapt
the bounds, we add at most a single lace to the appropriate sum.
Therefore, the step of adaptation of the bounds is at most 1/m.
When we expand a single lace m <— m-+1, the lower bound
makes a step if c(bz:k_w; ¢,0) = 1, otherwise, the upper bound
makes a step if c(b}., ;;¢,0) = 0. Alternatively, when we
increase the simplification level, some already expanded laces
possibly switch from 0 to 1 (c(bl,,;., 1 ; ¢, 0) for some 1), con-
tracting the lower bound, and some from 1 to 0 (¢(b},;._ ;; ¢, 6)
for some [), tightening the upper bound.

Importantly, when we expand a single observation lace and
calculate c(bl +1; ¢, 6) we will obtain one with probability at
most P(c(bk:r+1; ¢, ,8) = 1|bk, ax, ). Similarly, we will obtain

€(bl,.po 1 #,6) = 0 at the new expanded lace with probability
atmost P(c(bg.x+1; &, 0) = 0]bg, ar4 ). Both these probabilities
are not accessible.

Further, we have four scenarios illustrated in Fig. 3. By
analyzing these scenarios, we can speculate about anticipated
speedup. In Fig. 3 we show by the red vertical line several
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Fig. 3. Visualization of adaptation from Section III-G. Note, in all scenarios
the value of dashed line is unknown. Red line represents the confidence level
1 — € to be satisfied with probabilistic constraint. (a) Conceptual illustration of
a challenging scenario. To accept such an action the lower bound shall go a long
way. (b) Conceptual illustration of an easy scenario, with a few contractions of
the upper bound, the action is discarded. (c) Another interesting situation, here
the upper bound shall go a long way to discard the action sequence. (d) With a
few shrinkage iterations the lower bound accepts the action sequence.

positions of the outer threshold 1—e from (9). The first scenario,
shown in Fig. 3(a), is challenging. The value of (24) [shown
by green dashed vertical line in Fig. 3(a)] is unavailable to us
before the expansion of the m laces; therefore, no matter how
many iterations we perform, invalidation using the calculated
ub and (37) is not possible before reaching the budget of the
m laces; only validation using 1b and (36) will eventually be
possible. As we observe, many contractions of the Ib would
be required, as we see in Fig. 3(a) up until b becomes larger
than 1—e according to (36). Conversely, if with a large margin
the outer constraint is violated, as we see in Fig. 3(b), we discard
the action sequence with a few tightening iterations using ub
and (37). Note, the P(c(by.+1;¢,0) = 0|k, ar4) is large in
this case. We contemplate a similar behavior in reciprocal cases
[Fig.3(c) and (d)]. To conclude the adaptation can be challenging
in cases described in Fig. 3(a) and (c).

The fact that we have a pair of lower bW, 16y and a pair
of upper bounds (ub(*), ub(®)) raises the question, which bound
from a pair shall we adapt if a pair is inconclusive. When we
cannot incur whether the outer constraint from (25) is fulfilled,
we shall decide to refine the bounds (1b®), ub®®)) or add more
laces of observation episodes (refine 1b("), ub™). Luckily for

IEEE TRANSACTIONS ON ROBOTICS, VOL. 40, 2024

us, these two operations are parallelizable via multithreading.
We simultaneously refine the simplification levels, as in [18] of
the bounds, and add more laces up until the decision is possible.
Note that it will be problematic to parallelize (25) with respect
to m laces. Due to the high dimensionality of the belief it
will require an enormous memory capacity to hold all the m
laces of the beliefs simultaneously. In fact, even taking into
account sparsity aspects in SLAM, the number of variables is
extremely large in real world applications. In the SD problem,
the Information matrix is not anticipated to be sparse due to prior
belief. Let us also mention that m shall be as large as possible
due to the fact that larger m will increase the quality of sample
approximation pictured by (24).

To conclude this section, we proposed a two-layered approach
to ease the computational burden. The first layer expresses
adaptivity in terms of the number of observation laces. The
second layer permits utilization of the adaptive deterministic
bounds on realizations of ¢.

One example of using our technique is to save time in open
loop planning or spend more time on the action sequences which
fulfill the probabilistic constraint. With such an approach, we are
able to cut down on the cost of exhaustively validating candidate
action sequences without any sacrifice in performance. Another
example is the closed loop setting, where we deal with policies.
This is, however, out of the scope of this article.

Thus far, we presented general theory, and now we specifically
address the second formulated problem (12).

H. Maximal Feasible Return

In this section, we develop an adaptive approach to identify an
action sequence and J maximizing (25) for both flavors of the
inner constraint, i.e., cumulative (10) and multiplicative (10).
Yet, in this article we focus on maximizing the cumulative
form, which is motivated by IG along the planning horizon.
Our goal is to solve the sample approximation from m laces of
the formulated problem we named maximal feasible return (12).
Picture in your mind that you guess the § and the step size A.
For clarity we drop the dependence of s on by.; 1. However,
we shall remember that a single realization of s corresponds to
a single lace in the belief tree [Fig. 1(a) and (b)]. Observe the
following pair of relations:

PO (s > blbg, apy) > PO (s > 04 Albg,ary) (38

pim) (s> 6|bp, ars) < p(m) (s >0 — Albg,ary) (39)

where P (s > §|by, ap) = Ly 1555y (s). These re-
lations hold several interesting properties. Suppose, we ful-
fill the probabilistic inequality with §y for a subset of can-
didate action sequences, that is, f’(m)(s > Oolbg, aps) > 1—e€
for {a?, a®} in Fig. 4(a). We shall increase dy to invalidate
more candidate action sequences up until a single candidate
action sequence is left. Before dq is increased to 91, currently
invalidated candidate action sequences can be discarded for
eternity [{a'} in Fig. 4(a)], they will never fulfill the outer
constraint with J2 > Jp due to the never increasing step size
in our approach of alternating increases and decreases of J.
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Fig. 4. Visualization of Algorithm 3. We never increase the step size. There-
fore, as we see, each candidate action sequence in the bottom visualization (c)
is shifted to the left relative to the situation displayed in the top (a). The action
sequence al can be safely discarded in the top illustration (a) (Section III-H).
The middle visualization marked by (b) portray the situation when A; was too
large.

Now, suppose all action sequences violate the probabilistic
inequality with 01, that is, 1—e > P (s > 61|y, aj,.) for all
the candidate action sequences [{a', a?, a®} in Fig. 4(b)]. We
shall decrease the §; (but in a smaller amount) to render more
candidate action sequences feasible. If we will obtain d,, such
that all the candidate action sequences besides the single one
are invalidated, we know that this candidate action sequence
maximizes (13). This happens in Fig. 4(b) with d2. Crucially, all
the evaluations of the probabilities above we do using our adap-
tive simplification from Section III-F before actually expanding
the m laces.

This is the underlying principle of Algorithm 3. See visu-
alization in Fig. 4. As we see in Fig. 4, d5 > dg so f’(m)(s >
8o|bk, ar+) > Is(m)(s > 02|bg, ag+ ). To the step size, we em-
ploy the bisection principle. To rephrase it, we adaptively solve

ay,,0" = arg max max o
{ar+}

s.t. dag4 € A p(m)(c(bk;]H_L;(j), 5) = ].‘bk,ak_;,_)Z].*E

s.t. MM < § < (D) (40)

actually evaluating m laces of observations only in worst case
scenario. The §™" and 6™ shall be supplied externally. Further,
we extensively debate how to set these parameters for informa-
tion gathering tasks. Crucially, in (40) we recognize why we need
nonstrict inequality for § in (13). The candidate action sequences
satisfying the outer constraint with ™** must be accepted. Let us

highlight that 5*%@7”)((,]“ aj,, ), the sample approximation
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Algorithm 1: Optimality Under Probabilistic Constraint (9)
p() = ().

1: Input: A > Set of the action sequences
2: aj, < undef, Z;{(*m) — —o0, S+ {}

3: for each ax, € A do

4: for m(agy)=1:m do

5: Draw observation sequence z,T_H: )

6: Calculate (bt 3 b, 0), o o)

7: if1—e< L3 e(bly p;¢,6) then

8: S+ SUag+ > Accept the ayt
9: break > check the next action seq.
10: elseif L 5" (bl 1;0,0)<1—e—"=" then
11: break > check the next action seq.
12: end if

13 end for

14: end for

15: for each ax4 € S do > S contains all feasible aj
16: expand missing laces and get 2™ (by,, aj; p)

17: if Z;l(’km) < U™ (by, ajy; p) then

18: ap, < a, Z/?(*‘m) — U (b, apys p)

19: end if
20: end for
21: Return aj ,

of (13) for the optimal action sequence ay, , in (12) utilizing (24).
The formulation (40) is generalization of solving the maximal
feasible return problem portrayed by (12) for two forms of inner
constraints (10) and (11).

Note that depending on the scenario, it is possible that for

many candidate actions, but not all, the%ﬁim) (b, ax+ ) is close
to one of the edges of the bounds over 4. If it is a lower bound
dminwe will be able to easily discard a candidate action ay,
(with appropriate € regime) using Algorithm 3 as visualized in
Fig. 3(b). Conversely, if it is the upper bound 6™, it will be
easy to accept a candidate action as in Fig. 3(d).

Before we continue, to algorithms let us emphasize the impor-
tant points. In Appendix C, we discuss sample approximations
used in our proposed algorithms. To remove unnecessary clutter,
we formulate our algorithms for the first level bounds (26)
and (27). However, given the monotonically converging to ¢
bounds as in (28), adjusting the algorithms does not pose a
problem. In addition, the approach described in this section
works also for solving (40) for a multiplicative form of the inner
constraint (10). This, however, is outside the scope of this article,
since in this article we focus on cumulative flavor (11). We are
ready for the next section, where we formulate algorithms to
tackle both of our formulated problems.

1. Algorithms

In this section, we present four algorithms. All the algorithms
receive as input the set of candidate action sequences. For both
our formulated problems, we propose our technique and describe
the baseline.
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Algorithm 2: Optimality of (7) Under Averaged Constraint
(14) (Baseline) p(-) = &(-), U(-) = C(-).
1: procedure PLAN
2 Input: A
3 ayp, < undef, L?E‘m) — —00,
4 for each a4 € A do
5: Expand m laces and get U™ (by, apy; p)
6
7
8
9

if Z/A{(*m) < Z/A{(m) (bk, [0 2 p) then
Aoy = Qheges Ul U™ (by., ary; p)

end if
: end for
10: iU, >0 then
11: Return aj
12: else
13: Return No feasible ay, > max] U by, aps; p)<6
14 endif o

15: end procedure

1) Optimality Under Probabilistic Constraint: For the first
formulated problem (9), we adaptively check the feasibility of
all the action sequences and select the optimal one from the set of
feasible action sequences in Algorithm 1. If the condition in line
7 or 10 is not satisfied, it means that the Algorithm 1 will jump
to the next iteration of the loop in line 4 and expand one more
lace. This is in agreement with the explanation in Section II-
I-F. Sooner or later, for m (a4 ) < m, one of these conditions
will be met and Algorithm 1 will move to the next candidate
action. The competing approach is finding the optimal action
sequence and verifying feasibility afterward, see Algorithm 2.
Since Algorithm 2 uses expectation for constraint as in (15) and
Algorithm 1 uses our probabilistic constraint the selected best
action sequence can differ for two algorithms.

2) Maximal Feasible Return: Here, we propose our adaptive
method described in Section III-H and summarized in Algo-
rithm 3 and evaluate/compare it versus the brute force maxi-

mization of Vaiim) by Algorithm 4. Importantly, Algorithm 3
is formulated for both flavors of the inner constraint, i.e., cu-
mulative (10) and multiplicative (11). Algorithm 3 requires two
parameters Smin and §™M2% The former, 6™, is a requirement.
The latter, 6™**, has to be supplied externally for a particular
operator ¢. In subsequent sections we extensively debate on
how to do that. If no candidate action sequence ay fulfills the
constraint with ™" we declare that no feasible solution exists.
For exploration purposes (in SLAM and SD problems) we only
care to select an optimal candidate action sequence maximizing
(40) and that §* > §™". To save valuable time we will not
engage the optional hibiscus colored part of the Algorithm 3. In
this case the Algorithm 3 selects aj, as in (40), but returned

0 g@m)(bk,ah). Note also that we need to expand a
single lace in line 3 of Algorithm 3 in order to try to verify
the (25) with a new value of ¢ before adding a lace in line 31.

Having introduced the algorithms we shall discuss possible
drawbacks and overhead.

Algorithm 3: Maximal Feasible Return (Bisection method).
Input: A, 6™, ™25 m

—_

2 S A, T4 A, 50 ¢ gmin gmax ¢ gmax 5o (874007
3: Vai4 € A expand a lace and m(ay4 )1 > warm up
4: while true do > cand. action seq. and laces loop
5: for each a; € S do

6: if lADAPTBOUNDS (a4, m(ak4 ), 6) then

7: S+ S \ A+,

8: end if

9: end for

10: if |S| == 1 then

—_
—

store ajy € S increase 0 and adapt bounds for
ap+ up until S C () > Hibiscus color denotes optionary
part. See Section III-12.

12: return ay., 0

13: else if S C () then

14: if § == ™" then

15: return nothing > No feasible solution

16: end if o .

17: O A R R s
——

18: else if § == §™** then -

19: return some ai € 5,9 > All action seq. in S

yield identical maximal possible objective

20: else ~ o N

21: T4, 0min 46,54 S E9= 1§ ¢ 0 =0
——

Some action seq. possibly were discarded for eternitﬁ
22: end if
23: end while
24: procedure ADAPTBOUNDS(action seq: aj4, 1M, 0) >
m(axy) is a global variable.

25: while true do

26: if £ SO (b L5 ¢,6) < 1—e— M= then
27: return false B

28: else if 1 — e < L™ (bl -6, 6) then
29: return true

30: end if

31: m(ak) < m(ap4) + 1, Draw a lace 2 kL
32: Calculate c(b}., 15 9,9)

33: end while

34: end procedure

J. Adaptation Overhead

In Algorithm 3 we shall evaluate the inner constraint and

m(ag)

sumup >, ! (bypt 13 ¢, 0) for multiple values of §. This
necessitates to store S_,F " ¢(bL, bl ), in case of (10), and
{p(bL)}F+E in case of (11), for every expanded I. Accordingly,
the memory consumption is elevated, however, it does not re-
quire much memory, since these are one dimensional values.
Nevertheless, as we believed and verified by the experiments,
this overhead is neglectable compared with the time saved on
skipped laces due to loop closures in SLAM or determinant
calculation of a large matrix in SD, as we will further witness.
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Algorithm 4: Baseline Maximizing @m).

1: Input: A
: az+ < undef, Vzm) — —00
for each a1 € Ado

Expand m laces and approximate V&ﬁim)
if V) < VaR, " then

a};+ — Ak, ]Aj(km) — Vaiim)

end if
end for .
Return a;,_, V(m)

R A A Sl

Furthermore, these additional operations can be easily paral-
lelized via multithreading.

We can, however, encounter a worst-case scenario. Imagine
the € is close to 1 from the left. Many action sequences will
satisfy the probabilistic constraint. In general, we can say that
a more accurate precision of § will be required to differentiate
between the action sequences since the working area is closer
to zero and the interval [0,1—e¢) is shorter. Therefore, more
iterations in Algorithm 3 will be required. Moreover, a pair
of action sequences may be extremely close to each other in

< 5{m) . . .
terms of VaR,_ ’, requiring a tremendous amount of iterations
of the Algorithm 3. To solve this issue, we shall introduce a final
precision.

In addition, adaptation of the bounds (28) can take some toll
in terms of time. This is out of the scope of this article.

K. Limitations and Drawbacks

Besides the drawbacks due to the adaptation and bookkeeping,
our approach requires knowledge of the number of laces to
be expanded m. We can fix that if ¢ = 0 (see [30]). Further,
the second layer bounds b, ub(®) require externally supplied
adaptive bounds for the operator ¢ as in (28).

IV. APPLICATION TO BELIEF SPACE PLANNING

In this section, we apply our suggested theory to informative
planning. We focus on SLAM and SD, two problems with a
high-dimensional state under the umbrella of BSP. We express
the exploration problem with our framework (9) as well as
distributional aware high-dimensional BSP with (12).

A. Belief Structure

Let us delve into the mechanics of maintaining and up-
dating high-dimensional belief on top of a stochastic pro-
cess, sequential decision making. In this work we assume that
the data association is solved. Namely, in general, the belief
P(x|bo, ao.k—1, 21.x) would be (see, e.g., [35] and [36])

P(/Bl:k ‘507 A0:k—1, Z1:1c)
Zglzk P(B1.x/b0s @0:k-1, Z1:%)
41

Z ]P(mk“)Oa A0:k—1, 21:k; lal:k)
Bi:k
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where the summation is over (3;., appropriate to dimension
of the corresponding observation z1.;. The dimension of ob-
servation always conveys the knowledge of number of visible
landmarks resulted to such an observation in SLAM or num-
ber of sensors producing an observation in SD. For example,
suppose the dimension of zj, is 2. We shall only cover 3,, with
two ones in the summation. Moreover, as we will further see the
conditional PDF P(x |bo, ao.k—1, 1.k, B1.5) is not defined well
if 1. and 3., disparate in terms of dimensions and number of
ones reciprocally.

In this work we, however, (as done in many works) assume
that the realization of the corresponding 3 is inferred exactly
from the given observation (emphasized by the red color in the
next equation). This simplifies the belief structure as such
(42)

P(xk|bo, ao:k—1, 21:k) = P(xk|bo, @0:k—1, Z1:k5 B1.1)-

With this insight in mind we define the belief as, by (z;) =
P(xk|bo, a0:k—1, Z1:k, B1.5)- A standard and widely used tool
to maintain a high-dimensional belief in case of (42) is a factor
graph [37]. Its building blocks are the probabilistic motion and
observation models. These models induce probabilistic depen-
dencies over the state variables. The models are the factors that
comprise the factor graph. Below we separately elaborate on
specific aspects of belief structure for each considered problem.
1) Active SLAM: Applying Bayes rule to the belief, we get

k
b (zx) o bo(wo H (PT (zi|wi1,ai1) -

i=1

n(B;)
Po (Bilen 10119) TT P2 (

vi=1

2w, 07 ) (43)

In this article, the stochastic motion and observation models for
SLAM are described by the following dependencies involving
Gaussian-distributed sources of stochasticity

we ~ N(O7 Wt)
Ve ~ N(O, ‘/t)

Ti41 = f(xhat;wt)a (44)

2 = g(a, 07 5 0p), (45)

where W; and V; are covariance matrices. The landmarks con-
figuration model is as in (1) and (2). The prior belief by (z¢)
is assumed to be Gaussian. Similar to many other works [38],
to model the belief as a multivariate Gaussian we omit the
e, Pa(B; |z, {¢/ }JM:(f)) terms and remain with

k n(ﬁ )
b Cﬂk O<bo Io H IEDT $1|Iz 1, @i-1 H ]PZ ’xz,ﬁ 1) .
i=1 v;=1

(46)

Equation (46) can be illustrated as a factor graph [39]. All in all,
the overall belief (46) is modeled as a multivariate Gaussian and
such a representation is exact for linear models since we have a
quadratic function inside the exponent.

2) Sensor Deployment: In the SD problem the overall state
x, is a mix of a robot state xj, and a state of the phenomenon of
interest §. The belief (given 3;.;,) in this case takes the following

Authorized licensed use limited to: Technion Israel Institute of Technology. Downloaded on February 16,2024 at 17:23:42 UTC from IEEE Xplore. Restrictions apply.



1696

form:
by, (@, )ox ( HZ,EE’E) Pz (2" a1, [€1 )P (By|xr)Pz (2| xr)-
/ <(HZ,E";€_5) Py (20" |y, [ ) (47)

Ps(Bi_1lre-1)Pz (25 _1|vr—1)Pr(zk|Tr—1, a8 1)-

(/ .. (/bo(é', J:O)IP’T(:U1|:EO, ao)dxo). .. dxk_2)> dop_q.

Tk-2 Zo

Suppose that individual sensor observation model does not
depend on the robot state. Moreover, typically there is no reason
to assume that the prior of the quantity of interest £ will be
statistically dependent on the initial robot position z¢. In this
case bo (&, zp) = bo(&)bo (o). This fact allows us to decompose
also (47) as by (&, k) = bi(€)br(zk). Both beliefs by (&) and
by (z) are given 3.;. Note that in general, if the belief is as in
(41), such a decomposition does not hold. Equation (47) splits
into two multiplicands by, (€) and by () as follows:

bu(€) o T (TT20 P (21 [67) ) o (€) (48)
be(zr) o Pa(B|zr)Pz (25w )- 49)

J(Pa(Br_1|we-1)Pz (2§ 1 |xr—1)Pr(zk|Tr—1, ar—1)-

Tp-1
(fmk,g' .. fwobo(.’lfQ)PT(J}l‘xo, ao)dxo. .. dxkfg))dl’kfl.

Importantly, the decomposition of by (&, z) into by (&) and
b (zx) and the dependence of each on different observations
from independent models (6) allows us to update the belief
separately for the quantity of interest £ and robot pose . In
this work, the probabilistic models for SD problem adhere to

Tt41 = f(xt, Q] wt) (50)
2t =g(&" ), v~ NO, V) (51
zf = x4 (52)

The noise of observation model (51) remains Gaussian as in
SLAM problem. If, in addition, by () is a Gaussian, this enables
us to use standard well-researched solvers [38] to maintain the
belief displayed by (48).

Further, for clarity of the explanation and in order to focus on
the uncertainty of the quantity of the interest &, we will assume
that the robot state is discrete z; € N2. In due course, the noise
w; in motion model (50) is also discrete. We will describe it
in depth in simulations section. In addition, for simplicity we
assume that the robot state is fully observable (52). This is not
an inherent limitation but only the choice to simplify simula-
tions. Another representation of (52) is Pz (2%|x)2(2% —x).
The sensors configuration model is as in (4) and (5). The initial
robot position is also known, namely, by (2¢) = &(x5 —(). This
fact, alongside the deterministic model for 3 (4) significantly
simplifies (49). Specifically, we have that by () = 6(zf —z).
We model the prior belief for quantity of interest bo(&) as
Gaussian. This fact and the Gaussian noise in (51) yield that (48)
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h(b)

Fig. 5. New Information measure.

has another representation as a Gaussian since after linearization
inside the exponent we have a quadratic function [and this
representation is exact with linear g(-) in (51)]. We will need
this fact in the following section.

B. Information Measures

The forming point of informative planning is an information
measure. We first delve into well-known such measures for
Gaussian beliefs and, then, define our novel information measure
for general beliefs.

1) Gaussian Beliefs: One possibility to define such a mea-
sure is to utilize trace of the covariance matrix of the marginal
belief over the variables of interest. In such a case, commonly
the information is defined (known as minus T-criterion [9]) as
minus arithmetic mean of appropriate eigenvalues

1<n
—g;)\(b)

where d is the dimension of corresponding subset of the variables
of interest. Another possibility is to utilize differential entropy
h(b) given by (17). Differential entropy (17) was widely re-
searched by robotics community [40] in the context of mul-
tivariate Gaussian beliefs and led to the formulation of the
D-optimality criterion being the geometric mean of relevant
eigenvalues of the covariance matrix of the belief (the volume
of d-dimensional parallelepiped proportional to the volume of
a hyperellipse manifested by the covariance matrix). The infor-
mation becomes

(33)

(54)

where d is the dimension of the subset of the variables selected
from the Gaussian belief. Observe that when Information is
defined as in (53) or (54) itholds that I(b) < 0 due to nonnegativ-
ity of eigenvalues of covariance matrices. Whereas differential
entropy (17) is unbounded. As we will further see to define
0™ for Algorithm 3 we will need that Information is bounded
from above. Motivated by this requirement we define a novel
Information measure for general beliefs.

2) General Beliefs: For general beliefs one possibility that is
common in Al community [41], [42] is to define the Information
asI(b) = —h(b). Let usrestate that multivariate Gaussian beliefs
are not genuine limitation of our approach. The true requirement
is upper bound on the Information measure. We can easily
generalize for differential entropies on top of general beliefs by
defining the Information measure as I(b) = —e"(®). This way we
again obtain I(b) < 0. Observe a visualization in Fig. 5. Further,
we assume that I(b) < 0.
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C. Information Gain

Having defined above the Information we are ready to define
IG. Similar to [9], we define the operator ¢ as follows:

B(b, V') £ 1G(b,1).

There are various ways to define the IG over a pair of the
successive beliefs. One option is

(55)

IG(b,0') 2 T (V) —1(b) < —1(b). (56)
~——
<0
Another possibility is to define relative IG as such
') -1
IG(b, V') = I'Y) — 1b) <1. (57)

1) S

Let us elaborate on subsets of variables of interest for the
calculation of (55). In a SLAM problem, since our focus is on
the uncertainty of the environment surrounding the robot, we
select all the landmarks as such a subset alongside the current
robot pose, {x;, {# }jj\i(lk) }. Since we do not add landmarks in
the planning session, the same dimensionality is preserved. With
Gaussian beliefs and (53) and (54) this is not necessary, however.
In the SD problem, we should take the belief over robot pose
and the quantity of interest {x;, £} (complete state). However,
since we assumed perfect observability for the z;, we take {£}.

D. Deciding 8, ™", 5%, and €

In this section, we elucidate the sense of parameters of
our approach separately for two of our problem formulations
(9) and (12). We start from optimality under a probabilistic
constraint (9).

1) Optimality Under a Probabilistic Constraint (Information
Gathering Tasks): This problem formulation requires that the
values of d and ¢ are externally supplied. The e, for example,
can be close to one from the left. In this regime the practitioner
enforces fulfilling the inner constraint with very high probability.
Another case is € very close to zero from the right. In this regime
if there is a small chance of fulfilling the inner constraint, the
robot will take it. For instance, if there is a small chance of
decreasing uncertainty the robot will explore and will not stop.
We now turn to an in-depth explanation of a meaningful ¢ in
Information gathering tasks. For both problems under consid-
eration, SLAM and SD, the one meaningful inner threshold is
0=0 since it is not profitable to continue exploration or deploy
the robot to operate online at all if it actually loses Information
(with probability of at least 1—¢). Then, the robot has already
deployed the candidate actions, with probability of at least 1—e,
leading to negative cumulative IG are redundant. Using our
formulation (9) and (10) with § = 0 the robot can recognize
to stop to explore the terrain (SLAM problem) or stop to deploy
and make the readings from the sensors (SD problem). Recall the
importance of the strict inequality in (10). The cumulative IG
(55) can be nonpositive due to following reason. When the robot
is active, at each time step, it increases the uncertainty due
to a stochastic robot motion and decreases it by obtaining an
observation. Note, however, that perfect robot observability in
the SD problem makes (55) always positive. It will be clearly
seen from the belief update discussed in Section V-C. If we
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use (57) we can set 0 to be the desired fraction of the initial
Information.

2) Maximal Feasible Return: The problem formulation (12)
requires only manually set e. Here, the value 1—e is a confidence
level of VaR for each candidate action sequence a4 . In other
words, the fraction of sampled laces that yield return larger than
VaR shall be at least 1—e. To employ Algorithm 3 we require
to supply minimal (§™") and maximal (§™**) threshold. Let us
unveil how we do that for the cumulative flavor of the inner
constraint (10) and the formulation of the problem of maximal
feasible return (12). In light of the previous discussion, we set
dmin = (). Further, assume for the moment a myopic setting (L =
1). If (55) is in accord with (56), we elicit that the maximal
feasible § is 6™ (b) £ —I(b). This means the uncertainty has
been reduced to zero in the resulting belief. To rephrase that, the
maximal Information has been reached. In this case robot can
cease to operate. Whenever (55) is in accord with (57), gmaxL ]

In practice our approach (Algorithm 3) requires 6™" and 5™
for the whole return s(by.x ;) for any L. With our definition
(56) this is not a problem since we obtain telescopic series. If
one uses (57) or deals with infinite horizons approximated by L
steps ahead, where IG(b, b') = ~I(b')—1(b) [41], [42], 0™ has
to be adjusted accordingly. Alternatively, we can define relative
1G for the terminal belief

IG by, At Z(ks1)4 brrr) =

Having untangled these aspects, we are keen to demonstrate the
superiority of the proposed approach in the following section.

V. SIMULATIONS AND RESULTS

The previous discussion leads us to the actual implementation
and simulations of the proposed in Section III-I methods. It shall
be noted that in this article we simulate only the first layer prob-
abilistic constraint bounds (1b(1)7 ub(l)). Moreover, we address
in simulations only the cumulative form of the inner constraint
(10). To demonstrate the advantages of the approach, we applied
it on two incarnations of BSP. The first problem, we tackle, is
the active SLAM while navigating in unknown environments
to the goal. The simulation of this problem involves a highly
realistic SLAM scenario using the GTSAM library [43]. On
top of GTSAM wrapped for Python we use Julia language. Our
second problem under consideration is SD. We implemented the
simulations for SD purely in Julia language. In both problems
under consideration the belief is multivariate Gaussian and the
Information conforms to (54). Importantly, in our approach
(Algorithms 1 and 3) and the baselines (Algorithms 2 and
4), we use an identical sampling method (see Appendix C).
We also use the same seed per candidate action sequence in
the comparisons with the baselines. This is needed to simulate
identical sampling operations in baselines versus our methods
according to our theory presented in Sections III-E and III-F.
Before we proceed to simulations and results, let us present our
measures of acceleration.
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Fig.6. SLAM problem. (b) Separate, algorithmically selected paths to the goal
on top of (a) PRM. We show the path number on the vertex, which is removed
for finding the subsequent diverse paths. The last’s path number is shown at its
final vertex (the goal). Paths start from the vertex closest to the mean value of
the belief in the end of the preliminary mapping session. (a) PRM. (b) Obtained
diverse paths.

A. Acceleration Measures

The advantage of our proposed methods is acceleration with-
out compromising the solution quality. We calculate the speedup,
that is saved time relative to baseline time, using the following
equation:

tbaseline _ our

(59)

tbasclinc

We also do the same calculation in terms of laces. Namely,
number of skipped laces relative to the number of laces expanded
by the baseline

nlotal _ nexpanded

(60)

ntotal

Note that maximal values of (59) and (60) are 1. This means
that our approach skipped all the laces [n®*P29ed —= () in (60)]
and run in zero time [t°"" = 0 in (59)]. Moreover, the toll due
to adaptation and added operations (added time divided by the
baseline running time) will be the difference of (60) and (59).

B. Active SLAM While Navigating to the Goal

The generation of candidate paths is not the focus of this
article. Therefore, we create candidate paths following a similar
procedure to [44]. First, we employ a well-studied probabilistic
road MAP (PRM) method [45]. Then, on top of PRM, to obtain
diverse shortest paths, we remove a single vertex from the
previous path and utilize breadth-first search on the reduced
PRM. The path generation requires only the boundaries of an
unknown map. In such a way, we obtain |.A| diverse paths to
the goal of various lengths. These paths constitute the space of
action sequences A (Fig. 6b). To avoid confusion, we recite
that any other method for generating candidate paths would
be applicable to evaluate our proposed techniques. We illustrated
the described above in Fig. 6. Let us emphasize that the paths
generation depends on the starting vertex of PRM. For such a
vertex we select the closest in terms of /5 norm vertex to the
mean value of the belief (by) in the beginning of the planning
session.

To keep the examination clear, we do not perform replanning
sessions. Instead, we have a preliminary mapping session with
manually supplied to the robot action sequence of unit length
motion primitives. In the preliminary session, the robot starts
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from by, detects the landmarks, incorporates them into its state,
and obtains the belief by. This belief serves as input to the
planning session. After a single planning session, the robot
follows the chosen best path.

As mentioned in Section IV-A, we assume Gaussian sources
of stochasticity. The robot is described by a 2-D pose (posi-
tion and bearing angle), and the landmark is a 2-D point. Our
motion model (44) is a standard GTSAM odometry factor with
fag, ar;we) = x4 @ ag+w; (Where @ is a pose composition op-
erator) with WW; = ||a||2 - diag(0.015,0.015,0.015). Our actions
are desired pose displacement, such that a; = 2,1 © x;, where
2141 1s a nominal subsequent robot pose and © is the difference
on manifold. Note that we need to multiply the motion model
covariance matrix by the action length since our actions are of
variable length. The observation (45) model is the bearing range
GTSAM factor with V; = diag(0.001,0.001). The boundaries
of our map are [0, 5] x [0, 5].

We utilize the popular incremental solver ISAM2 [38] to
maintain the belief. Noticeably, loop closures impose a com-
putational challenge even with such a sophisticated incremental
solver. Especially, since we need to perform inference for each
posterior node in the constructed belief tree. This fact makes
early eliminating or accepting actions highly important for effi-
cient robot’s operation.

The robot constructs a belief tree of the form presented in
Fig. 1(a) for each candidate path within planning session. With
each promotion of the depth of the belief tree, we reduce the
number of observations at each belief node by factor two, up to
a possible single observation at the lowest levels. Once the max-
imal number of observations of the belief node is expanded, we
maintain a circular slider that selects the subsequent observation
with the following arrival at this belief node. The IG in SLAM
problem is of the form of (56).

1) Optimality Under a Probabilistic Constraint: Following
the previous discussion, we continue with the experiments.
We start from our first problem (9) (optimality under a prob-
abilistic constraint) and study Algorithm 1 versus Algorithm 2.
In Algorithm 2 as opposed to Algorithm 1 we do not have
a mechanism for early action dismissing until we expand
all the observation laces per action sequence. In both Al-
gorithms p(-)=¢(-). We examine a scenario with four land-
marks (Fig. 7). Our prior belief is Gaussain over the robot’s
pose bo~N{ g, Xo) with the parameters o = (5.0, 5.0,0.0)T,
Yo = diag(0.001,0.001,0.001). We show the preliminary map-
ping session with goal at (0.0, 0.0,0.0)” in Fig. 7(a). We elicit
that, as anticipated, the uncertainty over the belief grows until the
robot makes a full square and starts to experience loop closures.
The path number 14 is highly likely to be optimal from an infor-
mation perspective since this path lies closest to the landmarks.
We employ Algorithm 1 with m = 300 laces per path from
Fig. 6(b), § = 0.0 and various values of . We show a rigorous
comparison versus Algorithm 2 with same parameters besides e
in Table I. Our resolution in terms of € is A® = 1/m. Empirically
we found that for € € [0,0.023], without dependency on m
as expected, all the paths were discarded as unfeasible (seven
from 300 laces given path 14 violated the inner constraint).
Meaning, no path is present with the fraction of the sampled laces
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TABLE I
OPTIMALITY UNDER PROBABILISTIC CONSTRAINT
€ § P Z:{(*m) Nediscarded paths time [s] &£ std speedup (59) | laces frac. (60) total laces Nepaths | Neland.
Alg. 2 - 0.0 14 36.98-107° - 1171.21 £ 74.48 0 9000/9000
Alg. 1 | 0.023 | 0.0 | no feasible - 30 77.67+4.01 0.934 0.95 459/9000
Alg. 1 0.3 0.0 14 36.98 -107° 29 489.44 + 26.46 0.58 0.60 3559/9000
Alg. 1 0.5 0.0 14 36.98 - 10~° 29 813.29 + 34.27 0.31 0.37 5685,/9000 30 4
Alg. 1 0.7 0.0 14 36.98 - 10~° 27 974.18 £ 51.14 0.17 0.134 7794,/9000
Alg. 1 0.8 0.0 14 36.98 - 10~° 23 1099.98 + 45.41 0.06 0.029 8738,/9000
Alg. 1 0.9 0.0 14 36.98 - 105 0 1130.77 4+ 56.47 0.03 0.0 9000/9000

Here, we set m=300 observation laces per path. Each quantity was averaged over five trials with the same set of seeds for candidate action sequences. We emphasize with a bold font some of the results

obtained using our approach.

e 9.9

B et I
[ e
1 |

Fig. 7. (a) Robot’s first preliminary mapping session, by transparent gray
circles, we depict landmarks’ visibility radius. The robot starts at the top right
corner and moves toward the bottom left corner making two full squares. As we
can see, the robot passed inside the visibility radius of the landmarks, detected
them and incorporated them to its state. We show covariance ellipses for current
robot poses. The landmarks visibility radius is 0.8. By the dashed line we connect
estimated robot pose with ground truth. (b) Algorithm 2 and Algorithm 1 both
selected path number 14 from Fig. 6(b) as optimal. We recognize that a pair of
landmarks nearest to starting position (5, 5) of preliminary mapping session in
Fig. 7(a) greatly contribute to uncertainty diminishment since the robot twice
made a loopclosure there.

larger than 1—0.023 fulfilling inner constraint. Fore < 0.023 our
probabilistic constraint discards all candidate action sequences,
but expected IG is larger than 0. This means that the expected
IG is positive, whereas not all the laces yield positive IG. Our
formulation is able to catch that. In Fig. 7(b), we display the robot
following the identified best path. Note that with Algorithm 1,
we do not accelerate decision making when we cannot discard
action sequences. We shall note that due to internal GTSAM
multithreading, measuring the time speedup is a challenging
task. To alleviate that we repeat each run in Table I five times
with identical set of seeds for candidate action sequences and
report averaged running time and the speedup obtained from it.
Remarkably, from the bottom line of Table I we observe that
with extremely loose probabilistic constraint (¢ = 0.9) we do
not eliminate any action sequence but the running time is not
larger than the baseline. This fact indicates that the overhead
from adaptation is so small that it was consumed by differences
in running time along the trials. For more experiments with
Algorithm 2, please refer to the Appendix E.

2) Maximal Feasible Return: We continue to our second
problem (maximal feasible return (12)). As explained in Sec-

tion IV-D, we set 0™" = 0 and 0™ (by,)={/T]% »¢(br.). We set
the final precision of Algorithm 3 to §™*(by) - 1075. Let us
increase the number of landmarks to obtain more informative
candidate paths for Information gathering. We show our second

Var"

Fig. 8. (a) Robot second preliminary mapping session, by transparent gray
circles encapsulated in dashed lines we depict landmarks’ visibility radius. As
we can see that robot detected the landmarks and incorporated to its state. The
landmarks visibility radius is 0.8. We also show ellipses of the beliefs over
corresponding to the time robot pose and the final landmarks uncertainty. The
shaded ellipses correspond to one standard deviation. Note that if the ellipse
for the landmark is not shown, this means that the robot has not seen this
landmark, and such a landmark is not a part of the state. (b) Illustration of
the third preliminary mapping session with randomly drawn landmarks. At each
trial we draw randomly the landmarks positions.

preliminary mapping session, with the same parameters as the
previous one, in Fig. 8(a). Here we need many paths with
nonegative IG to examine using Algorithm 3 early acceptance
as well and not only early invalidation as was done in previous
section. With a second preliminary mapping session [Fig. 8(a)],
the starting vertex for path generation did not change. Thus, we

received the candidate paths identical as in Fig. 6(b). Impor-

) . . .
< ™™ are discarded for eternity

(if exist at least single path with Vaiim) > §™in) with the first
arrival of Algorithm 3 to line 7. So, more demanding for the
Algorithm 3 simulation in terms of acceleration would be to

tantly, the paths with Veﬁim

come up with as many candidate paths with Vzﬁim) > gmin a5
possible. Our baseline is Algorithm 4, which calculates VaR in
a straightforward way. We report results in Table II, again using
same set of seeds for candidate action sequences per trial. In
Fig. 9(a) we visualize the execution of the optimal path and in
Fig. 9(b) we display the robot trajectories sampled in planning
session. Both these figures correspond to the configuration of
€ = 0.3 in Table II. In addition, note in Table II that §* returned
with Algorithm 3 is slightly less than one returned with Al-
gorithm 4, except when e=0.5. This is an expected result as
we explained in Section III-I. We did not engage customary
part of Algorithm 3. The fact that when e = 0.3, our approach
(Algorithm 3) returned larger 0* we think is a result of the
accuracy of Julia language library sample approximation of

) used in baseline method (Algorithm 4).

€
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TABLE II
SOLVING MAXIMUM FEASIBLE RETURN PROBLEM (12) FOR SLAM ON ToP OF 30 CANDIDATE PATHS [FIG. 6(b)] WITH SCENARIO PRESENTED IN FIG. 8(A)

)

€ P* o* time [s] & std | speedup (59) | laces frac. (60) | laces evaluations | Nepaths with @Em > §min | Nepaths | Ne landmarks
Alg. 4 0.3 8 | 1.86-107° | 511.03 & 22.52 - 0 1920/1920 91
Alg. 3 | 8 | 1.87-1075 | 349.85+ 7.36 0.32 0.35 1257/1920
Alg. 4 20 | 2.71-1075 | 505.56 4 23.26 - 0 1920/1920
0.5 — 25 30 17
Alg. 3 20 2.65-107° 348.54 £ 7.61 0.31 0.35 1245/1920
Alg. 4 07 11 | 2.83-107° | 476.76 +12.98 - 0 1920/1920 29
Alg. 3 ’ 11 | 2.82-107° | 393.06 + 8.36 0.18 0.18 1565/1920

In this study, the number of observation laces is m=64 per path. We observe that the speedup is approximately as the fraction of expanded laces, as expected since it is a little overhead from the adaptation.
The values of time are averaged over ten trials with same seed. Therefore the laces evaluations in this Table per trial. The speedup is calculated from mean planning time. By the bold font we indicate our

adaptive approach.

TABLE III

ANALYSIS OF THE BEHAVIOR WITH RANDOMLY DRAWN LANDMARKS

Ne paths 30 30 30 30 30
min speedup 0.14 0.092 0.14 0.08 0.019
max speedup 0.57 0.43 0.32 0.22 0.081
mean/accumulated time based speedup 0.35 0.26 0.21 0.14 0.055

mean time [sec] + std Alg. 4

817.79 £+ 132.12

771.59 +119.82

1670.69 £ 260.39

1607.60 + 248.46

1671.69 £ 259.52

mean time [sec] & std Alg. 3

530.47 £ 162.30

574.55 + 130.11

1320.71 £+ 216.86

1382.89 4+ 245.19

1580.00 £ 230.63

accumulated time [sec] Alg. 4 8177.92 7715.88 16706.90 16075.98 16716.86
accumulated time [sec] Alg. 3 5304.69 5745.51 13 207.11 13 828.99 15 800.04
accumulated skipped laces frac. 0.36 0.29 0.23 0.15 0.065

accumulated expanded laces Alg. 3 12 285 13 689 14 800 16 304 17 944
total Ne of laces 19 200 19 200 19 200 19 200 19 200

Netrials 10 10 10 10 10

Ne landmarks 10 10 10 10 10

€ 0.2 0.3 0.5 0.7 0.9

In this study, the number of laces is m=64 per candidate path. Each trial we have randomly drawn ten landmarks in the square [2, 5]%[2, 5]. Here the visibility radius of the landmarks is 0.8. Note that mean

time-based speedup and the accumulated time-based speedup are identical since the difference in running time in two possibilities is only the division by the number of trials.

Fig.9. This figure corresponds to the first row of the Table II, namely, e = 0.3.
(a) Algorithm 4 and Algorithm 3 both selected path number 8 from Fig. 6(b) as
optimal. (b) Here by the thick green line we show the candidate path sequence.
Note that here we show actual candidate path from Fig. 6(b). This path is
converted to candidate action sequence of increments. By the thin lines of various
colors we visualize the robot trajectories in planning session.

We also have an additional simulation with randomly drawing
landmarks. In this simulation each trial has different set of
seeds for candidate actions. For GTSAM stability purposes we
add random landmarks uniformly on the square [2,5] x [2,3].
We also slightly changed the preliminary action sequence
[Fig. 8(b)]. Results are presented in Table III. As we witness
from Tables II and III, we mostly obtain a significant speedup.
Yet, early action elimination appears to be more prominent than
early accept. The reader can find the explanation why this is
happening at the end of Section III-H.

A landmarks oL \\\
B start Ay N\
* goal / \
4t - -
camtiee \ /
’// \\\ N, \\\‘:7/// -
3t :\ —
\ /
5L
1t
/
i
|
\
ok ™ \\\—»—///
1 1 1 1
0 2 4 6
Fig. 10. Visualization of the scenario for verifying that ML observation

assumption can be destructive. Robot starts to plan from by. Each landmark
has prior shown by light green circle and the visibility radius shown by gray
circle with dashed line.

3) Maximum Likelihood Observation: Successively, we
shall verify that m observation laces are needed and we indeed
loose quality of decision making using a single ML observation.
Note that this was already shown by [12]. Toward this end,
we simulate the scenario presented in Fig. 10. The robot does
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TABLE IV
SOLVING MAXIMUM FEASIBLE RETURN PROBLEM (12) FOR SENSOR DEPLOYMENT WITH SCENARIO PRESENTED IN FIG. 13

€ time [s] + std speedup (59) | laces frac. (60) | laces evaluations L m o2 no sensors cells | Necandidate paths
Alg. 4 0.1 1948.55 4+ 259.48 - 0 75000/75000 15 150 0.1 750 20
Alg. 3 1299.77 +100.82 0.33 0.39 45761/75000
Alg. 4 0.3 1146.21 +117.05 - 0 40000/40000 10 200 01 300 20
Alg. 3 951.17 + 43.45 0.17 0.20 32109/40000
Alg. 4 0.7 1350.74 4+ 287.18 - 0 20000/20000 100 | 100 | 1.10-6 0 20
Alg. 3 708.36 - 89.14 0.48 0.57 8685,/20000
Alg. 4 0.9 1199.47 + 216.11 - 0 20000/20000 100 50 1.10-6 0 40
Alg. 3 229.17 + 39.83 0.81 0.86 2842/20000

In this study, the various number of laces per path and scalability with growing number of candidate action sequences are shown. We observe that the speedup is approximately as the fraction of expanded
laces, as expected since it is a little overhead from the adaptation. The values of time are averaged over ten trials with different seeds so that we simulate a new covariance matrix of by, (§) each time. Therefore,
we show accumulated laces evaluations over whole ten trials. The speedup is calculated from mean planning time. We emphasize our approach by the bold font.

Fig. 11.  (a) Execution of the optimal action sequence number 30 selected by
Algorithm 4 with € = 0.5 and m = 728. (b) Execution of the optimal action
sequence number 14 selected by Algorithm 4 with e = 0.5 and ML assumption.

not do any preliminary actions, but each landmark has a prior.
The belief for planning by is prior belief by with parameters
po = (0.0,0.0,0.0)7, %y = diag(0.001,0.001,0.001). The
starting vertex for paths generation was identical as in Fig. 6(b),
so the obtained candidate paths are also as in Fig. 6(b).

We apply Algorithm 4 for planning with € = 0.5 and compare
m = 728 with an ML assumption. As we recognize in Fig. 11(a)
and (b), the two settings result in different optimal paths. With
an ML assumption, Algorithm 4 identified the path number 14

——ml
as the best with VaR, 5 = 0.036, whereas for path number 30

——ml
the objective was VaR, 5 = 0.032. In contrast, using m = 728
observation laces, Algorithm 4 selected the path number 30 as

. ——(728)
the best, with VaR) 5~ = 0.032, whereas for path number 14 the
_— < 5(72
objective was VaR 5

8
- —0.014. We witness that for path 14
the ML observation fails to adequately represent the underlying
distribution.

C. Sensor Deployment

There are up to L sensors that should be scattered in a larger
area. For the sake of simplicity, we discretize the area into an
nxn grid. The robot takes a path of length of L cells. In each cell,
itcan deploy the sensor and make a reading or just make areading
if there is already a sensor there, or do nothing if the sensor
can not be deployed in this cell. We still want to measure the
quantity of interest in this cell leveraging statistical dependence
between the cells. Using linear indices, all random variables of
interest from an nxn field are combined to a random vector of
size N. Our prior belief by (&) has covariance ¥y € RV*V with
N2£n2. For simplicity, we assume that a single sensor at the
robot sighting contributes to the observations. Meaning, 3 has

2 1 - >
o
20 >
1
‘ ‘ 1
135 14 15 15 17 18 19 20 21 22 23 24 25 26 27

(2 (b)

Fig. 12.  (a) Conceptual illustration of our scenario and the transition model
structure for SD problem. In time index ¢ — 1 the robot take an action 1 and
by time ¢, the robot can be in one of the purple cells. The intensity designate
the chance to be there. The red cells are not suitable for deploying the sensors.
(b) Example of candidate paths for SD problem. By red opaque color we mark
cells which are nonsuitable for deploying a sensor. However, we still desire to
measure the quantity of interest in these cells using statistical dependence of the
cells.
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Fig. 13. & € R'600 (a) Covariance of by (&); (b) Zoom in.

single 1 in the cell of the robot’s current location if there is a
sensor in this cell and all the rest zeros. Our observation model is

Pz(z1¢ 8) & Mz 8" - €,0%). (61)

If no sensor is located in a cell, the 3 is all zeros, such a cell
will not produce an observation and the robot will perform next
action. With the observation model (61), the belief update is
exact, as we describe in Appendix D. We implemented the belief
update by ourselves and not used GTSAM library [43]. As we
witness in (70) of Appendix D, the Information (covariance)
matrix does not depend on the actual observation but only
depends on the robot pose, which yielded the corresponding
observation through dependence of the observation model on
3, so that the IG in this case also depends only on the robot
pose. This is happening since our observation model (61) is
linear and noise variance o2 does not depend on the state (£).
In this problem solely for simplicity we utilize the relative
IG and select (58) as a return. Our action space of motion
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primitives consists of nine possible actions A = {a1,...,a9},
such that a' = (1,0)T, a® = (-1,0)T, a® = (0,1)T, a* =
0,-)7, a® = (1,107, a5 = (-1,1)7, a" = (1,-1)T, a® =
(=1,—1)T, and a° = (0,0)T. The agent is fully observable
with the following motion model z;4+; = xy+a;+w;. At the
places far enough from the fringes of the map the w, follows
P(w;) = 3.7_, Pid(w;—a’), where P? can be any probabilities
[see Fig. 12(a)]. Close to the fringes of the map we leave only
allowed actions and renormalize the above PDF accordingly.
One possibility is to take a weight as a value of Gaussian
with covariance matrix >, and the mean p; = 0. We have that
P(w,) = 0, %5(wtfal), where by M(J; p1, X2)
we denote Gaussian distribution evaluated at the point [J. For the
candidate path creation we sample uniformly actions from our
action space [see an example in Fig. 12(b)]. The belief tree in
this problem is as in Fig. 1(b). In Fig. 13, we show the covariance
of the prior belief by (€). We select n = 40, thereby our grid is of
the dimension 40 x40, resultingin € € R'590, We present results
for the maximal feasible return problem (12).

1) Maximal Feasible Return: We set ™" = 0, 6™* = 1 and
compare Algorithm 3 versus Algorithm 4. With perfect robot
observabiltiy in SD the uncertainty can only decrease as we
observe from the belief update (70). Therefore, the IG is always
nonnegative. We present results in Table IV. We observe sub-
stantial speedup in all configurations. The best speedup of 0.81

was obtained with € = 0.9 since many candidate paths yielded

100
Vai((),g - 1.0 due to very low noise in observation model. In

baseline approach Algorithm 4 it is impossible to catch such a
situation. Note that since we simulate a new covariance matrix
each trial, we obtain a different best path and ¢6*. We do not
show these values in Table IV, however, as in SLAM, typically §*
returned by Algorithm 3 is slightly smaller than the one returned
by Algorithm 4. This is a direct result of not engaging customary
part of our approach (Line 11 in Algorithm 3) as explained in
Section III-I-2.

D. Technical Details

We used four computers with the following characteristics:

1) 8 cores Intel(R) Xeon(R) CPU E5-1620 v4 working at
3.50 GHz with 80 GB of RAM,;

2) 8 cores Intel(R) Xeon(R) CPU E5-1620 v4 working at
3.50 GHz with 64 GB of RAM,;

3) 16 cores 11th Gen Intel(R) Core(TM) i19-11900 K working
3.50 GHz with 64 GB of RAM; and

4) 32 hardware threads AMD Ryzen 9 7945HX with 32 GB
of RAM.

VI. CONCLUSION

We presented a novel adaptive technique for two problems,
BSP with probabilistic belief-dependent constraints and BSP
with VaR as an objective. Both problems are relevant in the
context of Information gathering tasks. On top of that, we prov-
ably extended the simplification paradigm of decision making
problems to our setting. Our rigorous theory is summarized
by two novel adaptive algorithms, solving optimality under a

IEEE TRANSACTIONS ON ROBOTICS, VOL. 40, 2024

probabilistic constraint problem and the maximal feasible return
problem where we adaptively maximize VaR. Our algorithms are
guaranteed to return an identical-quality solution in a fraction of
the baseline running time. In addition, our framework provides
a mechanism for stopping exploration, which would happen
either when all candidate action sequences do not satisfy the
constraint (25) in Algorithm 1, or, in the second considered
problem (Algorithm 3), when the upper bound of a maximum
feasible return is achieved (0™*). Extensive simulations show
the superiority of our methods. In the exceptionally challenging
problems of active SLAM and SD, both with a high-dimensional
state, we obtained a typical speedup of 30%. In the SD prob-
lem we obtained maximal speedup of 81% when the noise of
observation model is very small. Our acceleration is entirely
harmless regarding the quality of the decision making. The same
action is always calculated as the corresponding, not accelerated,
approach. Future work includes applying our approach to finding
a maximal feasible multiplicative inner constraint.

APPENDIX A
THEORETICAL OBSERVATION LIKELIHOOD

To express the observation in terms of probabilistic models
available to our disposal we marginalize over the @,

P(z441]be, as, /@t+1)P(ﬂt+l|bt7 a)

= / P(zi41|be, e, Byi, Tig1): (62)
T4l
P(xt41]be, ars Byi1)P(Biia|be, ar)das iy
= / P(z¢411bt, ataﬁtJrlvmt-‘rl)'
T4l
P 41]0s, ae)Pa(Byy1|Tisr)deiy. (63)

All quantities in (63) are available. Such a representation enables
us to draw the observations in look-ahead step ¢ + 1.

APPENDIX B
PROOF OF THEOREM 1 (SIMPLIFICATION MACHINERY)

We first provide the proof for the strict inequality in (10)
and then explain changes that need to be done for the nonstrict
inequality (10) to support our adaptive approach for problem
(12) as stated after (40). Itis sufficient to show that the following
holds for every sample z},_ .,

Q(bgczerrL; ?7 6) S C<b€c:k+L; ¢’ 6) S E(béc:kJrL; 6, 5)

Let us start from the left inequality of (64). We shall prove that
(bl 6, 0)—c(bl oy 13 #,6) < 0. Assume in contradiction
that 3}, . ;. ¢(-), ¢(-), 8, such that

Q(bi‘,:k’-&-L; 97 5) - C(bgczk+L; d)a 5) > 0.

The fact that ¢,c € {0,1} implies that this is equivalent to
c(blpy i 9,6) = Land c(b},., ;; ¢, 6) = 0. For the inner con-
straint of the form (10), this can happen if and only if
(02 0(bh4a,b1) > dand (32 6(0 41, 0))) < 6. We

(64)

(65)
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behold a contradiction to the LHS part of (28), namely, the
contradiction to the fact that ¢(-) < ¢(+).

Subsequently, for the multiplicative flavor (11), inequality
(65) is equivalent to the existence of ¢, such that ¢(b!) < 6 (to
render ¢ = 0). In the same time V¢ it must hold that ¢(b}) > §
(to render ¢ = 1) producing again a contradiction to the LHS
part of (28).

To prove the right inequality of (64), we shall prove that
c(bfﬁk_’_L; o, 5)_5(%:1@-%5 ¢,8)< 0. We can bear out the desired
result by switching the roles of ¢(bl,.;. ¢, 0) to c(bl;. 15 ¢, 8)
and (bl 3 $,0) to E(bl.,, ;. 0) in (65) and arguing in
a similar manner using ¢ and the RHS part of (28). To fix
the proof for the nonstrict inequality as in (13), one needs to
change the inequalities marked by the red color from strict to
nonstrict and vice versa. This concludes the proof. Note that
we also land at an identical result (convergence almost surely)
for theoretical counterparts of following probabilities and not
sample approximations by taking the limits:

. 1 — ) 1 &
Jim = eV 136.0) < lm — > Te(blpyri 6:0)
=1 =1
(66)
lim lic(bl ;$,6) < lim lié(bl :6,0)
m—o00 M, k:k+L>» %> = e kik+L> P> 0)-
=1 =1
(67)
||
APPENDIX C
SAMPLE APPROXIMATIONS

The core of our sample approximations is sequential sam-
pling the observations from P(z¢1|bs, as,3;, ) using previ-
ously sampled 3, ~P(B;|bs, a;). Following the theoretical
derivation presented in Appendix A, we leverage the structure
verified by (63) in the following way.

1) SLAM: First, we sample the last pose and the landmarks
from the corresponding marginal of the belief. Our belief is
Gaussian, thus, we just pull the appropriate portion of the
covariance matrix and the mean value followed by sampling
from (2441, {’ }jﬂi(lk))owP(xHh {69 }]M:(f) b, ar). Afterward,
we sample 3, ; using (2) and draw samples of the observation
lace from the observation model (3).

2) Sensor Deployment: In SD problem we have that

P(l’t+1|bt, Cl,t) = / ]P(l’t+1|$t7 bt7 at)IP’(xt\bt)dxt

Tt

= / PT($t+1|xt, at)S(xt — Zf)dl‘t = PT(J;tH\zf,at).
(68)

Having sampled the state from (68), we can sample 3, ; from
(5) and the observation from (6).

Finally, the sample approximation of I/ and C are denoted by

Z;{(m)

{s(bl.p L)};’;;%ﬁim) is obtained by sample quantile.

and C(m), respectively, and calculated by sample means of
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(@) (b)

Fig. 14.  SLAM problem. (b) Algorithmically selected paths to the goal on top
of denser (a) PRM. We show the path number on the vertex, which is removed
for finding the subsequent diverse path. The last’s path number is shown at its
final vertex (the goal). (a) PRM (b) Obtained diverse paths.

APPENDIX D
SENSOR DEPLOYMENT BELIEF UPDATE

For completeness of this article, in this section, we develop
an exact belief update for SD problem with observation model

- T
asin (61), namely, Pz (2|3 - &) = (-3l 1((5 )'g_z)“g),where

vector 3 has one at the linear index of coordinate of the cell that
resulted in this observation. Now, we need to update the belief
with an action a and the observation z. Without loosing general-
ity, suppose we have Gaussian by,_1(&;,_;) with mean p,_1 and
covariance ;1. Our goal is to update it with observation. We
have that by, (£;.) o< Pz (2|87 - €)bx_1(€x_1). As we explained
in Section IV-A-2, the above expression will be an another
Gaussian with mean £*, which is a unique solution to £* =
arg ming |0~ (B"€ — 2)[3+115; 17 (€ — 1) 13- Rearrang-
ing the terms, the previous equation becomes

&' = argmin A€ — b

(69)

o o.flﬁT o 0.71 z o
where A = (2,1/2>, b= (2,1/2 ) and A has a full col-
k-1 ko1 Mk-1
umn rank with number of rows larger than number of
columns. Solving the least squares problem (69), we have that

¢ = (AT A)~1 Ab and

Ap=ATA =Ny 1+ B0 287 (70)

where Aj, = ¥, ! is the unique Information matrix of the desired
Gaussian. From (70), we see that at each time, we increase the
diagonal value of Aj;_; corresponding to the active sensor.

APPENDIX E
ADDITIONAL SIMULATIONS

In this section, we show additional simulations of Algorithm
2 applied to the problem of active SLAM. The prelimiary robot
mapping section is as in Fig. 7(a).

We first experiment with Algorithm 2 on top of the PRM as in
Fig. 6(a) and paths from Fig. 6(b). From Table V, we infer that,
indeed, the sensitivity to the number of samples is low. Using
only ten observation laces, Algorithm 2 identified path 14 as
optimal. Note that we can not recognize such a behavior before
planning with m = 200 observation laces. The reason for such
good decision making using a tiny amount of the samples of
the observation episodes is that the best candidate path is far in
terms of the objective from other paths. To verify this claim, we
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TABLE V

IN THIS SIMULATION THE § = 0 AND NUMBER OF CANDIDATE PATHS IS 30

P ur m
(m)

24 | 6.55e — 04 5

14 | 4.30e — 04 10

14 | 4.23e — 04 50

14 | 4.16e — 04 | 100

14 | 3.88e —04 | 200

The set of seeds is identical to the
comparison in Table I.

TABLE VI
IN THIS SIMULATION THE § = 0 AND NUMBER OF CANDIDATE PATHS IS 50
* *
P U(m) m
41 4.92e — 04 5
41 3.17e — 04 10
41 9.12e — 05 50
27 7.12e — 05 | 100
21 4.10e — 05 | 200

The set of seeds for the first 30 paths is
identical to the comparison in Table I.

make PRM denser, as shown in Fig 14(a), and find 50 candidate
diverse paths (Fig. 14(b)). We present results in Table VI. As
we see in Table VI, increasing the number of sampled laces m
changes the selected optimal path.
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No Compromise in Solution Quality: Speeding Up
Belief-dependent Continuous POMDPs via Adaptive
Multilevel Simplification

Andrey Zhitnikov', Ori Sztyglic?, and Vadim Indelman?

Abstract

Continuous POMDPs with general belief-dependent rewards are notoriously difficult to solve online. In this paper, we
present a complete provable theory of adaptive multilevel simplification for the setting of a given externally constructed
belief tree and 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 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 simulations a significant speedup in planning compared to baseline approaches

with guaranteed identical performance.
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1 Introduction
FFICIENTLY solving Partially Observable Markov

E Decision Processes (POMDPs) implies enabling
autonomous agents and robots to plan under uncertainty
(Smith and Simmons 2004; Kurniawati et al. 2008; Silver
and Veness 2010; Ye et al. 2017; Sunberg and Kochenderfer
2018; Garg et al. 2019). 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 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
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 Fig. 1) and
corresponding cumulative rewards named return. Solving
POMDP in the most common sense means finding a mapping
from belief to action called policy, which maximizes the
expected return.

Earlier offline solvers such as (Smith and Simmons 2004;
Kurniawati et al. 2008) are applicable to small or moderately

sized discrete POMDP. These methods require 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 (Ye
et al. 2017; Silver and Veness 2010). 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 represented 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 continuous
setting.
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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 b* we denote the
simplified version of the belief b.
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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 abundance 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 Fig. 1.
The number of nodes grows exponentially 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.

However, POMDP planning with belief-dependent
rewards is essential for various problems in robotics and
Artificial Intelligence (AI), such as informative planning
(Hollinger and Sukhatme 2014), active localization (Burgard
et al. 1997), active Simultaneous Localization and Mapping
(SLAM) (Stachniss et al. 2005), Belief Space Planning
(BSP) (Indelman et al. 2015; Van Den Berg et al. 2012;
Platt et al. 2010). The authors of (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 determinant 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 (Kopitkov and Indelman
2017, 2019; Elimelech and Indelman 2022; Kitanov and
Indelman 2024).

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
integrals. This fact also motivates to use a weighted particles
representation for the belief. In this case differential entropy
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 quadratic
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 theoretical 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 converge
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 and
Kochenderfer 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) suggest an
interesting framework for specific form of information
rewards involving manipulations on the action space. Still,
in (Araya et al. 2010; Fehr et al. 2018; Dressel and
Kochenderfer 2017) the state, action and observation spaces
are discrete and small sized. Another line of works is Belief
Space Planning (BSP) (Platt et al. 2010; Van Den Berg
et al. 2012; Indelman et al. 2015). 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 continuous 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
reformulation one can utilize MDP sampling based methods
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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 exploration strategy designed to balance exploration and
exploitation 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 assumption. 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 inapplicable since they simulate each time
a single particle down the tree when expanding it. DESPOT
based algorithms behave similarly (Ye et al. 2017), with the
DESPOT-« as an exception (Garg et al. 2019). DESPOT-«
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 «-vectors
technique requires that the reward is state dependent, and the
reward over the belief is merely expectation over the state
reward. In other words, DESPOT-« 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). The authors of (Sunberg and Kochenderfer 2018)
augmented PFT with Double Progressive Widening (DPW)
to support continuous spaces in terms of actions, states
and observations, and coined the name PFT-DPW. PFT-
DPW utilizes 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, severely impairs
the performance of the algorithm. In other words, celerity
comes at the expense of quality. Oftentimes, the policy
defined by this algorithm is very far from optimal given
a time budget. Fischer and Tas (2020) provides guarantees
solely for the asymptotic case, i.e, 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 performance of IPFT in terms of optimality can

degrade severely compared to PFT-DPW. Moreover, Fischer
and Tas (2020) does 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 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 POMDP planning inspired many research works to
focus on approximations of the problem on top of existing
solvers, e.g., 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 (Hoerger
et al. 2019; Fischer and Tas 2020), or no guarantees at
all. In addition many of these approximations leverage the
assumption that the belief-dependent reward is an averaged
state-dependent reward, 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
appeared in literature (Zhitnikov and Indelman 2022b;
Barenboim and Indelman 2022, 2023; Zhitnikov and
Indelman 2024; Sztyglic and Indelman 2022; Elimelech and
Indelman 2022; Shienman and Indelman 2022; Kitanov and
Indelman 2024; Lev-Yehudi et al. 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 accompanied 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 approximations, 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 (Ye
et al. 2017; Smith and Simmons 2004; Walsh et al.
2010; Kochenderfer et al. 2022), 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
acceleration. 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 invoking 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 corresponding reward are provided and satisfy
the assumptions stated in Section 3.3, one can apply
our framework to speedup 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 essential 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, e.g., 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 objective estimates
to select an action at each arrival to a belief node, we cannot
prune suboptimal candidate actions. Instead, 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
nonparametric 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 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 mul-
tilevel simplification with deterministic performance
guarantees.

2. For the 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 complementary 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
introduce 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
exportation 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 convergent. Moreover, these bounds can be
incrementally tightened. We believe these bounds are
of interest on their own. The bounds are calculated
using the simplified belief (See Fig. 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
significant 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, e.g., 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 extensive 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
objective and commonly used objective estimators. We
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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

<X7A727T7O7p77abo> (l)

where X, A, Z are state, action, and observation spaces,
respectively. In this paper we consider continuous state,
observation and action spaces. T'(z, a,2’) = Pr(a'|z, a) is
the stochastic transition model from the past state x to
the subsequent x’ through action a, O(z,z) = Po(z|x) is
the stochastic observation model, v € (0, 1] is the discount
factor, by is the belief over the initial state (prior), and p is the
reward function. Let hy, = {bg, ag, 21, . .., ax—1, 2 } denote
history of actions and observations obtained by the agent up
to time instance k and the prior belief. The posterior belief at
time instant k is given by b (zy) = P(xg|hg).

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

(1= X)p® (b, ak, bps1)+ 2)
+)‘p1<bka Qs Zk+15 bk+1); 3)

p(bka Ak y k41, bk+1) =

where A > 0. The first reward component p* (b, ak, br11)
is the expectation over the state and action dependent
reward 7(x, ay) or r(a, Zx+1). Correspondingly, these two
possibilities yield

Ny

z 1
P (b ax by)= B [r(wp, ax)]~ n; (v ax), (4)
or
0" (bky ar, by 1) =B [r(ag, 2pq1)]e— ) r(ag, v5,,)-(5)
Tht1~bk41 Ny =1

which is commonly approximated by sample mean using
n, samples of the belief. The second reward component
p!(bg,ak, zp41,brs1) is an information-theoretic reward
weighted by A, which in general can be dependent
on consecutive beliefs and the elements relating them,
e.g. 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 b1, the mentioned estimator utilizes by,
ag, 2p+1 and bgyq1; hence the second reward component,
ol (bg, ax, 2k 11, bri1), depends on these quantities.

The policy is a mapping from belief to action spaces ar =
7k (bg). Let mpy be a shorthand for policy for ¢ — k + L
consecutive steps ahead starting at index ¢, namely 7.1 1,1
for ¢ > k.

2.2 Theoretical Objective

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

= (be, me(be), 2o41), (6)

where V (b, 71,) is defined by

V(bk, 7Tk+) S.t. bz+1

k+L—-1

D

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

V (bk, Tr+)

—MZEI [V (% bk ak, 2i41), Tt 1)+ ) s, T

p(beme(be) e besa)brmes] (7
Zk+1 k+L

= E [p(bg, 7 (br), 2kr1, by 1)k, Th] +
o ®)

The action-value function under arbitrary policy is given by
Q(bkv{akaﬂ'(kJrl)Jr}):iE [0(bk, @ks2t1,b141) | b,k ]+
Zk41

9
+72£1*11 [V (4(brs A, 2k41), T(hr1)+) [k, @k -

The relation between (8) and (9) is V(bg,mpy) =
Q(br, {7k (br), T(ry1)+ })- If 7 is the optimal policy we
denote it by 7*. For clarity, let us designate for action-value
function under optimal future policy Q(bg, {ax, Tlet1)+ Ha
short notation Q(by, ay). If Q(bg, ay) can be calculated, the
online POMDP solution for the current belief by will be

75, (bk) € arg max Q (b, ax). (10)

ag
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

Q) =1 =NQ() +2Q"(),

where Q7 is induced by state dependent rewards and Q' by
the information-theoretic rewards.

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

(11)

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 estimated optimal
value and action-value function reads

V(bk77rz+) :Héax Q(bk,ak). (12)

k

Also in Eq. (10), the theoretical Q(by,ax) is substituted
by the estimator Q)(bg, ay). Naturally, we expect from the
estimator to admit the decomposition

Q(br, ax) = (1 — N)Q% (b, ar) + AQ! (bg,ar).  (13)
Typically the Qz element is easy to calculate, thus it is out
of our focus, whereas Q7 is computationally expensive to
compute.

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

2.3.1 Objective Estimator in Case of a Given Belief Tree
We turn to the setting of a given externally-constructed belief
tree, e.g. 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 straightforward. The
Bellman form representation of (7) using such an estimator
is

V (b, T4 ) =

+7—ZV

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

Z p(bk, T (br), 24y 1, bfypr )+
(14)

(b, e (D), Zhi 1) T (o 1) 1)

1
Q(bkyak Zp bk7a’kvzk+17bk+l)
. (1)
1 ~ i *
+’7n7ZV(¢(bk>akaZk+1)77r(k+1)+)7
Z =1

where n, is the number of children of b, under the execution
policy 7y and ¢ 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 history. The belief
is merely a reinterpretation of the knowledge about the
POMDP state stored in history in the form of a PDF. The
belief by, is a function of the history hyj. Therefore different
histories may yield the same belief. To avoid ambiguity and
relate the objectives 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 by (hy).

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
e.g., (16). This results in a policy tree, that represents a
stochastic policy represented by visitation counts ]\Iif(&“))
Further we will focus on UCB exploration strategy, however
all derivations of our approach are general and are valid for
any exploration strategy, e.g, 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
simulation adds a single belief node to the belief tree or
terminates by terminal state or action. To steer towards more
deeper and more beneficial simulations, MCTS selects an
action a* at each belief node according to the following rule
a* = argmax UCB(ha) where

acA
Q(ha) + ¢ - \/108(N(W)/N (ha),

where N (h) is the visitation count of the belief node defined
by history h, N(ha) is the visitation count of the belief-
action node, c is the exploration parameter and, Q(ha) is
the estimator of the action-value function Q) for node ha
obtained by simulations. The rule described by (16) is a result
of modelling exploration as Multi Armed Bandit (MAB)
problem (Kocsis and Szepesvari 2006; Munos 2014; Auger
et al. 2013). 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 (Sunberg and Kochenderfer 2018; Auger et al.
2013). If a new branch is expanded, an observation 2z’ is
created from state =’ drawn from the belief b propagated with
an action a.

Let the return, corresponding to lace ¢ starting from some
belief b at depth £ — k, be g(bj, ar, 2}, ., ) for £ € [k
k+ L — 1]. More specifically, suppose the new posterior
belief was expanded at depth d of the belief tree such that
d" > (. We have that g(bj, as, 2} 1., ) is composed from
two parts, the already expanded tree part and the rollout
added part such that

UCB(ha) = (16)

g(bfe, ag, Zz+1:k+L):

k+d'—1
p(bys ae, 2541, b%+1)+z ’Yliep( 1 (1) 2010 bn) +
l=0+1
belief tree
a7
k+L—1
+ > A ] b)) 21 bia), (18)
I=k+di
rollout

*,%

where L is the horizon (tree depth), 7 is an optimal tree
policy depending on the number of the simulation ¢ through
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@ and visitation counts in (16) and w 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 4 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

g(béa ae, Zé+1:k+L):
k+L—1 )

p(b27 ag, Zé+17 b;+1>+zlyl_ép( ;7 W;’l(b;), Z;+17 b;+1)'(19)
I=(+1

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

. 1 N (heag) . .
Q(heaz) = m Z g(bzaa€7zé+1:k+L)7 (20)
i=1

where each reward p(b, a, 2, V') in the belief tree appears the
number of times according to the visitation count of the node
b’, namely N (h'). We note that for both estimators (15) and
(20), the formulation in (13) holds.

Now we move to the details of our general approach.

3 Our Approach

This section is the core of our general approach. We first
describe bounds over the theoretical and the estimated
objectives. 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 simplification
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 paramet-
ric and non-parametric beliefs, and to closed-form belief-
dependent rewards (that can be calculated exactly, i.e. ana-
lytically), as well as to estimated rewards. Therefore, in this
paper we do not differentiate between these cases and denote
the belief-dependent reward by p(by, ag, 2¢+1, bet+1), without
using the notation [J for estimators. In other words, depend-
ing on the setting, p() and b, can represent, respectively,
an analytical reward and a parametric 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 performed 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(bg, ag, ze4+1, bet1) calculations. Namely, the origi-
nal reward p is bounded using the simplified belief b° instead
of original belief b. This operation materializes in the form
of following inequality

p(b7, b6, e, 2ot 1, bes1, b q) <

< p(bes ag, zey1,begr) <
< (b7, besag, zev1,beg1, b5, 1),

21

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 Fig. 1.
Notice that in (21) the pair of consecutive beliefs, by and
be+t1, 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 " always has
a single parent b, the reader should think about such a reward
as one corresponding to b'.

A key requirement is reduced computational complexity
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 b'®, as illustrated in
Fig. 1, and then formulate the bounds p® and p° 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 (8)
and action-value function (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, e.g. these are analytical bounds, as
opposed to (Zhitnikov and Indelman 2022b). A direct
consequence of this fact, alongside the structure of (7), is
that

Vibe,iy) < Vibe,miy) < Vibemhy),  (23)

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

Vibe, w3 )=E [ (beim (be), Vi) 4V (b1 i1y )
' 4 24)
Vibe, 3, )<E [ (besry (0e), Vi) # 0 1, iny)|-

The bounds over the value function (8) in (24) are
initialized at the Lth time step in the planning horizon as
V(bk+L, 7rk+L) =0 and K(bk+La 7Tk+L) =0. Similarly the
bounds over the action-value function (9) under an optimal

future policy are

Q(bf7{a£7 7T&+1)+}) SQ(b[a Clg) S@(bEa{aea ﬂ-z‘é-}-l)-}-}) 7(25)

*

where the policy Tlot1)+ 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.



Bounding the Belief Dependent Element of the Reward
At this point, we want to recall that commonly, the state-
dependent element (2) is much easier to calculate than the
belief dependent one. Leveraging the structure manifested
by (11) the immediate bounds over (3) induce bounds over
Q! (-) as such

Q" (b, ar) < Q" (b, ax) < Q' (by, ax), (26)

and utilizing (11) we arrive at
Qb ar) = (1= Q" (b ax) +AQ (bryar) (27
Q(br,ar) = (1= NQ" (bg, ar) + A\Q' (br,ar).  (28)

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

K(bfﬂrﬂ) < V(blfv 7Tz+) < V(bfaﬁ:r) ) (29)
and
Q(bea{ae, 7T&+1)+}) <Q(be, ar) Sé(b&&% 7TE'}4+1)+}) /(30
respectively.

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

ZP by, m*
+7n72 Z§(bé+1ﬂ&+1)+)
ZP (be,m*

1
‘W*ZV (Ot 15741y 4 )
i=1

V(b m5y) = (be), b 1)+

€29

2 bg,ﬂ“_ (be), b/+1)

where, to clarify we repeat that n, is the number of children
of b, under the execution policy 7y and ¢ 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+L77Tk+L) = 0and K(bk+L77Tk+L) =0.

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

(bfv{abﬂ-(é-i-l)-i-} Zp b€7a€abg+1)+

1 Ir(mi *
Eatieey Z V(01 (o 1)4)
=1 (32)
Q(bb{afv (¢+1) +} Zp b57a57b4+1)+
Mz i=1

N

1 Sa .,
Ratieey ZK(%HJ(ZH)Q’
? =1

|

p—

s=1s=2 825. IO

S

P

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

We emphasize that the superscript ¢ in (31) and (32) denotes
the child posterior nodes of by.
The bounds over MCTS estimator (20) are

N (ha)
A 1 —s (70 i
Q(hG)ZWZ(P (0p, ae, bpy1)+
=1
k+di—1 k+L—1 o
A W B0, b ) 4D P 0 (), b))
I=+1 I=k+di
1 N (ha)
k)= 7y 2 (¢ Ghraes Vo) ¢
k+di—1 k+L—-1
+Z Y (b, 7 (6]), by ) +Z’Yl £p° (b, (b)), bz+1))-
1=t+1 I=k+di
(33)

Let us clarify again that in (33) the superscript ¢ 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 Eq.
(27) and (28) is valid for both bounds (32) and (33). We have
that

NQ® (bi, ar) + AQ (b, ax)
NQ” (bg, ar) + AQ' (by, ar.).

Qlbr,ar) = (1 -
Qb a) = (1 —

(34)
(35)

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

— o —I AT
Qb i) = Qbr, at)=A(Q (be, 1) =Q' (brsar) ). (36)

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 eq. (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.
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V (b, 7*)
N - max Q(bg,a) < V(b 7*) < max 5(bg,a)
A Qbs,a) Q(bg, a) ‘;’(b;.w) o = ps
_ ; Qbe,a®) < V (b, 7)< Q(be, a) K(bz,ﬂ*)
b ,a V(be, ) o —
&. : O(be, a?) . Q (b, a®)
Q (be.a") = Q (by,a?)
.................................................................................. (be,a') I
Q (br.a?) ——— Qlbra?) S T
=~ - e — Q Z) —_
, ) Oy ) (b.a?)  QUpa)
Q (be,at) — [ALE _— o X
Q(bpaz) (/2‘]/‘,”:‘ _ :
1 2 3 1 — > 3 Q(bg, a?)
a a a a
@ “ al a2 ad
@ (b) (©

Figure 3. In this illustration we have three candidate actions {a’,

a?, a®} that can possibly be taken by the robot from the belief

node b,.(a) We observe that 5(1% ag) > Q(bz, a3) and prune action a?. (b) After the resimplification no overlap an we can safely

decide that a3 is optimal. Moreover we prune the withered interval corresponding to the a2. (¢) 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.

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
envision it to be an adaptive paradigm. We denote
level of simplification as how “aggressive” the suggested
simplification is. Observe an illustration in Fig. 2.

With this setting, we can naturally define many
discrete levels such that s € {1,2,..., nyax } represents the
simplification level, where 1 and mn,ax 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 ny, ., of simplification levels.

Further, we assume bounds monotonically become
tighter as the simplification level is increased and that
the bounds for the finest simplification level 7 ax
converge to the original reward without simplification. More
formally, denote A’ (b, a,b') 2 5°(b,a, V') — p(b,a,b’) and
A*(bya,b') = p(b,a,b') — p*(b,a,b).

Assumption 1. Monotonicity. Let npax > 2, Vse

(1, ey — 1] we get: A°(bya,b') > A" (ba,t') and
A%(b,a, ') > A (b,a, V).
Assumption 2. Convergence. Vb, a,b/  we get:

P (bya,b') = p*="mex(b, a,b) = p(b, a, V).

In Section 6, we derive novel bounds on top of a particular
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 different
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
resimplificaiton strategy is defined as follows.

Definition 1. Resimplification strategy. Given a pair
of lower V(b mey) (Q(be,{ar, 7y, ),})) and upper

bounds V (bg, 74 ) (Q(be,{ar, T{41)+})) over the estimated
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 resimplification does
not promote the simplification level for any reward, so

Q(bEa{aéa 77&4.1)_:,.}) - Q(bg,{ag,ﬂz‘[+1)+}) =0.

7N0te that, all the rewards within a subtree defined by
Q(be,{ae, WE‘ZHH}),Q(W,{@@,WE"EHH_}) are being at the
maximal simplification level implies Q (b, {ay, Tlo41) -

Q(bg,{ag,ﬂ&Jrl)Jr}) =0, but the inverse implication is
not necessarily true. Once initiated, a valid strategy can
select no reward for simplification level promotion only if

é(b[,{ae, ﬂ—zke+1)+}) - Q(bb{ab ﬂ—EkZJrl)Jr}) =0.

Theorem 1. Monotonicity and Convergence of Estimated
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
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the number of resimplifications and convergent after at most
Nmax - M resimplifications for any resimplification strategy.
Here M is the number of posterior beliefs in (32) or (33) .
Namely, if all the rewards are at the maximal simplifciation
level .y we have to reach

Q()=Q()=Q(). (37)

Similarly for Optimal value function the equality V()=

V()= V() 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 resimplifications if instead of Q( -) 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 observation 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
bg, such that the index j corresponds to the jth candidate
action. We first select a candidate action using the lower
bound (30) over Q(bg, aj) as

71 (b)) =arg max {QUbe(he) af, iy D+ (heal) |,
(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,
”

A it % -t /\
Qe day 7l N+ =

m {a(béa{C‘ZaW&HHD + Cj}

> ax
Je{l... 1\ {7t}

(39)

See a visualization in Fig. 3a.

If the condition displayed by equation (39) is not fulfilled,
as depicted in Fig. 3a, we shall tighten the bounds (30) by
calling a resimplification strategy . Importantly, in case of

Q (he,a®) + c(hga®)

Qo)+ (hy a®)

— 5 (he, aQ) +c(he 112)

Q(}I{.ul)+ C(h[;{ll) I
e on the way down
1 the tree,
— cannot prune,
— can only dismiss
E——

Q (he,d®) +c(hea?)
1
a a? ad

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

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

A it . FEEN - .
Q(bl,{a%,ﬂ'([+1)+})+0] ZQ(blv{a%»W(£+1)+})+C]~ (40)

We illustrated this aspect in Fig. 3b. 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 Fig. 4).

Once no overlap is present (the condition (39) is fulfilled)
we can declare that the selected action is optimal (ﬂ'Z(bg) =

it
aé (bl)). Utilizing the optimal action we can bound the
optimal value function V (b, 7 ) as such

s * sk A it (b *

V (be, {WZ’W(€+1)+ ) £ Q(br, {aé ( Z)v”(€+1)+ )s
¥ * * A it (b *

V(e {7 w1 2 Qo {a) ) wlpinys ) (42)

Let us recite that the bounds (41) and (42) are conditioned
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 by in the belief tree. This
situation is visualized in Fig. 3b.

On the other hand, to identify the optimal immediate
action aj,, we require no overlap between bounds of different
actions only at the root of the belief tree (where the belief is
br). This means that at each belief node by 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,

(41)

V(bé» {77;77&-4-1)-5-}) 2 m}XQ(b@ {ajaﬁzke-s-n-s-})v (43)

Vbe, {7, wley)}) = max Q(be, {a?, wigyny i 1), (44)
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i.e. relaxing the requirement of no overlap between bounds
for different actions at any node b, besides by,. See illustration
of (43) and (44) in Fig. 3c. In turn, eliminating 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
7y (be) is selected. This way we bound the optimal
value function of the descendant to by nodes using an
optimal action according to (41) and (42). We named
this approach Policy Tree (PT).

* The resimplification is commenced solely at the root
by, 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 resimplifica-
tion strategies that are elaborated in the next sections:
Simplification Level (SL) and Gap. We note that
additional valid resimplification strategies exist and can be
plugged-in into the above-proposed general theory.

Simplification level: The resimplification strategy can be
directly tied to the simplification level. In this situation 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.

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
resimplification 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, e.g. PT-SL,
LAZY-Gap and PT-Gap.

The preceding discussion raises the question of how do
we actually incorporate the proposed bounds into online

"]

st (bf-, {aéﬁﬂa‘ﬂﬂ}) a (b/' {GZ‘W&HH})

_gitl

v’ (bé+1'”(*f+l>+>

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° £ s*T1. Note that here the superscripts are relative to b,
as opposed to Fig. 1 and Fig. 6.

decision making. This brings us to the next section. We
first consider a given belief tree and then coupled belief
tree 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, e.g, 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 { T’ }‘j“ill (each
subtree j at the root belief has a single action j), 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 substitute 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 by
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
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sampled actions and the observations, but the approach is
applicable without any limitations to any given belief tree.

4.1

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 leafs.

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
recursively for each of its children belief nodes by we
already calculated the optimal policy 7(, 4 (bes1) and the

Resimplification strategy: PT-SL

corresponding upper and lower bounds Ks (bg+1, WE“L, 1) +)

and Vs(bgﬂ,w& 41y4)- In general, these bounds for each
child sub-policy tree of b, can correspond to different
simplification levels.

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

3" (o {al Zp (beal, b 1)+

Zzl

1 "z TSi . %
‘WTTZV (00415 T(e11)+)

l+1 +}

_ (45)
Q (bg,{az,ﬂ'(“_l)_;'_} ZP btzaagabeﬂ)
1 & ~sf i
+y— ZK ( i+1a77(f+1) ),

as illustrated in Fig. 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 ai € A, and as
mentioned, each belief node by, (one for each obser-
vatlon 2 Jrl) has, in general, its own v51mp11ﬁcat1on level

. In other words, for each b ,, s’ is the simplifica-
tion level that was sufﬁc1ent for calculating the bounds

{V(béﬂ, Tlo1)+)> )% (bzﬂ, (€+1)+)} and the correspond-
ing optimal policy 77(5 1)+ Thus, when addressing belief

node b, in (45), for each belie;f node b@ 41 and its corre-
sponding 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, e.g. coarsest level s = 1. Another
possibility is to set s = s° for corresponding simplification
level of value function bounds of the i-th child belief.

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

ae_%,
Z[}/ \Zl%
7 \A
a% @ af
254 241 Zp41 Zp41

—*,84

3 ~ *,34
v

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 Fig 5.

define

s/ 2 min{ s s T2 sTE ) (46)

—s .
i
s

p Vo (Opg1 ey y)

231(bz+1:7"(*14+1)+)
where {s?=1 =2 ... s=":} represent the (generally
different) simplification levels of optimal value functions
of belief nodes b 41 considered in the expectation
approximation in (45).

We now wish to decide which action ai,T(bZ) €A is
optimal from belief node by; the corresponding optimal
policy would then be 77, = {aj, 7, ;) }, where 7, ),
is the already-calculated optimal policy for belief nodes
{b},1}7=, that a} leads to. See illustration in Fig. 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 action
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 i.e. by = bg. 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).

* Eq. (39) is not satisfied, meaning an overlap is present.
In the presence of overlap we shall prune actions
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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 reward
bounds, and revisit the process to calculate the optimal policy

and the corresponding bounds. For some belief node b, in the

belief tree, consider the bounds 6 | (b, {a?7 Tlo41)4)) and

J . .
Qs (be, {a), WE‘EHH}) from (45) for different actions a;) €
A, that partially overlap and therefore could not be pruned.
Each policy tree corresponding to action aj can generally
have its own simplification level s?. We now iteratively
increase the simplification level by 1. This can be done for
each of the branches, if s7 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 s/ to s/ 4+ 1.
Recall, that at this point, the mentioned bounds
were already calculated, thus their ingredients, in
terms  of  {p°(b,ap,bj, ), p*(be,ap, by, 1)}z, and

—s" st

{v (bfe+1a7f&+1)+)7zb (0441 (o4 1)4 ) }iZ1, involved in
approximating the expectation in (45), are available. Recall
also (46), i.e. each element in {s,s=!, 5?72 ... 57"} is
either equal or larger than s/. 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/ +1 we already have readily available bounds
—s' At .
Vo (b1 g1y )s ¥ (bgyq, Tpyqy,) which are tighter
than those that would be obtained for simplification level
s 4 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, i.e. s* = s7, we now have to adapt the
simplification level of a child tree i to s’ + 1 by calculating

——s'+1 . A8t +1 .
the bounds V' (Biyy ey )V Oy s )-
Here, our key insight is that, instead of calculating these
bounds from scratch, we can re-use calculations between
different simplification levels, in this case, from level st As
the bounds from that level are available, we can identify
only the incremental part that is “missing” to get from
simplification level s’ to s’ + 1, and update the existing

/\Sl

—s?
bounds V' (b§+1,7r2‘£+1)+),z (b};+1,7r&+1)+) to recover
—s'+1 LIS
Ohs 1 o)+ )Y (bpyrs i)y ) 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 increasing
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 assumed the reward
bounds converge monotonically to the original reward for the
finest level s = nyax (See Fig. 2), from Theorem 1, we are
guaranteed to eventually disqualify all sub-optimal branches.
Our described approach is summarized in Algs. 1 and 2.

4.1.1 lllustrative 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

superscripts are global over the belief tree in contrast to
previous section. Consider Fig. 6 and assume the subtrees
to b were solved using simplification levels that hold s* =
st +1,s% < 53, 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 a? 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, i.e. to a finer simplification.

However we do not need to re-simplify subtrees
corresponding to s2, 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 simplification level
st+2.

4.1.2 A Detailed Algorithm Description Let us thoroughly
describe Alg. 1. We are given a belief tree T. First at the line
10 Alg. 1 recursively descend to the leafs. When the line 11 is
hit for the first time the corresponding rewards are set to the
initial 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 the 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
the Algorithm 1 calls routine ResimplifyTree to initiate
resimplification for selected subtree corresponding to action
a’. 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 previous section
assure that no overlap is present (Fig. 3b) at each non-
leaf posterior belief and we know the optimal 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
resimplifcation strategy. In a LAZY variant, the overlap is
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Algorithm 1 Simplified Information Theoretic Belief Space
Planning (SITH-BSP)

1: procedure SOLVEBELIEFTREE(belief-tree: T)
2 if T is a leaf then

3 /ICorresponds to a single belief node.

4 return 0, 0

5: end if
6
7
8
9

for all subtrees T/ € {T/ }L’i‘l do /I Actions
//Observations

for all subtrees T/ € {T7%}", do

//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 _
g —s?
13: Calculate Qé ,@Q according to (45)

14 end for
15: PRUNE({Q 0 }‘A' /I Alg. 2
16: while not all subtrees T/ € {T/ }‘j’i' but 1 pruned do

17: Find minimal simplification level s,;, between
] 75
all Q ,Q corresponding to not pruned T’
18: /I Can be more than single subtree
19: select subtree s/ == s,
20: RESIMPLIFYTREE(W)
21: PrUNE({Q”, Q) }'A‘ /I Alg. 2
22: end while
23: return optimal action branch that left a¢* and
i —s’
Q,Q
24: end procedure
25: procedure RESIMPLIFY TREE(TY)
26:  for all subtrees T* € {T7*}"2, do
27: RESIMPLIFYREWARD(TY, b, a’, b")  // Alg. 3
28: if b’ has children then
29: // 5% is a simplification level of corresponding
optimal value function (policy tree)
30: if s* < Spnin then
31: /I Alg. 4
32: RESIMPLIFY SUBTREE(T??, b, b?)
33: st st +1
34: end if
35: end if
36: end for
37: st 7 +1

38: end procedure

checked solely at the root by 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 by, 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.

Algorithm 2 Pruning of trees

1: procedure PRUNE
2 Input: (belief-tree root, b; bounds of root’s children,

~7 =J
{QJ, Q i) /I n, is the number of child branches
(candidate actions) going out of b.

p Ain

3: Q <+ m]aX{Q } i

4: forj€1:n, do
3 —J

5 ifQ > (@ then

6: prune child j from the belief tree

7: end if

8 end for

9: end procedure

Algorithm 3 ResimplifyReward

1: procedure RESIMPLIFYREWAD(T?, b, a, b’)
2 Obtain corresponding to the TV bounds V, V.
3: V — V 7bab )
VeVv-—
: Advance level of simplification of b’
6 Vo V4 2lat)
(bab')
8: end procedure

(bab')

Algorithm 4 ResimplifySubtree

1: procedure RESIMPLIFYSUBTREE(TJ 1 bhY)

. V(b )
2: V(b) + V(b) o
K(b) — K(b) — 7%
4: RESIMPLIFYT@E(TJ'J)
s Ve V) +20
6 Ve Vo) +yED

7: end procedure

« In the presence of an overlap at the root by (Eq. (39)
is not satisfied), we shall prune actions according
to (40) and Alg. 2 and commence a resimplification
routine for the non pruned 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

2 Q(ha) — Q(ha).
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 towards 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.

G(ha) (47)
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Algorithm § Lazy Simplified Information Theoretic Belief
Space Planning (LAZY-BSP)

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

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 T/ € {T7 }lj“i‘l do

12: for all subtrees T7* € {T%}"=, do

13: V'),V (V) BOUNDOPTIMALVALUE(D,
T+

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

172 end for B

18: V(b) « mjaX{Qj}
19: E(b) — mjax{aj}

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

4.2.1 A Detailed Algorithm Description This approach is
summarized in Alg. 5 When we apply this resimplification
strategy, we first use the lowest simplification level for each
pair of consecutive beliefs in the given belief tree. In other
words, the 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 BoundOptimalValue. In the procedure
ActionSelection we increase the simplification level
of the reward bounds in the given tree until there is no
overlap at the root, as in Fig. 3b. 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 select 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 (MCTS) methods based on an exploration

1: procedure ACTIONSELECTION(belief: b, horizon: L)
2 PruNe({Q’,Q }‘A' I Alg. 2
3: at arg max Q(b {a, ﬂz‘k+1+)})

4: a <+ argmax Q(b,{a, )

aGg.A\aT Q( { (k+1+)}

R +

5 A (Q(b {a‘ 7T(k—i—l—i— }) _Q(bv {aT,Wz(k+1+)})>
6: while A > 0 do
7: a* < LAZYRESIMPLIFY(b, L)
8 end while
9: return a*
10: end procedure
11: procedure LAZYRESIMPLIFY (belief: b(h), depth: d)
12: if b is leaf then
13: return 0,0
14: end if o

15: a+argmax Q(b, {a, Tlht1)) — Q(b {a, 7010}

acC(h)
/I Gap as in (47)
16: if d == 1 then

17: b « argmax p°(bab’) — p*(bad’)
b eC(ha) -
18: else _ R
19: b« argmax V(b)) —V (V)
b €C(ha)
20: end if
21: RESIMPLIFYREWARD(’H‘ b, a,b) /I Alg. 3
22: (b {a, 77<k+1+ } Q(b {a,n k+1+)} 7V(b’)
23 b {a, 7T(1¢+1+ I Q(b {a, 714} — W (V)

Q.

24; Z(b) V (V') + LAZYRESIMPLIFY(Y ,d — 1)

25: C?(b {a, 7T(k+1+}(—Q(b {a, 7Tk+1+)}+’be)

26: Qb {a, 77<k+1+ b« Q(b {a,m k+1+)} + AV (V)
K(b) — maX{Q(b {CL T‘—(k+1+)}}

28: V(b) max{Q (0, {a, 7y 114}

29: return V (b), V(b)
30: end procedure

27:

strategy, e.g. 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.

Common exploration strategies conform to the structure
presented in (38). Without loosing generality we focus on
the most advanced, to our knowledge, exploration strategy,
named UCB and portrayed by (16).
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Figure 7. lllustration 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.

5.1 UCB bounds

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

UCB(ha) 2 Q(ha) + ¢-\/10sN()/N(ha),  (48)
UCB(ha) 2 Q(ha) + c-\/10s(N(W)/N(ha).  (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

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.

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 described in
section 3.4. Further we restate the action selection procedure
described in section 3.4 with particular action dependent
constant from eq. (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 g, 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 = arg max UCB(ha).
acC(h)

(50)

IfVa # @, UCB(ha) > UCB(ha), there is no overlap (Fig. 7
(¢)) and we can declare that a is identical to a*, i.e., 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) (Fig. 7 (a)). Our next step is to
tighten the bounds by resimplification (Fig. 7 (b)) until
there is no overlap using the valid resimplification strategy
according to Definition 1.
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Algorithm 7 SITH-PFT

Algorithm 8 Action Selection for SITH-PFT

1: procedure PLAN(belief: b)

2 for i; € 1 : n or timeout do

3 h<+0

4: SIMULATE(D, dyax, h)

5 end for

6 return ACTIONSELECTION(b, h)
nullified exploration constant ¢

end procedure

8: procedure SIMULATE(belief: b, depth: d, history: h)
9: if d =0 then

// called with

>

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('m,) (bao)

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 «+ 7°,p° + v ROLLOUT(V, hao, d — 1)

19: else ;

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

21 L,U «+ 7°, p° + v SIMULATE(Y, hao, d — 1)

2:  endif a

23: if deepest resimplification depth < d then 1
accounting for updated deeper in the tree bounds. See
section 5.3 .

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

25:  endif B

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

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

28 Q(ha)  Q(ha) + U3
A A L-Q(h

2 Q(ha) « Q(ha) + L)

30: return L, U

31: end procedure

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
Algorithm 7. Therefore, if the UCB bounds do still overlap,
we cannot assure that the same acton 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) incorporates the adaptive simplification into PFT-
DPW. We adhere to the conventional notations as in Sunberg
and Kochenderfer (2018) and denote by Gpg()(bao) a
generative 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

1: procedure ACTIONSELECTION(b, h)

2: if |C(h)| < ko N(h)% then // action Prog.
Widening

3 a < NEXTACTION(h)

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

5: end if

6: while true do

7 Status, a < SELECTBEST(b, h)

8 if Status then

9: break

10: else

11: for all ¥, 0 € C(ha) do

12: RESIMPLIFY (V' , 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(D, 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

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
indexed by the history h with concatenated action a. Line
13 in Alg. 7 is the DPW technique from Sunberg and
Kochenderfer (2018) with parameters k, and «,. The N(-)
is the visitation count of belief or belief action nodes.
In MCTS, the () estimate is assembled by averaging
the laces of the returns over simulations see Eq. 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), Q(ha). Suppose the algorithm selects it for bounds

narrowing, as described in section 5.2 and Alg. 8 line 7.
All tree nodes of which ha is an ancestor, contribute their
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immediate p°, p° bounds to a(ha), Q(ha) computation.

Thus, to tighten Q(ha), Q(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). Secondly, It refines the
belief node p, p according to the specific resimplification
strategy (Alg. 9 lines 3,4,12,18). Thirdly, it reconstructs

Q(ha), Q(ha) once all the child belief nodes of ha have
returned from the resimplification routine (Alg. 9 line 11)
as we thoroughly explain in the next section. Fourthly,
it engages the rollout resimplification routine according
to the specific resimplification strategy (Alg. 9 lines 4,
13). Upon completion of this resimplification call initiated
at ha, we obtain tighter immediate bounds of some of
ha descendant belief nodes (including rollouts nodes).

Accordingly, appropriate descendant of ha belief-action

nodes bounds (Q, Q) shall be updated.

Many resimplification strategies are possible, below we
present our approach. In Section 4.2 we presented a
resimplicifation 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
resimplification strategy and further show that this strategy
is valid according to Definition 1. When some sibling belief
action nodes have overlapping bounds (Fig. 3a, Fig. 7),
we strive to avoid tightening them all at once since fewer
resimplifications lead to greater acceleration (speedup).
Thus, we choose a single ha-node that causes the largest
“gap”, denoted by G, between its bounds (see Alg. 8 lines
24-30), where G is defined by (47). 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 ha.
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 d’ within the subtree starting from a
belief action node indexed by ha at depth d when

’Yd_d/'(ﬁs_ﬁs) > %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 ha 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

Algorithm 9 Resimplification

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

3 REFINEBOUNDS(b)

4: RESIMPLIFYROLLOUT(b, h)
5 return

6 end if

7. a <+ argmax{N(ha) - (Q(ha) — Q(ha))}

for allv’,0 € C(ha) do

8:
9: RESIMPLIFY (Y, hao)
10: end for

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

122 REFINEBOUNDS(b)

13: RESIMPLIFYROLLOUT(b, h)

14: return

15: end procedure

16: procedure RESIMPLIFYROLLOUT(b, h)

17: protlout «_ find weakest link in rollout

18: REFINEBOUNDS(b™!lut)

19: end procedure

20: procedure REFINEBOUNDS(b)

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

22: end procedure

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 dy,.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 4,13). 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 simplification level while
maintaining belieftree consistency.

If the action selection procedure triggers resimplification,
it modifies the bounds through the tree. Since the
resimplification works recursively, it reconstructs the belief-
action node bounds coming back from the recursion
(Alg. 9 line 11). Similarly, the action dismissal procedure

reconstructs Q 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 6 and Q 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 hao. We then query all belief-action nodes
that are children to the hao, i.e. haoa'. The possibly modified

immediate bounds p and p are taken from hao nodes and

the 6(), Q() bounds are taken from the haoa’ nodes.
Importantly, each of the bounds is weighted according to the
proper visitation count.
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5.5 GGuarantees

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, .. 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 Nyax - 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,
ba {w 2"} (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:

bi = (m}€7w}€)|z €A C{1,2,...,n.},|A}| = ni}, (54)

where Aj is the set of particle indices comprising the
simplified belief bj, for time .

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

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

H(b(an)) 2 — / b(zx) - log (blax)) de,

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, e.g., 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

H(bk, ar, zk41, bir1) 2 log | Po 2k |o)y)wh
=1

(55)

Ng Ny
_Zwlzf-&-l'log ]P)O(Zk-‘rl“r§c+l)ZPT(xZ—k”x?@aak)wi .

i=1 j=1

One can observe this method requires access to sam-
ples representing both b, and bgy1; thus, this corre-
sponds to an information-theoretic reward of the form
p!(bg,a, zx11,bry1). Note that as explained in Section 3
such a reward is tied to by 1.

For the sake of clarity and to remove unnecessary clutter
we apply an identical simplification described by (54) to
both beliefs b, and by4;. The simplification indices for
both beliefs are defined by A7, ,. 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 also participating in
0 (byt1, @1, Zht2, biro). In this reward, the simplification
indices for by will according to A, (and not according
to A7 1)

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

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

L(bg, ak, zps1, bug1; Ay, Aj ) <
< —H(bg, ak, 2ks1,brt1) <

< u(by, @k, Zr41, bet1; AL, Ay ),

(56)



Figure 8. Schematic visualization of calculations reuse
principle in bounds. We select columns using indexes from set

% and rows by Aj7 , ;. We marked by olive color resulting
constituents of the bounds.

where

us —log [Z Po (241|241 )w) | + (57)

i=1

+) " wiyy - log [m-Po(zkilzh )] +

z'QA‘;_H

Ny
) wiyyog |Po(zes i)Y | Pr(@) |2, ax)w],

1€EAZ

e -tog | Potecoh

i=1

Jj=1

+ (58)

Ny
+ Z Wi y1-log | Po (k41 ‘55%-1-1)2 Pr(@h 1]y, ar)wy,
i=1 JEAS

and where superscript s is the discrete level of simplifica-
tion s € {1,2,... , Npax}, m = max Pr(2'|z,a) and Aj,
x

z,a

Az {12, )

See proof in Appendix 11.6. Theorem 4 accommodates
different sets Aj # Ay, ;. These sets denote sets of particle
indices from b, and byyq 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 A7, Aj, 41 have the same simplification level, as
well as the number of levels. Yet, the number of particles at
each level can vary between Aj, and A} ;. 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
Egs. (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 convergence
of the bounds and reuse of calculations.

6.2.1 Computational complexity Eqs. (57) and (58)
suggest that the bounds are cheaper to calculate than H
from (55), with complexity of O(n? - n,) instead of O(n2),
where nj £ |A;| = |A;, | 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. Monotonicity and convergence. The bounds
from (56) are monotonic (Assumption 1) and convergent
(Assumption 2) to (55).

See proof in 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 tight-
ened 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 b5*!. For
bounds calculation, we store the highlighted elements of the
matrix in Fig. 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.

We provide the theoretical time complexity analysis using
the specific bounds (from Section 6.1) in Appendix 11.8.
Now we are keen to present our simulations.

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 the 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 approach 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 approach is invaluable,
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as for example, in the problem described in Section 8.1.3
and investigated in Section 8.3.5. Importantly, 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
3.50GHz.

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
considering 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 b’ is

plb,a, 2 V) = —(1=NE [r(x’)} “AH(b,a, 2, V). (59)

8.1.1 Continuous Light Dark Our first problem is 2D
continuous Light-Dark problem. The robot starts at some
unknown point zg € 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) = —||lz — 2&°¥||3. The initial belief is by = N (po, I -
00), where we select xy = i for actual robot initial state.
The motion and observation models are

PT(Z’/‘LE,CL):N(I—FQ,I'O'T), (60)

and
O =Po(z|lz) = N(z—2b,I-00 - max{d(z), dmin}), (61)

respectively, where d(x) is the £? distance from robot’s state
x to the nearest beacon with known location denoted by b,
and d;y, 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) = — ||z —
%22 The motion model of the target and the agent
follows

IP’T(-\x, a) _ N(xagent+ aagent7 ET) .N(xtarget_’_ alarget7 ET)7

where by = we denote the concatenated {z*€" z'*¢'}, 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(-foi {a"}io1) = N (@, o (a™ {a7},-1):

_N(magem _ xtargel, Eo(xagent’ xtarget))’

where Yo (x%; {z%7},_1) conforms to the observation
model covariance described in Section 8.1.1 and

Yo (xagent7 xtarget) _

{O.%I”xagent _ wtargetH% if Hxagent _ xtarget||2 Z dmin

021, else

(62)

Before the planning experiments we study of the entropy
estimators and the bounds presented in Theorem 4.

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
—_——
p(b,a, 2’ b)) = —H(b,a,2', V') +

, (63)
+8(2 . l{P({m/GX:‘afev’}\b’)Zzs} (b ) — ].) .

safety reward

Such a safety reward divides the candidate actions into two
sets, the safe set and the unsafe. If the safety parameter 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 differential 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 analytical
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
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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 illustrate the evolution of the belief over time. The green ellipses represent the parametric Gaussian
belief covariances obtained from update by Kalman filter. The canvas color here is 0o = or = 0.075 as in equations (60) and (61)

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

Theorem 4. The second is KDE approximation as done by
Fischer and Tas (2020). The third is the naive calculation
of discrete entropy over the the particles weights: ?:L(b) =
-2 w’ - logw®. 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 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
(Fig. 9a) fifteen 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 ten times 1 and again
five times to the right — (Fig. 9b).

The prior belief in this setting follows a Gaussian distribu-
tion bg = N ((88) , (?)8 gg) ), the motion and obser-
vation models parameters are oo = op = 0.075, dpin =
0.0001. The number of unsimplified belief weighted particles
is n, = 300. For creating initial weighted particles we use
the following proposal

¢g=025-N ((?:8) ’ (3:8 8:2)) *
HmaN(G£)<$;3®>+

+025-A/<<Iﬁf)»<ag 82»_+
oz (). (3 55))

The initial weights are the ratio w(z) = b;(%) .

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 provided
in Figs. 10 and 11, respectively. For both scenarios we
observe that the bounds become tighter as the number of
particles of simplified belief n} increases. We also witness
that all estimators vary but the overall trend is similar, putting
aside the discrete entropy over the weights. The discrete
entropy over the weights fails to adequately 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 build by SS
(Kearns et al. 2002) such that the given belief tree is obtained
when the algorithm descends to the leafs. 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.

The following speedup is based on the final number of
simplified beliefs particles required for planning

2 s i
Zi (”m - nm”zx)
2
> L

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. Eq. (64) measures
relative speedup without time spent on resimplifications.
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; ,

- 100, (64)
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Figure 10. Bounds convergence for our first scenario n, = 300
(a) n; = 30 particles (b) n; = 150 particles (c) n; = 270
particles.

used for the simplified reward for each belief node 7, sum
over all the nodes of the belief trees (given or constructed on
the fly) from planning 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 not depending on the belief (n; , = n,) we
can further simplify the (64) to

> (nr - nf,z)

- 100.
>N

(65)
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Figure 11. Bounds convergence for our second scenario
n, = 300 (a) ni = 30 (b) n; = 150 particles (c) n; = 270
particles.

To calculate planning time speedup we use the following
metric

tbaseline - tour

- 100. (66)

tbasclinc

If the quantities (64) and (66) are identical we can conclude
that there will be no overhead from resimplifications and
adapting the bounds. Note also that in the first place it is
not clear how many particles n, 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
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Figure 12. Exemplary 2D Light Dark problem planning
scenario. Here we present the first trial of configuration A = 0.5
of Table 1.

by weighted particles will converge to the corresponding
theoretical belief.

To thoroughly study the acceleration yielded by our
simplification paradigm we calculate total speedup over a
number of the consecutive planning sessions in terms of
particles in accordance to (64) and in terms of time in
accordance to (66).

8.3.2 Results for 2D Continuous Light-Dark in the Setting
of a Given Belief Tree We start from the problem described
in Section 8.1.1. Our action space is constituted by motion
primitives of unit length A = {—, 1, <, 4, \J}-
In this problem the selected parameters are or = 0o =
0.1, dpin = 0.0001, v = 0.95. We simulate 15 trials of
20 consecutive alternating planning and action execution
sessions. Fig. 12 shows an exemplary trial of 20 executions
of the best action identified by the robot.

We investigate the influence of the parameter A on speedup
in Table | and the impact of changing the number of
particles in Table 2. In both tables we see the particles
speedup (column 4) and the time speedup (column 5). As
expected with increasing values of A (column 3) the speedup
diminishes. LAZY-BSP (Alg. 5) produces larger speedup
in terms of particles (column 4) and time (column 5) than
SITH-BSP (Alg. 1). All three algorithms always selected the
same optimal action. We observe that the return is always
identical (column 9). Significant time speedup is obtained in
the range of 35% — 70% for LAZY-BSP depending on the
values of \. For the SITH-BSP we see less time speedup
ranging from 65% to 10% with increasing A.

In all tables the number of motion and observation model
calls does not include belief update calls but only the calls for
reward or bounds calculation. The number of accesses to the
observation model is always the same for all three algorithms
(column 8). This agrees with the structure of the bounds (57)
and (58). For the baseline SS, up to rounding errors, the
number of motion model accesses, as we anticipated, is the
squared number of unsimplified belief particles multiplied
by number belief nodes in the tree minus one for root belief,
multiplied by number of planning sessions (column 7 in the
tables). This is in agreement with (55). Also, for all three
algorithms the number of accesses to the observation model
was the number of particles of unsimplified belief minus one

for root belief, multiplied by the number of belief nodes in
the tree, multiplied by the number of planning sessions.

We see that, while having larger particle speedup (column
3), LAZY-BSP makes more resimplification calls (column 6)
than SITH-BSP. Observing the histograms of simplification
levels in Fig. 13, we understand that LAZY variant of
resimplification strategy leads to lower simplification levels
of the rewards at the deepest level of a given belief tree.
This was expected since the rewards at the upper levels of
the belief tree participate in more laces and therefore their
simplification level is promoted more times (See Alg. 5).
In addition at the lowest levels reside more beliefs and
corresponding rewards. This fact is corroborated by Table 3
where we witness that LAZY-BSP yields more 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 = {—
TG 505 N\ Null}, where action Null means that
agent doesn’t take any action. In this problem we selected the
parameters to be dy,;, = 0.0001, X7 = I - op where op =
0.1and op = 0.1, v = 0.95.

We simulate 15 trials of 15 consecutive alternating
planning sessions and the executions by the robot of the
selected optimal action. Fig. 14 shows an exemplary trial. We
show the agent particles in Fig. 14a and the target particles in
Fig. 14b. 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 \; 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 Fig. 15, which is associated with Table 6, we observe
that to select an optimal action LAZY-BSP 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 \. For the SITH-BSP we see
less time speedup ranging from 60% to 2% with increasing
A. 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 unsimplified 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") =

_ ]Eb [lz]l2] — H (b, a,z,b). The agent can move in eight
z~b’
evenly spread directions A = {—, 1,4\
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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 4809 belief nodes. Overall, in 20 planning sessions, we have 96180 belief nodes. The horizon in each planning
session is L = 3. The number of observations sampled from each belief action node is nl = 1, n2 = 3, n® = 3 at the
corresponding to superscripts depths 1, 2, 3. This table examines the influence of various values of A.

BSP Alg. ng | A | particles speedup (64) | time speedup (66) | resimpl. calls (recursive) motion model calls obs. model calls return (V)
Alg 1 SITH 78.76 + 0.20 64.44 +1.51 2.05-10° £0.05-10° | 3.13-10% £0.02-10% | 9.62- 106+ 0.0 | —115.49 + 16.58
Alg5 LAZY | 100 | 0.1 85.46 + 1.22 71.59 4+ 1.52 10.71-10° +£4.61-10° | 2.38-10° £0.13 - 10° | 9.62- 106 + 0.0 | —115.49 + 16.58

SS 9.62-10° £ 0.0 9.62-10° 4 0.0 | —115.49 & 16.58
Alg | SITH 68.82 + 0.32 53.59 4 2.05 3.36 - 10° £0.06 - 10° | 4.22-10% £0.03 - 10°® | 9.62- 106 £ 0.0 | —103.51 & 14.91
Alg5 LAZY | 100 | 0.2 80.09 + 1.52 65.01 + 1.88 25.65 - 10° +6.17-10° | 3.01-10% £0.18 - 10% | 9.62 - 105 + 0.0 | —103.51 & 14.91
SS 9.62-10° £+ 0.0 9.62-10% 4+ 0.0 | —103.51 & 14.91
Alg 1 SITH 58.33 & 0.52 42.76 4 2.96 4.13-10°4+0.05-10° | 5.40-10% £0.01-10% | 9.62-10° +£0.0 | —91.86 + 13.88
Alg5 LAZY | 100 | 0.3 74.85 + 2.63 58.94 + 3.04 42.66 - 10° £9.80 - 10° | 3.59 - 10% £0.29 - 10° | 9.62 - 106 £ 0.0 | —91.86 + 13.88
SS 9.62-10° £ 0.0 9.62-10°+0.0 | —91.86 +13.88
Alg 1 SITH 45.66 + 0.83 29.33 +£4.78 4.70-10° £ 0.04-10° | 6.84-10% £0.08 - 10% | 9.62-10° + 0.0 | —80.44 + 11.77
Alg5 LAZY | 100 [ 0.4 69.94 + 1.89 53.85 + 2.56 59.05 - 10° £ 8.76 - 10° | 4.16- 10 £0.22 - 10% | 9.62 - 105 + 0.0 | —80.44 +11.77
SS 9.62-10° £+ 0.0 9.62-10°4+0.0 | —80.44 +11.77
Alg 1 SITH 34.46 £+ 0.79 18.98 + 4.16 5.27-10° £0.05-10° | 7.92-10% £ 0.01-10% | 9.62 - 10% £ 0.0 —66.3 + 8.0
Alg5 LAZY | 100 | 0.5 63.6 +2.23 46.67 + 2.81 81.48-10° £8.52-10° | 4.87-10%40.24-10% | 9.62-10°+0.0 | —66.3+8.0
SS 9.62-10% £ 0.0 9.62-1064+0.0 | —66.3+8.0
Alg 1 SITH 25.09 + 0.89 12.05 + 4.83 5.85-10° £0.05-10° | 8.64-10% £0.05-10% | 9.62- 106 £ 0.0 | —55.36 & 6.93
Alg5 LAZY | 100 | 0.6 56.32 4 2.72 38.4543.65 | 113.26-10° 4+ 11.45-10° | 5.71-10%+0.28-10% | 9.62- 10+ 0.0 | —55.36 + 6.93
SS 9.62-10° £ 0.0 9.62-10°+0.0 | —55.36 & 6.93

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 4809 belief nodes. Overall, in 20 planning
sessions, we have 96180 belief nodes. The horizon in each planning session is L = 3. The number of observations sampled from
each belief action node is nl = 1, n2 = 3, n2 = 3 at the corresponding to superscripts depths 1, 2, 3. In this table we examine
influence of various number of belief particles.

BSP Alg. ng | A | particles speedup (64) | time speedup (66) | resimpl. calls (recursive) motion model calls obs. model calls return (\7)
Alg 1 SITH 34.1+0.8 25.01 £5.11 5.30 - 10° +0.04 - 10° 31.80 - 10% £ 0.25-10% | 19.24-10° £ 0.0 | —69.36 & 7.95
Alg 5 LAZY | 200 | 0.5 64.0 £+ 2.98 51.71+ 4.9 83.95-10° +£10.24 - 10° | 19.35-10% +1.29-10% | 19.24-10°+0.0 | —69.36 & 7.95

SS 38.47-108 £ 0.0 19.24-10° £ 0.0 | —69.36 &= 7.95
Alg 1 SITH 33.84 +0.83 18.67 +2.02 5.30 - 10° +0.04 - 10° 71.74-108 £0.58 - 10% | 28.85-10° £0.0 | —68.29 & 8.42
Alg 5 LAZY | 300 | 0.5 63.39 + 3.44 47.34 +3.72 84.09 - 10° 4 10.66 - 10° | 43.91-10% £3.09-10% | 28.85-10° £0.0 | —68.29 & 8.42
SS 86.56 - 108 4 0.0 28.85-10° 4+ 0.0 | —68.29 + 8.42
Alg 1 SITH 33.97+0.85 25.34 £ 3.44 6.65 - 10° +0.06 - 10° 181.50 - 10% 4 1.41 - 10% | 54.51 - 106 £ 0.0 | —67.92 £ 11.52
Alg 5 LAZY | 400 | 0.5 66.06 + 2.3 53.74 +£ 3.4 106.90 - 10° £+ 15.73 - 10° | 105.35 - 10% £+ 5.75 - 10% | 54.51 - 10 + 0.0 | —67.92 + 11.52
SS 218.05 - 108 £ 0.0 54.51-10°4+ 0.0 | —67.92 4 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 A = 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 (b) SITH-BSP Alg 1.

, Null}. Motion and observation models, and the initial belief
are Pr(-|z,a) = N(z + a, 1), Po(z]z) = N(z,min{1, ||

r—ab |3} 20), bo = N (20, 30) respectively. z° is the
2D location of the beacon and all covariance matrices
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Table 3. This table displays the numbers of the beliefs at each si
action at the root b,. Here we investigate Light Dark problem and
nodes.

mplification level in a given tree after the identification of optimal
belief tree as in Fig. 13. The given belief tree has 4809 belief

BSP Alg. ne |nln2lnd| AL simpl. level, particles
s=1 s=2 s=3 s=4 s=5 s=6 s=T7 s=8 s=9 s=10
nS=10 | n3=20 | n5=30 | n3=40 | n3=50 | n3=60 | n3=70 | n3=80 | n3=90 | n5=100
Alg5 LAZY 100l 11313!losls 2103 | 666 91 47 14 10 15 88 1094 680
Alg 1 SITH 30 61 241 618 696 567 576 465 684 870
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Figure 14. In this illustration we show second trial of Table. 5, co
(a) Agent particles (b) Target Particles.

Table 4. This table shows cumulative results of 15 consecutive a
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nfiguration n, = 250. The canvas color here is 0o = or = 0.1.

Iternating planning and action execution sessions averaged over

15 trials of Continuous Target Tracking problem. The given in a single planning session belief tree has 6814 belief nodes. Overall, in

15 planning sessions, we have 102210 belief nodes. The horizon
sampled from each belief action node is n. = 1,n% = 3,n3 =3
examine influence of various values of \.

in each planning session is L = 3. The number of observations
at corresponding to superscripts depths 1, 2, 3. In this table we

BSP Alg. n, | A | particles speedup (64) | time speedup (66) | resimpl. calls (recursive) motion model calls obs. model calls return (V)
Alg 1 SITH 77.43 +0.26 60.3 £2.21 1.69 - 10° 4 0.04 - 105 | 3.48 - 108 £0.03- 108 | 10.22 - 10% £ 0.0 | —79.87 & 9.69
Alg5 LAZY | 100 | 0.1 86.97 + 1.28 71.18 £+ 2.42 7.44-10°+3.09-10° | 2.32-10% +£0.16 - 10% | 10.22-10% £ 0.0 | —79.87 +9.69
SS 10.22-10° £0.0 | 10.22-10% 4+ 0.0 | —79.87 & 9.69
Alg 1 SITH 64.64 & 0.57 46.39 £ 2.27 2.60 - 10° £0.04 - 10° | 5.03-10% £0.07 - 10® | 10.22-10°+0.0 | —73.38 £9.8
Alg5 LAZY | 100 | 0.2 83.52 4 1.7 67.24 4 2.62 16.52 - 10° + 5.56 - 10° | 2.75- 108 £ 0.22- 108 | 10.22-10° £ 0.0 | —73.38 £ 9.8
SS 10.22-10°+0.0 | 10.22-10°+0.0 | —73.38 4+ 9.8
Alg | SITH 49.57 +0.93 29.25 + 2.39 3.14-10° £0.05-10° | 6.86-10% +0.10-10% | 10.44-10° £ 0.0 | —66.29 +9.3
Alg5 LAZY | 100 | 0.3 79.83 + 2.55 63.34 4 3.45 26.61-10° +8.41-10° | 3.21-10° +0.30 - 10° | 10.44-10°+0.0 | —66.29 4+ 9.3
SS 10.22-10% £ 0.0 10.44-105+£0.0 | —66.29 4+ 9.3
Alg 1 SITH 35.75 & 1.09 14.45 +2.85 3.61-10° £0.06-10° | 8.33-10% £0.09 - 10® | 10.44 - 10° £ 0.0 | —59.99 + 8.05
Alg5 LAZY | 100 | 0.4 74.38 + 3.5 55.60 +£4.38 | 42.74-10° +12.16 - 10° | 3.90 - 10% + 0.38 - 10% | 10.44 - 10° + 0.0 | —59.99 + 8.05
SS 10.22-10° £0.0 | 10.44-10° £+ 0.0 | —59.99 & 8.05
Alg 1 SITH 25.51 & 1.04 6.44 £ 2.49 4.05-10° £0.06 - 10> | 9.18-10% £0.08 - 108 | 10.44 - 10 £ 0.0 | —53.15 £+ 7.03
Alg5 LAZY | 100 | 0.5 67.76 & 3.88 47.94+£5.08 | 63.18-10° £ 15.71-10° | 4.75- 10% £0.44 - 10% | 10.44 - 10° £ 0.0 | —53.15 £ 7.03
SS 10.22-10° £ 0.0 | 10.44-10° 4 0.0 | —53.15+7.03
Alg 1 SITH 18.06 & 1.0 2.63 +2.32 4.43-10° £0.06 - 10° | 9.65-10% £ 0.06 - 10® | 10.44 - 10° £ 0.0 | —46.97 £ 7.14
Alg5 LAZY | 100 | 0.6 59.53 & 3.78 38.14+4.69 | 89.27-10° £ 15.03-10° | 5.77-10% £0.43 - 10° | 10.44 - 10° £ 0.0 | —46.97 = 7.14
SS 10.22-10° £0.0 | 10.44-10°4+0.0 | —46.97 +7.14

are diagonal (i.e. ¥ = I-0?). We selected the following

—5.5) <0.2 0.0)
parameters xg = , 20 = Lo =00 =

0.0 0.0 0.2
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, i.e. 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 PFT-
DPW and SITH-PFT with the same seed and calculate the
relative time speedup in percentage according to (66) where
tprr—Dpw and tsiTH—prT 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
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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 6814 belief nodes. Overall, in 15 planning sessions, we have
102210 belief nodes. The horizon in each planning session is L = 3. The number of observations sampled from each belief action
nodeis nl = 1, n2 = 3, n2 = 3 at corresponding to superscripts depths 1, 2, 3. In this table we examine various numbers of belief
particles.

BSP Alg. Ny A | particles speedup (64) | time speedup (66) | resimpl. calls (recursive) motion model calls obs. model calls return (V)
Alg 1 SITH 25.19 +£0.94 8.72+2.4 4.03-10° 4 0.03 - 10° 20.71-10% £ 0.15-10% | 15.33-10°+0.0 | —54.0 +8.16
Alg5 LAZY | 150 | 0.5 68.36 & 2.66 50.23 & 3.2 63.14-10° £9.15-10° | 10.55-10% +£0.65-10% | 15.33-10°£0.0 | —54.0 + 8.16

SS 22.10 - 10% + 0.0 15.33-10%4+0.0 | —54.0 +8.16
Alg 1 SITH 23.87 4+ 0.98 11.01 + 3.93 4.11-10°£0.05-10° | 58.10-10% £0.40- 10° | 25.55-10° £ 0.0 | —55.57 & 9.59
Alg5 LAZY | 250 | 0.5 66.18 £+ 3.35 51.51 +3.83 70.02-10° +12.74 - 10° | 30.79 - 108 +£2.37-10% | 25.55- 105 £ 0.0 | —55.57 + 9.59
SS 63.88 - 10% + 0.0 25.55-10% + 0.0 | —55.57 & 9.59
Alg 1 SITH 23.95 £ 1.07 40.18 £10.29 4.11-10°40.03-10° | 113.81-10% £0.89 - 10® | 35.77-10% + 0.0 | —55.62 + 8.73
Alg 5 LAZY | 350 | 0.5 66.36 £+ 2.58 67.17 + 4.86 69.40 - 10° £ 10.08 - 10° | 60.19-10% +3.62-10% | 35.77-105+0.0 | —55.62 +8.73
SS 125.21-108 £ 0.0 35.77-10% £ 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 n, = 250 of
Table 5. The radius of circles represent 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 (b) SITH-BSP Alg 1.

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 b;. Here we investigate Target Tracking problem and belief tree as in Fig. 15. The size of given belief tree is 6814
belief nodes.

simpl. level, particles
BSPAlg. | ny |nl | n?|nd| X |L P P
s=1 5=2 5=3 s=4 5=5 s=6 s=T7 5=8 s=9 s=10
n;=25 | n7=50 | n;=75 | n;=100 | n;=125 | n=150 | n;=175 | n;=200 | n;=225 | n; =250
Alg5 LAZY 3487 | 949 776 884 379 106 48 34 11 139
£ 250 [ 1|3 |3 |05/3
Alg 1 SITH 10 19 46 144 538 966 1266 1208 1164 1452
. et oms o 0125 o 0125
bl hlllriviched hlllriviched
light beacons o100 Vo peacons 0100 Vo peacons o100
- 0.025 - 0.025 - 0.025
s o s ¥ ¥ 0 ° s o °

(a) SITH-PFT (b) PFT-DPW (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.
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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.

| (ng, L, #iter.) | mean £std | max. | min. |

(50, 30,200) | 19.35£6.34 | 30.17 | 7.99
(50, 50,500) | 17.43£5.4 | 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 | 42.43 | 11.17
(200, 50, 500) | 26.17 £7.64 | 44.31 | 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.

‘ (ng, L, #iter.) ‘ Algorithm | tot. plan. time [sec] ‘

(50.30,200) | gy 1095
(50.50.500) | o/ per 1051
(100, 30, 200) SPIFTTI'{]_);X féfﬁ;
(100, 50, 500) | &0 35757
(200,30,200) | &0 2618
(200, 50, 500) SPF”EI-{]-)IE)IYF }ZSZE?
400,30,200) | g OF | 2D
400, 50,500) | bt S
(600.30.200) | ot e s
(600,50,500) | ¢rPP L eoa 00

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
Fig. 16. Note that SITH-PFT (Fig. 16a) yields an identical
to PFT solution (Fig. 16b) while IPFT demonstrates 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 subsampled
from root belief.

Further, we discuss the quality and speed of IPFT.
Representation of the belief with a tiny amount of particles
induces 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
calculated 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
comparison 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 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
represented 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 initiated, 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 Fig. 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 Fig. 17a we see that more trajectories went
to completely different from beacons directions as opposed
to Fig. 17c and Fig. 17b displaying identical results. From
Fig. 18a we conclude that in 10 from 15 trials the information
reward obtained in execution of the optimal action returned
by IPFT was inferior to the corresponding reward obtained
by SITH-PFT and PFT-DPW. From Fig. 18b we see that
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Figure 17. The plot shows 15 differently colored robot trajectories. Each such trajectory comprises ten 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 0o = or = 0.03 as in equations (60) and
(61) respectively. The parameters are n, = 300, m = 20, number of calls to SIMULATE of IPFT is 4500, 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 Fig. 17. Each color matches the corresponding trajectory in Fig. 17. The parameters are
ng = 300, m =20, K = % = 15 number of calls to SIMULATE of IPFT is 4500, 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.

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
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, considering
a given belief tree and an anytime MCTS setting. We
also contributed a specific simplification for nonparametric
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
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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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11 APPENDIX
11.1  Proof for Theorem 1

To shorten the notations we prove the theorem for value
function under arbitrary policy. Note that by substituting

*

the policy m(¢)1 by {me(be), 7 1y} where ag = me(be)
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 —S ==
V(bbﬂf-‘r)—"_ﬂ <A +1(b)a7bl)_A (b,a,b/)>§V(bg,7Tg+)

<0
(67)

The new lower bound will be

Vb, moy)— % (ASH (b,a,b')—A%(b,a, b’)) >V (bgymey)

<0

(68)

where M = n? depending on the depth d of resimplified
reward bound. Moreover if the inequalities involving
increments are strict A°(b,a,b') > A" (b,a,b') and
A*(b,a) > A*(b,a,b') also the retracting the bounds
over Value function inequalities are strict. In case of MCTS,
we have that M = %((Z‘,l))
be and action a, and h’ corresponds to b’. l

where history ha corresponds to

11.2 Proofof 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)/q >0 and for all reward bounds the
inequality 7%~%" - (5 — p) < 3G(ha). This is not possible
since G(ha)/q 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). B

11.3 Proof of Lemma 2
Observe that

UCB(ha)—UCB(ha) = Q(ha) — Q(ha).

Theorem 1. Using the convergence Q() =Q()=Q(-) we

obtain

() + c-\/1o8(N (1) /N (ha) =
() + ¢ \/108(N (1) /N (ha) =

Q) + ¢-/10s(N(W)/N (ha).

The proof is completed. B

_|_
_|_

Q
Q (70)

11.4 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 identical
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 (expanding 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
ag, z1, 01, 22...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 h’ 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 observation
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
sequence, different observations z;, zz’ were chosen.

Case 2.2. At some point in the actions-observations
sequence, PFT chose action a' 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 observation
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, i.e., when both algorithms are at
the identical node denoted as h PFT chooses action a', while
SITH-PFT chooses a different action, a, or even got stuck
without picking any action. Specifically, PFT chooses action
a! = arg max UCB and SITH-PFT’s candidate action is @ =

arg max UCB(ha). Three different scenarios are possible:
acA
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Case 2.2.1. the UCB,UCB bounds over ha were tight
enough and @ was chosen such that af # a.

Case 2.2.2. SITH-PFT is stuck in an infinite loop. It can
happen if the UCB, UCB bounds over hd, 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 ana-
Iytical (always true) and converge to the actual reward
(UCB = 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 ha node - sibling to ha 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 iden-
tical 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 at = &. Thus
we get a contradiction and the proof is complete. l

11.5 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: a* = argmax @Q(ha). Note

we can set the exploration constant of ﬁCB to ¢ =0 and
we get that UCB is just the @) 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 ) estimations. l

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

u+H= Z W y1-10g [m - Po (zktalwh41)] + (71)

iEAL

N
Z wlic+1 log| Po (2k+1 Wcﬂ)z Pr(@hqq |2, ax)wy, |-

i€AS j=1

Ny Ng

Zw;c-&-l log| Po (2k+1 Wqﬂ)z Pr ()41 |27, an)wy | =
i=1 j=1

The Eq. (71) equals to

D~ wiylog [m - Po(zhlah)] -

AL

ng
Z wj, 1 -1og [Po(zki1]T) i) ZPT($2+1|$i7ak)wi

igA

k41 Jj=1

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

Ny

mPo (241 ‘x;;Jrl)Z Po (241 |$Z+1>ZPT($;§+1 |2, ak)wy,
j=1
If  Po(zkgilel,,)=0, we  finished.  Assume
Po(zk+1lwy, 1) #0. Recalling the definition m £
max Pr(z’|z, a), it holds that
aiv,a
Ny .
Po(zh+1|7hy1) D max Pr(zpss |o, ap)w] >
Jj=12%k,0k
(72)

Ny

Po(2r1|th1) Y Pr(@hs |, an)wi.
j=1

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

0> (+H = (73)
Ny [

> wiy 10g|Po(zkialahin) Y Pr(@h o], ap)wi |-
i=1 i JEAS

Ng [ Ty

> wiy 1 10g|Po (2|t 1)y Pr(ah |2, ar)w],

i=1 j=1

Select arbitrary index ¢. We shall prove that

log |Po(zks1lzhyr) Y Pr(@) o), ar)w], | —
i JEAS
- . | |
log |Po(2k41|241) ZPT(.’E}C+1|£K?€, ap)wi | <O0.
j=1

Again use that log is monotonically increasing and assume
that Po (2x11]2}, 4 )7#0. We have that

Ny
> Pr(@jplat, anwl = > Pr(ah o), ap)w] =

JEA] j=1

(74)
= Pr(@jalel, awl <0
JEA;,
[ ]
11.7 Proof for Theorem 5
We first prove that
A(bya,b') > A (b,a, b)) > 0. (75)
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Recall that from the previous proof equation (71)
AN (b,a, b)) =

Z Wiy log[m - Po(zr+1|2)4q)] — (76)

iEAL

Ny
Y why110g | Po(zrlein))  Pr(ehlaf, an)w]

AL J=1

Suppose we promote the simplification level. Without loss of
generality assume that A5} = A3 ., U {q}. From the above

we conclude that ¢ ¢ A7,
s+1
(

AN (bya,b) = A (b,a,b)—

—wi <log [m - Po (241l q)] — (77)

Ng
—log |Po(zkt1l2], ) Z Pr(xf |z, ar)wy, >
j=1

It is left to prove that

m - Po(zri1lo] ) > (78)

U3

> Po(2kilaf,y) Y Pr(af, g, ax)w]
j=1

We already done that in previous theorem. Now we prove the
second part

AS(b,a,b') > AT (b, a,b') > 0. (79)
The next equation is the minus equation (73)
A%(b,a,b) = (80)
Zw;@d log PO(2k+1|$fc+1)Z ]P’T(acfc+1\xi7 ak)wi -
i=1 j=1
Z w;.chl log |Po(2k+1 |$Z+1) Z PT($Z+1|xiv ak)wi
i=1 i jeA;

Assume again without loosing generality that AZH =AU
{¢}. In that case

A*(b,a,b') = A (b,a,b) = 81
_Zwlic+1 log ]P)O(Zk-s-l‘xz-ﬂ)z PT($Z+1|$i»ak)wi
i=1 i JEA;
(82)
+Zwlic+1 log ]P)O(Zk-s-l‘sz) Z ]P’T(x2+1|a:i,ak.)wi
=1 L jGAZ+1

(83)

Select arbitrary index ¢. We got back to end to previous
theorem. Note that by definition the bounds are convergent
since we are using all the particles. To see it explicitly
suppose that {i ¢ A7} =0 and {i ¢ A}} = (). We have
that

AN (b,a,b') = A*(b,a, b)) = 0.
This concludes the proof. B

(84)

11.8 Bounds time complexity analysis

We turn to analyze the time complexity of our method
using the chosen bounds (57) and (58). We assume the
significant bottleneck is querying the motion Py (z’|x, a) and
observation Pp (z|2) models respectively. Assume the belief
is approximated by a set of n, weighted particles,

b={a" w'}z,. (85)
Consider the Boers et al. (2010) differential entropy
approximation for belief at time k + 1,

Ny

H(br, ak, Ze41, brr1)= log Z Po (21|21 )wi | +
=1

(a)
(86)

Ng Ng
Z Wiy1-log | Po (212 41) Z Pr ()41 |2, ar)wy,

i=1 j=1

Q)
87)

Denote the time to query the observation and motion models
a single time as t,ps, tmot respectively. It is clear from (85),
(86) (term a) and, (87) (term b) that:

Vb as in (85) O(H(b)) = O (1 - tops + n2 - tmor).  (88)
Since we share calculation between the bounds, the bounds’
time complexity, for some level of simplification s, is:

O(l° +u’) = O(ng - tops + Mo N * tinot)s (89)
where n? is the size of the particles subset that is currently
used for the bounds calculations, e.g. n5 = |A®%| (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

s € {L 2,..., nmax}7 (FTTmex = _?:L = e, (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:

@(ES + u® — €S+1 + US+1) = 6((n;+1 - ni) s Ny - tmot)a
oD

where ©(¢° + u® — ¢5+1 4 4T1) denotes the time com-
plexity of updating the bounds from one simplification level
to the following one. Note the first term from (89), n, - tops,
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).
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We can now deduce using (89) and (91)
@(eerl +us+1) _
OfF +u®) + O(L5 +u® — 5T st
Finally, using (88), (89), (90), (91), and (92), we come to
the conclusion that if at the end of a planning session, a

node’s b simplification level was 1 < s < ny,,x than the time
complexity saved for that node is

92)

O((ne —nl) Ny - tmot)- (93)

This makes perfect sense since if we had to resimplify all the
way to the maximal level we get s = npax = Ny ™% = ng
and by substituting n’, = n, in (93) we saved no time at all.

To conclude, the total speedup of the algorithm is
dependent on how many belief nodes’ bounds were not
resimplified 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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Abstract

Although safety is fundamental to an online operating agent, it has received less attention in the challeng-
ing continuous domain and under partial observability. This paper presents a novel formulation and solution
for risk-averse belief-dependent probabilistically-constrained continuous POMDP. We tackle a demanding
setting of belief-dependent reward and constraint operators. Our Probabilistic Constraint is belief-dependent
and has two conditions. The internal condition thresholds the belief-dependent operator given a future pos-
sible history of actions and observations simulated in a planning session, while the external one operates on
the level of histories and thresholds the probability that the internal condition is satisfied, stemming from the
distribution of future histories (decision epochs). We rigorously analyze our formulation versus the Chance
Constraint in the Closed and Open Loop setting. In the Closed Loop setting, we revealed that Chance Con-
straint is a special case of our Probabilistic Constraint. In the Open Loop setting, the two approaches are
essentially different since the Chance Constraint enforces the condition over the underlying MDP. In contrast,
Probabilistic Constraint do not assume complete observability in planning session. Moreover, the Chance
Constraint does not accommodate general belief-dependent operators. We uplift the chance-constrained
approach to continuous environments and belief-dependent rewards. For probabilistically-constrained plan-
ning, we contribute adaptive, in terms of observation episodes laces and beliefs within the lace, algorithms.
For chance-constrained planning, we contribute an adaptive, with respect to state trajectories and states
within the trajectory, algorithm. All our proposed algorithms can be used with parametric and nonpara-
metric beliefs represented by particles and in continuous domains in terms of states and observations. The
simulations demonstrate that in the setting of policies (Closed Loop), our Probabilistic Constraint allows
much faster evaluation compared to the chance-constrained formulation, with the same performance in terms
of collisions. In the setting of static action sequences (Open Loop), we show that the two formulations yield a
very similar number of collisions, but Chance Constraint appears to be faster than Probabilistic Constraint.

Keywords— Decision making under Uncertainty, Belief Space Planning, Belief-dependent POMDP, Planning with
Incomplete Information, Belief-dependent rewards, Belief-dependent Probabilistic Constraints

1 Introduction and Related Work

D

ECISION making under uncertainty in partially observable domains is a key capability for reliable autonomous
agents. Commonly, the basis of the State Of The Art (SOTA) algorithms in such a setting is the Partially

Observable Markov Decision Process (POMDP). The robot does not have access to the POMDP state. Instead, it
maintains a distribution, named the (posterior) belief, over the state given all its current information, namely, the
history of actions and the observations alongside the prior belief. The decision maker shall maintain and reason about
the evolution of the belief within the planning phase. At the same time, the robot’s online goal is to find an optimal
action for its current belief. Unfortunately, an exact solution of POMDP is unfeasible [27]. A critical limitation of the

*This work was partially supported by the Israel Science Foundation (ISF).



classical POMDP formulation is the assumption that the belief-dependent reward is nothing more than the expectation
of state-dependent reward with respect to the corresponding belief [20]. Another limiting assumption in many SOTA
algorithms is the discrete domain, e.g., discrete state and observation spaces [32], [37]. The main problem in continuous
and infinite or large discrete spaces is that one can not go over the entire observation space and calculate the probabilities
of the observations as in [30]. Therefore, all tabular methods are inappropriate for these domains. Instead one needs to
resort to sampling from the likelihood of observations given the previous belief and an action. Then one samples from
continuous density the same observation can be received with probability zero such that the extension of tabular methods,
e.g. [30], to continuous domains requires clarification. In this work, we aim to tackle this crucial gap. Specifically, our
theory and algorithms accommodate continuous domains in terms of state and observation spaces.

1.1 Belief-dependent Rewards

Augmenting POMDP with general belief-dependent rewards is a long-standing problem. Unraveling it would allow
information-theoretic rewards, which are extremely important in numerous problems in Artificial Intelligence (AI) and
Robotics, such as Autonomous Exploration, Informative Planning, Information Gathering [38], Belief Space Planning
(BSP) [16], and active Simultaneous Localization and Mapping (SLAM) [28]. The belief-dependent reward formulation
is known as p-POMDP [2], [9]. Earlier techniques focused on offline solvers and extended a-vectors approach to piecewise
linear and convex [2], [8] or Lipschitz-continuous rewards [9]. These extended solvers are also limited to discrete domains
in terms of states and observations.

Another way to incorporate general belief-dependent rewards is to
reformulate POMDP as Belief-MDP (BMDP) and use more recent on-
line solvers designed for MDP. These algorithms build a belief tree and
are suitable for continuous domains and challenging nonparametric be-
liefs represented by particles. Seminal approaches in this category are
Sparse Sampling (SS) [18], Monte Carlo Tree Search (MCTS) [33], and
its efficient, simplified variant [39]. Such an MCTS running on BMDP
is called a Particle Filter Tree with Double Progressive Widening (PFT-
DPW) [33]. Progressive Widening handles the problem of shallow trees
in continuous setting arising due to the inability to sample twice the
same action and observation.

1.2 Constrained POMDPs

In this section, we begin by describing the Chance Constraint (CC) and
then we talk about other formulations of constraints for POMDP.

Chance-constrained Approaches The motivation to add the
CC is to introduce the notion of risk and safety into the problem.
Initially, the planning community focused on collision avoidance, for-
mulating it as a CC. For example, [6] converts the belief tree to a graph
in belief space. This conversion utilizes a stabilizing controller to shift
the expectation of the posterior belief to the nominal value. Further, it Fig. 1: Illustration of a belief tree. The thick yellow
uses a Kalman filter on top of linearized additive models with Gaussian ~lace depicts a sequence of beliefs (bo, b3, b, bé,) gener-
. . i . . ated by a corresponding sequence of observations un-
noise. In this case, the covariance matrix of the belief does not depend  ger some policy (Section 3).
on the actual observation but depends on the covariance of the obser-
vation model. The authors assume that the map has areas of large and low variance of measurement noise. Over the
path in the graph, [6] suggests a way to track the state estimate which is the expectation of the posterior belief. The
state estimate has variability because the stabilizing controller is imperfect and has an error. All in all, the CC in [6] is
calculated with respect to the application of the controller at each time instance. While being seminal and important
[6] suffers from many limiting assumptions. Let us mention a few. The variability of the state estimate is taken into
account only in the CC and not in the reward. The dependence of the observation model covariance matrix on the robot
state is not considered in the belief update. The approach does not apply to general beliefs represented by particles and
applies only to Gaussian beliefs and additive linear observation models with Gaussian noise not depending on the robot
state. The linearity of the models can be handled by linearization. Nevertheless, this work can be applied in continuous
domains.

The authors of [30] present another approach to CC for discrete state and observation spaces and the setting of
deterministic policies. The paper [30] introduces the algorithm RAO* which uses admissible heuristics for the action
value function (Q-function) in the belief space. This aspect is problematic with general belief-dependent rewards.
However, this is not the main point of our work. Moreover, the RAO* algorithm prunes not feasible actions using only
a necessary condition of the feasibility of CC (See Appendix E). In other words, the CC may be violated, but the action




has not been pruned. In fact, this is one of our main points in this paper. Since the condition is only necessary, after
pruning it is still required to verify the feasibility of each kept action. This significantly complicates the solution and
inflicts unnecessary computational burden. It would be much easier if after pruning we would know that remained actions
satisfy the constraint. Another aspect of RAO* is disregarding the discrepancy in the belief definition for the CC and
the reward calculations. This claim will be clear shortly. Although this discrepancy is taken into account in observation
likelihood, with respect to beliefs themselves such a discrepancy is ignored in [30].

The CC formulation appearing in[30] was also extended to the notion of durative actions [19]. The paper [19] presents
algorithms solely for discrete domains. Although it is interesting to extend to continuous domains the Stochastic duration
with percentile risk criteria and Chance-constrained duration, we left it for future work. These formulations appear close
to our cumulative form of inner constraint, to be defined shortly.

Another recent paper [26] utilizes CC within the MCTS. They train Neural Networks (NN) for an initial estimate
of Execution Risk (ER) [30] under a stochastic future policy. Utilizing adaptive conformal inference, they have an
adaptive approach for future CC thresholds to assure feasibility at the corresponding future belief node. Their threshold
is adaptive with respect to each update of the estimator of execution risk. If the current action under consideration is not
feasible with regard to updated execution risk, they widen and, if feasible, tighten the threshold. Still, it is not ensured
that it will be a feasible action at the root due to the usage of the recursive Bellman optimality principle. Moreover,
since the planning sessions have recursive dependence, the CC not enforced from each belief in the belief tree with the
same threshold is suboptimal. When the Bellman recursive approach is used, CC requires a rule for determining future
CC thresholds to assure at least a single feasible, with respect to CC at the root, action. In contrast, our approach
handles that by design as we will further see.

Other Formulations of the Constraint Some works consider an averaged cumulative constraint [36],[21]. An-
other interesting and related work [3] suggests e-shadows. That work assumes a fully observable deterministic robot
motion over the map populated by uncertain obstacles. The robot receives a stream of observations from the obstacles
and reasons about obstacle locations using geometric confidence intervals named e-shadows. Unlike that paper, we op-
erate in belief space and model decision-making under uncertainty as POMDP. Moreover, similar to e-shadows, we can
inflate obstacles, to increase robustness. Recently, the shielded POMDP formulations have appeared [1], [25]. While
appearing similar to our formulation with multiplicative form, to be defined shortly, these works are in discrete domains
in terms of states and observations. Moreover, we contribute a rigorous formulation of the problem and the constraints,
both in continuous domains, using the indicator function and relevant sets.

Analogous to the situation with belief-dependent rewards, reformulation of POMDP as BMDP can possibly allow
employing approaches designed for probabilistically-constrained MDP [12], [10]. However, the theory presented in these
papers does not apply to parametric or nonparametric BMDP due to various assumptions made by the authors. This is
one of the gaps we aim to fill in this work. Typically algorithms designed for general beliefs represent the belief as a set
of particles and use a Particle Filter (PF) [35] for nonparametric Bayesian update. In this work, we assume the setting
of nonparametric beliefs, although our formulations also support a parametric setting.

To conclude, the closest to our formulation is CC. Therefore, our comparison will be centered around Probabilistic
Constraint (PC) versus CC. In this paper, we ask the question of how the CC is different from our novel PC.

1.3 CC Accommodation to Belief-dependent Rewards and Continuous Domains

Having established that the closest to our formulation is CC, we now turn to the question of employing existing chance-
constrained methods in continuous domains and in conjunction with belief-dependent rewards. The work [6] is by
definition in continuous domains with belief-dependent reward. However, the belief shall be parametric Gaussian to
employ the Kalman Filter. The approach presented in [30] is a tabular method; therefore, it is not clear how to extend
it to continuous domains. Moreover, the belief-dependent reward will complicate the finding of the heuristics for the
objective. The work [26] can be used with belief-dependent rewards and in continuous domains. This is, however, an
MCTS based method with learned components and a stochastic future policy. Here we focus on deterministic policies,
similar to [30]. Moreover, the convergence of MCTS with unbounded rewards is under the question mark, whereas all the
algorithms presented in this paper converge as the number of simulated observation episodes and belief particles grows.

1.4 Comparison to Chance Constraint

Since one of our goals in this paper is to compare in terms of quality and celerity our suggested PC with CC, we now
outline the prominent aspects of both approaches. In this paper, we focus on safety aspects. Most works tackling
constrained online planning under uncertainty, in this context, utilize the chance-constrained formulation [6], [30]. This
formulation is regarded as SOTA. By design, the CC is defined over the future states [6] or trajectories [30] considered
in the planning session, given the belief at the beginning of the planning session and the candidate policy. In contrast,
we develop our PC on the level of posterior beliefs. This, by definition, allows the utilization of general belief-dependent
operators. As we further show in Section 2.3, the CC formulation from [6] is a particular case of the one used in [30].



In a fully observable setting of MDP, where the action is predefined or is a function of the state as in QMDP [20], CC
motivation is clear. It thresholds the probability that future trajectories will be safe. This probability is accessible using
the motion model. However, under partial observability (POMDP), generally, the action is a function of the belief (in
case of deterministic policies). Therefore, there are two cases to consider here, Closed Loop (CL) where one deals with
policies and the Open Loop (OL) where one deals with predefined candidate action sequences.

Closed Loop CC In this setting, the likelihood of future trajectories implicitly depends on future observations/beliefs.
As we show in Section 5, transferring CC from MDP to POMDP is essentially the averaging the probabilities of the
safe event given future posterior belief, when the belief is defined in a way that accounts for the safe events in the past.
In addition, CC does not accommodate general belief-dependent operators. This, however, can be relaxed using our
reformulation, as we will further see in Section 5.

The authors of [30] enforce the CC with different threshold levels starting
from each non-terminal belief in the belief tree. In [30] only at the root, the CC
is enforced with the given in planning session threshold. Inflicting the CC (with a
shorter horizon due to the finite depth of the belief tree) from each non-terminal PC CC
belief is essential in the case of candidate policies. If the CC is imposed only at
the root of the belief tree, due to Bellman optimality down the tree, it is very hard CL (mrss 1)
to obtain a feasible action at the root. We verified this in simulations. One way or *+L-1) faster [slower
another some thresholds of CC enforced from future beliefs are required. It will be
apparent later that, if we enforce CC with the same threshold from each belief and ~ OL (akir+L-1) slower | faster
until the predefined horizon, then implicitly CC thresholds non-terminal posterior
beliefs with a possibly much larger threshold, but not larger than one. Last but Fig. 2: Illustration of celerity of sug-
not least, by examining the CC on the level of posterior beliefs, we observe that gested approaches.
only the safe portion of the belief is pushed forward to the future time with action and observation. In other words,
chance-constrained POMDP has disparate definitions of future beliefs and different distributions of future observations
for rewards and the CC. We delve into this aspect in Section 5. This fact significantly complicates the algorithmics in
discrete and continuous spaces and renders the chance-constrained approach computationally intense. Moreover, the [30]
disregards the mismatch of the definition of beliefs in the CC belief tree and the reward belief tree. It shall be noted that
the discrepancy in the likelihood of observations is taken into account by [30] but in discrete spaces only. We extend
the treatment of the discrepancy of the likelihood of the observations to continuous spaces (See Alg. 3) and add the
treatment of the mismatch in the beliefs. We extensively debate this claim in the paper.

Closed Loop PC Instead of enforcing the CC from each belief in the belief tree and until the horizon, we apply
a general belief-dependent operator on each corresponding belief. As we will further see, in the stiffest outer threshold
case (e=0, Alg. 1), due to its recursive nature, our constraint is automatically enforced from each belief in the search
tree exhibiting optimal substructure [13] property similar to CC. By definition, in our setting, the unsafe portion of the
belief is also updated with action and observation, such that unsafe states can be pushed forward in time if such an
action is not discarded. This way, we have an identical distribution of future observations for belief-dependent rewards
and constraints as well as the definition of the beliefs themselves. As we further see in simulations in Section 8, this is
highly beneficial in terms of time efficiency.

Open Loop CC and PC In the case of predefined static action sequences, CC thresholds the probability to be safe
of possible POMDP future trajectories of states. Due to the fact that the candidate action sequence is predefined, one
can constrain the MDP distribution of trajectories by applying a motion model on particles sampled from prior belief.
Instead of a safe trajectory of the future states in CC (Alg. 6), we in PC have a safe trajectory of future beliefs (Alg. 2).
The major difference is that in chance-constrained formulation one constrains possible MDP states assuming perfect
observability and we, in PC, constrain the beliefs without the usage of state selected for future observation creation.

To conclude this section, in Fig. 2, we pictorially summarize the celerity of PC and CC approaches in the setting of
CL (policies) and OL (static action sequences).

1.5 Contributions

In this paper, we innovate a technique to enhance continuous belief-dependent POMDP with a belief-dependent Prob-
abilistic Constraint (PC). Our constraint is two-staged. We have an internal threshold applied to the belief-dependent
operator (given a history) and an external threshold used for the probability originating from future observations episodes
(histories). Surprisingly, in Section 5.7 we unveiled that in the CL setting our PC generalizes CC. We extensively study
the interplay between PC and CC in Section 5. Moreover, a general belief-dependent PC was not studied nor proposed.
Nevertheless, such a constraint is of the highest importance. For instance, as we discuss in [38], such a formulation can
be used to determine when to stop exploration, e.g. in an active SLAM context, which is an open problem currently [7],
[28]. In the context of safety belief-dependent operators such that Value at Risk (VaR) and Conditional Value at Risk



(CVaR) quantify what happens in case of the collision, in other words measure how bad the collision will be. Moreover,
the CC itself is a belief-dependent operator (Section 5.7).

The preceding discussion leads us to the contributions of this paper. We detail them below in the order they appear
in the article.

e Firstly, in Section 3.1, we formulate a risk-averse belief-dependent Probabilistically Constrained continuous POMDP.
Averaging the state-dependent reward/constraint to obtain the belief-dependent reward/constraint is a severe
hindrance that we relax. We are unaware of prior works addressing POMDP with risk-averse belief-dependent
constraints. In particular, our probabilistic belief-dependent constraint supports risk-averse operators, such as
CVaR, and leads to a novel safety constraint formulation.

e Secondly, on top of our probabilistic formulation, in Section 4.1.3, we contribute a novel, efficient actions-pruning
mechanism. SOTA pruning technique proposed by [30] constitutes only a necessary condition such that it is
possible that after pruning, actions violating the CC are kept in the belief tree. Therefore, the feasibility of CC
has to still be inspected for each not-pruned action. On the contrary, our pruning condition is necessary and
sufficient. No additional checks are needed after the pruning of the belief tree is complete.

e In Section 4.2, we contribute algorithms for online solutions of Probabilistically constrained belief-dependent
POMDP in continuous domains. Our algorithms are adaptive given a budget of observation episodes laces (Fig. 1)
and beliefs within the lace to expand in the belief tree. In other words, we provide a way to guide the belief tree
construction while planning. Our framework is universal for challenging continuous domains and can be applied
in nonparametric and parametric settings. We innovate algorithms for CL setting with policies as well as for OL
setting with candidate action sequences.

e Another contribution on our end is a rigorous analysis of our probabilistic formulation versus chance-constrained
in Section 5. Despite recent algorithmic developments [30], there has been relatively little effort devoted to the
theoretical aspects of Chance-constrained continuous belief-dependent POMDP. Surprisingly, in Section 5.7 we
obtained that in the CL setting, CC is a specific case of our PC when the belief-dependent operator is CC itself.
It shall be noted as a contribution that we spotted the fact that belief shall be defined differently within CC. To
the best of our knowledge, no paper addresses this discrepancy.

e We uplift a chance-constrained solver to continuous domains in terms of states and observations and general
belief-dependent rewards through Importance Sampling (IS) in Section 6.

e In an OL setting, we contribute an adaptive, in terms of trajectories and states, algorithm (Alg. 6) for chance-
constrained continuous p-POMDP. This algorithm can be used with exceptionally long horizons and a high dimen-
sional setting.

e We present a detailed and comprehensive study of nonparametric collision avoidance.

1.6 Paper Layout

The rest of this paper is organized as follows. We start from preliminaries in Section 2. We then define our novel
framework in Section 3, and give relevant examples of possible constraints in Section 3.3. Next, in Section 4 we adaptively
evaluate the PC while constructing the belief tree and present online algorithms (Section 4.2) for our novel formulation.
Further, we rigorously analyze the conventional CC in Section 5 and compare it to our PC. Finally, in Section 6
we introduce online solvers for chance-constrained POMDP in a continuous setting augmented with belief-dependent
rewards. Section 7 is devoted to the objective modification. Eventually, Section 8 shows simulations and results. The
conclusions and final remarks are presented in Section 9. To allow fluid reading, we placed the proofs for all theorems
and lemmas, and additional in-depth discussions in the appendix.

2 Preliminaries

We now turn to the definition of Belief-dependent POMDP known as p-POMDP. We then discuss existing CC formula-
tions in the setting of POMDP. Let us start with notations.

2.1 Notations

By the letter P, we denote the Probability Density Function (PDF), and by P the probability. By lowercase letters, we
denote the random quantities or the realizations depending on the context. For any set A, the 14(-) is the indicator
function defined as 14(0)=1 iff J€A and 14(0)=0 iff O ¢ A. To rephrase that, the indicator function of the set A is
the Iverson bracket of the property of belonging to A; that is, 14(0)=[0€A]. The values in O can be replaced by one
of the respective options. The 14 is the Bernoulli random variable such that P(A)=P(14=1). For better readability we
will use interchangeably the notation of P(A) and P(14=1). By [J, we denote estimated values.



2.2 Belief-dependent POMDP (p-POMDP)

The p-POMDP is formed by a tuple (X, A, Z, T, O, p,v,bo) where X, A, Z denote state, action, and observation spaces
with €X', a€A, 2€ Z the momentary state, action, and observation, respectively. T(x’, a, z)2Pt(z’|z, a) is a stochastic
transition model from the past state  to the subsequent 2’ through action a, O(z, 2)2Po(z|z) is the stochastic observation
model, v€(0, 1] is the discount factor, by is the belief over the initial state (prior), and p is the belief-dependent reward
operator. Let hké{bo,aotk_l,zl:k} be a history, of actions ag.x—1 and observations zi.; alongside the prior belief b,
obtained by the agent up to time instance k. The posterior belief by is a shorthand for the PDF of the state given all
information up to the current time index by (xx)2P(zx|hi). Similar to b(x), we, sometimes, will write b(h) to index the
position in the belief tree by h. Importantly, the belief can be switched with history when conditioned upon. When the
agent performs an action and receives an observation, it shall update its belief from b to b’, such that b=t (b, a, 2’). The
exact Bayesian belief update reads

’ N _ P(z'|ba,z )P’ ba) _  Po(Z'lz) [ Pr(z'[€,0)b(€)dE
P(z'[b, a,2") = B(='Tb,a) T T PoZIEN) [ Pr(€/1€,a)b(€)dEdE’ * (1)

In our context, it will be a PF since we focus on the setting of nonparametric beliefs. However, this is not an inherent
limitation of our approach. Any belief update method would be suitable. The policy in this paper is a deterministic
mapping, indexed by the time instances, from belief to action to be executed m:B—.A, where B is the space of all the
beliefs taken into account in the problem. The policy for L consecutive steps ahead is denoted by 7k:.x+r—1 and means
the sequence of functions (m)]gi,f ~1. Sometimes we will omit the time indices for clarity and write 7 or T(k+1)+- We
hope the time indices will be evident from the context.

When an information-theoretic reward, for instance, Information Gain (IG), is introduced to the problem, the reward
can assume the following form p(b, a, b’ )=(1-X)p" (b, a, b’ )+Xp" (b,b’). In this case, it is a function of two subsequent in
time beliefs and an action in between. Note that in the setting of nonparametric beliefs, we shall resort to sampling
approximations using m, samples of the belief. Such a reward is comprised of the expectation over the state and action
dependent reward

pz(b7 CL, bl):Ebe[T(xva)]ml/mz Z;’;Tl T('xiva‘)7 or pz(bv (1, b/):EI’Nb’ ['I"(CL, :C/)}%l/'mﬂC Z;V;xl 'I"(CL, xl’i)7 (2)

weighted by 1—\ and the information-theoretic reward p’(-) weighted by A, which in general can be dependent on
consecutive beliefs and the elements relating them (e.g. IG estimator from the particle based belief [5]). The online
decision making goal at time instance k is to find an action aj to execute, maximizing the action value function

Q" (br, a; p)=E, ., [p(br, ak, bri1) + V™ (brt1; p)|br, ax], (3)

where 7 is the execution policy or belief tree policy and the value function
V7 (bk; p) = EZk+1;k+L [ ]ZIJCL_I p(be; Te(be), bl+1)|bk7 7@’ (4)

is expected cumulative reward under the particular policy 7. For better readability we explicitly denote the dependence
of (3) and (4) on belief-dependent operator p. In the online decision making the future belief tree policy m(q1)4+ is
calculated as part of the decision making process. We denote the best future policy by ﬂz‘k +1)+- The online best current
time policy is given by my (by)=argmaxa,c4 Q™" (bk, ak; p). Further, with slight abuse of notation, to properly denote
place of estimates Q in belief tree we switch to dependence on history. In this paper we also consider the OL setting.

In this setting instead of policy (4) depends on static action sequence of the length L denoted by aj.x+r—1 or in short

ax+. In this case, we will denote the value as V' (bx, ax+; p)=Ez, 1,1 [ ?:,f_l p(be, ag, bg+1)’bk, a;H_]. The future belief

simulated in planning session is defined as
be(ze)=P(xe|br, Akio—1, Zk+1:0)=P(z¢|he) =P(xe|be—1, ar—1, 2¢), (5)

where by, is the input to the planner. Moreover, we define a propagated belief b~ as the belief b after the robot performed
an action a and before it received and observation.

by (ze)=P(xe|br, ak:o—1, 2k1:0-1)=P(Te|he—1, ar—1)=P(2e|be—1, ar—1). (6)

Having presented a fundamental stochastic process, we make an overview of the existing CC formulations.

2.3 Chance-constrained p-POMDP
The CC in [6] can be written as

k+L
( =k 1{P<1{”6X§afe}:ubkmk;zmzs}(bkaﬂ)) =1 (7)



where X5 is the safe part of the robot workspace. Whenever, (7) equals to one, the CC is satisfied. To avoid confusion let
us reiterate that the notation of the set {P(l{”ex;afe}zl\bk, m)>0} is a shorthand for {by, TFZP(l{ZEGXgafe}:kuy m)>0}.

To look at the indicator from a slightly different angle we also can write 1{p<1{wexzsafe}:1|bk,ﬁk:£71)25} (P(l{zzexfafe} =

1|bk, Tk:¢—1)). For a thorough discussion about the Indicator variable please refer to Section 2.1. In each time index /,
(7) is concerned to be safe solely at the current time index. As we further show, due to the dependence of the policy
on the beliefs, each indicator in the product in Eq. (7) thresholds the averaged probability of safe event {xecX®*¢}
given posterior belief at a corresponding time index. The controller used in [6] can be seen as tweaking the belief update
operator ¥. It of course improves the situation by moving the expectation of the sibling beliefs to be closer to each other.
The authors of [30] utilize the following form of CC

blmﬂ-) = 17 (8)

1 (
{P(l{ﬂcE X?IICLX;afe}:ku1"k:k+L—1)25}

where T 225+ 1. is the trajectory of the current and future states. The CC represented by (8) has never been investigated,
to the best of our knowledge, in a continuous setting and in conjunction with belief-dependent rewards. Observe also that
the probability in (8) can be written as P({z,€X5**}|by) H?:,f P({uEXfafeku,w,ﬂf;;{xieXfafe}), using the chain
rule backward in time, leading to the conclusion that the probability in (8) is more meaningful than probabilities in (7)
because (7) discards the dependence on safe events. If (P({zx€X5*}|bx) [T5L) P({ze€ X} br, 7, NZp {zi€X52})) >0,
each multiplicand is larger or equal ¢ and this is exactly the condition (7) without condition on safe events.

After scrutinizing into existing CC formulations in the POMDP setting, we are ready to introduce our novel two-
staged approach.

3 Introducing Probabilistic Belief-dependent Constraints

Further we formulate the problem and in due course give examples of possible belief-dependent constraints.

3.1 Problem Formulation
We add to the p-POMDP tuple, described in Section 2.2, an additional belief-dependent operator ¢ and obtain

< X 7-’47 Z 7T,O» P ) ¢ 777b0>'
~ ngt ~~ =~
continuous continuous belief belief
dependent dependent

Next, we introduce a new problem with the following objective, in the setting of policies,

aj, € arg max Q”* (bk, ak; p) subject to 9)
ay,
P(c(brekir; ¢, 0)=1 bk, ar, Tii1mir—1) = 1 — €, PC (10)
—_—

inner

constraint
where c€{0, 1} is a Bernoulli random variable. By 7#* we denote the belief tree policy defined by the planning algorithm.
The operators p(-) and ¢(-) are general and belief-dependent. Note that one can select the same operator for both.
Further, we will regard the PC (10) as the outer or external constraint operating on the level of distribution of future
histories. It requires two parameters, ¢, and §. The former, €€[0, 1), is the probability margin within which we permit
to the future contingencies, rendered by possible future observations episodes generating the beliefs (see Fig. 1), violate
the inner constraint, in other words, to be unprofitable or unsafe. The parameter § is the margin for some particular
episode of the beliefs by.,+r,. With the probability of at least 1—e, we want the received sequence of the current and
future posterior beliefs by to fulfill the inner constraint. The inner or internal constraint ¢(bs:x+1; @, 0)=1 can be of
two forms, the cumulative and the multiplicative

. A :
c(bi:k+r; 9,0) = 1{bk:k+L:bk:k+LEBk:k+Lv(ZIZ;r1571 ¢(bg,bz+1))>§}(bk:k+L)7 cumulative flavor (11)
C(bk;k_;,_l,; ®, 5) £ H?:If 1{bz=bz€Bg,¢(b[)25}(b[)7 multiplicative flavor (12)

where ¢ denotes a general belief-dependent operator and B, is a space of reachable from by beliefs. Further, for clarity
we define
A2 {by:be€Be, p(be)>5}. (13)

Note that in the inner constraint, the policy is realized since the beliefs are given as input. Let us interpret the two
forms, (11) and (12), of the inner constraint in (10). The first form (11) is formulated with respect to a cumulative value
of the operator ¢ along a sequence of beliefs generated by a sequence of possible future observations episode. In this



form, we permit the immediate value of the operator ¢ to deviate but the cumulative value shall fulfill the inequality
(11). In contrast, (12) states that every value of ¢ in the sequence of the beliefs shall fulfill the inequality (12), meaning
to be larger than or equal to 6. Both formulations are novel, to the best of our knowledge. Furthermore, the form of
(11) is motivated by the long-standing question of stopping exploration [7]. The form of (12) is motivated by safety, e.g.
collision avoidance, and is the subject of our interest in this paper. When the problem (9) is augmented with the PC
(10), ideally, every selection of the action following the future policy Trfk +1)4 shall take into account the outer constraint
(10) at the root of the belief tree. Note that a particular case of candidate policy is a predefined static action sequence
Thik+L—1 = Ok:k+L—1. In the OL setting our objective is

ajy € arg akmzé)ik V (b, ak:k+1—-1; p) subject to (14)
+
P (c(br:k+r;9,0) =1 | b, apkrr—1) > 1 —¢, (15)

where Ay is the space of candidate action sequences returned by an external process. We explain it more thoroughly in
Simulations Section 8.4.

3.2 Dependence of the Inner Threshold on History

Let us clarify that in our approach the ¢ is constant and defined per planning
session. This is equivalent to saying that d(hr) is a function of a history given in
a planning session, namely hj corresponding to bi(hi), and the future thresholds
are set according to the following rule .

-@
S(hearzesr) 2 6(he). (16) .. @
—9

3.3 Possible Constraints ® ® o ;
Subsequent to the formulation of the problem, in due course, we focus on several .. , ,:
possible operators ¢ applicable for the inner constraint in (10)(c(bg:x+1; ¢,0)=1) . .

of both forms (11) and (12).
One important example is a safety constraint, e.g., collision avoidance or energy

consumption. In general form, utilizing our formulation, it would be Fig. 3: Visualization of CVaR safety in
the setting of a given Y' (white space).
(17) The teal particles have zero distance to
safe space. The purple particles have
distances marked by black thick lines.

where B;2te, | is the space of safe belief sequences (will be defined shortly) starting For 6/18<a<1 the VaR will be zero and

. . 3 safe CVaR will average all the distances from
at tmge index k and of tAhe length L. It holds that By’ 1 € Briktr. To relate to purple particles marked by the black lines.
(10), in (17): e(brektr)=1gy, , ., epsate 3 (brikyr). The safeness of a sequence of If a=1/18, the CVaR is equal to the dis-

. . kik+ L oy eqe . tance marked by the dashed line.
beliefs byt1:x+1 can be defined in various ways. One possibility is v

P(l{bk:k“esﬁeﬂ} = 1bg, Thy1:htn-1,a8) > 1 —¢,

$(be(he))2P ({20 € X5} by (he)) =E [1m6X§afe} |be(he)]=E [1{W€Xeﬁafe} |he]. (18)

Note, in (18) belief dependent operator is actually history dependent. Contingent upon (18) the random variable
distinguishing the safe and dangerous event is

A TTk+L
1{bk;k+L€B7££e+L} = e 1{b2:b2GB[’P<1{mge?€§afe}:1|be>26}’ (19)

where Xfafe is the safe space, which generally can be time-dependent dynamic environment, e.g., due to moving obstacles
in the context of collision avoidance.

Another possibility is to use the Value at Risk (VaR) or Conditional Value at Risk (CVaR) operator for collision
avoidance as —¢ (minus sign is needed merely to maintain > in (12)). We define the deviation of the robot’s position
from the safe region Y* considering the obstacle i as follows dist(z, Y*)£ min,cy: ||z — y||2. Note that ﬂf‘il Yisysafe for
M obstacles. The following belief-dependent constraint VaR%[dist(z, }")] <& ensures the safety, where the belief is over
the agent pose z, such that x~ b. Now the event to be safe is

A TTh+LTTM
Yorwsrempe )= [TeZe Tzt gt (dist (g, )] > 6} (20)

where VaR,[dist(z, V*)] at confidence level « is the 1 — a quantile of dist(z, V"), namely,

VaR(, [dist(z, V")]2 min{&|P(dist(z, V') <€) > 1 — a}. (21)



The value VaR? [dist(z, V*)] is the minimal value such that with probability at least 1—a the deviation from the safe space
considering one obstacle is smaller than or equal it. Another possibility is to use the condition CVaR® [dist(z, V")]<§
In this case we have that

k+L
{bk kL €8 T H Hé 1 { CVaR( [dist(z,D}) >5} (22)

Let us explain the meaning of such a constraint. For the obstacle i, by definition
CVaR? [dist(z, V")] £ E[dist(z, V")|{z : dist(z, V") >VaRq[dist(z, V")]}].

The CVaR is taking the average of the unsafe tail. Meaning if the unsafe tail is extremely unsafe but with low probability,
such a constraint will catch that (See Fig. 3). The CVaR operator quantifies how bad the collision will be. The inner
constraint of PC formulated with probabilities(19) as well as CC [30] are unable to distinguish such a behavior.

Note that the VaR and CVaR operators cannot be represented by the expectation operator with respect to the belief
as in (18). Therefore, these are general belief-dependent constraints operators and not supported by existing constrained
POMDP approaches. The distribution over the unsafe part of the beliefs is inaccessible. We note that such a constraint
was suggested by [29] in the MDP setting and by [11], in the setting of randomly moving obstacles. However, [11] assumes
deterministic motion and observation models, and not the general POMDP setting considered herein. In our case such
a constraint has an entirely different meaning because we constrain not the actual possible robot position but what the
robot believes about its position. One possibility to handle randomly moving obstacles is to redefine (20) and (22) as

k+L

1{bk,:k+L€Bid£e+ 1= Hz kne 1 { E[VaR2¢ [dist(zy, y[>”>5} (23)
k+L

Yowrresif )™ =L { E[OVaR{! [dist(zg, Y]] 5.} (24)

where the additional expectation is with respect to distribution of the safe space J¢. However this is out of the scope

of this paper. For collision avoidance, the robot desires to navigate in the intersection of safe regions regarding all the

obstacles. However, as we further show in this paper, in the POMDP setting, it is problematic to constrain possible

future robot positions as done in MDP. This fact gives place to the belief-dependent operators presented above.
Another example of a general belief-dependent constraint is Information Gain (IG), defined as follows

#(b,a, 2, b') =1G(b,a, 2’ b)) = —H(') + H(b), (25)

where H(-) denotes differential entropy. Utilizing this constraint with the form of (11) allows one to reason if the
cumulative IG along a planning horizon is significant enough (above threshold §) with the probability of at least 1—e.
Such a capability has a number of implications. For instance, in the context of Informative Planning and active SLAM,
instead of prompting the agent to maximize its IG, we can require that it does so only if it is able to decrease uncertainty
in some tangible amount. The robot can say no. This is a new concept made possible by our general formulation, which
therefore can be used to identify, e.g., when to stop exploration [38].

Let us discuss one more important constraint, the probability of reaching a goal (see, e.g., [6]). Throughout the
manuscript, for clarity, we assumed that the operator ¢ is identical for all time indices. We now relax that assumption
and redefine the inner constraint of the first form as follows®

A
C(bk:k+L; Phik+ L 5) 1{bk k+L bk:k+L EBE: k+La(E£+L ! ¢e+1(bz,be+1))25}(bk:k+L)' (26)

Further, let ¢¢41(1) =0 Vle€k:k+ L —2and
Ork+n(betr) = P{zrtr € Xgoal}\karL), (27)

where (27) defines the task of reaching the goal.

4 Approach for Our Probabilistic Belief-Dependent Constraints

Having presented our problem formulation and the examples of possible belief-dependent operators to serve as an inner
constraint, we are keen to proceed into the adaptive approach to precisely evaluate the sample approximation of our PC.
We used the term “precisely” to emphasize that, in contrast to the only necessary pruning condition suggested in [30]
for CC, our adaptive evaluation is necessary and sufficient.

1We denote f = g for two operators, if we have f(z) = g(z) V.



4.1 Coupled Outer Constraint Evaluation and Belief Tree Construction

In this section, we delve into the evaluation of our novel formulation of the PC (10). We start by presenting a lemma.

Lemma 1 (Representation of our outer constraint).

P (c(br:k+r; 9, 0) = bk, Tt 1:kp-1508) = By g p [€(Okikt 1 &5 0)[bky Ttk L1, ak)- (28)
In addition, if the inner constraint conforms to (12),namely c(by:k+r; @, )= H?LCL 1as (be), we have that
Eernnrs [TLEE Tag 00)lbn 7 0n] = Lag 00)Earys [Lag | () Eaypa[Lag, (Geta) - (29)
. ‘Ezk+L—1 [1Ai+L71 (bk+L*1)Ezk+L [1Ai+L ‘bk+L*1, 7r}|bk+L*27 ﬂ s Ikarla W]‘bkv 7T] =

1Ai (bk)Ezk-H [1Ai+1 (bk+1 )E2k+2 [P(c(bk+2:k+L; o, 6):1|bk+27 7r)]:]-Ai (bk)Ezk+1 [P(C(bk+1:k+L§ o, 5):1|bk+1» TF)} i (30)
where the set AS VL € [k : k + L] is defined by (13).

The reader can find the proof in Appendix A.1. From Lemma 1 we behold how to obtain the best sample approximation
of the outer constraint, since the theoretical expectation (28) is out of the reach. In practice, we approximate expectation
in (28) with a finite number m of samples of observation episodes, {z,lcﬂ:HL}l";l, which we call laces, such that

PO (e = 1br, m) = PO (clbrinrz; 6,8) = 1bk,m) 2 5 307 e(bhnr1i 6,0) = 5 ity s (31)
where ¢! £ ¢(by.py1;¢,6) and ¢! ~ P(c|bk, 7). The outer constraint (10) becomes

i Z?ll C(bgc:k+L; ¢a 6) Z 1- €, (32)

where m is the number of the observation sequences zi41.x+1 expanded from action ar (9) at the root of the belief tree.
From now on, we focus on the sample approximation (32) of the outer (external) constraint (10).
Importantly, our further discussed approach is valid for any sampler utilized
to obtain samples of (32). Of course with growing horizon L—co to adequately — m— _
represent actual distributions more samples will be needed, the m will need to be

enlarged. This aspect is an inherent property of the sampler and hence is not our e UB(bk’ W)
concern for now. If the belief tree is given, we can traverse it from the bottom up = T ————T ™) (¢(by.tr; d,0) = 1|bg,7)
and calculate the value of ¢! for [ € 1...m along the way such that when we reach T4

the root, we have everything to evaluate (32). In general, since the parameter m e B (b, )

has to be known, this applies to approaches that decouple belief tree construction
from the solution, e.g., SS algorithm [18] and OL setting. .

However, we would like to guide the belief tree construction such that if, e.g., Fi8- 4: Mlustration of the bounds. If 1—c

. . . . is below as marked by the green line, we

the action does not fulfill the outer constraint we will spend on it as less effort are only able to early accept the policy

as possible. We shall regard another interesting aspect of (28). Because c€{0,1},  using the lower bound LB(b, ) (33).

s 1 m 1 .- . e _ . It is only possible to discard the policy
by definition 1>-- %" ¢. This implies that, under the condition €=0, to satisfy with the upper bound UB(bg, ) (34), in

(32), we shall require 3" | ¢!=m. In other words, in this setting we will not be able  case that 1—¢ is located above, as marked
to early accept an action (before expanding m future belief laces). Nevertheless, by the red line.

as we will further see, we will be able to do a highly efficient pruning whenever the inner constraint conforms to (12)
(multiplicative form). Further, we describe an adaptive constraint evaluation mechanism for a general ¢ and after that
focus on the case of e=0.

—— 1 — €

4.1.1 Accurate Adaptive Constraint Inquiry with 0 <e <1

Having presented the sample approximation of PC based on m samples (32), we are now ready to address a complete
belief tree construction. We bound the expression of the sample approximation of the outer constraint (32) from each end
using the already expanded part of the belief tree. Suppose the online algorithm at the root for each action expands upon
termination m laces appropriate to the drawn samples of observation episodes of length L—1, namely {zf€+1:k+L}{’;1.
Each sampled lace | corresponds to a particular realization of the return.
Suppose the algorithm already expanded n < m laces. The lower bound LB(b, ) of (32) is
?
=

n ! m i
l—e < L300 d< E5m d (33)

—— ——

LB(bg,m) P(m) (c=1by,,m)
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Fig. 5: (a) Fast, adaptive with respect to observation laces, pruning when ¢=0. If a single descendant belief yields ¢(b)<d the whole action
branch can be safely discarded (necessary condition (36)). From the other hand if all beliefs in the sub-policy-tree satisfy ¢(b)>§ the PC
is fulfilled (sufficient condition (37)). To rephrase that, if the action was not pruned, it is guaranteed to satisfy the PC; (b) Visualization
of a faster pruning when P (¢(bg.x41; ¢, 6)=1|by, 7) is lower.

Whereas the upper bound UB(bg, 7) reads

?

=~
wiiad <EE ALY d < e (34)
N—— N— ——
POm) (e=1b, ) UB(bg,m)

By the question mark we denote the inequalities that shall be fulfilled online to check either the sample approximation
of the outer constraint (32) is met (33) or violated (34). Only one of the inequalities denoted by the question mark will
be eventually fulfilled with some n when we progressively expand the laces. We accept a policy fulfilling (32) using the
lower bound (33) or invalidate using the upper bound (34) (See Fig. 4). These bounds allow to evaluate (32) adaptively
before expanding all the m laces of belief sequences by.x+1 and using only n laces instead. We save time that would
be spent on the additional m—n laces if one continues to sample observation episodes (laces) up until the budget of m
samples is reached.

Such a technique is a applicable for both settings: OL and CL. Note that both bounds advance towards the (31)
with the step size 1/m. Moreover, with each added observations episode lace, only one of the bounds is contracting, the
lower (33) bound LB(b, 7) or the upper (34) bound UB(b, 7). If the expanded lace results in ¢'=1 the lower bound (33)
makes a step towards (31). This event happens with probability P(c=1|bg, ). Conversely, if the expanded lace results
in ¢!=0, the upper bound (34) makes a step towards (31). This event happens with probability P(c=0|b, 7).

One example of an adaptive usage of (33) and (34) is to save time in an OL planning or alternatively spend more
time on the action sequences which fulfill the outer constraint (32), namely increase m for a given n up until evaluating
(32) is still possible with this n. Envisage a static action sequence to be checked. After each expanded lace ¢’ of (32) we
are probing (33). If fulfilled, we know that the sample approximation of the outer constraint is satisfied, and we can stop
dealing with the constraints for this candidate action sequence. Else we are trying (34); if fulfilled, we know that the
current action sequence violates the sample approximation of the outer constraint (32). The third possibility is to add
one more lace and check again. In such a way, we adaptively expand the lowest possible number of inner constraint laces
to be evaluated and validate or invalidate the action sequence depending on whether the PC (32) is fulfilled on not.
The presented adaptivity mechanism is simple, exact and guaranteed to satisfy or discard our PC. To our knowledge no
analogs to this exists in the literature, e.g. [30]. Another example is the CL setting, where we deal with policies. Further
in this manuscript we focus attentively on the multiplicative form of the inner constraint (12).

4.1.2 Early Termination with Multiplicative Form
In this section we highlight that in case of multiplicative form for each lace ¢! € {0,1}, it holds that

c(brkrrs 6,6) = (TTZ8 Livpvsenrorn =61 (b)) < (TI2 Ly wpen, o =0y (be)) = e(brints; ¢, 6). (35)
for 0 < j < L. Remembering that ¢,¢ € {0,1}, if @ = 0 so as ¢! = 0.

4.1.3 Efficient Exact Adaptive Pruning with ¢ = 0 and Multiplicative Form

The constraint confidence parameter e controls the stiffness of the condition that the distribution of belief-dependent
inner constraint shall fulfill. The maximal stiffness is reached when e=0. Leveraging again the multiplicative structure
of the inner constraint (12), we have an interesting behavior summarized in the following theorem (See Fig. 5a).
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Fig. 6: Illustration of the symmetric belief search tree built by Sparse Sampling algorithm with A = {al,a2} and m = 3 sampled
observations at each belief node. We prune branches on the way down the tree.

Theorem 1 (Necessary and sufficient condition for feasibility of a Probabilistic Constraint). Fiz e=0 and §ER. Let the

inner constraint comply to (12), namely VI c(bL,HL; @,0) = ?:,f l{bljblegwb(bﬂzg}(bé). The fact that

(% 2;11 H’g:kL 1{bl:bzegb¢(b[>2§}(bé)) =1 necessary condition (36)
implies that V1,£  ¢(b}) > 8. Moreover, if

(Z>0, TL5F Lo,bpen0.00055 (00) < 1,  sufficient condition (37)
so 3,0 ¢(b) < 6.

We provide a proof in Appendix A.2. Theorem 1 says that whenever ¢e=0 and the inner constraint is of the multi-
plicative flavor (12), then (32) is satisfied if and only if for every belief b in the belief tree it holds ¢(b) > 4.

An immediate result of Theorem 1 is the soundness of our pruning technique. On our way down the tree, by arriving
to a belief by, we prune all the actions in the belief tree resulting in ¢(be+1)<d for some future observation a single step
ahead. In such a way eventually in the belief tree will be solely the actions satisfying the PC (32) with e=0. Importantly,
to engage such a pruning we do not need to know actual value of m.

Behold one more interesting aspect. As explained in Section 4.1.1 the upper bound (34) makes a step when the
sampled lace [ equals to zero (cl:0). Recall that we discard the policy 7 and action sequence aj using the upper bound
(34). Whenever e=0, it is sufficient to make a single step to discard such a policy. This step happens with probability
P (¢=0lbk, ) =1—P (c¢=1|bi, 7). Therefore if the Probabilistic theoretical Constraint (10) with e=0 is violated with a
large margin, our method will prune such a policy faster, as visualized in Fig. 5b.

4.2 The Algorithms for PC

In this section, we present algorithms to tackle our novel formulation portrayed by (9), (12) and (32) applying the
theory presented in the previous section. Let us reiterate that we focus now on the multiplicative form (12) of the
inner constraint. In particular, inspired by SS [18] and adaptivity aspects in [4], we first present an adaptive algorithm
originated from SS, for e=0. The SS based methods on top of nonparametric BMDP hardly can be applied with long
horizons. To alleviate that and use an arbitrary € in the interval [0, 1), we assume static candidate action sequences. We
formulated all algorithms for a general belief-dependent operator ¢. In all our algorithms the objective is calculated over
the symmetric belief tree (Fig. 6) and the tree future policy is deterministic.

4.2.1 Probabilistically-constrained Sparse Sampling (e = 0)

In this section we present an algorithm to solve the sample approximation of the following problem

aj, € arg max Q”* (bk,ar; p) subject to
. ap€A (38)
P(( Eik 1A;§ (bt’)) = 1|bk7ak7ﬂ'l:+1:k+L—1) =1,

where AS is defined by (13). In this approach, since e=0, using the recursive nature of multiplicative inner constraint
proved in Lemma 1 we ensure that our future belief tree policy 7(;, 1) is safe with respect to each belief b(h) in the belief
tree, namely P(™ (c=1|b(h),a,7)=1 (Note that PC itself is a belief-dependent operator under a particular execution
policy). Indeed, as we will further see, if some action in the way down the tree is not pruned, it has to hold that all the
predecessors are fulfilling the PC and the current node. SS based methods employ the Bellman optimality criterion while
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traversing the tree from the bottom up. For e=0 we suggest Alg. 1. Leveraging Theorem 1, the Alg. 1 prunes, in line 14,
all the actions resulting in even a single future belief to be unsafe. We prune actions violating the outer constraint (32)
on the way forward (down the tree) as visualized at Fig 6. Because we actually check the inner constraint (12) on the way
forward when the algorithm hits the bottom of the tree, we are left solely with actions fulfilling the PC approximated by
(32) with e=0, so we do not need any additional checking on the way up at all. This contrasts the chance-constrained
formulation in [30], where the pruning condition is only necessary and not sufficient as in our approach.

Algorithm 1 Prob. Constrained BMDP Sparse Sampling (e = 0) (PCSS)

1: procedure PCSS(belief: b(h), history: h, depth: d, threshold: §(h)) > basin (5), § as discussed in
Section 3.2.
if d=0 then
return (Null, 0)
end if
(a*,v*) + (Null, —o0)
for a € A do
v < 0.0, PrunedFlag < false > Initialization of Value function and flag for pruning
Calculate propagated belief &'~ applying action a
for m4 times do

10: Sample 2° ~ b'~ followed by 2z’ ~ P(z]|z°) Observations are created using belief defined by (5)
and action a.

11: b« (b,a,z") > Update belief

12: if ¢(b') < d(h) then > Prune action a using Theorem 1

13: PrunedFlag < true

14: break > Exit from observations loop and go to line 21

15: end if

16: a*’, v < PCSS(V, haz',d —1, 6(h)) > Rule for threshold as in (16). The best next action o™’ is
redundant.

17: v+ = (p(b,a, V") +~-v")/my > Calculate Value fun. using regular beliefs as in (5).

18: end for

19: if PrunedFlag is false and v > v* then

20: (a*,v*) + (a,v)

21: end if

22: end for

23: return (a*,v*)

24: end procedure

We now endow each belief and corresponding history by superscript denoting a global index at a particular depth of
belief tree, see Fig. 6. Similar to SS algorithm, we use Bellman optimality from the leaves up the tree and approximate
the (3) by

QD (hy's ae; p) = Yot a0l 22, comie (p(b)f ae, 2,4 b ) + QT2+ (R afyas p)), (39)

ay)
where |C(h*a¢|=m and on the way up the tree we select an optimal action using aj,,;= argmax Q™ (bey1, aeir; p).
apy1€C(hey1)

Since we prune dangerous actions on the way down the tree, it holds that C(he+1)CA and |C(het1)|<|A|. Therefore,the
proof of near optimality from [18], [24], [22] [23] holds with respect to reward. However, we prune at each belief action
node using the sample approximation of PC and not theoretical. Therefore our method is only an approximate method.
Clearly, it converges to the solution of (9) and (10) as number of sampled observations grows. At the root we have
m= Hle(md)i laces and the approximation of PC for action ax, when the Alg. 1 returned from the recursion, reads

pik+2

= tag,, O | g, O
Chfar)l “=ikt1€CULAR) omptlar, )| int2€Ct N ot (e 2a I w0)
1,6 (b;c):»+LL—_11 ) )
kfkigl—l ; ThpL—1 1,5 (bZTLL)) =1
Ok ar, I Tk n €O e ) T AR

It shall be noted that the presented algorithm is heavy from the computational point of view due to the fact that it
expands all actions and predefined number of observations on the way down the tree. It is hard to apply Alg. 1 to large
horizons even with our efficient pruning technique. We alleviate this issue in the next section.
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Algorithm 2 Arbitrary 0 <e <1

1: Input: A, bi(hg), d(hy) > Set of the action sequences, belief and constant threshold as in explained in
Section 3.2

2: aj, < undef, V(jn) +— —o00, S+ {} > S is the set of accepted candidate action sequences, S C A

3: for each a4 € A do

4: for n(ax+)€1l:m do

5: Draw observation sequence zZ&"ZJ_L ~ P(zk41|bk, ax) ?i,f;ll P(zp41|be, ar) > Observations are

sampled from P(zp41|bk, akwe, 26+1.¢) €=k : k+ L — 1 using beliefs as in (5).

6: cMant) 1 45, (bg)

7: for z;l(a'“’) € zZi‘llkgiL do

8: Calculate b)) ¢(b) ™)), p(bp_, ap_1,b7)

9: Mant)  enlart) 13 (7) > For definition of A9 see (13).
10: if ¢"(@+) == ( then

11: break > If inner constraint as in (12) can stop to calculate ¢(-) down the lace once at some

belief ¢(b) < J. See Eq. (35).

12: end if

13: end for

14: ifl—-e< % Z;l:(?“) ¢ then > Quter constraint is fulfilled
15: S+ SU{ak+} > Accept the apy
16: break > check the next action seq.
17: else if L S e e — % then > Outer constraint is violated
18: break > check the next action seq.
19: end if
20: end for
21: end for
22: for each ax4+ € S do > S contains all feasible a4+
23: Expand missing laces and get V™ (by, ay.)
24: if Vi) < VO™ (by,ax1) then
25: aj, < a, V(jn) — V) (b, ay)
26: end if
27: end for

%k
28: Return ag,

4.2.2 Static Action Sequences and Arbitrary € in the Interval [0,1)

We now turn our attention to an arbitrary e in the interval [0,1) and solve the sample approximation of (14) and (15)
with multiplicative flavor of the inner constraint (12). Our objective is specified as

1 k+L—1 71 1 :
Ay € ATGMAXay, €Ay 7 Dore1 2opmp P(besae,bey 1)  subject to

" (41)
(% Zl:l ?i]f 1A2 (bz)) 2 1- €,

where observations episode lace [ is sampled from z,lc+1:k+L~]P’(zk+1|bk, ak) H?;f;ll P(z¢41|bk, ak:e, 2e+1:¢). The set A?

is in accord to (13). We denote the objective portrayed by (14) approximated by empirical mean of m laces of the
cumulative rewards as V™ (b, ary) and approximate (15) similar to (31). To relax the necessity that e=0, we turn to
static candidate action sequences (Ax) and present Alg. 2. Let us pinpoint that we already proposed this algorithm in
our parallel paper [38] where we focus on the cumulative form of the inner constraint (11). However, this paper focuses
on multiplicative structure (12) and another operator ¢ being (18). In addition, since here we focus on the multiplicative
flavor of the inner constraint (12), Alg. 2 ceases to calculate the operator ¢ over the lace if it encountered a belief such
that ¢(b)<d (line 10 in Alg. 2). This is especially important with long horizons, see Section 4.1.2.

5 Analysis of CC and Upgrades for PC

Although our formulation is universal and belief-dependent, this paper focuses on the agent’s safety. Therefore, we shall
thoroughly regard the SOTA safety constraint under partial observability, the CC.

14



by,

() (b)

Fig. 7: Visualization of the conventional CC enforced from a belief by. By shaded ovals we illustrate the posterior beliefs. The orange
rectangles and ovals stand for obstacles. (a) In this visualization the purple trajectories are unsafe, whereas the teal trajectories are safe.
(b) Visualization of sub-policy-tree resolution of CC with horizon L=2 (the blobs encapsulating the beliefs by dashed lines). Only belief
by, here taken from the belief tree is used for reward calculation as in Fig. 1 and the rest of the beliefs are defined differently (Section 5.3).

5.1 Averaging the Probability of Being Safe

We start by showing that in case of candidate policies and not predefined action sequences the CC utilized in [6] averages
the probability of to be safe given posterior belief and policy. Observe that due to dependence on the polices, to calculate
(7) one must marginalize with respect to observations, namely

P({meengafekuaﬂ_):fzk+11?;({xg€ngafe}|bk,7Tk::£—17Zk:+1:€)]p(2k+1:£|bk7Tr)dzk+1:£:Ezk+1:g [P({weGXfafeHbg)‘bk,ﬂ]. (42)

The robot, with some likelihood, will obtain a single posterior belief in the actual inference and not in a planning
session. Thus, the condition E., ,,, [P({xgeé\f'fafeﬂbz)’bk,ﬂ >4 can be problematic. Let us give a specific example.
Suppose the belief by is safe (probability to intersect with the dangerous region is zero). Assume that §=0.7 and we have
three equiprobable observations in a myopic setting such that P({xk.H EX,fif'f } |4 (bg, ak, zi +1)) equals 0.1, 1.0, 1.0 for
j=1,2, 3 respectively. On average, we have precisely 0.7 such that the (7) is fulfilled. However, one belief is highly unsafe.
In contrast, as our formulation (10) is sensitive to the distribution of the future beliefs rendered by future observation
sequences, it is aware that only two out of the three observation sequences satisfy the constraint. For example, it will
declare (the sampling-based approximation of) (10) is not satisfied if (e.g.) we select e=0 and 6=0.7.

Nevertheless the expectation with respect to future beliefs is also a viable possibility for the constraint. As we
explained in Section 2.3 the CC in [30] portrayed by (8) is more general than the one used in [6] and described by (7).
From now on whenever we use the notion of CC we mean the CC from [30]. Further, we show two ways to calculate the
CC. The first way is through the PDF of the future robot trajectories. The second way utilizes posterior beliefs defined
in a different than the usual way (Section 5.3).

5.2 Chance Constraining Future Trajectories

We face that in [30], the CC is imposed, with different threshold, at each non-terminal belief in the belief tree. The
non-terminal belief is the belief from which emanates an action, in other words, not a leaf in the belief tree. As we
mentioned in Section 1.4, this is necessary to ensure the feasibility of CC in the root of the belief tree. It will be more
apparent shortly. At this point let us define the rewards tree as belief tree used for the calculation of the rewards and the
objective (9) (See Fig. 1 and 5a). The beliefs in the rewards tree are defined by (5). As we mentioned, the [30] disregards
the disparity of the beliefs in the rewards tree and CC tree (to be defined in the next section) but takes into account
the disparity in observation likelihood. To shed light on this aspect, we shall analyze the CC imposed at the root of the
belief tree by, common in both belief trees. With this motivation in mind, we focus for the moment on the time index
k of the beginning of the planning session and inspect the PDF that the trajectory 7 will be safe. Note that from the
properties of the indicator variable

1{-,—keX’Zi,f’xgafe}(Tk(w))zl{n?;r’f{zeexesafe}}(Tk: (W)=Aety 1{x£€XZSafe}(mf(w)):H§:kL 1{wexesafe}(xe(w)) Yw € Q, (43)
where A is the minimum operator and € is the space of the outcomes. Meaning, the safe trajectory is the trajectory
comprised of safe states. Only for better and clearer explanation, we assume further in this section that robot safe

safe

workspace A;*¢ is given for any ¢. Relaxing this assumption is straightforward. Another property of the indicator
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variable is P(l{fkexfj,fxgafe}:”b’“ 71',Tk):]_{TkEX?;ré,Xzsafe}(Tk), enabling us to write (See Fig. 7a)

P(l{TkexfikLXzafe} = 1|bk,ﬂ') = ETk [I{Tkexlzilfxzsafe}wk,’fr] = f"_k H?;Llf 1{I£€Xégafe}(x£)P(Tk‘bk,ﬂ-)di. (44)

To calculate the value of (44), one must asses P(7i|bk, ) and since this PDF depends on the policy, it is not possible
to directly constraint the robot future trajectories. The P(74|bx, ) is by definition averaging with respect to future
observations. To show that explicitly, we present the following Lemma.

Lemma 2 (PDF of trajectory). The PDF of a future trajectory given a belief and the candidate policy P(Tk|bk, Th:k+L—1)
decomposes as

Pr(@it1|zr, ar)bk(zr) [ IZLCL;; (Pr(zes1|me, m(be(be—1, mo—1(be—1), 2¢)))Po (2¢|we) )2kt 1:hrL—1 = (45)
Z41:k+L—1
Pr(@ksr|oe, ap)bi(zr) [ . ([ Pr(@rsr-1|@rtn—2, m(besr—2(brtn—3, Gkir—3, 2k+L-2))):
241 Zp4L—2
( f Pr(zisr|Tesn—1, T(bkrr—1(bktrr—2,akyr—2, 2k+1-1)))Po (ZrtL—1|Trt L1 ))de-JrLfl)' (46)
ZhtL—1

Po(zk4L—2|@ksr—2)dzesrr—2) ... dzei1.

If instead of policy it is given a predefined action sequence ak:k+r1—1, we have that

P(7|bk, @kt r—1) = Pr(Tpt1|Tr, ar)be(xk) f:,f;llPT(wuﬂxz,ae)- (47)

We provide the proof in Appendix A.3. As we see, such a formulation averages, in each time step, the motion models

corresponding to different actions due to various possible observations. We emphasized this behavior in the final time

instance with the magenta color. In particular, when we deal with static action sequences ak:.k+r—1, the observations
cancel out, effectively assuming full observability. Note that this is also the case in the formulation described by (42).

From Lemma 2 we conclude the following. In the case of policies, it is not possible to assume the fully observable

setting. To evaluate E,, [1 [reex b azate) |bk, ] one must resort to the averaging with respect to observations and leverage

the fact that E‘Fk [1{7_k€><2':lfxzsafe} ‘bk, 7'(‘] = Ez(k+1)+ [E‘% [1{Tk€><§:;f/¥zsafe} |bk, T, 2k+1:k+L71] ‘bk, 7T] averaging the PDF’s of

the trajectories corresponding to each sequence of possible actions dictated by the observations.

5.3 Investigating Chance Constrained BMDP

We now examine the expression P(1 {reex B+ ysafe =1|b, ) from another angle and reformulate it in the context of
posterior beliefs as it cannot be used in beﬁef—dependent solvers in its current form. Such an extension has not been
done previously, to the best of our knowledge.

In CC, as we will further see in Lemma 3, the safe event {x€X’ safe} impacts the belief update. Therefore, the posterior
beliefs differ in the belief trees used for rewards and CC calculation. In the rewards tree, the beliefs are as in (5), whereas
in the CC tree, as we will see shortly, we have two types of beliefs. The belief obtained from safe beliefs is

be(we) 2P (welbr, akio—1, zhrre, (Vi_p{ms € X5°}) = P(ae|b5™S, a1, 22), (48)
and the safe belief given by
b3 (w0) 2P (e |br, 7, k4 1:k40, mf:k{me?(fafe}):P(WV% ﬂf:k{IiEXisafe}):P(“rziﬁv a1, 20, {ze €Y. (49)

Please relate the (49) to (5). This aspect is ignored by [30]. Nevertheless, such a disparity is present in discrete and
continuous domains altogether. Note that also the definitions (48) and (49) we assumed that robot environment map is
given. In most general case the workspace Xy is a part of the state for any ¢.

Let us present a lemma which will shed light on the relation between the conventional formulation of safety con-
straint, the CC, and the posterior beliefs. To improve readability let us introduce yet another Bernoulli variable
L[(w)él{zzexésafe}(w). Recall that 1{TkEX§:+,fX§afe}: AEE .

Lemma 3 (Average over the posteriors obtained from the safe priors).

P( ﬂletkL {xfestafe} |bk W):P(( L:lf "f):”bk’ W)ZP(Lk=1|bk)EZk+1 [P(”k+1:1|gk+l)Ezk+2 [P(Lk+2:1|5k+2) T

’ ~ - N (50)
P(Lk+L_1=1|bk+L_1)Ezk+L[P(Lk+L:1|bk+L)’ak+L—17 bzéﬁeL—l] e ’ae+17 biﬁel} ‘aka bskafe]-
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where by=1)(b5*¢, ay_1, z¢) which is different than by=1(bs_1,a¢—1, z¢)) used in (19). We provide the proof in Appendix
A.4. Here, ¢ is a method for Bayesian belief update. Further details can be found in Appendix B. The connection
between (49) and (48) is

Esafe(a:) 2 11 e asate) (2)0(2)

T Tecx Liecsate, (©B(E)AE (51)

i.e., we nullify the unsafe portion of the belief and re-normalize.

From Lemma 3, we elicit two facts. The first one is that the CC operates on the level of sub-policy trees (See
Fig. 7b). The second one is that each sub-policy-tree in (50) differs from a sub-policy-tree used for reward calculation.
The observations come from another distribution, and the belief definitions (48), (49) is also different from (5), resulting
in disparate from those used for reward calculation beliefs (See Fig. 1). Difference in belief definitions can also be viewed
as the difference in belief update originating from making the belief safe (51). However, the root belief by is common to
both belief trees, the one used for the rewards as in Fig 1 and one used for CC calculation as in Fig. 7b. To the best of
our knowledge, such a difference in belief definitions is considered for the first time. Returning to our formulation (29)
for the moment and comparing to (50), we highlight that our variant (29) is truly distribution aware as it counts the
number of safe posteriors because of the indicator outside the inequality involving the probability value.

Further we will see that because we are dealing with expectations in (50) the disparity in the conditioning of PDF of
observations in (50) and (3) is fixable using Importance Sampling (IS). Therefore, we can use the observations sampled
for the rewards tree. Moreover, the reformulation (50) allows to utilize general belief-dependent operators over the beliefs
defined as in (48) if we regard only the right hand side of (50). Still it makes sense only in the context of safety, e.g,
(20) and not Information related operators as, for example, (25). This is because the definitions of the beliefs (48) and
(49) appearing in (50).

5.4 Upgrade One: Probabilistic Constraint with Safe Trajectories

From the preceding discussion, we devise that we can plug the beliefs defined as in (48) (given the safe arrival to previous
time instance event) and (49) into our PC (17) with (19) as such

1{P(L’“:1‘bk)25}(bk)z£1 [1{P(Lk+1=1|5k+1)25}z,}§2 [1{Lk+2:1\5k+2)26} ak (52)
7safe 7safe 7safe safe
T O L N e I L R Rt

The formulation pictured by (52) is novel to the best of our knowledge. In the setting of policies we further assume that
€=0 and solve the .
ay, € arg max Q" (bx,ax;p) subject to
P (53)
P(( Zik 1A<l§ (bl)) = 1|bk7ak77"—l:+1:k+L71) =1,

where AJ2{bg:b€Bq, ¢(be)>6} and ¢(be)=P(1e=1|be)=P(te=1|he, :Zp {x:€X;**}). The belief-dependent operator here
is the probability to be safe given the history and the safe arrival to previous time instance event, namely ﬂf:,i {xieXfafe}.
The space By is the space of the beliefs defined in accord to (48) and reachable at time instance £ from by. In the OL
setting instead of constraint as in (41) we will need to approximate (52). We show how to do that in Section 6.1.

5.5 Recasting the CC using Execution Risk

Let us restate the definition [30] of future Execution Risk (ER), namely ery(bx(hi),m) (belief and policy dependent
operator). The CC can be recast as ery (b (hi), 7) <A(hx). Recall that by common for the CC and the rewards objectives,

ety (b (hi), ) 21— P({m € X2 X" }bor, an, T(es1y+) < A(h) 21— 6(ha), (54)

where by d(hi) we denote threshold given in planning session and also the threshold of our approach (12). Since in
this paper we deal with deterministic polices we sometimes will write ery (b (h), ax, ) to emphasize that the action ay
has been determined. Moreover, please note that by definition ER (54) is time instance dependent. This is because the
trajectory is until time k+L. The risk at the k-th time step r5(bx) is defined by

P({J?k ¢ Xzafeku) = fzk bk(mk)l{%¢X§afu}(mk)dxh = Tb(bk). (55)

Note that P ({zx€X3*}br) = [, bi(k) 1, cxporey (@) dan =1 — 7o (b).
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Lemma 4 (Recasting). The CC can be represented recursively and two threshold conditions are equivalent

P({Tke X?;r,f’ Xesafe}wk,ﬂ):P({l‘kEX;iafeku) E [P({Tk+1€ X?I}f+1 Xésafe}|i)k+|,7l’,)|bk,{IkEX,:are},ak,ﬂ']Zd(hk) (56)
Zht1

>6(hg41)

erk(bk(hk), ak,7r) = (Tb(bk) =+ (1 — Tb(bk)) E [erk+1(7)/(+1 s 7T) ‘{Ik; EX;iafc}, bk, T, ak})SA(hk), (57)

Zg41
<A(hg41)

where A(he)21—5(he) and erq(be, w) & 1-P ({me€ x[1 ) X7} by, ) VL € [k k + L].

We provide the proof in Appendix A.5. From (57) we infer two important aspects. The first one is that execution risk
is recursive and if the CC was imposed merely from the root of the belief tree due to Bellman update each er(be, 7) for
£ € [k+1:k+ L] will be large since it corresponds to an unconstrained optimal action. Therefore, it is highly likely that
at the root there will be no feasible action. Further in Section 6.2 we restate how the future thresholds are found by [30]
to ensure feasibility of CC at the root hy of the belief tree by adjustment of A(he) at each future history he. Still it is
not for sure that feasible action will be at the root. We reiterate again that the safe event in likelihood of observations
in (57) is taken into account in [30], but the difference in belief definitions (49) and (5) is not.

5.6 Implicit Access To Non-terminal Posteriors

The CC is enforced from each nonterminal belief with adapted threshold per history A(he) to ensure feasibility at hy
with Ay (hy) considered in the planning session in time instance k. We defer the discussion of how to set the threshold to
Section 6.2. For the first time in literature, to the best of our knowledge, we consider the difference in belief definitions
in the belief tree used for the rewards (belief defined by (5)) and the CC (belief defined by (49)). Hence, we shall decide
in which belief tree (pictorially Fig. 1 or Fig. 7b) to threshold each posterior. We threshold each subtree represented by
(50) (Fig. 7b). The CC for belief b, reads

PN {2 € x5 b, ) = P((AMS i) = 1be, ) > 8(he) Vbe(he), L€ k: k+ L. (58)

where 0 < § < 1. Due to fact that {xe S Xfafe} D ﬂ’if {mz S Xisafe} it holds that

P({xg c Xesafe}ll_)g) > P(ﬂfif {xl c Xisafe} |5¢,7r) (59)

the (58) implicitly constraints P({x, eXiafeHl_)z) with §(he). In fact, we never know which actual threshold each posterior
belief shall be larger than or equal to. In contrast, in our formulation (19) we require being larger or equal to constant
0(hk)=1—A(hx) solely from the multiplicands of (19).Using the (59) we also can prune the policy = in CC if
safeq |1 /\
P({zr € X7} be(he)) < 6(ha). (60)

This is equivalent to leveraging the relation rb(l_)g)gerg (l_)z, 7) and prune if A_(he)grb(l_u(hg)). Importantly, this condition
means that does not exist policy 7 such that the condition (58) is met for b,.

5.7 Upgrade Two: Future Subtrees Resolution in PC

In light of the previous discussion we suggest to constrain also terminal beliefs. As a consequence, we obtain the following
reformulation the PC (17) with (19). Set =0 in (10) and ¢ instead of being constant per planning session as in (16) is
a general function of history. The chance-constrained objective materializes as

aj, € arg max Q”* (bk,ar; p) subject to
ap €A

- ~ (61)
P((14,,, (brsr, hitr) VT 14, (7 be he)) = bk, an, Ty n 1) = 1,

where the B, is the space of reachable from by beliefs defined as (48) corresponding to histories and the sets are
A2, be, ho:be€Be, 0o (be(he), ©)>6(he) Y}, A 2{bkrr, Pkt 20k LEBry L, $(bktr (hietr))>0(hosr) } (62)

The relevant indicator 14, (7, be, he) accepts also history he to check if the triple (m,be, he) € Ap in the set Ap. The
operator gog(bg_(hg),w) operating at the time instance ¢ also accepts the policy 7 as input and it is defined as a CC
enforced onto be(he) with threshold §(h¢). The operator ¢ (be(he), ) expands a future sub-tree.

Lpg(gg(he),W)Zl—er[(gz(he),ﬂ') = P( ﬂf;rf xieXisafe}H_)g, 71') = P( ﬂfif xieXfafeth, ﬂf;; {z; € Xisafe}, 77) (63)
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and at the terminal beliefs we have that

GOt ) =P ({21+ L EXYT Hbror ) =P ({wnr L €XZL Y, Vi {mi €74, (64)

Note that in (53) we threshold all the beliefs with the same d(hy) per planning session as described in Section 3.2. This
is in contrast to (61) where each d(h)=1—A(h) is a result of heuristics described in Section 6.2. Importantly, if we set
n (61) 6(he)=0 for £>k, we will obtain CC solely at the root with d(hi) specified outside. As we will further see, due
to the usage of Bellman optimality in future times, this option does not leave feasible actions at the root by of the belief
tree and, thereby, is not plausible.

5.8 Comnservatism of CC

In this section, we discuss the conservatives of the problem depicted by (61) relative to (53). We need to define what it
means to be conservative in the first place.

Definition 1. (Conservatism) Let a' be solution of (53) with best future tree policy T(k+1)+ and a” the solution of (61)
with the best future tree policy pfy 1), We say that (61) is conservative with respect to (53) if

Q™ (b, al;p) > Q" (br,ak; p). (65)

In (53) the § is constant, namely &(hy)=0(he) V€ > k, he. Tt is, also, holds that ¢(be(he))>@e(be(he), 7) for any £€[k:k+L].
We can conclude, using the (59) that, if the 6(hy)<d(he) in the (61), so the (61) is indeed conservative with respect to
(53). Recalling that A(h)=1—4(h), the reciprocal condition for ER formulation is A(hi)>A(he).

5.9 Chance-constrained Adaptive Open Loop Continuous p-POMDP

In some problems, as mentioned in [14], sampling from the motion model can be costly in terms of computation time.
Motivated by this key insight, we pay attention that the adaptive approach with minor adjustments applies also to the
m trajectories approximated CC in the setting of POMDP with static action sequences. To approximate the CC given a
candidate action sequence ar.x+r—1 we shall draw the laces of the trajectories 7p~bg (k) HkJrL lpr (ze+1|Te, ae). This
is a direct result of Lemma 2, specifically, the equation (47). Similar to our PC sample approximation in the OL setting
and multiplicative form (41) here we have the following objective and the CC

m k+L-—1
ay, €arg krilgxk " ; Z be, ae, b£+1) subject to (66)
0 < P(m)(l{_rkexfjlfxgafe} = 1]bk, ak+), (67)

B(m) - S
where P (l{TkEXEkLX;afc}bekaak+)—

upper bounds materializes as

LS 1{Tk€><§:+;fé\f§*‘f°}(7’i)' The adaptive approach for (67) with lower and

?

I S | (Tl)<iz 1 (14) (68)
< T ez (D) < 5 D L e O
?
m =
1 m {Tkexk-FLxsafe}(Tk)i I{TkEXk-%—]fXEafe}(T]lc) < 4. (69)

Moreover, as in the case of the multiplicative structure of the inner constraint (35), here we use properties of the indicator
to stop the safety check over the trajectory 7 if it was unsafe in some planning future time index. To specify, we define
trajectory epoch variable as e!(73)2 I{TkGXkJrLXaafe}('T’é): ket L 1{”€X5m}(xf_;) Similar to the situation with PC we

have that e’ (74)< Hkﬂ l{ngnfg} () for j<L. In this approach we again have two belief trees, similar to the situation
with policies. However, now for CC, we have an MDP tree, whereas for the rewards we have a belief tree. For the
rewards from each trajectory 7, we create the lace of the observations zyy1:x+r and corresponding beliefs by 1.4+ for
the calculation of belief-dependent rewards. A similar trick is used in [31] but in a different context. Note that this
approach can be used in the setting of an uncertain map (or robot workspace) when the obstacles are represented as
landmarks with some volume. To conclude we visualized two approaches PC and CC in the OL setting in Fig 8. We
proceed to the summary.
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Fig. 8: Visualization of PC versus CC in OL setting with horizon L=3. In PC we constrain the beliefs. Whereas, in CC we constraint
trajectories that render the observations. Purely for clarity, the beliefs here are represented by particles.
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Fig. 9: (a) Visualization of the belief tree obtained by Importance Sampling (Section 6.1). For an actual belief at planning time instant k
we set b, = by. Observation is sampled as such z’ ~ P(z’|b, a). (b) No Importance Sampling. The same distribution of the observations and

belief update is used for belief dependent rewards and CC. Also here we set by, = by. Observation is sampled as such 2’ ~P(2'|b, {z€Xx**} a).

5.10 Summary

To summarize, the CC (61) has several key differences versus ours (17), (19).

1. Instead of looking into safe state trajectories in CC, we are dealing with safe posterior beliefs trajectories in PC.
Our approach uses the same distribution of the observations and the definition of the beliefs each step ahead as
for the reward. At the same time, the CC builds upon the distribution of observations conditioned also on the safe
events and different belief definition from the belief used for the rewards. These two distributions and the belief
definitions are identical only if the robot workspace is completely safe, e.g., with no obstacles at all, or the belief
has finite support lying in the safe space or A(h)=0 and §(h)=1—A(h)=1 for any history h simulated in planning.
This way feasible belief shall be already safe.

2. In CL setting, our PC with e=0 and the multiplicative form of inner constraint allows efficient exact pruning while
CC does not.

3. In addition, in a nonparametric setting not always the belief can be made safe. This problem is a direct result of
a particle representation. Hence, in such scenarios, one shall use our PC.

6 Approach to Chance-constrained Continuous p-POMDP

The investigation of CC merged with a general belief-dependent reward in continuous domains has led us to need an
algorithmic extension. As mentioned, there are two prominent online approaches for solving a continuous POMDP with
belief-dependent rewards in a nonparametric domain: SS [18], and PFT-DPW [34]. In continuous domains and belief-
dependent rewards, it is unclear how to apply a heuristics guided forward search described by [30]. Instead of using the
heuristics, we utilize the Bellman principle to resolve that issue. We aim to solve the sample approximation of (61).

In [30], the discrepancy in observation distribution P(z¢11|be, ar) for rewards and P(ze+1|l_)e, {wgeXzsafe},ag) for CC
addressed by considering a discrete and finite observation space and exhaustively expanding all the observations and
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calculating appropriate likelihoods. Such an approach is not possible in a continuous setting. Additionally, [30] in
P(2e41|be, {xe €A}, ar) instead of using by sequentially updated from safe belief (48) use b defined in accord to (5). To
tackle all these issues, we resort to Importance Sampling (IS) such that only a single set of observations is maintained.
Let us emphasize that such a problem has not been addressed so far. Moreover, the disparity of the belief definitions
was not addressed at all. Note that this issue does not exist in our probabilistic approach (Alg. 1). Next, we contribute
an Importance Sampling based approach for chance-constrained continuous POMDP.

6.1 IS Approach for Chance-constrained Continuous POMDP

As we have seen in Lemma 3 and equation (3) the distributions of the observations of the CC and the action value
function are different (61), as well as the belief update.

Let us observe a single step ahead in arbitrary future time index ¢€[k+1:k+L—1]. For {=k we just draw the
observations because by=b;*. Since we draw observations sequentially, the extension to an arbitrary horizon is straight-
forward. In case of the objective function, the desired PDF is P(z¢+1|be, a¢), whereas for the CC we are dealing with
P(2¢41|be, {xe GXfafe}, ag). Only in the time index k we have that by is shared in the conditioning event of both distribu-
tion densities of observations (Fig. 7b). In general be(z¢) is defined by (48) and b(x¢) in accordance to (5). Note that
equivalent way to write these distribution densities is P(z¢+1|bk, T, Zk+1:k+¢, ﬂf:k+1{az¢€Xfafe}) and P(ze41|bk, T, Zk+1:0)-
With a growing horizon, these PDFs can significantly depart from each other. As a result of this discrepancy, there are
two different distributions of future observations (since conditioned on different events). With CC, we should have, thus,
sampled from each and effectively constructed two belief trees rooted at by. Putting aside that it would be an enormous
computational burden, the question of how to apply a consistent policy in both trees requires clarification. We reiterate
that our PC formulation (see Section 3) does not exhibit this discrepancy.

To avoid construction of two belief trees, we suggest to construct a single belief tree where observations are sampled
from P(z¢41|bk, 7, zk+1:0) and properly re-weighted via IS for the evaluation of the CC. Specifically, suppose we sampled
mgq samples {zgﬂ};n:dl ~ P(2¢41|bk, 7, 2k+1:¢). From now on, we can think about

Py (zes1lbr, 7, 2 11:0) = L3 ST (2041 — 2441), (70)

as the PDF of the discrete probability (Fig. 9a). Importantly, in this case P(z¢+1|bk, 7, 2k+t1:¢, ﬂf:k{a:ieXfafe}) is abso-
lutely continuous with respect to P(z¢+1|bk, 7, 2k+1:.¢). Let us prove that.

Lemma 5 (Absolute Continuity). ]P’(zu_l\bk,7r,zk+1;g,ﬂf:k{x¢ S Xisafe}) L P(zg41|bk, 7, Zkt1:0) -

We provide the proof in Appendix A.6. Since the absolute continuity holds, we can safely use IS. Leveraging IS, we
obtain the desired PDF utilizing the same samples through the following manipulation

R P y .
Pmg) (Zl-*-1|b’€7 7, Zkt 10, i {@i € Xisafe}) = Zy;dllwzﬂ Z;nzdl w;+J15(Zl+1 - Ziﬂ)v (71)

where the j-th weight is given by

Wei1 = my

j £
2 1 Pepr=2) bk iz Ny o€ X5} (72)
P(zep1=2p, bk, 264 1:0) '

In Appendix C we specify expressions for the nominator and denominator.

Let us clarify again that with the proposed IS-based approach, the sampled observations are used for both the
objective and the CC (Fig. 9a). However, for the CC we re-weight the samples using Importance weight to obtain the
correct expected value according to (50). To sample sequentially the observations we use the beliefs from the rewards
tree (See Fig. 9a) defined by (5). We now present a sample approximation of ER (54), (57). Suppose we approximate
the expectation from Lemma 4 by samples from P(z¢41|bk, 7, 2k+1:.¢). We obtain, using (71)

erg(be, ag,m) = 73(be) + (1 — 75 (be)) szl 727"(11 — 2 wi (2o — 274, Jerer (berr, m)dzers = (73)
j=1%es1
ro(be) + (1= 1o(be)) s e S5 wiheres (beya (heaezy ), m) (74)
i=1%et1

Remark: We also can utilize this approach to approximate (52) in the OL setting. We however suggest something else
in Section 7.

6.2 Necessary Condition proposed by [30] for Feasibility of Chance Constraint

In this section we extend the necessary condition for feasibility of CC proposed by [30] to continuous spaces through
IS. This is one of the building blocks of our approach to solve continuous belief-dependent chance-constrained POMDP,
see Alg. 3 and Alg. 8. We endow our IS approach with a pruning mechanism. Recall that the belief b(h) is indexed by
history h in the belief tree.
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The paper [30] utilizes the necessary condition for the feasibility of an action. For completeness let us present
the following Lemma, which is merely rewriting with our notations the pruning condition from [30], extended to the
continuous spaces with IS and considering difference in the belief definitions (5) with (48) and (49).

Lemma 6 (Necessary Condition for Feasibility of CC). Fiz 0<A(he)<1 and ag€A. Suppose that
er(be(he),ae, mes1)+) < A(he) necessary condition. (75)
The following holds for every child Vi € 1 : mq of heay for any ¢ =k:k+L —1

7 ; A(hg)—rp(Be(h 2 7 j
eror1(ber1(heaezii),m) < ?(% - E%l wyverpp (beyr(heaez), ), ), (76)
J#i

We provide the proof in Appendix E. Using the fact that 0<ry(bry1)<ersi1(bes1,m) we have the necessary pruning
condition.

i A(hg)—=ry(bp(h 2, 7J
Tb(bZJrl) < leﬁl ( ((ﬁlbfé;((;f,f)ﬁ)) - E%l weﬁ17’b(bé+1))v (77)
JFT

and three intuitive options to set A(hea¢zf,)). They are specified as

1.
A(hearzpi,)) = “’Zlfl (%W - Z%J wi? ry(besr (heaez), ))); (78)

2.
Alhearzin) = 2o (SEEdE ) (79)

3.
A(hearzi)) = Ahe); (80)

4.
Alhy)=1 V> k. (81)

We classify the condition expressed by Eq. (78) as a necessary condition for (75) to hold. The Eq. (79) we regard as a
fast necessary condition for (75) to hold. This way we hope that on the way up the tree will be feasible actions, but
this is not ensured. Another possibility is to set A’(haz’)=A(h) as in (80). We consider the condition (80) as sufficient
since we know from (57) that if every 2’ (for fixed ha) it holds that er’(haz’)=A(h) and r,(b(h))=0, the a is feasible.
The condition (81) enforces CC only at the root with A(hy) being specified outside. Eq.(77) is used in our Alg. 3 and
further in Alg. 8, specifically in line 19 and 18 respectively. Moreover, we can conclude that with (80) the problem (61)
is conservative with respect to (53). This is because in this setting it holds A(h¢)<A(hi) (See Section 5.8). With (78)
or (79) the situation shall be simulated. In this setting, we cannot conclude conservativnes of (61) with respect to (53).
The (80) is equivalent to (16)

We conclude this section by observing that it is possible that ere(be(he),7)>A(he) but (77) still holds (merely
necessary condition). This is in striking contrast to our PC pruning, as we proved in Theorem 1.

6.3 The Algorithms for CC

In this section, we describe in detail the algorithms for the solution of chance-constrained continuous p-POMDP in the
setting of policies (Closed Loop) and static candidate action sequences (Open Loop). Note, in the setting of policies,
since we are using only necessary condition for pruning described in section 6.2 and Alg 5 on the way down the tree (line
19 in Alg. 3 and line 18 Alg. 8), we still need to verify the constraint on the way up (line 28 in Alg. 3 and line 26 Alg. 8).
In both algorithms for CL, we also enforce the condition to be safe on terminal beliefs and utilize early termination using
the relation described by (60). Additionally, both algorithms can be used with CC enforced solely from the root of the
belief tree by by using (81).

6.3.1 Chance Constrained Sparse Sampling (CL)

Our solver for the chance-constrained continuous belief-dependent POMDP (Section 6.1) is formulated as Alg. 3. This
algorithm is designed to solve the sample approximation of the objective portrayed by (61). In this algorithm we utilize
the IS as described 6.1. In line 11 we sample observation from the belief defined by (5). In line 15 we prune action a
using the condition (60). We calculate the IS approximated ER (74) at the line 27 and verify the CC at the line 28
because pruning using (77) here is only necessary condition and not sufficient. This algorithm works in accord with
the scheme illustrated by Fig. 9a. Reward is calculated over the beliefs defined by (5). Further we show more efficient
variant of chance-constrained approach (Alg. 8).
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Algorithm 3 Chance-constrained BMDP Sparse Importance Sampling (CCSS-IS)

10:
11:

12:
13:
14:
15:
16:

17:
18:
19:
20:

21:
22:

23:
24:

25:
26:
27:

28:
29:
30:
31:
32:
33:

1
2
3
4:
5:
6
7
8
9

procedure CCSS-IS(belief: b(h), belief: b depth: d, threshold: A(h)) © b as in (5) whereas b as in (48)
if d=0 then

return (Null, 0, P({z ¢ xs}|p)) > P({x € X%} b) = 1 — ry(b), P({w & X"} |b) = ry(D)
end if
(a*,v* erprr(b,7*)) + (Null, —o00, 1) > erg(b, ) < 1
bsafe < Make b safe > obtain safe belief as in equation (49) using (51) from belief defined by (48)
for a € A do

v+ 0.0 > Initialization of Value function

Calculate propagated belief b~ from b and &'~ from bsfe

both beliefs for weights calculation in line 12.
for j€l:mydo
Sample x°7 ~ b~ followed by 29 ~ P(z|x°7) Observations are created using belief defined by
(5) and action a.
Calculate w*"J See Appendix C.

applying action a > Need to propagate

VI p(b%fe a, 2/) B > Calculate posterior as in (48)
A(haz"7) <= APRIME(A(h), 1(b), w*"7) , d(haz"7) < 1 — A(haz"7) > Call Alg. 4
if P({z/ € A5/} 9) < §(haz"7) then > Equivalent to P({z’ ¢ X8/} |17) > A(haz'9)

next action > Prune action a using (60). We still do not know if er(b"7|r) < A(haz’7). The
condition (60) is only necessary but for any policy .
end if
end for
if PRUNEACTIONCHANCE({0'/ )74, {w*"7}7 b, A(h)) then
next action > See Alg. 5. We still do not know if er(bla, 7*) < A(h). The condition (77) is only

necessary
end if
for j €1:my do > At this point we have all the observations for not pruned action a, namely
{Z/’l . Z/,'rrz,,i}.
b (b, a, 2’ > The belief defined by (5) is updated only for not pruned actions.

a*, v, erpyr_qr1 (b7, 1) < CCSS-I1S(b'7, b7, d — 1, A(haz'7)) > 7* is applied from time of
b, a"* is ignored
v+ = (p(b,a, b)) +v-v")/mq > Reward is calculated over the beliefs defined by (5)
end for
erp+r—d(b,a, m)P({z ¢ X>**}b)+P({z € A*}D) - W S w erg g (B9, 7) >

Approximation of (57) using (74).
if erprr_a(b,a,m) < A(h) and v > v* then > CC check
(CL*, rU*a erk+L_d(b, W*)) A (a7 v, eI'k+L_d(b, a, ﬁ*))
end if
end for
return (a*, v*, ery 1 _q(b, 7))
end procedure

Algorithm 4 Update A to assure Feasibility of Chance Constraint at the root

1:
2:
3:

procedure APRIME(A(h), ry(b) , w*’)
return the result of (79) or (80)
end procedure

6.3.2 Chance-constrained Open Loop Continuous p-POMDP

We now describe, in detail, Alg. 6 outlining the adaptive approach from Section 5.9 to chance-constrained p-POMDP.
Here the CC is enforced only from the root of the belief tree. The Alg. 6 has two phases. In the first phase, it samples
a minimal number of trajectories for each candidate action sequence required to adaptively evaluate m samples based
approximation of the CC (67), as described in Section 5.9. In the second phase for each survived candidate action sequence
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Algorithm 5 Necessary condition for Feasibility of Chance Constraint

procedure PRUNEACTIONCHANCE({I;’J};-"Zdl, {w=" 7} b, A)
for each b do
if (77) is not met then

1:

2

3

4: return true > prune
5: end if
6

7

8:

end for
return false
end procedure

ak+ we use existing n(ax+) trajectories and sample m—n(ar+) missing trajectories. We then create observations and
calculate beliefs, corresponding rewards and the objective (66).

7 Taking Safety Events to the Objective

In this section, we suggest a modification of the objective. To eliminate the discrepancy in objective and the CC (50)
and PC with safe trajectories (52) we take safe events {x€X*®} of future states to the objective.

7.1 Objective Modification

The IS approach introduced in Section 6.1 converges to the theoretical solution when mg—o00. In the planning phase,
the IS needed to resolve the discrepancy due to the separation of the CC satisfaction (falling trajectories are not pushed
forward in time) and the future return maximization (regular belief/observations PDF in the belief tree). However, the
mechanics of IS introduces a computational burden. Let us ask another question to ameliorate the situation from the
computational point of view. Can we relinquish the requirement of IS?

Specifically, say, we are using P(z¢+1|bk, 7, Zk+1:¢, ﬂf:k{xieXfafe}) ¢=k:k+L—1 and corresponding beliefs b1 for
the calculation of the belief-dependent reward. In other words, we change the conventional objective as such. Instead of
using (4), we use the distribution of the observations and the belief update from the CC such that the objective takes
the form of

U (b, m)2 [ Paigalbr, an) T2 0 Pz lbes w0 201, Vo {ws € A7) S5~ plbe, me, e )dzigans = (82)
Zk+1:k+L

fi;filfzk““l (P(zr411brs ar) TT5— s P(2i411br, 7, 2415, (Vo {2 € A7) p(be, e, b 1)dzpgaeq. (83)

The above modification can be interpreted as follows. Although we calculate the belief-dependent rewards on the entire
belief, following the belief-dependent reward calculation only the safe state particles of the posterior belief are pushed
forward in time with action and observation. This behavior is identical to that we obtained in the CC (50) and PC with
safe trajectories portrayed by (52). We face matched distribution and definition of future beliefs in (50), (52) and in the
objective (82). Note that we can not write that in (83) we have the sum of the expectations because in general

¢ ¢ ¢ ¢ j
P(zkrreloe, m [z €™ =[] Plzyalbr,m zepry, ({m€X™ N# [T Plealbe,m znrng, [{zi€ ™ }).
i=k Jj=k+1 i=k Jj=k+1 i=k

We marked the difference by the red color. The benefit of such a modification is significantly faster decision-making.
Further, we empirically demonstrate the substantial acceleration with good performance quality.

What will be the impact of this modification on decision-making? This question has not been addressed to the best
of our knowledge. We leave for future work the analysis of the above tempering with the objective. Our vision is that on
the small extent of the quality of the optimal solution, utilization of the objective (82) for the reward will accelerate the
performance by avoiding the need for IS in CC and the need to maintain a pair of beliefs in CC (50) and PC with safe
trajectories (52). Let us reiterate that if §(h)=1 for any history h simulated in the planning session such a modification
is lossless for feasible policies. This is because in this case b=b=b"*%.

7.2 Algorithms for Modified Objective

We now present algorithms utilizing such a modified objective. Our belief dependent operator ¢ is as in (18) but applied
on by defined by (48) instead of by defined by (5), namely ¢(be)=P({z € X5**°}|b,).
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Algorithm 6 Chance-constrained open-loop p-POMDP

1: Input: A, by, hy > Set of the candidate action sequences
2: ajy < undef, Vj; )« —o0, 5« {}
3: for each ayy € Ay do

4: for n(ax+)€1l:m do

5: Draw xz(a’”) ~ by (xx) > The beginning of the trajectory in accord to (47)
6: e™art) 1{xkeX§afe}($Z(ak+))

7 for/ek+1:k+Ldo

8: Draw :cg(a“ ~ ]P’T(xdxgialk”, ag—1)

9: e™Mant) o enlant) . Lig cxsmrey (27)

10: if e"(@+) == 0 then

11: break

12: end if

13: end for

14: if § < LS4 el then

15: S SU{ak+} > Accept the ay
16: break > check the next action seq.
17: else if %Z?:(C{’”) el<é — % then

18: break > check the next action seq.
19: end if

20: end for

21: end for

22: for each ar4+ € S do > S contains all feasible aj+
23: expand all m laces using already drawn {7}6}?:((;“) and get V(m)(bk, ak+) > Only here we sample

obscrvz}tion la‘gos
20: if Vi, < VO™ (bg, axy) then

25: ajp, —a, Vi U™ (b, apy)
26: end if
27: end for

"
28: Return agy

7.2.1 Probabilistically-constrained Sparse Sampling with Safe Trajectories (e = 0)
In Alg. 7 we only constrain each posterior belief similar to Alg. 1. No additional checks are needed since we use our
Theorem 1 for sufficient condition for feasibility. However, as can be seen in lines 11 and 18 of Alg. 7, pictorially, we utilize
the scheme from Fig. 9b. In Alg. 7 in time instance £+1 we sample observation from P(z¢1|bk, 7, 2k41:¢, ﬂf:k{mieXfafe})
for £=k:k+L—1 using belief defined by (49) in time ¢ and action as.
7.2.2 Matched Chance-constrained Sparse Sampling
Our efficient variant from Section 7.1 is summarized in Alg. 8. In this algorithm, we do not use IS. Therefore we maintain
only the belief defined by (49) as in Fig. 9b. The reward is calculated over the beliefs defined by (48).
7.2.3 Arbitrary € € [0,1) for PC Open Loop Safe Trajectories Approach
Approach from Section 5.4 enables us to employ Alg. 2 with observation laces sampled sequentially from

P(ze41|bk, Gty Zkt1:0, ﬂf:k{xi € Xisafe}) = P(2g+1|5§afe, ag) L=k:k+L-1
using beliefs as in (49) in time ¢ and action a, instead of observations sampled from

P(zet1|bk, arees 2ht1:0) = P(zega|be,ae) £=k:k+L—1

using beliefs as in (5) and Alg. 2. Using this approach we use the PC with safe trajectories (52) instead of requiring
that (29) larger or equal than 1—e. Note that also in modified version of Alg. 2 we can use safety related general belief
dependent operators described in Section 3.3 (Similar to reformulated CC (50)). We leave this aspect for future research.
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Algorithm 7 Matched Probabilistic BMDP Sparse Sampling with Safe Trajectories (PCSSST)

1: procedure PCSSST (belief: b, history: h, depth: d, threshold §(h))

2: if d=0 then

3 return (Null, 0)

4: end if

5: (a*,v*) = (Null, —00)

6 bSafc + Make b safe > as in equation (51)
7 for a € A do

8 v < 0.0, PrunedFlag <« false > Value function
9: Calculate propagated belief b~ from b%* applying action a
10: for my times do
11: Sample z° ~ b~ followed by 2z’ ~ P(z|2°) > Matched belief, only the safe trajectories are kept
12: b (b a, 2')

13: if P({a’ € Asaf/}') < 6(h) then > It is possible that other operators can be used here
14: PrunedFlag < true

15: break > Exit from observations loop and go to line 21
16: end if

17: a"*, v, PCSSST(V ,haz', d— 1, §(h))

18: v+ = (p(b,a,b’”7) + 7 -v')/mq > Reward calculated over the matched with chance constr. beliefs
19: end for
20: if PrunedFlag is false and v > v* then
21: (a*,v*) < (a,v)
22: end if
23: end for
24: return (a*,v*)

25: end procedure

8 Simulations and Results

In this section, we study our proposed algorithms. Since the paper [6] presents a parametric method for Gaussian beliefs,
it is relevant for us solely from the constraint formulation perspective. Due to the fact that our comparison will be with
CC, in the setting of policies we employ CC with the future thresholds as in (80) to make (61) overconservative with
respect to (53). Note that we perform a separate study of (80) versus (79) and report results in Table 4.

We demonstrate theoretical findings on two problems in continuous domains in terms of states and observations,
navigation to the static goal and target tracking. Both problems are under the umbrella of Belief Space Planning with
a given map. Our examination of the proposed approach has two parts.

The first part is the setting of policies. There we first verify that with CC enforced merely from the root of the belief
tree in Alg. 3 and Alg. 8 by selecting the A(h) in accord to (81), these algorithms return no feasible solution. We then
perform an ablation study of chance-constrained approaches Alg. 3, Alg. 8 with and without IS correspondingly versus
our PC approach Alg. 1 and upgraded variant with safe trajectories Alg. 7. Our simulation is in an MPC framework,
that is re-planning after each step. We simulate the number of trials. Each trial consists of a few alternating planning
and execution sessions. We compare the cumulative over trials and number of planning sessions, running times of the
planning sessions, and cumulative rewards along the simulated execution of the selected online policy, which is, in fact,
the algorithm itself. Most importantly, we measure the quality of various safety formulations by the number of collisions
that happened when the robot executed the selected optimal actions. Our action space is the space of motion primitives
of unit vectors A = {—, 1, <", !, \, Null}. For simplicity, in the setting of policies in both problems, our
belief-dependent reward is

p(b,a,b’) = El ° r(ah DALY (84)

where m; is the number of the belief particles. However, as we further prove in Appendix D, we still can account for
uncertainty even with the reward being the first moment of a state-dependent reward.

The second part is the static action sequences. Here we shall compare the chance-constrained formulation, Alg. 6,
with Alg. 2 and the variant with safe trajectories as explained in Section 7.2.3. Interestingly, the reciprocal parameters
in the PC and CC would be as follows. In Alg. 2 we shall select =1 and 1—e equal to ¢ in Alg. 6. This is because safe
trajectory in Alg. 6 reciprocal to probability to be safe given posterior belief in Alg. 2 and probability of trajectories
to be safe thresholded by § reciprocal to the probability of a sequence of future beliefs to be safe thresholded by 1—e.
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Algorithm 8 Matched Chance-constrained BMDP Sparse Sampling (FastCCSS)

1: procedure FASTCCSS(belief: b depth: d, threshold A(h)) > b as in (48)
2 if d=0 then

3 return (Null, 0, P({z ¢ xs}|p)) P({x € x%af}b) = 1 — ry(b), P({w & X"} |b) = ry(D)
4: end if

5: (a*,v*, erpqp—q(b, 7)) < (Null, —c0,1) > erg(b, ) < 1
6 bSafc < Make b safe > obtain safe belief as in equation (49) using (51) from belief defined by (48)
7 for a € A do

8 v+ 0.0 > Value function initialization
9 Calculate propagated belief b~ from b* applying a

10: for jel:mydo

11: Sample z°7 ~ b~ followed by 2/ ~ P(z|x°7) Observations are created using belief defined by

(49) and action a.

12: b3 (b5 a, 27

13: A(haz"7) «+ APRIME(A(R), 1(b) , Yma) , 6(haz’7) < 1 — A(haz') > Call Alg. 4
14: if P({z/ € x5/ |p7) < §(haz') then

15: next action > Prune action a using (60)
16: end if

17: end for

18: if PRUNEACTIONCHANCE({b" e { e b, A(h)) then

19: next action > See Alg. 5
20: end if
21: for j€l:mydo
22: a’* v erprr_ar1 (b7, 1) < FASTCCSS(b7, d — 1, A(haz'7))

23: v+ = ( (b,a,b"7) +~-v')/mq > Reward is calculated over the beliefs defined by (49) and (48).
24: end for

25: erpyr—a(b,a, m)P({zg X5} |b)+P({x € A2} p) . L ZJ et n—ar1 (b9, 7%)

26: if ery,r_q(b,a,7*) > A(h) and v > v* then > CC check
27: (a*,v*,erprr_aq(b, ™)) + (a,v,erprr_q(b,a, 7))

28: end if

29: end for
30: return (a*, v*, ety p_a(b, 7))

31: end procedure

We simulate this setting on the first problem under consideration, navigation to the static goal. The space of candidate
action sequences Ay, is several diverse paths to the goal on top of the Probabilistic Road Map (PRM) [17], starting from
the vertex closest to the expected value of prior belief. In the setting of static action sequences, we consider a general
belief-dependent reward.

8.1 Studied Problems

In this section we describe the problems under consideration. In both problems we have a single obstacle.

8.1.1 Navigation to static Goal

Following the previous discussion we are ready to delve into the details of our first problem. We adopt the well known
problem of navigation to the goal with collision avoidance. The belief in this problem is maintained over the robot’s
position which is a 2-dimensional vector. In the setting of policies, our state dependent reward is r(z')= — ||z’ —z?||3. By
z¢ we denote the location of the goal. Hence, our theoretical reward is p(b, a,b’)=E,: .y [r(z")]. Note that such p(b, a,b)
accounts for belief uncertainty as we show in Appendix D. In the setting of static action sequences since all paths lead
to the goal we select such a reward only for beliefs in the final time index k+L. For intermediate time instances we set
the reward to be p(b, a,b’)= — Trace(X(b')), where X(-) is a covariance matrix of the corresponding belief. Our obstacle
has a circular shape with a center at z° and radius r°. We approximate the probability of not having the collision by

i i L= lla<rey (0), (85)

x

P({zccXp*™}|0) =1-
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Fig. 10: Visualization of a single trial from 50 of navigation to the static goal problem at our first map. The hyperparameters are
my = 10, mg = 10, L = 2, m, = 100. (a) Constraints are deactivated (6 = 0). The robot solves solely the objective (9), actual belief by, is
not made safe. We show 21 execution of optimal action found by Alg. 1. (b) Here we show one trial, namely 21 times robot executes the
best action found by Alg. 1 with § = 0.7.

(a) (b) () (d)

Fig. 11: Visualization of the 50 trials actual (not planning )trajectories the robot solving navigation to the static goal problem at
our first map.The hyperparameters are m; = 10, ms = 10, L = 2, m, = 100, 6 = 0.8: (a) Alg. 1. (b) Alg. 3. (c) Alg. 8 (d) Alg. 7.

where x; ~ 0 and [ can be b, defined by (5) or b as in (48).

For the static action sequences we represent the map as a binary grid where one represents an obstacle and zero a
free space. We verify the probability to be safe by checking the cell of each particle, summing the Boolean values of the
cells and dividing by the overall number of the cells.

Motion and observation models, and the initial belief are Pr(:|z,a)=N(z4+a,Xr), Po(-|z; {z> }ic1)=N(z, o),
bo=N(z0,X0) respectively. The robot obtains an observation from the closest beacon. The covariance matrices are
diagonal X7 = I - o2, and for policies

b o2 Imin d;, if min d; > rmin
To(z; {z”" biz1)= : : (86)

2
o1, else

% is the 2D location of the beacon i. We set the parameters to be rmin=0.01, 62=0.1 and

where d;=|z—zb"
02=0.01, v=0.99.
For the static action sequences we set 02,=0.01 and slightly change the covariance of the observation model and have
just two areas at the binary grid map. One area has low observation noise and another high. The low observation noise
is 20=0.00011 and the high observation noise is >0 = 0.11.
The initial belief admits a Gaussian distribution N (zy; i, 3). For policies we selected the covariance ¥ = ol = 0.1-1
and mean g = (0.0,0.0)7. The initial ground truth state of the robot was set to 2% = (—0.5,—0.2)”. For the static

action sequences, we selected p = xit = (5.0,0.0)T and ¥ = 61 = 0.01-I.

|2, =

8.1.2 Target Tracking

Now we describe the second problem. We simulate this problem only in the setting of policies. 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(z')= — ||"&°™ —z"*2"8°"||2_ Tt accounts for the uncertainty
of both the target and the agent in a similar manner as in the previous problem. Moreover, now we have a squared
obstacle. We check collision now according to

]p({x?gent eX;afe} |[:|) =1 %I Z;nlml 1{||12g°“t7z0\|oo§r0}(x?gent’i)’ (87)
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Table 1: 50 Trials of 21 planning sessions and executions of optimal action of four Algorithms 1, 3, 8, 7.Same seed in four algorithms. This
problem is the navigation to static goal described in Section 8.1.1 in our first map L = 2. Here we study the number of collisions and
the reward value.

Parameters num collisions mean cum. rew. & std mean cum. rew. no coll &+ std
mg|mijms| & [PCSS 1|CCSS-IS 3|MatchedCCSS 8,[PCSSST 7| PCSS 1 CCSS-IS 3 [MatchedCCSS 8, PCSSST 7 PCSS 1 CCSS-IS 3 |MatchedCCSS 8, PCSSST 7
100[10]10]0.9] 3/50 3/50 5/50 2/50 |—155.93 £ 18.92|—160.05 + 21.77| —158.20 & 16.47 |-158.49 + 19.73] —155.87 + 18.48 [—160.26 + 22.40] —158.18 + 16.60 | —158.16 + 20.0
100[10[10]0.8] 5/50 6/50 4/50 4/50  |—155.00 £ 14.88)—156.66 + 17.01| —154.60 + 17.60 |[—151.72 & 15.12|—154.26 £ 15.034|—155.56 + 17.13| —154.87 & 16.91 [—150.53 £ 14.20)
100[10]101]0.7] 6/50 11/50 13/50 11/50 |—147.33 + 16.03[—151.83 + 20.40] —145.11 + 13.20 |—150.87 + 19.22| —147.48 + 16.20 |—153.74 + 21.41| —143.85 & 11.56 |-152.70 + 19.80|
100[10]10]0.6] 19/50 20/50 13/50 14/50 |—149.84 £ 16.29|—149.78 + 18.02] —147.47 & 18.29 |-144.78 + 14.30] —151.94 + 14.80 |-149.32 + 17.04] —150.71 & 19.22|-143.43 + 15.37|
100[10{10]0.0] 50/50 | 50/50 50/50 50/50 | —106.14 £ 8.65 | —107.94 + 9.86 | —109.88 + 10.68| —106.14 + 8.65

Table 2: 50 Trials of 21 planning sessions and executions of optimal action of four Algorithms 1, 3, 8, 7. Same seed in four algorithms.
This problem is the navigation to static goal described in Section 8.1.1 in our first map L = 2. In this table we study speedup (91).

Parameters cum. plan. time [sec] speedup Alg. 1 rel to 3|speedup Alg. 8 rel to 3|speedup Alg. 7 rel to 3
mg|milma| 6 [PCSS 1|CCSS-IS 3|MatchedCCSS 8PCSSST 7
100/10/10(0.9]1162.41| 2938.63 1095.23 1149.76 0.60 0.63 0.61
100/10|1010.8/1167.33| 2976.67 1117.29 1179.46 0.61 0.62 0.60
100/10|100.7/1191.02| 2964.89 1157.73 1182.83 0.60 0.61 0.60
100{10|10(0.6]1186.62| 3043.97 1162.80 1203.82 0.61 0.62 0.60
100/10|1010.0|1527.71| 4226.43 1523.82 1547.63 0.64 0.64 0.63

where 232" ~ [J and [ can be b, defined by (5) or by as in (48). Here, the ||£||cc=max; |¢;|, where &; is the coordinate
i of vector &;. The motion model of the target is identical to the motion model of the agent and follows

PT('|ZZ, CL) _ N(magcnt 4 aagcnt7 ET) . N(xtargct 4 atargct7 ZT)7 (88)

where by = we denote the concatenated {8 28"} For the target action we use a circular buffer with {<, 1} action

sequence. We maintain a belief over the agent and the target. For simplicity, similar to [15], we assume that in inference
as well as in planning session we know 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. Therefore,
the overall observation model is

PO(':L', {xb,i}i:1) _ -/\/—(magent7 Eo(xagent; {xb,i}i:1)) X N(xagent _ wtarget7 ZO(Iagerxt7$target))’ (89)
where Yo (2*8°™"; {2>%};21) conforms to (86) and
- —{Ui“llmagem T T P M (90)
o1, else

Importantly, the target does not collide with obstacles, it can fly above. In this problem we selected the parameters

to be rmin=0.01, 62=0.1 and ¢2=0.01, v=0.99. The initial belief admits Gaussian distribution N (zk; 1, 2) with co-

variance ©=01=0.01 - I and mean p=(0,0,10,0)”. Initial ground truth state of the robot and the target was set to
~

agent target
2§'=(-0.5,-0.2,10,0)".
N e’ N~

agent target

8.2 Measures of Acceleration

For each pair of algorithms we calculate the speedup according to

baseline _jalgorithm

HT%M- (91)
Eq. (91) measures saved time relative to the baseline running time. In a similar manner the relative fraction of number
of expanded and not pruned actions N is

Nbaseline _ pralgorithm

Nbascline . (92)

Note also that it is possible that the algorithms declare that no feasible solution exists or the actual belief cannot be
made safe, if all samples fall inside the obstacle.

8.3 Policies

In this section, we study our both problems under consideration in the context of policies. In both problems, each studied
configuration of parameters, and in each trial, we also ran the Alg. 3 and Alg. 8 enforcing CC solely from the root by
using (81). Each such run returned that no feasible solution exists. In addition, in both problems when 6=0, the agent
crashed in all 50 trials.
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Table 3: 50 Trials of 21 planning sessions and executions of optimal action of four Algorithms 1, 3, 8, 7. Same seed in four algorithms.
This problem is the navigation to static goal described in Section 8.1.1 in our first map L = 2. In this table we study the saved
actions fraction (92).

Parameters Total expanded actions actions frac. Alg. 3 rel to 1jactions frac. Alg. 8 rel to 7
mg|mq|ms| § [PCSS 1|CCSS-IS 3|MatchedCCSS 8/PCSSST 7
100{10101]0.9{609913| 596070 580005 606365 0.023 0.043
100{10|10(0.8/616117| 597623 594274 622640 0.03 0.046
100{10]100.7/632289 | 602769 618113 625493 0.05 0.011
100{10[100.6/631216| 617473 622583 639718 0.022 0.026

Table 4: 50 Trials of 21 planning sessions and executions of optimal action of Algorithm 3. This problem is the navigation to static
goal described in Section 8.1.1 in our first map L = 2. Here we study the number of collisions and the reward value as function of future
thresholds in CC.

Parameters num collisions/mean cum. rew. + stdjmean cum. rew. no coll £ std|Cum. plan time [sec][Cum. expanded actions
Mg [ma|ma|A(hg)|A(he)
100l10110] 0.1 (79) 4/50 —159.02 £ 16.02 -157.91 £ 15.97 4447.47 583606
| (80) 3/50 —160.05 £ 21.77 -160.26 £ 22.40 4506.64 596070
100101101 0.2 (79) 7/50 —151.43 £ 20.26 —152.33 £ 21.55 4568.71 606670
1 (80) 6/50 —156.66 £ 17.01 —155.56 £17.13 4495.29 597623

8.3.1 Navigation to static Goal

We present results for the first problem (see Section 8.1.1) in Tables 1, 2 and 3. We visualize a single trial of 21
alternating planning and execution sessions in Fig. 10. In Fig. 11 we show actual robot trajectories from 50 trials. As
we see from Table 1 barring some noise due to sample approximations the number of collisions consistently increases
with decreasing §. Moreover, as explained in Section 5.6, the CC in Alg. 3 pictured by (61) is supposed to be more
conservative than the PC in Alg. 1. Indeed, we see in Table 1, the trend is that the cumulative reward of Alg. 3 is slightly
smaller than the one of Alg. 1. Due to the fact that this relation is not preserved in Alg. 8 versus Alg. 7 we conclude
that roughly the reason is that in CC only the safe trajectories are pushed forward in time with action and observation,
resulting in beliefs as in (48), (49) and not as in (5). From Table 2 we elicit that avoiding IS in Alg. 3 yields speed up
of approximately 60%. In addition we behold in Table 3 that when we use pruning suggested by [30] and explained in
Section 6.2 it prunes more actions than our pruning described in Section 4.1.3. In Table 4 we report results of running
Alg. 3 with two heuristics for future A.
We proceed now to the same experiments with our second problem.

8.3.2 Target Tracking

In this section, we study the Target Tracking problem defined in Section 8.1.2. Similarly to the previous section, we
show an example of the problem in Fig. 12. In Fig. 13 we show actual and not planning 50 robot trajectories. These 50
trajectories the robot has obtained by performing 50 trials of alternating 21 planning and execution sessions. We present
the number of collisions and cumulative rewards of 50 trajectories of the robot in Table 5. Interestingly, here, we mark
that the expected cumulative reward without collisions is not always smaller than the mean cumulative reward, including
collided trajectories. We explain that by the fact that in this problem, the reward also depends on the target particles,
so the behavior is more affected by sample noise. From Table 6 we again heed a stable speedup of approximately 60%
relative to Alg. 3. Surprisingly, we see in Table 7 that not always Alg. 3 expands fewer actions than Alg. 1. This can be
due to sample noise, since even with the same seed in both algorithms, the belief in line 22 in what Alg. 3 is updated after
all the observations were sampled, as opposed to Alg. 1. This is also corroborated by the fact that, as in the previous
problem, Alg. 8 constantly expands less actions than Alg. 7.

8.4 Static Action Sequences

From the previous section we gain that the number of collisions as a function of § is roughly the same for all algorithms.
This can be because, in the setting of policies, we do replanning after each session, also known as Model Predictive
Control (MPC). In static action sequences setting, we do not do replanning. The robot just follows the identified optimal
candidate action sequence. In this setting, to obtain Ay, we simulate the problem of distance to goal on top of diverse
paths found by the Probabilistic Road Map (PRM). See Fig. 14. With such an approach, we can increase the horizon
significantly compared to the policies in the previous section. We obtained a horizon of 10 or 11, depending on the path.
We show 50 Robot trajectories in Fig. 15. The green area in Fig. 15 is the low measurement noise area as explained in
Section 8.1.1. The gray square is the obstacle. In a modified version of Alg. 2, we make belief safe if possible; if not, we
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(a) (b)

Fig. 12: Visualization of a single trial from 50 of target tracking problem at our second map. The hyperparameters are m; = 10, mo =
10, L = 2, m, = 100 (a) Constraints are deactivated. The robot solves solely the objective (9), actual belief by, is not made safe. Here we
show only the particles of the agent. The agent executed 21 alternating planning and execution sessions; (b) Here we show 21 executions
of the best action found by Alg. 1, agent particles. (c) 21 executions of the best action found by Alg. 1, target particles.

() (b) () (@)

Fig. 13: Visualization of the 50 trials actual (not planning) trajectories the robot solving target tracking problem at our second
map.The hyperparameters are m; = 10, mo = 10, L = 2, m, = 100, 6 = 0.8: (a) Alg. 1. (b) Alg. 3. (c) Alg. 8 (d) Alg. 7.

leave the belief as is. We set in Alg. 6 §=0.6 and compared with two variants of Alg. 2 with =1 and e=0.4. Table 8
shows a similar number of collisions by three planning algorithms. However, Alg. 6 appears to be faster.

9 Conclusions

We proposed a novel formulation of belief-dependent Probabilistically Constrained continuous POMDP. Our formulation
allows us, adaptively with respect to observation laces, to accept or reject the candidate policy/action sequence satisfying
or violating the Probabilistic Constraint. We also uplifted chance-constrained POMDP to continuous domains in terms
of states and observations and general belief-dependent rewards. Our simulations corroborate the superiority of our
efficient algorithms in terms of celerity. In all simulations with policies we obtained a typical speedup of 60% of PC
versus CC. In the settings of static action sequences our uplifted CC approach appears to be faster than PC. We intend
to continue investigating the proposed formulation towards larger horizons using anytime online approaches.

Appendix A Proofs

A.1 Proof of Lemma 1 (Representation of Our Outer Constraint).

To verify the inner constraint ¢(bk:x+1; ¢, ) we need to know lace of the beliefs, operator ¢ and §. To rephrase that
P (c(bk:ktr; @,0) = bk, 7, ak, brti:ksr) = c(bkktr; @, 6). (93)
In addition let us state the fact that P(bg+t1:k+1|bk, T, ak, 2k+1:k+1) 18 Dirac’s delta function. All in all, we can write
P (¢(br:k+r;0,0) = 1|bg, 7, ax) = fbk+1:k+L P (c(bkiktr;0,0) = 1|bk, T, G, bt 1:6+1L) *

/ P(brt1:k+L, Zh+1:k+L |0k, T, ak)dzk+1:k+L)dbk+1:k+L = / P (c(bk:ktr;®,0) = 1|bk, T, Gk, by1:k+1) -

P(brt1:k+L10k, T, @y 2416 +L) A0k 164+ LP(2h 41041 bk, T, @k ) A2k 1k = Bay gy [c(Okakr1; @, 0) g, 70,5 ag]. (94)
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Table 5: 50 Trials of 21 planning sessions and executions of optimal action of four Algorithms 1, 3, 8, 7.Same seed in four algorithms.
This problem is the target tracking described in Section 8.1.2 in our second map L=2. Here we study the number of collisions and the
reward value.

Parameters num collisions mean cum. rew. + std mean cum. rew. no coll & std
mg|mi|ms| & [PCSS 1JCCSS-IS 3|MatchedCCSS 8,[PCSSST 7| PCSS 1 CCSS-IS 3 [MatchedCCSS 8, PCSSST 7 PCSS 1 CCSS-IS 3 [MatchedCCSS 8 PCSSST 7
100[10]10]0.9] 7/50 8/50 11/50 10/50  [-112.10 & 19.80|—105.76 =+ 21.89| —103.68 + 19.32|—103.49 + 20.31|—111.44 + 19.77|-107.07 + 21.75| —108.29 + 18.59 |-101.11 £ 18.12
100[10[10]0.8] 17/50 12/50 11/50 20/50 |—108.07 +19.91|—101.74 + 18.74] —101.87 & 16.95 | —99.83 + 18.55 |[-109.47 + 20.66]—102.74 + 19.71] —104.26 + 17.08 |-105.63 & 15.25
100[10]10]0.7] 22/50 | 23/50 24/50 24/50 |—106.61 + 22.52] —98.69 + 19.86 | —97.63 & 20.43 |-102.93 + 18.25|—107.16 + 26.05/—100.33 + 21.27| —103.92 4 19.31 |-102.72 & 18.40
100/10]10]0.0] 50/50 | 50/50 50/50 50/50 —54.15+£7.81 | —53.39 £7.81 |-109.88 +10.68| —52.88 £7.15

Table 6: 50 Trials of 21 planning sessions and executions of optimal action of four Algorithms 1, 3, 8, 7. Same seed in four algorithms.
This problem is the target tracking described in Section 8.1.2 in our second map L = 2. In this table we study speedup (91).

Parameters cum. plan. time [sec] speedup Alg. 1 rel to 3|speedup Alg. 8 rel to 3|speedup Alg. 7 rel to 3
myg|my|mse| § [PCSS 1|CCSS-IS 3|MatchedCCSS 8 PCSSST 7
100{10{10{0.9|1635.96| 4244.44 1630.13 1689.77 0.61 0.62 0.60
100/10{100.8/1662.99| 4476.03 1668.59 1741.12 0.63 0.63 0.61
100[10|10(0.7/1691.39| 4472.66 1666.97 1731.69 0.62 0.63 0.61
100[10|10(0.0{2530.47| 7221.41 2443.94 2516.20 0.65 0.66 0.65

If in addition in case of (12), we have that

By [0Orhrr; 6, 0) bk, moan] = [, P(2eranrnlbr, T4 ae) (TIEE Loy sy (be))d2srintr = (95)
fzk+1:k+L P(2t 1o L— 1 Oks T(aot1) 45 @) P2 LBy Tkt 1)1 @ 2t 1k L-1) (T100F Liovpy >y (be))dznsriesr = (96)
1{¢(bk)25}(bk)EZk+1 [1{¢(bk+1)25}(bk+1)Ezk+2 [1{¢(bk+2)25}(bk+2) s (97)

B [1{¢(bk+L71)25}(bk+L71)Ezk+L [1{¢<bk+L)25} |bktr—1,7][brsn—2,7|. .. |beg1, 7]|br, 7]

A.2 Proof of Theorem 1 (Necessary and sufficient condition for feasibility of PC)

Before we start let us state that by definition, using c(bl.j,1; #,0) = IZ:kL 1{s(by)>5 (D7) holds

1> L5 e(bhnsri 6:0) = = o0y (TIe2n Lo za1 (0)) (98)

Suppose that 1 > L 37", c(bopsr; ,6) > 1, s0

Sy (TI2E Loz (b7) =m (99)

Suppose in contradiction that 3, ¢ such that 1{¢(b2)25}(b@) = 0. We have that

S (TTe2% Lo zay (B) <m (100)

This proves the first statement. For the second statement we prove the reciprocal implication. Assume that VI, £ holds
1(s(by)>51(Bh) = 1, we arrived at the fulfilling equation (99). B

A.3 Proof of Lemma 2 (PDF of the trajectory)

P(zriktL b, Thikrr—1) = [ P(@risr, 2hstibrL—1|be, T)d2pq1pb -1 = (101)
Zk4+1:k+L—1

[ P@rtr|zhiktL—1s ThiktL—1, bk, T)P(2kikt L1, ThiktL—1 bk, T)d2kg1:kpL—1 = (102)
Zk41:k+L—1

S Pr(@ptr|Thtr—1, ahtL-1)P(ZhtL—1|ThiktL—1s Zht1:k+L—2, bk, T)P(Thikt L1, Zet1:k+L—2|bk, T)d2Zkg1:042—1 = (103)
Zk4+1:k+L—1

| Pr(zrsrlzrsi—1, ahtL—1)Po(Zhtrr—1|htb—1)P(Triks -1, Zhtteky L—2|bk, T)dZeg1ihp L1 (104)
Zkql:ktL—1

We behold the recurrence relation. Overall we have that

P(7k bk, Thek L 1) = Pr(@esa|oe, an)be(zn) [ TIiie Pr(@es e, m(be(be-1, ar—1, 20)))Po (2e|we) ) A2k i1k -1. (105)
Zk41:k+L—1
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Table 7: 50 Trials of 21 planning sessions and executions of optimal action of Algorithms 1, 3, 8, 7. Same seed in all four algorithms. This
problem is the target tracking described in Section 8.1.2 in our second map L=2. In this table we study the saved actions fraction

(92).

Parameters Total expanded actions actions frac. Alg. 3 rel to 1jactions frac. Alg. 8 rel to 7
mg|mi|ma| § [PCSS 1|CCSS-IS 3|MatchedCCSS 8 PCSSST 7
100{10|10(0.9{512035| 509027 514234 529120 0.0059 0.028
100{10|100.8/519206 | 540897 530558 546304 —0.042 0.029
100{10{100.7[ 530455 | 540110 526456 548712 —0.018 0.041

(a) PRM

5.0

(b) Obtained diverse paths

Fig. 14: Separate, algorithmically selected paths to the goal (b) on top of PRM (a). We show the path number on the vertex, which is
removed for finding the subsequent diverse path. The last’s path number is shown at its final vertex (the goal). Paths start from the vertex
closest to the mean value of the belief by.

In case we are given a static action sequence

P(7|bk, ak:ktr—1) = Pr(xpt1|zi, ar)be(zk) H?Lf;l Pr(zet1|Te, ae)

This completes the proof. B

JIRL P

Zk+1:k+L—1

A.4 Proof of Lemma 3 (Average over the Safe Posteriors)

safe

PN (e

Let us focus on the expression we marked by (b). The P((

f5k+1 P(
o BOrsa] {zn € X} by, m) P(

k+L

k+L
(=k+1

safe

{I’z S X;afe} |Ek+1, {CCk EXk

b, m) = P({aee i} be) PINZL

{Z’ZGXZ&{Q} | {xk EXEafe} ,bk,ﬁ)

()

Merging the two expressions we obtain that P ( ﬂ’z:,f {ze € A7} |be, ) equals to

Table 8: Number of collisions in openloop setting. Same seed. Modified Alg. 2 is as explained in Section 7.2.3.

P({xkeX,jafe} ‘bk)fEkE(Ek+l| {l’k S X,j"‘fe} s bk, 7r) P(

k+L

(=k+1

safe

} ,bk,ﬂ)P(6k+1| {iL'kGXk

=k+1 {zee Xesafe} |brt1, ™) dbrs1

{xgeXesafe} | {xk GX,?afe} bk,ﬂ') equals to

Y by, ) dbr g1 =

{”1[ € XZMIC} |B/€+1 , 7T) dbp i1

(©)

Alg. 2 |Alg. 2 mod.| Alg. 6
num cols 4 9 5
plan time [sec]|48.23 &+ 0.61|55.09 £ 0.61|32.27 & 0.99
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() (b) (e)
Fig. 15: Visualization of the 50 trials actual (not planning) trajectories the robot solving navigation to static goal at our third map.

The gray area is the obstacle and the green area is the low measurement noise area; (a) Alg. 2. (b) Alg. 2 with modifications from section
7.2.3. (c) Alg. 6.

We observe that expression (a) is very similar to (¢), namely
P2k er {we €5} brsa, m) =P ({1 €34T} [brs)-
fbk+2 bk+2| {$k+1 EXsafe} bk+1, )P( ?Iklf_‘_g {.’L’( S Xsate} |Bk+2, 71') d5k+2 (111)

(d)

Merging the two we got
PMEE {me €775 o) = P({me € 5} [bi) fy | Plbio| {me €25} b, m)P({resn € X35} o)

S P(bkra| {mre1 € X35} brrr, P (N0, {0 € X5} |brya, ) dbir2dbrya . (112)

We observe the recurrence relation.
Now we show that marginalization can be done with respect to the observations. Moreover we will see that the beliefs
are different from the belief tree build for the rewards. Let us assume that ¢ is the last index (¢ = k + L)

I P({zksr €55 Hbrr )P (brs L {hy 1 €55 1} bry o1, m)dbyyr =

I;k+L
I P{eerr € X3 Horrr) [ P(orrr{wnsr—1 €S 1} bryr—1, 7, 2511L) (113)
bryr Zk4+L

_ . _
P(zhgrlbrrr—1, T {xhrr -1 €XFTT _1})dzey ndbryr =

S ] Pk € AR bk 1) 8 (brrr — Y(Drrr—1, {@rr -1 €XRYL 1}, kv r—1, 204L)) (114)
by #k+L
P(zksrLlarrr—1, 00411, {Thyr-1 € XS 1 })derprdbpsr =

I ) PUeerr €8 bt L) 8 (brvr — Y(birr—1, {@ns 21 €XZYE 1}, arsr—1, zisz))dbrr (115)
2kt L bpyr

P(Zlc+L|ak+L7175k+L L, {Th+r-1€X k+L 1})dzk+L—

I P{ansr €55 Y (bry o1, {zhs -1 €5 1} akyr1,2641)) (116)
Zp4L

P(zk+rl|aksr—1,bksr—1, {Tesr—1 €EXAT 1 })densr =

JE [P ({zrrr € X35 HY (brsr—1, {@ht1-1 €XES 1}, akrr—1, zker)) |antr—1,bogr—1, {Zrro—1 €535 1} (117)
k+L

We plug this result into expression for k + L — 1 and do the same trick to by, r_; W

A.5 Proof of Lemma 4 (Recast)

Doing the same trick again as in Lemma 3 only from the beginning of time indexes instead of the end, we have that

PNt {meeXs™ @} by, ) = P({zne X5} by)- (118)
f5k+1 fzk+1 P(bk+1|{mk€‘){l:afe}7bk7ﬂvzk+1)P(Zk+l|{xke Safe} by, )dzk+lp(ﬂ[ k+1{$[€X;afe}|5k+1,TF)dEk+1
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leading to the desired result. Following the notations in [30] we have that

erp(bg,m) =1 — (1 —ryp(by)) - f5k+1 P (brs1 [{ze €5, be, m) P (L {me €25 Hbpgr, ) dbgsn = (119)
L= (1 =nr)- [, P(2k41[{ze€ X}, b, m) (1 — eriy1 (brgr, 7)) d2ksr = (120)
L—(1—ry(be))- (1— fzm P (zrs1 {2 € X}, bie, ) expgr (biet1, m)d2ks1) = (121)
ro(br) + (1 — ru(bi)) [, P(zk+1\{xk€2(,§af°}, bi, 7)erkr1 (brg1, )d2zrs1. (122)

Zk+1

Hence, we have the equivalence as asserted. B

A.6 Proof of Lemma 5 (Absolute continuity of observation likelihoods)
Assume in contradiction that absolute continuity does not hold. That is, there exists observation zs11 = ¢ such that

P(ze11 = (|br, T, zk41:0) = 0 and P(ze41 = Clbr, 7, zht1:0, Vi {21 € X5°}) > 0. Applying Bayes rule we have that

7 Vi ) safe1y _ PN {zi€X5 Y by, m 204 1.0,20401=C)P(2041=Clbr 7, 254 1:0) _
]P)(ZLFl - Clbka Ty Zk+1:£, ni:k{ml € Xz }) - ]P(nf:k{ziexfafc}‘bk’ﬁvzk+l:l) =0. (123)

Appendix B Posterior Conditioned on the Safe Prior (Section 5.3)

The safe event influence Belief-MDP motion model in the following way
P('|b,a, {zeXx=**} )= [ P(¥|b,a,2,{zxeX*})P(|a,b, {zeXx™*})ds =
z'eZ
[ o — (b, a, 2))P(|a, b, {IEXsafe})dz' (124)

z'eZ

We first calculate the propagated belief conditioned on the safe prior.

fmex 1{zexsaf0} (z)Pr(z'|z, a)b(z)dx

" safe
P(a/[ba, {zea™}) = oo e EEE (125)
b and event safe, meaning that belief supposed to be zero at non safe places. Finally,
P(2'|a, b, {z € X**"}) = Jorcrr Po(Z'|2")P(2'|b,a, {z € xsafe)da’. (126)
We can also look at the above from slightly different angle. We define 5°* as in (51) such that
P(z'|b, a, {z€X™°}) = Joex Pr(@|z, a)b*e (z)dz. (127)
We can use the safe belief defined above in the belief update as follows
P 5,0, 2, {z € X)) = P(z'|b,a,2’, {x € X HP(z'|b,a,{z € X))  Po(|2')P(z'|b, a, {x € X**}) (128)

P(2'|b, a, {x € X=afe}) ~ JPo([€)P(E/|b, a, {z € Xsfe})de’
&/

Now the 9 is conventional belief update operator receiving as input ¥(b°%, a, 2').

Appendix C Derivation of the Importance Weights (Section 6.1)

To calculate the likelihoods of the observations we shall do the following. Suppose that the belief is represented by samples.
For simplicity we show calculation for belief by. However this is not a limitation. Conditioning on different beliefs in
two observation likelihoods is supported without any change. The only necessity is two different beliefs represented by
weighted particles.

br(zk) ~ Zfil wi5(xk - x}C), (129)
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@ the goal @ the goal @ the goal @ the goal
@ belief particles @ belief particles @ belief particles @ belief particles

(a) (b) (e) (d)

Fig. 16: Geometrical visualization of the natural belief uncertainty measure imprinted in the mean distance to the goal. (a) Less spread
results in lowering all the distances, thereby the mean. (b) The reciprocal situation. (¢) Another situation, here, to decrease the mean
distance to the goal, one has to reduce the spread and the distance between the expected value of the belief and the goal. (d) The spread
is decreased, but the distance between the expected value of the belief and the goal is large (Appendix D).

Let us introduce another notation §(zy — z%) = 57k (zk) so

Lo ex l{z Exsafe}(xk)PT(JikH\l’k,ak)bk(ﬂfk)dxk
P(xps1|br, ak, {zpepe) ) =225 Pk ~ (130)
(o {zrexi}) Jopen ey covporey (660 (€) A&

fzkeX 1{Ik€X2afc}(xk)PT (Zhs1]or, ar) ( Zf; w6k (zr))dar

f&k ex l{skeXzafe}(ék) ( Z’f\il wifsxi (xk))dﬁk - sy
S Wk, expe} @OPT(@eiloh o) S whlp, ey (21)07 (2i0n) )
L WL, caperey (31) T Sl enpey @)
We got that
N i J i
P(2k11 = 2044 [bk, {zk € X}, ax) & = w;,izl’“j:f{fE:Zi)i((:;lxk“) (133)
In case of the denominator we arrive to the same expression, only without the indicator.
Plzss = 2l [br, ax) ~ 25\7:11”};2]1’;(12321\%2“). (134)

In reality, however, it is possible that after we discard all the samples of the belief which are not safe we are left with a
very small set of samples or an empty set. To alleviate this issue we resample the safe particles to a constant number of
samples N.

Appendix D Mean Distance to Goal Accountability for Uncertainty

In this section, we discuss in depth why the mean distance to goal intrinsically accounts for belief uncertainty. We show
a geometrical visualization in Fig. 16. Since the distance is no negative, the less spread of belief implies lower distances
and vise versa. Further, let us show that algebraically.

Theorem 2. Let y be an arbitrary distributed random vector with p, and ¥, being the expected value and covariance
matriz of y, respectively; and let A be arbitrary matriz. The following relation is correct

Ely" Ay] = tr [AS,] + py Apsy, (135)

where by tr we denote the trace operator.
Proof. Since the quadratic form is a scalar quantity, 37 Ay = tr(y” Ay). Next, by the cyclic property of the trace operator,
Eltr(y" Ay)] = Eltr(Ayy"). (136)

Since the trace operator is a linear combination of the components of the matrix, it therefore follows from the linearity
of the expectation operator that

E[tr(Ayy")] = tr(AE(yy")). (137)
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A standard property of variances then tells us that this is
Er(A(Ss + papiz)- (138)
Applying the cyclic property of the trace operator again, we get
tr(ASy) + tr(Apypy ) = tr(ASy) + tr(py Apry) = tr(AZy) + py Apsy. (139)
|

Now, we set y = x — x9, where  ~ b with the mean u, and covariance matrix ¥; x9 is the deterministic goal location.
Recall that covariance matrix is invariant to the deterministic translational shifts of a random vector, so X;_z9 = Y.
Moreover, by setting A = I we obtain

Ely" Ay = E[(z — 2°)" I(z — 2%)] = E[|lz — 2°|[3] = tr[Za] + [|lna — 2|3 (140)

We arrived at the desired result. As we observe in Fig. 16, the trace of the covariance matrix controls the spread of the
belief in the first summand; the second summand is the distance between the expected value of the belief.

Appendix E Necessary Condition for Feasibility of CC (Lemma 6)

In this section, we develop necessary condition for feasibility of CC from [30]. Through IS we extend the condition
presented in [30] to continuous spaces in terms of states and the observations.

Suppose that 0 < A < 1 and er¢(be,7) < A. From now on for clarity suppose the weights are already normalized.
We use (74).

ro(be) + (1= ry(be)) 7 wifyeresn (b (heaez]y ), m) < A, (141)

We choose some child j = ¢ and arrive at

ere+1(5e+1(heaﬂz+1)7 7T) < 211 (% - Z%l wzﬁjlerl+1(B€+1(h€aézg+1)v W))v (142)
J#
If 7y (be)=1, so P({z¢ € X;**} |b,)=0. Namely, at each x¢ or by(z¢) = 0 or 7, ¢ X;**. In this case the probability density

P(ZZ+1 = ZZ+1 ‘bka Ty Zk41:4, ﬂf:k{xl S Xisafc}) (143)

is undefined due to conditioning on the empty set. We will need to discard such policy befo_re pruning due to the chance
constraint violation. Now we show the inverse relation. If r;(be)<1, that is P({z¢ eXfafe} |b¢)>0. This implies that b§**®
has support larger that empty set. Suppose that motion and observation models has infinite support. This imply that

P(Zg+1zzg+l|bk,7r, Zk41:0, ﬂf:k{fiGXisafe}): fPo(Zngl:ZZJrl‘szrl) f PT($5+1|$z,ag)l;2afe($z)d11[d$[+1 > 0. (144)
Top1 £

These arguments are valid if we approximate the belief by weighted samples since we approximate the probability
P({xe GXfafe} |be) using same samples. If the models do not posses infinite support leading to wf_,:l =0 we just skip the
child 7 and not prune. Anyway this is only the necessary condition and we will need to verify the CC for not pruned
policies. To do pruning using technique from [30] we note that 7 (bet1) < ereq1(bes1,7) and got that

i A—ry (b m 2z, 79
ry(Bpa1) < = (F25% - Z;z witirs(byy1))- (145)

Weta

If ere(be, ) < A the above shall hold for every child of b,. B
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Abstract—Taking into account future risk is essential for an
autonomously operating robot to find online not only the best but
also a safe action to execute. In this paper, we build upon the
recently introduced formulation of probabilistic belief-dependent
constraints. We present an anytime approach employing the
Monte Carlo Tree Search (MCTS) method in continuous do-
mains. Unlike previous approaches, our method assures safety
anytime with respect to the currently expanded search tree
without relying on the convergence of the search. We prove
convergence in probability with an exponential rate of a version
of our algorithms and study proposed techniques via extensive
simulations. Even with a tiny number of tree queries, the best
action found by our approach is much safer than the baseline.
Moreover, our approach constantly finds better than the baseline
action in terms of objective. This is because we revise the values
and statistics maintained in the search tree and remove from
them the contribution of the pruned actions.

Index Terms—MCTS, BSP, Belief-dependent constraints, Any-
time Constraint Satisfaction

[. INTRODUCTION AND RELATED WORK

ASTING decision-making under uncertainty as a Par-

tially Observable Markov Decision Process (POMDP) is
considered State-Of-The-Art (SOTA). Under partial observ-
ability the decision-making agent does not have complete
information about the state of the problem, so it can only
make its decisions based on its “belief” about the state. In
a continuous domains in terms of POMDP state, the belief,
in a particular time index, is the Probability Density Function
(PDF) of the state given all concurrent information in terms of
performed actions and received observations in an alternating
manner, plus the prior belief. A POMDP is known to be
undecidable [1] in finite time.

Introducing various constraint formulations into POMDP is
essential for, e.g., ensuring safety [2], [3] and efficient Au-
tonomous Exploration [4]. Yet, the existing online approaches
in anytime setting have problems and therefore fall short of
providing reliable and safe optimal autonomy. This crucial gap
we aim to fill in this paper.

Similar to almost any online POMDP solver today such as
MCTS, our method constructs a belief tree and uses the tree
to represent the POMDP policy. We prune dangerous actions
from the belief tree and revise the values and statistics that
an MCTS tree maintains. Anytime, our search tree contains

This work was supported by the Israel Science Foundation (ISF).

vadim.indelman@technion.ac.il

only the safe actions in accord to our definition of safe action,
which will appear shortly. Our work lies in continuous domain
in terms of actions and the observations. In such a setting,
there are approaches to tackle averaged cumulative constraint
using anytime MCTS methods [5], [6]. We now linger on the
explanation of what the averaged constraint is.

Under partial observability, namely in the POMDP setting,
there are naturally two stages to consider in order to introduce
a constraint. The first stage arises from the belief itself.
Usually, at this stage, the state-dependent payoff operator is
averaged with respect to the corresponding belief to obtain
a belief-dependent one. It is then summed up to achieve
a cumulative payoff. We use the term payoff to differenti-
ate between reward operator and emphasize that a belief-
dependent payoff constraint operator shall be as large as
possible as opposed to the cost operator. The second stage
arises from the distribution of possible future observations
episodes. At this stage, commonly, the cumulative payoff is
again averaged but with respect to future observations episodes
and then thresholded, thereby forming an averaged cumulative
constraint. Such a formulation is sufficient for ensuring safety
in limited cases as we will further see in Section VI-A. This
is because it permits deviations of the individual values within
the summation.

Let us now describe the MCTS methods mentioned above
to tackle averaged cumulative constraint. The seminal paper
in this direction is [7]. It leans on the rearrangement of the
constrained objective using the occupancy measure described
in [8]. Such a reformulation is appealing since it transforms
the problem into linear programming bringing convexity to
the table and enjoying from strong duality. The authors of
[5] extend the approach from [7] to continuous spaces. Still,
both papers [7] and [5] assure constraint satisfiability only
at the limit of the convergence of the iterative procedure,
namely in infinite time. Since these are iterative methods,
to assure anytime constraint satisfiability we need to project
the obtained occupancy measure at each iteration to the space
defined by the constraint. If dual methods are involved [9] such
a projection does not make much sense, e.g., the projection
might lead to a step direction vector on the boundary of all
the constraints, making it zero vector. Employing the primal
methods in continuous spaces also appears to be problematic
since the summations in [7] are transformed into integrals.
The paper [6] provides some sort of anytime satisfiability



by introducing high-level action primitives (options). Still,
[6] suffers from limitations, e.g. it requires crafting low-level
policies, meaning knowing how the robot shall behave a priori.
In addition, the options shall be locally feasible. Additionally,
for efficiency reasons, the duality based approaches perform
a single tree query of the MCTS, instead of running MCTS
until convergence in the maximization of the Lagrangian dual
objective function phase (See section 8.5.2 in [9]) of dual
ascend.

In all three papers [7], [S], [6] the averaged cumulative
constraint is enforced solely from the root of the belief tree.
This is suboptimal since within a planning session it is not
taken into account that the constraint will be enforced at the
future planning sessions. In other words, the contemplation
of a robot about the future differs from its actual future
behavior. This aspect has been fixed by [10]. As we will
further see in Section IV, our approach naturally handles this
problem. Moreover, [10] assures fulfillment (admission) of the
recursive averaged cumulative constraint anytime with respect
to search tree constructed partially with the reward bounds and
partially with rewards themselves. Yet, the algorithm presented
in [10] requires that the value function is bounded on the way
down the tree to assure the exploration. This is commonly
achieved by assuming that the state-dependent reward is
trivially bounded from above and below. This does not hold
for general belief-dependent reward functions. Moreover, the
exploration outlined in that paper is valid for discrete spaces
only. All in all, the extension of that work to continuous spaces
and belief-dependent rewards requires clarification.

a) Support for general belief dependent rewards and
payoff/cost operators and MCTS convergence: We now clarify
whether or not the mentioned above solvers support belief-
dependent cost/payoff operators and rewards. It was suggested
in [3],[4] that general belief-dependent payoft/cost operators
are extremely important. As mentioned in [3] Value-at-Risk
(VaR) and Conditional VaR (CVaR) over the distance to the
safe space allow for control of the depth the robot can plunge
into the obstacle. To rephrase that, these operators measure
how bad the disaster (collision) will be. See Appendix D,
for details. The Information Gain discussed in [4] is relevant
for exploration. The paper [4] discussed the general belief-
dependent averaged constraint of the form (38) in a high
dimensional setting and in the context of Information Gain.
The iterative schemes in [7], [5] lean on the convergence of
MCTS. It has been shown in [11] that even in discrete spaces
and with bounded rewards it can take a very long time for
MCTS to converge. In the case of unbounded reward or the
cost-augmented objective of [7], [5], the MCTS may converge
slowly. If such an augmented reward has a large variance, it
will be needed a huge amount of tree queries for action-value
estimate (to be defined shortly) at each belief node of the
belief tree to converge. The large variance can be the result of
an unrestrained variability of the rewards or a large Lagrange
multiplier.

There are several constraint formulations for POMDP. Be-
low we discuss the most prominent techniques one by one.

b) Shielding POMDPs: There is a growing body of
literature on shielding POMDPs. The shield is a technique to

disable the actions that can be executed by the agent and vio-
late the shield definition. There are several shield definitions.
Online methods [12], [13] in this category utilize Partially
Observable Monte-Carlo Planning (POMCP) algorithm [14].
These works have the same problems we are solving in this
paper: one way or another, the actions violating the shield
definition participate in the planning procedure, yielding a
suboptimal result. The work [13] enforces the shied outside
the POMCP planning. As we further show, not considering
safety in the future times, namely within the planning session,
can lead to a suboptimal planning result.

c¢) Chance Constrained (CC) Online Planning: A recent
work [15] tackles online planning with chance constraints in an
anytime setting. This paper suggests using a Neural Network
(NN) to approximate CC enforced, with an adaptive threshold,
from each belief considered in the planning session. This
work trains NN offline. Therefore the error stemming from the
discrepancy of simulated and real data is unknown. Moreover,
it is not clear how complex the NN shall be to achieve zero loss
in training to ensure no error in CC approximation, so even if
no discrepancy discussed before exists, the NN inference may
be slow. In this method, dangerous actions do not participate
in the planning session.

d) Safe control Under Partial Observability: There are
a variety of robust control approaches natively tailored for
continuous state/action/observation spaces [16],[17]. How-
ever, these methods are usually limited to very specific re-
wards/objectives and tasks, such as reaching a goal state or to
be as close as possible to a nominal trajectory. Moreover, in
both papers the system dynamics are control-affine. Without
this assumption, it is not clear how to enforce the constraint
through a derivative of the barrier function.

A. Contributions

Below we list down our contributions in the same order as
they appear in the manuscript.

o By constraining directly the problem space and not the
dual space we present an anytime MCTS based algorithm
for safe online decision making with safety governed
by a Probabilistic Constraint (PC). Our approach enjoys
anytime safety guarantees with respect to the belief-tree
expanded so far and works in continuous state, action
and observation spaces. When stopped anytime, the action
returned can be considered as the best safe action under
the safe future policy (tree policy) expanded so far. Our
search tree solely consists of safe actions. We prove
convergence in probability with an exponential rate of
our approach.

o Another contribution on our end is constraining the
beliefs with incorporated outcome uncertainty stemming
from an action performed by the robot and without
incorporating the received observation. This is alongside
the constraint over the posterior belief with included last
observation. To the best of our knowledge, no previous
works do that.

« We also spot a problem happening in duality based ap-
proaches arising from averaging unsafe actions in MCTS
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Fig. 1: Here we plot the asymmetric search tree approximating stochastic future policy.
For simplicity the action space here is A={a', a®?}. We behold that many actions
emanating from each belief node and each action has weight defined by relevant visitation
count as in (8). Thus, the MCTS approximates stochastic future policy. Note that here
the observations and beliefs has global index (superscript) while actions have local index
according to the action number in the space A.

phase. Therefore, an additional contribution of ours is an
analysis of this phenomenon.

o We simulate our finding on several continuous POMDP
problems.

B. Notation

We use the [] as a placeholder for various quantities. The
values in [] can be replaced by one of the respective options.
We also extensively use the indicator function notation, which
is 14(0). This function equals to one if and only if OJ€A.
By lowercase letters we denote the random variables of their
realizations depending on context. By the bold font we denote
vectors of operators in time of different lengths. We denote
estimated values by .

C. Paper Roadmap

This paper proceeds with the following structure. Section II
presents relevant background. Section III then formulates the
problem. Section IV presents our approach. Section VI dis-
cusses our baseline. Section VII gives experimental validation
of the proposed methodology. Finally, Section VIII concludes
the paper.

II. BACKGROUND

This section gives the background required for present-
ing our approach. Specifically, we discuss belief-dependent
POMDP, its reformulation to Belief-MDP (BMDP), and the
MCTS.

A. Belief-dependent POMDP

The POMDP is a tuple (X, A, Z,T,0,p,v,by) where
X, A, Z represent continuous state, action, and observation
spaces with z€X, a€A, z€Z the individual state, action,
and observation, respectively. T(z',a,z)2Pr(2'|z,a) is a
stochastic transition model from the past state x to the subse-
quent ' through action a, O(z,x)2Po(z|x) is the stochastic
observation model. p:BxAxZxB—R is a belief-dependent
reward incurred as a result of taking an action a from the

belief b, receiving and observation z’ and updating the belief
to &'. By B we denote the space of all possible beliefs. v€(0, 1]
is the discount factor, by is the prior belief. Purely for clarity
of the exposition we further assume that the reward depends
solely on a pair of consecutive-in-time beliefs and an action in
" between. In addition we suppose y=1. To remove unnecessary
clutter we assume that planning starts from by. Extension to
the arbitrary planning time is straightforward.

Let hy be a history. The history is the set that comprises the
prior belief by, the actions ag.¢_1 and the observations z;., that
would be obtained by the agent up to time instance ¢ such that
he={bo, ao.c—1, z1.¢}. We emphasize by the green color that b,
is given, but the actions ag.,—1 and observations z;., can vary.
In addition due to the assumption that the planning session
starts from the prior belief by we can have only the future
history simulated in planning in this work. For completeness
we define ho={by} The posterior belief b, is given by

be(w0) 2P (2¢|bo, ao:e—1, 21:0)=P(a|he) =P(a¢|bs). (1)

The belief is a function of history such that we sometimes
write b(h) instead of b(z) and use the corresponding h notation
to point to the belief b(h). The actions within the history are
coming from the execution policy. A deterministic policy m
is a sequence of functions m=mg.y_; for /€[1...L—1], where
the momentary function 7;:8—.A Vi. In each time index, the
policy maps belief to action. For better readability sometimes
we will omit the time index for policy or denote mg.,—1 as mo+
and my.0—1 as w14+ . The policy can also be stochastic. In this
case, it is a distribution of taking an action ay from a be-
lief 71'@((1@, b[)ZTl'g(ag, h[):]P)?(adbz(h[))zpz(aﬂhg)l. Here
the action space A is the space of outcomes and the mapping
is mi:Bx A—R. We have that mg.1,_1={P7 ,L-L;()l. Yet, in hy
we have a specific realization of actions of such a policy in
previous time instances. When the agent performs an action
a and receives an observation 2/, it shall update its belief
from b to b'. Let us denote the update operator by v such
that &’=1(b, a, z’). In our context, it will be a Particle Filter
(PF) since we focus on the setting of nonparametric beliefs.
However, this is not an inherent limitation of our approach.
Any belief update method would be suitable. We define a
propagated belief &'~ as the belief b after the robot performed
an action a and before it received and observation, namely

b, (x0)2P(2|ho_1, ag—1)=P(xs|h, )=P(ae|b, ). (2

We define hzéhg\{?;g}z{bo,ao:g_l, 21.0—1}. The uncon-
strained, online decision making objective is the action-value
function specified as

Q™ (bo, ag; p1)=2ELC [p1(bo, ao, b1)+V 7 (b1; py)|bo, a0 (3)

Here the we added the subscript to the reward poy 1 (b, boy1)
to emphasize that it is a random variable and it is allowed not
to specify dependency on consecutive-in-time beliefs and the

Here, the capability of history being switched with the belief has to be
inspected for a particular belief update. In MCTS, as we will shortly see,
the stochastic policy is history-dependent and can vary even if the belief
is the same at different history nodes. In this paper, the belief update is
a particle filter. Therefore, the probability of obtaining the same belief at
different histories is zero.
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Fig. 2: (a) Visualization of the MCTS operations when ascending up the search tree. We update Q(ha), visitation counts n(ha) and n(h), send up the lace ¢ of the cumulative
reward; (b) Illustration of the MCTS operation when descending down the tree. First, upon reaching a leaf node, the current action space is unfolded to belief-action nodes. MCTS
selects each action infinitely often. At the way up the belief tree the classical MCTS takes the average of the actions tried so far (after relevant updates on the way up) to update
the estimator of (3). In this illustration, a® still did not tried and therefore do not participate. On the way up n(has) stays zero.

action in between. The V7™ (bg; po,) is the value function
under the stochastic policy m and p, is a vector of belief-
dependent operators of appropriate length. The value function
materializes as

V™ (bos p1)2ETO [ 270 pest (be, ag, besr)|bo, 7). (4)

Let us present the following lemma to better understand the
structure of (4) under a stochastic policy.

Lemma 1 (Representation of the Value Function): The value
function under a stochastic execution policy complies to the
following form

ETO[ 52020 pest (bes ag, bera) |bo, 7] =

o B0 [per1(be, ag, besr)|bo, 7] =
L—-1 (5)
= EE[zle]

E[E[Pwﬂbe,az]|be,774u~’b1,a1}‘51,771”1)0,%”1)0,#0]

We laid out the detailed proof in Appendix A.
In online decision making, the future belief tree
policy w14 is approximated as part of the decision
process. We denote the best future policy as 7

L . (k+1)+
The best deterministic policy for the present time
is given by mo(by)=argmaxg,ea Q™+ (bo, ao; pq).
The best stochastic policy 1is the solution of

maxr, Eq,mpy (abe) [Q™(e+0+ (by, ag; pyyy)]. The interlink be-
tween (4) and (3) is V™ (bg; pyy 1) =Q 0+ (be, me(be); Ppy1)
in case of deterministic policies and Vﬂ(bg;pe+1) =
Eaynpr(arbe) [Q7 (bey ae; poyy)] in case of the stochastic
policies.

B. Belief State MDP

To employ solvers crafted for fully observable Markov De-
cision Processes (MDP) we can cast POMDP as a Belief-MDP
(BMDP). The BMDP is a following tuple (BB, .A, Ty, p,, bo),
where B is the space of all possible beliefs defined by (1).
The belief state transition model follows

Ty(b,a,b') 2Py, (V|b,a)=[ P(V|b,a,z") P(2'|b,a)dz’. (6)
ez S—~—"
6(b' =1 (b,a,z"))
The next section describes SOTA approach to solve uncon-
strained continuous POMDP online, namely MCTS. There we

deal with estimators of the (3) and (4). We denote estimated
values by 0.

Further, we shorten the notation and mark V™ (b; p') by
V*(h) and Q™ (ba; p') by Q(ha). We will use the dependence
on history h and the corresponding belief b(h) interchangeably
since the history h defines the location in the belief tree as
opposed to the belief which possibly can be identical for more
than single history. It will be clarified in the next section.
In the next section we will see why in time zero we have
deterministic policy and in future time the policy is stochastic.

C. Monte Carlo Tree Search

MCTS constructs the search tree comprised by belief nodes
(transparent circles) and belief-action nodes (black squares),
by iteratively descending down the tree and ascending back
to the root (See Fig. 1 and 2). On the way down the tree, the
exploration mechanics selects an action. The Double Progres-
sive Widening (DPW) manages the sampling of new actions
and observations. On the way back to the root MCTS updates
action value estimates at each belief action node (Fig. 2a)
and relevant visitation counts. In the case of belief-dependent
rewards, beliefs represented by particles and continuous setting
of states, actions, and observations, MCTS is applied on the
level of Belief-MDP (BMDP) and called Particle Filter Tree
with DPW (PFT-DPW) [18]. DPW solves the problem of
shallow trees in a continuous setting. This problem arises
because in this setting it is impossible to sample the same
action and observation twice. The DPW technique enables
gradually expanding new actions and observations as the
tree search progresses. With a slight abuse of notation, we
sometimes switch the dependence of various quantities on
belief and dependence on the corresponding history. This is
because same belief can correspond to different histories.
Therefore to properly mark the position at the search tree we
shall use history h instead of belief b(h). The exploration score
is defined as

sc(h,a) £

Q(h,a)  +k\/F(W)/n(ha) (7
N——

belief action node ba
indexed by ha

governs the selection of the actions down the tree, where
n(h) is the visitation count of the belief nodes, n(ha) is the
visitation count of belief-action nodes and k is the exploration
constant (Fig. 2b). The notation ha is the history h with



action a appended to the end, alias to h~ with action a
explicitly seen. The function f is log in the case of Upper
Confidence Bound (UCB) [19] exploration and power in the
case of Polynomial Upper Confidence Tree (PUCT) [20]. The
MCTS can be run with rollout and without. In the case of
rollout configuration from each new belief node, the rollout
is initiated to provide an initial V* of the newly added belief
node. This is not mandatory since if no rollout is initiated
the MCTS will continue to descend down the tree until the
deepest level with the first action from the action space A
(first sampled action in case of continuous action space). Not
in every tree query the MCTS will expand a new node.
In some queries, only visitation counts are promoted (lace
already present in the tree incorporated to pertinent Q). In
continuous spaces it happens because of DPW. DPW as well
as increasing the visitation counts without adding a new lace
introduces observations distribution shift. This is out of the
scope of this paper. The Q(b(h),a) estimates are assembled
from the laces (yellow curve in Fig. 1). Another name for
lace is decision epoch or episode or script. Imagine that at
the depth ¢ of the belief tree, each belief has a global index
ig per depth ¢, say index runs from left to right over all the
belief nodes at level £. Let us define the set of global indices
of posterior beliefs which are children of bif (h}f) and action
ag by C(h? ag). We also define the set of actions emanating
from bz" by C (hé“). Only in time zero we make these sets
and visitation counts depend on belief instead of history. In
the next equation, we omit the subscript denoting time instance
of histories, beliefs, and actions. Suppose MCTS is configured
to run without rollout. In this case Q(h%, a,) reads

single immediate action

Ay n(h"te+1 i i
Q(h ¢ a’): Ziz+1 €C(hita) flf(lhie-;)) (pl+1(b ‘a, b 2+1) +

different actions due to eq. (7)

approximating the best exploratory future tree policy 7™ (8)
n(h"+1a’) Argy e /
n\n a4 ) sTo41
Z(z’ecf(/z’="/+l) n(h/H+1) Q(h @ ) :
vor* (h"“"“l)

The future policy highlighted by magenta color is tree query
dependent (See Fig. 1). In the same manner, the sets C(h¢a)
and C(h’*+1) implicitly depend on the tree query number.
One of our crucial insights in this paper is the summation
over the actions in (8) marked by the red color. This average
can also be perceived as a stochastic policy. In finite time
this summation can include unsafe actions in an unconstrained
MCTS approach.

III. PROBLEM FORMULATION AND RATIONALE

We now proceed to our theoretical problem formulation.
To reduce clutter we assume that the planning time index
is zero. This is not an inherent limitation of our approach,
every further relation can be easily modified to accommodate
general planning time index. We endow the BMDP described
in Section II-B with belief-dependent operator ¢ and obtain

<Ba~’4a Tb7 14 B @ s b0>
~—~ ~—~
belief belief
dependent dependent
reward payoff

A. Problem Formulation

Our aim is to tackle the problem presented in [3] and [4]
narrowed to the multiplicative form of the inner constraint
considering a stochastic future policy. In [3] and [4] we
presented our Probabilistic Constraint (PC) defined as such
P(c=1lbg, ag, )=1 where ¢ is a Bernoulli random variable.
In this work ¢ maps to one the event ﬂé‘zo A‘g such that the
problem we want to solve is

aSEargmaﬁQ”*(bo,ao;pl) subject to )
ap€
L *
P (Vg A2|bo, a0, m.p1) =1 (10)
outer,
constraint
In this paper, we define the following sets as said

A3 {bo:¢(bo)>d} and for ¢€[1:L] the relevant set appears
as

AYR b, beb, €8, be€Be, d(by, )>0,¢(be) >0} . (11)

One example of an operator ¢ is the probability to be safe
given belief, specified as:

$(be) =P ({2e€ X} }be) =Bar up [1 (5, st}
¢(by )=P ({2 X} by ) =P ({xe€X;*} |7 ).

Here, X®*e is the safe space, e.g. the space where a robot can
move without inflicting damage on itself. Therefore, we can
think about the event ﬂeL:o A as the Safe Belief Space.

The B, and By in (11) are the reachable spaces in time £
of propagated beliefs b, and posteriors b, respectively. The
reachable space in time / is the space of all the beliefs in
time ¢ that can be reached from a belief given in planning
session, using the stochastic execution policy 7 and changing
the actions and the observations in (1) and (2) accordingly.
In our case, the belief given in planning session is by. By
the green color in (11) we highlight that we constrain the
propagated beliefs in addition to the posteriors.

The probability of the event 01%:0 Ag equals to the probabil-
ity of the event (143 (bo) HzL=11A;§(va b¢))=1. In this work,
although we use Particle Filter (PF) as the belief update 1
we do not take into account the stochasticity of the belief
update operator as opposed to [21],[22] and treat ¢ operator
as deterministic. Since it would significantly complicate the
paper, we leave this aspect to the future work.

One can extract the propagated belief from the belief up-
date v, namely (b, a, 2') 2P (4)PP (b, a), 2'). Therefore, to
make the exposition clearer, from now on the indicator 1 A3 (be)
depends solely on the posterior b, and not both the posterior
b, and the propagated belief b, . Note that in algorithms, for
the sake of clarity, we make the indicators dependent on both
beliefs, propagated and posterior.

The 77.;_; is the best future exploratory stochastic policy
approximated by our probabilistically-constrained MCTS as
we will further see. The approximation of the best future
tree policy improves over time as proved by [20] for an
unconstrained problem. In our problem, instead of the best
future stochastic tree policy, we have the best future stochastic
probabilistically-constrained policy. This is because our PC

12)
13)




is automatically enforced in future times due to its recursive
nature, as we will see in Section IV. From the discussion above
and indicator properties, (10) equals to

P (143 (bo)[Tr= 11 a3 (be)) =1 [bo, a0, 7) =
coidnsrl}gint

ETO[1 45 (o) [Ty L ag (be)[bo, ao, 7).

The outer condition (10) coupled with inner condition outlined
by (14) says that with probability one (almost surely) future
propagated and posterior beliefs b~ and b, L steps ahead, will
satisfy ¢(b~)>d and ¢(b)>4 correspondingly.

Constraining the propagated belief (13) means constraining
on average (theoretical expectation) the posterior as discussed
in the next section.

(14)

B. Implications of Constraining Propagated Belief

In this section we shed light on the question what does
it mean to constrain the propagated beliefs alongside with
posterior beliefs. To cancel the constraining of the propagated
beliefs one must redefine the set A9 for every ¢ as follows

AFE (O, b eBL bie By, Bt 20, 6(b0)>0 }

Further in the paper all the developments are valid for both
versions of the set A‘g. The probability to be safe given a
propagated belief equals to

P({zee X} |b, ) =P ({wecX;*}|n; )=
I, c 2 P({mee X} by, 20)P(ze| hy )dze =
E., [P({ze€ X"} hy , 2¢) |hy )=
E., [P({zee X7} be) b7 ]-
The theoretical expectation in (15) is out of the reach. Yet we
evaluate it using the propagated belief b~ (h ™). Defining the
set A‘g as (11), with the propagated beliefs, allows to account

for all the possible posterior beliefs in (15). Additionally, we
know that Ve>0

(15)

lim  P([P({zexse}h)—
IC(hy )| —o0 (1P (faecy 1) 16)

m diecn;) P ({weeXj*®}|hy , 2;)|>€[hy ) =0.

With a slight abuse of notation, C'(h, ) is now a list of the
enumerated observations that are children of 5, . Equation
(16) means that for any arbitrary small error e, the difference
between (15) and its approximation by the children of A,
tends to zero as the number of children of h, grows.
Theorem 1 (Necessary condition for entire observation
space Z of children of h; to be safe): Fix §€(0, 1] and assume

that
P({zeeX;*}|h; ) >0. (17)

Eq. (17) is a necessary condition for the entire observation

space Z of children of 1, to be safe. To rephrase that
P({zeeXj¥ }|h, ) <6 (18)

implies that 3b,(he) a child of h, which is not safe, namely,
P({meeXja®}|h, , 2¢) <6.

See Appendix C for a detailed proof. We still need to
check the children posteriors {zé}lggh‘ )l This is because
the condition (17) is only necessary and not sufficient.
In other words, if for all the children Vz,€Z of h,,
it holds that P({z,€X;*®}|h;,2)>d it has to be that
P ({z,€X;°}|h, )>6. Since the condition is not sufficient
we cannot say that P ({z,€X;*}|h, ) <4 implies that Vb, (hy)
that are children of h, it will hold that P ({z,€X;**}|hy) <d.
Note that if for every sampled observation
P({zee X} b, , 2}) >0, it implies that

SIS P ({weekp Y by o) )26 (19)

( 1
|C(hy)I

To conclude, by constraining the propagated belief, we con-
strain the theoretical expectation of the posteriors given h, ,
and by constraining each posterior we also constrain its sample
approximation portrayed by Eq. (19). Without constraining
the propagated belief, if the number of children of b, (h, )
is small, namely, |C(h, )| is small, we anticipate poor robot’s
safety in execution of the best action found by our planner
(e.g. number of collisions). This is because constraining the
propagated belief allows to account in expectation for all
the observations in the observation space, and not only the
sampled observations. This will happen if the number of
MCTS tree queries is small.

It is possible that other definitions of safety of the beliefs
can be utilized. While this is outside the scope of this paper,
we specified relevant operators ¢ in the Appendix, Section D.
Remark: To assure feasibility of our PC (10) at the limit of
MCTS convergence, the robot has to have a bounded support
of the belief by and bounded motion models. If we deal with a
particle based representation of by we perceive the particles as
true robot positions, so it is left only to assure that the motion
model is bounded. This is, however, natural since the robot
cannot have limitless actuators.

IV. PC-MCTS (ANYTIME APPROACH)
Our constraint depends on a stochastic policy. Similar to the
objective (5) in our PC we land at the following result.
Theorem 2 (Representation of PC, recursive form): The PC
defined by (14) conforms to the following recursive form.
1A5(b0)E[1A5E []E[1A5
0 by 2

lai Lbsy

E[lAiV)L—hGL—l] b17a1} ‘blaﬂ—la ‘bo,ao}:

Lag (bo)E L1~IF”11E<M [b1) [

(20)

L
P((H 1Ag(bg)):1‘b1,a17ﬂ') ‘b1,71'11| ‘bo,a0:|.
(=1

We provide a detailed proof in the Appendix, Section B.

In this section, we present our anytime safety approach.
To invalidate the sample approximation of (10) it is sufficient
that a single belief (propagated or posterior) in the belief tree
fails to be safe and the corresponding indicator is zero. In
our methodology, we leverage the classical iterative MCTS
scheme of descending down the search tree of histories and



ascending back to the root (Section II-C). Once on the way
down the tree an unsafe belief is encountered, we know that
the PC enforced from each predecessor belief node is violated.
We delete such an action from the search tree and fix the Q
above. Let us delve into the details.

Suppose the MCTS is configured to run without rollout.
Would we construct the estimated counterpart of (20) from
the belief tree constructed by MCTS our PC would be as such

1,5 (01)
(11“5 (bo) Zh €C(boao) [C(bpao)]

¥  n(hitay) ) ) lAg(b;) o
a1€C(hy') n(hil)y “~i2€C(hi'a1) |C(hilay)]

. iL—1 i (21)
lA‘}‘il(bLfl ) n(hLL,_ll(lL—l)

(W2 ay_s)| “ar—1€C(hETT) n(rlE 1)

2

| Lag OF)
iL€C(hy"tar 1) \C(hiLL:llaL,l)\)
Since our constraint is defined using an indicator, (21) trans-
lates to the fact that each lace defined by the actions and the
observations on the way down the tree shall consist of safe
beliefs.

To emphasize that each belief in the search tree has a
single parent and the corresponding parent is attainable, let
us introduce yet another notation bzzm’l. This means that the
belief b}”””l has global index i, and parent belief has global
index i¢—1. On the way down the tree we ensure that

711 19 |t1
(L5 (08 Lag (012 Lag (051 -

. . . (22)

Lag (6L (1) ) =1,
where  the actions along  the lace are
a1€C(h111),a2€C(h§2),...,aL_1€C’(hZLL_’11) and the
beliefs are according to the observations indexed by

iy € C(hi*ay),is€C(has),...,ir€C(h¥ " ar_1). In other
words we require that every propagated and posterior belief
along the lace would be safe.

Remark The equivalence of (21) and the fact that every
lace in search tree shall be safe is a property of our PC
formulation, e.g., this is no happening in case of popular
Chance Constraint [15].

Note that in (21) we do not have distributional shift due
to progressive widening of observations (and the fact that
not in every tree query a new belief node is introduced) as
opposed to the objective (8). This is because we do not take
into account the statistics dictated by the visitation counts of
the observations.

As we see from (21), the recursive form portrayed by
(20) transfers to MCTS estimator. For clarity of the ex-
position let us denote the product of the indicators in
the inner constraint (14) by c depending on the current
and future beliefs. For example, at the root of the belief
tree we have c(b0:L):1Ag(b0)Hf:11Ag (be). By design, (20)
and (21) equals one if and only if, the PC starting from
each belief action node ha in the tree is satisfied, namely
P(c=1[b(h),a,7)=1. We now define the notion of dangerous
action in belief tree.

Remark: We call an action dangerous if it is believed to be
dangerous. Meaning our notion of dangerous or safe actions
based on beliefs and not the possible POMDP states as in
Chance Constraint [2].

Definition 1 (Dangerous action): A dangerous action is
action a in a place h in a search tree that renders an estimator
of (20) smaller than one, namely P(c:1|b0, ap, 7r)<1, where
the estimator is as in (21).

Note that best stochastic future tree policy is dependent on the
number of performed tree queries.

Corollary 1: Each action in a search tree can be dangerous
or safe. We define safe action a (or ag) to be the action that
is not dangerous, namely f’(c:1|b0, ag,)=1 and safe under
the safe future tree policy, namely f’(c=1|b(h),a,7r):l for
arbitrary future history h as a result of mentioned safe policy.
Let us reiterate that we build the search tree solely from
the safe actions. Effectively, using our pruning and fixing the
values and statistics maintained by the search, to be explained
shortly, we assure preemptively that the sample approximation
of (20) defined by (21) using the beliefs from the search
tree built by MCTS equals to one. To assure that the (21)
equals one it is required that every indicator function within
is one. This is our mechanism to assure that in any finite
time the search tree contains only safe actions as opposed
to duality based methods where the constraint is satisfied
only at the convergence limit, namely in infinite time (see
Section VI-B). When a newly sampled belief renders the
corresponding indicator equal one, we add it to the belief tree.
If the indicator is zero, we develop a mechanism to delete an
action and fix the search tree upwards.

A. Pushing Forward in Time Only the Safe Trajectories

Even if (21) equals one, meaning every indicator inside
equals one, when 0<1 and payoff operator as in (12), it is
possible that there exist samples that are unsafe, e.g., falling
inside an obstacle or a dangerous region. If the robot is
operational it means the robot was safe before it commenced
an action. Thus, we shall discard the unsafe portion of the
belief before we update the belief with action and observation
(barring the situation when =1 and payoff operator as in
(12) and (13)). We define b°?¢ as the belief constituted only
by the safe particles, namely conditioned on the history and
the events {z€X*¥°}. Such a belief is given by

b3 (20) =P (e |bo, ag.e—1, 21.0, ﬂfzo{xﬁ?ffafe})

To convert b to b* we remove not safe particles and resample
with replacement the safe ones to the initial size. This means
that the beliefs and observations in (20) will be not as in
objective (9) but as follows. We define b as the belief obtained
by percolating forward in time belief that has been made safe
sequentially, that is b'=1)(b%*, a, z’) where

be(0)=P(¢|bo, a00—1, 210, g {1 €XT¥eY),

and the belief propagated only with action and without an
observation

by (20)=P(we|bo, a0:e—1, 21:0-1, Nizg {1 €XFCY).

(23)

(24)

(25)



Both beliefs are generally unsafe. Our BMDP tuple is now
augmented with another space of beliefs 5 defined by (24).
We have now

<B7 B aAvTIN P ¢ 5W7b0>'
~~~ ~—
space reward payoff
of the beliefs pay

defined by (24)

At this point we need to define another safe set
A)={b; ,by:b, €B; ,be€By, $(by )=6, ¢(be) =6}

Here the B[ and B, are reachable by changing observations
in (24) and (25) spaces. Do note that only in time O the set
A)=Aj. This is because in inference we know that robot is
still operational. We always make safe the actual robot belief
bo. In planning, the belief is rendering the observation in the
next time step (Fig. 4a). Thus in both CC and PC in time
+1, the observation PDF reads P(z/41|b3*", a,), whereas in
objective we have P(zp11]be, as). We sample from the latter
and the normalized ratios of these likelihoods
w?il oc P(2e41103™,a0) /P( 21 |bg,ar) (26)
are the weights in the equation (28). Using Importance Sam-
pling in such a way, we construct a single belief tree. However,
for the constraint calculation we use the b corresponding to the
belief b, please see Fig. 4a. The Eq. (14) transforms into
P (1 45 (bo)T Ty i1 45 (be)) =1]bo, a0, 7). (27)
Let us reiterate, on the way down the tree, we ensure that
every belief along the lace lightens up its indicator. Similar to
(21), we ensure that under the stochastic policy approximated
by the MCTS, the PC is satisfied. We have that

n(hil ai)

(1Ag(bO) 2 eCoan @’ Lag (b1 ZaleC(hil) n(hit)
ZizGC(hilal) w‘211~,221Ag (6722) ..
1A271 (bL—l ) ZaL—lEC(hlLL:ll) n(hiLL—_ll)

ar—1,iL i
> : Wt L (B ):1.
ireC(h lar_1) L Ai( )

(28)

Further in this paper we assume that the observa-
tion model O(z,x) has infinite support, to rephrase that
{z€2,2€X:0(z,2)>0}=2ZxX. This assumption ensures
that there are no nullified weights in (28). Further, since the
weights in (28) are normalized and all of them are nonzero,
even a single weight missing because the inner constraint
is violated, renders (28) smaller than one. This means that
the constraint with respect to the root by of the belief tree
is not satisfied. Since the weights are selfnormalized per
action, to verify that (28) equals to one we do not need to
calculate weights at all. In fact, we never check the whole PC
approximation. In contrast, as we already mentioned we only
verify that each indicator equals to one on the way down the
tree.

truncation

e, T

5 ‘.

Fig. 3: Illustration of the effect of truncation of motion model T.

B. Bounded Support Motion Model

Suppose b**e is represented by the finite set of particles,
belief update 1y is a PF. If motion model has a support
encapsulating the whole space R?, where d is a dimension, for
every possible action it will be eventually unsafe belief. This
is because eventually, at the limit of MCTS, for every tried
action it will be non safe belief. However, we know that robot
cannot teleport and truncation of motion model is, therefore,
natural. In fact it is assumed often times to be Gaussian to
bring infinite support to the table to alleviate the complexity
of the solution. Observe Fig. 3. Without truncation for every
action a it is possible that the propagated sample will be unsafe
and render next in time posterior belief also unsafe.

Using our further presented method we build a tree solely
from safe actions. Do note that all our algorithms can be run
with various belief dependent operators. It is customary to
maintain a pair of posterior beliefs b and b as visualized in
Fig. 4a or just maintain a single belief b. Further we stick to
the former scheme as in Fig. 4a.

C. Constraint Violation and Efficient Tree Cleaning

Before we begin this section we must clarify that from now
on we slightly change the notations in text and the algorithms.
To recap, we use following variables: h represents a history
{b,a0,21,...as—1, 2}, and haz’ is the shorthand for history
with @ and 2’ appended to the end. In a similar manner, as
mentioned earlier, ha is the history h with action a appended
to the end. C'(ha) is a set of the children of a belief-action
node ha. Each such a child, now, is a triple of observation,
reward, and posterior belief {z',7/,b'}.

We now explain how we prune all dangerous actions
(Def. 1) from the search tree and thereby our search tree
always contains only the safe actions (Cor. 1). Actions at
the root and tree future policy, which is stochastic due to
exploration, are such that the PC is fulfilled starting from each
belief node in the search tree. Suppose that our Probabilstically
Constrained MCTS (Alg. 2 and 5) is currently at a belief
node b(h) in the belief tree, with a corresponding history h
defining the unique place h in the belief tree. The algorithm
selects an action according to (7) and suppose it creates a new
belief. Every time we create a new belief node to be added
to the search tree we obtain b’ for the reward calculation and
corresponding b~ and b’ for the constraint. We then check if
(b )>6 and ¢(b')>d and if both inequalities are satisfied
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Fig. 4: (a) Conceptual illustration of maintaining a pair of posterior beliefs, b and b’ are used for the reward operator, while b, b~

n(h)= Nha') + 1 ha*)

V' (h)= Nha ;Q\h: ”(/:1 )Q (hya*

i‘ll(

(c)

and b’ for the safety operator. We create

observation using belief b highlighted by the brown color. In the subfigures (b) and (¢) we visualize the cleaning of the belief tree in case that new belief violated the inner constraint.
By blue color we mark elements related to optional rollout. By the thick red dashed circle we mark a newly expanded belief node. (b) In this scenario the belief node is a first

child expanded from the first selected action a*

count of b yet, we only need to delete action a'
a?. Note that UCB or PUCT, tries each action from each belief infinitely many times.

we add the newly created node to belief tree. If ¢(b"~)<d or
#(b')<d, we shall prune an action leading to this belief node
from the belief tree and fix the Q upwards since the laces
emanating from the cleaned action participate in Q of every
ancestor belief action node. Due to the fact that we assemble
Q at each belief-action node from laces, at node h it holds

that V* (h)=2accm) %%(ha) and n(h)=3_,cc(n) n(ha)-
The @ of the parent reads

p(bP? aP? b)+V (h)+roll(h))
n(Apaapa)

O(hrar)= 0 (29)

where the summation over all the sibling subtrees and the visi-
tation count appears as n(hPaP®)=n(h)+14nsPline:l 11
where by the red red color we denote values of the current
belief node and by the blue color we denote optional values
related to the activation of the rollout. We now turn to an expla-
nation of how to clean the tree efficiently using subtraction and
adding operations instead of assembling action-value estimates
and visitation counts from scratch using updated values down
the tree. Suppose the action leading to the newly added belief
does not have sibling subtrees corresponding to another actions
and this belief is the first child of such an action, as depicted
in Fig. 4b. In this case the visitation count n(h) and V*(h)
are not present yet within Q(hP*aP?). This is because the
only rollout was commenced from b(h). We can just delete
the action leading to the newly created belief node.

We, now, focus on a more interesting setting depicted in
Fig. 4c. After we deleted the subtree defined by the belief
node b(h) and action a (a? in Fig. 4c), we need to update the
visitation count n(h) as such n(h)<nitee(h)—nintree(pq),
where we denote values that are currently in the be-
lief tree by ™™, As shown in Fig. 4c, we have that
[ intree ()= Zacchntree M (Ra)QM (ha) point

aecintree (py N7 (ha)
we have everything to calculate the updated value function

at belief b(h) indexed by history h. To do that we use the
relation:

V*(h)-n(h)
S(h)

Qintree(

. V*,intrco (h)nintrco (h) _
Gintree (p)
ha)nintree (hCL) )

(30)

. The expanded belief violates the inner constraint. Thus we need to prune action a'
. (c) Harder scenario for cleaning the tree. Here we need to perform appropriate fixes to the action-value-estimates after we prune

. Because we have not updated the visitation

For an efficient update by (30) we need to cache the sum of
the cumulative reward laces for each belief node. We define
such a sum as S(h)2V*(h)-n(h). In addition, we need to
subtract the deleted action a from the set of children of
b(h), namely C(h)<C™e¢(h)\{a}. If b(h) is a root node
we just update its visitation count n(h) to a new value.
We do not need to store S(h) for a root belief. Else, we
identify a parent action and node of b(h) marked aP* and
bP? respectively. We need to calculate n(hP*aP?) as such,
n(hP*aP?)<—nintree(pPagpa) _pintree(p) 1 n(h). We then shall
update Q(hP*aP?) as such

Q(hpaapa) n(hpaapa)(_three(hpaapa) nintree(hpaapa)_
( mtree )(p(bpaapab)+v*,1ntree(h)+rollirltroo(h))+
(n(b)—H) (p(bP2aP*b)+V* (h)+1oll ™™ (h)).

(€29)
Note that (31) encompasses both cases. The case when the
subtree is deleted (30) and theA case then only the visitation
counts down the tree and the () are updated (upper levels of
the belief search tree). The value of V*(h) subsumes both
cases. In the latter case its update reads as such

V() () = Ve (h)nt™ee (h) -
s(h) Gintree (p)
Qintree(ha)nintree(ha) + Q(ha)n(ha)

(32)

We now calculate a new visitation count of bP* us-
ing n(hpa)%nintree(hpa) _ nintree(hpaapa)+n(hpaapa), and
S(hP?) using (32) and renaming there the history from h
to hAP* and the action from a to aP*. Now we can treat
bP2(hP?) similarly as we treated b(h). We outlined the tree
cleaning procedure in Alg. 4. To conclude, this way our search
tree always consists of only safe actions (not dangerous with
respect to Def. 1).

V. THE ALGORITHMS AND GUARANTEES

This section describes our algorithms followed by conver-
gence guarantees. Alg. 2 summarizes our main result. Similar
to [18], we present a provable modified variant summarized
by Alg. 5.



Listing 1 Common procedures

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

2 for m iterations or timeout do

3 h <+

4: SIMULATE(D, b, h, L) > A single tree query
5 end for

6 return ACTIONSELECTION(b, h, 0)

7: end procedure

A. Detailed Algorithms Description

The entry point of both these algorithms, listed in Listing
1, is a loop over trials of observation laces. The difference
between the algorithms is in the SIMULATE function. We
name a single call to SIMULATE a tree query. In each
trial, we descend with the lace of observations and actions
intermittently, calculate the beliefs and rewards along the way,
and ascend back to the root of the belief tree. Once, on the way
down the tree, the unsafe belief is encountered we clean such
action from the search tree and fix the action value estimates of
all ancestor belief action nodes. Similar to the classical MCTS
our approach can be run with rollout or without. In addition,
if we do not want to use safe beliefs for the constraint we only
need to remove parts marked by the brown color in Alg. 2 and
5 and use regular belief instead. We also present a Polynomial
variant of our approach, Alg. 5 we named PC-MCTS with
Polynomial Upper Confidence Tree (PC-MCTS-PUCT). In the
next section, we prove the convergence with an exponential
rate of Alg. 5 in probability. Note that we cache the values of
the summation of the cumulative reward for all belief nodes
for both algorithms. This happens in line 31 of Alg. 2 and line
30 of Alg. 5, where we denote S(h) = V*(h)-n(h).

a) Safe Rollout: The rollout is not necessary for applying
MCTS. Without rollout, upon opening a new belief node the
MCTS would behave as it reached the leaf node. Nevertheless,
the rollout helps to provide better results in finite time and ap-
parently helps to accelerate convergence (We did not find any
rigorous analysis for that). With this motivation in mind, we
present the Safe Rollout routine for our approach summarized
by Alg. 3. Our safe rollout selects action randomly which
myopically fulfills the sample approximation of myopic PC
based on m samples. If no feasible action exists (which is not
possible with our method since we always have an action “do
not do anything”) we select an action maximizing the sample
approximation mentioned before.

B. Convergence Guarantees

Although we sample actions and observations and the num-
ber of samples of both is marching to infinity in discrete steps,
MCTS converges, at each belief action node in probability, to
the optimal value of the probailistically constrained problem
defined by

(33)
(34)

Q™ (b(h),a;p) subject to
P(c=1|b(h),a,7)=1.

In (33) we omitted the time indices. MCTS approximates the
stochastic policy 7* by a discrete but infinite set of sampled
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Algorithm 2 Probabilistically Constrained MCTS (PCMCTYS)

1:

11:
12:

13:
14:

15:

17:
18:
19:

20:
21:
22:
23:
24:
25:
26:
27:
28:
29:
30:
31:
32:
33:
34:
35:
36:
37:
38:
39:

40:

R A A A TR ol

procedure SIMULATE(belief: b, belief: b, history: h,

depth: d)
if d =0 then
return 0
end if

psfe « MAKEBELIEFSAFE(D)
SafeActionFlag <« false
while not(SafeActionFlag) do
a < ACTIONSELECTION(h, ¢)
Calculate propagated belief '~ from b and b~
from % using a
if |C(ha)| < kon(ha)®e then > observation Prog.
Widening
2~ Po(z|x®);z° ~ b~
bV — %/)(Bsufc7 a, Z/),
L by 2000026y (077, 0)
if 1{(]5(7)’"*)25,(25(5’)26}(17/‘77 bl) == ( then
CLEANTREE(h,a) ©> Clean current belief
tree to be safe using Alg. 4.
Continue
else
SafeActionFlag <« true
end if
b+ (b,a,z'), '+ p(b,a,z,b') > Regular
belief and the reward on top of it are obtained only for
not pruned actions
C(ha) + C(ha) U {z,r" b}
rlace « ¢/ 4 ~ SAFEROLLOUT(Y, d — 1)
else
SafeActionFlag < true
{z,r",b'} + sample uniformly from C'(ha)
rlace « ¢/~ SIMULATE(WY b, haz', d—1)
end if
end while
n(h) < n(h) +1
n(ha) < n(ha) +1
A A 2 _ O (ha)
Q(ha) + Q(ha) + Tnlha)
S(ha) + S(ha) + rlace
return r'2c¢
end procedure
procedure ACTIONSELECTION(b, h, c)
if |C(h)] < kqn(h)®e then > action Prog. Widening
a < NEXTACTION(h)
C(h) + C(h)U{a}
end if
return arg maXqec(h) Q(ha) + ¢\/18 (W) [n(ha) >
UCB
end procedure

Calculate

> Jump to line 14

> Initialized to zero
> Initialized to zero

> Initialized to zero
> Initialized to zero
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Algorithm 3 Myopically Safe Rollout Action selection

Algorithm 4 Cleaning Belief tree to be safe

1: procedure SAFEROLLOUTPOLICY(b, A)
2: A « shuffle(A). V* < —oco > by shuffle assure that
action is selected randomly

3: for a € A do

4: for m iterations do

5: Calculate propagated belief '~ from b and a

6: 2~ Po(z]a®);z° ~ b~

7: b —(bya,z)

8: Calculate 1{4)(1)")25,(15(1)’)2(5} (b/_, b/)

9: end for ‘ 4

10: V) e S Lo )20.600) 25y (8707, 67)

11: if V(™) > 1 — ¢ then > Note that we added ¢ here

12: return a > First shuffled action satisfying
myopic PC approx. is returned

13: else if V(™ > V™ then

14: V¥« V,a" <~a

15: end if

16: end for

17: return a*

18: end procedure

continuous actions and statistics defined by the visitation
counts. To give an intuition, the convergence in probability
is a result of the fact that we are dealing with expectations
(See Lemma 1 and Theorem 2) and the fact that every belief
action node is visited infinite amount of times due to (7) even
in continuous domains where the new nodes are endlessly
expanded. Moreover, the polynomial variant of DPW used in
Alg. 5 allows to each belief-action node be visited a sufficient
amount of times before the next new belief is introduced.
Thus, convergence in probability happens with an exponential
rate. Although the tree policy is tree query dependent and
improves over time, [20] showed the convergence is from the
leafs and upwards to the value under the optimal stochastic
policy. Further we show that if the actions are continuous and
have some natural distribution, MCTS will eventually sample
an unsafe action (line 36 in Alg. 2 and line 35 in Alg. 5).

Theorem 3: Suppose, at the node h, we have an action a
sampler on top of the continuous probability space (A, F,P)
where A is the outcomes space, F events space and P is the
probability. At the limit of convergence in infinite time (after
an infinite number of tree queries), it holds that C'(h) includes
an action sampled from A that is arbitrary close to the optimal
action with respect to the theoretical action-value function at
each belief node.

To prove that we take an arbitrary set S€A such that
P(S|h)>0. Note that the probability here depends on the
history (belief) we focus on. Time marches to infinity in
countable steps so as the samples are countable. Denote by
|C(h)| the number of 7.i.d. samples (line 36 in Alg. 2 and line
35 in Alg. 5 ). The probability of sampled action a~P(a|h)
not to be in S is P({a€A : agS}h)=1—P(S|h). When the

1: procedure CLEANTREE(h, a)

2 Delete all children b’ of ba belief-action node and
delete ba itself C'(h)«C™mee(h)\ {a}

3 if ni"tec(h) == 0 then

4 return

5 end if

6: n(h) — nintree(h) o nintree(ha)

7 if b is root then

3 Cintree(h) — C(h), nintree(h) — TL(h),

9

: return

10: else

11 Assemble V*(h)

12: end if

13: while true do

14: if b is root then

15: nintree(p) < n(h),

16: return

17: end if

18: Identify aP* which is parent to b

19: Identify b such that bP*aP? is a belief action node
which is parent of b

20: n(hpaapa)(_nintree(hpaapa)_nintree(h)+n(h) >
History hP* corresponds to belief bP*

21: Reconstruct Q(hP*aP?) and put n™(h)«n(h)
and S™tee(h)<S(h)

22: n(hpa)%nintree(hpa)_nintree(hpaapa)_l_n(hpaapa)’

23: Assemble V*(hP?) and put

Qintree (hpaapa)%Q(hpaapa)
n(hP?*) for the next iteration
24 b<bP?
25: end while
26: end procedure

> We have V*(hP?*) and

number of samples tends to infinity we have that

_ |C(R)]
(1-P(S|h)) —~ 0.
|C(h)|—00

(35)

It holds that the probability not to sample an action in S
tends to zero with number of samples tending to infinity.
Therefore, in the unconstrained MCTS approach, the action
value function estimates @ will include unsafe actions if they
are exist in the action space A. On the contrary in our safe
approach we remove the actions sampled from the unsafe sets
of arbitrary small positive measure.

We now show that the cleaning tree routine is necessary due
to fact that we will sample an infinite amount of unsafe actions
and this can shift the expectations with respect to actions in
values maintained in search tree.

Without our pruning we will obtain infinitely many un-
safe actions in each unsafe set S. It can be seen using
the second Borel Cantelli Lemma. Towards this end let us
define the event E‘2{a'~P(a|h):a’€S}, sampled action i is
a member of set S. The events E’ are independent since
we sample actions independently. The series > .- P(E‘|h)
are divergent since P(E*|h)=P(S|h)>0 by definition. Thus,
P(N}Z, U2, E*|h)=1, namely the event sampled action is



a member of set S occurs infinitely often times. To rephrase
that, without our pruning we would have sampled infinitely
many dangerous actions and, therefore, the expectations can
undergo a shift and even if at the root of the belief tree we
select an optimal safe action, the influence of unsafe future
actions can be substantial.

In this section, we prove convergence in probability with
an exponential rate of Polynomial Upper Confidence Tree
(PUCT) version of our approach (Alg. 5). We now list down
the changes between Alg. 2 and Alg. 5:

o In Alg. 5 we have Polynomial Double Progressive Widen-

ing with depth dependent parameters defined in [20];

e The rollout in Alg. 5 is missing;

o If Alg. 2 decided not to open a new branch it samples
the triple {z’, 7, b’} uniformly from C'(ha) (line 24 high-
lighted by the blue color). In contrast Alg. 5 selects the
child with a minimal visitation count (line 23 highlighted
by the blue color).

The following theorem provides its soundness.

Theorem 4 (Convergence with Exponential Rate in Proba-
bility): Every belief h and belief action node ha of Alg. 5,
equipped with our pruning mechanism from Section IV-C and
summarized by Alg. 4 converges in probability and with an
exponential convergence rate to the optimal value function
V*(b(h)) and action-value function Q(b(h)a), respectively,
while satisfying the PC starting from the belief action node
ha, namely P (c=1[b(h),a,7*)=1.

Next, we provide the proof under rather mild assumptions.
To be specific we must assume that reward lies in a bounded
interval and that sampling of actions covers the entire space
with an arbitrary precision. For more precise definition see
Def. 2. Our proof is valid for both approaches, namely with
making belief safe before pushing forward in time with action
and observation and without (in this case the constraint at each
belief-action node is P(c=1[b(h), a,7*)=1). Similar to [18]
we leverage the proof by [20].

Before we proceed let us mention that DPW of Alg. 2 with
k, = ko = 1 and depth dependent oy as described in [20] are
identical to the one used in Alg. 5.

Lemma 2: Fix belief node b(h) in belief tree and belief

action node ha, k, = k, = 1 in Alg. 2 and select in Alg. 2
and Alg. 5 same «, g and o, g € (0,1) in both algorithms (can
be depth dependent). The condition |C(ha)| < n(ha)®? is
equivalent to |n(ha)®| > [(n(ha) — 1)%<]. In a similar
manner |C(h)| < n(h)*¢ is equivalent to |n(h)%=d| >
[(n(h) — 1) .
We provide sketch of the proof. It is sufficient to prove that
the first claim is identical since both have identical structure.
Let us focus on |C(ha)| < n(ha)®-<. The new child is added
if and only if the visitation n(ha)®>% passes the subsequent
integer at some visitation of node ha. This is happening if and
only if [n(ha)®d| > |(n(ha) —1)%<|. B

Now we would like to pay attention to the fact that since
we clean the belief tree from the unsafe actions, we have
n(h)=3_,ecnyn(h,a). This is in contrast to the classical
MCTS, where n(h)=3_,cc s n(h, a). Therefore, we shall fix
the visitation count of each belief node and belief action node
that have been affected by pruning. This is done by Alg. 4.
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Algorithm 5 Probabilistically Constrained MCTS PUCT

1: procedure SIMULATE(belief: b, belief: b, history: h,

depth: d)

2: if d=0 then

3: return 0

4: end if

5 psafe « MAKEBELIEFSAFE(D)

6: SafeActionFlag <« false

7: while not(SafeActionFlag) do

8 a < ACTIONSELECTION(h, ¢)

9: Calculate propagated belief b~ from b and b~
from b%¢ using a

10: if |n(ha)®4| > | (n(ha) — 1)*<| then >
observation Prog. Widening

11 2~ Po(z|a®);a° ~ b~

12: b )65 a, ), Calculate
L by zs000 20 (0075 0)

13: if 1{¢(5/,7)25@(5/)25}(17/’_, b') == 0 then

14: CLEANTREE(h,a) ©> Clean current belief
tree to be safe using Alg. 4.

15: Continue > Jump to line 14

16: else

17: SafeActionFlag < true

18: end if

19: b+ (bya,2), v + pb,a,z,b) >
Regular belief and reward on top of it are obtained only
for not pruned actions

20: C(ha) < C(ha) U{Z,r',b'}

21: else

22: SafeActionFlag < true

23: {/,r",b'} +  argmin ”ﬁ?;?

{z',r",b'}eC(ha)
24: end if
25: end while

26: rlace « p/ 4 ~ SIMULATE(Y, V', haz',d—1)
27: n(h) < n(h) +1 > Initialized to zero
28: n(ha) < n(ha) + 1 > Initialized to zero

2 Q(ha) « Q(ha) + QM)
30: S(ha) + S(ha) + rlace

31 return r'2°°

32: end procedure

33: procedure ACTIONSELECTION(b, h, c)

34: if |n(h)*4] > |(n(h) — 1)®=<] then 1> action Prog.

> Initialized to zero
> Initialized to zero

Widening
35: a < NEXTACTION(h)
36: C(h) + C(h)U{a}
37: end if

38: return arg maX,cc(h) Q(ha)+ n(h)*d [n(ha) > PUCT
39: end procedure

The following claim is required to understand [20] and we
give now an informal proof missing in [20].

Lemma 3: The k' child of node ha in Alg. 5 is added on
visit n(ha) = [k=] £ ny(ha).

Observe that the left hand side of |n(ha)®4| > | (n(ha)—
1)®4] jumped |n(ha)®4] times and right hand side



lagged exactly by single visitation. So the inequality is ful-
filled exactly |n(ha)®e-<]| times. Moreover, the first n(ha)
such that n(ha)®-< passes a subsequent integer assures
the jump. Meaning, we have two cases. The first case is
n(ha)®ed=|n(ha)d|=k and taking k=od = [kaod] is
returning us back to n(ha). The second case is |n(ha)®e | +
1> n(ha)®¢ > |n(ha)®| = k. But we know that if k=
would be an integer, it would the previous case with a smaller
n(ha). The k= has to be slightly larger than integer so as ceil
operator return the right natural n(ha). Similarly number of
actions expanded from node h is |n(h)*|. B

Our cleaning routine prunes only the actions and fixes the
affected visitation counts so the proof by [20] is not broken.
Further we establish the definitions and the assumptions from
[20] in order to assure the validity of the proof. Some of them
we take directly from [20], [18].

Definition 2 (Regularity Hypothesis): The Regularity hy-
pothesis is the assumption that for any A>0, there is a non
zero probability to sample an action that is optimal with
precision A. More precisely, there is a § > 0 and a p > 1
(which remain the same during the whole simulation) such
that for all A > 0,

Q(ha)>V*(h)—A with probability of at least min(1, 0AF).
(36)

Definition 3 (Exponentially sure in n): We say that some
property depending on an integer n is exponentially sure in
n if there exist positive constants C, h, and 1 such that the
probability that the property holds is at least

1 — Cexp(—hn"). (37)

In addition we need to assume that the belief dependent reward
is bounded from below and above, namely it lies in the closed
interval [p™, p™aX], Instead of p: Bx Ax Z x B+ R we
require the mapping to be p : B x A x Z x B+ [p™in, pmax]
Under these assumptions the convergence result of Alg. 5
summarized by Theorem 4 holds.

VI. SOTA CONTINUOUS CONSTRAINED MCTS

We now firm up the loose ends and turn to the description
of the existing constrained POMDP considered in an anytime
setting which will serve as our baseline.

A. Expectation Constrained Belief-dependent POMDPs

The averaged constraint formulated with payoff operator
and including the propagated beliefs would be

ETO[ 7, &by, be)|bo, 7] > 6. (38)

One possibility is to define ¢(b, , be)=¢(b, )+d(be). Clearly
the cumulative averaged formulation (38) is not suitable for
safety since it permits deviations of the individual safety
operators ¢. It can happen that with the low probability
of future observation the resulting posterior belief will be
extremely unsafe. However, sometimes the operator ¢ is natu-
rally bounded from above. It holds that P({z,c X2 }|0)<1.
Thus, if we select an operator ¢ as in (12) and 6=2L it is
sufficient to ensure safety. If §<2L, it permits deviations of the
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individual belief dependent operators. Therefore, the averaged
with respect to observations episodes and stochastic policy
cumulative constraint is not sufficient to assure safety. The
works [7], [6] impose the averaged cumulative constraint at

the root of the belief tree as
V™ (bo; o) 2ETO [ 27, 0(b, , be)[bo. 7] <67 (39)

We introduced the optional dependence on b~ of cost operator
0 (emphasized by turquoise color), e.g

(b, ,be)=0(b, )+6(be) (40)
where
¢(0) from (12)
0(0)=1—P({z, € A7} 0O) = 41)

P({.Z’[ ¢ Xzafe}“:l) :]EngD[l{xléX;"fe}}

with values in [J are substituted by b, and b, respectively.
Similar to the behavior of bounded payoff operator, here we
can assure safety if §=0. This will assure that (39) is satisfied
if and only if all (b, , ) inside are zero. This is because
P({z¢¢X;*°}|0)>0. In the light of the discussion about
deviation of the cost values, further in this paper we assume
that 6?=0. Now, if we set §=1—6?=1 in our PC (10) and
payoff as in (12) two formulations are equivalent. Yet, this
will happen solely with payoff operator being as in (12), cost
as in (41) and d=1. Another possibility is to define cost in
(39) as

Ou(by ,be)21—1 45 (b, , br) (42)

with 69=0 and
AS2 {by  besby €B),beeBy, (b)) >0, (be) >0} .

We obtain that the (39) is satisfied if and only if our PC (10)
is satisfied and in both formulations we have the freedom
to select operator ¢ and § (we still need to assure that the
¢ is the same in both formulations). Importantly, unlike the
cost from (41), the cost from (42) can not be represented as
expectation over the state dependent cost. This cost is general
belief dependent operator even if the payoff inside is as (12).
Remark: In general the transition between cost constraint and
payoff constraint is not trivial. To do that one must use the
linearity of the expectation and the relation between the cost
and payoff operators.

B. Duality Based Approach

We now turn to the discussion about duality based approach
in continuous spaces suggested in [5]. Suppose that §°=0 in
(39); The iterative scheme of duality based approach subsumes
two steps iteratively solving the following objective

in (39)
as
max min (V7T (bo; p1)—=A V7 (bo; 0) ), (43)
T A>0 ———
>0

where one step minimizes for A\ and another maximizes for
execution stochastic policy 7. Here, 8¢ is a vector of cost
operators (starting from time 0). The Dual ascend goes towards
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V7™ (bg; 89)=0. The policy is feasible only in this case. In the
A minimization step, since V™ (by;0¢)>0, the larger A will
yield smaller objective. Thus, this part of the objective is
becoming increasinlgy important with the iterations of the step
of the minimization of . In practice, the (43) is approximated
by the MCTS estimator. Many different suboptimal actions
participate within every Q in the search tree. This is a direct
result of the exploration exploitation tradeoff portrayed by the
(7) and the assembling each Q from the laces (e.g. if the
search tree rooted at bo, the corresponding action value is
Q(boag)zl/n(bgao) Zj q(bl.;)). Another possibility would be
on the way up the tree to take the maximum of the previously
calculated Q(b(h),a) with respect to actions with visitation
count n(ha)>0. We need to exclude the actions with n(ha)=0
in order not to take the initial values ¢'™* (Fig. 2b). If we do
that, on the way up the tree, instead of completing the lace with
future cumulative reward we will complete it with the result of
the maximum. Still, the problem of many actions participating
in the Q remains. Because the result of the maximum is
changing as MCTS progresses, still suboptimal actions are
participating in each Q besides the leaves. This aspect is
detrimental to online planning under the safety constraint. If
the safety is formulated as in eq. (39) and (41) with §59=0
and the objective is (43), the robot will prefer to depart from
unsafe regions as far as possible to ensure that the all expanded
actions with at least single posterior are safe at as many beliefs
as possible in the search tree. The importance of the all actions
being safe increases closer to the root because closer to the
root actions participate within more laces. Our approach does
not suffer from such a problem since we prune the dangerous
actions in the first place.

VII. SIMULATIONS AND RESULTS

We are now eager to demonstrate our findings in simu-
lations. We compare our approach (Alg. 2 with CPFT-DPW
suggested in [5] with our modifications in terms of constrain-
ing propagated beliefs as described in Section VI-A. For our
approach named PC-PFT-DPW we select the payoff operator
¢ as in (12) and simulate for §=1. Our baseline follows the
averaged constraint formulation in the cost form as in (39)
with cost operator as in (42), payoff operator ¢ and § inside
(42) identical to one used in PC-PFT-DPW. As described in
Section VI-A we set 6°=0. In PC-PFT-DPW we use our safe
rollout (Alg. 3) whereas in CPFT-DPW the rollout is set per
problem.

We always simulate the trials of a number of autonomy loop
cycles. A single cycle of autonomy loop is depicted at Fig. 5.
We now specify our problems under consideration.

We present the Safe Lidar Roomba problem.

a) Safe Lidar Roomba: Roomba is a robotic vac-
uum cleaner that attempts to localize itself in a familiar
room and reach the target region. The POMDP state is
the position of the agent x, its orientation angle 6, and
the status. The status is a binary variable and it tells of
whether the robot has reached goal state or stairs. The
Roomba action space is defined as A={a',a?, a3, a*,a’,a’}.
The action space A comprises the pairs (v,w”). Each
Roomba action is a pair (v,w”). It comprises a velocity
v and a corresponding angular velocity wV=d0/a;. We dis-
cretized the velocities and the angular velocities and se-
lected the following action space a'=(0,—7/2), a?=(0,0),
a=(0,7/2), a*=(5,—-m/2), a®=(5,0), a%=(5,7/2). We
also have wproise—coeff_( 2 and (moisecoeff—() 05 such that
Umax:5+0_5.vlloisc_cocff and wmaxzﬂ/z + 0.5'wnoisc_cooff. In
our simulations we selected dt=0.5 sec. We set 0,,,=0.01,
rlmin=0.001, the stairs penalty is —10000, the goal reward is
10000, the time penalty is —1000.

The robot motion is deterministic with a predefined time
step dt, but the action is noisy. When we apply PF each
particle is propagated with a noisy action. The velocity
noise is drawn from a uniform distribution over the interval
(—0.507°1¢ (.50"°1¢)  In a similar manner, the angular veloc-
ity noise is uniform over the interval (—0.5w"°¢, (.50"0s¢),
We draw the noise for each particle and add to the action a€.A
before we apply the motion model. To do so, we first clamp
velocity v in the interval [0, v™?*]. We then clamp w” in the
interval [—w™®* w™2*] The next §'=0+w’-dt is wrapped to
the interval (—m, 7|. After the turn, next position of the agent
is ’'=z+v-dt-(cos(#),sin(#))T. If the robot hits the wall, it
stops. The status becomes 1 if the robot hits the goal wall
(green color in Fig. 6a) and —1 if the robot hits a stairs wall
(red color in Fig. 6a). At the end of the motion step, the status
is updated and the agent takes an observation. It first deter-
mines the ray length rl using the known workspace (room)
and the position and heading direction (cos(f),sin(6))” of
the robot. The distribution of the observation conditioned on
the robot pose is then Gaussian N (rl, o(rl)) truncated from the
left at zero, where o(r])=0yay max(rl, rlyin ). To introduce the
safety aspect, similar to [6], we add a rectangular avoid region
(Fig. 6). The reward is the expectation over the state reward
that is a large reward for reaching the goal, large penalty for
reaching the stairs and for each time instance.

b) Dangerous Light Dark: We take inspiration from
the one dimensional problem from [5]. The agent lives
in a one dimensional space. We reach versatility of ac-
tion space by the length of actions, such that A =
{0, £0.5,+1,+1.5,42,4+2.5 +6}. The agent’s reward is the
multi-objective and subsumes the expected state-dependent
reward and the belief-dependent reward to localize itself

pet1(be, ap, bor1)=Epap, [r(z,a)] — tr(B(bet1))  (44)

where X(bgy1) is the covariance matrix of b,y1. The agent’s
state dependent goal is to get to location defined by interval
[—0.75,0.75] as fast as possible and execute the action 0 to
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Fig. 6: Plot of one of the trials of the execution of the actions from planning in Lidar Roomba problem. Illustration of departing from the unsafe region problem in Lagrangian
based methods. The yellow rectangle represents 500 particles of by sampled from a uniform distribution, the pink rectangle is the unsafe region to avoid. The green line is the exit
area and the red line is the stairs. On both figures we plotted the ground truth robot positions and the beliefs that transit from yellow to red as time indexes progress; (a) CPFT
departs as far as possible from the unsafe region. (b) Our method behaves as expected: the agent goes to the green area while avoiding the unsafe region.

stay there. Executing it within the interval [—0.75,0.75] will
give the agent a reward of 100, and executing it outside the
radius will yield a negative reward of —100. For all other
actions the state dependent reward function is —abs(z). The
agent’s motion model T is specified as

T1=Tk + ap + Wy, 45)

where wy, follows truncated Gaussian with 0=0.1 and trun-
cation with A=0.5 around nominal value z;+ay. The light
region is located at x=2 and the observation model is z; =
Tr+v, where kaN(O,U(xk)) and U(x):]-{ac:|a;—2|§1}(x) .
1071941y pmos1y (@) |2 —2|. At 2=—0.75 there is a cliff
such that if agent falls it crashes. In addition around the light
source there is a pit. The safe space is A%°={—0.75 < z <
1} N {x > 3}. The prior belief by (z) is Gaussian N (7,20)
truncated such that its support is [6, §].

c) Simultaneous Localization and Mapping with Certain
and Uncertain Obstacles (SLAM): Our action space comprises
motion primitives and zero action, A = {—, A 1,N,+,
4, \, 0}. If robot selected zero action 0, we do not apply
motion model to each particles but do resampling to take into
account received observation. This allows to robot not move if
it is too dangerous. In this problem the agent and the uncertain
obstacles (landmarks) have circular form. The motion model
T for the agent is

Tyl = Tk + Qg + Wg. (46)

Our goal is to epitomize the importance of safe state trajec-
tories versus solely safe beliefs trajectory. Towards this end
we draw randomly many tiny obstacles so as one way or
another the unsafe trajectory will be encountered by the robot
if planning was done with pushing forward in time also the
unsafe particles. Our observation model is bearing range with
the noise inversely proportional to the distance to uncertain
obstacle, the landmark {. The motion model for the landmark
is

lep1 = Uy (47)

We maintain belief over the last robot pose and the landmark.
The observation model reads z;, = xj — I, + vy Where vy ~
N(0, 2 (xk, k). The Tg(xg,lx) is a diagonal matrix with
main diagonal o2 (zy, ly))=||zr — li|2.

1) Pushbox 2D Problem: In this section we first describe
our variation of PushBox2D problem with soft safety. We
then transfer the soft safety to our formulation described in
Section III. Clearly soft safety is not good enough. In cases
there is no feasible solution exists we do not want robot to
do any operations. Instead, it is desirable that robot decide
that the goal is not achievable. The Pushbox2D problem is
motivated by air hockey. A disk-shaped robot (blue disk) must
push a disk-shaped puck (red disk) into a goal area (green
circle) by bumping into it while avoiding any collision of
itself and the puck with an edge area (black area). The state
space consists of the xy-locations of both the robot and the
puck, i.e., ¥=R*, while the action space is defined by motion
primitives of unit length . The action Null is terminal. If the
robot is not in contact with the puck during a move, the state
evolves according to

‘T/:(f(x7 a’) +w, (xp’ yp))T7 wNN(Ov W)7

4
flz,a)=(a" +a",y" +a")", %)

where (2", y") and (zP,yP) are the xy-coordinates the robot
and the puck respectively, corresponding to state z, and
(a®,aY) is the displacement vector corresponding to action a.
If the robot bumps into the puck, the next position (z'?,y?)
of the puck is

x'P zP a
= 457 “n n+
y'P yP a¥ ry

, (49)

where n is the unit directional vector from the center of the
robot to the center of the puck at the time of contact, and
rs 18 a random variable drawn from a truncated Gaussian
distribution A (1, 02,1, u), which is the Gaussian distribution
N (u, 0?) truncated to the interval [/, u]. The variables r, and
ry are random variables drawn from a truncated Gaussian
distribution A(0.0,0.12, —0.1,0.1). The prior belief by(zo)
is a Gaussian over the robot position and deterministic over
the puck position. The robot has access to a noisy bearing
sensor to localize itself observing the puck and a noise-free
collision sensor which detects contacts between the robot and
the puck. Specifically, given a state z€X, an observation
(0¢, 0p) consists of a binary component o. which indicates
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Fig. 7: (a) Conceptual visualization of the PushBox2D problem. The agent is the blue circle. The puck is the red circle. The goal is the green circle. (b) The observation noise

intensity map. Light green color denotes the lower noise intensity.

whether or not a contact between the robot and the puck
occurred, and a bearing range component o°" calculated as

Obr:h(m)—i-v, h(x):(xT'—mp,y"—yp)T, (50)

where " , y" and z? , yP are the xy-coordinates of the robot
and the puck corresponding to the state x, and r, is a random
angle (expressed in radians) drawn from a truncated Gaussian
distribution with magnitude of the variance dependent on the
position on the map of the robot as in the Fig. 7b). The reward
for the MCTS baseline is the distance to goal of the puck with
boundary region and other obstacles

p(b)=— Egp[l|l2? — 29([2]=1000 - 1(,,——1}(0c)+
P({zexsae}b)—H(b).

Here we have a soft chance constraints since it is not clear

how to enforce chance constraints to MCTS. In case of our

approach we shift the P({z€Xx***}|b) component to our
probabilistic constraint.

Gy

B. Experiments

We benchmarked our approach using the Lidar Roomba
problem, the famous Light Dark problem, active SLAM prob-
lem and PushBox2D problem. We have shown the issue de-
scribed in Section VI-B on Lidar Roomba and the satisfiability
of the constraint solely at the limit of MCTS convergence
situation on a Light Dark problem. Considering an active
SLAM problem, we visualized the importance of making
belief safe in planning, as described in Section IV-A. With
PushBox2D problem we verified the importance of making
the propagated belief safe and simulated for several values of
J.

In the Lidar Roomba problem the robot performs at
most 50 cycles of autonomy loop. In the Light Dark prob-
lem, the robot performs 5 cycles of autonomy loop. We
do 70 trials of each such a scenario and approximate the
P(S|bo)~P(S|by)= 2321 15(75)/70 using the simulated trajec-
tories. The event S={rp€ xL_, A5}, where T9=1¢.;, means
each state in the actual robot tra]ectory starting at time 0 was

safe. V*(bo; p1)= 7 ZL 1 f Lo)pgﬂ(b’é,a;,b’lzﬂ), where in
Roomba L(i)<50 since we have terminal state and in Light
Dark L(i)=5.

In SLAM problem the robot makes 50 trials of at most 20
cycles of autonomy loop. In PushBox2D problem the robot
performs 20 trials of at most 20 cycles of autonomy loop.

In all four problems we take 500 belief particles.

C. Discussion and Results Interpretation

Before we proceed it shall be noted that the number of
collisions and approximated probability that the trajectory is
safe in relevant tables are connected as follows

P({T() c X/ OX;afe“)O (S‘bo) — ]— hum. coll

num. trials *

(52)

Let us interpret the results.

a) Roomba: Table I corresponds to Roomba problem.
From Table I we behold that the cumulative reward yielded
by CPFT is much lower than our method. In particular, the
Roomba never reaches the goal and not stairs. We also calcu-
late an empirical mean of the distance between the terminal
Roomba position and the middle of the goal region. As we
see, CPFT makes Roomba to depart from the obstacle as far
as possible.

b) Light Dark: Table II corresponds to Light Dark prob-
lem. In Table II we see that with a small number of MCTS
iterations, CPFT makes 16 collisions from 70 trials in contrast
to O collisions with our technique. We illustrate the scenario
in Fig. 8. In this problem it is dangerous to the agent to jump
to desired interval. This is because the width of the belief by is
larger than the desired area and robot can fall off the cliff or to
the pit (assuming the motion model as in (45) and without the
stochastic noise wy). Our approach prevent the robot to jump
to desired area since any belief particle can be the ground
truth.

¢) SLAM: For the SLAM problem we study the influence
of making posterior belief safe before pushing forward in time.
Since this aspect stemmed from Chance Constraints, to differ-
entiate between two approaches, in this study we change the
name of our approach with nullifying the unsafe part of belief
to CC-PC-PFT (Alg. 2). We call our method, with pushing
forward in time with action and the observation generally
unsafe belief, PC-PFT. Let us remind that the difference in
the inner constraint as such. Instead of payoff operator as (12)
we set

¢ (be)=P ({z, X"} |by) =
f -1 : (53)
P({xfeXésa e}|b0’ AQ:0—15 Z1:45 ﬂi:O {116Xfa e})
¢(by ) =P ({wec X7 }|b; )= 8

P ({zoe X5} by, ague—1, 31:6—17ﬂf;3{fl'i€Xisafe}) ,

Table III presents the results for SLAM in our first setup
with tiny obstacles. Here our setup is as follows. We have
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Fig. 9: This simulation setup is associated with Table III. In this figure we plot one of the trials shown in Table IIl. Here we nullify unsafe part of the belief in planning and run
CCPC-PFT. (a) Here, we plot the goal, agent ground truth, estimated agent positions and the obstacles; (b) Belief particles, where the colors symbolize the time instance; (¢) Traces
of the agent and the landmark (obstacle); (¢) Visualization of the truncation. Here we move each particle of by with action selected by the agent and plot the truncation region of
the stochastic motion model.
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Fig. 10: This simulation setup is associated with Table IV columns related to CCPC-PFT-DPW and here we show one of the trials. In this figure we nullify unsafe part of the
belief in planning. (a) Here, we plot the goal, agent ground truth, estimated agent positions and the obstacles; (b) Belief particles, where the colors symbolize the time instance;
(¢) Traces of the agent and the landmark (obstacle); (¢) Visualization of the truncation. Here we move each particle of by with action selected by the agent and plot the truncation
region of the stochastic motion model.

a rectangular area where we randomly sow rectangular tiny
obstacles without replacement. It means if we randomly sow
the number of tiny obstacles equal to the number of cells
within the large rectangle we will obtain a complete large
rectangle. We randomly sow the tiny obstacles in each trial.
We make transition model of the agent (46) deterministic
by nullifying the noise. With drawing 80% of tiny obstacles
(Fig. 9) the PC-PFT-DPW, without making belief safe and
maintaining a pair of the beliefs, the scenario in Fig. 9 reached
the belief node where all the actions were claimed unsafe
and pruned, even the O action. As we have seen in the
simulation O action was pruned the last and this is a direct

result of the fact that unsafe belief particles were propagated
with O action and updated with received observation. When
we do the same operation previously making belief safe, we
obtain again the safe belief since particles were propagated
with O action and, therefore, stay at the same places.

In our second setup we fill the complete rectangle with tiny
obstacles in a random manner as previously debated (Fig. 11).
We show our results in Table IV. We did not obtained a
significant difference in two approaches. Interestingly, as we
see the safety is much challenging in this problem due to
challenging robot localization with simultaneous mapping of
uncertain single landmark. Our prior by in SLAM problem is
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Fig. 11: This simulation setup is associated with Table IV columns related to PC-PFT-DPW and here we show one of the trials. In this figure we do not nullify unsafe part of the
belief in planning. (a) Here, we plot the goal, agent ground truth, estimated agent positions and the obstacles; (b) Belief particles, where the colors symbolize the time instance;
(c) Traces of the agent and the landmark (obstacle); (¢) Visualization of the truncation. Here we move each particle of by with action selected by the agent and plot the truncation

region of the stochastic motion model.

TABLE III: 50 Trials of at most 20 cycles of autonomy loop Fig. 5 where planning sessions implemented by Algorithm CCPC-PFT-DPW versus PC-PFT-DPW. Same seed in
both algorithms. This problem is the SLAM described in Section VII-AOc in our first scenario shown at Fig. 9. Here we study the number of collisions and the reward value.

Parameters P(S|bo)

num coll. mean cum. rew. =+ std

Operator ¢ 4 CCPC-PFT-DPW | PC-PFT-DPW

CCPC-PFT-DPW

PC-PFT-DPW | CCPC-PFT-DPW | PC-PFT-DPW

(12) 0.8 0.64 -

18/50

- —106.37 £ 12.37 -

TABLE IV: 50 Trials of at most 20 cycles of autonomy loop Fig. 5 where planning sessions implemented by Algorithm CCPC-PFT-DPW versus PC-PFT-DPW. Same seed in
both algorithms. This problem is the SLAM described in Section VII-AOc in our second scenario shown at Fig. 10 and Fig. 11. Here we study the number of collisions and the

reward value.

Parameters P(S]bo) num coll. mean cum. rew. %+ std
Operator ¢ é CCPC-PFT-DPW | PC-PFT-DPW | CCPC-PFT-DPW | PC-PFT-DPW CCPC-PFT-DPW PC-PFT-DPW
(12) 0.8 0.6 0.6 28/70 28/70 —109.92 £ 11.55 | —106.68 £ 12.77

Gaussian with diagonal variances of 0.1.

d) PushBox2D: We constructed a challenging scenario
where evading the obstacle significantly complicates putting
the puck into the hole (the goal). Let us contemplate the results
presented in Table. V. We selected m = 10 and € = 0 in rollout
summarized by Alg. 3. As we see, constraining the propagated
belief significantly improves safety while preserving reaching
the goal by the puck.

VIII. CONCLUSIONS

In this work, we introduced an anytime online approach
to perform Safe and Risk Aware Belief Space Planning in
continuous domains in terms of states, actions, and obser-
vations. We rigorously analyzed our approach in terms of
convergence. Our prominent novelty is assuring safety with
respect to the belief tree expanded so far. As opposed to SOTA
in continuous domains, we are not mixing safe and dangerous
actions in the search tree. Our belief tree is safe with respect
to our PC and consist solely of the safe actions. Moreover,
when our PC is satisfied, it is satisfied starting from each
belief action node, ensuring a match in a current planning
session and future planning sessions. We corroborated our
theoretical development by simulating four different problems
in continuous domains. Each problem exhibited a different
phenomenon caught by our methodology.
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APPENDIX A
PROOF OF LEMMA 1(REPRESENTATION OF THE VALUE
FUNCTION).

Before we begin, let us clarify that when we write
{P7 (aelbe)}1=}', the a, and by inside the {Py(ae|bs)}; =} can
be a random variables for all relevant ¢ or corresponding
realizations. However, {P7}7 ! is the series of distributions
of length L—1 and corresponding actions and beliefs are un-

known. In addition, we remind to the reader that 7,(as, by) =
P7(aglby) VL€ 1:L—1and 7={P7} .
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We now use a chain rule from the future time back on
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APPENDIX B
PROOF OF THEOREM 2(REPRESENTATION OF OUR OUTER
CONSTRAINT).

Before we begin, let us clarify that when we write
X L _ w1 L—1
P ((Lag(o0) TT7-1 Lag (b)) =1 lbo, a0, {PFHE)

the actions a, and the beliefs b, inside {P7};_,' are unknown
random quantities. In addition, we remind to the reader that
mo(ae, be)=PF (aplby) Vle1:L—1 and 7={P7};-'. More-
over, in this paper each posterior belief is associated with
corresponding propagated belief. Therefore we can rescind the
explicit dependence of the indicator on propagated belief.

145 (b0) TT1y Lag (be) oo, ao, {PFHS | =

L
[ a0 T 1astt0)

(58)
. =1
1:L
a1L1E€EX; A
P(br.z, a1:—1bo, ao, {PF }; 7 Ydbr.rdar.L—1.
Now, we need to handle P(b1.z, ag.r.—1|bo, ao, {P7 }i2}'). It
holds that
P(by.1,, a1:1-1bo, ao, {7} ")
equals to
P(ba.1,, a2:1—1|bo, ao, by, a1, P (ax |b1), {PF }/25)
P(by, a1 |bo, ao, {Pe}E!) = 59)

P(bo.1, ag.z.—1|b1, ar, {P7 };5 )PT (b1 )P(bi |bo, ag)=
P(brlbr-1,an-1)TTe=) PF (aelbe)P(belbe-1, ap-).
We now merge (58) and (59), and land at the desired result
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Fig. 13: Illustration of complex safety operators in multirobot setting.

APPENDIX C
PROOF OF THEOREM 1 (NECESSARY CONDITION FOR
THEORETICAL POSTERIORS TO BE SAFE)

inverse
that

For the necessary condition we prove the
implication. ~ Suppose that Vz,eZ it holds
P({zee X}, , 2¢)>6. We arrive at

(/ P({xge)(;afeﬂh;,zg)IP(zg\h;)dzg>25. (60)
Ze€EZ

APPENDIX D
VAR AND CVAR AS SAFETY COST OPERATORS.

Suppose we have particle represented belief and the obstacle
of the circular form Fig. 13. In addition we have two robots
teal and blue. Each particle of the belief is a concatenated
position of each robot such that if z is a particle, the x[1:2]
corresponds to the first robot and x[3 : 4] corresponds to the
second robot. We shall check such a constraint for each robot
separately. For clarity let z denote the position of the one of the
robots. Suppose the map M is given. We first define a distance
from the safe space ) C M as dist(x, Y) = minyeyl||z—y|2.
We then define Value at Risk (VaR) as

0(b)2VaR? [dist(z, V)]=

61
min{&|P(dist(z, Y)<&)>1—a}. (1)
The Conditional Value at Risk (CVaR) is specified as
0(b)2CVaR? [dist(z, V)]= )

E[dist(z, V)|{z : dist(z,Y) > VaR? [dist(z, V)]}].

Both of these operators are cost operators.



Chapter 5

Discussion

This research has three main components: belief-dependent rewards, risk awareness, and the simplification
paradigm. This discussion elaborates on these components.

We recognize a gap in current state-of-the-art algorithms that utilize anytime planning approaches. These
approaches leverage an assumption that the belief-dependent reward is merely the expected value of state-
dependent reward with respect to a belief. This assumption is unrealistic in many real-life problems such as
autonomous localization, [SLAM] and Informative Planning. An inspiring challenge is then to allow fast and
efficient planning with belief-dependent rewards while keeping optimality guarantees.

Another aspect that requires attention is risk awareness. An indispensable part of POMDP planning is
the distribution of the long-term rewards given a candidate policy. The goal of decision-making is to select
an optimal policy. Due to the fact that distributions of the rewards are not comparable, it is necessary to
apply an additional operator. Commonly, this operator is averaging (expectation). The expectation is not truly
distribution-aware nor risk-aware since many distributions can have the same expectation. In this thesis, we
aim to tackle this aspect while maintaining the mathematical soundness of the solution.

Belief-dependent rewards and risk-aware operators, instead of averaging, increase the computational burden
even more. This is because most of the algorithms extensively use the assumptions mentioned above. To
reiterate, the first assumption is that the belief-dependent reward is nothing more than the expected value
of state-dependent reward with respect to belief. The second assumption is the objective operator being the
expectation. Moreover, in many problems in robotics, the constraints naturally arise. The most renowned
constraint in robotics is collision avoidance. Another important constraint is Information Gain. The question
of when the robot should stop to explore the terrain is still considered an open problem.

Therefore, in these settings, the simplification is invaluable. Simplification is the substitution of any part
of the original decision-making problem by cheaper-to-calculate counterparts, that can be utilized in decision-
making instead of original elements, while providing guarantees on the impact of such a substitution.

The first three works are under the umbrella of simplification paradigm, the first two, the fourth, and
the fifth papers are also in the area of risk awareness. The second, fourth, and fifth works are on the subject of
Probabilistically Constrained Belief Dependent POMDPs. Each work is discussed individually below.

Simplified Risk-aware Decision Making with Belief-dependent Rewards in Partially Observable
Domains This work started with an attempt to quantify loss incurred by the simplification of belief-dependent
At first, we created the random variable we called PLoss [49]. This variable is accessible using only the
unsimplified problem. In this work, we assumed that only the simplified problem is online accessible. We wanted
to provide guarantees over the simplification impact without accessing the unsimplified problem and come up
with stochastic bounds over the return and online accessible random variable which we called PbLoss. In this
work, we substitute the return with simple stochastic bounds. Surprisingly these bounds induce deterministic
bounds on the specific risk-aware operator, being [Value at Risk (VaR)l Using such a simplification we were
able to speed up online risk-aware decision-making. In this work, we studied empirically that the information-
theoretic reward pose a significant computational difficulty as the number of belief particles grows. Notably,
while working on [50] we realized that [40] makes a decision using a single sample of observations episode. This
means that here PLoss [49] can become a usable tool. It can express the probability of sampling a pair of
observations per candidate action sequence and obtain loss from simplification larger than some value.

In addition in this work, we introduced the extended setting. In the extended setting, both, the belief
update is stochastic as well as the reward operator on top of the given belief. Note that in [31] the belief update
is also stochastic. This extension allowed us to formulate a simplification paradigm such as lowering the number
of particles in belief representation and account for the simplification impact by providing guarantees.

We now summarize our key contributions as they appear in the paper [49]:
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1. We extend p-POMDP to probabilistic p-POMDP (Pp-POMDP) by relaxing the assumption that the
reward operator and the belief update are deterministic;

2. We introduce novel stochastic bounds on the return/reward and rigorously formulate the simplification
framework on top of general objective operators and returns/rewards;

3. Using our formulations we present the simplification of risk averse decision making under uncertainty;

4. We present a novel objective utilizing joint distribution of the rewards corresponding to two candidate
policies and describe a method to simplify such decision making while preserving action consistency;

5. We introduce the general concept of PLoss and provide its online description with PbLoss and utilize it
to provide guarantees in terms of deterministic bounds;

6. Finally, we exemplify our framework on a particular simplification technique, which is reducing the number
of samples within planning.

Simplified Continuous High Dimensional Belief Space Planning with Adaptive Probabilistic Belief-
dependent Constraints In this work, we tackle the high-dimensional setting of POMDP with an unknown
robot workspace. We were able to innovate the stopping exploration criterion and drastically speed up such
decision-making. We introduced Probabilistic Belief-dependent Constraints (PC), which is two-staged and con-
strains what the robot believes. The first stage is the inner constraint. This constraint is belief-dependent and
operates on a given history. We have two flavors of the inner constraint, namely cumulative and multiplica-
tive. In this work, we focus on Information Gain and the cumulative form of the inner constraint. The second
stage is the outer constraint, thresholding the probability that the inner constraint is satisfied, stemming from
future histories simulated in planning session. We also analyze the averaged belief-dependent constraint, which
surprisingly, due to computational burden, in the relevant literature, was approximated by Maximum Likely
(ML) observation. Here, research was also carried out in the domain of Risk Awareness because we present
an adaptive approach to maximize Additionally, in this paper, we presented a simplification mechanics
for our PC. We did not simulate the simplification since the adaptive bounds over Information Gain in high
dimensional spaces are missing.

Our contributions are fourfold. Below we list them down in the same order as they are presented in the
manuscript.

1. First, we utilize our Probabilistically Constrained Belief-dependent POMDP in the context of an information-
theoretic constraint. We focus on the IG, however, our theory supports any of the other belief-dependent
operators, e.g. the difference between traces of covariance matrices of two consecutive-in-time beliefs. We
analyze the Mutual Information (MI) constraint and ML observation approach versus our novel proba-
bilistic constraint. Notably, we did not find any works shifting the MI from the reward operator to the
constraint.

2. Second, we rigorously derive a theory of simplification in the constrained setting. We emphasize that the
simplification paradigm has not been considered in this setting before. Given a monotonically converging
to the belief-dependent constraint or/and reward bounds, depending on context, our approach can be
simplified, gaining substantial speedup without any loss in performance quality.

3. Third, we present an algorithm to maximize Value at Risk adaptively utilizing the suggested theory. As
we unveil in this paper, this enables the decision maker to save time by adaptively expanding the lowest
required number of observations episodes without compromising the quality of the solution.

4. Fourth, we apply our technique to a high-dimensional BSP. In particular, our case studies are active SLAM
and SD problems.

No Compromise in Solution Quality: Speeding Up Belief-dependent Continuous POMDPs via
Adaptive Multilevel Simplification This work is a journal extension of the conference paper [44]. In the
conference version of the paper adaptive bounds over a differential entropy estimator [5] were derived. This
estimator leverages the given models, however, it assumes a low-dimensional setting. To rephrase that, it does
not utilize the structure of a high-dimensional belief. Therefore, we did not use it in [50]. In addition in [44]
the proposed bounds were utilized within the suggested novel simplification framework in the setting of a given
belief tree. The main point of the simplification framework is that the adaptive bounds over the reward induce
simplification levels. These levels then naturally transit to the objective function. When the objective bounds
intervals corresponding to different policies overlap we need to resimplify. In [44] a single resimplification
strategy was proposed. In our journal paper, we refine the general theory of the simplification. In the setting of
a given belief tree, for instance, in the[SS|algorithm or when the predefined static action sequences are assumed,
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Figure 5.1: Illustration of the approach taken by [46] with a branching factor of three and the action space
constituted by two actions. The bounds are substltuted by rewards as the search progresses. Here, we visualize
a full tree (action-wise) with both actions down the root.

we added an additional resimplification strategy which we call LAZY. We took inspiration from [46]. Let us
briefly describe the approach taken by [46]. We illustrated the behavior in Fig. In Fig. four beliefs
at the deepest level were switched from bounds to rewards. Suppose a two-steps ahead (Fig. setting and
suppose that we are given belief b(h) with history h, reward for action a and one step ahead belief b'(h’) is
bounded from below and above as such p(b,a,b’) < p(b,a,b") < p(b,a,b’) and suppose we know that we are
going to expand m children to belief action node ha. The objective for action a is bounded as

m m m

1, X 1 10N | YT lsi 1 — 1A\ L Y7 (00
- ) < = , ARA)) )<= ; (R .
Z( (b,a, b)) + V" (b ))_m;(p(b,a,b V(b (R )))_m;(p(b,a,b V(6 (h )) (5.1)
where the value function estimator is
. 1M . . .
T (1] - /.1 1,2 1,9 2
VT m;pa) (R, 6") (52)
and the action-value function estimator
. 1 & . A
Q" (b(h)a) = — >~ (p(b(h), a, b )+V7 (")), (5.3)
i=1

The bounds over the value function estimator can be of two flavors. The first is as follows. Define

a* = 7*(b(h))=argmax Q™ (b(h)a).
acA

We have the policy tree flavor if

*
T
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Here, we need to know the best action for each ¢"*.The LAZY flavor reads

v

maX—Zp Vo a, b)) < VT () <maX—Zp (b a, b9, (5.5)

acA mMm acA M

V()
Similarly we define bounds over the action value estimate

Q" (b(h)a)<Q™ (b(h)a)<Q (b(h)a). (5.6)

The works [46], [38] select the best action with the maximal upper bound of the objective, and if the overlap
of the objective bounds, corresponding to selected action and other actions, is present, they delve into the belief
tree using forward search heuristic to select an action a and observation 2’ to bring the bounds of Q™ (b(h)a)
closer to each other and eventually eliminate the overlap. We, on the contrary, select the best action using the
largest lower bound and use the resimplification strategy to delve into the belief tree and promote some of
the reward bounds simplification levels. Let us go over these possibilities to select the best action:
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® a" =arg maXaGA@ﬂ—(b(h)a) [46Ja ISOJa [3817
e o =argmax,c 4 Q" (b(h)a) [51].

In both cases above, the action consistent (same action is selected using the bounds instead of the objectives)
decision is made with a* if Q" (b(h)a*) > maxaeA\{m}@7r (b(h)a). Else, we shall resimplify and promote the
simplification level. The work [46] substitutes some reward bounds by the reward itself, thereby tightening
the objective bounds and effectively jumping to the maximal simplification level at these reward bounds. To
resimplify, we shall delve into the tree, namely, select an action and belief (observation) to go down. Let us
exemplify several possibilities to select an action leading to the subtree to resimplify

o af = argmax,. 4 Q" (b(h)a) [E6], [30], [33];

o af = argmax, 4 Q" (b(h)a) — Q" (b(h)a) 51].

For the next observation/belief both papers, [46] and [51] use the same heuristics

i = arg max V" ") = V™ ().
i€l..m

In this paper we also utilize the adaptive multilevel simplification within an MCTS approach.
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, in this paper
we present a provable general theory of adaptive multilevel simplification with deterministic performance
guarantees.

2. For the 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 PET-DPW algorithm and introduce
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 exportation 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 [5] and prove the
bounds presented are monotonic and convergent. Moreover, these bounds can be incrementally tightened.
We believe these bounds are of interest on their own. The bounds are calculated using the simplified belief
(See Fig. 1) of [51]. We emphasize that any other bounds fulfilling assumptions declared in Section 3.3 of
[51] can be utilized within our framework.

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

To be precise, we explicitly clarify how this work differs from the conference version of this paper [44]. In this
version, we extend the simplification framework to the rewards depending on a pair of consecutive-in-time beliefs,
e.g., 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 [44]. Importantly, we extend our simplification framework to support
also anytime MCTS planners. Additionally, we provide extensive performance evaluation of our methods in
simulations.

Risk Aware Adaptive Belief-dependent Probabilistically Constrained and Chance Constrained
Continuous Approximate POMDP Planning In this paper, we suggested our Probabilistically Con-
strained Belief-dependent POMDP. The rationale behind the name Belief-dependent POMDP is that we make
all possible operators belief-dependent. This work researches safety and risk awareness using constraints.

In this work, we outline meaningful belief-dependent operators, not only ones related to safety, to serve as
inner constraint in our formulation. We stay in the setting of the given belief tree in this paper. Specifically, we
build upon [SS| and Open Loop (OL) planning. These are belief trees built with deterministic policy. Notably,
[SS] algorithm builds a full belief tree in terms of actions on the way down the tree.

We rigorously analyze our approach versus popular chance constraints. Interestingly, in section 5.7 of this
paper, we arrived at the conclusion that in the case of policies, the Chance Constraint can be viewed as a special
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case of Probabilistic Constraint. In this special case, the belief-dependent operator looks into the future and
calculates the Chance Constraint starting from each belief in the tree using in addition to the belief, the policy
as input and the history corresponding to the belief to calculate the threshold per future history simulated in
the planning session.

In the setting of static candidate action sequences, we compare Chance Constraint and Probabilistic Con-
straint. In the OL setting the Chance Constraint enforces the constraint on where the robot can be in the
future, effectively assuming perfect observability [MDP} On the contrary, we constrain what a robot believes
about the POMDP state.

In both settings, Open Loop (OL) and Closed Loop (CL), we contribute algorithms adaptively evaluating
the constraint. All our algorithms converge in probability as the number of sampled observations episodes and
belief particles grows.

Below, we detail the contributions of this paper in the order they appear in the article.

e Firstly, in Section 3.1, we formulate a risk-averse belief-dependent Probabilistically Constrained con-
tinuous POMDP. Averaging the state-dependent reward/constraint to obtain the belief-dependent re-
ward/constraint is a severe hindrance that we relax. We are unaware of prior works addressing POMDP
with risk-averse belief-dependent constraints. In particular, our probabilistic belief-dependent constraint
supports risk-averse operators, such as CVaR, and leads to a novel safety constraint formulation.

e Secondly, on top of our probabilistic formulation, in Section 4.1.3, we contribute a novel, efficient actions-
pruning mechanism. SOTA pruning technique proposed by [36] constitutes only a necessary condition
such that it is possible that after pruning, actions violating the CC are kept in the belief tree. Therefore,
the feasibility of CC has to still be inspected for each not-pruned action. On the contrary, our pruning
condition is necessary and sufficient. No additional checks are needed after the pruning of the belief tree
is complete.

e In Section 4.2, we contribute algorithms for online solutions of Probabilistically constrained belief-dependent
POMDP in continuous domains. Our algorithms are adaptive given a budget of observation episodes laces
(Fig. 1 of the paper) and beliefs within the lace to expand in the belief tree. In other words, we provide
a way to guide the belief tree construction while planning. Our framework is universal for challenging
continuous domains and can be applied in nonparametric and parametric settings. We innovate algorithms
for CL setting with policies as well as for OL setting with candidate action sequences.

e Another contribution on our end is a rigorous analysis of our probabilistic formulation versus chance-
constrained in Section 5. Despite recent algorithmic developments [36], there has been relatively little
effort devoted to the theoretical aspects of Chance-constrained continuous belief-dependent POMDP.
Surprisingly, in Section 5.7 we obtained that in the CL setting, CC is a specific case of our PC when
the belief-dependent operator is CC itself. It shall be noted as a contribution that we spotted the fact
that belief shall be defined differently within CC. To the best of our knowledge, no paper addresses this
discrepancy.

e We uplift a chance-constrained solver to continuous domains in terms of states and observations and
general belief-dependent rewards through Importance Sampling (IS) in Section 6.

e In an OL setting, we contribute an adaptive, in terms of trajectories and states, algorithm (Alg. 6) for
chance-constrained continuous p-POMDP. This algorithm can be used with exceptionally long horizons
and a high dimensional setting.

Anytime Probabilistically Constrained Provably Convergent Online Belief Space Planning This
work is a continuation of the previous paper. Here we embed our Probabilistic safety into [MCTS] Our con-
tributions in this work are as follows. We assure that the constraint is fulfilled not only at the convergence of
as in the case of [20] but at every moment in time. Our search tree expanded by always consists
of solely the safe actions. In addition, in this paper we constraint the propagated beliefs along the posteriors as
in our previous work. The polynomial variant of our approach is provably convergent. In particular, similar to
[41], we utilize the proof by [4]. We show that our modifications do not break the proof.
Below we list down our contributions in the same order as they appear in the manuscript.

1. By directly constraining the problem space and not the dual space we present an anytime MCTS based
algorithm for safe online decision making with safety governed by Probabilistic Constraint (PC). Our
approach enjoys anytime safety guarantees with respect to the belief-tree expanded so far and works in
continuous state, action and observation spaces. When stopped anytime, the action returned can be
considered as the best safe action under the safe future policy (tree policy) expanded so far. Our search
tree consists of solely the safe actions. We prove convergence in probability of our approach.
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2. Another one of our contributions is the constraining the beliefs with incorporated outcome uncertainty
stemming from an action performed by the robot and without incorporating the received observation.

3. We also spot a problem happening in duality based approach arising from averaging unsafe actions in
MCTS phase. Therefore, an additional contribution of ours is an analysis of this phenomenon.
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