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INTRODUCTION

CONTEXT

PROVIDING decisional autonomy to a robot requires among other things to compute a func-
tion which returns the symbols of the actions to be triggered at a given moment, consid-
ering the data from its sensors. The features of interest of the robot and its surroundings form
a system. In general, for a given sequence of actions performed by the robot, the evolution of
this system is not fixed for sure, but its behavior may be known by performing tests on the
robot or using information from expert knowledge. As well, the raw or processed data from
the robot sensors are not generally a deterministic outcome of the state of the system or of the
taken actions: nevertheless, these data, called also observations of the system, depend on the
robot’s actions and system states. Relations between observations, system states and actions
may be known through tests of the sensors in various situations, or by taking into account the
description of the sensors, data processing, or any related expert information. For instance, in
the case of a robot using Computer Vision (CV), the output of the image processing algorithm
employed is considered as an observation of the system since it is the result of processed sen-
sor data and the input of the decision model: here data are images from camera. For a given
camera, and a given vision algorithm, the behavior of the observation is related to the action
and to the system state during the process of taking images.

Thus, in order to make a robot autonomously fulfill a chosen mission, we are looking for a
function returning actions conditioned on the sequence of system observations, and taking into
account uncertainty about the system evolution and its observation. Such functions may be
called strategies. The research domain associated to this kind of problem, i.e. strategy compu-
tation, is not restricted to robotics and is called sequential decision making under uncertainty:
in the general case, the entity which has to act is called the agent. In this thesis, although
provided results are mostly theoretical and general enough to tackle much more various appli-
cations, the problem of strategy computation is studied in the context of autonomous robotics,
and the agent is the decisional part of the robot. Computing a strategy for a given robotic
mission needs a proper framework: the best known model describes the state and observation
behaviors using Probability Theory.

A probabilistic model for strategy computation

Markov Decision Processes (MDPs) define a useful formalism to express sequential decision
problems under probabilistic uncertainty [9]. It is a framework well suited to compute strategies
if the actual system state is known by the agent at each point in time. In the robotic context,
this assumption means that the considered mission allows us to assume that the robot has full
knowledge of the features of interest via its sensors. In this model, a system state is denoted
by the letter s, and the finite set of all the possible states is S. The finite set A consists of all
possible actions a € A available to the agent. The time is discretized into integers ¢ € N which
represent time steps of the action sequence.

The state dynamics is assumed to be Markovian: at each time step ¢, the next system
state s;11 € S, only depends on the current one s; € S and the chosen action a; € A. This
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? system state
°

Etﬁ 2 X o € O: system observation
-
)

a € A: agent’s action

b P°: belief state

Figure 1 — Use of a POMDP for the firefighter robot mission modeling: in this toy example, the mission
of the robot is fire prevention. The states of the system s € S encode for instance the robot location,
the water jet orientation, the amount of water used, the fire location and its level on a scale between
“minor fire” and “severe fire”, etc. Using vision and heat sensors, the robot gets observations o € O
which are the raw or processed values from the sensors: the output of a classifier whose input is a
image of the scene (see Figure 3 and 5), and which returns the fire level or location may be encoded
in an observation. Finally, the actions of the robot a € A are for instance the rotor activations
impacting the rotation of the robot’s wheels, the water pumping, the orientation of the water jet or
sensors etc. The reward function r(s,a) decreases with the fire level state, and is decreased by a
cost proportional to the amount of water used: as an optimal strategy mazimizes the mean of the sum
of the rewards, the goal of the robot is thus to attack fires without wasting water. This mean can be
computed knowing the probabilities describing the uncertain dynamic of the system. The robot actions
a € A have a probabilistic effect on the system, as described by the transition function p(s'| s,a):
for instance, the activation of wheel rotors modifies the location of the robot, and the probability of each
possible next locations, given the current system state, takes part in the definition of the POMDP. An
other example is the action modifying the water jet orientation, which redefines the probability of the
next fire level given the current system state. The robot actions a € A and next states s' € S may
also impact the observations from the sensors, as defined by the observation function p(o'| s',a):
for instance, the orientation of the vision sensor may modify the probability of fire detection or fire
level evaluation, which are parts of the observations o’ € O. Finally, the belief state is the conditional
probability distribution of the current system state conditioned on all observations and actions up to the
current time step: as observations and actions are the only data available to the robot, the belief state
can be seen as the robot’s guess.

relation is described by a transition function p (441 | st, a;) which is defined as the probability
distribution on the next system states s;+1 conditioned on each action: if the action a; € A
is selected by the agent, and the current system state is s; € S, the next state s;11 € S is
reached with probability p (si41| s¢,ar).

The mission of the agent is described in terms of rewards: a reward function r : (s,a) —
r(s,a) € R is defined for each action a € A and system state s € S, and models the goal of the
agent. Each reward value r(s,a) € R is a local incentive for the agent. The more rewards are
gathered during one execution of the process, the better: a realization of a sequence of system
states and actions is considered as well fulfilling the desired mission if encountered rewards
r(st, ar) are high. Solving an infinite horizon MDP consists in computing an optimal strategy,
i.e. a function prescribing actions a € A to be taken over time, and maximizing the mean
of the sum of rewards gathered during one execution: this mean is computed with respect to
the probabilistic behavior of the system state encoded by transition functions p (si+1| S¢, ar).
For instance, a preferred strategy may be a function d defined on S, as the current state is
available to the agent, and with values in A.

Such markovian strategies are proven to be optimal for some criteria like the one based
on accumulated discounted rewards: indeed, a well-known criterion measuring the accuracy of
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strategy d is the (infinite horizon) expected discounted total reward:
+o00
E [Z ’Vtr(stadt)‘| ) (1)
t=0

where d; = d(s;) € Aand 0 <y < 1 is a discount factor ensuring the convergence of the sum.

The assumption that the agent has a perfect knowledge of the system state is quite strong:
in particular, in the case of robots realizing tasks with conventional sensors, the latter are
usually unable to provide to the robot all the features of interest for the mission. Thus, a more
flexible model has been built, taking into account partial observability of the system state by
the agent.

Indeed a Partially Observable MDP (POMDP) [135] makes a step further into modeling
flexibility, handling situations in which the agent does not know directly the current state
of the system: it more finely models an agent acting under uncertainty in a partially hidden
environment.

The set of system states S, the set of actions .4, the transition function p (sy4+1| s¢,ar)
and the reward function r(s,a) remain the same as for the MDP definition. In this model,
since the current system state s € S cannot be used as available information for the agent, the
agent knowledge about the actual system state comes from observations o € O, where O is a
finite set. The observation function p (0441 | S¢+1,a:) gives for each action a; € A and reached
system state sy11 € S, the probability over possible observations 0,11 € O. Finally, the initial
belief state by(s) defines the prior probability distribution over the system state space S. An
example of usage of a POMDP is presented in Figure 1.

Solving a POMDP consists in computing a strategy which returns a proper action at each
process step, according to all received observations and selected actions i.e. all of the data
available to the agent: a criterion for the strategy may be also the expected discounted sum
of rewards (1.2).

Most POMDP algorithms reason about the belief state, defined as the probability of the
actual system state knowing all the system observations and agent actions from the beginning.
This belief is updated at each time step using the Bayes rule and the new observation. At a
given time step t € N, the belief state bs(s) is defined as the probability that the t** state is
s € S conditioned on all past actions and observations, and with prior by: it estimates the
actual system state using the available data, as the latter is not directly observable.

It can be easily recursively computed using Bayes rule: at time step ¢, if the belief state is
b, chosen action a; € A and new observation 0,41 € O, next belief is

b1 (s)) < p (01| 8 ar) - D (8| s,ae) - be(s). (2)
seS

as illustrated by the Bayesian Network in Figure 2.

As successive beliefs are computed with the observations perceived by the agent, they
are considered as visible by the agent. Let us denote by PS the infinite set of probability
distributions over S. An optimal strategy can be looked for as a function d defined on P° such
that successive d; = d(b;) € A maximize the expected reward (I.2): the agent decisions are
then based on the belief state.

The POMDP framework is a flexible model for autonomous robotics, as illustrated by the
firefighter example, see Figure 1: it allows to describe all the robotic and surrounding system,
as well as the robot’s mission, and it is commonly used in robotics [109, 100, 93, 32, 33]. It
takes into account that the robot receives data from its sensors only, and thus has to figure out
the actual system state using these data, named observations, in order to fulfill the mission.
However the POMDP model raises some issues, in particular in the robotic context.
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Figure 2 — Bayesian Network illustrating the belief update: the states are the gray circular nodes, the
action is the red square node, and the observation is the blue circular node. The random variable Syyq
representing the next state s;11 depends on the current one s; and on the current action a;. The random
variable Oyy1 representing the next observation ory1 depends on the next state s¢11 and on the current
action ay too. The belief state by (resp. biy1) is the probabilistic estimation of the current (resp. next)
system state sy (resp. Sg+1).

observation 0\ dataset: |humans
% ex. car
CLASSIFIER |« { ¢ars :

ONLINE S —p | | : : OFF-LINE
PREDICTION o image 7 ks g TRAINING
Figure 3 — Example of an observation method in a robotic context: the robot, here a drone, is equipped
with a camera and uses a classifier computed from a image dataset (as NORB, see Figure 4): such
a classifier is described in Figure 5. The classifier is generated before the mission (off-line) with a
image dataset (see the right part of the illustration), and the classifier output is used during the mission

(online) as an observation, for the agent (see the left part). Here, observations are thus generated by
computer vision Means.

PRACTICAL ISSUES OF THE POMDP FRAMEWORK

Complexity

Solving a POMDP i.e. computing an optimal strategy, is PSPACE-hard in finite horizon [103]
and even undecidable in infinite horizon [92]. Moreover a space exponential in the problem
description may be required for an explicit specification of such a strategy. See [95] for a more
detailed complexity analysis of POMDPs.

This high complexity is well-known by POMDP practitioners: optimality can only be
reached for tiny problems, or highly structured ones. Classical approaches try to solve this
problem using Dynamic Programming and linear programming techniques [27]. Otherwise,
only approximate solutions can be computed, and thus the strategy has no optimality guar-
anty. For instance, popular approaches such as point-based methods [108, 84, 136], grid-based
ones [70, 25, 13] or Monte Carlo approaches [132], use approximate computations.

The Predictive State Representation approach [89], reasons directly at the level of the
sequences of observations and actions, without referring to the belief states. It may be an
interesting approach to simplify computations [77], but only few works address this problem.
This approach is more motivated by research in learning [134, 18]. Moreover, it does not
tackle the next POMDP’s practical issues that will be highlighted, concerning modeling flaws
appearing when using this framework: these issues are easily illustrated via robotic situations.

Parameter imprecision and computer vision

Consider now robots using visual perception, and whose observations come from computer
vision algorithms based on statistical learning (see, for instance, Figure 3). In this situation,
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NORB dataset: (image;,label;)Y

truck nothing nothing nothing truck truck car human

animal animal human car animal human car airplane

Figure 4 — Example of image dataset for computer vision: the labeled image dataset NORB [87]. The
size of NORB is higher than 3.10°, and images from this dataset represents objects among the 5 classes:

“antmal”, “car”, “human”, “nothing”, “plane” and “truck”. Fach element of a labeled image dataset is

composed of a image (e.g. a image showing a car) and a label corresponding to the class of the object
represented by the image (in the previous example, the label is “car”). This dataset can be used for
supervised learning to compute a classifier (see Figure 5). In order to be able to discern locations of
targets, a image is labeled with the name of centered object (“nothing” if there is nothing in the image
center).

the robot uses a classifier to recognize objects in images: the classifier is supposed to return
the name of the object actually in the image, and makes some mistakes with a low probability
(see confusion matrix of Figure 6).

The classifier is computed using a training dataset of images (as NORB, see Figure 4,
authors made it available at http://www.cs.nyu.edu/~ylclab/data/norb-v1.0/). A pow-
erful gradient-based learning algorithm meant to compute classifiers using image datasets is
described in Figure 5: the associated framework is called Convolutional Nextwork [88]. Fig-
ures (4), (5) and (6) illustrate the example of a classifier computed for a UAV mission where
features of interests (system states of the problem) are related with the presence (or absence)
of animals, cars, humans, planes or trucks: the statistical problem of computing a classifier
recognizing such objects in images is called multiclass classification.

As the classifier is learned based on a image dataset (see weights learned in Figure 5), its
behavior, and thus its performances (i.e. how well it predicts objects in images) are inevitably
dependent on the dataset. It is a problem if the image variability in the dataset is too low:
in this case, the probabilistic behavior of the classifier will be dependent on these particular
images, and the robotic system will have poor observation capabilities when the considered
mission involves images too different from the ones in the dataset.

Some large image datasets with a high image variability exist (e.g. NORB, Figure 4, al-
though variability could be ideally higher): note however that with such datasets, the vision
performances are reduced, or good performances are, at least, harder to reach.

A confusion matrix can be computed (see Figure 6) using such a labeled image dataset, not
used for the training, and called testing dataset: observation frequencies can be deduced from
this matrix, normalizing rows into probabilities. A row corresponds to an object in the scene,
and probabilities in this row are observation probabilities, i.e. each probability value is the
frequency with which the classifier returns the name of the object of the corresponding column.
These probabilities can be used to define the observation function p (0’| s',a) introduced
above. This approach raises the issue of knowing if the testing dataset is representative enough
of the actual mission. If not, these observation probabilities may not be reliable, and the
POMDP badly defined: however, as shown by equation (2) the belief update needs a perfect
knowledge of the observation probability distributions.
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Figure 5 — Ezample of classifier training for computer vision: the labeled image dataset NORB, see
Figure 4, is used to train and test a classifier. The learning algorithm is based on Convolutional Networks
[88, 128] using gradient methods [20, 86, 21]. The weights W = (wo,...,w,) are the parameters of
a particular transformation (see the “bi-pyramid” of successive transformation stages) from the image
to a vector representing a label among { animal, car, human, nothing, plane, truck }. These weights are
learned in order to minimize a given loss function i.e. a proper criterion representing the error of the
classifier over the dataset. A classical loss function is the Mean Squared Error (MSE). The environment
Torch7 (based on lua and C' languages, [36]) has been used to compute the displayed weights.

More generally, observations of the agent may be outputs of image processing algorithms
whose semantics (image correlation, object matching, class inference, preprocessing followed
by classifiers such as the one computed in Figure 5 etc.) are so complex that probabilities of
occurrence are hard to rigorously extract.

Finally, if the considered datasets are labeled more precisely (as NORB, which includes
information such as the lighting condition, or the object scale), we can imagine that the com-
puted observation probabilities (from the confusion matrix) were more reliable, or the vision
performances upgraded (since separation when learning the classifier is easier). However, as
more observation or states are involved in this case, the POMDP is harder to solve. Moreover,
as the number of images per class is reduced (since there are more complex and numerous
classes), a poorer confusion matrix is obtained when testing (in terms of confidence).

As a conclusion, the POMDP model supposes the knowledge of all probability distributions
involved: unfortunately the actual frequencies used to compute them are not precisely known
in practice. The imprecision about these probabilities, for instance the imprecision related to
the behavior of outputs of the computer vision algorithms when dealing with images taken
during the mission, has to be taken into account to make the robot autonomous under any
circumstances. In general, the computation of the probability distributions of a POMDP needs
enough tests for each possible system state and action, which is hard to perform: there are
limited data to learn the model in practice.

Some variations of the POMDP framework have been built in order to take into account the
imprecision about the probability distributions of the model, also called parameter imprecision.
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Works handling parameter imprecision

Here, transition and observation functions, namely p (s'| s,a) and p (0’| ¢',a),V(s,s',0/,a) €
S? x O x A, are known as POMDP parameters, or also model parameters. To the best of our
knowledge, the first model meant to handle parameter imprecision has been named POMD-
PIP, for POMDP with Imprecise Parameters (POMDPIP) [76]. In this work, each POMDP
parameter is replaced by a set of possible parameters. Figure 7 introduces the Imprecise Prob-
ability Theory that inspired this idea: in this theory, uncertainty and knowledge about it are
represented by sets of probability distributions (named credal sets) to express the fact that the
model is not fully known. Imprecision on the POMDP model is well expressed in this way: for
instance, if confidence bounds on the computed probabilities are available, these bounds can
be taken into account when modeling the problem, considering the sets of all likely probability
distributions.

Starting from this modeling, a second order belief is introduced in this work: it is defined
as a probability distribution over the possible model parameters. This approach thus confuses
parameter imprecision and event frequency. Indeed, strategies which are looked for are the
optimal strategies of a particular “averaged POMDP”: this POMDP results from the compu-
tation of the average of the possible parameters with respect to the given second order belief.
However, the “averaged parameters” of this new POMDP are potentially not even part of the
credal set (e.g. with non-convex credal sets). Although POMDPIPs are well designed, impre-
cision is not satisfactorily handled when the problem is solved because of the use of a second
order belief. Moreover, it is claimed that the actual second order belief is not known, and then
is allowed to vary in order to make the computation of an approximated strategy easier: the
analysis of performances only details how far is the approximated strategy from the “averaged
POMDP”.

Another work, named Bounded Parameters POMDPs (BPPOMDP) [96], deals with pa-
rameter imprecision: in this work, imprecision on each parameter, i.e. on each probability
distribution defining the POMDP, is described by a lower and a upper bound on possible
distributions. In other words, credal sets are defined with bounds. The BPPOMDP solving
does not introduce any second order belief. However, solving BPPOMDPs is similar to solving
POMDPIPs [76] in spirit since the flexibility provided by the parameter imprecision is used
to make the computations as easy as possible: the criterion defining optimal strategies is not
made explicit, but care is taken to simplify the representation of an approximate criterion in
order to avoid memory issues.

The major issue with POMDPIP and BPPOMDP frameworks is that no appropriate crite-
rion choice is made to manage parameter imprecision: for instance, a suitable approach would
be to compute a cautious strategy regarding the imprecision 7.e. taking into account the worst

animal | human | plane | truck | car | nothing
3688 D75 256 48 144 149 animal | 75.885%
97 4180 81 20 225 257 human | 86.008%
292 136 3906 | 237 202 87 plane 80.370%
95 1 44 4073 | 514 133 truck 83.807%
129 3 130 | 1283 | 3283 32 car 67.551%
154 283 36 63 61 4263 nothing | 87.716%

Figure 6 — Ezample of confusion matriz for multiclass classification: this matriz is computed with a
testing dataset of images, different from the training dataset. Each row only considers the images of a
given object, and numbers represent the answers of the classifier: for instance, 3688 images of animals
are well recognized, but 575 are confused with a human. Average row correct is here 80.223%. Torch7
environment [36] has also been used to compute this matriz from the classifier and the testing dataset.
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case. Yet, the opposite approach would be to look for an optimistic strategy, considering the
best case.

A more recent approach deals with the cautious point of view, and is thus named robust
POMDP [101]. Inspired by the corresponding work in the fully observable case (called uncer-
tain MDP [97]), this work uses the well-known mazimin, or worst case criterion, which comes
from Game Theory: in this framework, an optimal strategy maximizes the lowest criterion
among all the parameters considered possible. If the parameter imprecision is not station-
ary, i.e. can change at each time step, the corresponding optimal strategy (in the maximin
sense) can be easily computed using classical computations (called Dynamic Programming [8]).
However, when the parameter imprecision is stationary, things become harder: the proposed
computations lead to an approximately optimal strategy, as the handled criterion is a lower
bound of the desired maximin criterion. Yet, the stationary assumption for the parameter im-
precision seems more suitable according to the proposed POMDP definition: indeed, transition
and observation functions are here defined as independent from the time step, mostly to make
the use of infinite horizon criteria such as (I.2) easier.

Although the use of sets of probability distributions (credal sets) makes the model more
consistent with the reality of the problem (parameters are imprecise in practice), taking them
into account increases eventually the complexity of the optimal strategy computation (e.g. with
a maximin criterion). This intuition is illustrated in Figure 7: Imprecise Probability Theory has
the greatest expressiveness compared to the other theories [145], that is why computations with
this modeling can be expected to be harder to perform. As explained above, POMDP solving is
already a really hard task, thus using a framework leading to more complex computations does
not seem to be a good approach. Moreover, with this framework, some restrictive assumptions
are commonly needed such as the convexity of credal sets [97, 101]. Modeling a problem in
an expressive manner may lead to the use of important approximations without control of the
latter, as done with the POMDPIP and BPPOMDP frameworks. It may be a better approach
to start with a simpler model which can be solved more easily in practice.

Finally, while there are fascinating questions about algorithms in this area, this thesis does
not deal with Reinforcement Learning (RL) [47, 117]. We are interested in robotic applications
whose very first executions have to proceed efficiently and safely: the basic reason is that
robotic systems and their operations may be expensive, and executions are not allowed to break
the robot. However, RL sequentially improves a strategy with potentially unsafe executions.
However, RL approaches may improve the strategy in the long term using all the previous
executions.

Another practical issue of the POMDP model may be also pointed out: it is about the
definition of the belief state concerning the very first state of the system, and more generally
about how agent knowledge is represented.

Agent ignorance modeling

The initial belief state by, or prior probability distribution over the system states, takes part
in the definition of the POMDP problem. Given a system state s € S, by(s) is the frequency
of the event “the initial state is s”. This quantity may be hard to properly compute, especially
when the amount of available past experiments is limited: this reason has been already invoked
above, leading to the imprecision of the transition and observation functions.

As an example, consider a robot that is for the first time in a room with an unknown exit
location (initial belief state) and has to find the exit and reach it. In practice, no experience
can be repeated in order to extract a frequency of the location of the exit. In this kind of
situation, uncertainty is not due to a random fact, but to a lack of knowledge: no frequentist
initial belief state can be used to define the model.
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Figure 7 — Most known uncertainty theories and their relations. Imprecise Probability Theory (IPT)
considers sets of probability measures defined on the universe Q0 in order to represent uncertainty of
events and knowledge about it: this theory is the most general one. The Belief Functions Theory (BFT,
or Dempster-Shafer Theory, or yet Theory of Fvidence), which is a particular case of IPT, considers
a mass function m defined on all the subsets of the universe, and which sums to 1. From this mass
function, upper and lower bounds on possible probability measures can be defined. The upper bound
is called plausibility measure: VA C Q, PU(A) = > praz9™m(B). The lower bound is called the belief
function: VA C Q, bel(A) = Y gcam(B). The set of probability distributions represented by m are
all probability measures P such that VA C §, bel(A) < P(A) < PI(A). For instance, if the function
m returns 1 for the universe, and 0 for all other subsets, it expresses the total ignorance about the
actual probability distribution: it corresponds to the set of all the possible probability distributions in
IPT. If the mass function is equal to zero for each non-singleton subsets, it simply corresponds to a
probability distribution since bel = Pl. If the mass function is positive only on a sequence of nested
subsets, it corresponds to a possibility distribution: bel is then called the necessity measure, and Pl
the possibility measure (see Section 1.2.1 of Chapter I). Probability and Possibility Theories are thus
particular cases of BF'T and a fortiori of IPT.

In other cases, the agent may strongly believe that the exit is located in a wall as in the
vast majority of rooms, but it still grants a very small probability p. to the fact that the
exit may be a staircase in the middle of the room. Even if this is very unlikely to be the
case, this second option must be taken into account in the belief state, otherwise Bayes rule
(see Equation 2) cannot correctly update it if the exit is actually in the middle of the room.
Eliciting p. without past experience is not obvious at all and does not rely on any rational
reasons, yet it dramatically impacts the agent’s strategy.

The initial system state may be deliberately stated as unknown by the agent with abso-
lutely no probabilistic information: consider robotic missions for which a part of the system
state, describing something that the robot is supposed to infer by itself, is initially fully un-
known. In a robotic exploration context, the location or the nature of a target, or even the
initial location of the robot may be defined as absent from the knowledge of the agent. Clas-
sical approaches initialize the belief state as a uniform probability distribution (e.g. over all
robot/target possible locations, or over possible target natures), but it is a subjectivist answer
[41, 64]. Indeed, all probabilities are the same because no event is more plausible than another:
it corresponds to equal betting rates. However following belief updates (see Equation 2) will
eventually mix up frequentist probability distributions, given by transition and observation
functions, with this initial belief which is a subjective probability distribution: it does not
always make sense and it is questionable in many cases. Thus, the use of POMDPs in these
contexts, faces the difficulty to encode agent ignorance.

Since the knowledge of the agent about given features of the system may be initially partial
(or even absent), it makes sense to pay attention to the evolution of this knowledge during the
execution of the considered process. Some works inspired by the research in Active Perception,
have been focusing on the information gathered by the agent in the POMDP framework [29, 31].
In these works, the entropy of the belief state is taken into account in the criterion, ensuring
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the computed strategy to make the process reach belief states that have a lower entropy (i.e.
are closer to a deterministic probability distribution) while always satisfying the requirement
of an high expected total reward. This approach leads to really interesting results in practice.

Nevertheless, a tradeoff parameter is introduced making the entropy part of the criterion
more or less important: tuning the latter may add additional computations. Moreover this
approach does not distinguish between the actual frequentist behavior of the system state,
and the lack of knowledge about the actual belief state (as a probability distribution) due to
the imprecision of the initial belief state, or even of the transition and observation function:
it just tends to make the belief as deterministic as possible, even if it is not possible due to
the actual probability distributions of the model (e.g. if the transition probability distribution
P (St+1| St,a¢) has an high entropy for each action a; € A), and even if it is not needed (e.g.
if each system state s € S such that the belief state b; is not zero, b:(s) > 0, leads to an high
reward).

However, it has been shown that the proposed criterion (including the entropy of the belief
state) makes the agent estimate faster its real state, which is really useful in some practical
problems. Other models have been introduced, making the reward function dependent on the
belief state [4, 30]: this enables to make the agent behavior vary with respect to the probabilistic
representation of its knowledge.

GENERAL PROBLEM

Previous sections presented some issues encountered in practice when using the POMDP frame-
work to compute strategies, especially in the robotic context. The really high complexity of
the problem of computing an optimal strategy is a first issue: robotic missions often result in
high dimensional problems, preventing any algorithm to computed a sufficiently near optimal
strategy, because of the prohibitive computation time or memory needed for this task. Second
we highlighted the difficulty of defining the probability distributions describing the problem:
for instance the observation function can be hard to define when the observations come from
complex computer vision algorithms. Finally the problem of managing the knowledge and the
ignorance of the agent has been discussed: there is no clear answer concerning the way to
represent the initial lack of knowledge about the actual world for the agent. Also, how to
handle and take into account the current agent knowledge is still open to question: the dif-
ficulty comes from the classical POMDP definition which only allows the use of frequentist
probability distributions, while more expressive mathematical tools seem necessary.

These problems are the starting points of our work. Indeed, the latter consists in con-
tributing to the problem of computing appropriate strategies for partially observable domains.
The computed strategies have to make the robot fulfill the mission as well as possible, from
the very first execution, i.e. strategy computations are performed before any real execution of
the mission. In order to make the robot more powerful in the long term, RL algorithms may
improve the prior strategies that we propose to compute in this work, taking into account each
past execution of the robotic mission. However this idea is not considered here since we focus
on fulfilling the robotic mission as well as possible, especially for the first executions of the
process: RL algorithms are useless in this context since the dataset of recorded missions is not
sufficiently large during the first mission executions.

The general challenge guiding this work is to proceed with strategy computations only using
data and knowledge really available in practice, possibly making the strategy computation
easier, instead of using the highly complex and hard to define POMDP framework. In other
words, it consists in paying particular attention to the issues pointed out above: namely, the
complexity of the strategy computation, the imprecision of the model, and the management
of the knowledge of the agent.
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Alternative uncertainty theories

Although the use of a more expressive framework may increase the complexity of strategy com-
putations, previous discussions on the issues of parameter imprecision and agent knowledge
suggest that we should consider alternative uncertainty theories: those described in Figure
7 may bring useful properties to deal with our problems. As presented above, the Impre-
cise Probability Theory (IPT) has been already explored to improve the POMDP framework
[76, 96, 101]. However, the proper use of the credal sets defining the problem makes the com-
putations harder.

A less expressive uncertainty theory is called the Belief Functions Theory (BFT, see Figure
7). Consider the universe €2, which is a finite set whose elements represent the possible ele-
mentary events of a given situation. The BFT encodes uncertainty about the possible events
with a mass function m. The latter is defined on each disjunctive subset of the universe i.e.
m : 2% — [0, 1], and sums to 1 over these subsets: 3 4o m(A) = 1. Two non-additive measures
can be defined from this mass: as detailed in Figure 7 the belief measure bel and the plausibility
measure Pl can be deduced from the mass function, and define the credal set C,, represented
by this mass function: C,, = {P probability measure | VA C Q,bel(A) < P(A) < PI(A)}. This
shows that BFT is thus a particular case of IPT.

Recall that the frequentist probability of an elementary event w € {2 can be computed
in practice using the law of large numbers i.e. this probability can be defined as the number
of times the considered event w occurred according to a sufficiently large dataset of recorded
samples, over the size of this dataset (the number of samples): in other words, the frequentist
probability is the frequency of occurrence of the considered elementary event in the used
dataset. For instance, when computing one of the probability distributions leading to the
transition function in the POMDP framework, namely s’ € S — p(s'| s,a) (given a system
state s € S and an action a € A), the finite universe £ can be defined as the set of system
states S, and then an elementary event is a system state s’ € S. Another example is the
computation of one of the probability distributions leading to the observation function: o’ €
O p(d] d,a), for a given pair (s',a) € S x A. In this case, the finite universe Q can be
defined as the set of observations @, and an observation o’ € O is an elementary event.

Suppose now that we need to compute, for some modeling purpose (e.g. to define the
transition or the observation functions of a POMDP), a frequentist probability distribution
describing a given situation (e.g. dynamics of the variables encoding a robotic mission): the
frequentist probability of each elementary event has to be computed in the classical way
(described just above). Consider now that some samples of the dataset have been imprecisely
observed in practice. Usually, samples, i.e. instances of an elementary event, are present several
times in the dataset: the number of instances of this elementary event, i.e. the number of
times the event occurred, leads to the frequentist probability distribution after a normalization
(dividing this number by the size of the dataset, as explained just above). In the case of
imprecise samples in the dataset, a sample consists of a disjunctive set of elementary events
instead of the actual elementary event. Indeed, this set describes the imprecision of the sample:
the actual elementary event is not clear and could be, rationally speaking, any of the elementary
events included in the returned set. The quantity m(A) can then be defined as the frequency of
occurrence of the set A C €, as no better precision is available. As just formally presented, the
use of a mass function can be needed to handle the imprecision of a given dataset. The mass
function can be also the direct translation of the lack of knowledge about a given situation.

Indeed, the total ignorance about the actual probability distribution defining the model
is encoded with a mass function returning 1 for €2, and 0 for each other subset: in IPT), it
corresponds to the credal set containing all the existing probability distributions. Note that
a more restricted ignorance can be stated with a mass function returning 1 for A C €, and
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0 for each other subset: it means that the support of the (unknown) probability distribution
describing the situation of interest is A. Note also that the BFT framework enable to encode
complete knowledge about the probability distribution describing the situation: it is the case
when the mass is positive on singletons only, i.e. m(A) = 0, VA C Q such that #4 # 1.
Thus, it generalizes Probability Theory as illustrated by Figure 7. The fully observable MDP
framework has been already extented to this formalism [142]: to the best of our knowledge, no
update of the POMDP framework using BFT has been proposed.

However, the use of BFT in the POMDP framework leads to an exponential growth of the
size of the sets on which strategy computations are based: the set 25 (resp. 20) is considered
with BFT, instead of S (resp. O) with the Probability Theory, since BFT assigns a mass to each
subset of the universe. This remark is not in favor of using BFT in our study, as the POMDP
complexity is already a big issue. Moreover, the mass function m is not always easily specified in
the modeling phase. Consider for example a probability distribution encoded in the observation
function of a POMDP. The BFT counterpart of this object should be a mass function describing
the uncertainty about the observations. The way of defining this mass function from a given
classifier (for instance as the one described in Figure 5) and a given testing dataset of images
(as NORB, see Figure 4) is not obvious. Indeed the imprecision of the probabilistic behavior
of the resulting computer vision algorithm is not easily quantifiable: it should be translated
into a mass function positive on sets containing at least two observations. However the sets to
consider, as well as the mass value to fix on them, are not clearly established. Although BFT
provides a simple way to encode both frequentist information and ignorance, the expressiveness
of this theory seems hard to use when managing parameter imprecision in practice.

Thus, let us focus on a less expressive theory called Possibility Theory (see Section 1.2.1 of
Chapter I): as shown by Figure 7, this theory is a particular case of BFT, much like Probability
Theory. All subsets of the finite universe 2 which have a positive mass are called focal sets.
Each possibility measure is equivalent to a mass function for which all focal sets are nested:
the more focal sets contain a given elementary event, the more the latter is plausible. The
possibility measure is defined as the plausibility measure Pl (defined in Figure 7), and the
belief measure bel is called in this case necessity measure. A complete review of the different
uncertainty theories and their respective meanings is formulated in [61].

Possibility Theory

A possibility measure has been defined as the plausibility measure of a mass function m whose
focal sets are nested (see Figure 8). Let us denote these nested subsets by F;, Vi € {1,...,d},
with d a positive integer: Fy C Fy 1 C ... C F} = Q. Note that if A C Q and for a given
ie{l,....,d}, ANF;, # 0, then AN F; # 0 for each j € {1,...,i} since focal sets are
nested. As defined in Figure 7, the plausibility measure is PI(A) = > gra—pm(B), VA C Q.

Thus, it is easy to show that for each A C Q, PI(A) = Zfﬁl m(F;), where dqg = max {z €

{1, d} |0 A £ 0} As daop = max{i € {1,....d}|[F;N A # Dor F;N B # 0}, this
integer can be written dqup = max{d,dp}, and then

dauB da dp
PI(AUB) = Y m(F;) = max { S m(F), S m(F) } = max { PI(4), PU(B) }.
=1 i=1 =1

Note also that PI(2) = 1 as the mass function sums to 1 over 2, and that PI(()) = 0 as the
mass function assigns zero to the empty set by definition.

The classical definition of a possibility measure, denoted by II : 2% — [0, 1], corresponds
in fact to the results presented just above:
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probabilistic case possibilistic case

example of focal set

i.e. singleton focal sets:
Fy

]

F3

Q Q

Figure 8 — The focal sets of a mass function m : 2% — [0,1] are the subsets A C Q of the universe
Q = {wi,...,wr} such that the mass function is positive: m(A) > 0. As Probability Theory and
Possibility Theory are particular cases of BFT (see Figure 7), each of the probability (resp. possibility)
distributions is equivalent to a certain mass function. Thus, the left part of the illustration shows the
focal sets from a probability measure P: they are the singletons of Q and m({w}) = P({w}). The
right part shows the focal sets from a possibility measure: they are nested subsets of 2, denoted by
Fs C Fo C F1 =9Q.

o II(Q) =1;
e 11(() = 0;
e YA, B CQ, (AU B) = max {II(4),1I(B)}.

It follows that this measure is entirely defined by the associated possibility distribution, i.e.

the possibility measure of the singletons: Vw € Q, m(w) = II({w}). Indeed, the possibility

value of a given event can be defined as the maximal possibility value of the elementary events

constituting the event of interest: II(A) = maxea 7(w). This is quite similar to the fact that

a probability measure over the finite universe Q, P : 2 — [0, 1], is equivalent to the associated

probability distribution p : w — P({w}), using the additivity of the probability measure.
The definition of this measure leads to the possibilistic normalization:

max m(w) =1I(Q) = 1.
If (W,w) € N2 are such that 7(@) < m(w), the meaning is that @ is less plausible than w. Ele-
mentary events with possibility degree 0, i.e. w € Q such that w(w) = 0, are impossible (same
meaning as p(w) = 0, with p : © — [0, 1] a probability distribution). Moreover, elementary
events such that m(w) = 1 are entirely possible: here, this is not equivalent to p(w) = 1 but
rather a necessary condition for a probability value equal to one.

As Q is a finite set, the number of possible values of a possibility distribution is finite (much
like a probability distribution over a finite universe Q): let us denote by {l1,l2,...,0} with
1=1; >1y>...>0, the different values of the possibility distribution, i.e. {7(w)| w € Q}.

On one hand, if the current possibilistic belief coincides with the distribution 7(w) = 1,
Yw € 2, all elementary events are totally possible, and it models therefore the total ignorance
of the actual elementary event: this means that Possibility Theory can satisfactorily encode
agent ignorance, one of the issues guiding our work. On the other hand, the full knowledge of
the actual elementary event, say @ € €2, is encoded by a possibility distribution equal to the
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classical indicator function of the singleton {@}, i.e. m(w) = 15y (w): the possibility degree
of @ is 1, and all others have a possibility degree equal to 0.

Finally, between these two extrema, a possibilistic situation is described by a set of entirely
possible elementary events, {w € Q s.t. m(w) = 1}, and successive sets of less plausible ones
{w € S s.t. m(w) =1;} down to the set of impossible states {w € Q s.t. 7(w) =0}.

As already explained (see above and Figure 7), a remnant from BFT is the existence of
two measures in Possibility Theory: the first one is the possibility measure, denoted by II, and
called plausibility measure in BFT (Pl). The second one is the necessity measure, denoted by
N, and called belief measure in BFT (bel). Recall that, given a mass function m, the belief
measure of the set A C Q is bel(A) = Y gc4m(B). Now, if the mass represents a situation
which can be expressed with Possibility Theory, the focal sets (Fi)gl:l of the mass function are
nested: F; C Fy_1 C ... C F; = Q with d € N* the number of focal sets. Note that if F; C A
for a given i € {1,...,d}, Fj C A, Vj > 1, because focal sets are nested. Thus, given A C Q,
a distinction is made between two cases.

The first case is when Fy ¢ A: in this case bel(A) = 0 since no focal set is in A. Let us
denote by A the complementary set of A: AUA =Q and AN A = (. Now an obvious remark
about sets is recalled: if A and B are two subsets of 2, “B C A” & “BN A = (). Hence, in
the first case, AN F; # () for each i € {1,...,d}, and then the plausibility of 4 is PI(A) =1
(as the sum of all focal sets). So, in this case, PI(A) + bel(A) = 1.

In the second case, i.e. F; C A (and thus A # (), it is easy to show that bel(A) =

Z?:dA m(F;), where d* = min {2 € {1,...,d}|F; C A}. Thus, if A # Q, we can see that
min {z e{l,....d}|FnAd = @} — 1+max {z e{l,....d}|FNA # (Z)} i.e.d* = 1+dy (thanks
F,NA+# @}.
As shown above, PI(A) = ngl m(F;), thus if A # QLPZ(Z) + bel(A) = 1. Finally, if A =,
all the focal sets are included in A, so bel(A) =1, and A =), so PI(A) = 0: PI(A)+bel(A) =1
too.

That is why the necessity measure, which corresponds to the belief measure bel in BFT,
can be defined from the possibility measure as follows: VA C 2,

to the obvious remark about sets), where d 4 is defined above as max { {1,...,d}

N(A) =1-TI(A).

Note that we can differentiate Quantitative Possibility Theory [52] from Qualitative Pos-
sibility Theory [62]. The former uses the product when combining possibility distributions in
order to compute joint distributions (much like in Probability Theory). The latter uses the
min operator for this purpose (see Section 1.2.2 of Chapter I). Thus, the qualitative theory
uses only max and min operators. Consider some possibility distributions whose values are in
the finite set {l1,l2,...,0}: as only max and min operators are allowed, computations do not
generate any value not already included in the finite set {l1,ls,...,0}. This is not true for
Quantitative Possibility Theory since the use of the product operator leads to the creation of
new real values in [0, 1].

Finally, in the qualitative framework, the possibility values assigned to each of the elemen-
tary events are not really taken into account in terms of real numbers since only qualitative
comparisons are performed via the use of max and min operators. Hence, Qualitative Possi-
bility Theory is classically defined with the introduction of a qualitative scale £, which may
be defined as {l1,l2,...,0}, or as any other totally ordered set indifferently. As they are
qualitative data, we use the term possibility degrees instead of possibility values. The next
section clarifies why the use of a qualitative framework is beneficial in terms of complexity
and modeling to our study.
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Note the similarities between Possibility and Probability Theories, replacing max by +,
and min by x (in the qualitative case). Note also that Qualitative Possibility Theory de-
fines the semiring (£, max, min), and Quantitative Possibility Theory leads to the semiring
([0, 1] max, x). These algebraic structures are close to the well known tropical semirings [107],
as the maz-plus semiring (R U { —oco } max, +) and the min-plus one (R U {+o0},min, +).

Qualitative Possibilistic POMDPs

A qualitative possibilistic counterpart of the POMDP framework has been proposed in [121]:
this model is called Qualitative Possibilistic POMDP and denoted by m-POMDP. A 7-POMDP
is simply a POMDP with qualitative possibility distributions as parameters, instead of proba-
bility distributions. As the 7-POMDP framework is qualitative, the counterpart of the reward
function, called preference function, is a qualitative function: indeed the preference function
returns values from the finite qualitative scale £, and thus is non-additive.

As a particular case of BFT and a fortiori of IPT, Possibility Theory expresses a partial
knowledge of the actual probability distribution, as presented above. A qualitative possibil-
ity distribution is even more imprecise since only qualitative information is given by such
a distribution. This imprecision results in the measures presented above: possibility and ne-
cessity measures. As detailed in Section 1.2.3, two qualitative criteria have been proposed in
[125], counterparts of the probabilistic criterion (I.2): a pessimistic one, which is a qualitative
counterpart of the maximin (worst-case) criterion in IPT. The other criterion is qualified as
optimistic, as a qualitative counterpart of the best case criterion in IPT.

One of the most interesting property of m-POMDPs is the simplification of the strategy
computation. Indeed, algorithms proposed for solving classical (probabilistic) POMDPs are
often based on the set of the belief states called belief space. The belief space is infinite in the
general case: each time step leads eventually to a finite number of new belief states, which makes
this set countable. In order to get useful properties and means for the strategy computation,
the set of all probability distributions over the system space S is considered, i.e. the continuous
simplex PS = {p: S — [0,1]| X,esP(s) =1, and p(s) > 0,Vs € S}. The infinite size of the
belief space partly explains why probabilistic POMDPs are very hard to resolve. On the
contrary, m=-POMDPs have a finite belief space. Indeed, the number of qualitative possibility
distributions over the system space S is lower than #£#°, as the qualitative scale £ is finite.
The fully observable version of the --POMDP model is called 7-MDP: as explained in Section
[.2.5 of Chapter I, any m-POMDP reduces to a 7-MDP whose system space is the qualitative
possibilistic belief space, and whose size is exponential in the number of states. In works
[66, 69, 121], complexity of m-MDP appears to be lower than complexity of MDP, which
is polynomial [103]: complexity of m-POMDP is then at worst exponential in the problem
description, whereas POMDP solving may be undecidable [92].

In addition to simplifying the computations, the 7-POMDP framework may be very inter-
esting to our use case. Indeed, when we considered a robot using computer vision algorithms to
get observations (see Figure 3), we previously highlighted the difficulty of properly defining the
probabilistic observation function: probability values of the answers of the vision algorithms
in the context of the robotic mission are imprecisely known and hard to define in practice.
Finding qualitative estimates of their recognition performance is easier: the 7-POMDP model
only requires qualitative data, thus it allows to build the model without the use of information
other than the one really available. For instance, the confusion matrix in Figure 6 may lead
to a qualitative possibilistic observation function which only takes into account how answer
frequencies are sorted: in the presence of a human (see second line), the most frequent answer
is “human”, the second one is “nothing”, the third one is “car”, etc. Thus, the corresponding
possibility distribution is such that, conditioned on the presence of a human, the possibility
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degree of the answer “human” is higher than the possibility degree of the answer “nothing”,
which is higher than the possibility degree of the answer “car”, etc. Instead of assigning fre-
quencies which are not really reliable in practice, the qualitative possibilistic model naturally
expresses imprecisions about the problem.

Finally, let us recall that the constant possibility distribution whose possibility degrees are
all equal to 1 (maximal element of £), represents total ignorance: this distribution can be used
to define the initial belief state when it has to represent an agent which initially ignores a
given situation. Thus, the =-POMDP framework allows for a formal modeling of the agent’s
lack of knowledge.

The use of the Qualitative Possibility Theory [62] is thus studied in this work, as it appears
to be able to both simplify a POMDP, and to model parameter imprecision and ignorance
related to robotic missions. This framework indeed simplifies computations, is able to encode
the problem with only available data and formally models the lack of knowledge: thus this
theory offers solutions to the three issues highlighted previously. However we note that, as a
qualitative framework, it does not allow for frequentist information encoding.

To the best of our knowledge, a rather limited study of the m-POMDP model exists in
the literature up to now: in fact, the work [121] seems to be the only one proposing both
a definition of 7-POMDPs and a toy example to illustrate this model. The fully observable
version (m-MDP) has generated some more interest in the research community [123, 122, 147].

DESCRIPTION OF OUR STUDY

This thesis contributes to determine to which extend Qualitative Possibility Theory can con-
tribute to planning under uncertainty in partially observable domains, and more generally to
sequential uncertainty management, in terms of computation simplification and modeling. It
presents recent contributions in the use of this theory for planning under uncertainty and
knowledge representation, with an almost systematic use of graphical models [81, 10, 19].

The end of this introduction describes how this thesis is structured. Indeed, each of the
following sections corresponds to a chapter of our work and details its contents.

State of the art

As probabilistic POMDPs and qualitative possibilistic ones are the central objects of this
thesis, the first chapter presents these models starting from low level definitions. Most of the
classical results presented are accompanied by proofs making this thesis self-contained: this
work is thus accessible to all researchers and students with basic mathematical competences,
even if they are not familiar with alternative uncertainty theories, nor member of the planning
under uncertainty community.

The first part of this chapter focuses on the classical (probabilistic) POMDP: it begins
with the presentation of the less complex fully observable case, called MDP. The well-know
POMDP is then set up, giving some formal results and proofs that are sometimes hard to find
in the literature. This part ends with a review about some of the most successful POMDP
algorithms including the ones used in the next chapters.

The second part is naturally devoted to the qualitative possibilistic counterpart of the
POMDP. It begins with a presentation of the Possibility Theory, with a specific focus on the
qualitative version. It includes the qualitative counterparts of conditioning, and averaging.
Finally, as all the needed theoretical tools have been presented, the fully observable model (7-
MDP) can be defined, followed by the partially observable one (m-POMDP). As noted above,
to the best of our knowledge, only one ten-paged paper has already dealt with the 7=-POMDPs:
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the second part of this chapter is thus the first work formally detailing the construction of this
model.

Note that the notations and the terminology set up in this initial chapter, and thus used
throughout this thesis, are those classically used in the POMDP framework: it should make
our work more readable to the POMDP community or more generally to the probabilistic
community. Moreover, dedicating this first chapter to a formal presentation of the probabilistic
and the qualitative possibilistic models is meant to highlight their common structure.

Natural updates of the possibilistic model

The second chapter proposes several extensions of the work [121]. It begins with the presen-
tation of some variants of the qualitative criteria presented in the first chapter: the latter
are related to the aggregations of the preferences over time, and to the chosen approach i.e.
pessimistic or optimistic.

A qualitative possibilistic version of the Mixed-Observable MDPs [100, 3], where some
state variables are fully observable, is then built. It is named 7-MOMDP and generalizes both
m-MDP and 7-POMDP. This contribution reduces dramatically the complexity of solving 7-
POMDPs, while catching finer information about the environment some state variables of
which are fully observable. For instance, the battery level of a robot may be considered as
directly observable information for decision making, leading to easier computations. More
generally, the existence of visible variables is common in robotics [100].

Next, a qualitative criterion for missions with unbounded durations is proposed, along with
an algorithm for computing the associated optimal strategy. This algorithm is used to compute
a strategy for a target recognition mission: experimental results compare executions using this
strategy to those using the strategy from a probabilistic algorithm, in situations where the
probabilistic dynamic of the observations is actually not properly defined.

Note that this experiment is the first practical use of the --POMDP framework to the best
of our knowledge. It also highlights interesting behaviors of the qualitative possibilistic belief
state: they are then clarified theoretically in the end of the chapter.

The main contributions of this chapter have been published in [49]. The experiments illus-
trate that these contributions are necessary in practice. However they are not sufficient to reach
a competitive computation time or to deal with realistic robotic problems: the orientation of
the next chapter stems from this observation.

Factorized models and symbolic algorithms

The size of the robotic problem dealt with in the previous chapter is small enough to allow
the proposed algorithm to compute a strategy within a reasonable amount of time. The con-
tributions of the third chapter are meant to make computations possible for larger structured
planning problems.

The first part of this chapter proposes a definition for the factored m-MOMDPs: additional
independence assumptions are provided to these processes — in a qualitative possibilistic sense,
as defined in the first chapter. Large planning problems satisfying these assumptions can be
solved more easily: building upon the probabilistic SPUDD algorithm [75], we conceived a
possibilistic algorithm named PPUDD for solving factorized m-MOMDPs using Algebraic De-
cision Diagrams (ADD). The guess motivating this contribution is that computations between
ADDs is less time and memory consuming when performed in the possibilistic framework than
in the probabilistic one: qualitative operations should lead to smaller ADDs when sum and
product are replaced with min and max operators because the formers produce ADDs with
potentially more leaves.
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Independence assumptions defining a factored =-MOMDP concern the variables encoding
successive belief states. Moreover variables defining a factored m=-MOMDP are those repre-
senting successive system states and observations. That is why, the following section of this
chapter exhibits sufficient conditions on the system state and observation variables leading
to the desired independence between belief state variables. A robotic example is used as an
illustration of these conditions. As proofs use the graphical concept called d-Separation [141],
these conditions also lead to the belief variable independence in the probabilistic MOMDP
framework.

Performances of our solver PPUDD are next compared to those of its probabilistic coun-
terparts, in terms of computation time, and with quality criteria measuring some mission
achievement metrics. Finally, the last part of this chapter describes the results of PPUDD at
the 2014 International Probabilistic Planning Competition'. We participated in the competi-
tion in order to test the performances of our algorithm against probabilistic ones, in terms of
expected reward gathering, with various probabilistic planning problems.

Some contributions of this chapter have been published in [50]. The various planning prob-
lems of the competition also highlight some issues of our algorithm when used to find an
approximate strategy for a probabilistic problem in order to benefit from qualitative compu-
tations which are simpler. Although modeling points are part of these issues, the next chapter
shows that a possibilistic approach is very useful where only qualitative data are available.
The approach proposed in the final chapter takes into account the highlighted modeling issues.
Moreover, time can be entirely consumed before actual computations of PPUDD begin, when
loading ADDs encoding some high dimensional planning problems: memory issues are also
observed in practice. MDP algorithms using state space search [79, 83] do not face these issues
due to ADD-encoding of MDP instances. They can be used to solve the problem resulting from
the last chapter. The latter focuses on the belief state management, and proposes a hybrid
POMDP technically resulting in a classical probabilistic MDP.

A qualitative possibilistic process for human-machine interaction modeling

The fourth chapter deals with situations where probability distributions are clearly not avail-
able: the managed problem comes from the work [110] and is a joint work with the author,
Sergio Pizziol, working in the field of Human-Machine Interactions (HMI). In systems repre-
senting human behavior in certain situations, for instance interacting with a control panel of
an aerial vehicle, a sufficient amount of statistical data is lacking, especially concerning the hu-
man operator’s state of mind: only expert knowledge can be used in practice as no frequentist
information about the problem is available.

In this chapter, used processes are similar to those studied in the previous chapters: the only
difference is that actions are not chosen anymore, but used as observations to infer the state
of the human-machine system. This process is called qualitative possibilistic Hidden Markov
Process (m-HMP).

This process is used as a tool to produce diagnosis for HMI systems: machine state and
human actions are called occurrences, and the possible transitions of the system are called
effects. After the model construction describing the problem in terms of occurrences and effects
from expert qualitative data and the machine model, the human assessment of the situation
can be estimated. The proposed model can also detect human assessment errors, and produce
a diagnosis for them.

"Mttps://cs.uwaterloo.ca/~mgrzes/IPPC_2014/
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Probabilistic-possibilistic approach: a hybrid perspective

The last chapter of this thesis persists to show the possible improvement of the POMDP
framework using the qualitative possibility theory, especially for the belief state management.
It also takes into account the issues highlighted in the third chapter.

Indeed, the fifth chapter argues for a hydrid POMDP with both probabilistic and possi-
bilistic settings coherently mixed up. A new translation from POMDPs into Fully Observable
MDPs is described here. Unlike the classical translation presented in the first chapter, the
resulting problem state space is finite, making probabilistic MDP solvers able to solve this
simplified version of the initial partially observable problem. Indeed, this approach encodes
agent beliefs with possibility distributions over states, leading to an MDP whose state space
is a finite set of epistemic states.

Additional simplifications of the computations are described for factored POMDPs [133,
148, 143, 94], i.e. POMDPs with a particular independence structure. These last contributions
have been published in [48].






I.1

I.1.1

STATE OF THE ART

The main topic of this thesis is Partially Observable Markov Decision Processes (POMDPs).
The practical use of this model has been criticized in Introduction, however it sums up accu-
rately the principal features of a robotic system. As we ambition to make this thesis math-
ematically self-contained the POMDP model is built in Section 1.1 from low level objects of
Probability Theory. The main ways to compute strategies from this model are then summarized
in Section I.1.11. Next, Possibility Theory is presented in order to introduce Qualitative Pos-
sibilistic Markov Decision Processes (m-MDPs) and Partially Observable ones (m-POMDPs)
which are the starting point of this work.

FrROM MARKOV CHAINS TO PARTIALLY OBSERVABLE MARKOV DE-
CISION PROCESSES

The first theoretical object behind the POMDP model, as its name suggests, is the Markov
Chain. In order to present it, let us look back one century ago.

Markov Chains

In the early years of the twentieth century Andrei Markov, a doctoral student of Pafnouti
Tchebychev, set up Markov Chains. Studying successive letters in the words of novels, he had
the idea to define this kind of sequence of random variables: indeed, each letter depended
primarily on the previous one. As usual, a random variable is a measurable function defined
on a set ) equipped with a o-algebra F and a probability measure P.

Definition 1.1.1 (Markov Chain)
Let § be a countable set called set of states and (S)ieny a sequence of random

variables whose values are in S. The sequence (Si)ien is a Markov Chain if YVt >
1,V(80, S1y.- ,St+1) € Sit2

P (Si41 = st+1| So = 80,51 = 51,..., 5 = 8t) =P (Spy1 = s141| St = s¢) (I.1)

i.e. Yt > 1, the random variable Syy1 is independent from all previous variables
{Si| i <t—1} conditional on the random variable S;: the value of Sy, or its probabil-
ity distribution is given, and the probability distribution of Syy1 only depends on the value
of S; and on the time step t > 0 (see Figure I.1).

Figure I.1 describes the Bayesian Network [105, 104] of a Markov Chain. In a Bayesian Network,
or directed acyclic graphical model, the variables are represented by nodes. The absence of an
arrow between two random variables (nodes) represents an assumption about the conditional
independence of the variables. Let S’ be a random variable: the set of variables from which an
arrow starts and leads to S’ is called the set of parents of S’, and denoted by parents(S’) =
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1.1.2

@ p1 (1] 50) =@ ___________ *@ P: (se41] 5¢) =@————>

Figure I.1 — Bayesian Network of a Markov Chain: each node (black circle) represents a random variable.
Each variable S;1 has only one parent Sy: ¥Vt > 1 Sip1 L {So,...,Si—1}|S:.

{S]| S—= S'}. If S € parents(S’), we say that S’ is a children of S: the set of the children
of S is denoted by children(S). The set of the descendants of a random variable S is the
smallest set of variables descend(S) which contains all the children of S and such that V.S" €
descend(S), children(S’) C descend(S) i.e. all the children of a descendant is a descendant.
The assumption taken through a Bayesian Network is that each variable S is independent from
its non-descendants nondescend(S) = {5 ¢ descend(S)U{S} Uparents(S)} conditional on

its parents parents(S), denoted by:
S 1l nondescend(S) | parents(S).

In other words, S only depends on its direct parents. Figure 1.1 is also called Dynamic Bayesian
Networks (DBNs) [42] since the arrows model also successive time steps.

Here, the Markov Property i.e. Equation 1.1 of Definition I.1.1, implies that V¢ € N, the
variable S;11 has only one arrow pointing to it from S; i.e. the variable S;y; has only one
parent in the Network, which is S;.

As S is countable, let us number its elements, the states: S = {5(1), 5(2), e } The proba-

bilistic dynamics of a Markov Chain can be represented by a sequence of stochastic matrices!

(My)ten defined by (My);; = P (St+1 = s ‘ Sy = s(i)). Note that the model is entirely de-
fined given this sequence of matrices and the distribution of the first random variable Sp:
Po(s) = P(Sp = s). For a better readability, P(Siy1 = s'| S; = s) is denoted by p, (| s),
and called the transition probability distribution.

An important result about the Markov Chains is the following:

Property I1.1.1

Let (St)ieny be a Markov Chain whose values are in the countable set of states S.
Vvt € N, Vf:S — R bounded, ¥(sq, ..., s:) € S+,

E[f(Ses1) | So=s0,---,Se=s:] =Y f(s) P(Spr1=5| St =s¢)

s'eS
=E[f(St+1)] St = s¢].

The proof is given in Annex A.2.
This result will help rigorously set up Markov Decision Processes, presented in the next
section.

Markov Decision Processes

MDPs [115] were proposed was built to model systems subject to a probabilistic uncertainty
dependent on actions over time. In its classical formulation, the finite set S defines the possible
states of the system s € S. Here, for the needs of the POMDP model building in a following
section, § is defined as a countable set of states, as stated earlier. The set of the non-negative

! A stochastic matrix is a matrix whose values are non-negative real numbers and whose rows sum to one.
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integers N models the time, or stages of the process. Possible actions, denoted by a, are chosen
from a finite set A. In order to get a clear overview of what information is used to decide each
action, the agent is defined as the entity responsible for decision making, i.e. she/he must
choose the successive actions given the current information about the system. In our case, a
system state s € S consists of the features of both a robot and its environment, needed to
describe the robotic mission. The agent is in this case the decision making part of the robot
who determines the robot’s actions to be exectuted given the successive states of the system.

If the sequence of chosen actions a € A is known, an MDP is a Markov Chain: the sys-
tem state of an MDP at stage t + 1, represented by the variable S;y1, only depends, in the
probabilistic meaning of the term, on the previous system state variable S; and on the time
step t > 0. However, the agent influences the probabilistic system dynamics by selecting the
actions a € A at each time step t € N.

In the MDP framework, it is assumed that the agent is perfectly informed of the current
system state s; € S at each time step. Its decision can then be a priori based on the current
system state and all previous ones: Theorem 1 shows however that, for the used criterion, it is
equivalent to consider that each decision is taken based on the current state only. A stochastic
S— A
s+ d(s)

probability distributions of the Markov Chain (S;)scn if the decision rule d is used: (M d)

d:
matrix M? can be defined for each decision rule { describing transition

i,
is the probability of reaching the state sU) from s(¥ when the action d(s(i)) is selected by the
agent. Consider a sequence of decision rules (d;);en: such a sequence is called strategy and
defines a sequence of stochastic matrices (M;)ieny with My = M9%. Each strategy thus defines
the parameters of a Markov Chain entirely.

A reward r(s,a) € R is associated to each triple (s,a,t) € SxAx{0,..., H — 1} to model
the importance of going through the state s and selecting action a at time ¢. The function
r:SxAx{0,...,H—1} — R is assumed to be bounded: this assumption is not necessary if

S is finite, as r(s,a) < maxmax max {ry(s’,a’)}, however, S is here countable and thus
s'€S /€A Ot <H—1

may be infinite. The value of a system finishing in state s is described by the terminal reward
R(s), defined for each state s. The function R is assumed to be bounded on S.

For instance in the Navigation problem of the International Probabilistic Planning Compe-
tition, [127], a robot in a grid has to reach a goal: if the state s encodes a robot location which
is not the goal, r(s,a) = —1, and 7(s,a) = 0 otherwise. If the designers of the model want
the robot to be in a sleep mode at the end of the mission, terminal reward could have been
defined as R(s) = 1 if the system state s encodes the sleep mode, and R(s) = 0 otherwise.
If some of the moving actions of the robot were more energy demanding than others, for all
s € S the functions a — 74(s,a) may be non-constant, etc.

Solving the optimal control problem for an MDP with horizon H € N, i.e. for a process
whose number of stages is H, consists in finding a strategy maximizing the expectation of the
sum of the rewards, or expected total reward:

H-1

Vi (8, (dt)l{i_ol) =E [ Z T4 (St, dt(St)) + R(SH)
t=0

So = 5] . (1.2)

The set of strategies of horizon H € N i.e. the sequence of H decision rules d; numbered from
0 to H — 1 is denoted by Dg. The criterion Vg is a function of the initial state s € S, the
horizon size H € N and the strategy (dt)f 61 € Dy this function is called value function.
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I.1.3

I.1.4

Dynamic Programming

In 1949, the Research ANd Development (RAND) corporation hired Richard Bellman to work
on multi-stage decision processes. Richard Bellman found a really efficient method called Dy-
namic Programming [8] to solve a class of problems by decomposing them into several simpler
subproblems. The optimal control of MDPs, i.e. the computation of a strategy maximizing
the expected total reward, is part of this class, and is classically performed using Dynamic
Programming [115].

The notation (d) is used from now on to represent a strategy (d¢),' € Dp. Theorem
1 highlights the opportunity to use Dynamic Programming in order to compute the optimal
value function:

Vi(s) = sup Vg (s, (d)) (1.3)
(d)eDy
and a strategy (d*) = (d})H ! € Dy such that Vs € S, Vj5(s) = Vg (5, (d*)) As shown in the
proof of the following Theorem 1, this strategy exists, and it is thus possible to rewrite the
optimal value function 1.3, as follows: Vi;(s) = ((glag( Vi (s, (d)).
€Dy

At step 0 < t < H, the probability that the system state becomes s’ € S from state s € S
when the agent selects action a € A is denoted by p, ('] s,a) = P(Siy1 =5"| St = s,a).
However, we assume that V¢ € {0,...,H — 1}, Vs € S, Va € A, the support of the transition
probability distributions p¢ (.| s,a) is finite, i.e. 3Ss4+ C S, such that #(Ss.t) < +o0,
and Vs' € § — S50, P, (5| s,a) = 0. For i € {0,...,H — 1}, the partial value function
V; is defined as the value function for the process starting at time step ¢t = H — 4, and
Vis')= max  Vi(s).

( t)flziHl—ie i
Theorem 1
The following Dynamic Programming equations for an horizon H € N computes successive
functions V;* for each Y0 < i < N and an optimal strategy (d*): Vs € S,

Vo'(s) = R(s),

andV1<i< H, V'(s) = meaﬁ({rH_i(s,a) + > pyi (s sa)ViE(s) } .
“ S’GSSva,t

As well, V1 <i < H,Vs € S,

dp_;(s) € argmax {THz‘(S,a) + Z pr_i (8] s,a) Vity(s) } .

acA §'€8s,a,t

The proof of this theorem is given in Annex A.3 and uses Property 1.1.1.

If the state space S is finite, Algorithm 1 solves the optimal control problem of a Markov
Chain, 7.e. the MDP problem: computations are performed recursively, using the Dynamic
Programming equations.

Infinite Horizon MDP

The previous section was devoted to present the finite horizon version of the MDP framework.
In some situations, designers of the MDP model do not know when the process will end, or
they want the agent to control the system forever: the MDP problem has to be expressed
whatever the horizon H, or, more generally, for an infinite horizon. For instance, when the
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Algorithm 1: Dynamic Programming Algorithm for finite state space MDP
1 Vi« R;
2 forie{1,...,H} do

3 for s € S do
1 Vii(s) = max q rai(s,a) + 3 P (5] 5,0) VEA(S)
s'eS
5 dj;_;(s) € argmax < rg_;(s,a) + Z Pr_i ('] s,a) V(s ¢;
ac A s'eS

6 return V, (d*)1;

MDP models a robotic mission, it sounds better not to bound the time of the process in order
to let the mission be completed, in case of delay.
An infinite horizon MDP is defined by the 6-tuple (S, A, T, r, sg,):

e S is the countable set of potential states of the system, i.e. states of the agent and its
environment;

e A is the finite set of actions which can be selected by the agent;

e T is the set of transition probability distributions: Vs € §,Va € A, T contains the proba-
bility distribution over the reached state s’ € S from system state s and selecting action
a, i.e. the function s’ — p (s'| s,a) € T defined on S. Note that in this formulation, the
probability distribution is stationary i.e. it does not depend on the stage of the process:
Vte N, p,(s'| s,a) =p(s] s,a). As previously, we assume that Vs € S, Va € A, the
support of the transition probability distributions p (.| s,a) is finite, i.e. 3854, C S,
such that #(Ssq) < +00, and Vs’ € S — S5 4, p (| s,a) = 0;

e 7(s,a) the reward obtained when the agent selects action a € A and the system is in
state s € S. This function is assumed to be bounded on S x A. Note that the reward is
stationary too here: Vs € S,a € A, Vt € N, ry(s,a) = r(s,a);

e the initial state sy € S, is the state where the process begins;
e the discount factor 7, a real number such that 0 < v < 1.

Consider a plan i.e. a sequence of actions indexed by the stage of the process ¢ € N: (ay),cy-
The system is initially in state sg. Next, at each step of the process (t = 0,1, ...), the system
is in state s; € S, the agent selects action a; € A and the system reaches a state s;41 € S
according to the transition probability distribution p (.| st,at) = P(Sp1 =8| St = s¢,ar).
Finally, the agent gets the reward r(s;, a;) € R which is aggregated to the previous ones with
a sum. Figure 1.2 graphically sums up the stationary MDP model: the presented figure is
an Influence Diagram, i.e. it represents the relations between successive variables, just like a
Dynamic Bayesian Network, but also including actions and rewards.

As the horizon is infinite, the set of infinite sequences of decision rules, or the set of
strategies, is denoted by Do = {(di)ien| Vt € N,dy : S — A}. The discounted reward at time

step t is 4 - r(s¢, ar), with 0 < v < 1. The real number v makes the total sum of discounted
+00

rewards converge: Z'ytr(st,dt(st)) whatever the trajectory (s¢)ieny € SV and the strategy
t=0

(di)ten € Doo. Indeed, as the reward function r is bounded, J¢ > 0 such that Vs € S, Va € A,
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I1.1.5

___________ ey
p(s1] so,a0) P (st+1| st ar) ‘

Figure 1.2 — Influence Diagram of an MDP: black circles represent successive system states, red squares
are selected actions, and yellow diamonds are the rewards. The Bayesian Network resulting from re-
moving rewards and wavy arrows asserts that ¥t > 1, Sip1 AL {So,...,Se—1}|{St, At }, where A;
represents the action at time step t seen as a random variable.

r(s,a) < c. Thus Z’y r(st,dt (st ) cZ’y —_— < +00. The discount factor v can be

defined as the proﬁaablhty that the process goes on, i.e. does not terminate, after each stage
t € N: at each time step t, whatever the current state s € S and action a € A, the process
has a probability 1 — v to reach an artificial absorbing and reward-free state s.,q modeling
the end of the process, i.e. P(Siy1 = Sena| St = s,a) = 1 —~, with Va € A, r(Sepg,a) = 0
and P (S¢41 = Send | St = Send,a) = 1. If such a terminal state se,q does not make sense in
the particular context, the discount factor v models only the fact that long term rewards are
less important than short term ones.

Thus, once a problem has been defined in terms of an MDP, solving the problem consists in
computing a strategy maximizing the expected sum of the discounted rewards. This quantity,
called as previously the value function, is denoted by V and depends on the initial state and
the strategy (d) € Do

V(s (@) =E [iofytr(St,dt(St)) ‘ S = 31 . (L.4)
t=0

Note that, for a given strategy, we denote by V¢ : S — R the function such that V4(s) =

V (s, (d)).

The Value Iteration algorithm

The Value Iteration algorithm is a solver for Infinite Horizon MDPs: it is based on the Bellman
equation, which is derived in Annex A.4. Let (d)ien € Doo

Definition 1.1.2 (Bellman Equation)

Vi(s) = r(s,do(s)) +v > p(s”s,do(s))VdJr(s'). (L5)

8'€85,d¢(s)

where Vt € N, Vs € S, dj (s) = diy1(s).
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The set of bounded functions defined on S and with real values, is denoted by Fp(S,R).
The Bellman operator is defined as

B*: Fp(S,R) ————  Fgp(S,R)
% by s T‘(S do(s )-i—’y Z (
SGSSJ(S)

sdo))V(q.

The Bellman equation 1.5 can then be written
Ve =pive, (L6)
Consider the sup norm on Fg(S,R): ||V = supes |V (s)].

Theorem 2
(FB(S,R),||.|l) is a Banach space.

The proof is given in Annex A.5.
Property 1.1.2

B% is a contracting operator of (F5(S,R), ||.|l.,) whose contraction is .

The proof is given in Annex A.6.

If the strategy (d) is stationary, i.e. V& € N, Vs € S, dy(s) = d(s), then V¢ = V" and
the Bellman equation 1.6 becomes V¢ = BV<. The Fixed-Point Theorem assures that the
equation V = BV has a unique solution, and it is thus the value function V¢ € Fp(S,R).
This equation is a characteristic equation of the value function V¢ for a given stationary
strategy (d). It is worth mentioning that it is also a linear invertible system whose analytical
solution is known.

In order to simplify the next formulae, the operator B%, for a € A, is introduced:

B*: Fp(S,R) — FB(S,R)
174 —_— s — r(s,a)+7y Z p(s| s,a)V(s).
s'€Ss.a

Let us also introduce now the Dynamic Programming operator B*: VV' € Fp(S,R), Vs € S,

(B*V)(s) = max BV (s)

acA

Property 1.1.3

The Dynamic programming operator B* is also a contracting operator of Fp(S,R) whose
contraction is v.

The proof is given in Annex A.7.
The Fixed-Point Theorem assures that the Dynamic Programming equation

V=BV (L.7)

has a unique solution in F5(S,R), denoted by V*.
Using this assertion, the following theorem assures that V* is the optimal value function:

Theorem 3

The solution V* of the dynamic programming equation (I1.7) is equal to the optimal value
function

V*(s) = dse%p Vi(s) = 86121)p lZ’y (St,dt S’t)) ‘ Sp = s] .
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Let us define the decision rule d* : s — a* € argmax,c 4 (B*V*)(s). The associated station-
ary strategy, i.e. the strategy (df)ieny € Do such that ¥Vt € N, Vs € S, dj(s) = d*(s) is
optimal for the criterion (I1.4).

The proof is given in Annex A.8. Note that the d* maximizes the criterion also among all
history-dependent strategies, i.e. strategies depending on all the previous system states. In-
deed, it can be shown as in the proof of Theorem 1 (i.e. using Property I.1.1) that the value
function (I.4) from a given time step only depends on the current system state and not on the
previous ones: thus there is no need to adapt the returned action with respect to the previous
system states.

If the state space S is finite, the Value Iteration Algorithm 2, directly derived from the
Fixed-Point Theorem, leads to the computation of the optimal value function. This theorem
assures indeed that YV° € Fp(S,R), (B*)"V® — V*, in the sense of the norm |||, when
n — +00.

Algorithm 2: Value Iteration Algorithm for MDP

N < number of iterations;
V VO

1+ 1;

while i < N do

for s € S do

6 V'(s) + max {r(s, a)+y Z p(s'| s,a)V(s) } ( = (B*V)(s));

acA TS

U W N

V<« V'
| i i+ 1

9 for s € S do

10 | d(s) Eargmax{r(s,a)+’yzp(s’| s,a)V(s’)};
acA s'eS

11 return V, d

Error analysis

Let us denote by (V?);> the successive functions computed by Algorithm 2 presented there-
after. The optimal value function is denoted by V*. First, the following theorem informs us
about the convergence of VIV:

Theorem 4

vV v < 17_N7 o= (L8)

o0

The proof is given in Annex A.9.
However, we are more interested in an error bound of V¢, where (d) is the strategy returned
by the algorithm. The control of the strategy error is given by the next theorem:

Theorem 5

2-7N
<

Hvd_v* N P

v =v...
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The proof is given in Annex A.10.
The number of iteration N can be set up using this bound?: if the desired maximal error

is € > 0, N has to be greater than log (ﬁ) /(log(7)>.
Another classical way to solve an MDP is the use of the Policy Iteration algorithm, also
called Howard’s algorithm [115]: this algorithm converges in a finite number of iterations but

implies to solve at each iteration the linear system (I.6) with d* = d.

Partially Observable Markov Decision Process

POMDPs generalize MDPs allowing the agent to misperceive, or partially observe, with a
given probability, the current state of the system: the system state s € S is not given as input
to the agent. The latter has to figure it out using the observations o € O of the system received
at each time step.

Definition

A POMDP, in the infinite horizon settings, is defined by a 8-tuple < S, A, O, T, O, r, by, vy >:
e S the finite set of system states: the current state s; is not given as input to the agent;
e A the finite set of actions which can be selected by the agent;

e (O the finite set of observations that the agent may receive: the current observation o; € O
is given as input to the agent;

e T the set of transition probability distributions of the system state: Vs € S,a € A,
probability distributions p (.| s,a) € T are defined on S;

e O, the set of observation probability distributions, 7.e. the set of probability distributions
over O, defining the probability that the agent observes o', after selecting action a, if the
system has reached the state s': Vs’ € S, a € A, probability distributions p (.| s’,a) € O
are defined over the set of observations O;

e 7(s,a) the reward gathered by the agent in the situation where it selects action a € A
when the system is in state s € S.

e by, a probability distribution defining the uncertainty on the initial state represented by
the random variable Sy: Sy ~ by, i.e. Vs € S, by(s) = P(Sp = s). This probability distri-
bution is called initial belief state about the system state. It is an epistemic probability
distribution, because it estimates the actual initial system state, since it is not available
for the agent.

Note that the set of system states S is assumed to be finite here: this is a sufficient assump-
tion for the robotic mission features we would like to model, and a classical way to define
POMDPs. Previously, in the Fully Observable case (MDP, see Section 1.1.2), the space S was
assumed countable, which is a less restrictive assumption (if S is countable, it may be infinite):
the main results about the POMDP resolution comes from the results of Section 1.1.2 about
(Fully Observable) MDPs with countable state space S. The finite set of the observations O
and the set of the observation probability distributions O, are both new in the Partially Ob-
servable model in comparison with the Fully Observable MDP model. However, the transition

2The standard VI algorithm uses the distance between two successive value functions for the stopping
criterion (while loop): this distance is related to the distance between the current value function and the
optimal one using another result of Banach’s contraction theorem (see [115]).
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I.1.7

Figure 1.3 — Influence Diagram of a POMDP and its belief updating process: black circles represent
successive system states Sg, blue ones represent successive observations Oy, red squares are selected
actions ag, and yellow diamonds are the associated rewards. Green circles at the top of the figure
are the successive belief states By constituting the belief updating process, computed using the update
Biy1 = u(Bi,as, Orq1). Just like the wavy lines leading to rewards, the green dotted lines represent
a deterministic influence. The Bayesian Network resulting from removing belief states and rewards,
asserts that Wt > 1, Sy1q AL {S0,51,01,...,5i—1,0¢—1 } | {St, A¢ }, where A; represents the action at
time step t seen as a random variable. As well, ¥Vt > 1, O, is independent from all other variables
conditional on { S, At }.

probability distributions 7', the finite set of actions A and the reward function r : § x A — R,
were already introduced in the section about MDPs.

Consider a plan (a;),cy € AN Initially, the system is in state sq with probability bg. Next,
just like the MDP model, at each time step (¢t = 0,1,...) the system is in state s; € S, the
agent selects action a; € A and the system state changes, reaching s;11 € S according to the
probability distribution p (.| s¢,a¢). The agent gets the reward r(s;, a;) and also finally gets
the observation o441 with probability p (oi41| St+1,at) = P(Op1 = 0p41 | St41 = Se41,a¢):
for each time step ¢ > 1, the observation random variable O, is such that Oy ~ p (.| s¢,a1-1),
where p (.| st,at—1) € O is the probability distribution over the observations. The bottom of
Figure 1.3 fully sums up the definition of this process: the belief updating process in green at
the top of this figure is defined in the next section.

The belief updating process

The independence assumptions highlighted by the Bayesian Network (as a first step, the black
straight-lined arrows and associated nodes, and finally, the dashed green ones too) of Figure 1.3,
assert that the probability distributions defining the POMDP fully describe the uncertainty
related to the system: at time step ¢ > 1, the probability that the ¢ first observations are
(01,...,0¢) and the ¢ + 1 first system states are (so,...,s;) conditional on the t first selected
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actions (ag,...,at—1) is

IP(S():S[),...,St:St,Ol:01,...,Ot:0t‘ ao,...,at_l)

t—1 t—1
=bo(so) - [[ p (si41] sivai) - [[ P (0is1]| siv1,ai).
=1 =1

Let us define the belief updating process which is classically a basis for the strat-
egy computation: at time step ¢t € N, if the observation sequence from the begin-
ning is (o1,...,0;) € O! given as input to the agent, and if the successive selected
actions are (ag,...,a;—1) € A!, the belief state at time step t is the probability dis-
tribution of the system state conditioned on the observation and action sequences.

Definition 1.1.3 (Belief State and Information)
The belief state at time step t is the function b; : S — R defined as

bt(S):P(St:8| 01:01,...,Ot:Ot,(l(),...,at_l):]P)(St28| It:it), (19)

where iy = {o1,...,0¢,a0,...,a4-1}, is the information gathered by the agent at time
step t. The random variable version of i; is denoted by I; = {O1,...,O, a0, ...,a1—1}.

The belief state at time step ¢ is thus the a posteriori probability distribution of the sys-
tem state, given the initial probability distribution by and the probability distributions
O and T defining the POMDP, and conditional on the information #;. The belief pro-
cess, which is the sequence of belief states, can be computed recursively using Bayes rule.

Theorem 6

If the belief state at time step t is by, the selected action is a; € A, and the next observation
iS 0411, the next belief state byy1 is computed as follows:

Zp(ot+1 | sar) P (8] s,ar) - be(s)
b (s) = =252 . (1.10)

B Z Z p(otr1| §,a¢) -p (8] 8,ar) - be(3)

seSseS

This formula is called the belief update, and since the belief state b;y1 is shown to be a
function of by, a; and o1, we denote it by

bey1 = u(bs, ag, 0441).

The proof is given in Annex A.11.
The belief update formula (I.10) is more simply written as

bry1(s) o< Y p (01| 8 ar) -p (8] s,a0) - be(s)
seS

as Z Z p(ow1] §,ar)-p (5| 5,a¢) - bi(8) is nothing more than a normalization constant.
eSS seS
Note that by may be seen as the actual value of a random variable By, like the value sg
of the random variable Sy in the MDP section 1.1.4: P(By = by) = 1. Now, if By is a random

variable representing the belief state at time ¢, B;11 = u(Bt, ag, Ot) is a random variable as

a function of random variables. In the top of Figure 1.3 the belief process is represented by
the belief state variables (Bj)¢=o: this figure highlights the links between the belief process
and the POMDP process (green dotted arrows). More formaly the belief state variable By is
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1.1.8

Bi(s) = P(S;=s| I;) = E {]l{stzs} ’ It}, Vs € S, i.e. the conditional expectation® of the
characteristic function of the set {S; = s} C Q.

A belief dependent value function

As the agent has only access to the information iy = {o1,...,04a0,...,a;,-1} at time step
t > 1, the sequence of decision rules (dy);en is such that V¢ € N, d; : i, — a € A. Let us present
the criterion, or value function, which has to be maximized by choosing the right strategy: for
an initial belief state by, which defines the probability distribution of Sy, the value function
for an infinite horizon and a strategy based on the current information (d¢):en, is the expected
discounted total reward:

E|> (St,dt It))] : (I.11)

>0

The following work leads to a formulation of the value function where the belief update
process (By)wen appears. It considers as well the action sequence as a sequence of random
variables: (A¢)ien. It covers then the case A; = d;(I;) proposed in the value function definition
(I.11). The information random variable I; becomes then { Oy, ..., Oy, A1,... A; }. Using Fubini
theorem and the linearity of the probabilistic expectation,

=> 7" E[r(Sh, Ar)]

>0

= Z’yt . E{E [7(St, At) | It]} as a consequence of Definition A.1
>0

= Z’)/t -E|E [Z T‘(S,At) . ]l{St:s} ’ It‘| ‘|
t>0 L sES

—Y 4 E Zr(s,At).E[]l{st:S}‘ It” (L12)
t>0 LseS

= Z’Yt -E Z (s, Ag) - Bt(s)l by definition of B,

t>0 LseS
=> 7" E[r(Bi, A)] (1.13)
t>0
=E | > 17" (B, Ar)
>0
where the belief reward function r : (b,a) — r(b,a) := > ;r(s,a) - b(s) is introduced in line

(I.13). Line I.12 uses the linearity of the conditional expectation and Property A.l1 (as a
function of I, Ay = di(I;) is o(I;)-measurable, see Property A.3).

Another way to see that the expectation of the discounted reward is equal to the expected
discounted belief reward is to compute it conditionally on the action sequence:

Theorem 7

E [r(st, A)| A = at] =E [r(Bt, A)| A = at] . (1.14)

using the notations A, = {Ao,..., A} and a; = {ag,...,a; }.

The proof is given in Annex A.12.

3The general definition of the probabilistic conditional expectation (as a random variable) is given in Annex,
Definition A.1.



I.1.9

[.1. From Markov Chains to Partially Observable Markov Decision Processes

39

A POMDP as a belief-MDP

In this section a POMDP is expressed as a MDP, whose states are the belief states: the resulting
MDP is denoted by <5’ JATL T S0, v). The state space S is the set of all reachable belief states
from by, denoted by IP"bSO . This set is countable: indeed, as A and O are finite, each reachable
belief state has a finite number of possible successors. As there is only one initial belief state,
each set of belief states generated for each time step is finite. Numbering them is thus as easy
as numbering each belief state of each successive finite set, following the time index ¢. The set
of all probability distributions is denoted by PS: thus, IP’;)SO c PS.

Let b; be a given belief state, i.e. a probability distribution in IP"bSO. The sequence (By)ien
is a sequence of random variables: as highlighted by the belief update (I1.10), if B; = b, and
the selected action is ag, the value of the next variable By, is a deterministic function of the
observation Oy 1.

Before defining the belief-MDP, the belief process is shown to be a Markov process:

Theorem 8

Va € AV € P,
P(Bipa=V| I =ii,a) =P (Bya = V| Bi=by!,a), (L15)

where béﬁ) is the current belief state if the initial belief is by and the information gathered
is it.

The proof is given in Annex A.13.

As highlighted by equation (21) in the proof, if B; = b;, the probability that the next belief
By i8 byt 1, is the sum of all probabilities of the observations o’ such that u (b, at,0') = beyq,
i.e. of the observations leading to the belief state b;11: it defines the transition probability
distributions of the belief process, i.e. elements of T, as follows: V¢ > 0,

P(bt+1| bnat) = P(Bt—i—l = bt+1‘ B; = btaat)

= Z P(Ot+1:0/| Bt:btaat>
0'€0 sit.
u(bt,at,0)=bi41

= 2 > p(d| shar) -p (5| s,ar) - bels) (1.16)
0'e0 s.it. (s,8")€S2
u(bt,at,0")=bt 11

= Z p (0] bar).

OIEO s.t.
u(bt,at,0")=bi4+1
where 3 syes2 P (0] 8'sar) - p (8’| s,at) - bi(s) is denoted by p (o' | b, ar).
Flnally, the reward associated with the belief state b; is defined as previously

P Py xA — R
(b,a) = Yest(s)-b(s),
and the initial state denoted by Sy is the belief state by.

As By = by, we can write that P(By = bg) = 1, and then previous section demonstrates
that

(L.17)

[ZV <Stadt () )

t=>0

=E [ZV (Bt7dt It))

t>0

B()Zbo] .

The right part of the equation is the value function of the MDP (S, A, T, 7, sy,7). As high-
lighted by Dynamic Programming exposed in the sections 1.1.3 and 1.1.4, the criterion may
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vary for two belief states, but not if the information varies always leading to the same belief
state: action sequence has to be chosen as a sequence of functions of the current belief state,
i.e. a maximizing action sequence (A;);>o is given by a strategy (d)i>0: Ay = di(By). As this
criterion can be computed directly with the belief-MDP model (S, A, T, 7, $p,7), no informa-
tion is lost in focusing our efforts in solving the belief-MDP instead of the initial POMDP
(8, A,0,T,0,r,by,~y) whose criterion is the left part of the equation.

The translation of a POMDP (S, A4,0,T,0,by,y) into the so-called belief-MDP
(S, A, T, $,7) is summed up here:

e S= Pbso, the set of all reachable belief states from the initial one by;

e T contains all transition probability distributions for belief states: Va € A, Vb € IP’;?O, the
belief transition probability distribution defined by equation (I.16), p (-| b,a) is in T}

the reward function 7 is defined by the equation (I1.13),

the initial state sy = by.

Note that the action set A, as well as the discount factor v remain the same. Note also that
this belief-MDP fulfills the conditions defined in Section I.1.4. First, S = IP’fO is countable.
oeo }, which
is finite as O is finite. For each b € S and a € A, a finite number of belief states b’ € S is such
that p (0’| b,a) >0, i.e. Vb € S, Va € A, the support of the transition probability distribution
p(-| b,a) is finite: 3S,, C S, such that #(Spq) < +o0, and VO’ € S — Spq, p (V| b,a) = 0,
making the transition function 7" of the MDP (S, A, T, 7, 5o, ) satisfying the condition stated
in Section 1.1.4.

Bellman Equation 1.5 stated in page 32 can be rewritten in the context of POMDPs: given
a strategy (d¢)¢>o0, Vb € S,

Second, the successors of b; for action a € A form the set {u (bt,a,0') € IP’;)SO

vie) = (B! ()

= #(bdo®)+v- Y p(¥

b'E€Sy ag (1)

_ Z (s do(b) s) 4 - Zp( ’b do(b ).Vd+<u<b,d0(b)70/)>

seS o'eO

b,do(b)) -V (V)

using transition formula (I.16), and where u is the update function defined in Theorem 6.
The Dynamic Programming operator is obtained adding max,c4 at the beginning, and
replacing dy(b) by a € A (see the Dynamic Programming equation 1.7):

a€A seS 0o'eO

B*V(b) = max { > r(s,a)-b(s)+v- > p(d] ba)- V(u(b, a, o’)) } . (I.18)

The Dynamic Programming Equation V* = B*V* characterizes

sup V4(b) = sup E By, di(By)) | By=b]|.
SR L R CRIDIEED

Given the fact that some optimal MDP strategies are Markovian for additive criteria (i.e. only
depends on the time step and the current system state), some optimal POMDP policies only
depend on the current belief state, or equivalently on the full history of observations.
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Solving a POMDP

Given an action a € A, the reward 7 of a belief state b € PS is a linear function of the belief
state b: 7#(b,a) = 3 ,cs7(s,a) - b(s) = (Fa,b)gs, where 7, is the vector from RS such that for
each index s € S, the value is 7(a, s) € R. The function (z,y) — (z,y)gs is the classical scalar
product of z and y in the vector space R®.

For each belief state b € PS, the value VO(b) = max,c4 7 (b,a), is the optimal expected
reward for an horizon 0 (only one decision step), starting with the belief state b. This function
is PieceWise Linear and Convex (PWLC), i.e. there exists a finite set of vectors I' € RS such
that VO(b) = max,er(a, b)gs. As shown by R D. Smallwood and E J. Sondik [135] successive
Vi = B*Vi~! are PWLC, i.e. Vi(b) = maxaer(a,b)gs, where a € RS is called “a-vector”

Theorem 9

PWLC functions remain PWLC after the application of the operator B*. More specifically,
if a function V : P® — R is PWLC, i.e. such that

— — . i S
V(b) = 151213((04, byps = rgglz(;sa(s) b(s) with I' C R, #I" < 400,

then, Vb € P,

(B*V) () =

e = 02 o et D (119)

with the new a-vectors ay () € I defined as

Qg (a,)(8) = 7(5,0) + - Z p(d] sa)-p(s]| s,a) ay(s), (1.20)
0'e0,s'eS

where (a,) € T© is the notation for a vector such that the coordinates with index o € O
are a-vector a, € I'.

The proof is given in Annex A.14. Figures 1.4 and 1.5 represent examples of PWLC value
functions

This result inspired many POMDP solvers. Indeed, it makes possible to compute the op-
timal value function and the associated strategy in finite horizon settings, and to approach
them for an infinite horizon POMDP, through a few modifications of the Value Iteration al-
gorithm, Algorithm 2: while the state space is infinite, the value function is summed up in
a set of a-vectors. Let us start with a PWLC function VO(b) = max Z a(s) - b(s), where

«

seS
I'V is the initial set of a-vectors. In order to perform the same computations as in the fi-

nite horizon case, it is possible to start with the reward vectors as initial a-vectors: T'0 =
{a € RS ‘ Vs € S,a(s) =r(s,a) with a € A}. The function encoded by TV is in this case the

optimal initial reward for an agent whose belief state is b: V(b) = max,ero Y eg a(s) - b(s) =
MmaXae A Y _ses (8, a)-b(s) = maxqe 4 Egp [r(S, a)]. Iterations of the operator B* starting from
VY create a sequence of functions (V*);ey whose theoretical limit is SUP(d)eDee V® as shown in
Section 1.1.4: here, each function of the sequence can be summed up with a finite set of alpha
vectors, which makes computations possible in practice.

Given a number of iterations N for a specified error bound ¢ > 0 (see the error analysis
in Section 1.1.5), Algorithm 3 leads to a value function in the form of a set of a-vectors I'.:
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Figure 1.4 — Ezample of useful alpha vectors (red), value function PWLC' (thick blue), and useless (bad)
alpha vectors (dotted green) of a POMDP at a given iteration: the state space is S = {sa, sp }: x-axis
represents b(sa) and y-axis represents V(b). As #8 =2, b(sp) =1 —b(sa).

b(sa)

Figure 1.5 — Value function PWLC at a given iteration when the state space is S = {sa,sp,sc }:
x-azis represents b(sa), y-axis represents b(sp) and z-axis represents V(b). As #S = 3, b(s¢) =
1—"0b(sa) —b(sg). V(b) is the mazimum of a set of hyperplans.
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Ve(b) = maxaer. Y ses a(s) - b(s). The associated strategy, approximately optimal, is

d°(b) € argmax max (ay (o), b)Rs
(b) g (%)e(rs)o< (0)r DR

€ argmax max r(s,a) + - Z Z p(o| sa)-p(s| sa) ay(s).
ac A (20)€lT (5 0'€0 S'ES

At execution, if the agent has a belief state b, and the a-vector o, (,) is such that Va € I'c,
(Qa,(a0) bIRS = (@, b)gs, then action a is approximately optimal (with error €).

Algorithm 3: Value Iteration Algorithm for POMDPs
I « I
1+ 1
while 1 < N do
for a € A, (ay) € T9 do
for s € S do
L a(s) < r(s,a) + - Z Z p(d] s,a) p(s| sa) ay(s);

o'cOs'eS

S ks W N

7 '+ {I" a};
I« I
| i+

10 return I

This algorithm is really naive since the number of a-vectors increases as a double ex-
ponential with iterations: if Vn € N, I'" is the set of a-vectors at the end of iteration n,
and g, = #I™, then g,.1 = #A - ¢g7©. Thus, as #A is the initial number of a-vectors,
g = (FA T FO L (gayor

A first improvement consists in removing, at each iteration ¢ = 1,..., N, dominated a-
vectors apeq € I, i.e. a-vectors such that max, Y g a(5)-b(s) > 3 icg Qpad(s)-b(s), Vb € PS:
Cassandra’s algorithms use linear programs to prune these dominated a-vectors [28, 27].

Whereas the resolution of finite state MDPs (MDPs with #S < o0) is a P-complete problem
[103], solving a finite horizon POMDP is PSPACE-hard [103], and solving an infinite horizon
POMDP is undecidable [92]. These theoretical complexities are a faithful representation of the
difficulty of solving POMDPs in practice. Algorithm 3 or Cassandra’s improvements [28, 27]
solve only really small POMDPs, i.e. POMDPs with a few system states and observations. For
instance in the case of robotic mission problems, the number of system states may be quite
big, as well as the number of observations, and classical computations are intractable: other
computation methods are necessary to compute efficiently a satisfactory strategy. The next
section is devoted to the presentation of the most notorious algorithms producing approximate
stategies within reasonable time.

Upper and lower bounds on a value function

This section is meant to sum up the main good recipes to approximate POMDP optimal
strategies, as strategy computation is a difficult task in practice and theoretically intractable
[103, 92].

First consider V and V two functions mapping the set of all probability distributions PS
to R. Suppose that Vb € PS, V(b) < V(b). Then, Vb € PS,

(B*f/)(b) _ max{ S r(s,a)-b(s) +v- Y p (o] bya) -V (u(b,a,0')) } < (B*f/)(b).

acA seS o'eO
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Thus, if ¥b € P°, V(b) < V*(b), i.e. if V is a lower bound of the optimal value function V*,
Vb € PS, (B*V) (b) < (B*V*)(b) = V*(b). As well, if V is an upper bound of the optimal

value function, Vb € P, (B*V)(b) > (B*V*) (b) = V*(b). This means that the iterations of

the Dynamic Programming operator B* on a lower (resp. upper) bound of V* return a lower
(resp. upper) bound of V*.

Defining 7min = Minges,aca (s, a), the constant function Vo(b) = 350" - rmin = 7"1”11:,
Vb € P°, is an example of initial lower bound of the optimal value function: the worst reward
is obtained at each time step. The only a-vector representing this function is ag(s) = ’"1’”%:,
Vs e S.

Let us start from an initial set of a-vectors denoted by I'yp, defining a lower bound of the
optimal value function, 4.e. such that Vo(b) = maxaer, Y ses @(s) - b(s) < V*(b): for instance
I'o = {ap }. The a-vectors € I'1 computed using the current a-vector set I'y and the equation

(I.20) of Theorem 9, take part in the definition of Vj(b) = (B*%)(b). As noted above, Vj is
also a lower bound: Vi (b) = maxaer, > ses @(s) - b(s) = (B*@) (b) < V*(b), ¥b € PS. Thus, as

Vo and Vj are lower bounds of V*, max { Vo, Vi } t0o, i.e. maxaeryur; Y.ses @(s)-b(s) is a lower
bound of V*(b), and the best available at the moment. Hence, it is sufficient to maintain a set
of a-vectors I': the a-vectors computed from I may be added to [', and the dominated ones

may be removed. Because of the convergence of ((B*)"Vg) N towards V*, the computation
—/ne

of new a-vectors tends to improve the lower bound.

The presented machinery of incremental improvement of the lower bound of V* using new
a-vectors cannot be adapted to compute an upper bound: starting from an upper bound Vjp,
if the computed a-vectors represent a function V; (also an upper bound of V*) which tends
to be closer to V* than Vj (because of the convergence), then max {70,71} is not a better
upper bound: it is actually the worst one. However, it is convenient to consider the maximum
over all computed alpha vectors in practice, that is why min {70,71} cannot be considered.

Another method must be used to maintain and improve an upper bound of the value
function: an upper bound Vg of the optimal value function is only computed over a set of
n > 0 belief states, leading to the belief-value mappings {b;,v; }1_;, where V(b;) = v; and
(b;,7;) € P® x R. As the limit of a sequence of convex functions is convex, the optimal value
function V* is known to be convex. As the mappings are such that 7; > V*(b;), and as V*
is convex, any convex combination of the belief states (b;);; has an optimal value lower or
equal to the same convex combination of the upper bound values (7). Indeed, if (w;)i;
are convex coefficients, i.e. Y- jw; = 1 and Vi € {1,...,n}, w; > 0, then the optimal
value function at > ; w; - b; is bounded by the convex combination of (7). ; with respect to
(W) V* (i wi-bi) < Yoiq wi-V*(by) < Yiq wi-T;. In order to get an upper bound of V*
defined on a larger set of belief states, the belief-value mappings { b;, 7; };-_, may be completed
with the pairs (b,v) such that b € P° is in the convex hull of (b;)"_;, and v is the least
value of 7", w; - T;, where (w;)l; are convex coefficients such that b = 7" w; - b;. These
coefficients defining the interpolation of the belief-value mappings can be computed using
linear programming or with approximate computations [73, 113]. Finally, consider b; € (b;)i-;
such that Ya € A, Vo' € O, u(b;,a,0') is in (b;)7;. The upper bound value 7; associated to
bj can be replaced with (B*V)(b;), computed using the equation (I.18) defining the Dynamic
Programming operator B*:

(BVo)(by) = max { " r(s,0) - by(s) + 7+ 3 p (o | bjsa) Vo (ulby,a,0) },

aeA seS o'eO

where Vo (u(b;, a,0’)) = v with u(bj, a,0’) = by, € (b;)"_;. This value update replaces then the
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Figure 1.6 — Bounds of the optimal value function V*. The latter is represented by the regular thick
red line. The lower bound V* is the piecewise linear function represented by the thick blue line. Useful
a-vectors are represented by the thin red lines, and dominated ones are represented by dotted green lines.
The upper bound V* is represented by the piecewise linear dashed orange line: the squares represent the
belief-value mappings.

value 75 and leads to an improved upper bound of the optimal value function in b;. A famous
and simple method to compute an initial upper bound of V* is called the Qnrpp method [90]:
it consists in computing an optimal value function for the underlying MDP i.e. for the MDP
built ignoring the observations and the observation probabilities, and considering that the
state is fully observable. An MDP strategy is searched among a more general set of functions
of the data available at execution, than a POMDP strategy. First, the reward is defined on the
system states and the actions, which are directly available during execution in fully observable
settings. Second, as the uncertainty over the observations is conditional on the system state,
the observation random variables O; can be written as measurable functions of the state and
action variables S; and A;_1: the functions from the actions and the observations consist
thus of a subset of the functions from the system states and the actions. We can conclude
that, the optimal value function of the POMDP starting from the deterministic belief state
bit(s) = 1s—s,y With s4 € S, namely

V(b)) = max Egy~pa Z’y T‘(St,d(lt)> ,

(dt)t>0 st
dy: Zt*hA £20

is less than or equal to the optimal value function for the associated MDP starting from s4:

Virpp(sa) = max Z’Y (St, )) So = sa

st Liso

Indeed, the maximum operator of the latter is performed on a set of functions including the one
used to maximize the POMDP wvalue function at bg‘ (first equation). Hence, an initial upper
bound of the POMDP optimal value function V* can be computed for the deterministic belief
states i.e. the belief state b € P such that b(s) = Tfs—s,y with s4 € S: Vo(b) = Vy7pp(sa).
The convex hull of these deterministic belief states is the full set of probability distributions
PS. Thus, using the previous interpolation trick, an upper bound of V* is available in the full
belief space PS. Other methods to compute bounds for V* are available for instance in [72].
Figure 1.6 illustrates the described bounds.



46

Chapter 1. State of the Art

I.1.12

POMDP solvers

Some recent POMDP solvers are said to be point-based as they maintain a set of belief states
(bi)_; (the belief points) with associated a-vectors (a;)f_;. The current approximation V' of
the optimal value function is described by (o) 1: Vb € PS, V(b) = max? | 3,5 i(s) - b(s).
Each belief state of (b;)j-; is such that V(b;) = > ,csbi(s) - a;(s). The point-based Bellman
backup of a belief state b; is the replacement of its a-vector «; by one of the new a-vectors
(Equation 1.20) which maximize equation (I.19) with the belief state b;, i.e. replacing it with
o € argmax o (&, b;)ps.

The first point-based algorithm was PBVI (Point-Based Value Iteration) [108] which starts
with a single belief point by. At a given iteration, the point-based Bellman backup of each belief
state of the current set (b;)?; is computed and lead to a new set of a-vectors (v})? ;. This
operation is repeated until the convergence of the a-vectors. Next, for each belief state in
(bi)I~, one successor is selected: the most distant one from (b;)!"_;, with respect to a given
distance metric. These successors are added to the set, which becomes (b,-)?gl, and the next
iteration begins.

Another point-based POMDP solver is the Perseus solver [137]: this solver starts running
trials of random exploration of the belief space, sampling a € A and observation o' € O at
each time step of a trial to compute the next belief state b’ = u(b, a,0’) from the current one
b € PS. The set of all reached belief states is (b;)?, and does not evolve anymore. A lower
bound PWLC V is used to approach the value function: the associated set of a-vectors is
denoted by I'. At each iteration, B is initialized as a copy of (b;)_;, and I' = (). While B # 0,
an arbirary belief state b is selected in B, and the associated new a-vector o/ is computed with
the point-based Bellman backup on b and using L. If (o/,b)rs = V (D), all the belief states
whose value is improved by o, i.e. the belief states b € B such that (o/,b)gs > V(b), are
removed from B. The new o' is added to I'. Otherwise, if (o, b)rs < V/(b), b is removed from
B and an a-vector from I' such that & € argmax, (@, b)rs is added to I'. When B =0, " is
set to I', and a new iteration begins. -

The HSVI solver (Heuristic Search Value Iteration) [136] is also a point-based algorithm.
This solver maintains both an upper and a lower bound on V*: V and V. It takes into account
the fact that the error of the approximation of V* is less important for much later successors
of by € PS, due to the discount factor : given an error ¢ > 0, a sequence of belief states (b)t=0
is generated from by until V(by) — V(b;) < 77~ The generation of the belief sequence is done
selecting actions according to the upper bound: if the current belief state is b, the chosen action

is in argmax,c 4 r(s,a) + 7> v co V(u(b, a, 0’)). This trick tends to force the improvement of

the upper bound: if the selected action is not optimal, as successors for this action are selected,
the computations will focus on these belief states, and will decrease (improve) the upper bound

for them. As well, the observation selected o € O is such that the value V(u(b, a,o’)) —

K(u(b, a,o )) -p (0] b,a) is the greatest: the probable belief states for which V' and V are

poor bounds are preferred, in order to focus the computational efforts on the belief space
subsets where the bounds are the worst. Then, both bounds are updated starting with the
last reached belief state backward down to time step to: this order makes these updates more
efficient. The scheme starting with a belief sequence generation, and updating the bounds on
it, is repeated until V' (by) — V(by) < e.

The solver SARSOP [84], inspired by HSVI and FSVI [130], refines the generation method
of the belief sequence. First of all, the belief space is clustered using a simple learning technique:
the features are for instance the initial upper bound Vj and the entropy of belief states.
This discretization is used to maintain an estimation of the optimal value function denoted
by V: this estimation is constant over each cluster, equal to the average of the estimated



[.1. From Markov Chains to Partially Observable Markov Decision Processes

47

optimal value of the belief states in this cluster. Let b be a belief state reached during a
generation of a belief sequence: L; is a real number such that L; < V*(b). Let Ly = (B*K) (b).

Thus, the lower bound of the optimal value function V on b is likely to be improved by
selecting the next belief state b = wu(b,a,0’) (where a € A and o € O are selected as in
HSVI) if the optimal value for b’ is likely to be large enough for it: that is, if 7(b,a) + v -

(p(o’] ba)-V(V)+ Yozo P (0] bya) -V(u(b,a,é))) is greater than L = max{Li,L2}. In
this case, if L] is such that L = r(b,a)+~- (p (o' bya)- L1+ 5.0 P (0] b,a)-K(u(b,a, 5))),

the condition V(u(b, a, 6)) > L} is a good indicator that the selection of the belief state

b is likely to improve the current lower bound at b: if V(¥') > L (and if, as in HSVI,
V) - V(@H) < 77), the belief state b is selected and the same test is performed on its
successor knowing that V*(b') is likely to be greater than L. In this way, the selected belief
sequences may be longer than in HSVI, as sequence generation continues if the next belief
states are likely to improve optimal value function estimation. Next, when the generation of
the sequence ends, the bound updates start from the last belief state down to by, following the
generated belief state sequence in the reverse order (as with HSVI). Finally, SARSOP proposes
also another major computational simplification: all the previous belief sequence generations
can be summed up in a tree representing the different transitions b — u(b, a, 0o’) and which is

recorded in the memory. Let us define Q(b,a) = r(b,a)+~v- X ycop (0’| b,a) -K(u (b,a,0") ),

and Q(b,a) with the same formula replacing V by V. If b is a belief state, a an action, and
da' € A, TV € IP’;?O such that Q(b,a) < Q(V,d’), then, all the successors of b when selecting
action a are removed from the tree, and the associated a-vectors deleted. Indeed, less stored
a-vectors and belief states speed up the POMDP resolution, as lots of useless computations
are avoided: the computations are focused on the belief states which seem to be in IP’bSO - The
set P?)go,* is the subset of IP"bgo containing the belief states reached with an optimal strategy.

While the a-vector (or Sondic’s) representation is used by a large proportion of POMDP
solvers, grid-based POMDP solvers, which does not use it, are also popular algorithms [12, 91,
25, 13]. These solvers are based on a discretization of the belief space PS, which leads to an
MDP over the finite set of discretized belief states: computed strategies map any cluster of
belief states to an action a € A.

Another POMDP solver based on a discretization of the belief space is RTDP-bel [70].
The discretization is only used to store a finite number of values during the computations.
The approximation maintains the approximate optimal value function as a piecewise constant
function: two belief states in the same discretization group have the same value. The algorithm
operates in the same way as RTDP (Real Time Dynamic Programming) [7], a Goal-MDP solver
which converges to the optimal value function without considering all the system states. A
Goal-MDP [11] is an MDP all reward values of which are negative; it includes also a subset
of the system state G C S called set of goals. The system states in G are absorbing and
cost-free: V(s,a) € G x A, r(s,a) = 0 and p(s| s,a) = 1. The criterion of a Goal-MDP is
the expected (undiscounted) total reward, i.e. the expectation of the sum of the rewards over
time steps without factors 7%: indeed, the sum of costs is guaranteed to converge provided
that there exist proper strategies (i.e. reaching goals with probability 1) and no positive-
cost cycles in the MDP graph. As well, a Goal-POMDP is a POMDP with only negative
rewards and a set of goals G which are absorbing, cost-free and fully observable system states
i.e. O contains G too, and Vs’ € G, Va € A, Vt > 0, P(Opp1 =8| Sty1=5,a) = 1. In
fact RTDP-bel is a Goal-POMDP solver. It initializes the value function V' with a (piecewise
constant) upper bound called admissible heuristic. Then, the repetition of trials starting from
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I.2.1

by improves the approximation of the optimal value function and the associated strategy. At
a given stage of a trial, the current belief state is denoted by b. The Q-value is Q(b,a) =
{r(b, a)+ X cop (0] ba)- V(u(b, a, o’)) } An action a € argmax; 4 Q(b, @) is selected, and
V(b) is updated to max,eq Q(b,a). Then s is sampled from b, as well as s’ according to
p(s'| s,a), and o using p (0’| §',a). If b/ = u(b,a,o) is such that Vs € S\ G, V/(s) = 0,
then another trial begins. Otherwise, the next stage of the trial considers b’. As any classical
(discounted) POMDP (Section 1.1.6) can be translated into a Goal-POMDP [15], RTDP-bel
can solve any POMDP.

Finally, POMCP [132] is the partially observable counterpart of the MDP solver UCT [80].
The latter is based on the UCB (Upper Confidence Bound) strategy for stochastic bandits [5]
and is an instance of MCTS (Monte-Carlo Tree Search) [34]. A decision tree whose nodes are the
reached states and arrows are the actions, is built during simulations to maintain at each node
the counts N (s, a) of the visits to the couple (s, a), for each action a € A and for each reachable
system state. The estimation V' of the optimal value function is computed by Monte-Carlo sim-
ulations. The @Q-value is Q(s,a) = {r(s,a) +v- X gcsP (5| s,a)-V(s')}. The UCB-inspired

exploration-exploitation strategy is to select a € argmax,¢ 4 {Q(s, a)+c- lzo\f(ji Ef)) }, where

N(s) = Y 4eaN(s,a) and ¢ > 0 is the relative ratio between exploration to exploitation:
the more ¢ is small, the more actions with high values are selected (exploitation), the more
c > 0 is large, the more the actions are selected with about the same rate, without pay-

ing attention to the estimated values. The term c - ,/lf\f’g ELS)) is meant to force the actions

rarely tried before to be selected (exploration). In the POMCP case, during computations,
the belief state is approximated by an unweighted particule filter By(s) ~ % SE1 5,=s Where
Vi = 1,...,K, S; ~ By, and the nodes of the tree represent possible successive pieces of
information i; = {ag, 01,...,a;-1, 0 }, instead of the system states like in UCT.

The algorithms presented in this section are part of the state of the art POMDP solvers,
and some of them will be used in the next chapters in order to conduct comparisons with our
work. Now, the second main subject of this thesis is presented: Possibility Theory, and the
qualitative possibilistic counterpart of the Partially Observable Markov Decision Processes.

QUALITATIVE POSSIBILISTIC MDPS

This section presents the uncertainty framework studied in this thesis: namely, the model 7-
POMDP. First of all, the Possibility Theory is presented, with a particular emphasis on the
qualitative part of the theory. Qualitative conditioning is then presented, as well as notions of
independence. Finally, the qualitative possibilistic counterpart of the MDPs called Qualitative
Possibilistic MDPs, or m-MDPs are defined, followed by the Qualitative Possibilistic POMDPs,
or m-POMDPs.

Possibility Theory

The “fuzzy sets” introduced by Lotfi Zadeh [153], have been studied by Didier Dubois [39] and
Henri Prade and their contributions have led to the foundation of Possibility Theory [57].

As in Probability Theory, this theory is based on the definition of an uncertainty mea-
sure, called possibility measure. Unlike the probability measure P which is a classical measure
(Definition 1.2.1), the possibility measure, denoted by II, is a fuzzy measure, or capacity. For
simplicity, a fuzzy measure is not supposed to be additive, but just monotone, as highlighted
by Definition 1.2.2. In this thesis, Possibility Theory will only concern finite sets such as S and
O, that is why definitions only concern finite sets.
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Definition 1.2.1 (Measure)

A classical measure M on the finite set § is a function from 2 to Rt such that
e M(0) =0 (null empty set);
e VA, B C Q such that AN B =0, M(AU B) = M(A) + M(B) (additivity).

Definition 1.2.2 (Fuzzy Measure)

A fuzzy measure M on the finite set ) is a function from 29 to Rt such that
o M(0) =0 (null empty set);
e VA, B C Q such that A C B, M(A) < M(B) (monotonicity).

Note that a classical measure is a particular case of fuzzy measure since classical measures are
monotone: if A C B,

M(B) = M ((AN B) U (AN B)) = M(A) + M(A N B) > M(A),

where A is the complementary set of Ain Q d.e. ANA=0,and AUA = Q.
A possibility measure is also a particular case of fuzzy measure:

Definition 1.2.3 (Possibility Measure)

A possibility measure on the finite set ) is a fuzzy measure such that

e II(Q2) =1 (normalization);

e VA, BC Q,II{AUB} =max {II(A),II(B)} (mazitivity).

Probability Theory models the uncertainty due to the variability of events: in practice,
used probabilities are estimated frequencies of events stated as the actual variability model of
events. Another view of this theory is De Finetti’s one [41]: the probability value of an event
is an exchangeable bet, i.e. the value in [0, 1] that a given person is willing to give for the
bet winning 1 if the event is true. However this person takes into account in her/his choice of
value that the bet can be reversed just before verifying if the event is true. Indeed, she/he may
be asked to get the chosen value, and to give 1 if the event is true. As the probability values
depend on a natural person, who wants to guess the actual probability distribution as well as
possible with respect to information she/he knows about the event, they are called subjective
probabilities: that is why the theory based on this definition is called Subjective Probability
Theory.

Possibility Theory is devoted to uncertainty due to a lack of knowledge or imprecision
about an event. Quantitative Possibility Theory can be seen as a special case of imprecise
probabilities i.e. a possibility measure II represents a set of probability measures defined on (2,
denoted by P, and each probability measure P € P is a guess about the actual probabilistic
model. The set P is the set of each probability measure P such that YA C Q, P(A) < II(A).
In this case, possibility measures are thus “inflated” probability measures, in order to model
that frequencies are not well known, as illustrated iin Figure [.7. The possibility measure is
then VA C Q, II(A) = maxpcpn P(A).

If the set of probability distributions consists of all the probability distributions defined
on €, i.e. the probabilistic model is completely unknown, and then VA C Q, TI(A) =
maxpepn P(A) = 1: the ignorant possibility measure is equal to 1 for each set A C 2, as
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Figure 1.7 — Ezample of quantitative possibility distributions (thick blue), and some of the associated
probability distributions (thin) i.e. some of the probability measures encoded by the possibility distribu-
tion. Indeed, a quantitative possibility distribution is a upper bound on possible probability distributions,
defining thus a particular crecal set. Distributions are defined on Q = {a,b,c}.

illustrated in Figure I.7a. On the contrary, if the actual elementary event is known to be w4,
Vw € Q such that w # wa, H({w}) =P({w})=0and I ({wa}) =P({wa}) =1, as illus-
trated in Figure 1.7d. It is worth noting that there exist some sets of probability distributions
which are not represented by any quantitative possibility distribution: for instance, the set of
probability distributions on Q = {wa,wp }, {P| P(wa) = 0.1,P(wp) > 0.1}.

Unlike quantitative ones, Qualitative Possibility Theory uses possibility measures whose
values are defined in any ordered scale. This theory allows us to reason under a lack of quan-
titative information: the only information given by a qualitative possibility measure is the
rank between events i.e. VA, B C (2, the information “event A is less plausible than event B”,
which is written II(A) < II(B). Hence qualitative possibility measures II are often defined as
functions 2% — £, where £ is a finite set called possibility scale and equipped with a total
order. In this work, and more specifically for the following three chapters of this thesis, the
possibility scale is defined as £ = {0, %, ol } to simplify notations.

The structure of Possibility Theory is easily understood using the terminology of fuzzy sets.
A classical set A of elements of © can be defined through a characteristic (or membership)
function

Q — {0,1}
1y: W 1 ifweA
0 otherwise.

In practice, some problems may need to be more flexible about the membership of elements
using membership degrees: a fuzzy set @ is defined by a characteristic function 1g : 2 — £
whose range of values is not only {0,1} but may be in a totally ordered set £L: 1g(w) € L is
the membership degree of w € 1. If 1gq(w) = 0, then w ¢ 4. If 1g(w) = 1, then w € 4. And,
finally, if 1g(w) = A € £\ {0,1}, then w € @ with membership degree A.

Let us define the possibility distribution as m(w) = II({w}): according to Definition 1.2.3,
the possibility measure is entirely defined by the distribution 7. Consider that the set 2 is
the set of states S. Let S be a variable representing a state of the problem, and whose values
are in §. Consider an expert description of the actual value of S, given for instance in natural
langage: “the state is near state s4 € S (in some sense) and is not sp”. This description given
by the expert knowledge leads to a fuzzy set T: 1g(s) is the degree of membership of s € S,
i.e. the degree of how well s respects the description. For instance, in the previous example,
1g(sp) =0, and Lg(s) > Lg(s') if s is “closer” (in some sense) to s4 than s’. In summary,
the function Ig : & — L gives the degree of similarity of a prototype, which corresponds to
the expert description. It is assumed that at least one state s € S is fully consistent with the
prototype: Ig(s) = 1. Consider again the variable S: its actual value is unknown, but the
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Figure 1.8 — Exzample of two possibility distributions over Q = {a,b,c,d,e, f,g,h}: m (solid blue line)
and 7o (dashed green one), with wo more specific than w1 . The necessity measure Ny associated with
71 is assessed on the event {d,e, f} C Q: the necessity degree is equal to 0.4 =1 — 0.6, as illustrated
with solid red arrows. The necessity measure Na associated with mo is assessed on the same event: the
necessity degree is equal to 0.8 =1 — 0.2, as illustrated with dashed orange arrows.

fuzzy set T associated to the expert description leads to the possibility distribution of this
variable: the possibility distribution 7 is defined as the membership function of the fuzzy set
T: Vs € S, m(s) = 1g(s). A possibility distribution of the variable S € S is a characteristic
function of a fuzzy set based on S where the elementary events { S = s} are mutually exclusive:
Vs 75 SB € S, H(S: SA,S: SB) =0.

Now the possibility degree of the event S € {s4,sp}, i.e. of the event “the state is s4 or
sp”is I ({sa,sp}) = max {1g(sa), Ig(sp) } = maxc(,, s} 7(s): this is a maximum, as an
extension of the logical “or” (V), usually defined on {0,1} or { T, L}, and here defined on L.
This is easily generalized for more than two elementary events: YA C S, II(A) = maxea 7(s),
which is also a consequence of Definition 1.2.3. The possibility measure evaluates an event
A C S by the most plausible elementary event in the event A. Hence, the normalization
condition of Definition 1.2.3, becomes maxgcs 7(s) = 1, which looks more like the probabilistic
normalization )5 p(s) = 1. As a conclusion, a possibility degree 7(s) can be seen as a “non-
surprise” degree, since 1 — 7(s) is considered as the “surprise” degree of the event {S = s}:
the more an event is surprising, the more the complementary event is necessary.

Hence, for each possibility measure, a dual measure called necessity can be defined: the
necessity degree of an event increases if the possibility degree of the opposite event decreases.

Definition 1.2.4 (Necessity Measure associated to II)

The necessity measure associated to II is the fuzzy measure N : 22 — [0,1] such that
VA C Q,
N(A) =1 - TI(A),

where A is the complementary event of A in €.

Note that, as N (0) = 1 — II(Q) = 0, and as VA, B subsets of 2 such that A C B, N(A4) =
1—-T(A) <1 —-1(B) = N(B), the necessity is indeed a fuzzy measure.

Note also that if an event A C Q is not entirely possible (II(A) < 1), then this event
is not necessary at all (N(A) = 0). As well, if the necessity degree of the event A C Q is
positive (A (A) > 0), then it is entirely possible II(A) = 1. Indeed, II(AU A) = TI(Q2) = 1 and
M(A U A) = max { TI(A), TI(4) }. Thus max { [I(4), [[(4) } = 1. Then, if [I(A4) < 1, [1(4) = 1

and N(A) = 0. As well, if N(A) > 0, II(A) < 1 and then II(A) = 1.
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1.2.2

Consider now A, B C Q: whereas II{ AU B} = max {II(A),II(B) },
N(ANB) =min{N(A),N(B)}.

Indeed,
NANB) = 1-TI(ANB)
= 1-TI(AUB)
= 11— max{II(4),1(B) }

= min{1-I(4),1-TI(B)}
= min{N(A),N(B)}.

The total ignorance is modeled by a possibility distribution 7 such that Yw € Q, 7(w) =1
i.e. any elementary event is possible. In this case, VA C Q, A # Q, N(A) = 1 —1(4) =
1 — max 5 [I(w) = 0: apart from the universe {2, no event is necessary.

On the contrary, the perfect knowledge that the actual elementary event is wyq € 2 is
modeled by a possibility distribution 7 such that m7(wa) = 1 and m(w) = 0, Vw # wa. The
necessity of the singleton {w4} is also equal to one: N({wa}) = 1 — TI({wa}) = 1. The
elementary event w4 is necessary, and all the other have a null necessity degree: if wp # w4,
NH{wp})=1-T{wp}) =1—7(wa) =0.

These two particular cases give the intuition to formalize the knowledge, or the information,
provided by a possibility distribution. This idea is led by the word specificity:

Definition 1.2.5 (Specificity)

A possibility distribution my is more specific (i.e. more informative) than another possi-
bility distribution my, if Vw € ),

mo(w) < 71 (w).

Both notions of specificity and necessity are illustrated in Figure L.8.

The main concepts of Possibility Theory have been presented. Possibilistic planning models
studied in this thesis are based on conditional possibility distributions and some independence
assumptions, that is why the next section focuses on these notions.

Qualitative Conditioning and Possibilistic Independence

In practice, two kinds of independence between variables can be distinguished. The first one
is the decompositional independence: two variables X € X and Y € ) are said independent
in this sense, if the joint distribution of these two variables can be decomposed into two
marginal distributions (one for each variable) without losing any information provided by the
joint distribution. In the probabilistic framework, variables X and Y are independent in the
decompositional sense, if VE C X, FF C Y,

P(X € E,)Y € F)=P(X € E)-P(Y € F). (1.21)

The second kind of independence is called the causal independence: a variable X is inde-
pendent of a variable Y in the causal sense, if the distribution of X is not modified when
something about Y is learned i.e. there is no causality from Y towards X, or yet, Y does not
influence X. Note that this independence relation is not necessarily symetric: “Y does not
influence X” does not imply that “X does not influence Y ”. In terms of probability measures,
the causal independence of X from Y can be written VE C X, F C ),

P(XcE|Y eF)=PX cE). (1.22)
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In Probability Theory, both equations (I.21) and (I.22) are equivalent, if probabilities are
positive, and then the causal independence is symetric: in this theory, decompositional and
causal independence are equal and called simply independence.

In Possibility Theory, Zadeh [152] introduced the non-interactivity independence, or NI-
independence, a decompositional independence inspired from Fuzzy Logic: as the fuzzy gener-
alization of the “and” (A) operator is the minimum (min), if events A and B do not interact
together, the degree of truth of AN B (i.e. of the event “A and B occur”), or its possibility de-
gree, is [I(ANB) = min {II(A),II(B) }. The analogy is also possible with the framework of fuzzy
sets, as the fuzzy “intersection” (N) is represented by the minimum between the membership
functions. This leads to the definition of the NI-independence for variables (X,Y) € X x Y,
replacing the event A (resp. B) by {X € E} C Q with E C X (resp. {Y € F} C Q with
FCY):

Definition 1.2.6 (Non Interactivity Independence)

Two events A, B C ) are Nl-independent if
II(ANB)=min{II(A),II(B)}.
Then, two variables X € X and Y € Y are Nl-independent ifVE C X, F C ),
(X € B,Y € F) = min {TI(X € E),[(Y € F)}.

Finally, in terms of possibility distributions, it simply asserts that the joint one is equal to
the minimum between the marginal ones: Vx € X, y € ),

m(z,y) = min {7 (z),7(y) },

where (z) = II{X =2}), n(y) = I{Y =y}), and the joint possibility distribution
na,y) s T({X =2} N {Y = y}).

Note that, as IT is a fuzzy measure, IT is monotone, and then VA, B C , II(ANB) < II(A) and
II(ANB) < II(B): thus, the inequality II(AN B) < min {II(A),II(B) } is always true, with an
equality when events are NI-independent. Figure 1.9 illustrates a joint possibility distribution
7 (x,y) over X x ) whose corresponding variables are not NI-independent, whereas Figure
[.10 represents a similar distribution whose variables are NI-independent. Note that, if a joint
distribution 7 (x,y) is given, 7(x) can be computed from it by marginalization using the max
operator over ):

m(z) =T({X =x})
=1 Uyey (X =2} {Y =y})
= yea;;(l_[({X :x}ﬂ{Y:y}>
= max7(x,y).

yey
The NI-independence leads to a first qualitative possibilistic conditioning, introduced by
Hisdal [74]. Indeed, the conditional possibility degree of an event A C 2 given an event B C €,
namely II(A|B), can be obtained from II(B) and II(A N B), as a solution of the following
equation:

[(AN B) = min {II(A|B),II(B)}. (1.23)

Intuitively, once conditioned on event B, event A (or rather “A|B”) does not interact with the
event B anymore. Moreover Equation 1.23 is close to the probabilistic equation P(ANB) =
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Figure 1.9 — Ezample of a joint distribution over X x Y = {zxa,xp,xc} X {ya,yB,yc } without any
independence.
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Figure 1.10 — Ezample of a joint distribution over X x Y ={xa,zp,2c } X {ya,yB,yc } when X and
Y are NI-independent (no M-independence).
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P(A|B) - P(B) which comes from the definition of the probabilistic conditioning. Possibility
Theory looks very similar to Probability Theory observing that the addition (4) in Probability
Theory becomes a maximum (max) in Possibility Theory, and the multiplication (x) becomes a
minimum (min). However, Quantitative Possibility Theory keeps the multiplication operator
(x) for conditioning and computing joint possibility measures: in this theory, the classical
conditioning is then equivalent to the Dempster rule of conditioning [46], an evidentialist
(BFT, see Introduction) extension of the well-known Bayes rule.

The classical qualitative possibilistic conditioning [58], counterpart of Bayes rule, is the
least specific solution of Equation 1.23:

Definition 1.2.7 (Qualitative Possibilistic Conditioning)
VA, B C Q, such that II(B) > 0,

1 if I(B) = TI(AN B),

(Al B) = { II(AN B) otherwise. (1.24)

The conditional possibility distributions of the variable X € X knowing variable Y € ) is
thus, Vo € X, Yy € Y such that 7(y) > 0,

- 1 if m(y) = m(x,y),
m(ely) = { 7(z,y) otherwise. (1.25)

where m(z| y)=II1(X =z| Y =vy).

The meaning of the conditioning (I.24) can be explained as follows: when the event A
contains the elementary event which has the higest possibility degree in B, i.e. if II(B) =
II(AN B), then II(A| B) = 1. Indeed, as conditioning on B assumes that the new set of
possible elementary events (universe) is B, A has the maximal possibility degree among the new
universe B: the possibility measure conditioned on B is normalized, setting to 1 the possibility
degree of most plausible events in B. As qualitative possibility distributions only define a
ranking between the events, the possibility degree of events A such that II(A N B) < II(B)
(second case of Equation 1.24) are simply set to II(AN B). As min{II(A| B),II(B)} =
II(A| B), Equation 1.24 is true thanks to this choice.

Defining the qualitative possibilistic conditioning as previously (I1.2.7), the non-interactivity
independence (Definition 1.2.6) between variables X and Y corresponds to the fact that Va,y €
X x Y either the knowledge that the variable X is equal to x does not decrease the possibility
degree of Y = y, or the knowledge that the variable Y is equal to y does not decrease the
possibility degree of X = .
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Figure 1.11 — Ezample of a joint distribution over X x Y = {za,xp,2c} X {ya,yn,yc } when X is
M-independent from Y .

Theorem 10

V(z,y) € X x Y, w(z,y)=min{r(z) 7(y)}

(non interactivity independence)

I

V(z,y) e X xY, m(z)<m(z|y) orm(y)<m(y|z)

(either the knowledge of Y does not bring any knowledge about X, or the knowledge of
X doesn’t bring any knowledge about Y'.)

The proof is given in Annex A.15.

Another independence called the Min-based independence, or M-independence, comes from
the conditioning (1.2.7):

Definition 1.2.8 (Min-based “Causal” Independence)
The event A C 2 is M-independent from the event B C ) if

(A| B) =II(A).

As well, the variable X is M-independent from the variable Y if their distributions are such
that

m(x]y)=m(z).

Note that, using Theorem 10, it follows that the M-independence implies the NI-
independence: it can be also observed replacing II(A| B) by II(A) in the equation 1.23,
as both possibility degrees are equal.

This independence is causal, and not symetric. Figure .11 displays an example of a joint
distribution m(x,y) such that 7 (x| y) = m(x). However 7 (y| x) # 7(y): indeed, if X = x4,
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Y is fully unknown, i.e. 7 (y| z4) = (1 1 1), it X =xp, 7(y| zp) = (0.6 0.4 1), and
the same for X = z¢. This illustrates the fact that the M-independence is not symetric.

The symetrized version of the M-independence is the Symetric Min-Based Independence
or MS-independence:
Definition 1.2.9 (Symetric Min-Based Independence)

Variables X and Y are said to be MS-independent if X is M-independent from Y and Y
is M-independent from X.

However, this symetric independence is too restrictive: one of the variable has to be entirely
unknown, as highlighted by the following theorem.

Theorem 11
If X and Y are MS-independent, thenVx € X, II(X =z)=1orVye Y, II(Y =y) = 1.

The proof is given in Annex A.16.

Finally, we present a second qualitative possibilistic conditioning, proposed in [40], based
on the previous one (Definition 1.2.7): this one ensures that the posterior distribution is not
less specific than the prior.

Definition 1.2.10 (Alternative Qualitative Possibilistic Conditioning)

This alternative conditioning is denoted by 7(x||y) and is a modified version of the classical
one (Definition 1.2.7): V(x,y) € X x Y,

B m(x) ifm (2| y) = n(2), Ve € X,
m(zlly) = { (x| y) otherwise.

A more general presentation of the various possibilistic conditionings and independences
and their consequences on possibilistic graphical models is available in the thesis of N.Ben
Amor [10].

We just introduced that the operators min and max will be present in most of equations
below as the studied models are purely qualitative. Some properties about these operators,
which are used in the following sections, end this one.
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Property 1.2.1
Consider the functions f : Q) — L and X\ € L:

max {1~ f(w)}=1-min f(w),

min {1 - f(w)} =1 - max f(w),
migmin { £(), A} = min { min (), A},
i mase { (), 1) = ma { min £(). 1},
rgggmin{f(w),)\} = min {glggz(f(w),)\}

and argmax f(w) C argmax,ecqmin{ f(w), A},
weN

Iggg}){max{f(w),)\} = max {Iggg}z{f(w),/\} ,

and argmax f(w) C argmax,ecomax { f(w),A}.
we

Let us introduce now g : 2 — L and suppose that Jw* € Q such that g(w*) =

we

As well, if we introduce h : 2 — L and suppose that Jw* € Q such that h(w*)

max min { max{)\,f(w)},h(w)} = max max {/\,min{f(w),h(w)}}.

we

The proof is given in Annex A.17.
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Figure 1.12 — Illustration of the result of the Sugeno Integral: the x-axis represents the set =
{wi,...,wga}, where Vi € {1,...,#Q -1}, f(w;) < f(wig1). The y-azis is L. The red line repre-

sents the degrees f(w;), the dashed blue one represents the degrees u(A;) with A; = {w;, .
the black dotted one is the result of the Sugeno Integral.

..,w#Q}, and
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Qualitative Criteria

As detailed in the first section of this chapter, the criterion used to quantify the quality of a
strategy for a given (PO)MDP is the expectation of the reward, i.e. the integral of the reward
function with respect to the probability measure. The concept of Integral has been extended
to the framework of fuzzy measures. When the measure is quantitative, the extension is called
the Choquet Integral [35]. In the case of a qualitative measure, the resulting objet is the Sugeno
Integral [139]. As the planning framework that will be studied is qualitative, we define here
the Sugeno Integral:

Definition 1.2.11 (Sugeno Integral)

The Sugeno Integral of a function f : Q — L with respect to the capacity (fuzzy measure)
2% = Lis

Sy [ f] = dlaxmin { f(wi), 1(A) } (1.36)
#0Q
= minmax { f(w;), p(Ait1) } (1.37)

where f(w1) < ... < f(waa), A = {wi,Wit1, ..., weo} and Ao = 0.

The proof of the equality is given in Annex A.18.

As illustrated in Figure 1.12, the Sugeno integral of f : 2 — £ with respect to the fuzzy
measure g is the highest degree A € £ such that the measure p of {w]| f(w) > A} is higher or
equal to A\. As an example, the h-index (or Hirsh index) is the Sugeno integral of the function
paper — #citations with respect to the counting measure.

The Sugeno integral with respect to a possibility measure, and the one with respect to a
necessity measure, lead to two criteria presented below. Before that, the following theorem
rewrites both integral in a more simple way.

Theorem 12 (Sugeno Integrals with respect to Possibility and Necessity measures)

Snlf] = s min { f (i), m(wi) } (1.38)
#Q
Sn[f] :rin:i{lmax{f(wi),l —m(w;) }. (1.39)

are rewritings of the Sugeno integrals with respect to possibility and necessity measures.

The proof is given in Annex A.19.

These integrals can be seen as the possibilistic expectations of the variable f : Q — L. Let
us introduce the variable S : Q@ — S whose possibility distribution is w(s) = II({S=s}) =
N{w € Q] S(w) =s}) = max{,eq| 5(w)=s} T(w). We can note for instance that the Sugeno
Integral of the (classical) characteristic function of the event {S € A} with A C S, namely
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)1 ifSwed | . )
Tiseay(w) = { 0 otherwise 5 equal to the possibility degree of this event:

Sit [Lsea) | = maxmin { 15e0) (), m(w) |

€
= ey (109 7))
= max min {1 4(s),n(s)} (1.40)
s€
e w(s) ifseA
- seS 0 otherwise
= max m(s) =1II(S € A). (L.41)

where line (1.40) comes from equation (1.30) of Property (I.2.1). In the same way,

Sv [ Lseny | = migmax {1a(s), 1= 7(s) }

:Isréig{l—min{l—]lA(s),W(s)}} (1.42)
=1- max min { 14(s), 7 (s) } (1.43)

=1-maxn(s) =1-T({Sed})=N({SecA}).

SEA

where lines (1.42) and (I1.43) come from equations (I1.26) and (I1.27) of Property (I.2.1). These
remarks are the counterparts of the probabilistic equality E {]l{ Sc A}] =P({SecA}).

Qualitative Possibilistic Decision Criteria, i.e. functions .4 — £ measuring the accuracy of
actions given a possibilistic and a preference model, have been proposed in [125, 62, 59], based
on Sugeno integrals (1.38) and (I1.39). Let us recall that the set S (resp. A) is as previously
the finite set of system states s (resp. of actions a). The variable representing the system
state is S € S. Let (m,),., be a family of possibility distributions over S, i.e. Va € A,
ma(s) = IIo({S = s}) is the possibility degree of the situation {S = s} C Q after selecting
action a € A. Let function p : S — L be the preference function, defining the preference degree
of each system state s € S.

Definition 1.2.12 (Qualitative Decision Criteria)

Let m, be the possibility distribution describing the uncertainty about the system state
given that action a € A has been selected, and p(s) the preference of the system state
s € §. Using formula (1.38) with f = p(S), the Sugeno integral of the preference with
respect to the possibility measure Il, leads to an optimistic criteria for a € A:

S, [p(9)] = mamin { p(s), 7a(s) } (1.44)

As well, using formula (1.39) with f = p(S), the Sugeno integral of the preference with
respect to the necessity measure associated to I1,, N, leads to a cautious criteria for a € A:

S, ()] = minmax { p(s), 1 = 7a(s) }. (1.45)

These criteria can be understood best with the fuzzy sets vision: a possibility distribution
e © 8§ — L is the characteristic (or membership) function of the fuzzy set of the possible
system states after selecting a € A, denoted by T* i.e. 7(s) = Lga(s). The preference function
p: S — L can also be viewed as the characteristic function of the fuzzy set denoted by R
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Figure 1.13 — Illustration of the qualitative criteria. The solid red line is p(s) = 1y (s). The dashed
blue line may represent m,(s) = lqa(s), and the black circles represent the characteristic function of
the intersection lga g (s) = min{p(s),ma(s)}. Actions mazimizing the optimistic criterion (I1.44),
mazimizes the highest membership degree maxses lqa 3 (8), which is here equal to 0.6, the degree of
sp. The dashed blue line may also represent 1 — mo(s) = ]lﬁ(s), and the black squares represent

the characteristic function of the union ]l@d&(s) = max {p(s),1 —m.(s) }. Actions mazimizing the
pessimistic criterion (1.45), mazimizes the lowest membership degree minges ﬂ@uiﬁ(s)’ which is here
equal to 0, as s4 and sy are totally possible and unpleasant.

representing the preferred system states: p(s) = 1g(s). Finally, the characteristic function of
the fuzzy set of plausible and preferred states after selecting action a € A, i.e. T N R, is
lgerg = min{lge, 1y } = min{m,, p}.

An action a € A maximizing the optimistic criterion (I.44), is thus an action that maximizes
the highest membership degree of T¢ N R, i.e. of the fuzzy set of possible and preferred states.
This criterion is optimistic because it maximizes the degree of the best situation, but does not
ensure that unwanted states are avoided by the system.

The characteristic function of the complementary set of T, denoted by T? is ]1@ =
1 —1gae =1 —my: the fuzzy set of implausible system states. An action a € A maximizing the
pessimistic criterion (I1.45), is thus an action that maximizes the lowest membership degree of
TLUR, i.e. of the fuzzy set of the system states which are implausible or preferred. An action
that maximizes the lowest degree of this fuzzy set, tries to make all the system states either
implausible or preferred, i.e. to ensure that if any system state is plausible it is preferred: it
maximizes the “degree” of the inclusion T C R.

Note that, for a function f: A — £, maxgeq f(a) =1 —mingea f(a), which can be shown
as equation (1.27) of Property 1.2.1. Thus,

argmax { minmax { p(s), 1 — ma(s) } } = argmin { 1 — min max { p(s),1 — ma(s) } } .
acA s€S acA s€S

As 1 — gréigmax{p(s), 1—ma(s)} = max {1 — max {p(s),1 — ma(s)} } = Hsleaéxmin{l -
p(s),ma(s)} (see equations (1.26) and (I1.27) of Property 1.2.1), the action a € A minimizes
the highest membership degree of the fuzzy set T* N XK, i.e. the fuzzy set of plausible and
unwanted system states: the pessimistic criterion tries to keep down all membership degrees
of this set.

The pessimistic criterion (I1.45) tends to avoid unwanted system states, whereas the opti-
mistic criterion (I.44) wants to make it possible that the system reaches preferred ones. Figure
(I.13) illustrates the result of the criteria for a given action a € A.
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1.2.4
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Figure 1.14 — Illustration of the example of Section 1.2.3 about qualitative criteria. Action a; maximizes
the optimistic criterion (I1.44), which can lead to the best state (sa), but also the worst (sc). On the
contrary, action as mazimizes the pessimistic criterion (1.45) since the worst state is not reachable with
this action.

The following toy example, illustrated in Figure .14 is meant to present the two criteria
in practice: let the set of system states S be {sa, s, sc } and the set of actions A = {ay, a2 }.
The preference model and the uncertainty model are described respectively by p and (74 )¢ 4:

o 1=p(sa) > p(sB) > p(sc) =0;
e selecting action a1, T4, (54) = 7, (s¢) = 1, and 7(sp) = 0;

e selecting action ag, 74, (s4) = m(s¢) = 0, and 7(sg) = 1, i.e. the system is in state sp
deterministically.
. 1 if s =s4,
Asmin{p(s),mq,(s)} = 0 otherwise. the optimistic criterion is equal to S, [r(S)] = 1
(sp) if s=sp,

. , the optimistic criterion is equal
otherwise. P q

for a;. Now, as min { p(s), ma,(s) } = { g

to St,, [7(S)] = p(sp) for az. Thus, as p(sp) < 1, a; maximizes the optimistic criterion (I.44).
The optimistic criterion is maximized by action aj, because with this action, the best
system state, s4, is entirely possible. However, this action makes also the worst system state,
sc¢ entirely possible: state s4 is not necessary at all: N({sa}) = 1 -7 ({sB,sc}) = 1—
max (7m(sp),m(sc)) = 0. A more cautious action is ag, whose preference of the reached state
(sp) is lower than 1, but certain.
As expected, the action ag maximizes the cautious criterion (1.45): max { p(s),1 — mq, (s) } =

1 ifs=
1 5= 34 9T 5B, 4nd then the cautious criterion is equal to 0 for a;. It is greater with
0 otherwise.

1 if s =354 or s¢,

p(sp)  otherwise and thus the criterion is equal to
B .

az: max { p(s). my(3)} = {

p(sg) > 0 for ay. This choice is more cautious since Ny, ({sp}) =1 —1I({sa,sc}) =1, i.e.
the preference of the state will be p(sp) with certainty.

This section ends with a remark about this qualitative framework: possibility degrees are
compared to preference degrees in the presented criteria. This requires a commensurability
assumption, 7.e. these comparisons must mean something. When values of p are in {0, 1}, this
assumption is not necessary as system states with a preference of 1 are the goals, and other
states are not. How to model problems in practice with these settings will be detailed in the
experimental parts.

m-MDPs

This model, presented in [123, 122, 121], is a qualitative possibilistic version of the probabilistic
MDPs detailed in Section 1.1.2, based on the criteria (optimistic and pessimistic) presented
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in Section 1.2.3: this version is called Qualitative Possibilistic Markov Decision Process, or
m-MDP.

The finite set of system states, describing the agent and its environment, remains denoted
by S, as seen in Section 1.1.2 where probabilistic MDPs are presented. The finite set of action
is always A and L is the possibility scale {O, %, | }, with k > 2.

As in the probabilistic case, this model considers that successive system states, represented
by the sequence of variables (St)ieny with Sy € S Vt > 0, is Markovian. In this qualitative possi-
bilistic framework, it means that the sequence (S):en is such that V¢ > 0,V(so, $1,. .., St+1) €
S*?2 and for each action sequence of action (as)¢=0 € AY, Syy1 is M-independent (see Defini-
tion 1.2.8) from variables { Sy, ..., S;—1}, conditioned on {S; = s} and a:

H( St41 = St41 ‘ Se=sp,a ) = H( St+1 = St41 ‘ St = 5,511 =8t-1,..-,50 = 50, (at) =0 )

(1.46)
Using this property, dynamics of the system are fully described with possibilistic transitions
m(s'| s,a) = H( Siy1 =8 ’ St = s,a ) €EL:Vt>0, (s,8) €S?and a € A, 7 (8] s,0a)
is the possibility degree, that at time step ¢, the system reaches the state s’ when the agent
selects action a, conditioned to the fact that the current state is s. Finally a 7-MDP is entirely
defined with the sequence of preference functions (pt)fi_ol, where Vs € S, Va € A, p(s,a) is the
preference degree when the system state is s and the agent selects action a at time step t. The
final preference function, ¥, gives for each system state s € S, the preference degree if Sy = s:
U(s). With the previous notations for the preference functions, ¥(s) = pg(s,a), Vs € S, a € A.
Figure 1.2 in the MDP section (Section 1.1.2) is a good representation of a m-MDP, replacing
rewards by preferences, and probability distributions by possibility distributions.

In order to easily derive the MDP criteria from the qualitative possibilistic criteria (1.44)
and (1.45), let us introduce, for an horizon H > 0, a H -length trajectory T = (s1,...,5H), and
Tu = SH the set of such trajectories. A decision rule is denoted by § : S — £, and a H-length
strategy is a sequence of decision rules J;: ((50,{161. The set of all the H-length strategies is
denoted by Ag. In [120], for a given H-length strategy (0) € Ay, a given sequence of system
states 7 = (s1,...,s1) € Th, and a given initial state sg € S, the preference of an H-length
trajectory from sg is defined as the lowest preference degree along sy and the trajectory:

H-1

p('T, (5)) = min {rtn:iélp(st, 5t<8t)>,\IJ(SH) } )

This is the possibilistic counterpart of the sum Y27 ' r (St, dt(St)> + R(Sq), reward aggre-
gation of the probabilistic framework. Note that any preference aggregation of the qualitative
possibilistic framework has to result in a degree A € L.

Using the Markov property of this system state process, for a given initial system state
so € S, a horizon H € N, and a strategy (5t)1{i617 the possibility degree of the trajectory
T = (s1,-..,8m) is

B H—1
I (SH =S, SH-1 = Sh—1,...,51 = 81‘50 = 50, (51:);101) = Iglzi(glﬂtﬂ (St+1’8t75t(8t)) (L47)

denoted by (T’so, (5)) )

The Sugeno integral of the preference of the trajectory with respect to this distribution is
denoted by

Sn [P(Ta (5)) ’ So = so, (5)] = Sn [min{gﬁép(stﬁt(st))a‘y(slf)} ‘ So = so, (5)}
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and defines the optimistic criterion defining optimal strategies, i.e. an optimistic value function:

7o H-1\ _ .
Un (30, (0);—0 ) = max mm{p(T, (5)) , 77(7"30, (5)) } . (1.48)
It is equivalent to the optimistic qualitative possibilistic criterion (I1.44), however, the expecta-
tion is over trajectories Ty, and the preference depends on the strategy. The optimal optimistic
strategy 6* is the strategy maximizing the optimistic value function (1.48), and the optimal
optimistic value function is the maximal optimistic value function among strategies (0) € Apy:

Definition 1.2.13 (Optimal Optimistic Value Function and Strategy)
Vs € S,

Uf(s) = ((Sr)neach {E(s, (6)) } (optimal optimistic value function), (1.49)
0*(s) € argmax {U7H<s, (5)) } (optimal optimistic strategy). (1.50)
(0)eAn

As well, the pessimistic qualitative possibilistic criterion (1.45) leads to a cautious criterion
for strategies: the pessimistic value function is the Sugeno integral of the preference trajec-
tory with respect to the necessity measure which comes from the possibility distribution over
trajectories Ty (1.47) with the strategy () € Ag:

H-1\ _ _ . _
Un (s0, (0)115") = min max { p(T,(6)),1 = 7(T]|s0,(8)) }- (L51)
denoted by Sy [p(T, (5)) ‘ Sy =s, (5)} As previously for the optimistic case, the optimal
cautious strategy 0* is the strategy maximizing the pessimistic value function (I1.51), and the
optimal pessimistic value function is the maximal pessimistic value function among strategies

(5) € Ay

Definition 1.2.14 (Optimal Pessimistic Value Function and Strategy)
Vs e S,

Ug(s) = (zgleEX{H {@(s, (5)) } (optimal pessimistic value function), (1.52)
9*(s) € argmax { Uy (s, (5)) } (optimal pessimistic strategy). (1.53)
()eAy -

As for the probabilistic MDPs (see Section 1.1.3 Theorem 1), optimal value functions and
strategies can be computed with Dynamic Programming;:

Theorem 13 (Dynamic Programming for w-MDPs)

The optimal optimistic criterion and an associated optimal strategy can be computed as
follows: Vs € S,

g(s) =¥(s), and, V1 <i < H,

Ui(s) = glgi(min {pH—i(Sv a),rgggmin{ﬂH_i (8] s,a), U4 (s) } } : (L54)
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E )Earggaxmm{pH i(s,a), mé%(mln{wH i (8] s,a), Uz*l(sl)}}. (1.55)

As well, the optimal pessimistic criterion and an associated optimal strategy can be com-
puted as follows: Vs € S,

Ug(s) =V(s), and, V1 < i< H,
* /
U(s)—gleajcmm{pj{ i(s,a), melgmax{l—ﬂ'H i (8] s,a), Uil(s)}}. (1.56)

0r_i(s) € argmaxmln{pg i(s,a), mlnmax{lfﬂ'H i (8] s,a), Uz‘*—1(5,)}}- (I.57)
acA =

The proof is given in Annex A.20.

In this theorem, the horizon ¢ is the opposite modulo H of the stage of the process t:

during execution, §; = di_; is used at time step t, 7.e. when it remains i steps. These Dynamic
Programming formulae lead to the optimistic algorithm, Algorithm 4 and the pessimistic
one Algorithm 5, the qualitative possibilistic counterpart of Algorithm 1 for finite horizon
probabilistic MDPs.

Algorithm 4: Dynamic Programming Algorithm for Optimistic 7-MDP

1
2
3

'y

S}

6

U76‘<—‘11;
foriec{l,...,H} do
for s € S do
U (s )(—meaj{mln{p]{ i(s,a), mgg{mln{wH i (8] s,a) }
P )eargmaxmm{pH i(s,a), maxmm{ﬂH i (8] s,a), U7 (s )}}
acA =

return Uy, 0*;

Algorithm 5: Dynamic Programming Algorithm for Pessimistic 7-MDP

1

2
3

'y

[}

6

Ui+
forie{1,...,H} do
for s € S do
Ui (s) « meajcmin{pH_i(s,a),qleigmax {1 —7—i (5] s,a), 1;*71(3/)} :
Ofi—i(s )Eargmaxmm{pH i(s,a), mmmax{l—mq i (8] s,a), UZ*_l(s’)}};
acA = -

return U}, §*;

Note that a broader class of MDP models, including both probabilistic and qualitative

possibilistic MDPs presented above, is called Algebraic MDPs [106].

The next section is devoted to the presentation of the qualitative possibilistic counterpart

of the POMDPs denoted by m-POMDPs: the m-POMDP model is the partially observable
version of the 7-MDP one. This model has been presented first in [121] in pessimistic settings.
The algorithm to solve it has been also presented in case no intermediate preference degree
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1.2.5

is involved i.e. in case where preference functions p; are not used: in these settings only
the terminal preference function ¥ models the goal of the mission: an optimistic strategy
maximizes the plausibility of strategies which end with a good preference, and a cautious
strategy minimizes the plausibility of strategies ending in unwanted states. As the preference
of a system state trajectory T = (s1,...,spg) is simply p(T) = ¥(sp), while the preference of a
m-MDP trajectory is {mint}if)l p(se,ar),V(sm) }, it it sufficient to consider a classical T-MDP
such that pi(s,a) =1, Vs € S, Va € A and Vt € {0,...,H —1}. The 7=-MDP criteria are
simplified as follows:

Definition 1.2.15 (Criteria for w-MDP with Terminal Preference Only)

The optimistic (resp. pessimistic) criterion is the Sugeno integral of the last state preference
U(Sy) with respect to the possibility measure (resp. necessity measure) associated to the
possibility distribution

H-1

I (SH = sm | So = so, (&t)iﬁl) T S Igfl:iglﬂ(stﬂ‘st, 5t(8t))

denoted by W(SH‘S(), (5)): these integrals may be denoted by Sty [\I/(SH> ’ So = so, (5)}
(resp. Sy [\IJ(SH) ‘ So = s0, (6)})

Optimistic criterion:

E(so, (&)iﬁl) = max min { U(sp), W(SH‘S(], ((5)) } . (L.58)

sgES

Pessimistic criterion:

@(so, (5t)fi61) = min max { U(spg),1— W(SH‘S(), (5)) } . (1.59)

sgES

In this case the 7-MDP focuses on the preference over terminal states, whatever the inter-
mediate ones.

m-POMDPs

The qualitative possibilistic POMDP (7-POMDP) model has been first presented in [121].
As explained in Section 1.1.6 which presents the classical probabilistic POMDP model, in
partially observable settings the system state is not given anymore as input to the agent: the
agent has to infer it using the observations o € O received at each time step, represented by the
observation process (Oy)ien. The uncertainty about successive observation variables O; only
depends on the current action and the reached state: if the agent selected action a € A at time
step t, and the system has reached state s’ € S at time step ¢ + 1, the observation o’ € O is
received with possibility degree 7 (0’| s',a) = (041 = 0’| Si41 = ¢, a): conditional to the
next system state s’ and the current action a, the next observation variable is M-independent
(see Definition 1.2.9) from all other variables. Figure 1.3 of Section 1.1.6 illustrates just as well
the dynamic and the structure of a m-POMDP: however, the rewards » and R have to be
replaced by preferences p and ¥, and transition (resp. observation) probability distributions
p have to be replaced by the possibility distribution ¢ (s'| s,a) (resp. m (0’| §',a)).

As with the probabilistic model, the computation of strategies is performed by translating
of the m-POMDP into a fully observable 7-MDP. The state space of the later is the set of
possible qualitative possibilistic belief states f : & — L describing the knowledge about the
actual system state, i.e. the set of all the possibility distributions over S. This set is denoted
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by I = {7 : S — L | maxses 7(s) = 1}. Note first that the number of possible possibilistic
beliefs about the actual system state is

(HL)7S — (#L—1)75. (1.60)

Indeed, there are #L£#¢ different functions from S to £, and (#£ — 1 )#S non-normalized ones
i.e. functions f : & — L such that maxses f(s) < 1. The number of possibility distributions
over § is the number of normalized functions from S to £, that is the total number of functions
minus the number of non-normalized ones.

First of all, let us formally defined a m-POMDP as the 7-uple < S, A, O, T™, 0™, ¥, 5y >:
e S, a finite set of hidden system states;

e A a finite set of actions;

e O a finite set of observations;

e T the set of transition possibility distributions containing for each time step ¢t € N, each
current system state s € S and each current action a € A, the possibility distributions
over the next system state s’ € S, m (s'] s,a);

e O7 the set of observation possibility distributions: for each time step ¢ € N, each current
action a € A, each next state s’, the possibility distribution over the next observation
o €O, m(d]| ¢, a) is part of OT.

e U the preference function, defining for each state s € S, the preference assigned to the
situations where the system terminates in state s.

e [y, the possibilistic initial belief state, is the possibility distribution defining the uncer-
tainty about the initial state: Vs € S, fo(s) = II(Sp = s).

At each time step the current qualitative possibilistic belief state is computed from these
objects: the possibilistic counterpart of the probabilistic belief defined in Definition 1.1.3 of
Section 1.1.6. The initial belief state §y € Hf is part of the definition of a m-POMDP. At a
time step ¢ > 1, the belief state is the possibility distribution over the current system state,
conditional to all the data available to the agent.

Definition 1.2.16 (Qualitative Possibilistic Belief state)

Bt(S)IH(St:8| 01:01,...,015:Ot,ao,...,at_l):H(St:8| It:’it) (1.61)

where iy = {o01,...,04,a0,...,a;—1} is the information available to the agent at time ¢ (
io ={} =10 ), and I; the variable version (as in the probabilistic POMDP presentation).

The possibilistic belief updating process consists in the sequence of belief states, which can
be computed recursively:

Theorem 14 (Qualitative Possibilistic Belief Update)

If the belief state at time step t is 3;, the selected action is a; € A, and the next observation
is opy1, the next belief state By11 is computed as follows:

no_ 1 if (8", 0001 ] Bryar) = (0441 | Br,ae),
Bria(s) = { 7 (8 0041 | Be,ar) otherwise. (1.62)

where the joint distribution over system state variable Si;+1 and observation vari-
able Ou41 conditional on the current information, is denoted by m (s',0"| fBr,ar) =
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min {m ('] §,at), maxscs min {7rt ('] s,a) ,/Bt(s)}}. The notation 7w (0’| B¢, ay) is also

used for maxges e (8,0 | Be,ar).
This formula is called the possibilistic belief update, and since the belief state By41
is shown to be a function of B, a; and o.41, we denote it by

ﬁtJrl = V(Bta ag, Ot+1)7

with v called the belief update function.

The proof is given in Annex A.21.
The possibilistic belief update (I1.62) is denoted by

ﬁt+1(8l) o< Ty (S,, Ot+1 | Bt, at)

as it only consists in normalizing the function s’ — 7 (', 0441 | B¢, ar) in a possibilistic sense
(maxs7(s) =1).

We denote by B the belief state when considered as a variable, i.e. Bf is deterministic
equal to By (but Sp is uncertain with possibility distribution fy) and Bf,; = v(B[,as, Ot41)
where Oy, 1 is the observation variable at time step ¢ + 1.

To make things clear, the 7-POMDP model is defined here only with a terminal preference
function ¥, and no intermediate ones p;. The next chapter will address formally the model
with intermediate preference degree: the pessimistic one presented in [121] and an optimistic
one. The criteria, or optimistic and pessimistic value functions of the 7-POMDP model with
terminal preference only, are thus similar to criteria (I1.58) and (I1.59). Note that the optimistic
criterion has not been presented yet to the best of our knowledge, and is proposed now in
parallel with the pessimistic one [121].

Definition 1.2.17 (w-POMDP Criteria with Terminal Preference Only)

This is the same criteria as in the fully observable case (terminal preference case, Definition
1.2.15): however, these criteria depends here on the initial belief state.

The optimistic m1-POMDP criterion, or optimistic value function, is the Sugeno
integral of the terminal preference with respect to the possibility measure of the system
process for a given strategy ((575)1{1_01: the strategy which is looked for is a sequence of
function of the available information iy, i.e. (§) = (6;)F 5" with 6; : iy — 6(iy) € A.

E(ﬁo, (5)i61) = max min { U(sm), W(SH‘BQ, ((5)) } . (1.63)

sSHES

As well, the m-POMDP pessimistic value function is the Sugeno integral of the
terminal preference with respect to the necessity measure of the system process given such
a strategy:

@(ﬁo, (5)2{{:61) = min max { U(sp),1— w(sH‘Bo, (6)) } . (1.64)

SHES

where
W(SH‘ﬁQ, (5)) = H(SH = SH‘(5)>

. [HAL )
= max mln{rgl:lglﬂt (8t+1‘8t,5(1t)),50(80)}

(s0,..,sH—1)€SH

is the possibility distribution over the last system state given the strategy. Thus the

optimistic criterion may be denoted by Sy [\I/(SH)’BO,((S)} and the pessimistic one
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Sn [\II(S’ H)’ Bo, (6)}, as they are optimistic and pessimistic Sugeno integrals based on the

distribution 7 (sH ‘Bo, (6)) .

As in the probabilistic framework, Section 1.1.8, these criteria can be rewritten based
on a belief-dependent preference. Consider as previously, a strategy ((575)?:_01 based on the
current information ig = (), i1 = {ag, 01}, i2 = {ap,01,a1,02}, ete: for each time step t > 0,
O¢ iy — 6(iy) € A. Recall that v is the belief update function defined in Theorem 14.

A t
We denote by O; = (Oz) the successive observations until time step ¢ seen as variables,

and I, the associated information. The belief state at time step t + 1, seen as a variable,
can be written Bf; = v°+9+1(BT), V¢ > 0, with (6:)5! such a strategy, and the notation

V(St,Ot-‘,—l : ﬁ — y(ﬁ, 5t(It)7 Ot—l—l) Thus,

By = (ot 0 ) (57).

where O is the function composition operator. Then, knowing that OH = oy Wlth oy =
{o1,...,0ou} € OF a sequence of observations, BY is known: it is denoted by 6 . and is

called the belief state generated by the observation sequence oz and the strategy (5,5)H L

Theorem 15 (m-POMDP Criteria Rewritings — Terminal Preference Case)

Let o5 = {o01,...,0m } a sequence of observations, and (§) = (§)F," be a strategy such
that 6411 is a function of the information i;11 = {6¢(it), 0441 }. The possibility distribution
over the possible sequences of observations is denoted by

7(68(8), o) =11 (On =5 | (5),60)

= max min {ﬂ't <0t+1‘st+1,5t(it)),7rt (St.’.l‘St,6t(’1:t)>,/80(50)}.

(50,5 )ESHFL
The optimistic 7-POMDRP criterion is equal to the Sugeno integral of the belief-based
optimistic preference V(B7;) = maxses min{ ¥(s), Bf;(s) } with respect to the possibility
measure over the observation sequences. That is, denoting by 55 o the belief state gener-

ated by the observation sequence oy and the strategy (515),5:0 , the optimistic criterion
can be rewritten as

U7H<ﬂo, (5)£61) = H%ix min {@(ﬁg’f}]), W(ﬁH‘(é), ﬂo> } (1.65)
= r%irxmin {r?éag(min{ (s), 560H( )} 77r(6H‘(5),Bo) } :

Likewise, the pessimistic criterion is equal to the Sugeno integral of the belief-based
pessimistic preference W(B7;) = minges max { ¥(s),1 — B (s) }, with respect to the neces-
sity measure over the observation sequences. The m-POMDP pessimistic criterion can
be rewritten as

Ust (o (9)1L5") = min mas { w(537).1 — (o|(6). 4o) } (L66)
:rg}i{nmax{gggmax{ (s), 1—560H( )} 1—7r(5H’(5),60)}.
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The proof is given in Annex A.22.
Written as a Sugeno integral, the optimistic criterion S [\I'(S H)’ Bo, (5)}, which is based,

as in Definition 1.2.17, on 77(5 H‘ Bo, ((5)) (the possibility distribution over the last system state

s ), becomes in the previous theorem
S| max min { W(s), B (s) } | 6o, (8)] = Su[¥(BR)|Bo, (5)].

These two equal Sugeno integrals are based on the possibility distribution over the observation
sequence 7T</O\H‘(5>, Bg). As well, in Theorem 15, the pessimistic criterion Sy [\I/(S H)‘ Bo, (6)}
is rewritten

Sy mig max {¥(s), 1~ B (s)} | o, (6)] = Sa[L(BR)| o, (8)].

Note that the belief-based preferences ¥ and ¥, are the m-POMDP counterparts of the
POMDP belief-based reward r(b,a) = Y ,cs57(s,a) - be(s). As well, these rewritings are the
possibilistic counterpart of the rewriting E {T(SL«, dt(it)” =E [Zses By(s) - r(s, dt(it)> ]
This theorem assures us that the criteria can be expressed as Sugeno integrals of a
function of the possibilistic belief state B7: this result leads to the definition of 7-MDPs

whose states are the qualitative possibilistic belief states: these m-MDPs are denoted by
(87, A, T, \i’> The state space ST is the finite set of possibilistic belief states H‘z =
{B| B:S8 — L,maxses f(s) =1}.

Let B; a given qualitative possibilistic belief, 7.e. a possibility distribution in Hf. The
sequence of variables (BJ );en is the sequence of the belief functions seen as random variables.
As highlighted by the possibilistic belief update (1.62), if B = f;, and the selected action is
at, the value of the next variable B[, is a deterministic function of the observation Oy 1.

A belief m-MDP is defined since the qualitative possibilistic belief updating process is shown
to be a possibilistic Markov process i.e. Va € A, V3 € I3, B[, is M-independent from all
previous variables conditional to the current belief Bf" and the selected action a; € A:

Theorem 16

The qualitative possibilistic belief updating process is a Markov process, i.e.
M(Bf, =8| I =i,a) =T (Bf, =F'| B =fl,a), (L67)

where Bég is the qualitative belief state reached starting with 5y and with the information
i = {CL[), 01,01, 02, ...,0¢-1, Ot}'

The proof is given in Annex A.23.

As highlighted by the equation (44) in the proof, if Bf = [ and the selected action is
a € A, the possibility degree that the next belief Bf, is ' € 13, is the maximum of all
the possibility degrees of observations o' such that v (3,a,0") = f: it defines the transition
possibility distributions of the belief process, i.e. elements of T', as follows: V¢ > 0,

m (8] B,a) = /max m (0] B,a), (1.68)

s.t

v(B,a,0') =B’

where 7 (0’| 8,a) = max(, ¢)cs2 min {Wt(o'] s'ap),m (8| s,ar) ,6(8)}, is the possibility

degree of observing o’ conditional on all the previous information.
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Finally, the preference functions associated with the possibilistic belief Sz are defined as
highlighted by Theorem 1.65: for an optimistic 7-POMDP, the preference function is, V3 € II3,

() = maxmin { ¥(s), 6(s)} (1.69)

and for a pessimistic one, V3 € I,

v(g) = Isnelg max {¥(s),1—fB(s)}. (I.70)

As for each belief 3 € Hf, the possibility and necessity measure conditional on the information
1 don’t vary if ¢ € {z | 5%0 =0 }, i.e. if the information i leads to 5 (see for instance the proof

of Theorem 16), it is sufficient to look for a belief-based strategy ((51;),{{:_01, such that Vi > 0,

6t : ﬁt — 515(50 S .14 o
The 7-MDP (§™, A, T7, ¥ or ¥) built from of a m-POMDP (S, A,O,T™, 07, 3y) is finally:

« ST = Hg, the set of all qualitative possibilistic beliefs;

e T contains all transition possibility distributions of the possibilistic beliefs: Ya € A,
VB € IIZ, the belief transition possibility distribution defined by the equation (1.68),
(.| B,a)isin T

e preference functions ¥ if the computed criterion is optimistic, see equation (1.69), or ¥
if it is pessimistic, equation (I1.70).

Note now that, using the belief state transition definition (I1.68), and the equation (I1.30)
of Property 1.2.1, for each function from the belief space to £, U : H‘Z — L,

g e (P11 2) U0} = pagming gx, el 5 U0
v(B,a,0" )=

= max max min{m (| B,a),U(B)}

Bells 0'€0 si.
£ u(B,a0)=p'

= maxmin{m (0| B,a) 7U<V(B’a’0/)) }’

o'eO

This observation leads to Algorithm 6 which is the 7-MDP algorithm (4) with terminal pref-
erence criteria (I.58), applied to the 7-MDP (S™, A, T™, W).

Algorithm 6: Dynamic Programming Algorithm for Optimistic 7-POMDP
with Terminal Preference Only

1 Up + ¥;
2 forie{l,...,H} do
3 forﬁeﬂgdo
T . / T n L.
Ur(B) ercflea(?gé(mln{m(o | B,a) ,Ui_1<u(ﬂ,a,o))},

dp—i(B) € argmax max min {ﬂ't (o'| Bya), U7 (v(B,a,0)) };
acA o'eO

'

(S}

6 return Uy, (6%);

As well, the equations (1.26) and (I1.27) of Property 1.2.1 leads to

min max{1—m (8'| B,a),U(B)} =1- ma@min{m(ﬁﬂ B,a),1-=U(B)},

B'ens B'eng
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for each function U : I — £. Thus, using the belief state transition definition (I.68),

min max {1 —m (5| ﬁ,a),U(ﬁ’)}:glinmax{l—rrt(o’] B,a),U(u(B,a,o’))}.

S
prely €0

It leads to Algorithm 7, which is the TE—MDP algorithm (5), with terminal preference criteria
(1.59), applied to the 7=-MDP (S™, A, T™, U).

Algorithm 7: Dynamic Programming Algorithm for Pessimistic w-POMDP
with Terminal Preference Only

1 Uy ¥,

2 forie{l,...,H} do

3 | for 3e1If do

* . / * / .
4 U (B) + max il max { 1-—m (o] B,a) ,Uifl(u(ﬁ,a,o )) },
5 dp—i(B) € argmax min max { 1—m (o] B,a),U 4 (v(B,a,0)) };
E— acA 0'€0 E—

6 return Uy, (6*);

In this first chapter, probabilistic and qualitative possibilistic POMDPs have been built
one after the other shedding some light on the similarities between both models: with prob-
abilistic POMDPs, system state dynamics and observation uncertainty are described with
probabilities p(s'| s,a) € R and p (0’| s';a) € R while they are defined by possibility
distributions 7 (s'| s,a) € L = {O,%,...,l} (with k > 1) and 7 (0| s',a) € L in the 7-
POMDP framework. Moreover, the probabilistic framework measures the benefit from passing
through a system state s € S and using action ¢ € A with the additive reward functions
r(s,a) € R (and R(s) for the last state in case of finite-horizon problem); the possibilistic
framework uses qualitative preferences p(s,a) € £ and ¥(s) € L. Thus, the probabilistic
criterion (the value function) for a given strategy is the expectation of the rewards written

E [rewards((St)@OH € R, and the possibilistic framework has two criteria (value functions)
which are Sugeno integrals of preferences written S { preferences ((St)t>0) ] € L for the opti-

mistic one, and Sys {preferences((St)@o” € L for the pessimistic one. A POMDP (resp. 7-

POMDP), is redefined in terms of fully observable MDP (resp. m-MDP) where the system states
are the belief states b; € }P’fo (resp. By € H‘Z), i.e. probability (resp. possibility) distributions
over the system states of the initial POMDP: the belief-based reward has to be defined r(b, a) =
Esp [7(S,a)] = Y cs7(s,a)-b(s) in the probabilistic case. In the possibilistic case, the belief-
based preference can be written p(b,a) = Si g~ [p(S,a)] = maxsesmin{p(s,a),B(s)} for
the optimistic criterion, and p(b,a) = Sy, s~g[p(S,a)] = mingesmax{p(s,a),1 — B(s)} for
the pessimistic one. a

The next chapter proposes some improvements of the qualitative possibilistic model: first,
criteria are discussed, concerning the preference aggregation, and the impact of the choice of
the (optimistic or pessimistic) criterion. Next, the Mixed-Observability property is defined:
as for the probabilistic model, the complexity of solving 7-POMDPs having this property is
reduced. Finally the infinite horizon problem is formally defined and the proposed solving
algorithm is shown to return an optimal strategy for a given criterion.



I1.1

UPDATES AND PRACTICAL STUDY OF
THE QUALITATIVE POSSIBILISTIC
PARTIALLY OBSERVABLE MARKOV
DECISION PROCESSES

The end of the previous chapter presented the m-POMDPs, a qualitative possibilistic coun-
terpart of the classical probabilistic POMDPs. Recall that, in the qualitative possibilistic
framework, the set of belief states is finite, #H‘Z < +0o0o (see Equation 1.60) while the set of
belief states is infinite in the probabilistic framework IP’;;;O: for this reason, =-POMDPs can be
seen as a simpler model for sequential decision making under uncertainty, than the probabilis-
tic one. This is a good point as solving probabilistic POMDPs is at least a PSPACE problem
[103, 92]. Moreover, Qualitative Possibility Theory allows to model total ignorance as noted in
Introduction: it is a motivation for the study of this model. The distribution Vs € S, 8(s) =1
means that all states are plausible according to the belief state 3, i.e. the agent considers that
all system states are possible. Finally, possibility distributions only sort events and represent
their plausibility only roughly: no quantitative value is assigned to them. If the probability
distributions defining the POMDP are not known in practice, as in the robotic vision example
given in Introduction, a qualitative description of the problem is more suitable.

The pessimistic version of the 7-POMDP model has been previously defined in [121]. This
section is then devoted to the update of this promising model: first, optimistic and pessimistic
models with intermediate preferences are built and discussed. This discussion leads to other
criteria. Next, the Mized-Observability property [100, 3] is defined, describing the systems
some state variables of which are fully observable: it is shown that this property, if correctly
taken into account, dramatically reduces the complexity of solving m-POMDPs. Finally, a
value iteration algorithm for the infinite horizon 7-MDPs (Fully and Partially Observable) is
next proposed and the optimality of the returned strategy (for a specified criterion) is shown
assuming the existence of a “stay” action in some goal states. Experimental work finally
illustrates the performance of the strategies computed from different criteria. It is also shown
that strategies computed from 7-POMDPs can outperform probabilistic POMDP strategies
for a target recognition problem where the agent’s observations are imprecise.

INTERMEDIATE PREFERENCES IN m-POMDPSs

In the previous chapter, m-MDPs criteria taking into account intermediate preference degrees
have been defined; after that, the particular case of terminal preferences only has been pre-
sented. The global preference degree of a trajectory T = (sq, ..., sy) € ST*! has been defined

I1
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there as the minimum of all the preference degrees of the encountered states:

p(T, (at)gf)l) = min { ggé Pt (st, at>,\II(sH) } . (IL.1)

Another global preference based on the max operator can be also proposed. Let us explicitly
define the global preferences for system states: they are the possibilistic counterparts of the

sum Zl{i_ol Tt (st, at) + R(sp) in the probabilistic model, given in the equation (I.2).

Definition II.1.1 (Global Preferences on System State Trajectory)

Let (At)flz_ol be a sequence of action variables modeling the successive agent decisions.
Global preferences over system state trajectories (S;)fL, are denoted as follows:

e the maximum-based one, not very demanding,
— _ H-1
G((S)fLo, (A)fL!) = max { ax { (i, Ar) } ,WH)}, (11.2)

e the classical minimum-based one, which has been used until now,

H-1
G((S)flo, (AD{L5") = min { min { pi (S, Ar) | »P(SH)}, (11.3)
i.e. with previous notations, if the system state trajectory is denoted by T = (s¢,...,Sg) €

SHH1 and the strategy (6) = (6;)F 5" withVt € {1,....H—1},8:S — A,

« G(T,(9) :g<(5t)£i0, (5t(8t)):1), and

. Q(T, (5)) = g((st)fo, <5t(5t))tH01> = p(T, (a)ffol), see the equation (IL.1).

Note that other aggregation methods giving their results in £ are possible: for instance median
value or majority value. However those aggregation methods do not have features allowing an
easy use of dynamic programming. Note also that a 7=-MDP with an optimistic criterion (or
optimistic value function, see the equation (1.48) of Section 1.2.4) and a maximum-based global
preference degree G has not been defined yet (all 7-MDPs seen previously had a minimum-
based global preference G), and we propose it now:

Definition I1.1.2 (Optimistic w-MDP Criterion — Maximum-based Global Preference)

Let us denote as previously the initial state s € S, an H-length trajectory T = (s:)IL,
and Ty = S™ the set of such trajectories. The value function of the Maximum-based
Optimistic 7-MDP is

U:H(SO, (5t)fi61) = 71%2%1 min {?(7', (5)),7r(7"80, (5)> } )

where, W(T’So, (5)) is the possibility degree of the trajectory T given the strategy (§) =

(6:)151, defined as in Section 1.2.4, see the equation (1.47). As the Sugeno integral of the
global reward with respect to the possibility measure, it can then be denoted by

T (5.(9) =50 |G((S)1Ls. (s0) ) ’ S =50

H-1

t=0
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This optimistic 7-MDP also can be solved using Dynamic Programming (DP), just like the
m-MDPs presented in the previous chapter (see Section 1.2.4), and as described by the next
theorem:

Theorem 17 (DP for optimistic w-MDPs with Maximum-based Global Preference)

The optimal optimistic criterion with the maximum-based global preference G, denoted

by Uif*{, and an associated optimal strategy (?)i‘ol, can be computed as follows:
Vs €S,

Uzg(s) = U(s), and, V1 <i < H,
U (s) = , i (! U (s
Ui(s) = max max{pH_z(s,a),gr}gg min {ﬂ'H_Z (s"| s,a), U7 (s } } : (I1.4)

6% _,;(s) € argmax max { pH—i(s,a), max min {7rH_,- (s'] s,a),071(s") } } . (IL5)
acA s'eS

This theorem can be proved in exactly the same way as the proof of Theorem 13 (see Annex
A.20), however the equation (1.35) of Property 1.2.1 has to be used.

The optimistic and pessimistic 7-MDPs with a minimum-based global preference have
been presented in the previous chapter. The optimistic 7-MDP with a maximum-based global
preference has been defined just above. Note that a last 7-MDP may be pessimistic with a
maximum-based global preference but is not defined here.

Let us recall that, in the partially observable case, the strategy (d;) is a priori an
information-based one i.e. it is such that, for the time step ¢t € {0,...,H — 1}, §; maps the
current information i; = {ag,...,at_1,01,...,0;} € A" x O! to an action a; € A. As shown
below, two m-POMDP criteria with global preferences, i.e. with intermediate preferences, allow
to translate the partially observable processes into fully observable ones called belief 7-MDPs,
as in the case of a terminal preference only (see Theorem 15):

H-1
t=0

e the optimistic criterion with maximum-based global preference, partially ob-
servable version of the Definition I1.1.2,

Un (8. (9)) = max min {G(T(6) ), 7(T]0,(5)) } (IL6)

€Ty

In this formula, ?(T, (5)) is the maximum-based global preference, defined by the equa-

tion (I1.2), where the strategy consists in a function of the current information i;. The
possibility degree W(T‘ﬁo,(é)) = min{mintlial m (stH’st,ét(st)),B(so)} is the pos-
sibility degree of the trajectory 7 given the strategy (0) and the initial belief state

_ H-1
Bo € Hf. This criterion can thus be denoted by Sp [g((St)fio, (6t(It))t_0 ) B0, (6)},

where I, = { Oy, 0;—1(I;—1), I;—1 } is the variable representing the current information.

e the pessimistic criterion with minimum-based global preference, partially ob-
servable version of the equation 1.45 of Section 1.2.4,

Un (Bo, (9)) = min max {g(7,(8)),1 - (7|60, () }. (IL7)

TET

Here, G (7', (5)) is the minimum-based global preference, see the equation (I1.3), with
an information-based strategy (d). The possibility degree of the trajectory is denoted by

W(T’Bg, (5)), and criterion may be denoted by Spr {Q((St)flzo, <6t(It)>f;1> ‘ Bo, (5)]
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Note that, in Section 1.1.8, the probabilistic criterion is rewritten as a sum of rewards
defined on the belief states: this is possible because of the linearity of the probabilistic expec-
tation. In order to propose a global preference degree such as preferences (I1.2) and (IL.3) for
the m-POMDPs, some properties of the Sugeno Integral are needed. These properties are the
counterparts of the linearity of the probabilistic expectation:

Property I1.1.1 (Mazitivity and Minitivity of the possibilistic Sugeno integrals)

Let f and g two functions from §2 to L. Then,

Su [max {f,g}] =max{Su[f] Sulgl}, (I1.8)
Sy [min{f,g}] =min{Sy[f],Sn 9]} (I1.9)

where the Sugeno integrals Syy and Syr are defined in Section 1.2.3 (see Theorem 12).

The proof is given in Annex B.2.

These properties offer rewritings of the Sugeno integrals (with respect to the possibility
and necessity measures) of the global system state preferences G and G, as Sugeno integrals
of the global belief state preference. As the presented 7-POMDP value functions, i.e. criteria
(I1.6) and (IL.7), are Sugeno integrals of the global system state preference, they can be
rewritten in the form of belief-dependent value functions similar to the one of Section I1.1.8
for probabilistic POMDPs:

Theorem 18 (Rewritings of the m-POMDP Value Functions)

Recall that the sequence of variables representing the successive belief states is denoted by
(BRI, and the sequence of action variables by A; (it includes the case Ay = 6;(I;)). The
following equalities are true:

Su [G((S)fLo, (A" | = su [G((BDL,, (A{") ] (IL.10)
S [G((S0iLo, (A{5") | = Sw | G((BDLos (AD{SY) |- (IL11)

where the global preference degrees of a belief state trajectory (BF)IL, are:
Sy - _ H—1
(BT (A0tLy") = max { ik {57, 4.) } 05}
H-1
G((B)o. (A015") = min { min { s (B7. A1) } 2(B) .

The global preference degrees of a belief state trajectory (Bf)IL, are defined as functions
of the intermediate preference degrees, denoted by p; and py:

pi(Bf, Ay) = I?ggmm{m(s Ay), Bl (s) }

(B, Ay) = rsrélgmax{pt(s,At), 1-DBf(s)}.

Finally, the terminal preference degrees are defined as in Theorem 15 in the previous
chapter: U(B7,) = maxges min { U(s), B (s) }, ¥(B7) = minges max { ¥(s), 1 — B (s) }.

The proof is given in Annex B.3 and uses Theorem 1.65 and Property II1.1.1.

Two equivalent belief 7-MDPs can be then defined from the m-POMDP criteria (I1.6)
and (I1.7): as explained in Section I1.2.5, their state space is ST = H‘z, 1.e. the set
of all belief states {f| maxses3(s) =1}. The set of the transition possibility distribu-
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tion, denoted by T™, contains V3 & ¢, vt € {0,...,H — 1}, the possibility distribution
Ve € I, m (B'| Bya) = max yep ., (0| B,a), where m (0’| B,a) is a notation for
max(s g)cs2 min {m (| 'yar),m (8] s,ar) ,5(5)}, and v : I3 x A x O — TI2 is the belief
update function (see Theorem 14). Finally,

e for the optimistic 7-POMDP with maximum-based global preference G, the preference
function of the resulting 7-MDP is V¢t € {1,...,H — 1}, V8 € TI$, Va € A,

pe(B,a) = I?Ea‘%( min { p¢(s,a), B(s) }

and terminal preference function is ¥(8) = maxses min { ¥(s), 5(s) }. The resulting -
MDP criterion is the one with the maximum-based global preference G (see Definition
I1.1.2).

e for the pessimistic m-POMDP with minimum-based global preference G, the preference
function of the resulting =-MDP is Vt € {1,...,H — 1}, V3 € H‘z, Va € A,

pu(, @) = migmax { pu(s, @), 1~ B(s)}

and terminal preference function is W(f) = minges max { ¥(s),1 — 5(s) }. Finally, the
resulting 7-MDP criterion is the one with the minimum-based global preference G (see
the equation (I.51) of Section 1.2.4).

Note that line I1.8 of Property II.1.1 justifies the rewriting of the optimistic --POMDP (7-
POMDP with criterion I1.6) if the global preference degree is maximum-based. However, such
a rewriting is impossible with the minimum-based global preference. Indeed, in order to keep a
criterion based on the minimum (II.1), the following equality should be true: Syy [min{ f,¢g}] =
min {Sy [ f],Sm [¢] }. However, the following counterexample confirms that this equality is not
true in general: consider 2 = {wi, w2}, f: Q2 — Land g : @ — L such that f(w1) =1, f(w2) =
0, and g = 1 — f. Consider the total ignorance possibility distribution: 7(wy) = w(w2) = 1. As
min { f(w),g(w)} =0, Vw € Q,

Sm[min {f,g}] = maxmin { f(w), g(w), 7(w) } =0,

whereas Sty [ f] = max,ecqmin{ f(w), 7(w) } = max{1,0} =1 and and Syy [¢g] = max {0,1} =
1 as well, thus

min {Sy [f],Sn [g]} = 1.

It can be shown that Syr [max{ f,g}] = max {Sx[f],Sa[f] } is not true in general, with the
same counterexample.

The rewritings of Theorem 18 lead to the Dynamic Programming (DP) algorithms (8)
and (9): Algorithm (8) corresponds to the DP scheme of Theorem 17, and Algorithm 9 is the
7-MDP algorithm (5):

e Algorithm 8 computes an optimal strategy for the 7=-MDP (S™, A, T, (ﬁ)iﬁ%@) with
the optimistic criterion (using the Sugeno integral Spj) and a maximum-based global pref-
erence (G, see Definition I1.1.1), also optimal for the 7-POMDP (S, A, T™, (p;) 1, w)
with the optimistic criterion (using Srr), and maximum-based global preference (G).

e Algorithm 9 computes an optimal strategy for the 7-MDP (S™, A, T, (pt)fi_ol,g>, with
the pessimistic criterion (using the Sugeno integral Syr) and the classical global mininum-
based preference (G, see the equation (II.1) or Definition II.1.1), also optimal for the
m-POMDP (S, A, T7, (p:)F", ¥), with the pessimistic criterion (Sy7) and the classical
global mininum-based preference (G).
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Algorithm 8: DP Algorithm for Optimistic 7-POMDP with intermediate preferences

1 Up + ;
2 forie{l,...,H} do
3 forBGH‘Zdo

UF(3) ¢ maxmae { (5, ) maxmin { e (/| ) U3 (5.0,0) }
U (8.0, } |

I

S

du—i(B) € argmaxmax{pt(,é’, a), maxmm{ ¢+ (0] bya),
acA o

6 return U}, (6%);

Algorithm 9: DP Algorithm for Pessimistic --POMDP with intermediate preferences

1 Ug < ¥
2 forie{1,...,H} do
3 forBGH‘Zdo

4 U/ (B) « r;leaj(min{pt(ﬁ, a), m%max{l —m (0] by, a) ,%(y(@a, 0’)) } };
5 dn—i(B) €
argmaxmin{pt(ﬁ, a), ml(%max{l—m(o | b, a ),Uf_l(u(ﬁ,a,ol))}};

acA

6 return Uy, (6%);

Discussion

The maximum-based global preference G (I1.2) cares about the fact that at least one encoun-
tered state has a high preference. As explained just above, this global preference has been
introduced in order to enable both the definition of belief-based preferences (p and ¥ as in
the Terminal Preference case Section 1.2.5), and a global preference for belief trajectories (the
maximum of the belief-based preference degrees too), when the optimistic criterion is used
(i.e. using Sy1). Moreover, defining Vt € {0,...,H — 1}, Vs € S, Va € A, pi(s,a) = 0, the use
of the maximum-based global preference goes back to the case of the 7-MDP with terminal
preference only, i.e. to use the criterion (I1.58) or (I1.59).

The minimum-based global preference G (I1.3) has been used until this chapter and is the
one proposed in [123, 122, 121]: using this global preference, a trajectory has a high preference
degree if all the states of this trajectory have a high preference degree. It allows also, when the
pessimistic criterion is used (i.e. using Syr), the definition of belief-based preferences (p, ¥), and
a global preference for belief state trajectories (also the minimum of the belief-based preference
degrees). As noted before, if all intermediate preferences are set to 1, i.e. Vi € {0,...,H — 1},
Vs € S, Va € A, pi(s,a) =1, the use of the minimum-based global preference goes back to use
a m-MDP with terminal preference only.

These global preferences suffer from the drowning effect [53]. Indeed, using the minimum-
based global preference, if one of the encountered state has a low preference degree, the trajec-
tory has a low preference degree no matter the other preference states. There is the same issue
with the maximum-based global preference: no distinction will be made between a trajectory
with only high preferences, and a trajectory with only one state with a high preference. As it
will be presented and tested in this thesis, the lexi approaches, or other criteria [146] can solve
these difficulties.

Finally, it can be noted that, in the optimistic case, a m-POMDP is satisfied by a total
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ignorant belief state: for instance, if Vs € S, 8(s) = 1, ¥(8) = maxsecs min {¥(s),[(s)} =
maxses Y(s). Thus, an uninformative belief state leads to the best preference. A criterion
mixing a pessimistic belief-based preference ¥ and an optimistic one over the belief preferences
can be introduced, even if it means that this criterion is not related anymore on any preference
over system states:

Definition I1.1.3 (Mized Optimistic-Pessimistic Criterion, Terminal Preference Case)

Given a strategy (8) = (0;)IL," and an initial belief state By € 112, the mixed T-POMDP
value function can be defined by one of the three following equivalent formulae:

U(Bo, (5)) = max min{minmax{\lf(s), 1—Bu(s)} ,7T<5H’50, (5)) } (I1.12)

BHEH‘Z sES
= 5m312[{5 min {Q(SH), W(ﬁH‘ﬁOv (5)> }

—SH{ (SH) ‘50, }

In a nutshell, the general form of the Dynamic Programming equation of a m=-POMDP is,
vpelz,  U5(8) =¥(h),
and, Vi € {1,...,H}, V3 € IZ,
Ur(p) = meaxM{pt(B, a), ( (o] Ba),U ( v(B, a, 0)))} (IL.13)
5?{4(5) € argriaxﬁ{pt(ﬁa a),S (m (o] B,a), U/ﬁl (V(B,a,o’)))} (I1.14)
ac

For instance, in the case of the optimistic 7-POMDP value function (i.e. based on Spy) with a
maximum-based global preference (G),

° (/]?k is denoted by U} as the optimistic criterion,
e U(B) = U(B) = maxyes min { ¥(s), B(s)},
e pi(B,a) = pi(B) = maxses min { pi(s, a), B(s) },

e M is the maximum operator,

o 8(m (o] 8.0), U7, (v(5.0.0)) ) = maxyeomin {mi (o] 5.a). U (v(5.0.0) }.

see Algorithm 8.
Another example is the case of the pessimistic 7-POMDP value function (i.e. based on
Sar) with a minimum-based global preference (G),

° ﬁz\* is denoted by U;" as the pessimistic criterion,
o U(B3) = ¥(B) = minscs max { ¥(s),1— B(s)},
L ﬁt(/Bu CL) = &(5) = minSES max {pt(87a)7 1-— /B(S) }7

e M is the minimum operator,
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. §(7rt(0’| B,a). U, (V(ﬁ,a,O’))) = mingeomax {1 - (o | 8,a), Uz, (v(8,0,0)) |,

see Algorithm 9.
Finally, in the case of the mixed optimistic-pessimistic 7-POMDP value function,

. UZ\* is denoted by U/,
o U(8) = ¥(f) = minses max { ¥(s),1 - B(s) },
L4 ﬁt(/Ba a) = &(5) = minsES max{pt(s, CL), 1- 5(5)}7

e M has not been defined, as the case of intermediate preferences was not considered for
this criterion: it may be defined as the minimum or the maximum operator,

(e (0] 5.0), U, (v(8,0,0) ) = mayeomin {m (o | B.a) UL ((B.0.0)) }

see just above Definition I1.1.3 for the case of terminal preference only. The new mixed
optimistic-pessimistic criterion of Definition II.1.3 will be the most frequently used in this
thesis, mainly because it can be translated into optimistic 7-MDP which produce good ap-
proximate strategies for probabilistic problem [122], and because it is adapted to the ubounded
execution criterion presented below.

Let us recall now that 8™ = H‘Z is a finite set of cardinality #S8™ = #L#S — (#L —
1)#S (the total number of #S-size vectors valued in £, minus (#£ — 1)#° non-normalized
distributions). For concrete problems, the state space can be dramatically large: #8™ explodes
and computations become intractable like in standard probabilistic POMDPs. The next section
presents a way to exploit a specific structure of the problem that is very common in practice.

MIXED-OBSERVABILITY AND m-MOMDPs

The complexity issue of T-POMDP solving is due to the fact that the size of the belief state
space H‘Z exponentially grows with the size of the state space S, see the equation (1.60) of Sec-
tion 1.2.5. However, in practice, states are rarely completely hidden. Using mixed-observability

Ov t = Sv,t

)

Figure I1.1 — Dynamic Bayesian Network of a m-MOMDP: at time step t, the system state is described
by variable Sy = (S, Sht). The received observation is Oy = (Oy 4, Op ) with Oy = Sy, and Opy
depending on S; and action ay.
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can be a solution: inspired by a similar recent work in probabilistic POMDPs [100, 3], we
present in this section a structured modeling that takes into account situations where the
agent directly observes some part of the state. a =-POMDP which models such a situation
respects the mized-observable property. Belief states are then used only for the partially ob-
served components and the size of the belief state space is substantially reduced. Thus, this
model generalizes both m-MDPs and m-POMDPs.

Like in [3], we assume that the state space S of a Qualitative Possibilistic Mixed-Observable
MDP (7-MOMDP) can be written as a Cartesian product of a visible state space S, and a
hidden one Sp: S = S, X Sp. Let s = (sy, sp) be a state of the system. The component s, is
directly observed by the agent and sj is only partially observed through the observations of
the set Oy,: we denote by 7 (0}, | §',a), the possibility distribution over the future observation
o), € Oy, at time step ¢, knowing the future state s’ € S and the current action a € A. Figure
I1.1 illustrates the structure of this Mixed-Observable model.

The visible state space is integrated to the observation space: O, = S, and O = O, x Oy,.
Then, knowing that the current visible component of the state is s,, the agent necessarily
observes o, = s, (if 0}, # s, m (ol | sl,,a) = 0, Va € A). Formally, seen as a m-POMDP, its
observation possibility distribution can be written as:

m (o] s'sa) = (0, 0h| s0:5h:a)
= min{m (0 | sy, 8h,a), 7 (0, | 5,)}
/ / : N
_ {Wt(oh\ sa) ifo, =s), (I1.15)

0 otherwise

since Va € A, m (0] si,,a) = 11if s, = o] and 0 otherwise. The following theorem, based on
this equality enables the belief over hidden states to be defined.

Theorem 19 (Nature of Reachable Belief States)

Each reachable belief state of a m-MOMDP can be written as an element of S, X H‘zh
where Hih is the set of possibility distributions over Sp: any reachable f € H‘Z can be
written as (s, ) with (B, (sp) = maxs,cs, B(50, sn) and s, = argmaxs s (50, 5n).

The proof is given in Annex B.4

As all reachable belief states are in S, x H‘Zh when the mixed-observability property holds,
the next theorem rewrites the belief update function for the belief states 3}, € Hf over the
hidden system states s;, € Sy,.

Theorem 20 (Belief Update for a m-MOMDP)
If a problem can be modeled by a m-MOMDP

<SU X Sh: A7 Oha Tﬂ7 Oﬂ,? (pt)fiz)l? \Ila BO - (S”U,Oa Bh,0)>7

a new belief update function vy, can be defined: if, at time step t, the current visible state
is sy € Sy, the current belief state about the hidden system state is fp; € H‘gh, the
selected action is a; € A, the next visible state is s,;+1 € S, and the next observation is
ont+1 € Oy, then the next belief state about the hidden system state is

1 lf Tt (S/hu SU,t+17 Oh,t+1 ’ SU,t7 5h,t7 G/t)

Bh7t+1(5;1) _ = Tt (Sv,t-l-b Oh,t+1 | Sv,t7 Bh,t) (lt)

Tt (ks Sv,t415 Ohyt+1 | Sty Bhts ) otherwise

(11.16)
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where

e (), $hy 0 | Sv, Brya) = min {ﬂ't (0| ¢, a) ,sr;lgé)‘i min { m (s"| sy, sp,0a) ,ﬁh(sh)}}
is the joint possibility distribution over hidden system states s, € Sj, and vis-
ible objects (visible system state and observation) s, € S, and o}, € Op. The
notation (s, 0} | Sy,Pn,a) Is for the possibility degree of the visible objects
maxy cs, 7 (8), 8,04 | Su,Bn,a) (using the notation s’ = (s,,s;,) € S = S, x Sp).
This belief update is denoted by

B = vh (Sv, B, a, sy, 0, ) -

The proof is given in Annex B.5.

The state space of the belief 7-MDP resulting from a 7-MOMDP can be restricted to the

product space S, X Hih, i.e. a finer belief m-MDP than those presented previously, benefiting
from the Mixed-Observability, can be defined: (S™,T™, A, (ﬁt){ial, U), where

e the state space of the belief 7-MDP is defined as S™ = S, x H‘Zh,

e a transition possibility distribution in 77 is such that V{0,....H —1}, Va € A,
N2
v[ (50, B0), (54, B3)] € (57),

Wt((S;n/B]/l)’(SUMBh)va) = , max Tt (3;70;1‘ S’Uaﬁfha) )
0, €0y s.t.

Vh(S’Uth’azs'/U?O/h):ﬁ;L
where 7 (5,0, | Sv,Bh,a) is defined just above,

e If the belief-based preferences are optimistic i.e. gy = p; and ¥ = W, then V¢ €
{0,...,H—1},Vs, €Sy, V0 € Hih, Va € A, the preference functions can be rewritten

E(S'LH Bh) = Slgleag‘(h min { pt(s’Lh Sh)) /Bh(sh) } b

and -
U(sy, Bn) = nax min { W(sy, s5), Bn(sn) }-

Indeed, 5(5y, sp) = 0 if 5, is not the actual visible state s,, thus, for instance
T() = maxmin{¥(s), 5(s))
sE

= max min{V(sy, sp), B(sh, sv) } -
ShESH

o If the belief-based preferences are pessimistic i.e. py = p; and ¥ = U, then V¢ €
{0,...,H—1},Vs, €Sy, V0 € H‘Zh, Va € A, the preference functions can be rewritten

pi(Sv, Bn) = min max { py(sy,sn), 1 — Br(sn)},
ShESH

and
W(sy, By) = min max {¥(sy,sp), 1 — Br(sn)}.
ShESH

Indeed, 1 — B(Sy, sp) = 1 if 55 is not the actual visible state s,,, thus, for instance
W) = minmax {¥(s),1 - 6(s))
sE

=  min max {V(sy,sn),l — B(sh,su) }-
ShESH



I1.3

11.3.1

I1.3. Infinite Horizon Settings

83

Theorem 21 (Dynamic Programming Equation of a m-MOMDP)

The dynamic programming equation becomes:
S
V(svaﬁh) €S, X H[;ha

I/J\E)k(svvﬂh) = \i(svaﬁh)a
and, Vi € {1,...,H}, Y(sy, Bn) € Sy X s,

ﬁi*(svaﬁh) = gleaj(ﬁ{ﬁt(svaﬁhaa%g(Wt (32)70% | Svaﬁhaa) 7U/vi:k_\1 (Vh(svyﬁhaaﬂsgnO?z))) }7

5 (50 B1) € argmax]\?{ﬁt(sv,ﬁma),g(m (5t 0h | 50250 0) O (110501 .5, 1)) ) }

acA
(I1.17)
where vy, is the new belief update function (Theorem 20), and the notations come from the
general Dynamic Programming Equation I1.13.

The proof is given in Annex B.6.

A standard algorithm would have computed (TZ*(B ) for each 8 € Hf while this new dynamic
programming equation leads to an algorithm which computes it only for all (s, 8;) € Sy X HS",
since only this kind of belief states can be encountered. The size of the new belief space is

H(Sy x TIF) = #8y x (#LF — (HL - 1)#5 ),
which is exponentially smaller than the size of standard m-POMDPs’ belief space:
#H‘LS‘, — #E#SUX#Sh — (#L - 1)#Sv><#3h_

An even finer belief 7-MDP could be defined on the set of reachable belief states starting from
the initial belief state Fy: H‘Z’ 5, Which is a subset of H‘Zh.

INFINITE HORIZON SETTINGS

A finite strategy for possibilistic MOMDPs can now be computed for larger problems using
the dynamic programming equation of Theorem 21 and selecting maximizing actions for each
state (sy,[0n) € Sy X th (see the equation II.17), as done in the equation (II.14) for each
RS H‘Z. However, for many problems in practice, it is difficult to determine a horizon size
H. The goal of this section is to present an algorithm to solve optimistic T-MOMDPs with
terminal preference only, under infinite horizon: it is the first proved algorithm to solve such
m-(MO)MDPs.

The 7-MDP case

Previous work, [121, 123], on solving 7-MDPs proposed a Value Iteration algorithm that was
proved to compute optimal value functions, but not necessarily optimal strategies for some
problems with cycles. There is a similar issue in undiscounted probabilistic MDPs where the
greedy strategy at convergence of Value Iteration does not need to be optimal [115]. It is
not surprising that we are facing the same issue in m-MDPs since the possibilistic dynamic
programming operator does not rely on algebraic products so that it cannot be contracted by
some discount factor 0 < v < 1.



Chapter II. Updates and Practical Study of the Qualitative Possibilistic Partially Observable Markov
84 Decision Processes

Figure I1.2 — Deterministic example showing the limits of previous algorithms

U(sp)=1

U(sa) =

a

For infinite horizon problems, the optimistic 7-MDP model has to undergo a little change.
The dynamics is defined as stationary, as in the probabilistic case, see Section 1.1.4: V¢ > 0,
V(s,s') €S2 V€ A,

m (8] s,a) =7 (5] s,a).
The case of terminal preference only, is considered: starting from the general optimistic n-
MDP (with intermediate preferences and minimum-based global preference, see Section 1.2.4)
the preference functions can be set equivalently to Vi > 0, Vs € S,V € A,

pe(s,a) =1,

and thus, only the terminal preference function ¥ has an effect on the criterion, and has to be
defined for the instantiation of the m-MDP.

Algorithm 10: Optimistic —-MDP VI Algorithm — Terminal Preference Only

1 for se S do
2 | U*(s)+0;
3 Uc(s) « ¥(s) ;
4 | 0*(s)«a;
5 while U* # U¢ do
6 | Ur=U°;
7 for s € S do

75 : / T\
8 U@er;leaig}ggcmm{ﬂ(s|s,a),U(s)},
9 if U¢(s) > U*(s) then

5 ; / TR L

10 5*(s) eargglé‘axxg}ggmm{ﬂ(s | s,a),U (s)},

11 return U*, §* ;

To the best of our knowledge, we propose here the first Value Iteration algorithm for -
MDPs, that provably returns an optimal strategy, and that is different from the one of [123].
Indeed, in the deterministic example of Figure I1.2, action @, which is clearly suboptimal
in state s4, was found to be optimal in s4 with this algorithm: however it is clear that
since 7 (sg| sa,b) = 1 and ¥(sg) = 1, Uf(sa) = 1. Obviously, U;(sp) = 1 and since
w(sal| sa,a) =1, maxsfegmin{ﬂ(s’] SA,Q) ,W(s/)} =1Va € {a,b} = A, i.e. all actions
are optimal in s4. The “if” condition of Algorithm 10 permits to select the optimal action b
during the first step. This condition and the initialization, which were not present in previous
algorithms of the literature, are needed to prove the optimality of the strategy. The proof,
which is quite lengthy and intricate, is presented in Annex C. This sound algorithm for -
MDPs will then be extended to m-MOMDPs in the next section.

As mentioned in [121], we assume the existence of an action “stay”, denoted by a, which
lets the system in the same state with necessity 1. This action is the possibilistic counterpart of
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the discount parameter - in the probabilistic model, as it guarantees convergence of the Value
Iteration algorithm. However, we will see that action @ is finally used only on some particular
satisfactory states. Note that a similar assumption is used to compute optimal strategies in
the framework of deterministic processes (classical planning) whose horizon is not specified
[85].

We denote by & the decision rule such that Vs € S, 6(s) = @ The set of all the finite
strategies is A = U;>14;, and #4¢ is the size of a strategy (4) in terms of decision epochs. We
can now define the optimistic criterion for an infinite horizon: if (0) € A,

T (s0,(9)) = puax min {W(T‘so, (9)), \11(3#5)}, (IL.18)
where T = (s1,...,s4s) is a trajectory of system states, Ty the set of such trajectories, and

o{Tlon ) = B (o

Si, 57,(87,)) .

Theorem 22 (Optimality of the VI Algorithm for Optimistic w-MDPs)

If there exists an action a such that, for each s € S, n(s'| s,a) = 1if s = s and 0
otherwise, then Algorithm 10 computes the maximum optimistic criterion and an optimal
strategy, i.e. maximizing the criterion (II.18), which is stationary (i.e. which does not
depend on the stage of the process t).

The proof is given in Annex C. Note that, as in the probabilistic case (see Section 1.1.5), the
computed optimal strategy is stationary i.e. does not depend on the time step of the process.

Let s be a state such that 6*(s) = @, where 0* is the returned strategy. By looking at
Algorithm 10, it can be noted that U*(s) always remains equal to W(s) during the iterations
of the algorithm after the first entry in the while loop. Thus, Vs’ € S, either Va € A, ¥(s) >
7 (s'| s,a), or ¥(s) = U*(s'). If the problem is non trivial, it means that s is a goal (¥(s) >
0) and that degrees of possibility of transitions to better goals are less than the degree of
preference for s.

Value Iteration for --MOMDPs

We are now ready to propose the Value Iteration algorithm for m-MOMDPs which re-
duces to a belief 7-MDP which is optimistic and with terminal preference only (whose
Value Iteration algorithm has been presented in the previous section). This Value Iteration
algorithm 1is, for instance, devoted to m-MOMDPs with the m-POMDP mixed optimistic-
pessimistic criterion, see Definition I1.1.3: the terminal preference function is then ¥(s,, ) =
ming, cs, max { ¥(sy, sp),1 — Br(sn) }. Another example of appropriate 7-MOMDP with the
optimistic 7-POMDP criterion (see Algorithm 8, removing intermediate preferences): the ter-
minal preference function is in this case (s, 8,) = maxg, cs, min { U(s,, sp), Bu(sn) }-

Note that Algorithm 11 has the same structure as Algorithm 10. Note as well that a
m-MOMDP is a m-MDP over S, x H‘zh. Recall that the transition possibility distribution is

(50 81| (500 B)ya) = max  m (8]0 | su, Bhra).
OhEOhs.t.

vn(5v,6h,a,8,,,0},)=5},

To satisfy the assumption of Theorem 22, it suffices to ensure that 7rt<(s;, ﬁz)‘(sv, Bh),a) =

1if s, = s, and fj, = B, and 0 otherwise. This property is verified if the two following
conditions hold: 7 (s}, s}, | Sy, sn,a) = 1if (s}, s),) = (v, sn), and 0 otherwise, and there exists
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Algorithm 11: 7-MOMDP Value Iteration Algorithm
1 for s, € S, and 3 € H‘zh do

2 m(S’Uv Bh) 0 ;

3 | To(se, ) Us0, Br)

4 | 0*(Sy, Bn) < @ ;

while U* # U° do

U« Ue°;

7 for s, € S, and 3, € H‘Zh do

S o«

8 W(Svaﬁh) < Igea}glgfs{o%ag min {W(S;,O;l Sv,ﬁh,a),W(S;, Vh(sv,ﬂhvsinoﬁz)>} ;
v h h
9 if UC(SU,ﬁh) > U*(SU,,Bh) then

Sv, 6h7a>7m(82)7 Vh(smﬁhy 8;), 02,))} ;

10 0*(8y, B) € argmax max max min {w(s;,oﬁl
a€A  $LES 0, €0,

11 return u*, §* ;

an observation “nothing” oy that is required for each state when @ is chosen i.e. V(s,s},) € S,
(0, | sy, s),a)=1if o) =0y and 0 otherwise. Indeed, it means that oy, is received for sure
when @ is selected: no information is provided by this observation, and the belief does not
evolve.

1I1.4 RESULTS ON A ROBOTIC MISSION AND POSSIBILISTIC BELIEF STATE
BEHAVIOUR

This section is devoted to the use of strategies computed by Algorithm 11 in the context of
a concrete robotic problem. Consider a robot over a grid of size g x g, with g > 1. It always
perfectly knows its location on the grid (z,y) € {1,..., ¢}?, which forms the visible state space
Sy. It starts at location s, = (1,1). Two targets are located at (z1,y1) = (1,9) (“target 1”)
and (z2,y2) = (g,1) (“target 2”) on the grid, and the robot perfectly knows their positions.
One of the targets is A, the other B and the robot’s mission is to identify and reach target A
as soon as possible. The robot does not know which target is A: the two situations, “target
1is A” (Al) and “target 2 is A” (A2), constitute the hidden state space Sy. The moves of
the robot are deterministic and its actions A consist in moving in the four directions plus the
action “stay”. At each stage of the process, the robot analyzes pictures of each target and gets
then an observation of the targets’ natures: the two targets (0AA) can be observed as A, or
target 1 (0AB), or target 2 (0oBA) or no target (0BB).

In the probabilistic framework, the probability of having a good observation
of target i € {1,2}, is not really known but approximated by p(good;| z,y) =

%[1+exp (— (I_xi);Jr(y_yi)Q)} where (z,9) = s, € {1,...,g}? is the location of the

robot, (x;,y;) the position of target i, and D a normalization constant. We suppose
that the observations of both targets are independent: then, for instance, the probability
p (0AB| (z,y),Al) is equal to p (good; | (z,y)) - p(goods| (x,y)), p(0AA| (z,y), Al) to
p (good; | (z,y))-[1—p(goods| (x,y))], and so on. Each step of the process before reaching a
target costs 1, reaching target A is rewarded by 100, and -100 for B. The probabilistic strategy
was computed in mixed-observability settings with APPL! based on SARSOP [100, 84] (see

!The used software is available at http://bigbird.comp.nus.edu.sg/pmwiki/farm/appl/
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Figure 11.3 — Illustration of a robotic mission, first experiment on w-MOMDPs
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Section 1.1.11), using a precision of 0.046 (the memory limit is reached for higher precisions)
and a discount factor v = 0.99. This problem cannot be solved with the exact algorithm for
MOMDPs [3] because it consumes the entire RAM after 15 iterations.

In the framework of Qualitative Possibility Theory, it is considered always possible to
observe the good target: 7 (good| x,y) = 1. Secondly, the farther the robot is from tar-
get i, the more likely it is to badly observe it (e.g. observe A instead of B), which is a
reasonable assumption if the actual probabilistic observation model is imprecisely known:
7 (bad;| x,y) = %, and thus, £ can be defined by {O,ﬁ,...,l}, or any
other scale preserving the fact that the possibility degree of misperceiving increases with
the distance from the considered target. The observation of a target is also considered as
Nl-independent from the the observation of the other target (see Definition 1.2.6 of Section
[.2.2). Thus for instance, 7 (0AB]| (x,y),Al) = 1, w(0AA]| (z,y),Al) = w(bad2| z,y),
m(oBA| (z,y),Al) = min{x (bad; | x,y), 7 (bads | z,y)}, etc. Note that the construction
of this model with a probability-possibility transformation [63] would have been equivalent.
The terminal preference function ¥ is equal to 0 for all the system’s states and to 1 for states
[(z1,y1), Al] and [(x2,y2), A2] where (x;,y;) is the position of target i. As mentioned in [121],
the computed strategy guarantees a shortest path to a goal state. The strategy then aims
at reducing the mission duration. The mixed optimistic-pessimistic criterion, see Definition
I1.1.3, is used here to compute the strategy.

Standard m-POMDPs, which do not exploit mixed-observability contrary to our --MOMDP
model, could not solve even very small 3 x 3 grids. Indeed, for this problem, #L > 5, #S, =9,
and #S,, = 2. Thus, #S = #S, X #S, = 18 and the number of belief states is then #II3 =
LH#S — (L —1)#S > 518 — 418 > 3.7.10'? instead of 81 states with a 7-MOMDP. Therefore,
the following experimental results could not be conducted with standard 7-POMDPs, which
indeed justifies our present work on m-MOMDPs.

In order to compare the performances of the probabilistic and possibilistic models, we
compare the average of their total (undiscounted) rewards at execution, i.e. a reward-based
criterion really close to the probabilistic criterion (the same with v = 1): since the situation
(the nature of the targets) is fully known by the agent when the robot is at a target’s location,
it can not end up choosing target B. If k is the number of time steps needed to identify and
reach the correct target, then the total reward is 100 — k.

We consider now that, in reality (thus here for the simulations), and contrary to what is
described by the model, the image processing algorithms badly perform when the robot is far
away from targets, i.e., if Vi € {1,2}, \/(z — 2;)2 + (y — y;)%2 > C, with C a positive constant,
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then p(good; | z,y) = 1 — Ppgg < % In all other cases, we assume that the probabilistic

model is the good one. Figure I1.3 illustrates this problem, and indicates the zone where the
robot misperceives calling it “error zone”. For the following numerical experiments, we used
10* simulations to compute the statistical mean of the total reward at execution. The grid was
10 x 10, D =10 and C = 4.

Figure I1.4.a shows that the probabilistic model is more affected by the introduced error
than the possibilistic one: it shows the total reward at execution of each model as a func-
tion of Pp.q, the probability of badly observing targets when the robot’s location is such that
V(@ =)+ (y — x;)2 > C, i.e. when the robot is in the “error zone”. This is due to the
fact that the possibilistic update of the belief state does not take into account new obser-
vations when the robot has already obtained a more reliable one, whereas the probabilistic
model modifies the current belief at each step. Indeed, as there are only two hidden states
(Al and A2) that we now denote by s} and s7, if B4(st) < 1, then B,(s7) = 1 (possibilistic
normalization). As the hidden state does not change during the mission, the joint possibil-
ity distribution over the hidden state and the observation is the minimum of the possibility
distribution over the system state (described by the current belief state) and the observation
possibility degree: e.g. for s}, the joint distribution is min {7 (o | su,st,a),Bu(sh) }, with
op, € {0AA,0AB,0BA,0BB}. It implies that the joint possibility of s,ll and the observation
op, is smaller than ﬁh(si). The possibilistic counterpart of the belief update equation, see
the equation (1.62) or the equation (II.16) for Mixed-Observability settings, ensures that the
next belief is either more skeptic about S}L if the observation is more reliable and confirms the
prior belief (7 (op | sy, s}, a) is smaller than (,,(s})); or changes to the opposite belief if the
observation is more reliable and contradicts the prior belief (7 (op,| s, s%, a) is smaller than
both By (st) and 7 (op | sy, sh,a)); or yet simply remains unchanged if the observation is not
more informative than the current belief.

The following theorem gives sufficient conditions leading to an informative possibilistic
belief update i.e. which make the resulting belief state more specific (see Definition 1.2.5 of
Section 1.2.1) than the previous one: a belief state §; € H‘z is said more specific than a belief
state B9 € H‘Z ifVs € S, f1(s) < Pa(s). In order to get a total order on H‘Z, the ranking relation
= is defined to sort belief states with respect to their specificity:

BL=Bre Y Bils) <Y Ba(s).

SES SES

Note that if 51 is more specific than B9, then 81 < Ba.

Theorem 23 (Conditions for an increasing specificity of the belief states)

Let 5y € Hf be the initial belief state modeling the total ignorance i.e. Vs € S, Py(s) =
1. If the transition function 7 (s'| s,a) is deterministic, and if the observations are not
informative, i.e. Vs’ € S ,Va € A, Vo' € O, (0| §,a) = 1, then Bi11 =< B¢, where
Bl € H‘Z is the result of an update (1.62) of the belief state 3, € H‘z,

The result fi+1 =< B, remains true if, for each action a € A, the transition possibility
distributions 7 (s'| s,a) = lg,_yy (i.e. is equal to 1 if s = s and 0 otherwise), and
Vo' € O,Vae A, Vs, 5€8, (0] s,a)#7(d] 3 a).

The proof is given in Annex B.7. Note that this theorem was devoted to m-POMDP. However,
the same result holds for --MOMDPs, replacing s € S by s, € S, and o € O by o, € Oy,
Note also that the conditioning presented in Definition 1.2.10 of Section 1.2.2 leads to another
belief update: with this one, if ;41 is the update of the belief state f;, 5,41 is not less specific
than g;. However, it does not ensure that G;11 = G;.

The probabilistic belief update does not have these capabilities to directly change to the
opposite belief and to disregard less reliable observations: the robot then proceed towards the
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Figure 11.4 — Comparison of the total reward gathered at execution for possibilistic and probabilistic
models.

wrong target because it is initially far away and thus badly observes targets (without knowing
it). When it is close to this target, it gets good observations and gradually modifies its belief
which becomes true enough to convince it to go towards the right target. However it has to
cross a remote area away from targets: this yet gradually modifies its belief, which becomes
wrong, and the robot finds itself in the same initial situation: it loses thus a lot of time to
get out of this loop. We can observe that the total reward increases for high probabilities of
misperceiving Py.q: this is because this high error leads the robot to reach the wrong target
faster, thus to entirely know that the true target is the other one.

Now if we set P,,q = 0.8 and evaluate the total reward at execution for different wrong
initial belief states, we get Figure II.4.b with the same parameters: we compare here the
possibilistic model and the probabilistic one when the initial belief state is strongly oriented
towards the wrong hidden states (i.e. the agent strongly believes that target 1 is B whereas
it is A in reality). Note that the possibilistic belief state of the good target decreases when
the necessity of the bad one increases. This figure shows that the possibilistic model yields
higher rewards at execution if the initial belief state is wrong and the observation function is

imprecise 2.

CONCLUSION

We have proposed a Value Iteration algorithm for possibilistic MDPs, which can produce op-
timal stationary strategies in infinite horizon contrary to previous methods. We have provided
a complete proof of convergence that relies on the existence of intermediate “stay” actions
that vanish for non goal states in the final optimal strategy. Finally, we have extended this
algorithm to a new Mixed-Observable possibilistic MDP model, whose complexity is exponen-
tially smaller than possibilistic POMDPs, so that we could compare m-MOMDPs with their
probabilistic counterparts on realistic robotic problems. Our experimental results show that
possibilistic strategies can outperform probabilistic ones when the probabilities of the obser-
vation function are not precisely known, and thus defined quite differently from the actual
ones.

A value iteration algorithm for the pessimistic 7-MDPs can be easily written on the basis of
the optimistic value iteration algorithm, Algorithm 10. However, the optimality of the returned

2The implementation of the solver, as well as a generator of descriptions of such recognition problems
(expressed in the RDDL language [126]) which is the input of the solver, are available on the repository
https://github.com/drougui/ppudd : executions can be simulated using the possibilistic optimal strategy
which is the output of the solver.
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strategy seems hard to prove, essentially because it is not enough to construct a maximizing
trajectory, as the proof in Annex C does. The works [147, 114] may be useful materials to help
us to get results about pessimistic =-MDP in infinite horizon settings.

Note that, if some probabilistic information is really known by the designers of the model,
the m-POMDP is a qualitative approximation of the probabilistic POMDP: in such cases the
quantitative information which is available is not taken into account, in order to simplify the
problem resolution. Indeed, this model only implies maximum and minimum operators. Note
also that if the model has been built from expert qualitative information about the plausible
behaviour of the system, an arbitrary probabilistic POMDP offers no more guarantee than the
possibilistic one which only uses really available description of the problem.

Finally, as highlighted by the experiment, while the 7-POMDPs are based on a compu-
tationally simpler uncertainty model than the probabilistic POMDP, the possibilistic belief
updating process may has an interesting behaviour. Under some sufficient assumptions given
by Theorem 23, the belief state is not modified by less reliable information than the previously
gathered information, but is able to change to a quite opposite belief state if an information
item which suggests it and which is more reliable is received. More complex problems have
to be studied to get a better overview of this behavior in a wider set of situations. However,
m-POMDPs with a large system state (or m-MOMDPs with large S,) cannot be solved with rea-
sonable computation times by algorithms developed until now. The next chapter presents and
uses another problem structure, the possibilistic counterpart of factored POMDPs, which leads
to easier computations of optimal possibilistic strategies and making various experiments: the
developed solvers use Algebraic Decision Diagrams avoiding some useless computations and
making handled data more compact.
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DEVELOPMENT OF SYMBOLIC
ALGORITHMS TO SOLVE m-POMDPs

In this chapter, we propose the study of factored m-MOMDP models in order to solve
large structured planning problems under qualitative uncertainty, or considered as qualitative
approximations of probabilistic problems. Building upon the Stochastic Planning Using Deci-
sion Diagrams (SPUDD) algorithm for solving factored probabilistic MDPs, we have desined
a symbolic algorithm named PPUDD for solving factored =-MOMDPs. Whereas the number
of leaves of SPUDD’s decision diagrams may be as large as the state space since their values
are real numbers aggregated through additions and multiplications, the number of leaves of
PPUDD ones is bounded by the number of elements in £ because their values always remain in
the finite scale £ via min and max operations only. Finally, we present a sound transformation
from factored mixed-observable possibilistic problems with both hidden and visible state vari-
ables to fully observable ones, on which PPUDD is run. Our experiments show that PPUDD’s
computation time is much smaller than SPUDD, Symbolic-HSVI and APPL for possibilistic
and probabilistic versions of the same benchmarks under either total or mixed-observability,
while still providing high-quality strategies. The performance of the strategies computed by
PPUDD has been tested in the International Probabilistic Planning Competition (IPPC 2014)
whose results are exposed here.

INTRODUCTION

As explained at the end of the previous chapter, starting from a probabilistic MOMDP [100, 3],
the use of Possibility Theory instead of Probability Theory leads to an approximation of
the initial probabilistic model [122]: probabilities and rewards are replaced by qualitative
statements that lie in a finite scale (as opposed to continuous ranges in the probabilistic
framework), which results in simpler computations. Possibilities and probabilities have similar
behaviors for problems with low entropy probability distributions [55]. However, the decision
resulting from both models can be completely different in practice. Consider for example a
situation in which three actions a4, ap and ac lead to three different sets of system states:

e action ay leads to Sy = {s}y,s% }, with p (s} | asa) =p(s4| aa) = 0.5, r(sl,aa) =1
and r(s%,a4) = 0;

e action ap leads to Sp = {sh} (p (s | ap) = 1) with r(sk,ap) = 0.5;

e action ac leads to S¢ = {st,...,sL} with p (st | ac) = 04, p(si|ac) = ... =
p(sh| ac) =01, r(st,ac) =0 and r(s%,ac) = ... =r(sh,ac) = 1.

Actions a4 and ap lead to the same average gain: 0.5. However, action ac leads to a better
one: 0.6. Now, let us define a possibilistic model respecting the ranking of event plausibilities:

o m(sh| as)=n(s4| aa) =1, p(s},as) =1 and p(s4,aa) = 0;

I11
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. 71(3%3] ag) =1 and p(sk,ap) = %;
o m(st| ac) =% w(st| ac) =...=m(sL] ac) = %, p(s&,ac) = 0 and p(s,ac) =
"':p(SEHGC):]..

The action a4 is chosen by the optimistic approach. Indeed, it is entirely possible to reach 5}4
(m (s} | aa) = 1) whose preference is 1. The action ap is chosen by the pessimistic approach
since the preference % is reached with certainty with this action: action a 4 leads potentially to
sl with the preference p(s%, a4) = 0, and ac leads potentially to si, with p(st, ac) = 0. Thus,
in some cases, the three approaches, (the optimistic and pessimistic possibilistic approaches,
and the probabilistic approach) may select three different actions.

Recall that the possibilistic approach benefits from computations on finite belief state
spaces, whereas probabilistic MOMDPs require infinite ones. It means that the same algorith-
mic techniques can be used to solve m-MDPs, m-POMDPs or 7-MOMDPs. What is lost in
precision of the uncertainty model is saved in computational complexity. Problems where the
uncertainty model is imprecisely known are also are naturally well-modeled by m-MOMDPs
[49]: e.g., occurrence frequencies of observations resulting from a complex image processing al-
gorithm depend on many environmental factors like light conditions so that they are generally
not precisely known.

Previously presented works on 7-(MO)MDPs do not totally take advantage of the problem
structure, i.e. visible or hidden parts of the state can be themselves factorized into many state
variables, which are flattened by current possibilistic approaches. In probabilistic settings,
factored MDPs and Symbolic Dynamic Programming (SDP) frameworks [23, 75] have been
extensively studied in order to reason directly at the level of state variables rather than state
space in extension. A more recent work is for instance [116]. However, factored probabilistic
MOMDPs have not yet been proposed to the best of our knowledge, probably because of
the intricacy of reasoning with a mixture of a finite state subspace and an infinite belief
state subspace due to the probabilistic model — contrary to the possibilistic case where both
subspaces are finite. The famous algorithm SPUDD ([75] solves factored probabilistic MDPs
by using symbolic functional representations of value functions and strategies in the form
of Algebraic Decision Diagrams (ADDs) [6], which compactly encode real-valued functions of
Boolean variables: ADDs are directed acyclic graphs whose nodes represent state variables and
leaves are the function’s values. Instead of updating state values individually at each iteration of
the algorithm, they are aggregated within ADDs and operations are symbolically and directly
performed on ADDs over many states at once. However, SPUDD suffers from the manipulation
of potentially huge ADDs in the worst case: for instance, expectation involves additions and
multiplications of real values (probabilities and rewards), creating other values in-between, in
such a way that the number of ADD leaves may equal the size of the state space, i.e. exponential
in the number of state variables. Therefore, the work presented here is motivated by the simple
observation that symbolic operations with possibilistic MDPs would necessarily limit
the size of ADDs: indeed, this formalism operates over a finite possibilistic scale £ with only
max and min operations involved, which implies that all manipulated values remain in the
finite scale £, which is generally far smaller than the number of states.

Figure III.1 shows that ADDs used in the possibilistic settings have a limited number of
nodes since the number of their leaves are at most equal to the cardinality of the possibilistic
finite scale £: the maximal size (maximal number of nodes) of an ADD whose leaves are in
L, is represented as a function of #L, in the case of 8 and 10 variables. The largest ADD in
quantitative settings with 8 (resp. 10) variables have 2° —1 (resp. 2! —1) nodes, as represented
also in Figure III.1. Operating ADDs in the possibilistic framework would behave much like
manipulating Binary Decision Diagrams (BDDs) [26], which are generally more compact and
thus more efficient than ADDs.
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Maximal number of nodes of an ADD: leaves in £ versus in R
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Figure III.1 — The mazximal size (total number of nodes) of an ADD whose values are in L, i.e. in
qualitative settings, is limited: the upper bound is represented in blue and brown lines with circles, as a
function of the size of L. When the leaves of the ADD are in R, the number of its nodes is potentially
exponential in the number of variables: the upper bound is represented with red squares and black stars
(as a constant function of the size of L).

In this chapter we present a Symbolic Dynamic Programming algorithm for solving factored
m-MOMDPs named Possibilistic Planning Using Decision Diagram (PPUDD). This contribu-
tion alone is insufficient, since it relies on a belief state variable whose number of values is
exponential in the size of the state space. Therefore, our second contribution is a theorem to
factorize the belief state itself in many variables under some assumptions about dependence
relationships between state and observation variables of a m-MOMDP, which makes our al-
gorithm more tractable while still exact and optimal. We note that our idea of factorizing
the belief state under mixed-observability is sufficiently general to be reused in probabilistic
models. Then, we experimentally assess our approach on possibilistic and probabilistic ver-
sions of the same benchmarks: PPUDD against SPUDD and APRICODD [138] under total
observability to demonstrate that the generality of our approximate approach does not penal-
ize performances on restrictive submodels; PPUDD against symbolic HSVI [133] (a symbolic
version of HSVI, see Section 1.1.11) and APPL [84, 100] (already used in previous chapter,
and based on SARSOP, see Section 1.1.11) under mixed-observability. These promising results
were a motivation to take part in the International Probabilistic Planning Competition 2014
(IPPC): results of PPUDD on the fully observable track of IPPC 2014 are then provided
and discussed. A general practical solver for solving m-MOMDP using ADDs and available on
the repository https://github. com/drougui/ppudd) is finally detailed: performances of this
solver on the problems of the Fully Observable track of IPPC are also presented.

SOLVING FACTORED m-MOMDPS USING SYMBOLIC DYNAMIC PRO-
GRAMMING

Factored MDPs [75] have been used to efficiently solve structured sequential decision problems
under probabilistic uncertainty, by symbolically reasoning on functions of states via decision
diagrams rather than on individual states. Inspired by this work on factored MDPs this section
sets up a symbolic resolution of factored m-MOMDPs, which assumes that the visible state
space S, the hidden one S; and the set of observations Oj, are both Cartesian products of
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at—1 At

Figure I11.2 — Dynamic Bayesian Network of a factored (mw-)MDP: in the possibilistic (resp. probabilistic)
framework T is the transition possibility (resp. probability) distribution of next variable thg_1 condi-
tional to the selected action a € A and its parents parents(X},,) C { X},..., X[} (i.e. parents(X{ )
is a subset of the current state variables) where n = 1 is the number of variables describing the state
space.

finite sets described by variables. It boils down to solving a finite-space belief 7=-MDP whose
state space is in the form of S} x --- x 8™ x H‘Zh, where each of those spaces is finite. We will
see in the next section how Hih can be further factorized thanks to the factorization of Sp, and
Op,. While probabilistic belief factorization in [24, 131] is approximate, the one presented here
relies on some assumptions but is exact. For now, as finite spaces of size K can be themselves
factorized into [logy K| binary-variable spaces (see [75]), we can assume that we are reasoning
about a factorized belief state m-MDP whose state space is denoted by X and fully described
by variables (X1,..., X™), withn € N* and Vi, X' € {T, L}: & ={T, L}".

Recall that Dynamic Bayesian Networks (DBNs) [42] already used in Section I.1 (for in-
stance taking part of the influence diagrams in Figure 1.2 and Figure 1.3) and in the previous
chapter (Figure II.1 illustrating the Mixed-Observable structure) are a useful graphical repre-
sentation of studied processes. A DBN representing the structure of a factored 7m-MDP is de-
picted in Figure I11.2: the state variables at a given time step ¢ > 0 are denoted by X; = (X}),
(current variables), and (X7, ), are the state variables at step ¢+ 1 (next variables). In DBN
semantics parents(X{,,) is the set of state variables on which the next state variable X ;
“depends”, i.e. a variable Y, represented by a node in the DBN, is in parents(XtiH) if and
only if there is an arrow from Y to X7 ;. We assume that parents(X} ;) C { X},..., X} }, i.e.
parents of the next state variable X/, ; are a part of the current state variables { X},..., X" }:
there cannot be any arrow between state variables of the same time step. Methods are discussed
in the literature to circumvent this restrictive assumption [22].

As recalled in Section I.1.1, in probabilistic settings, the absence of an arrow in a
Bayesian Network represents an independence assumption. Let us consider a set of variables
{Y1,...,Y,}, with p > 1, and such that Vi € {1,...,p}, Y; € V; where )); is a finite set. For
each i € {1,...,p}, the set of the parents of variables Y; can be denoted by parents(Y;) =
{Y}mi(l), e ,Y]'mi(pi)} C {V,...,Y,}, where pa; : {1,...,p;} — {1,...,p} is an increas-
ing function. (note that p; < p). Let us recall that children(Y;) is the set of all the variables

Y; € {Y1,...,Y,} such that there is an arrow from Y; to Y;. The set descend(Y;) is the set of the
descendants of variable Y;: descend(Y;) is defined as the smallest set containing children(Y;),
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and such that VY; € descend(Y;), children(Y;) C descend(Y;). The set of non-descendants
nondescend(Y;) = {YJ e{vn,....Y,} ‘ Y; ¢ {Y;} Udescend(Y;) Uparents(Y})} can be also

denoted by {Yndi(l),...,Yndi(di)} c{v,....Y,} where nd; : {1,...,d;} = {1,...,n} is an
increasing function (and d; < p). Hence, a DBN makes the assumption that Y; is independent
from its non-descendants conditional on its parents: Y; 1L nondescend(Y;) | parents(Y;).
In the probabilistic case, it can be written V(y1,...,yp) € Y1 x ... x YVp, Vi€ {1,...p},

Y,

P (Y@ =Yi | Ypa;(1) = Ypai(1)s - - - Ypas(pi) = Ypai(ps)s Yndi(1) = Yndi(1)s - - - » Yndi(d;) = yndi(di))

=P (Yi=y

Ypai(1) = Ypai(1)s -+ +» Ypai(ps) = ypai(m)) : (IIL1)

This equation holds with a subset of the non-descendants N C nondescend(Y;): it suffices
to consider the probability distribution over the set nondescend(Y;) \ N, and compute the
probabilistic expectation of each parts of the equation with respect to it. The upper part is
the probability distribution conditional on the parents of Y; and on C, and the lower part
remains the same. ,

Using this formula, if we consider the state variables (Xt’)zgéz}} and actions (a;)F ;! of

a factored MDP, denoting by X; the variables (X})™;, we get from the DBN of Figure I1I.2
that Vit € {O, N 1}, \V/(l‘o,. . .,IL‘tJrl) € {T,J_}t+2, V(ao, .. .,(It) S .AH_l,

P(Xt41 =241 | Xo=20,..., Xt =24,00,...,00-1) = P(Xpy1 = wpq1 | X = 24,04),

which is nothing more than the Markov property, justifying the definition of the transition
probability distributions p(z’|x,a), ¥(z,2’) € { T, L}*" and Va € A.

Section 1.2.2 explains that Qualitative Possibility Theory admits more than one inde-
pendence definition: for instance, the non-interactivity independence (NI-independence, see
Definition 1.2.6) and the causal or min-based independence (M-independence, see Definition
1.2.9) are two useful independence definitions for this chapter. If a DBN models M-dependences
(causal dependences) between variables, then Equation III.1 holds replacing the probability
measure P by the possibility measure II:

m(Y; =y

Yoa:(1) = Ypas(1)s - - - Ypai(p:) = Ypai(pi)s Yndi(1) = Ynds(1)s - - -+ Ynd,(d;) = yndi(di)>

=1 (Y =y

Yoau(t) = Ypas(0) -~ Yias(os) = Ypastr) ) - (IIL.2)

which also holds considering only a subset of the descendants. The possibilistic Markov
property is also deduced from the DBN of Figure II1.2 the same result for m-MDPs: Vt €
{07'--7H_ 1}7 \v/(a:Oa---,xtJrl) € {TaJ—}H_Q’ v(ao,"'vat) € AH_la

(X1 =211 | Xo=20,..., X =x4,00,...,0-1) = I(Xpy1 = 2441 | Xy =24, 0¢),

which has been already defined in Section 1.2.4, see Equation 1.46.

Consider again variables (Y)!_;. Let A and B be two disjoint subsets of {1,...,n }. In order
to simplify notations, if the probability P ((Y; = yi)ica | (Y; = y;)jen) is considered V(y;)ica €
Xica Vi and Y(y;)iep € X;cg Vi, the probability can be denoted by P ((Yi)ica | (Yj)jenr). For
instance, Equation III.1 can be rewritten

IP’(Yi

parents(Y;), nondescend(Yi)) =P (YZ

parents(Y;) ) .
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Let (ix);_, be an increasing sequence of indices with s < p, defining the set of variables
{Yi,,...,Y;, }. The parents of variables {Y;,...,Y;, } are

S
parents((Yik)Z:l> = U parents(Y;, ).
k=1
Suppose that the set of variables {Y;,,...,Y; } is such that parents(()@k)zzl)

N
{Y,...,Y;,} = 0, i.e. the parents of variables {Y;,,...,Y; } are not in {Y;,...,Y; }.
Then, using the equation (II1.1), we can write

P (01 | parents ((v)14) )

Y;1 , parents ((Ek )izl) ) :

parents((Y;k)i:l)> P (YZ

]P’<Y;

parents(}/;k)).

=P(E1

}/%1? DRI }/;571 ’parents<(}/ik)2:1> )

— ﬁ }p(yik
f—1

As already noted, the variables of the factored MDP model depicted by Figure II1.2, are such
that V¢ > 0,Vi € {1,...,n}, parents(X}, ;) C { X},..., X" }: thus, using the previous general
equation (with variables (Y;)!_,),

P( X1 | Xeyar) =P (Xt1+17 X ’ Xtuat)

ﬁ ]P’(XZH ’par@nts(XZH), at).
i=1

It shows that the transition probability distributions p (2’| z,a) can be computed from the
simpler distributions P ( X/, | parents(X;,,),a:), Vi € {1,...,n}. These transition distribu-
tions are denoted by p ( X/ | parents(X]),a), and by T} in Figure I11.2.

If we consider that the DBN involving variables (Y;)¥_; represents the M-dependences,
Equation III.2 holds, and using the definition of the qualitative possibilistic conditioning (Def-
inition 1.2.7), we can also write

11 (0 | parents(()14) )

= min {H (Yil

}/h ) parents ((}/lk )2:1) > 9

parents((¥;)ier) ) (¥

Yijoons Yis_l,parents<(Yik)Z:1) ) }

inTI(Y;
= minI1(Y;,

parents(Y;, )) ,
under the same assumption: parents((Yik)Z:l) N{Y.,...,Y;, } = 0. Thus, as we consider that
the DBN in Figure II1.2 represents the M-dependences,

(X1 | Xpya) =11 (th—i-lv X ‘ Xtaat)

= mri{l H(XZ_H ’parents(XZ+1), at).
1=
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The transition possibility distributions 7 (2’| x,a) can be computed from the simpler distribu-
tions IT (X7, | parents(X},,),a:), Vi € {1,...,n}, denoted by 7 (X{ ;| parents(X},,),a),
and by 77 in Figure II1.2.

With the m-MOMDP notations, assumptions of the Bayesian Network in Figure I11.2 al-
low us to compute the joint possibility transition as 7 (s, 5} | Su,Bh,a) = 7 (X'| X,a) =
min}" ; 7 (X! | parents(X}),a), where, given a time step ¢, primed variables are variables con-
cerning time step ¢ + 1 (next variables), and non-primed variables are current variables (at
time step t): for instance, X is the notation for X§+1, and X; the one for X}. Thus, a factored
m-MOMDP can be defined with transition functions T} = 7 (X/| parents(X]),a) for each
action a and variable X/ (if transitions are assumed stationary).

Fach transition function can be compactly encoded in an Algebraic Decision Diagram
(ADD) [6]. An ADD, as illustrated in Figure II1.3a, is a directed acyclic graph which compactly
represents a real-valued function of binary variables, whose identical sub-graphs are merged
and zero-valued leaves are not memorized. The following notations are used to make it explicit
that we are working with symbolic functions encoded as ADDs:

. {f,g} where f and g are 2 ADDs;
° Xif — {sz:O’in:l }7

which can be easily computed because ADDs are constructed on the basis of the Shannon
expansion: f = X; - fX=9 4+ X; . fX=1 where fXi=! and fX=0 are sub-ADDs representing the
positive and negative Shannon cofactors (see Fig. I11.3a).

The optimistic possibilistic update of dynamic programming, i.e. line 8 of the Value
Iteration Algorithm 10 in the previous chapter, (or line 8 of the VI Algorithm 11 for
m-MOMDPs) can be rewritten in a symbolic form, so that states are now globally up-
dated at once instead of individually: denoting by X = (Xi,...,X,) the current vari-
able and X’ = (X{,..., X)) the next one, the possibilistic Q-value of an action a € A is
“=q*X) = X,{7r (X'| X,a),U%(X") } The computation of this ADD (¢%) can
be decomposed into independent computations using the following proposition:

Property I11.2.1 (Possibilistic regression of the Value Function)

Consider the current value function U* : { T, L}" — L. For a given action a € A, let us
define:

* qg :W(Xiv 7X;L)7
® ¢f =maxy/c(T, ) min {7‘(‘ (X]| parents(X]),a) ,qfﬁl}.

Then, the possibilistic Q-value of action a is: ¢ = q%, which depends on variables
X1,...,Xpn, and the next value function is U*(X7, ..., X,) = maxee4 ¢2(X1,. .., Xn).

The proof is given in Annex D.1. Note that the same trick can be used to compute pessimistic
value functions, using the equation (1.29) of Property 1.2.1:

i ﬁ:@(xiﬁ"' 7X1/1)7

o gf = minyeqr.oymax {1 -7 (X] parents(X}).a).q, }.

and next value function is U*(X1, ..., X,) = maxgzea ¢% (X1, ..., Xn).

The Q-value of action a, represented as an ADD, can be then iteratively regressed over
successive post-action state variables X/,1 < ¢ < n. Figure IIL.3b illustrates the possibilistic
regression of the Q-value of an action for the first state variable X7 and leads to the intuition
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(a) ADD encoding T{ of Fig. II1.2 (b) Symbolic regression of the current Q-value ADD com-

bined with the transition ADD of Figure III.5a

Figure II1.3 — Algebraic Decision Diagrams for PPUDD

that ADDs should be far smaller in practice under possibilistic settings, since their leaves lie
in £ instead of R, thus yielding more sub-graph simplifications.

Algorithm 12: PPUDD (infinite horizon resolution)
1 U« 0;0¢«<V;0+a;

while U* # U°¢ do

U* < Uc;

for a € A do

¢® <+ swap each X; variable in U* with X/ ;
forl1 <i<ndo

7 7« (min) {77, 7(X,

S A WN

parents(X}), a) } :

8 q* « (max]y,q® ;
0 U°  max){¢",U° | ;
10 B update 6 to a where ¢¢ = U€ and U¢ > U* ;

11 return U*, §* ;

Algorithm 12 is a symbolic version of the T-MOMDP Value Iteration Algorithm (Algorithm
11 in the previous chapter), which relies on the regression scheme defined in Proposition I11.2.1.
Inspired by SPUDD [75], PPUDD means Possibilistic Planning Using Decision Diagrams. As
for SPUDD, it needs to swap unprimed state variables to primed ones in the ADD encoding the
current value function before computing the Q-value of an action a (see Line 5 of Algorithm
12 and Figure I11.3b). This operation is required to differentiate the next state represented by
primed variables from the current one when operating on ADDs. Lines 4-9 apply Proposition
I11.2.1 and correspond to Line 8 of Algorithm 10.
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We mentioned at the beginning of this section that belief state space H‘Zh could be described
by [log, K] binary variables where K = #L£#5h — (#L£ — 1)#», However, this K can be very
large so we propose in the next section a method to exploit the factorization of Sy and Oy, in
order to factorize H‘Z”' itself into small belief subvariables, which will decompose the possibilistic
transition ADD into an aggregation of smaller ADDs. Note that PPUDD can solve --MOMDPs
even if this belief factorization is not feasible, but it will manipulate larger ADDs.

The previous chapter highlight that a pre-treatment is required to translate a --MOMDP
into a m-MDP whose state space is X'. We can then reason on the state space accessible to the
agent X = 5, x H‘Zh and solve the T-MOMDP as a m-MDP. Next section links the structured
properties of a T-MOMDP, concerning dependencies of original variables (visible, hidden and
observation ones), to the factorization of the treated problem i.e. of the resulting 7=-MDP on
Sy X H‘zh (concerning dependencies of visible and belief variables).

Finally, we note that we could have used complete action diagrams (CADs) introduced in
[138], which directly encode the transition matrix of each action as a single ADD. On one
hand, CADs are simpler to manipulate than a set of transition ADDs for each state variable,
and can deal with correlated action effects. On the other hand, they require operating larger
ADDs while preventing intermediate simplifications that are yet offered by reasoning about
separate state variables as we do (Lines 4-9 of Algorithm 12) or SPUDD does [75].

7-MOMDP BELIEF FACTORIZATION

Factorizing the belief variable requires three structural assumptions on the 7-MOMDP’s DBN,
which are illustrated by the Rocksample benchmark [136].

Motivating example.

A rover navigating in a g X g grid has to collect scientific samples from interesting (“good”)
rocks among R ones and then to reach the exit. It knows the locations of the R rocks (z;,y:)5,
but not which ones are actually of interest (called “good” rocks). However, sampling a rock is
expensive: the rover is equipped with a noisy long-range sensor that can be used to determine
if a rock is “good” or not (“bad”). When a rock is sampled, it becomes (or stays) “bad” (no
more interesting). At the end of the mission, the rover has to reach the exit location at the
right side of the grid:

e S, consists of all the possible locations of the rover in addition to the exit (#S, = g2 +1);

e S, consists of all the possible natures of the rocks: S, = S,IL X ... X S,?, with V1 <7 < R,
S = {good, bad };

e A contains the (deterministic) moves in the 4 directions (Gpnorth, Geasts @souths Qwest)
checking rock 4, (acheck;) V1 <@ < R, and sampling the current rock, (asgmpie);

o O = {0go0d; 0bad } are the possible sensor’s answers for the current rock.

The rationale behind observation dynamics is the following: the more the rover is close
to the checked rock, the better it observes its nature. In the original probabilistic model, the

probability of a correct observation equals % (1 + eV @@=+ (yr—y:)? > with ¢ > 0. a constant
(the smaller is ¢, the more effective is the sensor). The rover gets the reward +10 (resp. —10)
for each good (resp. bad) sampled rock, and +10 when it reaches the exit.

In the possibilistic model, the observation function is approximated using a critical distance
d > 0 beyond which checking a rock is uninformative: 7 (o} | s, a,s,) = 1 Vo, € O;. The
possibility degree of erroneous observation becomes zero if the robot stands at the checked
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rock, and least non zero possibility degree otherwise. Finally, as possibilistic semantics does
not allow sums of rewards, an additional visible state variable s2 € {1,..., R} which counts
the number of checked rocks is introduced. The qualitative dislike of sampling is modeled as

U(s) = RE?_ES% if the location is terminal and zero otherwise. The location of the rover is
finally denoted by s! € S! and the visible state is then s, = (sl,52) € S} x §2 = S,.

Observations { 0good, Opad } for the current rock can be equivalently modeled as a Cartesian
product of observations {0good;sObad; } X -+ X {Ogoody» Obady } for each rock. By using this
equivalent modeling, state and observation spaces are both respectively factorized as S} x
xS X S}Z X ... X S,ll and O = Ol x...x O, and we can now map each observation variable
07 € (O to its hidden state variable Si € SZ. It allows us to reason about the DBN of Figure
II1.4, which expresses three important assumptions that will help us factorize the belief state
itself:

1. all state variables S}, S2 ..., 8™ S} S2 ... ,S;L are post-action independent variables,
and the next visible variables do not depend on current hidden ones. Thus, there is no
arrow between two state variables at the same time step, as Sat and S,lm, nor arrow from
a current hidden variable to a next visible one, as S,at and S},,t 11

2. a hidden variable does not depend on previous other hidden variables: the nature of a
rock is independent from the previous nature of other rocks. For instance, there is no
arrow from S}Lt to S% 1

3. an observation variable is available for each hidden state variable, and depends on it. It
does not depend on other hidden state variables nor current visible ones, but on previous
visible state variables and action: for instance, there is no arrow between S }1”/ 41 and 0?4,
nor between S%’tﬂ and O}, ;.

Fach observation variable is indeed only related to the nature of the corresponding rock. The
observation quality yet depends on the rover’s location 7.e. a current visible state variable, not
allowed by the DBN: fortunately, as moves are deterministic, we avoid this issue considering
observations depend on previous location and action.

Consequences of the factorization assumptions

In this section, we formally demonstrate how the three previous independence assumptions
l

can be used to factorize Hih as the Cartesian product X H‘zi”: indeed, the belief state [
j=1

about the hidden states s, € Sp can be represented with marginal belief states ,Bf; € H‘ZZL

about hidden states s/ € &7, Vie{l,...,1}.

To this end, we will use the d-Separation criterion [141] in order to show some independence
between variables from the DBN. As explained in Section III.2, a DBN can be drawn from
independence relations. Let us denote by X 1L Y | Z the assertion “X is independent from
Y conditional on Z”: recall that for a given definition of the used independence relation, e.g.
probabilistic, non interactivity (NI), or minimum based (M, causal) independence, the DBN
is drawn such that for each node (variable) X, X Il nondescend(X) | parents(X). If the
used independence relation obeys the semi-graphoids axioms [105, 144], the graphical criterion
called d-Separation can be used to identify some independences between variables of the DBN.

This criterion is for instance used in probabilistic settings in [150]. Recall that the M-
independence is not symetric (see Section 1.2.2), and thus does not obey the axioms of semi-
graphoids. However, the NI-independence leads to a semi-graphoid, as proved in [68].
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Let us recall that M-independence implies NI-independence (see Theorem 10 of Section
1.2.2). The DBN of Figure I11.4 represents M-independences between variables: thus the DBN
representing NI-independences (which is not drawn in this work) has potentially less arrows,
i.e. assumes potentially more independences than the DBN representing the M-independences.
Assuming that the DBN of Figure II1.4 represents Nl-independences is a relaxation i.e. we
potentially forget some NI-independence assumptions by doing this assumption. However, all
NI-independences proved using d-Separation criterion on the DBN are true.

First of all, the DBN of Figure II1.4 representing the M-independence assumptions, some
possibility distributions can be defined from the fact that each node is M-independent from
its non-descendants conditional on its parents: given a time step ¢t > 0, an action a; € A, and
a current state s = (S, Spt) = (s%,t, RN 1o s,lm, - ,slh,t) eSS,

e Vie {1,...,m}, the transition possibility distribution over the ith visible state variable
Spt+1 € Sy

™ (sfj,tﬂ ‘ sw,at) =1I (Sf)’tﬂ = sf)’tﬂ ) Syt = sv,t,at) ; (I11.3)

e Vje{1,...,l}, the transition possibility distribution over the 4% hidden state variable

t t+1

Figure I11.4 — DBN summing up independence assumptions of a m-MOMDP leading to marginal beliefs
and a w-MDP with a factored transition function i.e. a factored belief m-MDP. Parents of a visible state
variable are the previous visible state variables. Parents of a hidden state variable are the previous visible
state variables and the corresponding previous hidden state variable. Finally, parents of an observation
variable are the previous visible state variables, and the corresponding current hidden state variable.
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J i .
Shit1 € S
s (S?Lt-i-l ‘ Suts Shits at) =11 (S,im+1 = S;L,tﬂ Sht = Sht, at) : (I11.4)
e Vje{1,...,1}, the observation possibility distribution over the 4t observation variable
o € O

j _ Jj 7 _ _
T (0t+1 ‘ Sty Sht+1s at) =11 (Ot+1 =0y, ‘ Sut = Suts Shi+1 = Sh7t+1,at) . (IIL5)

With these distributions, the dynamics of the process of a m-MOMDP respecting the assump-
tions of Figure I11.4 is entirely defined.

Let us define the information 7; known by the agent at time step ¢ > 1 when the model
is a (m-)MOMDP: iy = {s,0}, and for each time step ¢ > 1, it = {0, Sut,ar—1,4—1 }: the
corresponding variable is denoted by I;. The next theorem shows that the current belief can
be decomposed into marginal belief states dependent on the current information i;.

Theorem 24 (Independence of hidden state variables and marginal belief states)

Consider a m-MOMDP described by the DBN of Figure I11.4. If initial hidden variables
S,IL,O, ey Sﬁz,o are NI-independent, then at each time step t > 0 the belief over hidden states
can be written as

1 )
Bhy = min 5y,

with Vs € S, Bi [(s) =11 (Sit = s‘ I = it> the belief state concerning hidden states of
the set Sg.

The proof is given in Annex D.2.

Thanks to the previous theorem, the state space accessible to the agent can now be rewrit-

1 m o 1 Sh with TIo © £S) : Sh ig 4L #S] #S]
tenas Sy x... xS XIT M x-- - xII " with IT.» C L. The size of I1 " is #L7°h — (#L—1)7n
SJ .

(see Equation 1.60). If all state variables are binary, #II." = 2#L — 1 for all 1 < j < [,
so that #S, x H‘zh = 2M(2#L — 1)!: contrary to probabilistic settings, hidden state
variables and visible ones have a similar impact on the solving complexity, i.e.
both singly-exponential in the number of state variables. In the general case, by noting
K = max{maxi<;<m #Sy,i, Maxi<j<; #Sh ; }, there are O(x™ (L)~ V1) flattened belief states,
which is indeed exponential in the arity of state variables too.

In Section 1.2.5 about m-POMDP, the belief state variable at time step ¢ > 0 is denoted
by Bf, and its possible values are 3 € H‘z. Now that H‘Zh has been factorized, we can consider

. . . P . - S

the marginal belief state variables B,Zr’g, Vi e {1,...,l}, whose possible values are Bi eI,
i.e. belief states concerning hidden states s/ € Si. We now want to show that successive
variables Sy ..., S0, B,T{,’tl, . Bﬂ respect the assumptions of the DBN of Figure I11.2, i.e.
are independent post-action variables, as successive variables X}, ..., XJ*. This result is based
on Lemma II1.3.1, which shows how marginal belief state are actually updated.

Lemma II1.3.1 (Update of the marginal belief states)
At time t > 0, if the system is in the visible state s, ; = (si,t, .o, 8y%) € Sy, in the belief

. . j S) . .
state over the j* hidden state By, € ", and if the agent selects action a; € A and
then gets observation 0{ 1€ O, the update of the belief state about hidden system states
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e SfL is:

: Jj J J _ J J
1 if w <0t+17 Sht+1 vatWBhﬂf’ at) =7 (0t+1 ‘ S'th7/8h7t7 at)

J J _
Bhai1(Si41) = j i j .
LT s (O{H, ng,t—&—l ‘ Su,ts ﬁi]z,t’ at> otherwise.

(I11.6)

where <0i+1, Si,tﬂ ‘ Sv, B, a) is the notation for

: j j j ‘ J (i
magcj mln{w (otJr]L ‘ sv,stH,a) , T (3t+1 ‘ sv,sj,a> ,ﬁh(sj)},
sle

h

using distributions (I11.4) and (II1.5), and

j J _ J J J
™ (0t+1 ‘ sv,ﬁh,a) = jman ™ (0t+1; St+1 ‘ vaﬁhaa) :
5141€9%

The proof is given in Annex D.3. The associated belief update function is 1/7:

5?1,t+1 = v’ (S”U,h 5}%7,57 Qt, OiJrl)?

which can be denoted by
J J ™ J J J
5h,t+1(5h,t+1) S (0t+1’ Sh,t+1 ‘ Sv,t’ﬂh,t»at)

as it consists of the possibilistic normalization of the joint possibility distribution over the j**
hidden state variable and the j** observation.

. . Sj
Hence, the possibility degree that the marginal belief state variables By7, | is 8} ,,, € IL"

conditional on B;{t] = 6% , and the action a; € A, can be computed:

II (B;Lr:t]—i-l = Bhir1| Svt = Svt, Byl = i,taat) = yax ™ (07 ‘ Sv,uﬁi,wat)
Vj(vatvﬁi,wat?‘)j)zﬁi,wl

(I1L.7)

defining the transition possibility distribution of marginal belief states 7 ( ,BZ’t 41 ‘ Suts 5%,:57 ag ).

Finally, Theorem 25 relies on Lemma II1.3.1 to ensure independence of all post-action

variables of the belief 7-MDP resulting from the factorization, conditional on the current

state: this allows us to write the possibilistic transition function of the belief-state 7-MDP in
a factorized form:

Theorem 25 (Factored expression of the transition possibility distribution)

If independence assumptions of a m-MOMDP are described by the DBN of Figure 1I1.4,
then VBuy = (8L, Bhy) € T2 Brirt = (Bhyprs--- Bhip1) € T, V(sug, Suts1) €
(Sy)?, Va, € A,

T (Su,t41, Bht+1 | Svts Bt @)

m . l . .
o . . 7 . J J
= mn { ml?ﬂ- (Sv,t+1 ‘ Su,t) a’t) 71]1171?71— (6h7t+1 ‘ Suts /Bhﬂfa at) } )

1=

where the transition possibility distributions of visible state variables is given in the equa-
tion (II1.3) and the one of marginal belief state variables in the equation (II.7).

The proof is given in Annex D.4. Using this result, such a factorized expression of the tran-
sition possibility distribution allows to compute the value function with n = m + [ stages, as
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described in the previous section: the 7-MOMDP is indeed a factored m-MDP since variables
(St ...,8m, B;:’l, e ,B;:’l), can play the role of variables Xy, ..., X, in Algorithm 12.

Note that Probability Theory does not make any difference between causal independence

(M-independence in Possibility Theory, see Definition 1.2.8) and decompositional independence
(NI-independence in Possibility Theory, see Definition 1.2.6). Moreover, probabilistic indepen-
dence relation obey the axioms of semi-graphoids: so previous independence results due to
d-Separation are also true in probabilistic settings. If independence assumptions between vari-
ables of a probabilistic MOMDP [100, 3] are described by the DBN of Figure I11.4, then a
similar factorization result can be deduced:

Theorem 26 (Factored expression of the transition probability distribution)

Consider a probabilistic MOMDP with independence assumptions described by the DBN
of Figure I11.4. The following probability distributions define entirely dynamics of variables:

e the transition probability distributions of visible state variables: Vi € {1,...,m},
P (St | sva0) =P (Shopr = shori| Sue = supar);
e the transition probability distributions of hidden state variables: Vj € {1,...,l},
p (S;L,tﬂ ‘ Su,t) Si,vat) =P (Si,tJrl = Si,tﬂ ‘ Svt = Su,ts sz,t = Si,tv at) 3
e the observation probability distributions: Vj € {1,...,l},
p (O{+l ‘ Sv,t 3%,t+17at) =P (Ongl = 0l ’ Svt = St Si,t+1 = 3%,t+17at) :
Let us define probabilistic marginal belief states: Vj € {1,...,1l}, Vs € S,
b{m(s) =P (Si,t = s‘ I = it) .

Given such a marginal belief state bzt and a visible state s,; € S,, if the action a; € A is
selected and the observation o{ 41 € 07 is received, then the next belief state about the j™

hidden state variable is Vs{l’H_l € S,z,

Jj J J J J J J
bh,t+1(5h,t+1) xXp (Ot+1 ‘ Sv,ts 5h,t+17at) ) Z p (Sh,t+1 ‘ Sv,ts Sh,pat) : b(sh,t)a
s .est
h,t h

j J _ J J
denoted by by, ;1 (s}, 111) = U (S0,2, 0}, 4, 4, 0111)-

The transition probability distribution can be written as follows: Vb,; =
(b%l,,t7 ceey béz,t) € Psh, bh,t+1 = (b}lLtJrl, ey b%,t+1) S ]P’Sh, V(Sut, Sv,t—‘rl) S (SU)Z, Vat € .A,

m l
— i J J
p(sv,t—l-l: bh,t+1 ‘ Sv,ts Ot a)= H b (37{)7154-1 ‘ Svu,ts at) : H b (bh,t+1 ‘ Svu,ts bh,t’ at) )
i=1 j=1

where ‘ ) j ]

J = i i

p (bh,t+1 ’ Sv,tvbgz,hat) - > p (Ot“ ‘ b’“t’at) ’
. 0l €0I st
ul (Sv,tvﬁi,tvatuoj)zﬁfjt,ﬂrl
and
j j _ J ] ’ h j

p(0t+1‘ b;l,tvat) = > P(0t+1‘ sfu,t,Sh,tHvat)' > P(Sh,t+1‘ Svmsh,tvat)'b(sh,t)'

J J J J
Sh,t41S5, 4,4E5)
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The MDP built from such a probabilistic MOMDP is thus a factored MDP.

Previous theorems allow to express the transition distribution of the (7-)MDP resulting
from a (7-)MOMDP with distributions which concern less variables. The value function update
is then divided into n = m + [ stages in the possibilistic case, as depicted by the for loop of
Algorithm 12. Qualitative possibilistic MOMDPs can however also be solved using ADDs even
if the independence assumptions do not hold: in this case, one global transition distribution,
encoded as a big ADD concerning all variables (S},...,S™, BF) is used, and the number of
potential values (8}, € H‘zh of the global belief state varlable B} increases exponentially with the
number of hidden states: #Hih = (#L£)" — (#L£ — 1)#5" (see Equation 1.60). Nevertheless,
if the factorization of the transition distribution is possible, handled ADDs have less nodes
and computations should be faster. These results are used in the next section to compute more
efficiently optimal strategies of m-MOMDPs.

EXPERIMENTAL RESULTS

The main expected advantages of using factored 7-(MO)MDPs over their probabilistic coun-
terparts are:

1. values of ADDs are in the finite scale £ rather than R, so that the number of their leaves
is at most #L < 2™ (probabilistic models’ ADDs can have up to 2" leaves, where n is
the number of variables involved in the ADD);

2. m-MOMDPs boil down to factored finite-state belief m-MDPs that can be solved by

PPUDD assuming some independence assumptions on the underlying DBNs;

3. m-MOMDPs are in the same complexity class as m-MDPs if all hidden state variables
are binary (in probabilistic models, partially-observable problems are always in a higher
complexity class).

Of course, we have to pay a price: namely, possibilistic models can be seen as approximations
of probabilistic ones (except if probabilities in the model are not precisely known and uncer-
tainty of the problem is better described in a qualitative form). Yet, many state-of-the-art
probabilistic algorithms are approximate, e.g. MDP solver PROST [79] (based on UCT algo-
rithm [80]) and POMDP solvers described in Section I.1.11. Our PPUDD algorithm, however,
is exact.

In the case of the infinite horizon probabilistic MOMDPs, it is sufficient to look for a
stationary strategy i.e. an optimal strategy can be defined as a function d* : S, x PS» — A
maximizing the value function given an initial visible state s, o € S, and an initial belief state
bh70 € PSh:

V(S’U,Ov bh,07 d*) = sup V(S’U707 bh,O? d)v
d: Sy xPSh—A
where V(sy,0,bn0, d) {Z’y (St, (Sv,ts Bht) ’ Sv,0 = 8v,0, Bro = bpo|, and the action
t=0

defining probabilistic dynamics at time step t is d(Sy, Bp ) if the strategy is d (see Section
1.1.6 and [100, 3]).

Consider now qualitative possibilistic MOMDPs [49]: first, the optimistic criterion of an
infinite horizon m-MDP can be written

max max min {7 (7| so, (), ¥(st)},

using Equation I1.18 in the previous chapter and Lemma C.1 of Annex C. In this formula, the
set of t-length trajectories (s1,...,s;) € S' is denoted by 7; and recall that ¥ : § — L is the
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terminal preference function. Let us now denote by x; the couple of visible and belief states
(Su,t, Bnt) € Sy X H‘zh, available to the agent at time step t > 0: S, X H‘Zh is denoted by X.
Theorem 22 assures that at least one stationary strategy is optimal if a “stay” action, which
maintains the system in the same state and denoted by a € A, is available: recall that this
action is only used in some goal states in the optimal strategy. The qualitative infinite horizon
criterion for a mixed optimistic-pessimistic 7-MOMDP (see the sections II.1.1 and I1.2) can
thus be written

U (o, (6)) = max max min {W(T \ 20, (9)), \Il(xt)}, (I11.8)
where Ty = (x1,...,x¢) is a trajectory of couples x; = (Sy4, Bn,i), T¢ the set of such trajectories,

and
t—1

77(7' ’ xo,(é)) = rgl:i[r)lw(xi+1 ’ xi,é(xi))
the possibility degree of such trajectories, with the transition possibility distribution
™ <$i+1
denoted by ¥ (z) = slgleigh max { ¥(sy, sp), 1 — Bu(sn) } with 2 = (s, 8r). An optimal strategy
0* is thus such that

x;, 0 (:cl)> defined in Section II.2. Recall also that the pessimistic terminal preference is

U(S’U70716075*) = sup U(SU,07ﬁ075)7
s: vaH“ZhaA

see Section I1.3.2 of the previous chapter.

In the probabilistic case, as the belief state By, ; is a deterministic function of the current
available information I, a strategy of an infinite probabilistic MOMDP can be defined as a
sequence of functions based on the current information (and thus non stationary): (d¢)¢>0, with
d a function of the visible state s, and the information i = {s,0,a0,01,...,Syt—1, a1, 0t }.
In this way, the strategy only depends on the variables of the initial problem (and not on the
current belief state). As in the probabilistic case, the qualitative possibilistic belief state Bf,
is fully specified by the current available information I;. The strategy of an infinite horizon
m-MOMDP can thus be defined as a sequence of functions based on the current information:
(0¢)t=0, with 0; a function of the visible state s,; and the information é;. This being so, the
strategy does not depend on the current possibilistic belief state, but on the variables of the
m-MOMDP.

At execution, the agent knows the successive visible system states and the available infor-
mation: taking into account the previous paragraph, he/she may thus use the optimal strategy
provided by either the probabilistic model using d*, or the possibilistic one using §*. Obvi-
ously, if the performance of the strategy is measured using the probabilistic criterion V, i.e.
evaluating the average of rewards obtained using the given strategy during many trials, the
optimal possibilistic strategy ¢ is less efficient than d*:

V(sv, bp,d*) = V(sy, bp,0%).

However, as dimensions of considered problems may be high enough to make the probabilistic
computations intractable or to make probabilistic solvers require too many computation time
resources, strategies returned by probabilistic solvers are approximations of d* which may be
less efficient than ¢* even in the probabilistic sense. Note also that

U(S’U? th 6*) > U(S”Uv ﬁh? d*)a

but this criterion will not be used during the experiments as it is not a standard performance
measure when planning under uncertainty. Qualitative criteria can however be good perfor-
mance measure of strategies in practice if the probabilities of the model are in fact given
arbitrarily from a qualitative evaluation of variables dynamics.
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In this section, we compare our possibilistic approach against probabilistic solvers in order
to answer the following question: what is the efficiency/quality tradeoff achieved by reasoning
about an approximate model (7=-MOMDP) but with an exact efficient algorithm (PPUDD)?
Despite radically different methods, possibilistic strategies and probabilistic ones are both
able to return an action for each possible visible state variable and current information: they
are thus directly comparable and statistically evaluated under identical settings i.e. using
transition and reward functions defined by the probabilistic model (criterion V).

It has been shown in [122] that the optimistic 7-MDP criterion (see Equation 1.48 of Sec-
tion 1.2.4) leads to better strategies than the pessimistic one (see Equation 1.51) when the
goal is to approximate an optimal strategy of a probabilistic fully observable MDP. Moreover,
we proposed an algorithm for infinite horizon m-MDPs which has been proved to produce
an optimal strategy with the optimistic criterion, see Section II.3 of previous chapter: Algo-
rithm 10. This algorithm is also devoted to problems without intermediate preferences. The
optimistic criterion, as well as the case of terminal preference only (see Definition 1.2.15), are
thus preferred in the following experimentations. In the case of mixed-observability, the mixed
optimistic-pessimistic criterion (see Definition II.1.3) is a good choice as the -MOMDP boils
down to an optimistic =-MDP. Moreover, with this criterion, the more a belief state is specific,
the higher is its preference, unlike the purely optimistic ones.

Robotic missions

We first assessed PPUDD performances on totally observable factored problems since PPUDD
is also the first algorithm to solve factored 7-MDPs (by inclusion in 7-MOMDPs). To this end,
we compared PPUDD against SPUDD on the Navigation problem used in the International
Probabilistic Planning Competition 2011 [127]. In this domain, a robot navigates on a grid
where it must reach some goal location most reliably. It can apply actions going north, east,
south, west and stay: all these actions cost 1 except on the goal. When moving, it can suddenly
disappear with some probability defined as a Bernoulli distribution, so that a good policy
tries to reach the goal by avoiding situations where it may disappear. This probabilistic model
is approximated by two possibilistic ones where: the preference of reaching the goal is 1; in
the first model (M1) the highest probability of each Bernoulli distribution is replaced by 1
(for possibility normalization reasons) and the same value for the lowest probability is kept;
for the second model (M2), the probability of disappearing is replaced by 1 and the other
one is kept. Figure III.5a shows that SPUDD runs out of memory from the 6 problem, and
PPUDD computation’s time outperforms SPUDD by many orders of magnitude for the two
models. Intuitively, this result comes from the fact that PPUDD’s ADDs should be smaller
because their leaf values are in the finite scale £ rather than R, which is indeed demonstrated
in Figure IIL.5b. Performances were evaluated with two relevant criteria: frequency of runs
where the policy reaches the goal (see Figure II1.5¢), and average length of execution runs
that reach the goal (see Figure II1.5d), that are both functions of the problem’s instance.
As expected, model (M2) is more cautious than model (M1) and gets a better reached goal
frequency (similar to SPUDD’s one for the instances it can solve). The later is more optimistic
and gets a better average length of execution runs than model (M2) due to its dangerous
behavior. For fairness reasons, we also compared ourselves against APRICODD [138], which
is an approximate algorithm for factored MDPs: however parameters impacting the approx-
imation are hard to tune (either huge computation times, or zero qualities) and it is largely
outperformed by PPUDD in both time and quality whatever the parameters (curves are not
shown since uninformative).

Finally, we compared PPUDD on the Rocksample problem (RS), described in Section
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Figure 111.6 — PPUDD wvs. APPL and symb HSVI on the RockSample problem: the x-axis represents
indexes of problem instances, increasing with the problem sizes.

I11.3.1, against a recent probabilistic MOMDP planner, APPL [100], and a POMDP plan-
ner using ADDs, symbolic HSVI [133]. Both algorithms are approximate and anytime, so we
decided to stop them when they reached a precision of 1. Figure III.6a, where problem in-
stances increase with grid size and number of rocks, shows that APPL runs out of memory at
the 8" problem instance, symbolic HSVI at the 7" one, while PPUDD outperforms them by
many orders of magnitude. Instead of precision, computation time of APPL can be fixed at
PPUDD’s computation time in order to compare their expected total rewards (using proba-
bilistic model’s rewards) after they consumed the same CPU time. Surprisingly, Figure II1.6b
shows that rewards gathered are higher with PPUDD than with APPL. The reason is that
APPL is in fact an approximate probabilistic planner, which shows that our approach consist-
ing in exactly solving an approximate model can outperform algorithms that approximately
solve an exact model. Moreover, exact POMDP planners are unable to scale to problems of
the size of the RockSample ones. Finally, it is worth noting that probabilities of the observa-
tion model, which represent uncertainties of sensor outputs, may be difficult to precisely know
in practice, in which case possibilistic models may be more physically accurate. In fact for
this example the policy produced by PPUDD is the best to get all possible rewards: this is
essentially because the rover can be sure of a rock’s nature checking when it is on it.

These results assured us that it was not unreasonable to present PPUDD in the Interna-
tional Probabilistic Planning Competition 2014, even though the computation of strategies for
probabilistic problems is not the initial vocation of this solver. The next section describes the
competition context as well as the presented versions of PPUDD, and discusses the results of
the different competitor solvers.

International Probabilistic Planning Competition 2014

The fully observable track of the International Probabilistic Planning Competition (IPPC) al-
lows to fairly compare performances of MDP solvers. The competitors’ solvers have to compute
strategies for some problems which are not known in advance. Given one of these problems,
solvers have a limited amount of time to send actions to the competition server which simulates
the evolution of the system state: successive states are sampled by the competition server using
the transition probability distributions of the MDP defining the problem, and sent to a given
competitor’s solver. For each system state received, the solver has to send back the action it
has computed. These data exchanges are conducted during few trials of finite horizon and the



110

Chapter III. Development of Symbolic Algorithms to Solve m-POMDPs

score of the solver for the considered problem is the average (over trials) of the undiscounted
and finite sum of rewards along the trajectory generated by the trial.

Materials about this competition are available at the official web page of the competition
https://cs.uwaterloo.ca/~mgrzes/IPPC_2014/. Problems are grouped in domains, which
are MDPs whose a finite number of parameters are undefined: the problem, or MDP, used in
practice during the competition is an instance of a domain, i.e. a domain whose parameters
have been set. In this competition, 8 domains have been proposed, called respectively Academic
advising, Crossing traffic, Elevators, Skill teaching, Tamarisk, Traffic, Triangle tireworld and
Wildfire. Three possible encodings of the instances of these domains are proposed, i.e. three
different languages can be used to describe the instances: the first is the Planning Domain Defi-
nition Language (PPDDL, [151]); the second is a LISP-like language introduced with symbolic
algorithms such as SPUDD which defines explicitely transition probability distributions and
reward function as ADDs (see http://users.cecs.anu.edu.au/~ssanner/IPPC_2011/); fi-
nally, the third is the Relational Dynamic Influence Diagram Language (RDDL, [126]) which
is simpler and more expressive than the previous ones. The competition consists in evaluating
the solver over 10 instances per domain with 30 runs per instance and 18 minutes per instance:
it takes 24 hours in total.

In order to ensure that everyone has the same computational power, each competitor solver
is set up in a remote server whose RAM is 7.5Gb with 2 cores.The client and server for the
competition are available in the open source RDDLSim software, which is available online at
http://code.google.com/p/rddlsim/. Four solvers have been proposed for this competition:

e PROST [79], based on Upper Confidence bound applied to Trees (UCT, [80]) and using
directly RDDL encoding;

e GOURMAND [83, 82], based on Labeled Real Time Dynamic Programming (LRTDP,
[14]) using PPDDL encoding;

e symbolic LRTDP, using ADDs and LISP-like encoding [45];
e our algorithm PPUDD, using LISP-like encoding too.

As the score given to solvers only depends on the 40 first stages of the process, the presented
version of PPUDD consists of the Algorithm 12 with the “while condition” U* # U°¢ at line
2 replaced by the condition “iteration < 40”. It also incrementally augments the planning
horizon while maintaining a mask stored in form of a Binary Decision Diagram (BDD, i.e.
an ADD with leaves in {0,1}) representing the states reachable from the initial state: the
computation of the current value function is then restricted to the reachable states only. While
PPUDD is an offline algorithm, we proposed also AnyTime PPUDD (ATPPUDD) which is
an anytime version which learns computation times of Bellman backups while dispatching the
computational effort accordingly over the remaining planning horizon much like GOURMAND
does in the probabilistic world (see [83]).

When encoded with the LISP-like format, problems of the competition, i.e. instances of
each domains, are described as factored MDPs with boolean system state variables: for each
action a € A and for each next boolean system state variable X/, one ADD representing the

corresponding transition probability distribution p(XZ( parents(X]), a) is given. In order to
define the 7-MDP which will be solved by PPUDD, we simply normalize these distributions
in the possibilistic sense: we set to 1 the possibility degree of an assignment of X/ when its
probability value is maximal, and to the probability value otherwise. For instance, for a given
assignment of the previous variables parents(X/), if the probability value of the assignment
(or event) X/ =1 is 0.7 (and thus probability 0.3 that X! = 0), then the possibility degree of
X/ =11is set to 1, and the one of X! =0 is set to 0.3.
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In terms of ADDs, it can be computed as follows: let us first recall the notation
X/=0
p(X{ parents(X}), a) , used to represent the subtree of the ADD p(X{ parents(X]), a)
X'=1
setting X/ to false (i.e. to 0). As well, p(XZ{ parents(X]), a) " is the subtree of the same
ADD, setting X; to true (i.e. to 1). Let us denote by 1, ~p the BDD equal to 1 for each
variable assignment such that

X/=1

K3

X!=0 ,
parents(X;), a) ,

p(X;

parents(X]), a) < p(XZ{

and equal to 0 for other assignments. The BDD always equal to 1 is denoted by 1. The BDD
1p—05 is equal to 1 for variable assignments such that the probability of the event X| = 1
(or X] = 0) is equal to 0.5, and this BDD is equal to 0 otherwise. We can also denote by
1p.<p, the BDD which is equal to 1 for assignments of variables in parents(X;) such that

the probability of event X/ = 1 is lower than the probability of event X = 0: this BDD can
be computed from previous BDDs, 1 B 1p.>p, B 15—0.5, where B is the minus operator,

applied to trees. The possibility transition distribution for the i** variable is

W(Xf

parents(X}), a) = { 1p=os5,
(it 1 -, p(X!
(min){ Ly, <p..p ("

parents(X/), a) },

parents(X]), a) } }

As well, for each action a € A, an ADD representing the reward function for this action is
provided and denoted by r(X7, ..., X,,a). Let us define then for each s € S and a € A,

(s, q) = r(s,a) — mins,?r(s,a) € [0.1].
maxs, 7(s,a) — ming , (s, a)

The terminal preference function is set to U(s) = max,c4 ¥(s, a), and the strategy is initialized
by §*(s) € argmax,c 4 ¥(s,a) at the beginning of the algorithm.
Note that possibility and preference degrees are not in a scale £ as previously defined (i.e.

{0, %, % | } for some k > 1). Indeed, possibility degrees comes from probability values, and
preferences are normalized rewards. However, only max and min operators are used, so it has
no impact on the qualitative results of the computations.

The library used to perform computations with ADDs is the CU Decision Diagram Package
(CUDD, http://vlsi.colorado.edu/~fabio/CUDD/), and the described versions of PPUDD
are available at the adress https://github.com/drougui/ppudd.

Following figures illustrates the results of IPPC 2014: the score is given in function of the
instance index, which generally increases with the difficulty (or the size) of the associated
problem.

Figure II1.7 presents the scores obtained by each solver for each of the 10 instances of
the Academic advising domains, i.e. the average over 30 trials of the sum of the encountered
rewards. Performances of our algorithms are close to the best ones. However, an unexplained
and unwanted bug occurred with ATPPUDD for the 2" instance, as only 3 runs have been
performed by this solver. For the other instances, PPUDD and ATPPUDD produce strategies
with performances like PROST and GOURMAND, and better than Symbolic LRTDP. This

has been less true for the Crossing traffic problem, whose results are also described by Figure
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I11.7. This problem models a robot which has to reach a goal which is across an highway with
a lot of cars. These cars arrive randomly and move left. As the possibility degree of the fact
that no car arrive is set to 1 by our naive MDP to 7-MDP translation, the optimistic criterion
leads to decide to cross the street, even if an unseen car may arrive (with a probability < 0.5
but bit enough to be cautious). This explain the poor quality of the produced strategies for
this domain. Note however that, for the 6 last instances (most difficult problems) our approach
leads to better strategies than the probabilistic solver Symbolic LRTDP.

In the Elevators problem, people arrive randomly and have to be transported to the correct
building stage: as the frequentist information is lost using the possibilistic approach and seems
important in this problem (people do not want to wait once arrived), scores of our algorithms
are poorer than the ones of PROST and GOURMAND. The toy example at the beginning
of the introduction of this chapter illustrates that the possibilistic approaches can select ac-
tions probabilistically clearly suboptimal when the probability values are at the heart of the
problem. PPUDD and ATPPUDD are however better than Symbolic LRTDP, as shown by
Figure II1.8, and than doing nothing (“noop strategy”) or choosing actions randomly (“ran-
dom strategy”). PPUDD and ATPPUDD have quite good behaviours with the Skill teaching
problem as illustrated by the same figure. Moreover, ATPPUDD leads to better results for the
last three instances: as these instances are the Skill teaching problems with the largest system
space, the anytime version, which manages the computation time, produces strategies with
better performances than PPUDD, which classically solve the associated m-MDP, but cannot
complete computations and lead to a poorer strategy.

With respect to other solvers, possibilistic solvers have good results with the Tamarisk
domain, as shown in Figure II1.9.. However, some instances (e.g. the 6", the 8" and the
10*") are not even run as the ADD instantiation takes too long. Symbolic LRTP faces the
same issue as it uses also the LISP-like encoding of the problem. We think that this is an
issue specific to the competition, as each problem has to be equivalently translated into three
different languages (RDDL, PPDDL and LISP-like), which produces sometimes artificially
complex encodings of the problems. The Traffic domain is really hard to solve by PPUDD and
ATPPUDD (see Figure II1.9). Actually the least scores are obtained with this domain, and
even the random and the noop strategies are better strategies. Note that we did not implement
any “watchdog” returning random actions when the computed strategy is less effective than
the random one. However, this kind of gadget is essential to improve results for such large and
risky problem. As mentioned above for the Crossing traffic problem, the optimistic criterion
may lead to dangerous actions, as it does here. Moreover, as this problem involves frequentist
information (car arrivals) an high suboptimality of the strategy produced by the possibilistic
approach is confirmed for this kind of problems (see the Elevator problems). Finally, the Traffic
problem is known to be one of the hardest domain, so ADD instantiation takes long, as well
as computations, which are then not proceeded enough to produce satisfying results.

Finally, the two last domains, whose results are described in Figure III.10, are called
Triangle Tireworld and Wildfire. Firt, ATPPUDD faces an unexplained bug for each instance
of the Triangle Tireworld domain: no trial is performed from the 5% instance, and maximum
2 trials are performed for other instances (which explains the poor score for each instance).
As already mentioned for the Tamarisk domain, ADD instantiation takes too long for the
last instances, and no trial is performed for the last 4 instances with PPUDD too: Symbolic
LRTDP faces the same issue. The last domain, called Wildfire, leads to highly frequentist
problems: it involves random fire starts. That is why PPUDD and ATPPUDD strategies are
not really efficient, but not too distant from Symbolic LRTDP solver’s results.
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CONCLUSION

We presented PPUDD, the first algorithm to the best of our knowledge that solves factored
possibilistic qualitative (MO)MDPs with symbolic calculations. In our opinion, possibilistic
models are a good tradeoff between non-deterministic ones, whose uncertainties are not at all
quantified yielding a very approximate model, and probabilistic ones, where uncertainties are
fully specified, sometimes arbitrarily in practice. The resolution of planning problems using the
framework of non-determinism is called contingent/conformant planning studied for instance
in [1, 16]. By the way, in the introduction of this thesis, we might also add “non-determinism”
as a particular case of Possibility Theory in Figure 7, as values of associated non additive
measures are 0 or 1 instead of a more flexible scale L.

Moreover, =-MOMDPs reason about finite values in a qualitative scale £ whereas proba-
bilistic MOMDPs deal with values in R, which implies larger ADDs for symbolic algorithms.
Also, the former reduce to finite-state belief 7-MDPs contrary to the latter that yield contin-
uous-state belief MDPs of significantly higher complexity. Our experimental results highlight
the point that using an exact algorithm (PPUDD) for an approximate model (7-MDPs) can
bring significantly faster computations than reasoning about complex exact models, while pro-
viding better strategies than approximate algorithms (APPL) for exact models. In the future,
we would like to developp a probabilistic algorithm using the generalization of our possibilis-
tic belief factorization theory to probabilistic settings (see Theorem 26): related but sightly
different results have been proposed for probabilistic POMDPs [131, 112]. These results also
does not concern the case of mixed observability.

This chapter finally presents the results of our possibilistic approach during IPPC 2014:
the highlighted bottleneck of our possibilistic algorithms resides on the translation from prob-
abilities to possibilities: the naive automated translation presented before the description of
the results leads to poor policies in benchmarks with complex dynamics and reward structures.
Another issue is the size of the input LISP-like encoded domains whose ADD instantiation
before optimization takes a very long time or does not even fit into memory for many difficult
benchmarks: this difficulty is shared with the Symbolic LRTDP solver. However, there is al-
most no discretization of the initial probability values defining the MDP in order to produce
the possibility degrees during the instantiation of the ADD defining the 7-MDP: the max-
imal difference between two possibility degrees is set to 1073. Stronger discretizations have
not been tested yet, and could improve scores of our solvers for problems with such memory
issues. Modeling issues have been also highlighted, namely the fact that some problems request
a cautious behaviour, not provided by the use of the optimistic criterion (see Definition II1.8)
used during the competition. Moreover, as illustrated in introduction, these experiments show
that problems with high entropy events are outperformed by probabilistic approaches since
the possibilistic approach does not take into account the frequentist information about the
problem. The use of lexi-approaches, as used in the following chapter, may be a possibilistic
stratagem to get around this issue. Note finally that the partially observable version of PPUDD
(with the generation of a mask of reachable belief states, avoiding useless computations on
unreachable beliefs) is also available on the repository https://github.com/drougui/ppudd.

The next chapter, Chapter IV, deals with Human-Machine Interaction (HMI) problems:
the uncertainty dynamics of the system are in this context typically not known in terms of
probability values, and the qualitative possibilistic approach is shown to be a natural approach
to produce efficient diagnosis of human errors.

Finally, the last chapter, Chapter V, takes into account the remarks made using the results
of IPPC14: an approach using Probability and Possibility Theory in order to benefit from both
approaches in the resolution of factored POMDPs is presented: quantitative information of the
problem is kept to avoid the highlighted modeling issues, and the belief state is handled in
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a possibilistic way, in order to get a smart discretization of it and to benefit from a finite
and factorized belief state spaces. This approach leads to a factored probabilistic MDP which
can be solved for instance by GOURMAND or PROST (which does not use the memory
constraining LISP-like encoding).
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APPLICATION OF QUALITATIVE
PossiBILISTIC HIDDEN MARKOV
PROCESSES FOR DIAGNOSIS IN
HUMAN-MACHINE INTERACTION

The work developed in this chapter is quite independent from the main theme of this thesis,
namely the problem of Decision Making under Uncertainty. This work, performed in collab-
oration with Sergio Pizziol and extending the work of his PhD thesis [110], contributes to
modelling human-machine interactions. It is part of this thesis since it is a significant exam-
ple of the need of qualitative models (such as those presented in previous chapters) in some
practical situations.

We formalize here a framework providing an estimate of the human assessment of the
machine state, an automated detection of human operator attentional errors, and finally an
estimate of the most plausible causes of these errors. A qualitative possibilistic approach is
used to deal with uncertainty about the human operator assessment.

The human-machine context is first introduced to point out the need for a new modelling
method for human attentional error. Then a human error model is derived from the machine
logic, using expert assumptions on human errors and their plausibility. A human-machine
interaction model results from the combination of the machine logic and the error model.
Using the Possibility Theory, an analysis model estimating the human assessment is built on
the interaction model, summed up in a Possibilistic Hidden Markov Processes (m-HMPs). The
possibilistic analysis is first performed on a toy example. Finally the soundness of the approach
is shown through simulation tests with pilots performing a flight mission.

INTRODUCTION

In human-machine interaction studies, the problem of the correct human assessment of the
machine state has been widely discussed. The main issue is that a human operator with a
wrong assessment of the machine state is likely to perform erroneous actions, i.e. actions
whose outcome is different from what is intended [78].

Many different approaches have been proposed to deal with this issue: among them, mental
models and situation awareness [65, 119], formal inference rules [99], or error models for the
human misinterpretation of the machine feedbacks [118]. Those approaches are based on a
deterministic model for the human error, suited for error dynamic analysis but not for error
detection. Moreover, they do not benefit from the flexibility provided by uncertainty represen-
tations.

IV
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Figure IV.1 — The three actors involved in the study. The red arrows represent information flows.

The human assessment of the machine state is not observable during the interaction with
the machine: nevertheless it may be estimated via uncertainty modelling for example using
Probability Theory [98]. However probability values can be difficult to define in practice be-
cause of a lack of quantitative information related to the human operator’s behaviour. A
method to build an interaction model relying on less informative data is needed. This chapter
proposes a new method building such a model with qualitative expert data and using the
machine logic.

The human assessment of the machine state (shortly assessment) is mainly based on the
feedbacks provided by the machine. Feedbacks are pieces of information the machine sends
(via visual or aural alerts/signs) in order to inform the human operator about its current
state. Some formal approaches have been proposed in order to estimate whether the human
receives enough feedbacks [102, 37]. Nevertheless even if enough feedbacks are provided,
the problem of their correct reception remains. If the human does not perceive some ma-
chine feedbacks during the interaction, the human assessment may be incorrect, leading to
erroneous actions based on such a wrong assessment: the main objective of this work is to
formalise an analysis model detecting assessment errors through human assessment estimation.

Three actors are involved in this framework: a machine, a human operator acting on the
machine, and an observer analysing the human-machine interaction. Human operator actions
on the machine are called selections.

The observer knows the machine logic and contemplates possible human assessment errors.
Moreover, during the human machine interaction, it observes a sequence of data generated by
the machine and the human operator: these data are called observable occurrences, and consist
in each successive feedback (from the machine) and selection (from the human operator), as
illustrated Figure IV.1. Machine state changes corresponding to those feedbacks and selections
can also be considered as part of the observable data: indeed, the observer perfectly knows the
initial machine state as well as the deterministic model of the machine, so the current machine
state is easily determined.

The analysis model, proposed here, is meant to help the observer in the analysis of the
human-machine interaction: using successive observable occurrences, as well as a machine
model and a human error model, it provides an estimate of the human operator assessment
of the machine state, a detection of human assessment errors, and an explanation for those
erTors.

The system designers could later modify the machine logic to make it take into account the
assessment errors detection and diagnosis performed by the observer using the analysis model.
For instance they could provide new specific feedbacks meant to correct the human operator
assessment [44, 43]. Note that those applications are out of the scope of this work. This
work focuses on a method to set up a human-machine interaction model from the machine
model and on the definition of the analysis model; experiments on a flight simulator are also
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provided, showing that this approach is reponsive in practice.

Some key concepts are detailed in the next section, as the definition of the machine model
describing the machine logic. The human assessment error model (shortly error model) is
then defined starting from the machine model. Next the human-machine interaction model is
presented, resulting from the combination of the machine logic and the error model. It ex-
haustively defines all the human assessment transitions considered as possible by the observer.
Later some working assumptions are given: assumed by the observer and expressed in natu-
ral language, they involve the plausibility of these human assessment transitions. An analysis
model can then be set up based on these assumptions.

The analysis model presented in this work uses the Qualitative Possibility Theory as it is
well suited to encode qualitative expert knowledge: the possibilistic analysis model is formally
described, in the form of a Hidden Markov Process. It provides a human assessment estimation,
assessment error detection and explanation of the error.

A detailed example of this approach is provided Section IV.4 analysing interactions for a
simple three-state machine. In the last section, the method is tried through tests with pilots
performing a flight simulator mission.

FRAMEWORK FOR HUMAN-MACHINE INTERACTIONS MODELLING IN-
CLUDING ASSESSMENT ERRORS

Hereafter we call state the machine state represented by the notation s € §. The actual
human assessment of the state is represented by h € S: the equality h = s* € S means that
the human operator thinks that the state of the machine is s*. Note that this work is based on
the simplifying assumption that the human operator is certain about the state of the machine:
the representation of the human knowledge is limited to a unique machine state h = s*. This
unique state can also be seen as the most plausible one from the human operator’s point of
view, i.e. the one on which she/he bases her/his selections. Remember that a selection is a
human operator action on the human-machine interface.

If no assessment error arises, assessment h coincides with actual state s. However the
sending of feedbacks does not guarantee the correct receipt of the information, in particular
for the automated state changes [67], i.e. state changes that are not fired by a selection. So
assessment errors may occur.

The actual assessment h is not observable since the observer has no access to the human
assessment of the situation: the main contribution of this chapter is then to provide a pos-
sibilistic estimation for it. Successive observable occurrences (shortly occurrences) i.e. each
successive feedback (from the machine) and selection (from the human operator), are repre-
sented by the variable v, and are used to update this estimation. Occurrences can be divided
into three categories:

e human selections on the machine interface;
e automated machine state changes with relevant feedback sending;
e the initialization, representing the beginning of the interaction process.

The observer knowing the initial state and machine model is able to deduce the actual state at
each occurrence (so the machine state is considered as observable as well). Next section details
how this machine logic is described, starting point for a human error model derivation.
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Machine model

The machine logic is summarized through a logic table representation [67]. As this represen-
tation has been developed to describe the deterministic behaviour of the machine, the logic
table takes into account the machine state s, but not the human assessment h. Machine state
transitions are represented as triplets (previous state s, current occurrence v’, current state
s'). These machine state transitions are summarized in pairs of (situation, behaviour):

Definition IV.2.1 (Situation)

A situation is defined as the conjunction between a proposition about current occurrence
P(v'") and a proposition concerning the previous state P(s): P(v') A'P(s). In practice, the
proposition about the current occurrence is a disjunction of occurrences.

Moreover the machine state is described by a tuple of state variables: s =
(s',s%,...,s"). The proposition about the previous state is a Conjunctive Normal Form
(CNF) of these state variables, i.e. a logic conjunction between disjunctions of assignments

of the same state variable.

For instance consider a set of possible occurrences {v4,vp,vc }, and a set of states described
by variables (s!,s?) € {s},sh} x {s%,s%,s%}. An example of proposition about the cur-
rent occurrence might be P(v') = (v/ = [va V v¢]). Current occurrences and previous state
variables are either defined explicitly or take the parametric value “no matter which occur-
rence/assignment” denoted by “[+*]”. Proposition P(s) = (s! = [xx]) A (s? = [s} V s%]) is
an example of CNF, or proposition about the current state. The situation is finally fully de-
scribed with P(v’) A P(s). In this example, the situation is expressed in natural language as:

“occurrence is either v or v, variable s! takes any value, and variable s? is either 5124 or SQB”.

Definition 1V.2.2 (Behaviour)

A behaviour, which is the result of a situation, is a proposition P(s’) defined as a logic
conjunction between assignments of the different state variables.

These assignments are either defined explicitly, or take the parametric value “same assignment
as the corresponding previous state variable assignment” denoted by “[*]”.

An example of proposition describing a behaviour for the previous situation example might
be P(s') = ("' = [«]) A (s = [sZ]). In this example, the behaviour is expressed as: “variable
s'! assignment is the same as s!, and variable s assignment is s%”.

A complete set of (situation, behaviour) pairs can be summed up in a logic table.
Definition IV.2.3 (Logic table)

The set of pairs (situation, behaviour) is represented in an explicit way with a table called
logic table. The first column of the table contains the occurrence variable notation v and
state variables names, the second column contains possible occurrences, and possible state
variables assignments. Pairs (situation, behaviour) are represented in the next columns (1,
2, 3, etc). In those columns, boxes containing 1 mean that the current occurrence variable
or state variable is equal to the current line value (assignment). If for some situation
all the boxes corresponding to the occurrence variable or a state variable are empty, the
occurrence variable or state variables take value [xx| (no matter which occurrence/machine
state). Note that this is equivalent to fill those boxes with many 1: the only purpose of this
convention is the table readability. If for some behaviours all the boxes for a state variable
are empty, the variable takes value [] (same as the previous state).

As a toy example let us consider the case of a machine whose state can be represented with
one binary variable s € {s4,sp}. The set of possible occurrences is {va,vp,vc }. Table IV.1
gives the logic table of the following (situation, behaviour) pairs:
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1123
SITUATION
v va |1
B 1
vC
S sa |11
SB 1
BEHAVIOUR
s’ sA
sSB 1

Table IV.1 — Example of logic table for a machine with one binary machine state variables and three
possible occurrences: each pair (situation, behaviour) is described by a column.

1. e situation: (v/ = [va Ve]) A (s = [s4a]);

e behaviour: (s' = [*]).

2. e situation: (v = [vg]) A (s = [s4]);
e behaviour: (s’ = [sp]).

3. e situation: (v' = [xx]) A (s = [sB]);

e behaviour: (s' = [*]).
The total number of columns is equal to 3, as the number of pairs (situation, behaviour)
describing the state machine. Column 1 of table IV.1 has to be read: “if v = v4 V v and
s = Sa, then machine state remains the same”.
As the machine logic depiction has been presented, a human error model can be now
deduced, leading to a full human-machine interaction model.

Derivation of an error model

Classically, human-machine interaction models are based on the machine logic, and, for each
occurrence, only on the expected (or feared) consequence on the human assessment of the
machine state [118, 111]. The presented interaction model provides a more expressive repre-
sentation of the assessment dynamics: many consequences on the human assessment of the
machine state, called effects and denoted by variable e € F, are considered possible for each
occurrence. Nevertheless, they may be defined as more or less plausible by experts. In other
words the term effect means “the (non observable) effect (of an observable occurrence) on
the human assessment of the machine state”. For instance one possible effect is the correct
human perception and interpretation of a feedback. Other possible effects, for the same ob-
servable occurrence (i.e. the feedback sending) could be that the feedback goes unperceived
or misinterpreted.

An effect can be formally defined as the result of a partial function f,: S x V x S — E of
previous assessment h, current occurrence v’ and current assessment h': e = fo(h,v’, h’). Indeed
that function defines the effect of the occurrence v’ on the assessment dynamics, i.e. on the
transition from h to A’. Partial function f. is not defined for all triplets (h,v',h') € S x V x S.
Indeed, in the context of occurrence v’ some assessment transitions are not assumed to be
possible by experts: if A cannot become A/, f.(h,v’, k') is not defined, and no effect is associated
with this transition. Effects of v are thus each f. (h,v', '), ¥(h,h') € 8% when defined.
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Figure IV.2 — Nominal effect and non-nominal effects of the occurrence v’ on the assessment h € S
which becomes h' € S.
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For a given occurrence, the effect when no assessment error arises i.e. when the human
assessment transition is equal to the actual machine state transition, is the nominal effect.
Nominal effects are then already defined given the logic table, replacing machine state variables
s and s’ with human assessment variables h and A/

Non-nominal effects could also take place and correspond to assessment errors. Nevertheless
for some occurrences only nominal effects are taken into account (i.e. the observer does not
foresees any human assessment error for those occurrences). Occurrences with more than one
possible effect for at least one possible assessment h are called multi-effect occurrences, and
are illustrated in Figure IV.2. Formally if v and h are such that 3(h/y, h'y) € S? and K, # Wy
for which fe(h,v',hy) and fc(h,v',hy) are defined, and fe(h,v',hy) # fe(h,v',hz), V' is a
multi-effect occurrence.

The error model is completed once all non-nominal effects have been defined: the logic table
can be enhanced adding non-nominal effects for some occurrences. The way those non-nominal
effects are described is the same as for the nominal effects: by pairs (situation, behaviour)
represented by columns of the logic table. Referring to the example of the logic table given
above (see Table IV.1), the expert knowledge could for instance assert that occurrence ve could
possibly make the human believe that if the machine state is initially s4 it finally changes to
sp. This potential effect is described by column 4 in Table IV.2. This new column does not
replace the nominal case that is unaltered and still described by column 1. For readability
columns corresponding to non-nominal effects are written in red. Occurrence ve is thus a
multi-effect occurrence. A logic table that includes assessment errors as Table IV.2 is called an
enhanced logic table. The expert knowledge may again enhance the error model, stating that
occurrence vy could also lead to the same kind of human assessment error (see column 5).

Remember that effects e concern the human assessment dynamics h, which is of course
not observable: actual effects are thus not observable, as a result of f.(h,v’,h'). Effects can
however be sorted according to their plausibility, as presented right now.

Effect plausibility

In this study nominal effects are considered as generally more plausible than the corresponding
non-nominal ones 7.e. than the corresponding human assessment errors starting from the same
previous assessment 1, and under the same occurrence v’: the human operator is thus assumed
to know the machine logic and to have a quite good perception of the feedbacks.

Experts, after the enumeration of the potential non-nominal effects, have also to sort all
effects according to their plausibility, dividing them into categories: for instance, effects whose
plausibility is normal € (shortly normal effects), effects whose plausibility is less than normal
but not unusual € (shortly less than normal effects), effects whose plausibility is unusual
e (shortly unusual effects), or even effects whose plausibility is very rare € (shortly very rare
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columns 11213415
SITUATION
v VA 1 1
vB 1
Vo
h SA 1
SB 1 1
BEHAVIOUR
n SA 1
sp 1 1
EFFECT eléelelele
POSSIBILITY € Ao

Table IV.2 — Enhanced logic table of the logic table IV.1: occurrences va and ve have both a non-nominal
effect, described respectively by columns 5 and 4. Each column represent a pair (situation, behaviour),
and effect row represents the effect plausibility label. Last row assigns a possibility degree to each effect
(see section IV.3.1).

effects). The line “effect” is thus added to Table IV.2 specifying effects plausibility. For instance,
nominal effect described by column 1 is normal according to the expert (€), but nominal effect
described by column 2 is very rare (€).

We have made the assumption that for each assessment h, there always exists at least one
occurrence v’ with a normal effect. Thus, for each current human assessment h, it exists one
possible occurrence and next human assessment considered as normal i.e.

Fo', b’ such that f.(h,v',h') =e. (IV.1)

This remark is essential and forms a rule imposed in practice when filling the effect row of the
enhanced enhanced logic table. It means that for each human assessment, at least one next
step of the human-machine interaction is normal. Moreover, this property suits the possibilistic
analysis model construction, as recalled section IV.3.

In the next section, the analysis model is defined from a given effect plausibility ranking,
using a plausibility measure on the human-machine system dynamics: more details about the
chosen measure are given in section IV.3. The last part of this section (IV.2.5) will derive the
effect ranking from a set of expert rules, leading to a fully defined human-machine interaction
model.

Note that an effect is normal if its plausibility is considered as normal (by the expert, or the
system designer). Nominal effects and normal effects must not be confused (see Figure IV.3):
the words normal, unusual are used to define the plausibility of effects i.e. to sort them, in order
to fully define the interaction model, as just explainded in this section IV.2.3 and performed
from general assumptions in section IV.2.5. On the other hand, effects are said Nominal if they
represent a human assessment transition without error, i.e. a human assessment transition
corresponding to the machine state transition (ideal human understanding). Thus, effects are
said non-nominal if they represent assessment errors, and are added to the logic table using
expert knowledge.

In the following section IV.2.4 the human-machine interaction system dynamic is detailed.

System dynamics: trajectories and exceptions

After the manifestation of m > 0 occurrences, the sequence of machine states is called the (m+
1)-length state trajectory and is denoted by Sy, = (S0, 51, - - -, Sm ). This trajectory is considered
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Figure IV.3 — Nominal effects, non-nominal ones defining the error model, and plausibility evaluation.

as observable, as well as the (m + 1)-length occurrence trajectory Vp, = (vo,vi,...,0n). In
other words the observer defined in introduction section IV.1 and Figure IV.1, thanks to their
knowledge of the machine logic, is able to provide V0 < t < m,

e the occurrence at stage ¢, vy (e.g. selection, or automated state change),
e and actual state of the machine s;, deduced from the machine logic.

However the actual effect trajectory (eg,e1,...,em) and assessment trajectory
(ho, hi,...,hy) are not observable. They may be estimated using the possibilistic analy-
sis model described in section IV.3. Remember that each occurrence may have many effects.
So a (m + 1)-length occurrence trajectory corresponds to many possible (m + 1)-length effect
trajectories: VO < t < m, e is an effect’ of the occurrence v;. Each time a multi-effect
occurrence is fired, several assessment trajectories are possible, one or more for each possible
effect (see Figure IV.2). The set of possible effects trajectories is denoted by &, and the set
of possible assessments trajectories H,.

In practice, possible effects and assessments trajectories are stored together in the form
of nmon-observable trajectories: (eg, ho,e1,h1, ..., him—1,€m, ) with VO < t < m, ¢ =
fe(hi—1,v¢, hy) if fe is defined for this triplet, and removing h_; for ¢ = 0. The firing of a
new occurrence v,+1 updates the set of non-observable trajectories adding possible effects
and assessments. Each non-observable trajectory ending with A € S at stage m, is completed
with each pair (fe(h,vm41,h'),h') such that fe(h,vm,y1,h") is defined, i.e. stored in the en-
hanced logic table. Because several multi-effect occurrences may be fired the number of possible
non-observable trajectories may increase significantly.

Initially the most plausible non-observable trajectory is the one that includes only nominal
effects (i.e. no assessment errors). The corresponding assessment trajectory (removing effects
from the non-observable trajectory) is called the objective assessment trajectory and is equal to
the machine state trajectory. After the firing of an occurrence whose effects are all considered
at the most as unusual in the actual situation, the objective assessment trajectory is no longer
considered as normal. This situation is called an exception and the occurrence that led to the
exception a triggering occurrence. Typical triggering occurrences are selections considered as
erroneous in the particular context.

Let us describe the mechanism and the behaviour of the wanted analysis model which
will be set up in section IV.3.1. If an exception is detected by the analysis model, the model
itself verifies if there is a non-nominal effect (i.e. an assessment error) in the past history
that, if considered as the actual effect, could lead to a situation in which the firing of the
triggering occurrence is not unusual, but instead normal. For instance the analysis models
may verify if there is a human feedback misinterpretation that could explain a human selection
otherwise considered as erroneous. This non-nominal effect is called exception explanation and
the assessment trajectory embedding this exception explanation is considered as the new most

'Remember that effects are not observables.
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plausible one. The formerly most plausible assessment trajectory is no longer coherent with the
actual observations of the system. Therefore, its plausibility is decreased. On the other hand,
if no exception explanation is found, the plausibility of the assessment trajectories remains
unchanged. The possibilistic Bayes rule, also presented in the section IV.3, formally defines
how to implement these concepts.

The following section IV.2.5 presents the expert rules chosen to complete the human-
machine interaction model: these assumptions about effects are used in applications presented
in last sections IV.4 and IV.5.

Working assumptions

In order to define in practice non-nominal effects modelling human operator assessment errors,
as well as their plausibility, two methods are possible: designing them one by one by hand with
the help of experts of the domain, or deriving them mechanically from a limited number
of general assumptions formulated by the experts. Nevertheless a mixed approach is also
possible: for instance designers could start with the mechanical assumption-based method and
successively suppress or add by hand some non-nominal effects, or even rank by hand the
plausibility of some effects.

Hereafter some assumptions for the mechanical approach about possible effects and their
plausibilities are defined. Defining a generic set of assumptions is out of the scope of this work.
Note that these rules have been defined by experts for the experiment presented in section
IV.5, and may be unsuitable for other applications. They are defined here to set an example
of interaction model (including the ranking of effects), before the building of the possibilistic
analysis model.

Here is the list of the chosen working assumptions:

e the human knowledge of the machine behaviour is correct;
e the human should perceive feedbacks, but she/he can possibly miss them;

e the human knowledge of the initial state is uncertain, but is likely to coincide with the
real one;

e selections that do not change the machine state are considered as slips, i.e. unmeant
selections;

e the missing of a feedback is more likely to happen than a slip or a mistake: a mistake is
a selection or a lack of selection defined as erroneous by the system designer.

e the missing of n < N4, feedbacks is more likely to happen than missing n+ 1 feedbacks,
or a slip.

The first assumption implies that the human is sufficiently trained to use the machine and
knows its behaviour: nominal effects are then generally considered as more plausible than the
corresponding non-nominal ones. as previously announced.

According to the next two assumptions, the interaction model takes into account two
multi-effect occurrences. The first one is the feedback sending: feedbacks should be perceived
(nominal effect) but could go unseen (non-nominal effect). The second one is the initial human
appreciation of the machine state: the initial assessment should be correct (nominal effect),
but could be wrong (non-nominal effect).

The fourth assumption means that selections which do not change the machine state are not
voluntary. The last assumption states that the more feedbacks are lost, the less the situation
is plausible.
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Figure IV.4 — Loss of feedback as an exception explanation.

For this interaction model, the following occurrences and corresponding effects are thus
used:

e the execution of selections which have one nominal effect; depending on the current
assessment they are classified as normal selections, or as slips/mistakes which are unusual;

e an automated state change with two possible effects: the reception and well interpretation
of the relevant feedback (nominal), which is normal, and the loss of the feedback (non-
nominal), which is not normal but more likely to happen than an unusual effect;

e the state initialization with two possible effects: correct initialization (nominal), which
is normal, and wrong initialization (non-nominal), which is unusual.

The interaction model is so fully defined. The analysis model detailed in the next section
is based on the Qualitative Possibility Theory (see Section 1.2.1) providing a formal way to
sort effects according to their plausibility. Starting from a human-machine interaction model,
built as presented in the current section, the analysis model leads to a possibilistic estimation
of the human assessment at each step of the process.

Before detailing the analysis model let us show with an example the desired comportment
of the model for an automated state change followed by an action that is a slip in the actual
state of the machine (see Figure IV .4).

Let us start with the automated state change with machine initial state sy € S and final
state sp € S. The correct reception of the relevant feedback has to be considered as the most
plausible effect. The objective assessment trajectory (hg = sa, h1 = sg) has to be normal and
so the most plausible one. The second trajectory (hg = sa, hy = s4) corresponds to the loss
of feedback and it has to be less than normal but more than unusual.

Later on the human performs a selection (action a) that does not modify the machine state.
This selection is a slip in the actual state of the machine: sp. Therefore it is a slip also for a
human operator for which h; = sp. The objective assessment trajectory becomes (hg = s4,
hi1 = sp, ha = sp), and its plausibility should be reduced to that of a slip (unusual).

If the human assessment has not been updated in step 1 due to a loss of feedback (second
trajectory) the assessment is still A1 = s4. Suppose that in this machine state s4 action a is
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totally normal. The second trajectory becomes (hg = s4, h1 = s4, ha = s¢) and its plausibility
should remain unchanged (less than normal but more than unusual).

An exception should be detected and the analysis model should identify the exception
explanation in the loss of the relevant feedback.

HUMAN ASSESSMENT ESTIMATION, ERROR DETECTION AND DIAGNOS-
TIC

Possibility Theory is well suited to encode qualitative expert knowledge such as the working
assumptions presented in the previous section. This section begins with a short presentation of
this theory. Later on the first step of the possibilistic analysis model is presented: starting from
the interaction model, natural language knowledge is expressed in terms of possibility degrees:
basically, what was “plausible” becomes “possible”, what was “less normal” is defined as “less
possible”, what was “unusual” becomes “far less possible”, and what was “very rare” becomes
“almost impossible”. This section ends with formal computations leading to successive human
assessment estimations, the error assessment detection and the exception explanation.

Here the problem deals with uncertainty related to the effects of each occurrence, i.e.
the human assessment transitions: in situations where no wide enough experiments dataset
are available, the corresponding uncertainty cannot be modelled precisely with frequencies
leading to transition probabilities. Possibility Theory allows the definition of a model using
only the available information about the system, which is however enough rich to build a useful
model.

Possibilistic analysis model

In order to perform the possibilistic analysis the interaction model has to be fully defined,
i.e. all the effects have to be defined and sorted according to their plausibility. The effect
ranking can be encoded defining an appropriate qualitative scale £ and assigning possibility
degrees from this scale to the effects. The example of table IV.2 defines the qualitative scale
L as {0,e,0,\,1} with 0 < e < < X\ < 1, and assigns possibility degree 1 to normal effects,
m(e) = 1, degree A to less normal effects, 7w(€) = A, degree § to unusual effects 7(e) = §, and
degree ¢ to very rare effects, w(€) = €. Of course, if a transition is impossible, i.e. if function
fe is not defined, corresponding possibility degree is 0. This last modelling step leads to the
full definition of a possibilistic hidden Markov process whose states are the successive human
assessments, sound framework for human assessment estimation.

The interaction model used in this work has been set up in section 1V.2.5, providing
definition of occurrence effects and the ranking of those effects. The possibility degrees have
still to be assigned to them. Occurrence effects possibility degrees are in the qualitative scale
L ={0,e,\,1} with 0 < ¢ < A < 1. The following notations defining classes of effects are
useful to assign possibility degrees:

e ¢g. = the correct initialization — nominal effect of an “initialization” occurrence,
s (600) = 1;

e ¢g, = a wrong initialization — non-nominal effect of an “initialization” occurrence,
7T(€0w) =&

e c¢; = the correct reception of a feedback — nominal effect of an “automated behaviour"

occurrence: m(ef) = 1;

e ¢; = a missed feedback — non-nominal effect of an “automated behaviour" occurrence:
m(e) = A;
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e ¢, = a generic occurrence effect considered as normal, other than eq. and ey (for instance
a normal selection): m(e,) = 1;

e ¢, = the arising of a slip — nominal effect of a selection occurrence, 7(es) = €;

e ¢, = a mistake — nominal effect of a selection or “absence of selection" occurrence,
m(em) = €.

The human assessment of the initial state is uncertain, but is likely to coincide with the real
one, i.e. a correct initialization is more plausible than a wrong one: 1 = m(eg.) > m(egw) = €.
Moreover, the good reception of a feedback is more plausible than a loss of one of them, which
is more likely to happen than a slip or a mistake: m(ef) =1 > 7(e;) = A > 7(es) = 7(em) = €.

Before starting the human assessment estimation, it is important to understand the link
between possibility degrees of effects, and possibilistic system dynamics. An effect encodes the
manifestation of an occurrence v’ and the transition from current human assessment h € S
to the next one A’ € S: an effect is then plausible when occurrence v’ and assessment A’
are plausible knowing previous one h. That leads to the following equation defining the joint
possibility distribution over next assessment and occurrence:

m (V0| h) =7 (fe(h,v 1)) (IV.2)

i.e. the possibility degree of the effect of an occurrence v’ is the joint possibility de-
gree of the this occurrence (v') and the next assessment (h') associated with the effect,
knowing current assessment (h). For the initialization occurrence (beginning of the human-
machine interaction), as no previous assessment is available, equation IV.2 becomes simply:
7 (vo, ho) = 7 (fe (vo,ho)) . Note that initialization occurrence is artificially added to define
initial uncertainty: it is thus considered as a totally normal occurrence: m(vg) = 1. Then
7 (vo, ho) = min {7 (vo), 7 (ho| vo)} =7 (ho| vo), ie.

T (ho| vo) =7 (fe(vo,ho))- (IV.3)

Recall that the possibility degree 0 is of course assigned to each triplets (h,v’, k') for which
fe is not defined: no such effects have been declared possible by experts.

As explained around equation IV.1 for each assessment h, there exists an occurrence
v and a human assessment h' entirely possible: there is always a couple (v/,h’) such as
7w (v, | h) = 1. Thus 7 (v',h’| h) defines actually a joint possibility distribution, as possi-
bilistic normalization is naturally ensured.

Human assessment estimation

Initial possibility distribution over human assessment h is denoted by 7o (h) = 7 (ho = h| vo)
which depends on initial occurrence vy defining initial machine state sg. It encodes the initial
estimation of the human assessment about the machine state, using assumptions of the inter-
action model: knowing the initial machine state, as part of data available for the observer, a
positive possibility degree is assigned to each potential human operator initial assessment of
the machine state, using equation IV.3.

Given occurrence vy11, the possibilistic dynamics of human belief (assessment), i.e. the
possibility degree of each assessment transition, is summed up in the transition function
(h,h/) — Tt+1 (h, h,) =T (ht+1 =h ’ hy = h,?)t+1).

Definition IV.3.1 (Transition function)

As w(vip1, 0| h) is given by the interaction model, using equation IV.2, and as vy is
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Occurrences
(observable) { e

Effects { €

(unobservable)

Assessments hg — M
(unobservable)

Figure IV.5 — Dynamic Bayesian Network of the problem: relations between occurrences (vi), and cor-
responding effects (e:) on assessments evolution (hy).

known, T, is computed with normalization

1 if i/ € argmax (veg1, A | h)
Tiy1 (hh') = neS which comes directly from possibilistic
7 (vip1, B | h) otherwise,

conditionning 1.2.7.

The occurrences sequence (vg)ien only concerns actual facts (e.g. human operator selection,
automated behaviour, ...) that are available (fully observable): T} is then in fact a transition
possibility distribution of the non-stationary possibilistic Markov Chain (h;)ieny € SN with
initial possibility distribution mg. This formalism is the same as the one used in the previous
chapter for planning under uncertainty [49]. Here, unlike in planning problems, no action has
to be chosen in this framework: however hidden state (here human assessment) is inferred in
the same way. As successive human assessments constitute states of the Markov process, and
are not directly observable, the analysis model is in fact summed up in a possibilistic hidden
Markov process illustrated by Figure IV.5.

At occurrence step t, the possibilistic estimation of the human assessment is defined by
the following possibility distribution:

Definition IV.3.2 (Possibilistic estimation of the human assessment)
e (h)=m(h=h| vo,...,v¢) (IV.4)

As illustrated in Figure IV.5, some occurrences (as selections), depends on the previous
belief (assessment) of the human operator i.e. possibility degree of occurrence vy; depends
on hy, and this dependence is defined bu the observation function (h,v’) — O (h,v") =
7 (ve41 = 0’| hy = h): this information is used to update the current estimation .

Definition IV.3.3 (Observation function)

As 7 (veg1, B | h) is given by equation IV.2, observation function is given by marginaliza-
tion O (h,vi11) = maxpes ™ (vig1, A | h)

The set of assessments h such that m; (h) = 1 is denoted by H; (human assessments of
the machine state that are totally possible). At step ¢ the next occurrence v¢11 can contradict
estimation of the assessment: an exception arises when the possibility degree of this occurrence
v¢4+1 knowing one of the most plausible h € H/ is less than the same possibility degree knowing
another human assessment iLﬁé Hf, O(h,vi11) < O(h,vey1), and less than current estimation

of the latter O(h,vi+1) < m(h). More generally, information given by next occurrence vy is
used to update estimation, using next theorem.
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Theorem 27

Human assessment estimation update, 7w; (h) = 7 (hy = h| vo,v1,...,041), can be com-
puted as follow:
i (h)

1 ifh € argmaxmin{O(h,vit1), 7 ()},
s (IV.5)
min{O(h,vey1),m (h)}  otherwise.

This equation does not modify assessment estimation (m; = ;) if the following sufficient
condition holds: Vh € Hf, O (h,viy1) =1 and Vh ¢ Hf, ¢ (h) < O (h,vi41).

Proof: Qualitative possibilistic conditionning 1.2.7 provides equation IV.5, observation function
playing the role of 7 (yeps | @), occurrence vy41 the observation role, and assessment h the
role of the state. Now, if Vh € Hf, O (h,vi41) = 1, as m(h) = 1, the first case occurs and
7 (h) = m (h) = 1. The same equation holds Vh ¢ H;: as m;(h) < 1, the second case
(“otherwise") occurs, and as 7 (h) < O (h,veq1), mp(h) = min{m (h),0 (h,vey1) } =m(h). A

It is now possible to formally define an exception: an exception is detected at step t+1
when update I'V.5 makes the possibility degree of an assessment h different from
the actual state s; and such that 7 (h) < 1 become 7;(h) = 1, i.e. when the occurrence
underlying the estimation update leading to 7}, contradicts the previous estimation m; and
make an assessment different from the actual machine state becomes totally possible.

Once 7} is computed using observation function O (h,viy1), estimation 741 is easily de-
ducted using 7’ and transition function T} 1:

Theorem 28
Assume 7j(h) = 7 (hy = h| vo,...,v41) is available: next possibilistic estimation of the

human assessment my1(h) = m (hy41 = h| vo,...,v41) is computed as follow, propagating
assessment estimation over one step of the possibilistic Markov process:

w1 (B') = max min {Tix1 (b)), (R)} (IV.6)
€

Proof: AsTii1 (h,h) =7 (hie1 =h'| hy = h,vi1 ), then iy (W) = r}rggg{ﬂ(htﬂ =n',hy =h| vo,.

= Iilagmin{TtH(h,h'),w(ht =h| vo,...,ve41)}
€

= rfrllél‘;(min{Tt+1(h,h/)ﬂd(h)}' ]

Exception explanation

As all possible non-observable trajectories are recorded as described in section IV.2.4, set of
possible effects (respectively assessments) trajectories at step m, &, (respectively H,,) is
available removing assessments (respectively effects): they are used in case of exception to
provide, if existing, an exception explanation. The explanation search uses operator leximin
[51]. Operator leximin is a function similar to the minimum that may discriminate trajectories
whose minimum possibility degree is the same. The idea is to compare effects trajectories at
first via the simple minimum of effect possibility degrees, i.e. for a possible effects trajectory

m
(€0 ..., em) € Em, via Itn_i(I]lﬂ'(et).
Using equality IV.2, it appears that the minimum of effects possibility degrees corresponds
to the joint possibility degree of the observed occurrences trajectory (vg,...,vm) € Vp, and

s Utt1)
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the assessments trajectory (ho,...,hn) € Hy such that, VO < t < m, e = fe(he, Vi1, hit1)
(removing “h_1" for t = 0): rﬁ(r)l m(er) = Igli%glﬂ(vt+1,ht+1| hi) (removing “|h_1" for t = 0)
which is equal to 7(ho, ..., hm, V0, - -, Um).

When an exception occurs, effects trajectories which maximize this quantity are the most
plausible explainations, and associated assessment trajectories can inform the observer about
what the human operator thought. If more than one effects trajectory maximize this quantity,
leximin operator can help to discriminate them. It counts in each trajectory the multiplicity
of effects which have the minimum possibility degree and chose as lexi-minimal the effects
trajectory with largest multiplicity (and then the most plausible ones are the effects trajectories
with lowest multiplicity). If some trajectories have the same number of effects having the
minimal possibility degree, leximin operator remove these effects, and counts multiplicity of
the new minimal possibility degree, etc.

Definition IV.3.4 (Leximin)

Consider finite sequences of elements from a totally ordered space 1I. A sequence

(m1,y...,mm) € II"™ is lower than a sequence (71,...,7Ty,) € II'™ in leximin sense, i.e.
(1, eey Ty ) SN (7 %) if and only if, assuming that elements 7 € II are classi-
fied in increasing order in both sequences, 31 < i < m such that (7y,...,m) = (71,...,7;)

and Tigl > Tit1-

For a deeper investigation of the leximin operator, see [51] which explains how to find most
m

credible trajectories in max leximin sence, ¢.e. arggmax le)%i_r{)lin 7(et), using dynamic program-
ming. "

Finally, as stated when defining our particular interaction model in section IV.2.5, not
perceiving n < n,,q; feedbacks is more likely to happen than not perceiving n + 1 feedbacks.
Moreover not perceiving n < ., feedbacks (denoted by e}') is more likely to happen than
slips, i.e. Vn < Nynaz

m(e™) > m(es) and w(e") > w(e" ).

This condition is taken into account for exception explanation as leximin naturally encodes
it. However, assessment estimation as presented here, suffers from drowning effect due to
the min operator [51]. It is possible to get around this issue redefining £ and min operator:
L ={0,6,  pows---> A2, A1, 1}, and min { A, Aj } = Ay, with Mg = Aye i 94+ 5 2 Ninaa
(min operator remains the classical one for other values). The use of the leximin operator for
h may solve this issue as well (but more discriminating).

In the following sections a mock-up example and a real case example are detailed, illustrat-
ing and validating the possibilistic analysis model based on the particular interaction model
presented in section IV.2.5.

INTERACTING WITH A THREE-STATE MACHINE

This example is meant to detail the estimation of assessment h as well as the error detection
and explaination over few occurrences: human selections and automated state changes. Let us
consider a machine with only one state variable with three values L, M and H (for respectively
“low", “medium" and “high"), two possible selections selU and selD (for respectively “up" and
“down"), and three automated state changes: acL (machine state becomes low), acM (machine
state becomes medium) and acH (machine state becomes high). The interaction model is
described in the enhanced logic table IV.3: an additional row “DETAILS” appears, containing
for each column representing a non-nominal effect, a reference to the column number of the

corresponding nominal effect. A description of each effect is given as well in the lower part of
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columns 1121345678910 11|12 |13]| 1415
SITUATION
v
Selection selUl 1|11
selD 1111
Autom. change acL 1 1 1
acM 1 1 1
acH 1 1 1
h L |1 1 1 1
M 1 1 1 1
H 1 1 1 1
BEHAVIOUR
B L 1)1 1 1 1
M |1 1 1 1 1
H 1)1 1 1 1
EFFECT en| €n| €s| es| en| enl epleplepl e [ er e e | e | g
POSSIBILITY T[1]ele|1][1]1 RN EYENEYENE
DETAILS from T 9
SIS 2SI EEEIEIE|E|E|E|E E|E
S| 3|8l 2222|2222
==l =1 ] | T 0 - 9 = <P O SO 9 =
TIPIE gl g glglglglglglglglTl|T
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AR R R
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a el el 4| = s Rl | 2 |®©| 2 Y
=l e 285 |E El= 2|5 |2 |&
BB 2 el g E ElS 2| |2]|E
o & Sl ElF| D E
SEN I 2|2 |EE| 2 |®
"lg R
= Sle |2 lgle | T
= 2 = = ; =1
=12 lz|8]¢
2|17 2|%|F|%
Table IV.3 — Enhanced logic table for the three-state machine: the last row provides a natural language
description for each effect.
the table. Note that columns 7, 8 and 9 represents each three nominal effects: for instance,
column 7 represents transitions from h = L (Low), from h = M (Medium) and from h = H
(High), to ' = L (Low). Note that the three effects of column 7 lead to the same assessment
L (Low). The same is true for columns 8 and 9.
In this section the human assessment estimation evolution is shown for two scenarios con-
sisting of three successive occurrences.
IV.4.1 Two successive selections

Initialization

The initial human assessment of the machine state is denoted by hg € S = {L, M, H }. The
initial machine state, denoted by sg € S, is equal to M.

First occurrence vy encodes initialization {sy = M } with two possible effects on human
assessment (stated by experts in section IV.2.5): a correct initialization ep. = fe(vg, M) and
a wrong one €y, = fe(vo, L) = fe(vo, H), which is less plausible. Then, using equation IV.3,
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possibility distribution over hg is
Wo(h) = ﬂ'(h():h”l)())
= 7 (fe(UOa h) )

ﬂ(eoc):1 ifh:M,
m(eow) =€  otherwise.

As three assessments are possible (Vh € S, mo(h) > 0), it leads to three possible non-observable
trajectories at this initialization step: a good initialization (eg., M) and two wrong initializa-
tions, (egw, L) and (egy, H).

Execution of a first up selection

After the execution of an up selection, machine state becomes s; = H: the occurrence is then
v1 = sell.

If hg = M this occurrence v; has only one possible effect considered as normal e, and
making the assessment become h; = H (see column 2 of table IV.3). Also if hy = L, occurrence
v1 has the same effect e,, and the new assessment is hy = M (see column 1).

On the other hand if hg = H, occurrence v; has only one possible effect considered as
unusual: in fact, as the new assessment is unchanged by the up selection (h; = H), this effect
is a slip es (see column 3).

These effects, encoded by function (h,h') — fe(h,v1,h’), can be represented by a matrix
whose rows are indexed by current assessments h = L, M and then H, and columns by

next assessment b’ = L, M and then H: (g T

0 ewn> where () is put where f.(h,v’,h’) is not

defined. Possibility distribution can then be represented as well using equation IV.2: <§ é (1)) .
Using the definition of the observation function IV.3.3, by maximizing the previous matrix
over column index A’ (marginalization), O(h,v1) = 7 (v1| ho=h) = (1 1 5) represented
by a vector indexed by variable hy with assignment L, M and then H. Indeed, this selection
effect is considered totally possible except when human operator thinks machine state is H:
in this case it has no reason to select up as machine state is already the highest (H), and this
occurrence is considered as a slip (es with m(es) =¢). Asmo (h) = (5 1 a) (indexed by hy),
update of g is not necessary, as sufficient condition stated by theorem 27 is satisfied.
Possibilistic transition function, computed from previous matrix using definition IV.3.1,
can be expressed by the following matrix (h indexes rows with L, M and then H; h' indexes

columns in the same way), and increases deterministically the assessment: (8 0 (1)> .
0 0 1
Next human assessment is represented by variable hj. Its estimation (definition IV.4) is
given by propagation equation IV.6: using a representation with matrices and the “max-min"
matrix product ® which replaces sum and product of the classical matrix product x by
respectively max and min, this equation becomes

m(h) = Il?ggmin{Tl (hyh1),m(h)}

S ge i)
= (0 = 1)

where I/ = hy indexes last vector with assignments L, M and then H. Finally, as T} encodes
a deterministic transition, only three non-observable trajectories are possible at this step of
the process: (egw, L, €n, M), (€oc, M, en, H) and (eqy, H, €5, H).

o
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Execution of a second up selection

After the execution of a second up selection, machine state remains unchanged and then
s9 = H. The second occurrence is thus vo = selU. In this paragraph, vectors are indexed with
h from L to H. Estimation update has now to be computed.

As O (h,v2) = (1 1 5), min {7 (h),0 (h,v2)} = (0 € 5), and finally, update IV.5

asserts that 7 (h) = (0 1 1). As assessment h = M becomes entirely possible, this update
leads to an exception because actual machine state is so = H. This selection contradicts
previous estimation 7 since the human operator has no reason to select up if their assessment
of the machine state is H.

As vy = vy, transition function 75 = T7. Propagation equation IV.6 leads to the estimation
of the next assessment hs from 7/ (h), represented by the vector (0 1 1), where h indexes
this vector with L, M and then H. Using matrices representation of 75 and “max-min" matrix

product ®,
o) = (0 1 1)®(§ 0 §>:(0 0 1)

where h indexes rows of the matrix, A’ = hs indexes columns and last vector. After the two
occurrences v1 and vy the possibilistic model returns a certitude for the human assessment: the
human operator assessment for the machine state is H. Deterministic transition function con-
serves three possible non-observable trajectories: (egw, L, €n, M, en, H), (€oc, M, ey, H,es, H)
and (egw, H, €5, H,es, H). Associated effects trajectories have the same possibility degree:
min {7(eg), m(e1), 7(e2)} = . However the most credible trajectories can be found using
leximin operator: (egw,€n,en), (€oc,€n,€s) € argmaxg, leximin {7(eg), 7(e1),m(e2)}, d.e. the
trajectory with a correct initialization and the trajectory beginning with hg = L are the most
plausible ones. The exception explanations are then a slip at the end, or a wrong initialization.

Automated state change followed by a selection

This scenario shows the effects of the automated state changes on the human assessments.

Initialization and automated state change

Starting from the same machine state as in the previous scenario, the same initial occurrence
vo = {so =M} occurs, and m (h) = (6 1 z—:). The same non-observable trajectories are
recorded: (egw, L), (€oc, M) and (egw, H).

Then machine state automatically goes to H: v1 = acH. Occurrence v; can produce two
effects: ey if feedback of this automated state change is well received by human operator,
which is totally possible w(ey) = 1; and e; if it is missed, with possibility degree m(e;) = A
(see columns 9, 14 and 15 of table IV.3). Variable A’ (next assessment) indexing columns,
and h (current one) indexing rows, with values L, M and then H, f.(h,v1,h’) can be written

(Ewl g Z;),andﬂ(fe(h,vl,h’)):G . i)

0 0 ey 0 0 1
Using marginalization 1V.3.3, yields the observation function O (h,v1) = (1 1 1) i.e.
this automated behabiour is entirely possible whatever the human operator assessment. Then

estimation update is not necessary as sufficient condition of theorem 27 is satisfied.
Using normalization IV.3.1, transition function is then Ty (h,h') = 7 (hy = h'| hg = h,v1)

- (3 > 1) . Finally, using equation IV.6 and “max-min" matrix product ®, m (k') =

0 0 1

A 0 1
(E 1 E) ® (8 A 1) = (E A 1). For each initial trajectory, except for the one beginning
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with hg = H, next effect can be either ey or ¢;: (eow, L,er, H), (eow, L, e, L), (eoe; M, ey, H),
(€oe, M, ey, M) and (eoc, H,ep, H).

Execution of an up selection

Human operator has no reason to execute this selection if their assessment of the machine
state is H (estimated as the most plausible assessment). This occurrence vo = selU cor-

rects estimation using theorem 27: as previously, O (h,ve) = (1 1 5), indexed by h. Then
min {7 (h),O0 (h,v2)} = (5 A 5). Finally update 27 concludes that 7 (h) = (5 1 6). As
hi1 = H is no more the most plausible assessment, while machine state s; = H, it leads to

an exception. Estimation of hy is computed thanks to deterministic transition produced by

vy = selU, already used in the previous scenario: ma(h) = (5 1 5) ® <§ é (1)> = (0 € 1),

1
where ® is yet the previously defined “max-min" matrix product.
As transition function T5 is deterministic, number of trajectories remains 5:

o eOwaLaefaHaesaH)a

€ow; Lu €l7L) €n, M)a

(
(

o (eoe; M ey, H e, H),
(eoc, M, e;, M, e, H),
(

L4 €OC,H,€f,H,€S,H).

Computing argmaxg, leximin { 7(eg), w(e1), 7(e2) }, the situation with a correct initialization,
followed by a missed feedback and by a normal selection is the best guess of the analysis
model: (eg., M, e, M, e,, H) explains thus the exception.

The current section was meant to get an intuition of the mechanism of the analysis model in
estimating successive human assessments, and in detecting and explaining assessment errors.
In practice, machines logics are much more complex: next section presents the results of our
analysis model when facing a realistic human-machine system.

IV.5 INTERACTING WITH FLIGHT CONTROL AND GUIDANCE

In this section a real case application is presented: the AutoPilot (AP) of a flight simulator.
An experience has been conduced with ten general aviation pilots in this flight simulator.
The experience was originally meant to test the soundness of a method to detect dangerous
situations called human-machine conflicts, in which the pilot actions are not coherent with the
actual state of the machine. Those conflicts are the consequence of human attentional errors.
For that reason the data collected in that experience is a valuable source of attentional errors
in a realistic setting. This dataset is used in this section to test the possibilistic analysis model
for the detection of human attentional errors. For more details about the used dataset, see
[111].

As for the three-state machine example presented in section IV.4, the first step is the
definition of the logic of the automation and the definition of some human assessment errors.
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IV.5.1 System description

The definition of human assessment errors is easily automatized starting from the logic of the
automation and using rules stated section IV.2.5. Hereafter are detailed state variables of the
machine, possible occurrences and effects.

State variables: s;

s1 = AP state (On/Off);
sy = AutoTHRust (ATHR) state (On/Off);

s3 = Airspeed (Underspeed, Normal, Near overspeed, Overspeed). “Underspeed/Overspeed”
means that the airspeed is smaller/greater than minimum/maximum speed. Minimum
and maximum speed are calculated by the autopilot and they depend on the flight
envelope. “Near overspeed” means that the speed is between the maximum speed and
the maximum speed minus five knots. “Normal” means that the speed is between the
minimum speed and maximum speed minus five knots;

s4 = Control stick (Actioning, Not actioning);

s5 = Throttle lever (Actioning, Not actioning).

Occurrences: v
e initialisation:

va = Initialization = Start of the experiment and creation of all the initial assessment
trajectories;

e selections:

vp = AP button = Autopilot engagement/disengagement button pressed. The Autopilot
is the part of the automation that if switched on is in charge for the control of the
pitch, the roll and the yaw of the aircraft, i.e. of its attitude;

ve = ATHR button = Autothrust engagement/disengagement button pressed. The
Autothrust is the part of the automation that if switched on is in charge of the
control of the thrust;

vp = Control Stick On = Control stick activation;
vg = Control Stick Off = Control stick deactivation;
vp = Throttle lever On = Throttle lever activation;

vg = Throttle lever Off =Throttle lever deactivation;

e automated state changes:

vy = Speed Low = Airspeed takes value Underspeed and consequent AP disconnection;

vr = Speed Normal = Airspeed takes value Normal;

vy = Near overspeed = Airspeed takes value Near overspeed and consequent vertical
speed constraint;

v = Quverspeed = Airspeed takes value Overspeed and consequent AP disconnection;

vy, = Trajectory divergence = divergence between pilot selected trajectory and autopilot
executed trajectory that is greater than 250 feet.
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Effects: ¢

e Initialization effects:

The correct initialization (nominal effect): eg., with m(eg.) = 1;

The wrong initializations (non-nominal effect): eqgy;, with 7(egywi) = €. Note that there

are many possible initializations: as many as the cardinality of the cartesian product
of the state variables. One of those is the correct initialization, and all the others are
wrong. For computational issues, in this work, a limited number of possible wrong
initializations is taken into account: the initialization may be wrong for only one
variable at a time. The cardinality of the initial set of possible assessments is reduced
to the number of variables. This reduced initialization set of possible assessments
has shown to be rich enough to provide proper detections and explanations for the
analysed dataset.

e Automated state changes effects:
nominal effects, ey with m(ef) =1

ef1
efQ
ef3
ef4

€f5

= Pilot perception of Airspeed change to Underspeed;

= Pilot perception of Airspeed change to Normal;

= Pilot perception of Airspeed change to Near overspeed;
= Pilot perception of Airspeed change to Overspeed;

= Trajectory divergence greater than 250 feet when the AP is off (the pilot is in
charge of the flight level).

non-nominal effects (lost feedbacks), e; with 7(e;) = A

e;1 = Airspeed takes value Underspeed (missed feedback);

e;2 = Airspeed takes value Normal (missed feedback);

e;3 = Airspeed takes value Near overspeed (missed feedback);

el4 = Airspeed takes value Overspeed (missed feedback);

e;5 = Airspeed takes value Overspeed but just AP disconnection perceived;

ejg = Airspeed takes value Underspeed but just AP disconnection perceived;

e;7 = Trajectory divergence greater than 250 feet when AP is on (missed feedback).

e Selection effects:
normal effects, e,, with 7(e,) =1

€nl

€n2

slips

= AP/ATHR connection/disconnection in nominal condition;

= Control stick/Throttle lever activation/deactivation in nominal condition.

and mistakes: es, with m(es) = ¢

es1 = AP connection during overspeed /underspeed (slip);
es2 =Control stick/Throttle lever activation when AP/ATHR On (slip);

es3 =Trajectory divergence consciously greater than 250 feet and increasing because of

AP on (mistake). This effect is defined as a mistake by the designer by hand, so
its possibility degree is not automatically generated starting from the logic table
and the general assumptions. By that we mean that the pilot may not voluntarily
be aware of the increasing trajectory divergence and that the AP is on (so it is
the cause of the divergence) without taking actions, passively accepting that their
requests are not executed.
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Figure IV.6 — Ezperiment 1: Possibilistic estimation on human assessment of Airspeed (solid red curve),
and actual machine state (blue bar). “L” is “Low speed”, “N” is “Normal speed”, “NO” is “Near
Overspeed” and “0O7 is Overspeed.

IV.5.2 Experiments

Data generated during the experience have been pre-processed to generate sequences of occur-
rences (among which are selections). Those occurrence sequences (one sequence for each pilot
running the experiment in the flight simulator) have been then processed by our analysis model
to automatically detect exceptions, i.e. when the objective assessment trajectory is no longer
considered as normal. In those cases the exception is analysed: the exception explanation (if
any is found) is specified by the model using the description of the relevant human assessment
error, i.e. the less possible effect of the trajectory explanation, and the triggering occurrence
is specified as well. That in textual form?:

e if an exception explanation is found it is labelled as an explaned exception: Exception
description: ‘Triggering occurrence’ because ‘exception explanation’;

e if no exception explanation is found it is labelled as a simple exception: Exception
description: ‘Triggering occurrence’.

Hereafter the analysis performed for two participants of the experience is presented.

Example 1

The sequence of occurrences generated from the data recorded during the experience with
the first participant is shown hereafter. A total of 57 occurrences (among which are some
selections) have been generated:

‘Initialization’, ‘Control Stick Off’, ‘Throttle lever On’, ‘Throttle lever Off’, ‘Throttle lever On’, ‘Throttle
lever Off’; ‘Throttle lever On’, ‘Throttle lever Off’, ‘Throttle lever On’, ‘Throttle lever Off’, ‘Control Stick
On’, ‘Speed Normal’, ‘Control Stick Off’, ‘Control Stick On’, ‘ATHR button’, ‘Control Stick Off’, ‘SpeedLow’,
‘Speed Normal’, ‘Control Stick On’, ‘Control Stick Off’; ‘Control Stick On’; ‘AP button’, ‘Control Stick Off’,
‘Near overspeed’, ‘Control Stick On’, ‘Control Stick Off’, ‘Speed Normal’, ‘Near overspeed’, ‘Overspeed’, ‘Near

2The message that is automatically generated by our model could later be used to compose specific feedbacks
meant to correct the human state assessment. By the way the definition of those feedbacks is out of the scope
of this work. Note that the real time version of the algorithm is totally feasible: the computing time for a 15-mn
mission is less than one minute.
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overspeed’, ‘Speed Normal’, ‘AP button’, ‘Near overspeed’, ‘Trajectory divergence’, ‘AP button’, ‘Control Stick
On’, ‘Control Stick Off’, ‘Control Stick On’, ‘Control Stick Off’, ‘Control Stick On’, ‘Control Stick Off’, ‘Control
Stick On’, ‘Control Stick Off’, ‘Control Stick On’, ‘Control Stick Off’; ‘Control Stick On’, ‘Control Stick Off’,
‘Control Stick On’, ‘Control Stick Off’; ‘AP button’, ‘Trajectory divergence’, ‘AP button’, ‘Control Stick On’,
‘Speed Normal’, ‘Near overspeed’, ‘Control Stick Off’

The initial machine state is:

s1 = AP state: Off;

so = ATHR state: On;

s3 = Airspeed: Underspeed;

s4 = Control stick: Actioning;

s5 = Throttle lever: Not actioning.

After the firing of the 25th occurrence, 119.5 seconds from the beginning of the experiment,
the analysis model detects an exception:

Exception description: ‘Control stick On when AP on!’.

After the firing of the 34th occurrence, 772.6 seconds from the beginning of the experiment,
the analysis model detects an exception and explains it:

Exception description: ‘Vertical speed divergence > 250 ft, unnoticed’
because ’Speed becomes >Vmax-5, but unseen!’.

After the firing of the 51st occurrence, 886.1 seconds from the beginning of the experiment,
an exception is explained again:

Exception description: ‘Vertical speed divergence > 250 ft, unnoticed’
because ’Speed becomes >Vmax-5, but unseen!’.

It is worth noting that the experimenters [111] reported two human automation conflicts
corresponding to the second and third exceptions, and that their findings on those conflicts
causes (based on the observation of the data, the video recording and the interview of the
pilot) is in agree with the exception explanation provided by the analysis model here.

After the execution of the 57 occurrences, 196 assessment trajectories are considered as pos-
sible (with different possibility degrees). The computation time is 30 seconds. Some possibilistic
estimations of the human assessment of the machine state variable “Airspeed” are represented
in Figure IV.6: the possibility distribution over the human assessment h of the airspeed, 7 (h),
is indicated by the red curve. This possibilistic evaluation is qualitative, nevertheless in the
graphic representation, quantitative values are arbitrarily assigned to the possibility degrees
(respecting qualitative ordering) to plot them. The actual machine state s is stated by the
blue bar with value 1 on the y-axis: if no exception arises, most possible assessment h should
be the actual state (blue bar).

Remember that after the firing of 34 occurrences an exception is detected by the analysis
model, which is graphically highlighted in Figure IV.6]1: most possible human assessment is no
more the real machine state.
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Figure IV.7 — Experiment 2: Possibilistic estimation on human assessment of speed (solid red curve),
actual machine state (blue bar).

Example 2

A sequence of occurrences has been generated from the data recorded during experience with
a second participant. A total of 85 occurrences (among which are some human selections) have
been generated. Hereafter the beginning of the sequence:

‘Initialization’, ‘Throttle lever On’, ‘Throttle lever Off’, ‘ATHR button’, ‘Throttle lever On’ ...

Initial machine state variables are the same as previously, except of control stick, which is
here initially actioning.

This second example was chosen because of the second occurrence, 30.2 seconds from the
beginning of the experiment. The analysis model detects the following exception:

Exception description: ‘Throttle lever On when ATHR on!’ because ’Wrong
state initialization’

Initially the ATHR is on: operating the throttle lever has no result (this action is considered
as a slip). The model explains this slip as the result of a wrong initial assessment: if the pilot
initial assessment of the ATHR state was Off, that could explain the execution of this action
as nominal. It is worth noting that after giving up this useless action (‘Throttle lever Off”)
the participant deactivated the ATHR (‘ATHR button’) and she/he started again operating
the throttle lever ("Throttle lever On’), probably because she/he had a wrong initial situation
assessment (as the found exception explanation) and she/he understood their assessment error.

The analysis model detected also three times the same exception as for the previous par-
ticipant:

Exception description: ‘Vertical speed divergence > 250 ft, unnoticed’
because ’Speed becomes >Vmax-5, but unseen!’

Figure IV.7 shows the estimation of the human assessment of the speed, initially, and when
these exceptions occur.

CONCLUSION

This chapter proposes a model for the human-machine interaction based on a machine model
and expert knowledge on an human assessment error model. The human-machine interac-
tion is modelled as a possibilistic hidden Markov process. Qualitative Possibility Theory has
been chosen because it is well suited to handle uncertainty defined by expert knowledge. The
proposed possibilistic analysis model provides an estimation of the human assessment of the
machine state and detects assessment errors. The analysis model is able to provide also an
explanation (diagnosis) when an assessment error is detected.

This process of detection/identification could be used in real time applications in order to
inform the human operator of their assessment errors. It can help to make them correct their
situation awareness and prevent the execution of other errors.
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This work is based on the simplifying assumption that the human operator is certain about
the state of the machine: a possible extension of this model may be to drop this assumption
using a more refined representation of the human state assessment, as a set of machine states,
or an uncertainty measure over the machine states.

This article proposes a model for the human-machine interaction based on a machine
model and expert knowledge on an human assessment error model. The human-machine in-
teraction is modelled as a possibilistic hidden Markov process. Qualitative Possibility Theory
has been chosen because it is well suited to handle uncertainty defined by expert knowledge.
The proposed possibilistic analysis model provides an estimation of the human assessment of
the machine state and detects assessment errors. The analysis model is able to provide also an
explanation (diagnosis) when an assessment error is detected.

This process of detection/identification could be used in real time applications in order to
inform the human operator of their assessment errors. It can help to make them correct their
situation awareness and prevent the execution of other errors.

This work is based on the simplifying assumption that the human operator is certain about
the state of the machine: a possible extension of this model may be to drop this assumption
using a more refined representation of the human state assessment, as a set of machine states,
or an uncertainty measure over the machine states.






A HYBRID MODEL: PLANNING IN
PARTIALLY OBSERVABLE DOMAINS
WITH Fuzzy EPISTEMIC STATES AND
PROBABILISTIC DYNAMICS

While the previous chapters dealt with purely qualitative possibilistic models, this one
proposes to use the strength of both probabilistic and possibilistic approaches, in order to
solve fully defined factored POMDPs, or partially defined ones. This idea comes from the
analysis of the results of the experiments of Chapter III: qualitative modeling may lead to
poor strategies for risky problems, or when the frequentist information defining the POMDP
is at the heart of planning the problem. Here, a new translation from Partially Observable MDP
into Fully Observable MDP is described. Unlike the classical translation (see Section I1.1.9),
the resulting problem state space is finite, making MDP solvers able to solve this simplified
version of the initial partially observable problem: this approach encodes agent beliefs with
fuzzy measures over states, leading to an MDP whose system state space is a finite set of
epistemic states. The translation is described in a formal manner with semantic arguments.
Then actual computations of this transformation are detailed, in order to highly benefits from
the factorized structure of the initial POMDP in the the final MDP problem size reduction
and structure. Finally size reduction and tractability of the resulting MDP is illustrated on a
simple POMDP problem.

INTRODUCTION

The approach proposed here simplifies the belief space of a POMDP problem before solving
it. The transformation described leads to a fully observable MDP on a finite number of epis-
temic states, i.e. a problem modeling an agent acting under uncertainty in a fully observable
environment [115]. As such a finite state space MDP problem is P-complete [103] this transfor-
mation qualifies as a simplification, and any MDP solver can return a policy for this translated
POMDP.

More than only a simplification of the initial POMDP problem, the theoretical framework
used here for belief states representation formally models an agent’s knowledge about the sys-
tem state. Indeed the proposed translation defines the belief states as possibility distributions
over system states s € S which represents the fuzzy set of possible system states, as done with
m-POMDP models.

The major originality of this work comes from the finiteness of the scale £: indeed it follows
that the number of possible belief states over the system state is, as well, finite (smaller than
#(L5) = (#L£)7S, see Equation 1.60). What very clearly distinguishes this approach from
the classical one is that the classical translation leads to an infinite set of belief states (the
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continuous set of all probability distributions over S, or the sequence of reachable belief states
from an initial one, see Section 1.1.9). The translation described here leads to an MDP whose
system state space is the set of possible possibilistic belief states, or epistemic states, that is
why its state space is finite.

In addition to POMDP simplification and knowledge modelling, this qualitative possibilis-
tic framework offers some interesting properties: the possibilistic counterpart of the Bayes rule
leads to a special belief state behaviour. Indeed the agent can possibly change their mind rad-
ically and rapidly, as described in Section 1.4, experimental section of Chapter II.Moreover,
under some conditions, the increased specificity of the belief state distribution is enforced, i.e.
the knowledge about the current state is non decreasing with time steps (see Section II.4).
Finally, in order to fully define the resulting MDP, the translation has to attach a reward
function to its states: as a possibilistic belief state distributions constitute the new (epistemic)
states of the problem, the definition of the rewards uses the Choquet integral adapted to fuzzy
measures. This integral is used with the dual measure of the possibility measure defined by
the belief state. The dual measure of a possibility measure, called the necessity measure (see
Definition 1.2.4), and the use of this integral makes the rewards values pessimistic about the
potential lack of knowledge described by the associated belief state.

However the number of possibilistic belief distributions, or fuzzy epistemic states, grows
exponentially with the number of initial POMDP system states. The so called simplification of
the problem does not transform the PSPACE POMDP problem into a polynomial one: as the
new state space size is exponential in the previous one, the resulting problem is EXPTIME.
The proposed translation tries to generate as few epistemic states as possible taking carefully
into account potential factorized structures of the initial POMDP.

This chapter begins with the description of the first contribution of this work, which is the
translation itself, presented in a formal way. As the resulting state space of the built MDP
is too big to make this problem tractable without factorization tricks in practice, the next
section details the proper way to preprocess its attributes. Finally, the last section illustrates
the power of this approach, describing the translation in practice, and applying it on a simple
factored POMDP problem.

A HyBriD POMDP

As claimed by Zadeh, “most information/intelligent systems will be of hybrid type” [154]: the
idea developped here is to use a granulated representation of the agent knowledge using possi-
bilistic belief states instead of probabilistic belief states in the POMDP framework. The first
advantage of this granulation is that strategy computation is performed reasoning on a finite
set of possibilistic belief states called then epistemic states: the set of all possibility distribu-
tions defined over S, denoted by H‘z is #H‘Z = HLH#S — (#L£ — 1)#S due to the possibilistic
normalization (see Equation 1.60), while the set of probability distributions over S is infinite.
The m-MDPs studied in the first chapters of this thesis are quite different from the model
exposed in this chapter. For instance, Qualitative Possibilistic MDPs do not use quantitative
data as probabilities or rewards. Dynamics is described in a purely qualitative possibilistic way.
Frequentist information about the problem cannot be encoded: these frameworks are indeed
dedicated to situations when the probabilistic dynamic of the studied system is lacking. More-
over, possible values of the reward function are chosen among the degrees of the qualitative
possibilistic scale. A commensurability assumption between reward and possibility degrees, i.e.
a meaning of why they share the same scale, is needed to use the criteria proposed in these
frameworks. Our model bypasses these demands: a real number is assigned to each possibilistic
belief (epistemic state), instead of a qualitative utility degree: it represents the reward got by
the agent when reaching this belief (in a MDP fashion) as detailed in Section V.2.2. Moreover,
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the dynamics of our process is described with probability distributions: approximate proba-
bilistic transition functions between current and next beliefs, or epistemic states, are given
section V.2.1. Finally, our model can be solved by any MDP solver in practice: it becomes
eventually a classical probabilistic fully observable MDP whose state space is the finite set
3.

Here, the term hybrid is used because the beliefs only are defined as possibility distribu-
tions, and all variables keep a probabilistic dynamic: the agent reasons based on a possibilistic
analysis of the system state (the possibilistic belief, or epistemic state), and transition prob-
ability distributions are defined for its epistemic states. Such beliefs are formally defined in
Section 1.2.5. As the set of the possibilistic beliefs is finite, they define the finite state space
of an MDP, whose the probabilistic transitions are defined in the next section. At this step, a
Markov process based on epistemic states is thus defined. Finally rewards are defined on epis-
temic states using the discrete Choquet integral and leading to the definition of the resulting
MDP.

Consider that possibility distributions similar to those used to define the initial POMDP
are available: a transition distribution, giving the possibility degree of reaching s’ € S from
s € S using action a € A, w (s’ | s,a) € L; as well as an observation one, giving the possibility
degree of observing o € O, in a system state s € S after the use of action a € A, 7 (0’| §',a) €
L. Indeed, this work is devoted to two kinds of practical problems. On the one hand real
problems modeled as POMDPs are often intractable: our granulated approach is in this case
a simplification of the initial POMDP, and possibility distributions are computed from the
POMDP probability distributions, using a possibility-probability transformation [63]. On the
other hand, some problems lead to POMDPs with partially defined probability distributions:
some estimated probabilities have no strong guarantees. A more faithful representation is
given with possibility distri- butions modeling the inherent imprecision, defining transition
and observation possibility distributions.

Set transitions

First, we use here some notations: the transition probability distribution is denoted by
T(s,a,s') = p(s'] s,a), and the observation probability distribution by O(s',a,0’) =
p (0] ¢, a). If the agent selects action a € A in the epistemic state 3 € Hf, the next epistemic
state depends only on the next observation, as highlighted by possibilistic belief update (see
Theorem 14). The probability distribution over observations conditionned on the reached state
is part of the POMDP definition via the observation function O. The probability distribution
over observations conditionned on previous state is obtained using transition function 7"

(o'| s,a) = ZOS a,0)-T(s,a,s).
s'eS
This distribution and the possibilistic belief 8 about the system state, can lead to an approx-
imate probability distribution over the next observations. Indeed, a probability distribution
over the system state, 5 € Pg, can be derived from 3 using an extension of the Laplace
principle. Then approximate distribution over o’ € O is defined as

p(d| B,a) Zp o sa)- (V.1)
SES

Finally, summing over concerned observations, the transition probability distribution over
epistemic states is defined as

p(ﬁ‘ ﬁ,a): Z p(d| B,a). (V.2)

Ol |u(67a1ol):6~
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A way to construct a probability distribution [ from a possibility one § is the use of the
pignistic transformation [52] minimizing the arbitrariness in the translation: numbering system
states with the order induced by distribution 8, 1 = £(s1) = B(s2) = ... = B(sgs+1) = 0,
with sus41 an artificial state such that m(sus41) = 0 introduced to simplify the formula,

#5 50s\ a(s,
B(sy) = > Al =) v3)

j=i

Note that this probability distribution corresponds to the center of gravity of the probability
distributions family induced by the possibility measure defined by distribution § [63], and
respects the Laplace principle of Insufficient Reason (ignorance leads to uniform probability).

Although possibilistic belief states were so far defined in a qualitative way, degrees of £ are
considered as numerical in this section and the following: the section about factorization will
make it clear that possibility distributions can be computed from 7" and O if the sole purpose is
to simplify the POMDP. Numerical values are then used to compute the observation probability
distribution here, and in order to aggregate rewards according to the current epistemic state
in the next section.

Reward aggregation

After the transition function, it remains to assign a reward to each epistemic state: in the
classical probabilistic translation, the reward assigned to a belief state b is the reward expecta-
tion according to the probability distribution b: 3~ .57 (s,a) - b(s). Here, the agent knowledge
is represented with a possibility distribution g: it sums up the frequentist uncertainty of the
problem, and imprecision due to the possibilistic discretization and/or due to partial ignorance
about actual probability distributions defining the situation. A way to define a reward being
pessimistic about these imprecisions is to aggregate the reward using the dual measure of the
possibility distribution, and the Choquet integral.

The dual measure of a possibility measure II : 25 — £ is called necessity measure and
is denoted by N. This measure is defined by VA C S, N(A) = 1 — II(A) where A is the
complementary set of A: A =8\ A. We use now the notation £ = {l; = 1,l,13,...,0}. For
a given action a € A, reward values, {7(s,a)| s € S} are denoted by {ri,r2,...,r;} with
ry >rg > ... >, with k < #8. An artificial value 11 = 0 is also introduced to simplify
the formulae.

Discrete Choquet integral of the reward function against necessity measure N [2] is defined
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as follows:
Ch(r,N) = Z(r —7rit1) - N{r(s,a) = r;}) (V.4)
k
= Z —rip1) - [1 =T({r(s,a) <r;})]

k
= Z TP —Tis1) (1—slrmax 7T(s)>

= (s,a)<r;
k

= L —Tht1 — Y (ri —riy1) - max  w(s
L ktl ;( ! H_l) s|r(s,a)<r; ( )

= ri—(ri—ry)- max 7(s)—...
s|r(s,a)<r1

—(rg—1— 7))+ max w(s)—rr- max 7(s)
s|r(s,a)<rg_1 s|r(s,a)<rg

#L-1
= Z (li = li+1) - min 7(s) (V.5)

Pt s|m(s)=l;

More on possibilistic Choquet integrals can be found in [38, 60].
This reward aggregation using the necessity measure leads to a pessimistic estimation of

the reward: as an example, the reward mig r(s,a) is assigned to the total ignorance.
sE

Note that, if the necessity measure N is replaced by a probability measure P, e.g as the one
induced by probability distribution g using V.3, Choquet integral coincides with the expected
reward based on 3. This could be a good aggregation choice as well, but more optimistic than
the one described above. The most optimistic way to aggregate the reward is to compute the
Choquet integral with the possibilistic measure II induced by distribution 3, rather than with
necessity one N, but this is not detailed here.

MDP with epistemic states

This section summarizes the complete translation using final equations of the previous sections.
This translation takes for input a POMDP: (S, A, T, O, O, r) and returns an epistemic states
based MDP: (S, A, T, 7) with

O

e §= H‘z;

e T, such that ¥(3, 8) € (II )2, Vae A

T(8, ) (,B‘ &a) using V.1 and V.2;

e i(a,B) = Ch(r(a,.), Ng), using Equation V.5 and where Nz is the necessity measure
computed from S.

Finally, as in the probabilistic framework (see Section 1.1.4), the criterion of this MDP is the
expected total reward:

“+oo
Bisger | 32775t
t=0

While the resulting state space is finite, only really small POMDP problems can be solved
with this translation without computation tricks. Indeed, H‘z grows exponentially with the
number of system states (see Equation 1.60), which makes the problem intractable even for
state of the art MDP solvers.
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V.3.1

V.3.2

BENEFIT FROM FACTORIZATION

This section carefully derives a tractable MDP problem from a factored POMDP: the resulting
MDP is equivalent to the former translation, but some factorization and computational tricks
are described here to reduce its size and to fit to the factorized structure. First, the definition
of a factored POMDP is quickly exposed, followed by some dependency notations helpful
for describing how distributions are dealt with. Next, a classification of the state variables is
made to strongly adapt computations according to the nature of the state. Then follows the
definition of possibility distributions, and the description of the use of the possibilistic Bayes
rule in practice ends this section.

Factored POMDP

Partially Observable Markov Decision Processes can be defined in a factorized way.

e state space S = s1 X ... X sy, with Vj € {1,...,m}, s; boolean variable. The set of
boolean state variables is denoted by S = {s1,...,smn };

e observation space O = 01 X...xo0, with Vi € {1,...,n}, o; boolean variable. In the same
way as to state variables, the set of observation variables is denoted by O = {o1,...,0, };

e action space A, a finite set of actions a € A.

Note that a problem with non boolean variables can be easily reduced to such a problem with
the boolean variables assumption. For simplicity, and as state s; € S and observation o; € O
notations are no longer reused in this chapter, only variables are denoted with these letters
from now: s € S and 0 € O.

Non-primed variables correspond to the current time step, and primed variables to the next
time-step. This notation is also used for sets of variables: S’ is the set of next state variables
and Q' the set of next observable ones. The factorized description continues with following
probability distributions:

e Vje{l,...,m}, Va € A, a transition function is defined:

a Iy / .
Tj(sl,...,sm,sj)fp(sj‘ 31,...,sm,a),

e One observation function is also given for each observation variable: Vi € {1,...,n},
Va € A,

Of (81,8, 05) =P (0;] S1,...,8m,a);

ms Y1

e and reward function r: S x A — R.

These definitions lead to the following observations: {53} are post-action indepen-

je{1,...m}
dent, and {0} } _n} bost-transition independent.

je{1,.

Notations and Observation Functions

Transitions of the final MDP make it more handy if each variable depends on only few previous
variables: the procedure to avoid blocking such simplifications brought by the structure of the
initial POMDP during the translation, needs the following notations. In practice, for each
i € {1,...,n} not all state variables influence observation variable o}; similarly, for each

je{l,...,m}, not all current state variables influence next state variable s;.:
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a € A chosen

/

4
Skz > 5

""" Ptl(S;‘) = {Sk17 Sky» Sk3 }
Figure V.1 — For action a € A, only tree variables influence variable s; in this Bayesian network: sy, ,

Sk, and sk, which constitute Py (s}).

e for each action a € A, observation variable o] depends on some state variables which are
denoted by

7

Pa(0)) = {8; € §' s.t. 0; depends on s when a applied}

They are called parents as they appears as “parents nodes” in a dynamic Bayesian network
[42] illustrating dependencies of the process.

e as well, for each action a € A, probability distribution of next state variable s; depends
on some current ones, denoted by

77@(33-) = {sk € S s.t. 5;- depends on s when a applied}

and illustrated in Figure V.1.
Now, let us define parents whatever the chosen action: Vi=1,...,n,

,P(OQ = UaeA,Pa(Og) - S’

and Vj=1,...,m,
P(S;) = UaEAPa(‘S;') cS

It leads to the following rewriting of probability distributions:

T{(P(s}),s5) =p (S; P(s}), a)

and
O (P(0)),0}) = p (0} | P(0]),a).

Following subset of S is useful to specify observation dynamic:

Q(0}) = {sk € Ss.t. 3s; € Po}) s.t. sy € P(s;)} = US;_E’])(O/Z_)P(S;) cS

and is illustrated in Figure V.2.
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Va € A
Plof) = { 5y 55005 }
S1 5/1 \
- Sk — / ,'E.__:
: ST
F- Sk !
24
:__ 81;74 //I
:_"E / 593
1 -- Sk5
o S
i Q(O;) = {Sklaskwskgvskwsks}
Figure V.2 — Whatever the action a € A, only five state variables influence variable o} in this Bayesian
network: Sk, , Sky, Sks, Skss Sks Which constitute Q(o}).

In order to simplify notations, and as it causes no confusion, S, P(0}), P(s;) and Q(0})
designate as well a set of variables, or a vector comprised of these variables (with an arbitrary
order). Distribution over P(0}) assignments benefits from previous rewritings:

p(PO)| S,a)= [[ Ty(P = II » (5] P(sh.a) =p (P(h)| Q) a) (V.6)
s EP(0}) s.€P(o])
Observation probability distributions, knowing previous state variables, are then defined
Vi=1,...,n
p (0| Qf).a)= > p(0f] v.a) -p(v] Q)),a) (V.7)
e2P )
Therefore a possibilistic belief defined on 22(°?) is enough to get the approximate probability
distribution of an observation variable, Equation V.1: such an epistemic state leads via trans-
formation V.3 to a probability distribution 3 over 22(°?) . Finally, the approximate probability
distribution of the observation variable ¢, factored counterpart of former equation V.1, is:
p(o;| B,a) = Z p (0| v,a) - B(v). (V.8)
1)62@(02)
V.3.3 State variables classification

State variables s € S do not play the same role in the process: as already studied in the lit-
erature [100], some variables can be visible for the agent, and namely this mized-observability
leads to important computational simplifications. Moreover, some variables do not affect obser-
vation variables, and factorization of the POMDP is then easily transmitted to the epistemic
state based MDP. Finally, using rewrittings of previous sections, useless computations are
highlighted.
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e A state variable s; is said to be visible, if Jo; € O, observation variable, such that
P(0)) = {s;} and Va € A, p (o;\ s},a) = ]l{O;:sg} i.e. if of = s} almost surely. The

(2

set of visible state variables is denoted by S, = {$y1,50,2, -, Sv,m. };

Observation variables corresponding to visible state variables can be removed from the
set of observation variables: the number of observation variables becomes 71, and remaining
observation variables are denoted by o1, ..., 05.

e Inferred hidden variables are simply U ,P(0}), i.e. all hidden variables influenc-
ing (remaining) observation variables. The set of inferred hidden variables is S, =
{Sh1:8h2, -, 5hm, } and contains possibly visible variables.

e Non-inferred hidden variables or fully hidden variables, denoted by Sy, consists
of hidden state variables which do not influence any observation, ¢.e. all remaining state
variables. The fully hidden variables are denoted by sf1,sf2,...,Sfm,, and the corre-
sponding set is Sy.

Of course, this classification leads to a partition of the initial set of state variables if potential
visible variables are removed from inferred hidden variables: denoting purely inferred hidden
variables by Sj, = S, \ Sy, and my, = #S), the state variables partition is S = S, US}, LISy and
m = My + My + my.

The classification defined here is used to avoid some computations for visible variables:
if s, € S, is visible, and o, € O is the associated observation (s, = o0, almost surely),
computations of the distribution over P(0)), Equation V.6, and of the distribution over o},
Equation V.7, are unnecessary: the distribution over s/, (= o}) needed is simply given by
p (s, | P(s)),a), data of the original problem. The counterpart of Equation V.8 is then

p(s,| Bra)= 3 p(s,| P(s;),a) B(P(s))), (V.9)

9P (sy)

where 3 is the probability distribution over 2P(sv) extracted from the possibilistic belief over
the same space, using transformation (V.3).

Belief updating process definition and handling

This section is meant to define marginal belief distributions instead of a global one, in order
to benefit from the factorized structure of the initial POMDP. Indeed, possibilistic belief
distributions have different definitions according to which class of state variables they concern:

e as visible state variables are directly observed, there is no uncertainty over these vari-
ables. Two epistemic states (possibilistic belief distribution) are possible for visible state
variable s;, ;: b, (s, ;) = ]l{s -7} and by, (s, ;) = ]l{s =1} As a consequence, one

boolean variable B’ e AT, J_} per visible state variables is enough to represent this
belief distribution in practice: if s;, ; = T, then next belief is b = b}, - represented by
belief variable assignment 67’]7] = T otherw1se next belief is v/ = bv’ r, and B g = L. A
belief variable of a visible state variable is denoted by [3,.

e for each i € 1,...,7n, each inferred hidden variable constituting P(o}) is an input of the
same possibilistic belief distribution: non-normalized belief is, Vi = 1,...,7
V(P(0})) = max min{r (o}, P(o}) | v,a),b(v) }. (V.10)

UEQQ(O )
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where joint possibility distributions over o] x P(0}), needed for belief process definition (pos-
sibilistic belief update, Theorem 14), are computed in the following way:

m (05, P(0i) | Q0),a) = min{m (o] P(0j),a),m(P(0j)| Qof),a)}
= min{Tr (of| P(0}),a) 759.161’%?();)71- (83 P(s;),a) } .
A possibilistic normalization finalizes the belief update: for w € 279,
: / AW
V') = 1if w € argmaxvlef(o;) b (v'); (V.11)
b'(w') otherwise.
In practice, if | = #L is the size of the possibility scale, and p; = #P(0}), the number of belief
states is 1" — (1—1)%", and then the number of belief variables is ny, ; = [logy (12" — (1—1)2"")].
A belief variable of an inferred hidden state variable is denoted by fy,.
e for each j € 1,...,my, non-normalized belief defined on fully hidden variable sy ; is
Bl(s}’j) = max )min{Tr (S}J» ’ v,a) ,b(v) } , (V.12)
ve2 fid
which leads to the actual new belief state b’ after normalization (V.11). In practice, as
each fully hidden variable is considered independently from the others, following the
previous reasoning for vector of inferred hidden s.v., the number of belief variables is
ny = [logy(I? — (I —1)?)] = [logy(2] — 1)]. A belief variable of a fully hidden state variable is
denoted by 3.
Finally the actual global epistemic state b'(S') is upper bounded by
Moy n mf
b'(S") = min < min ¥'(s;, ;), min b'(P(0})), min b’(sy ;) ¢, (V.13)
j=1 J77 =1 k=1 ’
where S has to be seen as a vector composed of all state variables.
The latter is considered as the agent belief to make the final MDP factorized.
V.3.5 Selection and use of belief variables

Starting with initial belief states defined for each visible state variable s, ;, for each vector of
inferred hidden variables P(o}) and for each fully hidden variable sy ;, these belief states are
updated at each time step according to the transformations described above.

However previous formulae V.10 and distribution over observation variable o} € O, Equa-
tion V.8, depend on belief distribution over Q(o}) C S. They can be computed from the

available belief states as follow: Vi =1,...,7n,
b(Q(0})) = max min min  b(sy), minb(P(o;)), min  b(s , V.14
(Q(e) = max {s,,eg(o;mv (s0). minb(P(oy). | _min b f>} (V.14
where

o Ji ={je{l,...,n} st. P(o;) N Qo) # 0}, i.e. J; is the set of indices j for which
P(o;) shares (inferred hidden) state variables with Q(0}), and

o i ={Ujes,P(0oj)}\ Qo)) C Sy, i.e. K; is the set of (inferred hidden) state variables
which are not present in Q(o}), but are present in a set P(o;) sharing state variables
with Q(0}).
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As well, belief update for fully hidden state variables, Equation V.12, needs a belief distribution
over variables P (s ;): Vj =1,...,my,

b(P(s" .)) = max min min b(sy), min b(P(og)), min b(s ,
(P = g min{ ).y WP, i) )

where

o M; = {k‘ e{L,...,myp} st. Plog) NP(s},;) # (D}, i.e. Mj is the set of indices k for
which P (o) shares (inferred hidden) state variables with P(s ;), and

o N; = {UkeMjP(ok) } \P(s ;) C S, i.e. Nj is the set of (inferred hidden) state variables
which are not present in P(s; ;), but are present in a set P(ox) sharing state variables
with P(s’ ;).

Finally, a belief distribution over P(Sﬁm) needed to define an approximate probability distribu-
tion over visible state variables (Equation V.9), can be defined in the same way, marginalizing
(max) over unused variables.

SOLVING A POMDP wITH A DISCRETE MDP SOLVER

The previous section leads to a factored MDP, whose the version used in practice is defined
here. A concrete POMDP problem and its resulting MDP are then described in order to
highlight the power in state space size reduction of the possibilistic structured translation.

Resulting factored MDP:

Section V.3.3 classifies state variables in order to define epistemic states b over sets of state
variables (respectively Vj = 1,...,my, {s;’ }, Vi=1,...,n, P(d;),and Vk = 1,...,my, {s{ })
and set of variables encoding them (respectively f3,, 8, and B¢) independently to each other.
As belief updates are deterministic knowing the observation, a simple trick is used to keep this
determinism in the final MDP: a flipflop boolean variable is introduced, changing its state
at each step, denoted by f. It artificially divides a classical time step of the POMDP into two
phases. During the first phase, called the observation generation phase, non-identity transition
functions (7.e. which do not let the variable remain the same) are the probability distributions
over observation variables V.8 and visible state variables V.9.

During the second phase, called the belief update phase, non-identity transition functions
are the deterministic transitions of the belief variables:

e variable 3, is updated knowing value of the corresponding visible variable s,;

e variables B}L, ceey ,B,?h’i are updated knowing value of observation variable o;, and using
update V.10, V.11;

e variables ,8}, e ,ﬂ}lf using update V.12.

The state space is then defined as:
S:fxs%x...xsvmvxolx...xoﬁxﬁgx...xﬁfﬂvxﬁ,ﬁx...xﬁ,’;‘xﬂ}x...xﬁ}n’c,

Th iy

where Vi = 1,...,7, ﬁ}; represents boolean variables B,ll’i, By and Ve = 1,000 my, ﬁ;

represents boolean variables 6}’j ey ﬁ?f J,
The resulting MDP is illustrated in Figure V.3 where 5; represents all belief variables, and
v the visible variables: flipflop variable f, observations o; and visible state variables s,,.
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V.4.2

Vt+1

Figure V.3 — Practical DBN of the resulting MDP: thickest arrows illustrate transitions which are not
identity transitions.

This trick makes the belief update phase deterministic. Each belief variable transition can
be then deterministically defined, and independently from each other: as visible state and
observation variables are already post-action independent, the resulting MDP is a factored
MDP.

Results for a concrete POMDP problem

A problem inspired by the RockSample problem [136] is described in this section to illustrate
the factorized possibilistic discretization of the agent belief, from a factored POMDP: a rover
is navigating in a place described by a finite number of locations 1, ...,[,, and where stand m
rocks. Some of these m rocks have an interest in the scientific mission of the rover, and it has
to sample them. However, sampling a rock is an expensive operation. The rover is thus fitted
with a long range sensor making him able to estimate if the rock has to be sampled. Finally
operating time of the rover is limited, but its battery level is available.

Variables of this problem can now be set, and classified as in Section V.3.3: as the battery
level is directly observable by the agent (the rover), the set of visible state variables consists
of the boolean variables encoding it: S, = { Bi, Ba, ..., B }. The agent knows the different
locations of the rocks, however the nature of a rock is estimated. The set of inferred hidden
state variables consists of m boolean variables R; encoding the nature of the i** rock, T for
“scientifically good” and L otherwise: S, = { R1, R, ..., Ry . When the ith rock is observed
using the sensor, it returns a noisy observation of the rock in { T, L }, modeled by the boolean
variable O;: the set of observation variables is then @ = { Oy, O, ..., Oy, }. Finally, no local-
ization equipment is provided: the agent estimates its location from its initial information, and
its dynamics. Each location of the rover is formally described by a variable L;, which equals
T if the rover is at the j** location, and L otherwise. The set of fully hidden variables consists
thus of these n variables: Sy = { L1, Lo, ..., L, }.

Initial location is known, described by variable L;, and leading to a deterministic initial
belief state: Bo(Sp) =1if L1 =T and L; = L Vj # 1, 0 otherwise. However the initial nature
of each rock is not known. Instead of a uniform probability distribution over the rocks nature
(“rock has to be sampled”, or “rock is not interesting”), Possibility Theory allows to represent
this initial ignorance with the marginal belief 5y(Sp) = 1, for each assignment of the hidden
inferred state variables modelling nature of the rocks.

Finally, the factorization trick leads to a reduction of the domain size: with a flat translation
of this POMDP, the size of the resulting state space is described with [logQ(#EZHMWc —(#L—-
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1)2"+m+kﬂ boolean variables. Taking advantage of the POMDP structure, the resulting state
space is encoded with 14+2---k+m+ (m+n).[logy(2#L — 1)| Boolean variables: the flipflop
variable, the visible variables and associated beliefs variables, the observation variables, and
the belief variables associated to the fully hidden and inferred hidden variables.

Moreover, the dynamic of the resulting MDP is factorized: all variables are independent
post-action, and lots of them are deterministic, thank to the flipflop variable trick. These
structures are beneficial to the MDP solvers, leading to faster computations.

CONCLUSION

This chapter described a hydrid translation of a POMDP problem into a finite state space
MDP one: Qualitative Possibility Theory is used here to maintain an epistemic state during
the process. The MDP problem, result of this translation, is entirely built defining transition
and reward functions over these epistemic states. Definitions of these functions use respectively
the pignistic transformation, used to recover a probability distribution from an epistemic state,
and the Choquet integral with respect to the necessity, making the agent pessimistic about
the potential ignorance described by its epistemic state. A practical way to implement this
translation is then described: with these computations, a factored POMDP leads to a factored
and tractable MDP problem. The essential particularity of this translation is the granular
modeling of the agent belief using a qualitative fuzzy knowledge representation Finally this
promising approach will be tested on RDDL files of the IPPC competition [127] using a state of
the art MDP planner like PROST [79]. Indeed these files describe factored POMDP problems
as introduced in Section V.3.






CONCLUSION

Contributions of this thesis are mainly related to the preliminary works of Régis Sabbadin
[121]. The latter proposes a possibilistic counterpart to the POMDPs modeling uncertainty
with qualitative possibility distributions. Hence, in our work, qualitative possibilistic models
for planning under uncertainty are further developed and studied. This study is meant to adress
some issues in probabilistic POMDPs detailed in Introduction: the probabilistic framework is
also formally introduced in the first chapter.

The major motivation of this study is computational complexity reduction: while the prob-
abilistic belief space is infinite, the possibilistic one can be finite. The qualitative possibilistic
framework thus offers an appropriate belief space discretization. Moreover, as the belief state
is a possibility distribution over the system space in this framework, total ignorance can be
defined by a possibility distribution equal to 1 on all states. If a given system state is perfectly
known to be the actual one, the belief state that assign 1 to this state and to 0 to all other
states is an appropriate representation.

Imprecision in the probability distributions are also naturally encoded with the possibilistic
formalism, resulting in two criteria for the selection of the strategy: one is optimistic and the
other pessimistic. A more practical advantage is that the qualitative possibilistic modeling
needs less information about the system than the probabilistic one: the plausibilities of events
are “only” classified in the possibilistic scale £ but not quantified. Possibilistic models can be
seen as a tradeoff between non-deterministic ones, whose uncertainties are not at all quantified
yielding a very imprecise model, and probabilistic ones, where uncertainties are fully specified.
Indeed, under the non-deterministic formalism, an elementary event is either “possible”, or
“impossible”: no degree is available to differentiate a highly plausible event from an unlikely
one.

In a nutshell, this thesis consists of theoretical and practical contributions: on the one hand,
theoretical contributions are for instance the proposed updates of the qualitative possibilistic
processes — mixed-observability and management of unbounded executions — or independence
results on them, with associated proofs. On the other hand, practical contributions are the
demonstration of the accuracy of qualitative possibilistic models to simplify computations or
for modeling, via experimental results (e.g. IPPC 2014) and modeling examples (e.g. chapter
on human-machine interaction). Particular emphasis is being placed on the motivations devel-
oped in Introduction besides complexity reduction and problem imprecisions: namely, robotic
applications and belief management. For instance, target recognition missions are studied in
the second and third chapters (e.g. Rocksample problem, or even the mission described in
Figure 11.3); IPPC 2014 contains also problems comparable to robotic systems (e.g. FEleva-
tor problem, or Tamarisk problem, also used in 2014 RL competition). Moreover, the fourth
chapter shows good results in estimating human assessment with qualitative possibility distri-
butions (i.e. belief states on the human assessment of the machine state). Finally, the hybrid
probabilistic-possibilistic POMDP contribution can be seen as a concluding work, taking into
account potential issues when using purely possibilistic models for planning under uncertainty.
A more detailed review of the contributions follows.
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New features for the T-POMDPs and first strategy executions

The very first contribution to the Qualitative possibilistic POMDPs [121] concerns the qualita-
tive aggregations of the preferences over time: we first show that, much like in the probabilistic
framework, preference aggregation can be derived from the properties of the framework — here
the qualitative counterpart of linearity for Sugeno integrals for instance — as proved in An-
nex B.3 using the Theorem 1.65 about belief-dependent value functions. The latter is also a
contribution as the first formal construction of the m=-POMDP model. Different approaches
between the pessimistic and the optimistic criterion are also presented: note that the mixed
optimistic-pessimistic criterion (see Definition II.1.3) is mainly used along our work since it is
equivalent to a m-MDP with an optimistic criterion. As the optimistic criterion is compatible
with proposed algorithms for time-unbounded processes, and produces often better strategies
for the treated problems, this allows to take advantage of these points. The mixed optimistic-
pessimistic criterion is pessimistic according to the belief state: we observe that it produces a
good tradeoff with the optimistic global criterion.

We then adapted 7-POMDPs to mixed-observability [100], which is part of the theoretical
contributions of our work: this contribution, called 7-MOMDP, dramatically reduces the size of
the belief space and thus allows the first computations of strategies from m-POMDPs. Finally,
another theoretical contribution is the qualitative counterpart to the value iteration algorithm,
with the associated criterion for time-unbounded executions. As proved in Annex B.6 (and
our publication [49]), there exists an optimal strategy, which is stationary i.e. which does not
depend on the stage of the process ¢. This strategy can be computed by the proposed dynamic
programming scheme: it is also shown that the number of iterations to make the value function
converge is less than the size of the state space. The assumption of the existence of a “stay”
action is not a constraint in practice as it is only selected in some goal states. Note also that
the target recognition missions presented in this thesis have typically unbounded durations.

As already pointed out, the experiments in the second chapter use both previous theoretical
contributions. Indeed, the mixed-observability property of the problem, makes computations
feasible for our robotic example. The proposed criterion is also really useful: it is convenient
to allow the computation of strategies for robotic missions with unbounded durations. For
instance, in our example, it allows to define the mission properly: if the robot has not figured out
which target is right one, we want the mission to be continued. The first practical contributions
of this thesis is thus the computation of a strategy for this robotic mission and its execution.
Indeed, we have shown that the qualitative possibilistic approach can outperform probabilistic
POMDP ones for a target recognition problem where the agent’s observations dynamics is not
accurately defined. Note that the only information used to define system observation of the
system, is that the more the robot is far from a target, the more the observation is noisy: it
already shows that the possibilistic framework may be useful in case of restricted knowledge
about the problem.

Finally, the second chapter highlights a very interesting behavior of qualitative possibilistic
belief states: under some conditions, the possibilistic belief update, which is defined from the
counterpart of Bayes rule [58], increases the knowledge associated to the belief state. Indeed, in
our example, the belief state is responsible of the imprecision as it only takes into account more
reliable observations, and may also change to the opposite belief if an observation contradicts
the current one. On the contrary a probabilistic belief is modified in most cases (there is a
finite number of normalized eigenvectors for a given matrix). Some conditions leading to this
behavior are then presented, and associated proofs are given (see Annex B.7).
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Graphical work on independence and factorization (PPUDD)

The next theoretical contribution is the introduction of the factored m-MOMDPs: indeed, we
have considered processes whose state space is represented by n post-action independent vari-
ables, 7.e. processes whose state variables of the same time step are independent (conditional on
the past). The algorithm proposed to exactly solve these factorized processes, called PPUDD, is
another contribution: it is the symbolic version of the dynamic programming scheme proposed
in the previous chapter. Inspired by SPUDD [75], PPUDD means Possibilistic Planning Using
Decision Diagrams. As SPUDD, it operates on ADDs encoding value, preference and transi-
tion functions. Finally, the last theoretical contributions of the third chapter are the proofs of
independence results, Theorem 24 and Theorem 25: they relate to a proposed graphical model
representing a particular factorization of the process i.e. particular independence assumptions
on the variables. Thus, we have shown that these independence assumptions lead to a natural
factorization of the space of the belief states. The belief state variables of a 7-MOMDP satis-
fying these assumptions are post-action independent, and the associated problem can be more
easily solved by PPUDD. The independence of sensors and of corresponding hidden state vari-
ables suffices to fulfill these conditions: for instance, the RockSample problem, well illustrates
these conditions.

The motivation leading to the design of PPUDD, i.e. the guess that the use of opera-
tors min and max leads to smaller ADDs, and thus to faster computations, has been veri-
fied in practice: our experiments and the results of the International Probabilistic Planning
Competition (IPPC 2014!) show that this possibilistic approach can involve less computation
time and produce better policies than its probabilistic counterparts when computation time
is limited, or for high dimensional problems. For instance, PPUDD performances have been
compared to the probabilistic MOMDP solver APPL [84, 100] and the symbolic HSVT solver
[133], in terms of computation time, and using the average of the total reward at execution.
PPUDD computes a strategy maximizing exactly the possibilistic criterion while APPL and
symb. HSVI compute strategies which approximately maximize the expected sum of rewards.
The experimental results on the Rocksample problem show that using an exact algorithm
(PPUDD) for an approximate model (7=-MOMDPs) can run significantly faster than reason-
ing about exact models, while providing better policies than approximate algorithms (APPL)
for exact models. Most of the cited contributions of this chapter have been published in [50],
and an implementation of PPUDD to reproduce experiments can be found at the repository
www.github.com/drougui/ppudd.

Finally, in order to focus on the behavior of the possibilistic qualitative approach in a wide
panel of probabilistic problems, the next practical contribution is the participation in the fully
observable track of IPPC 2014 with adapted versions of PPUDD. The implementation of our
solver for this competition was performed with the CU Decision Diagram Package for the
ADDs computations. Comparing only solvers using ADDs, PPUDD and a probabilistic solver
called symbolic LRTDP [45] (as a variant of [14]), our solver produces better strategies than
the probabilistic approach.

Discussion about the current results

Experiments concerning the Navigation problem is a good illustration of the optimistic and
pessimistic criteria in the qualitative possibilistic framework: a robot has to reach a goal as
soon as possible, avoiding unsafe locations (for instance, locations where there is a risk that
it falls down and break). The strategy maximizing the optimistic criterion makes the robot
unfrequently reach the goal, but more quickly than the one from the pessimistic criterion

"https://cs.uwaterloo.ca/~mgrzes/IPPC_2014/
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which makes it however often reach the goal. Proposed approaches involve then the choice of
a criterion. This feature of the possibilistic approach explains also the difficulties experienced
with the “Traffic” domain of the competition: the optimistic criterion can be too optimistic for
the given problem, although strategies from it are generally more efficient than those from the
pessimistic criterion (that is why the optimistic criterion has been used for the competition).

Presented models assume also that preference and uncertainty degrees share the same scale
which makes it hard to set in practice. The fourth chapter about human-machine interaction is
meant to show that, although qualitative possibilistic approach may raise questions concerning
modeling, this approach can be very appropriate in some practical situations, as in our case,
to produce diagnosis.

We got really good results with PPUDD in previous experiments among symbolic algo-
rithms (SPUDD, symbolic LRTDP): for instance, SPUDD provides good strategies, but cannot
solve big instances of the tested problem. However, state space search algorithms (PROST [79]
and GOURMAND ([83]) won IPPC 2014, and are yet far more efficient than ADD-based meth-
ods: MDP instances with a complex structure are encoded with ADDs big enough to disqualify
these approaches. These observations and modeling considerations are the motivations of the
last chapter, presenting the hybrid POMDP.

Estimating in a qualitative world (HMI)

Obviously, although qualitative possibilistic models can lead to appropriate approximate
strategies for high dimensional problems, they cannot lead to the best results for simple prob-
lems in purely frequentist worlds. On the contrary, the fourth chapter focuses on the use of
this framework in a purely qualitative world: indeed it proposes the study of human-machine
interactions which only involve the deterministic behavior of the machine and a qualitative
expert knowledge about the human behavior.

This joint work with Sergio Pizziol shows that the use of qualitative possibilistic processes is
an appropriate choice when probabilities cannot be defined in practice. Indeed, this framework
produces useful error detections and diagnosis in real experiments with pilots in a simulator.

Finally, this work also provides theoretical contributions. The first one is summed up in
Theorem 27 and Theorem 28. These theorems lead to the definition of the possibilistic esti-
mation of the human assessment within the framework of the qualitative possibilistic Hidden
Markov Processes (m-HMPs): this estimation is used to detect human attentional errors. An-
other contribution is the diagnosis computation, using the leximin operator. Finally, a toy
example is also provided to explain the use, the meaning and the behavior of these possibilis-
tic tools in practice.

A possibilistic discretization of the belief space (hybrid POMDP

The work on the hybrid POMDP is motivated by the proper discretization provided by the use
of a qualitative possibilistic belief state. The possibilistic nature of these belief states allows
to define the reward attached to them in a pessimistic way using the Choquet integral. This
model is proposed as a way to compute strategies more easily since the hybrid POMDP is
finally solved as a classical MDP. This approach may also lead to cautious behaviors as the
reward definition on belief states is pessimistic with respect to the lack of knowledge.

The computation of the transition function of the resulting MDP are given: it uses a
possibility-probability transformation called pignistic transformation to recover a probability
distribution from a possibilistic belief state, in a neutral way.

We described also how a factored POMDP leads to a factored and more tractable MDP:
indeed, the final contribution shows how to take advantage from a large class of common
structures (at least among IPPC domains) to make the resulting MDP as simple as possible.
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Hence, efficient MDP solvers such as PROST or GOURMAND, are able to solve the factored
MDP representing the hybrid POMDP. This model has been published in [48].

Note finally that all the partially observable processes presented in this work (purely qual-
itative and hybrid) can be translated into MDP or 7-MDP and are thus computable in finite
time, at most exponential in the description of the problem.

PERSPECTIVES

The first perspective comes from an observation: the memory limitation plausibly reached with
the Triangle tireworld problem of IPPC 2014 may be bypassed by a stronger discretization:
versions of PPUDD of IPPC 2014 used a precision of 1073 on the initial probabilistic model,
leading to a big scale £ — defined in practice as all the transformed probability values and
normalized reward values present in the given MDP. In any case, it would be instructive
to have an idea of the impact of the precision of the discretization on the performances of
PPUDD applied to probabilistic problems. More generally, more efforts on the translation
from a probabilistic MDP into its possibilistic approximation may significantly improve the
approach we proposed for IPPC 2014.

We focused on the symbolic resolution of the 7-MDPs (PPUDD). However alternative
resolution methods could be studied: for instance, an heuristic-based strategy computation,
which is efficient for probabilistic problems [140], could be adapted to the possibilistic context.
As regards reinforcement learning in the qualitative possibilistic context, we can cite the
following work [124].

The second chapter does not propose any algorithm to compute strategies for missions with
unbounded horizon according to the pessimistic criterion. The algorithm is straightforward,
but the optimality of the resulting strategy for this criterion seems hard to prove. However, an
optimal strategy in this sense, would be useful in order to manage long-term unsafe problems.

The independence results given in the third chapter are also valid for probabilistic
MOMDPs: it would be interesting to determine if those results can have a positive impact
on the optimal strategy computation.

The work [17] proposes an other framework for planning under uncertainty, also qualified
as qualitative. However, this work uses quantitative operations as sum and product, and may
be seen as a discretization of the probabilistic framework [149]. The authors remark however
that Qualitative Possibility Theory leads to criteria which have not enough information for
discriminating among optimal decisions.

Advances in Possibility Theory may lead to more refined possibilistic MDPs to improve
modeling when needed. We can mention the leximin operator [54], used in the fourth chapter:
it avoids the drowning effect of the operators min and max. It may be used for preference
aggregation or even to compute a refined possibility degree of a trajectory. It may be a useful
improvement, but note that it eventually makes the problem more complex. Another update
which has still to be performed is the integration of more discriminative criteria [146, 71] to
the m-MDP framework.

In the work on HMI, the human operator is supposed to be certain about the state of
the machine even if her/his only guess may be wrong. A future work could define the human
assessment in a more complex way: for instance as a possibility distribution: a possibilistic
belief state of the human operator.

Finally, the promising approach presented under the name hybrid POMDP will be tested on
the POMDPs of the IPPC competition [127] in a future work: indeed, the proposed problems
are factored POMDPs as introduced in Section V.3.
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PROOFS OF CHAPTER [

Preliminaries

Firstly recall the more general definition of the conditional expectation with respect to a
random variable: a random variable is a measurable function defined on the set 2 equipped
with the o-algebra F and the probability measure P.

Definition A.1 (Ezpectation of X Conditional on Y: E[X | Y])

Let X et Y be two random variables defined on (2, F,P): values of X are in R equipped
with the Borel o-algebra B(R) and X is integrable. Values of Y are in a set ) equipped
with a o-algebra V. Let us denote by o(Y) the o-algebra generated by Y i.e. o(Y) =
{y"Y(v)|vev}crF

The expectation of X conditional on Y, denoted by E[X | Y], is the unique
random variable in L' (), F,P) which is

e o(Y)-measurable,
e and such that VA € o / E[X|Y](w / X(w)dP(w

As the classical expectation, the conditional expectation is linear: if X1 and X9 are two
random variables, Ve e R, E[c¢- X1+ Xo| Y] =c-E[X1| Y]+ E[X2]| Y.

First, note that if X is o(Y')-measurable, X = E[X | Y| P-almost surely. Indeed, the function
X meets both conditions to be E[X | Y']. Note also that the second point of Definition A.1
implies that

E[E[X]| Y]] /IEX|Y /X )dP(w) = E[X].

This second point can be replaced by an other characterization, given by the following property:

Property A.1

The random variable E[X | Y| can be defined as the unique function o(Y)-measurable
such that VZ : Y — R o(Y')-measurable,

E[Z-IE[X] Y]} _E[Z-X].

Proof: Indeed if Z = 14 with A € o(Y), we fall back into the second point of Definition A.1.
Thanks to the linearity of the expectation, it remains true if Z is a linear combination of
characteristic functions of elements of the o-algebra. Finally, consider a non decreasing sequence
(Zn)nen, with ¥n € N, Z, a combination of characteristic functions, and whose limit is a
measurable function Z. Equality holds for each Z,,, and thanks to Beppo-Levi Theorem, the
result is true for the measurable function Z. |

This result makes the following property easier to show:

Property A.2

Let X be a real and integrable random variable, and Y1, Y two random variables:

E[E[X | Yi,Y2]|Va| = E[X| Y5] P-almost surely.
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As well,
E[E[X| Ys] ‘Yl,Yg} =E[X | Y2]| P-almost surely.

Proof: The second equality is obvious because if X is o(Y)-measurable, E[X| Y] = X
P-almost surely. Indeed, X meets the first condition to be E[X | Y] in Definition A.1, and of
course, the second condition is met. Here, the random variable E[X | Y2] is o(Y2)-measurable
by definition, and thus it is o(Y7, Y2)-measurable: thus the second equality holds.

For the first equality, since both conditional expectations are o(Y3)-measurable by defini-
tion, it is sufficient to show that ¥Z o(V3)-measurable, E{ZE[E [X| Yi,Ya)] ‘YQH =E[Z-X],

as E[X | Yz2] is the only random variable in L'(Q, F,P) such that for each o(Y2)-measurable
random variable Z, E[Z -E[X | Y2]] = E[Z - X]. Let Z be o(Ys)-mesurable: as Z is o(Y3)-
measurable, it is a fortiori o(Y7, Ys)-measurable: o(Ys) C o(Y1, Ys). Thus

E[Z-E[E[}ﬂ Y1, Y] ‘YQH :E[Z-]E[X\ Yl,YQ]} —E[Z- X]. .

The conditional expectation has been defined as a random variable E[X | Y] : Q — R.
However, the following property implies that the o(Y')-measurability condition of Definition

A.1 may be replaced by “Jp : (V,V) — <R,B(R)) measurable such that E[X | Y] = p(Y)".
The function ¢ is called Ezxpectation of X Conditional on the Values of Y and may be denoted
by o(y) =E[X|Y =y], Vye).

Property A.3

The function Z : Q — R is o(Y')-measurable, where Y : (Q, F) — (V,V)

< Je: (WV,V) — (R, B(R)) measurable such that Z = ¢(Y).

Proof: The set {¢o(Y)]| ¢:(V,V) — (R,B(R)) measurable } is denoted by ®. If Z € &, then
Z = p(Y) with ¢ measurable, and as Y is o(Y)-measurable, Z is o(Y )-measurable: in short, if
Z € @, then Z is o(Y')-measurable.

Now let us show that any o(Y')-mesurable function can be written ¢(Y") with ¢ measurable.
By definition VA € o(Y), 3B € V such that A ={Y € B} =Y }(B). Thus 14 = L{yep} =
15(Y) is in ® as a function of Y. Now, as linear combinations of such characteristic functions
are in @, and as non-decreasing limits of sequences of functions in ® are in ®, it can be concluded
that ® contains all o(Y)-measurable functions. |

Definition A.2 (Ezxpectation of X Conditional on the Values of Y)

Let X € R and Y € Y two random variables: as E[X | Y| can be written ¢(Y') with
@ : Y — R measurable,

E[ X |Y=y]=0@

is called the expectation of X conditional on the event {Y =y }. For each y € ) such that
P(Y =y) > 0, it is the expectation of X if we know that Y = y.
If Y is countable, and P(Y =vy) > 0,

Bix|y=y= [ EXIVIE

(voy) PV =y) T

Consider that the values of variables X and Y are in &, and let us introduce
f + § — R measurable: f(X) is a random variable whose values are in R.
The expectation of f(X) conditional on the wvalues of ¥ € S is denoted by
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E[f(X)|Y=y], Yy € S. If S is a countable set equipped with the o-algebra P(S)
(the set of sets included in S), ¢(y) = E[f(X)| Y =y] can be computed explicitly.

Property A.4

Let X and Y two random variables whose values are in a countable set S, and f: S — R
a measurable function: the expectation of f(X) conditional on the values of Y is

A Suhtht[F’Y fFX)Y =y| = z)-P(X=z|Y=y).
g 8 guch that B %ﬁyy@_[m\ y] 3 @) B(X=a] Y =y)

Proof: For clarity, E[ f(X)]| ¥ = y] is denoted by ¢(y) in this proof. By only considering single-
tons {Y =y} C Q in the second condition of Definition A.1, it leads to Vy € S,

/ H(Y)dP = / FXOIP & oly) P(Y =y) = / F(X)dP
{Y=y} {Y=y} {Y=y}

and if P(Y =y) >0,

= [0 B = [T e B = R T

zeS

thanks to the Fubini theorem. Note that if f(X) = L{xy—y}, we get E [I{x—y| Y =y] =
P(X=2Y=y)
P(Y =y)

, which is the discrete conditional probability P(X =z| Y =y). |

A.2 Proof of Property 1.1.1

Proof: Let t € N, (sg,51,...,5:) € St and s’ € S: on the one hand,
/ ]l{st+1:s/}dP:P(SO:SO,...,St:St,St+1:S/),
{So=s0,---,5t=5¢ }
and on the other hand, if E I:]l{st+1:S/} ‘ St] is denoted by P (Sty1 = "] St),
/ P(Spp1=5'| Si)dP=P(Sip1 =5 | Si=s1)P(So= 50,51 = 51,..., 5 = 1)
{So=s0,...,St=s¢ }

Both integrals are equal as (S¢):en is a Markov Chain. Since events of o (S, ..., S;) are unions
of events which can be written { Sy = sg, 51 = $1,...,5t = s }, for all B € o (Sp,...,St)

/ ]l{Sprl:s’}d]P:/P(St-i—l:S/' St)dIP
B B
and then, using Definition A.1 and as P (Siy1 = s'| S) is (S0, - . ., St)-measurable

P(St+1 = 8/| St) =E []lst+1:5/

R St} P-almost surely.

Now,
E[f(StJrl)' S())"'7St] = Z f(sl)-]]'{st+1:(‘}/} S(]?"'7St‘|
s’eS
= Zf ]]'{St+1 E:/}|ASVO,...,1S‘]
s'eS
Z f(s") P(Sis1 =51 S;) P-almost surely.
s'eS

The random variable .5 f(s') - P(Siy1=5"| S;) is o(Sy)-measurable, thus
E[f(Sts1)]| So,-...,St] is 0(St)-measurable too, and then,

E[f(Sii1)] So....Si] = E [E[f(5t+1)| Sov.n 1] ] St} —E[f(Si)| 5]
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because of Property A.2. Finally, the equalities of Property I.1.1 are achieved by integrat-
ing both parts of the equations over {Sy = sg,...,S: = s} and then by dividing them by
P(SOZSO,...,StZSt). |

A.3 Proof of Theorem 1

Proof: First of all, consider that the process is at the stage £ € N. All states from the beginning
of the process are given as input to the agent: it has to choose the best action knowing these
t+1 first system states { sg, s1,...,5;} € S‘T1. Regardless the previously gathered rewards, its
goal is to maximize the expectation of the sum of the next rewards. We show by induction on &
from H —1 to 0, that the highest expected total reward can be reached with a strategy (dt)fI: 61
i.e. a sequence of decision rules d; : S — A. A sequence of functions from all the states that the
system has gone through, i.e. a sequence (dt)f:f)l of functions d; : St — A, is not necessary.

Let t = H — 1: the agent has to find the action a maximizing

E{ ra—1(Sg-1,a) + R(SH) ‘ So=80,---,SH-1 =511 }
which is equal to IE[ ri—1(SH_1,a) + E[R(Sx)| Sr_1] ’ So = S0y s SH_1 = SH_1 }

=E[fu(SH-1)] So=50,...,5m-1=8g—1] with f, : S — R measurable,
=E[fa(Sa-1)| SH-1=5H-1]

because of Property (I.1.1). Then, the value to be maximized depends on the state sy_1 € S
only: a decision rule dj;_; : S =+ A such that Vs € S

T—1(s) € argmaxE[ fo(Su—1)| Su—1 = s]
acA
is sufficient. Now, assume that this result is true for the time step £ +1 < H — 1, and consider

that a strategy (dt) ar +1 has been computed. The agent has to find the action ¢ maximizing

m

E | (S5, a) + Z (St,dtSt)JrR(SH) So = 50,5 = s

which is equal to E

rg(sg,a)w[zf:gilrt(st,dt(st)) +R(SH)] s;] ’so — 50y, S = s

=E[fu(S:)| So = so,-..,5: = sz] with f, : S — R measurable,
=E[fa(S) | S¢ = si]

and then, the same conclusion holds: it is sufficient to compute a decision rule d7 : § — A such
that Vs € §
d:(s) € argmaxE [ f,(S7) | S;=s].
acA
We just proved by induction that it suffices to look for strategies of Dy as defined above,
i.e. to look for a sequence of decision rules (dt){igl, maximizing the criterion I.2.

In the following, we set up the Dynamic Programming equations used to compute the
optimal value function and the optimal strategy. The size of the horizon 7 is the index used for
the incremental computation of the optimal value function V*. It is also the opposite modulo
H of the stage of the process ¢, index used for the strategy. The initialization V' (s) = R(s)
is obvious: when the horizon is zero, no action has to be selected by the agent, and it receives
only the terminal reward. Next, let s € S, i € {1,... H}, and set t( = H — i

Sto :S‘| .

H-1
Vi(s) = sup E [Z T (Shdt(St)) + R(Sy)

(dt)f{:;éE'DH—to t=to
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H-1
Yet E Z Tt (Szydz(sl)) +R(SH) Sto‘|
t=to
H-1
= E Tto(Stovdto(Sto)>+E > Tt(Si’d"(Si))+R(SH) St”’st”l] Stol
t=to+1

5.

Sto dto(Sto)) Vi (8/» (dt){{:;ol+1) Sty

= E |:rt0 (Stmdtg (St0)> +E [V:ifl (St0+1, (dt),{i;01+1> ‘ Stos St0+1}

= E|r (Sto,dto(Sto)) + Z Py, (3/

s'€Ss a,t

using properties (A.2) and (I.1.1). By integrating both part of this equality over { Sy, = s} and
divising them by P (S, = s) > 0, it becomes

Vii(s) = sup Tt(s,dto(s))+ Z pto(S/ S’dto(s))'Vi—1<5la(dt)f:?;+1)

Ho
(d)t:t,SGDH—fo s'€Ss,a,t

= sup rt(s,a) + Z Py, (S/| S7a) -Vict (51, (d;))

(a:(dl)fj{::é+1)€DH—to S'€Ss,a,t
= max re(s,a) + Z P, (8] s,a)- sup Viiq (3’, (dg)) (15)
“ s'€S8s,a,t (d;,)f:_t;JrleDH*to*l

= max< 714(s,a) + g pt0(5/| 8761)"/;‘*—1(3/)
acA
s'€S8s,a,t

where 15 is justified by:
e as Z Py, (8| s,a)-Vicy (s', (dt)) < Z P, (5" s,a) sup Vi1 (8/, (di))
5'€84.st /€800t (d;)G'DH—to—l
for each strategy (dt)fi;olﬂ € Dh—ty-1,

sup Z Py, (5| s,a)Vi_l(s’,(d;)) < Z P, (8" s,a) sup V7 (s).

(d))€Dr—19-1 g1¢5, , , /€8 0.t (d))EDH_ty-1

e let (e4)nen be a sequence of positive real numbers, such that e, — 0 when n — co. For
each n € N, let (df")fi;olJrl € Dy —_t,—1 be a strategy such that

V() — & < Vi (o, (@) S Vioy(), ¥s' € 8.

Computing the mean with respect to p,, (.| s,a) whose support is finite, the inequality
on the left becomes

> P (5] sa) Vi) —en < YD py, (8] s,0) - Vi (o, (@)

8'€Ss,a,t 8'€Ss,a,t

where the right part is obviously lower than sup Z Py, (s'| s,0)-Viy (s’, (d)) .
(d)eDH—tO—l s'eS

s,a,t

Now, as this couple of inequalities are true for each n € N, making n — oo, the result is

S (N sa) V)< s > by, (5] s,0) Vi (51 (@).

8'€Ss,a,t (d)€DH—ty—1 s'E€S

s,a,t

Therefore, if at each iteration ¢ € {1,...,H}, the decision rule d};_; is defined as Vs € S,

dip_i(s) € argmax,ea {ri(s,0)+ Lyes,,, P (5] 5,0) - Vi () f, Vi (s, (0011,

Vi*(s): with i = H, it shows that (d})Z ' € Dy is optimal. |
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A.4 Proof of the Bellman Equation (1.5)

Proof: The following calculus lines lead to the Bellman Equation. Let (d)ien € Doo
Vi(s) = [Zv r(Sdils)) ’ So =5
_ l (So.do(S0)) + ZV r(80,di(50) | o= 5‘|
Sl] Sy = s]

(o) +2 [e[ £ o(s.65)

= () tr Y p(efsdo Zv“ r(Sedi(s)))
)
(5005

= r(s,do(s)) +E

Sl :S/]

= T 57d0 SJ:S/]

Cor(sEdish))

= r

S7d0 +

Q
T
—
c’b\
»
QU
=N

The third and fourth lines come from the properties A.2 and 1.1.1. In the fifth line, (S;")sen is
defined as S;" = S;11. As well, Vt € N, Vs € S, d (s) = dy11(5). |

A.5 Proof of Theorem 2

Proof: Let (V,,),en be a Cauchy sequence in (Fp(S,R),|.||,, ). For each state s € S, (Vn(s)> .
ne
is a Cauchy sequence of (R, [.|) because |V,,(s)| < ||[Va|lo- Since (R,|.|) is complete, Vs € S,
(Vn(s)> . has a limit in R that we denote by V(s). A Cauchy sequence is bounded, therefore
ne

dM > 0 such that Vn € N, [|[V,||., < M. Thus, Vs € S, [V,(s)| = |V(s)] < M, and then
V € Fp(S,R). Finally, as (V,,) is a Cauchy sequence,

Ve > 0,dN >0, such that Yn > N,p>0,Vs €S, |Vo(s) —Vogp(s)| <e
= VYn > N,Vs € S, [Vo(s) = V(s)| <e
= VYn > N, Vo =V <€

Thus V;, — V in Fp(S,R) when n — 400, and then (Fp(S,R), .|, ) is a Banach space. W

A.6 Proof of Property 1.1.2
Proof: Let (V,V') € Fp(S,R)?,

1BV = BWV'|| < y-sup Z P(S' s,do(s)) W=V
sES S'E€8; dg(s)
e Z p(S/ s,dO(S)) -||V—V/||oo
SES s'€8;,dg(s)

< vV =V

since Vs € S, p (.| s,do(s)) is a probability distribution. |
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A.7 Proof of Property 1.1.3

First, let us present the following result:

Property A.5
Let f and g be two functions defined on the finite set A and with values in R:

glea}f( a) — Igea}g(a) <H"1€aj<|f( a) —g(a)| (16)

Proof:
Vae A, f(a) - g(a) < max|f(a’) - g(a')]
= Vac A, fla) <maxg(a') + max|f(a’) - ga')]
n < n o N
= max f(a a') - max g(a’) < max|f(a’) — g(a)|
Finally, the same inequalities hold starting with g(a) — f(a), thus we get the result 16. |

Here is the proof of Property 1.1.3:
Proof: The contraction inequality of the operator B? for (V,V') € Fp(S,R)? is true for each
strategy (d) € Do, as stated by Property 1.1.2:

Y(d) € Do, 1BV =BWV'|| <y IV =V'|
= V(d) € Dw,Vs €S, [(BWV)(s)— (BV)(s)| <v- V-V
(

= VYaeAVseS, |(B*V)(s) — (BV)(s)| <7 |V = V|l
= Vs €S, max |[(B*V)(s) = (B*V)(s)] < - [V = V']l

and Property A.5 leads then to Vs € S meaj‘((B“V)(s) - meaj((BaV')(s) <y V=V,

= |[BV = BV[|l <v- V=V -

A.8 Proof of Theorem 3

Proof: Here is how we show that the function V* is the optimal value function, i.e.

Z’Y (Stadt St))

Let s € S and d = (a,d™") the strategy which consists in selecting action a at time step t = 0,
and then actions a; = dJ (s1) := d1(s1), a2 = df (s2) := da(s2), etc. Note that d* € Dy, as well,

V*(s) = sup V(s)= sup E
deD deD

SOZS].




A. Proofs of Chapter I

173

and numbered from 0.

+oo
sup Vd(s) =  sup E nyt -r(St, dt(St)> So=s
(d)€Dws (WeDa | =

= sup {r(sa)+ye Y. p(s]sa) V()

(a7d+)eDoo S/Ess,a
= max{ r(s,a) +7- Z p(s'|s,a)- sup VE(s) (17)
acA ses. . (dt)eDo

+
= max\{ r(s,a)+ - p(s'| s,a) sup V4 (s
x4 7(s,a) > p(d| )(dﬂepm (s')

= (B" sup Vd+)(s) = (B* sup V%) (s).
(d+)EDws (d)EDos
The equality 17 is justified just like at the line 15 of the proof of Theorem 1.

Thus V* = supgep__ V? as stated by the Fixed-Point Theorem. Indeed, as B* is a contract-
ing operator (see Property 1.1.3), the solution V* of the Dynamic Programming equation 1.7 is
unique.

First, as d* : s — a* € argmax,c 4 (B*V*)(s),

BYV* = max(B*V*)(s) = B*V*
acA

The function V* is then a fixed-point of the contracting operator B¢ (see Property 1.1.2).
As noted earlier, V¢ is a fixed-point of B¢ too, and thus V¢ = V* = max(qyep.. Ve It
means that d* is an optimal strategy. It is thus shown that it is sufficient to look for stationary
strategies because at least one of them, d*, is optimal. |

A.9 Proof of Theorem 4

Proof: First,
[V Vel = BV BV <N e < (P -V VY - veL)

and then HVN -V

o < ﬁ . HVN_1 - VNHOO. Moreover,

HVNfl _ VNHOO — ||(B*)N71VO _ (B*)Nflvluoo < ,)/Nfl . ||VO _ ‘/1”OO .

Finally,

N * WN 0 1
IV =Vl < 2 V0= VY .

A.10 Proof of Theorem 5

Proof: The Bellman equation for the strategy (d), is V¢ = BYV?, and the last iteration of the
algorithm is VNT1 = B*VY = BIVN (as (d*) is greedy with respect to Vi, we consider Vi 41
even if it is not actually computed). Thanks to these two equalities, it is possible to write

Ve =vaHl = [[B Ve =BV <y V=V
< (V= VER VR =)
N+1

i g
= VOV < g IV VY < = IV VO (18)
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Finally, thanks to results (I.8) and (18), we get the control of the strategy error:

2. 4N

V=V < V=V o+ VY =V < == IV = VO, -
A.11 Proof of theorem 6
Proof: If 4,1 is the current information, Vs’ € S,
bis1(s")
=P (Sip1 =8| g1 =i141)
_ P(Sit1 =5,0141 =01 | It =iy, a¢) (19)
]P(Ot+1 = Ot41 ‘ I = itaat)
ZP(SH-l =5,01 =041 | St =581 =ip,a1) - P(Sp =s| It = iy, ar)
_ seS
ZP(OtJrl =01 | St =351 =ti,a.) - P (S =5| It = iy,a4)
3es
Z]P’(Ot+1 = Ot41 ‘ St+1 = SI,St =s,I; = itaat) 'P(St+1 =4 | Sy =s,1; = it7at) 'bt(s)
_ seS
Z Z P(Op1 = 0441, Se41 =8| Sp =5, 1; = iy, ap) - be(8)
€S5S
D p(orra| & ar) - p(s'| s,a0) - bils)
seS /
= = u(bt7at,0t+1)(s )
Yo o] #a)-p (3] Fa) bi(3)
€S 7S
where line 19 is simply given by the fact that, for A, B, C subsets of Q, P(A| BNC) =
P(ANB| C) -

“B(B[C) -

A.12 Proof of Theorem 7

Proof: We use here the following notations: A, = {Ao,...,Ar}, ax = {ao,...,a¢}, 6t =
{01,...,0:}, and 0; = {01,...,0 }. The belief at time step t can be written as a function

of 0y, @y_1 and bg: the belief b, is then denoted by bZ’; = 0,0, and

‘ ~ P(St:s,at:@ 2t71=at—1)
by (s) = byo ™~ (s) = = — u<u(...u(bo,ao,ol),...),aH_1,0H>(s).
P<Ot =0¢| A1 :at—l)
(20)
The following notation will be useful for the follow-up:
t—1
P (0, 8¢ | @—1,50) =p(0t| st,a-1) Z p (st St—l,at—l)'Hp(Oz‘| $i,@i—1)'P (8] Si—1,ai-1).
S1yeesSt—1 i=1

The numerator of the fraction (20) may be written

P (St =5,0, =05, ’ Ay :at—l) = > p(B,s¢| @e1,50) - bo(s0)-
S0ES
As well, the denominator of the fraction (20) is

Ay :at—l) = Z Z P (0¢,5¢ | @i—1,50) - bo(s0)-

$tES spES

IP’(@:@
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Finally, the probability of the system state at time step ¢ conditioned on the random sequence
of actions is

t
P(& = 5| A\t—l :at—1> = Z HP(SH 51‘—17%—1)'1)0(50)

(05-er8t—1) i=1

€S
=>"> " p(6e5¢| Gi-1,50) - bo(s0)-

:;t SpES

Then, the expectation of the reward conditioned on the random sequence of actions is

E [T(St,At)| A, :at} = r(s,ar) -]P’(St =s| A1 :aH)
seS

= r(s,a)- Y JIp(sil sici,ai1) - bo(so)

seS 580,81,...,8¢t—1 1=1
=Y r(siar)- > > p(8is| Ge-1,50) - bolso)
seS ;\t S0ES

:Z Z p (0, 8| Gi—1,80) - bo(s0) - (s, ar).

0, (50,8)€S8?

Next, multiplying each term of the sum over observations o; by

. 2(8(1)7‘9/(1))652 p (/O\t, Sl(l) | atfl, 5(1)> . bo(s(l))
Z(S(2>,S’(2))€S2 P (6t, 81(2) | atfh 8(2)> . b0<8(2))’

1

we get

Z(s(l),s’(l))esz p (5“8/(1) ‘ atﬂ,s(l)) - bo(s™M)
~ 2(5(2)75’(2))652 P (6t7 S/(Q) } at—lv 5(2)) : b0(8(2)) (

Z P (0¢8] @r—1,50) - bo(so) - (s, at)

50,8)ES2
> p(8r.s] G-1,50) - bo(s0)
=3 > e (GO sV (V)Y (s, 1)

(s, /(D) e S (5“5/(2) ’ 5t—175(2)) ~bo(s®)
(s(2),5/(2))

> p(6r,5] @e-1,50) - bo(s0)
:Z Z P (6},5’(1) ‘ ?it_l,s(l)) -bo(s(l)) . Z 508 (s, at)

Wt = Z p (515,8/(2) ‘ at717s(2)) -bo(s(2))
(s ,5/(2))

:Z Z p <5t,s’(1) ‘ ’dt_l,s(l)) . bo(s(l)) . Zbg:;’gt_l(s) -r(s,ap)
seES

/O\t (s(1) s7(1))

:ZIP’(@ — 5

Ot

S
Ot

Ot

~ o~

Ay = atfl) : szo,;’atfl(s) “7(s, ay)

seS

A\t :at]

=E [ > Bi(s) - r(s, Ay)

sES
at}

:]E |:T(Bt,At) | A\t
where 7(b,a) =) cs7(s,a) - b(s). |
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A.13 Proof of Theorem 8
Proof: First, Va, € A,Vo' € O,

P(Ot—H :0/| I; :itaat) = IP’(Ot+1 :0175t+1 :SI| I; :it,at)
> p(d| s a) p(s]sa) P(Si=s| I =i)

(s,s")€S?
= Y (o] ha) p(5] s.a0) ()

where b; = bzto i.e. by is the belief obtained starting from by and computed with information ;.
For the sake of readability, the result =, .ycs2 P (0'| 8';ar) P (s"| s,a1) - bi(s) is denoted by
( /‘ bt,at) Then

P(Bip1 =V | I =iy, a0) =E [Lyp,.,—p} } I =iy, a4
- Z P (O =0"| Iy =iy, ar) - ]l{u(b;t apol )=b' }
0

o’'eO

=Y Y p(d5a) p(s] s.a0) bi(8) Liu(vrano)—b}

o'€0 (s,s’)eS?
= Z o' besar) - (v, ano)=b}s (21)

o’'eO
and thus P(By11 =V | Ij,ay) is bég—measurable7 i.e. Bi-measurable. Indeed, it is shown that
P(Biy1 =V | It =i, a¢) is a measurable function of by = b;jo when a; € A is fixed.
In order to show the equality (I.15) asserting that the belief process is a Markov process, it
is sufficient to show the following equation (see Definition A.1): V(b, V') € (IF"bSO )2:

/ E []I{Bt+1:b’} } It,at] dP = / ]l{BH_l:b’}d]P)' (22)
{B:=b} {Bi=b}

Indeed, as P(By11 =V | It,a;) =E []I{Bt+1:b/} ’ I, at} is By-measurable, it remains to show
the equality (22) to prove that E []1{ Bop1=b'} | I, at] =E []1{ Bipr=b'} | By, at} P-amolst surely,
i.e. to show equality (I.15).

On the one hand, the left part of the equation (22) is

/ (0" besar) - Lgu(o,,ap,0 )=t AP
{B:= b}OGO
/]I{Bt pydP - Z (0" byar) - Liw(var.0)=b'1- (23)
o'eO

thanks to the equality (21).
On the other hand, the right part of equation 22 is

/ H{Btﬂzb/}dP:/1{Bt:b}'ﬂ{uw,at,om):b'}dp
{B,=b} Q

=K [H{Bt:b} . I[{U(b,at,owrl):b’}]

=E|E [L{5,=} - L{ua,00 )=t} | Lt:a¢] ] (24)

=E|1l{p=p} E[L{u@a,000)=t'} | It,at]‘| (25)

=E|1{p,=p} - Z p(d] bar)- ]l{u(b,at,o’)—b’}‘|a (26)
L o'eO
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which is also equal to result (23). Line (24) comes from Definition A.1. Line (25) comes from
Property A.1 and the fact that B; (and thus 1;p,—4y) is o(/;)-measurable. The last line (26)
is given by the result (21).

The belief process (By);>¢ is thus a Markov process. |

A.14 Proof of Theorem 9
Proof: Let V : Py — R be a PWLC function. Then, 3" C RS, #I' < 400 such that

V(b) = max { Z b(s) - a(s) } = max({a, b)gs.

acT acll
seS

For b € Pfo, the Dynamic Programming Equation is

(B*V)(b) = max{Zr(s,a)-b(s)—i—’y- Z p(d| b,a)-V(u(b,a,o'))}

seS o’'eO

- glea}{zvﬂ(s,a»b(s)ﬂ- S p(d] b,a>'ma§<{ Zu(b,a,o’xs')'a(s')}}

s€S o'€0 et Lies
= ) . ! b . b / . o’ !
glea}{zr(s,a) @+ e fre X (] ha) Y ulha o)) arls)) }
seS o’'eO s’eS
= max max Zr(s,a)-b(s)+{’y~ Z p(o] ba)- Zu(b,a,o’)(s’)-ao/(s')}
a€A (a0)oco€l'? seS o’'cO s'eS

where (a,)oco is an element of I'© j.e. is a set of vectors from I' C RS: each vector a, € I is
indexed by an observation o € O.

Thereafter, given a belief b € S and an action a € A, we use the notation p (s'| b,a) =
Y scsP (5] s,a)-b(s). Then, the belief update (I.10) becomes Vs’ € S,

ooy PO s a) p(s] ba)
u(b,a,0")(s") = b (o] ba) .

The result applying B* to V is then

(B*V)(b) — max max T(S,a)'b(3)+’7'2p(0/|b,a)~zp(0/|Slya)'p(‘g/'b’a).aol(s')

acA (OCOI)EFO = veo s'eS p(0/| baa)
i SUCORORSED DI ICIRIEDM ICAEDRORLHC)
a€A,(a, el seS o’€0 s'eS s€S
= max - (r(s,a)—f—’)" > > p(d]sa)p(s]|sa) 'ao’(s/)> ~b(s)
a€ A, () ETO £~ €0 €S
— ! . = !
= max ) o'(s) bs) = max(a’, bles.

where

I = {a’(S)zr(S,a)+7- S > p(d] sa)-p(s] s,a) am(s)

o’'e0 s’eS

a€ A, and Vo' € O, ay EF}

which is finite, and which size is #.A - (#I')#©.
The function b — B*V(b) is thus PWLC and elements of I” are called a-vectors. |
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A.15 Proof of Theorem 10

Proof: First, note that

V(z,y) e X x Y, w(x,y) <min{r(z),n(y)}

0

V(z,y) € X x Y, 7(r,y) <maxn(z',y) = 7(y) and 7(z,y) < maxn(z,y’) = n(z)
T Y

0
V(z,y) e X x Y, w(z|y)=n(zy) <n(z)and 7 (y| z) =n(z,y) <7(y)
Thus, as m(x,y) < min {7 (x), 7(y) } is always true, V(z,y) € X x Y, n(z,y) = min {7 (z), 7(y) }
e W(ny) e X x Y, w(x| y) > () orw(y| ) > 7(y). n

A.16 Proof of Theorem 11

Proof: Let us suppose that X and Y are MS-independent: in terms of possibility distributions,
it can be written Vo € X, Vy € Y, n(z) = 7 (x| y) and n(y) = 7 (y| = ). Suppose also that
Jxzp € X such that 7(xg) < 1 i.e. variable X is not fully unknown. Thus, using the qualitative
possibilistic conditioning (Definition 1.2.7), we know that, since 7 (zg | y) = 7(x0) < 1,Vy € Y,
m(zo| y) = 7 (x0,y). Thus, 7 (zo,y) < 1. Using also the conditioning of Definition 1.2.7, we
get that Yy € Y, m(y| xo) = 1, since the equality w(z¢) = 7 (zo,y) is the condition which
leads to the possibility degree 1. AsVez € X, Vy € Y, n(y) =7 (y| z), Yy € Y, 7 (y) = 1. As
a conclusion, if X is not fully unknown, Y is is fully unknown: thus, if Y is not fully unknown,
X is fully unknown. ]

A.17 Proof of Property 1.2.1

Proof: First, if f* = minyecq f(w), then Vw € Q, f* < f(w). Thus Vw € Q, 1 — f* > 1 — f(w),
te. 1 — f* = 1 — mingeq f(w) = max,eq {1 — f(w)}: the equation (I.26) is proved. The
equation (I.27) can be shown using the previous one: setting f = 1 — g, we get Vg : Q@ — L
max,eq g(w) =1 —mingeq {1 — g(w) } i.e. it equality is shown.

Now, the equation (I.30) is shown considering the case where A > max,cq f(w): on the
one hand, in this case, both parts of the equality are equal to max,cq f(w) since Vw € ,
A 2 f(w). On the other hand, when A\ < max,cq f(w), right part of equation (1.30) is equal
to A. As Vw € Q, min{ ), f(w)} < A, and for each w such that f(w) > A, min{\, f(w)} = A,
the maximum is equal to \: the left part of the equation (1.30) is equal to A too. The equation
(1.29) can be be proved using the previous equation: setting f to 1 — g, and A to 1 — u, we get
max,comin{1l —g(w),1 — g} = min{max,cq {1 — g(w)},1 — u}. And then, using equations
(I.26) and (1.27), Vu € L, Vg : Q — L, 1 —mingyeqmax { g(w), p} = 1 —max { min,eq g(w), 1 },
i.e. the equation is shown.

The equations (1.28) and (1.32) are trivial: with the operator min (resp. max), no matter

what is the order of elements and the repetitions, as they are associative?.

The inclusions (I.31) and (I.33) are shown as follows: let w* € argmax,,cq f(w). If f(w*) <A,
Vw € Q, min{f(w),\} = f(w) and thus argmax,cqomin{f(w),A\} = argmax, cq f(w).
Now, if f(w*) > A, max,eqomin{ f(w),A} = A, and then argmax, cq,min{f(w),\} =
{w] flw) > A} thus argmax, ., f(w) C argmax,comin{f(w),A}, ie. the inclusion
(I.31) is shown. For the inclusion (I1.33), if f(w*) > A, then the maximizing ele-
ments are in w{w| f(w) > A}, where f(w) = max{f(w),A}. Thus maximizing elements
are the same argmax, cq f(w) = argmax,cqmax{f(w),A}. Otherwise, if f(w*) < A,
Vw € Q, max{f(w),A\} = A, then argmax cqomax{f(w),A\} = Q, and thus obviously
argmax,cq f(w) C argmax, cq max { f(w), A }.

2An operator  over £ is associative if V(A1, A2, A3) € L3, (A1 % A2) % Az = A1 * (A2 * Ag).
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Finally, let us show the equality (I.34). Note first that functions A : w
max {min{\, f(w)},g9(w)} and B : w +— min{A max{f(w),g(w)}} are equal to
w = max { f(w),g(w) } on the set Q) = {w| A > max { f(w),g(w) } }. It is trivial for B, and as
A > f(w) on this set, the result comes for A. On theset Q5 = Q) = {w| A < max{f(w),g(w)}},
B is of course equal to A, and if f(w) > A, A(w) = max{\ g(w)} = A otherwise if f(w) < A,
Alw) = max{f(w),g(w)} > A (on the set Q). A and B are thus smaller on Q1. Indeed, they
are both equal to w — max{f(w),g(w)} < X on 4, whereas on o, N = XA and A > \
Thus, if Q; # @, then the result is shown: the minimum is on 0y, where functions are equal.
Otherwise, if Q1 = 0, Vw € Q, A < max{ f(w),g(w)}. As g(w*) = 0, then f(w*) > A, and
A(w*) = max {\, g(w*)} = A = B(w*). For the other w € Q, A(w) = max{A,g(w)} > A or
A(w) = max{ f(w),g(w)} = A, thus the minimum of both functions, JA, is reached with w*,
where A and B are equal. The equality (I1.35) can be proved using the equality (1.34): if we
set ¢ = 1 — h, g fulfills the condition Jw* € Q such that g(w*) = 0. Setting A = 1 — p and

ff=1—f, we get

minmax{min{l —u, 1 — f(w)},1- h(w)} = misr%min{l —p,max{1— f'(w),1 —h(w)} }

weN we

Using equations (1.26) and (1.27) of Property 1.2.1, we get

1 — max min { max { u, f'(w) }, h(w)} =1- max max {u,min{f’(w), h(w)} },

weN

i.e. one minus equation (I1.35). |

A.18 Proof of the equality of Definition 1.2.11

Proof: Let us show that (1.36) is equal to (I.37). Note first that, by definition, f(w;) is non-
decreasing with i € {1,...,#Q}. Note as well that pu is monotone, and then u(A4;) =

p{wi, ... ,wgal) = p(Ai41) since 4,11 C A;. Let % be the highest ¢ € {1,...,#Q}
such that w(Ai=) = f(wl ). As pu(A1) = () = 1 = f(w), i* exists. For each i < ¥,
min { f(w;), u(A;) } = f(w;), and for each ¢ > ¢*, min { f(w;), u(A;) } = p(A;), thanks to the

definition of i*. As f (wl) is non-decreasing and u(A;) is non-increasing with 4, highest values
#0—1
of (min {f(wi)vﬂ(Ai)})i_l are f(wi-) and p(Ai-11).

If f(wix) < p(Aix41), then (1.36) is equal to p(A;«41). As well, max { f(wix), p(Aix41) } =
#(Ai«41). Using the definition of ¢*, and as p is monotone, f(wixy1) > p(Aig1) =
t(As+q2). This implies that max { f(wixy1), p(Aiq2)} = flwirg1). As p(Aiy1) is non-
increasing with ¢, and f(w;) non-decreasing, p(A;~41) and f(w;«41) are the lowest values of

#0-1
(max{f(wi)M(AiH)})‘ . By definition of i*, f(ws+1) > p(Ai+41), and thus formula
(1.37) is also equal to u(Az11): (1.36) and (1.37) are equal.

If f(wi«) > u(Ay1), then formula (1.36) is equal to f(w;+), and max { f(w;« ), u(Apx41) } =
f(wix). As f(w;) is non-decreasing with 4, and thanks to the definition of i*, f(w;—1) < f(w+) <
w(A;+) and thus max { f(wi«—1), u(Ai+) } = p(Az+). As previously (u(A;+1) non-increasing and

#Q—
f(w;) non-decreasing), p(A;«) and f(w;«) are the lowest values of (max {f(ws), ,U(Ai+1)})
i=1
By definition of i*, f(w;+) < pu(Ai+), and thus formula (1.37) is also equal to f(w;x).
Finaly, formula (1.36) and (1.37) are equal. ]
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A.19 Proof of Theorem 12

Proof: First, let us rewrite the Sugeno integral of a function f : Q@ — £ with respect to a possibility
measure II, using formula (1.36):

S| f] = hax min { £(ws), T1(4;) }

=1

Q Q
— ffenin { ) ) |
j=i

= max min { f(w;), m(w;) }. (27)
(1) €{ L, #Q}*

st 1<)
Now, note that V(i,j) € {1,...,#Q}* such that i < j, min{ f(w;),m(w;)} <
min { f(w;), 7(w;) } since f(w;) is non-decreasing with i. As just shown, such pairs have a

minimum lower than the minimum of an other pair: such pairs can thus be removed from the
maximum operator in the equation (27): we get then the formula (I.38).

As well, using formula (1.37), the Sugeno integral of f with respect to a necessity measure

N is
#$
Sw[f] = minmax { f(ws), N'(Ait1) }
#Q
= mj{lmax{f(wi),l - H({w17--~,wi})}
#0Q i
= min max { f(wi),min {1 —7(w;) } }
= Jj=
= min min { f(w;),1 — m(w;)}. (28)
(,0)E{L,....#Q}? { ) 2
s.t. 127
Note that the terms of min , such that ¢ > j, i.e. max { f(w;),1 — m(w;) }, are greater
(i,4)€{1,....#Q}>
st i2]
or equal to max { f(w;),1 —m(w;)} (as f(w;) is non-dreasing with ) and can be removed from
min: the equation (1.39) is then deduced. [

(4,4)

A.20 Proof of Theorem 13

Proof: For the case i = 0, Ug(s) = ¥(s), is obvious since no action has to be chosen. The case
i = 1 consists in applying the formula (I1.30) of Property 1.2.1. Following sequence of equalities
come from properties (1.2.1). Let ¢ be in {2,...,H—1} and j = H — i, and 7; the set of
i-length system state trajectories 7 = (s;41,...,5m): Vs; € S,

U (s5)
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H H—1
= max max min< min t(st O¢ (¢ ) min 7 (st 1’5,5 O¢ (8¢ )
max {t_jp (o)) min (s, 8 5)

(8)eA; sj+1ESTETi—1

st,ét(st))}
st75t(st)> } }

H -1
= max max max min{min{pj(sj,éj(sj)),tmm pel st, 0 ( st ,tlnwt Sta1
i+ j

H H-1
= max max min (s 0i(s ) max min mln t(st Oy st> mnﬂt(st 1
(D)EA; 51 €S {pﬂ 5%3(53) ) pmax. { min, pe{ s, 9u(se) ), min e { ser

= max max min {pj (sj,é (s])>7min {ﬂ'j (sjﬂ‘sj,dj(sj)),

(0)€A; sj+1ES

st,ét(st))}}}

H H-1
max min{ min t(st 0¢ (8¢ ) min (st 1
TeTioy t:j+1p ) ( ) ,t:j+1 +

= max max min (5 0i(s )min 7'("(5' 1
5;(sj)EAs;+1E€ES {pj P (]) ’ { ANCRS
in{ min_ g, (s1,6,(s,)), min Bi(50)
max max min min t(st t St) min 7Tt<8t 1‘3,5 +( St )}
(§)€A:1 TET 1 i Pt O, e\ S|t
= max max min< p; (s], ) min ﬂj(st sj,a),U;;l(sl)
ac A S]‘+1€S

= maxmin pj(sj, ), max_min 7Tj(5j+1‘5j;a)yU;;1(31) .
ac A Sj+1€S

where the final preference function ¥(s) is denoted by pg(s,a) to simplify equations. This
shows that the optimistic value function can be computed using the recursive formula (I.54).
The strategy computed with formula (I.55) is indeed optimal, thanks to the inclusion (I1.30) of
Property 1.2.1.

As well, for the pessimistic criterion, the case i = 0 is obvious too, and the case i = 1
consists in applying the formulae (I.26) and (I1.29) of Property 1.2.1. For i € {2,...,H—1},
and j = H — 1, using Property 1.2.1,

Sja5j(5j)>7

Ui (s5)
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H H-1
= max min max< min p;| s¢, 0¢(s ) 1—minm (s 1‘3 0¢(s )
()N, TET: {t_j Pt( ts t( t) , oy t| St+1|S5t, t( t)

H-1

H
= maxX min min max<{ min (s 6;(s; ) min pg (8¢, ¢ (8¢ 1 — min m; (St 1
(8)ER; 8;41€8 TET-1 { {pj 7 j( J) 7t:j+lp ( ) ( )) ) =) +

st,ét(st))}
st,ét(st))}} (29)
st,(st(st)> } } }

H H-1

= max min min (s 0i(s ) min max { min t(st Oy st) 1—min7rt<st 1
max min, {pg 5205060 e { it (s, 5)) 1 = i s

H

. . . d H-1
= max min min $:,04(s ) minmax<{ min t(st 0¢(8¢ ) max{l—m (st 1
(5)ED; 5;41E€S {pﬂ( 3:05(55) "TETi {t—j+1p 9e(se) ) t=j *

= max min min {pj (sj, 5j(sj)),max {1 — T (st’sj, 6j(sj)),

(6)eA; s;+1E€S

st,5t(5t)>}}}

= max min_ min {pj <Sj, 5j(sj)) ,max {1 — T (5j+1 ’5]‘7 5 (5j)>, (30)

5i(sj)EAs;+1€ES
. { o). 1 5
max min max<{ min t(st (54 ) — min (s ‘S s )}
(8)EA, 1 TETin i P R G i(s1)

= max min min s max 1—71"(5» ’s» a) Ut (s;
Qed s es {pJ(J’ ) { i si+1]85:a), Ug_1(8541)

= maxmin S min max 1—7r-(s~ ’s»a) Ut (s; .
e {”J(ﬂ’ )7%65 { i(Si+1]85,0 ) U1 (s541)

where the equation (I1.34) of Property 1.2.1 is used for the row (29). The row (30) is explained
by the following result: consider the function F' : S x A — L. Then,

H H-1
min max{ min t(st 0 (8¢ ) 1— min m (st 1
TeTi, t:j+1p ) ( ) ) t=j+1 +

F = F
Jmax min F(s, 0(s)) = min max, F(s,o(s)).

Indeed, V6 : § — A, Vs € S, minF(s’,é(s')) < 6HéaXAF(s,5'(s)), and thus,
:S—

;max, mi mlnF( ,0(s") < mlgélréax F(s, 5( )) Now, consider 6* : & — A such that Vs € S,
5

0*(s) € argmax,c 4 F(s,a). Then, V6 : S — A, mlnF(s 0%(s)) = mlnF(s d(s)), which implies

that mi “(s)) > > - :
a rsnel‘rle(s,cS (s)) 5:121}54?6%11:(8 0(s)), i.e. rsnelglé%iXAF(s 5( )) 5%1XA£%1£F(876(8))

the equality is shown.

Finally, the strategy computation (I.57) is explained by inclusions (I.31) and (1.33) of prop-
erties (1.2.1). |

Proof of Theorem 14

Proof: Suppose that the belief state at time step ¢t € N is §;. The joint distribution of the system

state variable S;y; and the observation variable Oy4 is
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H(St+1 = 8170t+1 = 0/| I, = it,a)

= Hlélg{]:[(st_;,_l = S/,Ot+1 = 0/, St = S| It = it,at) (31)
:mgg{min{ﬂ(SHl:s’,0t+1:0/| St:s,It:it,at),H(St:s| Itzit,at)} (32)
= Igléag(min{H(OtH =0| Sy1=5,a;),1(Spy1=5"| S¢ =s,a:) ,5t(s)} (33)

= min{H(OtH =0| Sir1=5"a1) ,meagcmin {H(StH =s'| S = s,at),Bt(s)}} (34)
min{wt(0’| sl,at),r?éié(min{m(5'| s,at),ﬂt(s)}},

denoted by 7 (8,0’ | B¢, ar) to simplify notations: maxges 7 (8,0 | B, ar) is also denoted by
7w (0"| B, ar). Line (31) is the possibilistic marginalization over variable S;. Line (32) is due to
the definition of the conditioning, Definition 1.2.7. Line (33) uses the Definition of the belief
state, Definition 1.2.16, and that S; does not depend on the action a;. Finally, line (34) is comes
from equation (1.30) of Property 1.2.1.

Suppose now that the observation received at time step ¢ + 1 is o;y1: as, by definition,
Bit1(8") =T (Si41 =8| It = 4t, 0141 = 041, at ), using the qualitative possibilistic condition-
ing (Definition 1.2.7), we conclude that, Vs € S,

Bipi(s') = 1 if 7w (8 00401 Brrar) =m (0eg1 | Broar),
i 7 (8", 0001 By ar) otherwise. -

A.22 Proof of Theorem 15

Proof: Let us denote by W(SH,Z)\H‘B(), (5)) the joint possibility degree of the last system state

sy € S and the observation sequence 0y when the strategy is (8) = (6)7 "

n(sH S :aH\ (5))

H-1
= max min min { e (0t+1
(80,---s8H—1)ESH =0

3t+175t(it))77rt (3t+1 8t75t(it)),50(80) }

The possibility distribution over the observation sequence is also denoted by

W(aH‘ﬁo,(a)) _ maxw(sH73H‘ﬁ0, (5)),

SgHES
and the one over the last state sy € S is denoted by
7 (51|80, (9)) = max (s, 5| B0, (9))-
OH
By definition, the qualitative belief state at the end of the execution, i.e. at time step ¢t = H,
~ R H—-1
is equal to ﬁg’ooH(s) =11 (SH =s| Oy = om, (5t(it)) ), see Definition 1.2.16. It can be
t=0

~
0,0H .

written as a function of oy, (0) and By, and this belief state is then denoted by Bs,

| it (5,01 |60, (6)) = (o] o, (9)).

52;011 (s) = 71-(3, ou ’50’ (5)) otherwise,

using the possibilistic conditioning, Definition 1.2.7.
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Following lines show the desired equality for the optimistic criterion: its rewriting, denoted
by S [mag min{ ¥(s), B5(s)} ‘50, (5)} , is equal to
se

max min { max min { U(s), Bng(s) } ,ﬂ(aH‘ﬂo, (5)) }

- s o, 8500 . 0)} ®
= I?eagmin {\D(s),rr/ol\ixmin{ﬂ (SH =s]| OH =0y, (5t(it)>tHzol) )7T<5H‘ﬁo, (5)) } }
(36)

= max min {\IJ(S), 71'(5 Bo, (5))} (37)

= Su [¥(Su)| Bo,(9)]. (38)

Line (35) comes using equality (1.30) of Property 1.2.1. Line (36) uses the definition of the
possibilistic belief state. Line (37) uses the definition of 7T(5H’ Bo, (5)), and the possibilistic
conditioning. Finally, line (38) is a notation: it is used as the Sugeno integral is based on the
distribution 7 (sH ’[30, (5)) .

As regards the pessimistic criterion (1.66), the rewriting is shown in the same way:
S| mines max {¥(s), 1= B ()} | B0, (9)]

= min max { min max { U(s),1— 62(’)3’{(8) } ,1— ﬂ(b\H‘ﬁo, (5))}

o seS
— min max {\IJ(S), 1= 3% (), 1 = (G| o, (5))} (39)
ol ,SES

— mig max {\I/(s),rp\inmax { 1-1I (SH =s| Op = 0w, (&(n))f_ol) 1 - ”(3H‘50’ (5)) } }

ES on
40)

seS on

(
— min max {\p(s)7 1— n}\axmin{ﬂ (SH =s| Op = 0w, (5t(it))iol) ’F@H‘ﬁo’ (6)> } }
(41)

— min max {P(s), 1 77(3’60, (5))} (42)

seS

—Sx [P(Su) | Bo, (6] (43)

Line (39) comes using the equality (1.29) of Property 1.2.1 and line (40) uses the definition of the
possibilistic belief state. Line (41) uses the equatity (I.26) and the equality (I1.27) of Property

1.2.1. Line (42) uses the definition of W(aH‘ﬁo, (5)), and the possibilistic conditioning. Finally,

as the Sugeno integral is based on the distribution 7r<s H‘ﬂm (6)), the result can be denoted as
line (43). |
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A.23 Proof of Theorem 16
Proof: First, Va; € A,Vo' € O,

H(Ot+1 = 0/| It = it,(lt) = 181/12,‘)8(1_[(0,54_1 = O/,St+1 = S,| It = it,at)

= max min{wt(0’| s'iag),m ('] s,a;),11( Sy = s| It:it)}
(s,s")€S?

= (s,rsr}?és? min {ﬂ't ('] &' a),m (8| s,at) ,ﬂé‘o(s)}.

where B}jo is obtained starting from [y and with information ;. To make the next equations
clear, the next formula max, s)cs2 min{wt (o] §yar),m (s8] s,at) ,B;‘O (s)} is denoted by

Ty (0’ | Bgto, ag ) Then, as the belief state is a deterministic function of the current observation,

Itzit,at>

the previous action, and the previous belief state,

(B =F| It:itv“t):H<U oco st 101 =0}

V(,@,at,o'):ﬁ'
= max H(Ot+1:0/| It:itaat)
0'€0O s.t.
v(B,at,0")=p"
= max m (0] B,a). (44)
0'€O s.t.
v(B,at,0")=p"

where (% (s) is denoted by 8. The set of all the possible information sequences at a time
Bo

step t > 1 is denoted by Z; = A’ x O'. Thanks to the equation (44) for each belief 8 € I,
H(Bt”_|r1 = ﬂ” I = it,at) does not depend on the information i; € Z;, provided i; is in

{ieIt\ B85, :ﬁ}. Thus, as IT (I; =i | Bf = B,a;) =0 if 8} # B, we can write
H(Bt7r+1:5/’ BW:/Bvat)
:Iixéazi(min{ﬂ(Bf+1:ﬂ'| L=ia), T(I =i Bt’“:ﬂ,at)}
:%;:min{n(Bgﬂ —B'| L =i a), (I, =i Bt”:,é’,at)}
:min{H(B;’+1 =4 | Itzi*,at),%%fn(lt:u szﬁ,at)}
=W (B, =p| L =i a)

where ¢* is such that Bg; = (3, using the equation (I1.30) of Property 1.2.1, and the fact that
maXiEItH(It:i| szﬁaat)zl' n
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B Proors orF CHAPTER 11

B.1 Property linking S;; and Sy,
Property B.1
Let f be a function from €} to L:

Sull—fl=1-Sx[f]

Proof: By definition (see Definition 1.2.11 and Theorem 12),
Sp[l1-f]= maécmin{l — f(w),m(w)}
we

:Teaé({l —max { f(w),1 —W(w)}}
=1—minmax{ f(w),1 —7(w) }

weN
using equations (1.26) and (I1.27) of Property 1.2.1. |

B.2 Proof of Property I1.1.1

Proof: First, Vw € Q, max{ f(w),g9(w)} > f(w), and max{ f(w), g(w) g(w). Thus, Yw € Q,
max { f(w),g(w)} > min{ f(w),7(w)}, and max{ f(w),g(w)} > min {g( ),m(w)}. As well,
note that Vw € Q, m(w) 2 min{ f(w),7(w) }, and Yw € Q, 7(w) = min{g(w),n7(w)}. Thus,
Yw € Q,

min { max { f(w), g(w) }, 7(w) } > min { f(w), 7(w)}
and

min { max { f(w), g(w) } ,W(w)} > min{g(w), m(w)}.
Recall that the Sugeno integral Sy [max { f,¢g}] is equal to
. / ! /
max min { max { f(w"),g(w) },7(w )}
Using previous inequalities, Yw € Q,

Su [max { f,g}] > min { f(w), 7(w) }

and
Sn [max { f,¢}] > min {g(w), m(w) },
and then
Sm [max { f,}] > maxmin { f(w), 7(w)} = Su [f],
and

Sn [max { f,¢}] > maxmin {g(w), 7(w) } = Su [g].

We can conclude that Sp[max{f,¢g}] > max{Sn[f],Sulg]}.

Now, let us show that Sy [max{f,¢}] < max{Su[f],Su[g]}: let us denote by w* an
element from 2 such that

w* € argmax min { max { f(w), g(w) } ,ﬂ'(w)}.
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Thus, Sy [max{f,g}] = min{max{f(w*),g(w*)},w(w*)}. On the one hand, if f(w*) >
9(w”),
Su [max { f,g}] = min { f(w"), w(w*) }
< maxmin { f(w), m(w) } = Su [f] < max {Su [f].Sn [g]}-

On the other hand, if f(w*) < g(w*),

S [max { f,g}] = min{g(w"), 7(w") }
< glgécmin{g(w)ﬂr(w)} =Sn[g] <max{Su[f],Sulg]}.

Finally, Sip [max { f,¢g}] = max {Sp [ f],Su [g]}.
Using Property B.1, equation (1.27) of Property 1.2.1, and the previous result,
Sy [min{f,g}] =Sy [l —max{l—f,1—g}]
=1-Sp[max{l—f1—-g}]
=1-—max{Sp[1— f],Su[l—g]}
=min{1—-Sp[1-f],1-Su[l-g]}
=min {Sy [f],Sn [g]}- u

B.3 Proof of Theorem 18

Proof: In order to make the following calculus lines easier to read, ¥(Sy) is denoted by

pr(SH, Ar), ¥(B[) is denoted by pg (BF;, An), and W(BY) is denoted by pu (Bf;, An):

St [G((S0)fZo: (A" ) | = S [ pu(S5, A | (45)
= nlix S [pu(S, A0)] (46)
= mix S [7r(B7, Ay)] (47)
= Su [ méxpr(B7, A | (48)
=Su [G((BDILo. (015" | (49)

where p;(BF, A;) = maxges min { ps(s, A;), BF (s) }. The definition of G (see Definition II.1.1)
explains the first line (45). Line (46) comes from the maxitivity of Sy, described in Property
I1.1.1. The Theorem 15 is applied to each terms of the maximum operator in line (47). Finally,
line (48) uses Property II.1.1 and line (49) uses the definition of G for belief states.

S ({500 (40/E5") | =8 sty (51,40 (50
= min Sy [pe(Si, A1) (51)
= min Sy [pu(BT, A0)] (52)
=Sy [rﬁg pe(BF, At)} (53)
=Sy [G((BNLy. (4){5") ], (54)

where p;(Bf, A;) = minges max {p(s, A;),1 — BT (s)}. The definition of G (see Definition
I1.1.1) explains line (50). The minitivity of Sxr, described in Property I1.1.1, allows to writte
the line (51). For line (52), the Theorem 15 is applied to each terms of the minimum operator.
Finally, Property II.1.1 is used for line (53), and line (54) comes from the definition of G for
belief states. ]
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B.4 Proof of Theorem 19

Proof: We proceed by induction on ¢t € N: as the initial visible state s, o is known by the agent,
only states s = (sy,sp,) for which s, = s, 0 are such that Sy(s) > 0. A belief over hidden states
can be thus defined as 8j,0(s,) = maxs,es, Bo(Sv, Sn) = Bo(Sv,0, Sh)-

At time ¢, if 8,(s) = 0 for each s = (s,,s;,) € S such that s, # s,, the same notation can
be adopted: B1,,t(sn) = Bi(Sv,t, sn). Thus, if the agent reaches state s;+1 = (Sy,t4+1, Sh,t+1) using
action a; € A, and if s’ = (s), s},) with s}, # s, 41, then s}, # 0,41 and:

7 (0p41,8 | Be,as) = min{ﬂt(ot+1| s/,at),rgeaé(min{ﬂt(sl| s,at),ﬂt(sl)}}
= 0.

thanks to Equation (II.15). Finally, belief update formula (1.62) ensures that 3;11(s’) = 0, since
0=m¢ (041,58 | Bryar) < m (041 Be,ar) (as op4q is received, o1 is not impossible, otherwise
the model is wrong). Then, 5,11 is entirely encoded by (84,141, Oh,t+1) With Sy 41 = 04 +1 and
Bh,t+1(sn) = maxs, Bit1(sy,Sn), Vsp € Sp. u

B.5 Proof of Theorem 20

Proof: Starting from the standard belief update equation (1.62) of Theorem 14 with op41 =
(0v,t41,0n,1+1), and using equation (II.15) in the case of 0,41 = Sy 141 (i-€. 0}, = s,), we
get that B,41(s), s},) is equal to the right part of the equation (II.16). As defined in Theorem
19, Bi41.n(s),) = maxges, Bi+1(5y, 5,); as shown in its proof, Vs, € S, such that s, # o,,

Bi+1(8v, sp) = 0. Thus, Bp ¢+1(s},) is equal to Si11(s), s),) with o, = s/, i.e. to the right part of

the equation. |

B.6 Proof of Theorem 21

Proof: Using the classical dynamic programming equation, Theorem 19, and the facts S, = O,
and that s) # o/, is impossible,

—

Ui*(Sv’ /Bh) = Ui*(ﬂ)

/\t(ﬁaa%g(ﬂt (0,| 670‘)?@*\1(1/(ﬁaa701))>}
ﬁt(ﬁ,ax@(m(o;,ou ﬁ,am’i(u(ﬁ,a,o’v,o@)))}

= max M

|
2 5
m
=5
)
—N— ——

@(smﬁh,axg(m(s;,og &a)@i(u(ﬂ,a,s;,ow))}

- maj(]-\/z[ {ﬁt(svvﬁhna)a/g(ﬂ—t (s;aolh ‘ Bua) 7U/-1'*_\1<8{U71/h(8v76h7a7 8{070;1)>)}
ac

where Vs;, € Sy,

Gh(53) = ¥ (501 B, 51, 04)(5) = mmax w5, 0,50 04)(Sus5h) = V(5,05 0)(5155)

= 6t+1(51)7 5;1)

B.7 Proof of Theorem 23

Proof: Let (; be a belief state in H‘Z, a be an action in A, and let us denote
maxses min{m (s'| s,a),B(s)} by Bi(s'), Vs' € S.
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For each s’ € &, we denote by P,(s’) the set of system states which lead to s’ selecting
action a € A: {s € S| w(s'| s,a) =1}. As the transition possibility distribution 7 (s’'| s,a)
is deterministic, Vs € &, J!s’ € & such that 7 (s'| s,a) = 1. It implies that V(s',3) € S?,
Pu(s") N Pu(3) = O (otherwise, s € S leading to two different successors selecting action a,
namely s’ and §). Moreover, Uy esP,(s') = S (otherwise Is € S without any successor s’ € S).
Thus, Vs’ € S, two cases are possible: either there is no system state s € S leading to s’ selecting
action a, i.e. Py(s’) = 0, and then B¢(s’) = 0 (since Vs € S, m (5’| s,a) = 0). Otherwise,
Pa(s') # 0 and B¢ (s') = max,ep, () Bi(s). As, Vs' € S, maxep, (o) Bi(s) < Zsepa(s') Be(s),

DUBIEN<Y S D Bils) =D Bils),

s'eS S'€S s€PL(s) s€S

i.e. B¢ < Bi. Finally, since 7 (0’| s';a) =1, min {7 (o' | §',a),88(s")} = B{(s"). Thus, using
the belief update equation (1.62), 8¢ = Bi+1, and then £;11 < B;. We can conclude that the
first conditions lead to Biy1 < ;.

We prove now that the second conditions lead to the same conclusion. First note that
if 7(s'| s,a) = I1{g=sy, then B¢ = B;. Two cases are now distinguished. First, sup-
pose that it exists a system state s’ € S such that min {7 (0’| §',a),88(s')} = 1: using
the belief update (I1.62), we get that Vs’ € S, Biy1(s’) = min{n (0| s',a),B8¢(s") }. Yet,
min {7 (0| §',a),88(s")} < Bi(s") = Be(s'), thus Biy1 is more specific than 8; (and then
Bi+1 =< Pt). Second, suppose that Vs’ € S, min{w (0’| s',a),B#(s")} < 1. Then, only one
s’ € S can maximize min{x (0’| s',a),B¢(s') }. Indeed, otherwise, it would be two system
states s’ and § such that one of the following equalities hold: 7 (0’| s',a) = 7 (0’| 5,a); or
w(o'| §',a) = BE(3); or fE(s") = BE(5). We know that the belief update (1.62) defines 5;41(s)
as the possibility degree ¢ (s'), or (0’| s’,a), or yet 1. Since Vs € S, Sp(s) = 1 and since
Vo' € O,Va € A, V(s',3) € 8%, 7 (0| s';a) # (0| 5,a), belief states obtained from o,
using successive belief updates (1.62), never assign the same possibility degree to two different
states, except if it is the possibility degree 1. It contradicts thus the fact that more than one
system state s’ € & maximize min{w (0’| s’,a),B(s’) }. Let us note the maximizing system
state s*: using belief update (1.62), this state is the only system state such that S:11(s*) = 1.
System states s’ € S which do not maximize the joint possibility distribution (s’ # s*) are such
that B;11(s") = min {7 (0’| §',a),82(s")} < BE(s") = Bi(s'). Thus if Bi(s*) = 1, Bry1 is more
specific than 3; (and then B;11 = £;). In order to complete the proof, we now show that the
inequality f;11 = f; remains true even if §;(s*) < 1. Let us denote by § € S a system state
such that 5;(5) = 1. We can affirm that 5;11(5) < 5:(s*). Indeed, if this was not the case, then

Be+1(3) = Bi(s*), and
Be+1(5) Z min {7 (o'| s, a),Bi(s")} =min {7 (o'| s*,a),B(s")},

where the last equality is due to the fact that B¢ = (. Since [i+1(8) =
min {7 (0’| 3,a),6{(3)}, s* is not maximizing: it is a contradiction. Thus, B;41(3) < Bi(s*).
Finally, > cs\(s-,51 Bi1(8) < 2sesi(sv,5 Be(8), Beaa(s™) = Be(5) = 1 and Bepa(s™) < Be(3),
thus Bi41 < B¢ (and even Biy1 < St). |
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Annex

PROOF OF THEOREM 22: OPTIMALITY OF THE STRATEGY COMPUTED
BY ALGORITHM 10

This appendix demonstrates that Algorithm 10 returns the maximum value of Equation (II.18)
and an optimal strategy. Note that the computed optimal strategy is stationary, and is optimal
regardless of the initial state. We recall that 3a € A such that Vs € S, 7 ('] s,a) =1if s’ = s,
and 0 otherwise. The existence of this action @ makes the maximum value of the criterion non-
decreasing with respect to the horizon size. Let us denote by (u});>0 the sequence of functions
U* computed by the algorithm: Vi > 1, u}_, is the function U* at the beginning of the i" itera-
tion (line 5). That is, uf = ¥, and Vi > 1, Vs € S, u}(s) = maxgeamin {7 (s’ | s,a),uf_;(s)}.
As well, Vs € S, we denote by ¢} the strategy * : S — A computed after i iterations (accord-
ing to the while loop). Finally, 7; is the set of i-length system state trajectories (si,...,s$;),
and A; the set of i-length strategies: (6;)i_¢ such that § : S — A.

Lemma C.1
Vs €S, Vi> 0, u;(s) <ulyq(s).

Proof: Let sy € S. Looking at Algorithm 4 for optimistic finite-horizon 7-MDP, and looking at
Algorithm 10, we see that Vi > 0, uf = U} (in the case of terminal preference only, i.e. V¢ > 0,
Va € A, Vs € S, pi(s,a) = 1 since the global preference (I1.3) is based on the miminum operator,
see Section 1.2.4), and thus, Vp > 1

si, 5i(si)),qz(sp+1) } .

P

« . )

uy.1(s0) = max max min mll’l’lT(S'

120 1 +1
P (0)€Ap+1 TE€ETp+1 { i=0

Consider the particular trajectories 7/ € 7, C T,y such that 7/ = (s1,...,5p,8p11) and s, =

sp+1. Consider also the particular policies (0’) € A}, C A,y such that (8") = (do, - - -, (51,,1,3),
where 6 is the decision rule such that g(s) = a (action “stay”). It is obvious that

Si, 52(80) s U(spt1) } :

P
uy,q(S0) =2 max  max minq minm <5i+1
(0)€AL L TET =0

The right part of this inequality can be rewritten as

si,5i(si)),7r(sp\ 5p, @) ,\p(sp)} = (o)

p—1
max maxmin q min7m (5i+1
(8)eA, TET, i=0

since 7 (sp | sp,a) = 1. Hence, Vp > 0, u;,1(s0) = up(s0)- |

The meaning of this lemma is: it is always more possible to reach a state s from sg in at most
p+ 1 steps than in at most p steps. As for each s € S, (u;(s)) N < 1, Lemma C.1 insures
pe

that the sequence (uy(s))pen converges. The next lemma shows that the convergence of this
sequence occurs in finite time.

Lemma C.2

For all Vs € S, the number of iterations of the sequence (u;(s)) up to convergence is

peN
bounded by #S8 x #L.

Proof: Recall first that values of the possibility and preference distributions are in £ which is
finite and totally ordered: we can write £L={0,11,ls,...,1} with 0 <} <y < ... < 1. If two

successive functions uy, and uj,, are equal, then Vs € S sequences (u;(s))p>k are constant.
Indeed this sequence can be defined by the recursive formula

. / /
uy(s) = r(fleaj(glggcmm{w(s | s,a),u,_4(s )}
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Thus if Vs € S, ui(s) = u;_1(s) then the next iteration (p + 1) faces the same situation
(uyy1(s) = uy(s), Vs € S). The slowest convergence can then be described as follows: for each
p € N only one s € S is such that uy,,(s) > uy(s). Moreover, for this s, if us(s) = I;, then
uy1(s) = lit1. We can conclude that for p > #L x #8, the sequence is constant. |

We conclude that the variable U* of the algorithm converges to the maximal value of the
criterion for an (#L£ x #8)-size horizon and can not be greater: the function U* returned is
thus optimal with respect to Equation (II.18) and is computed in a finite number of steps.

In the following, we prove the optimality of the strategy, based on the decision rule §* :
S — A, returned by Algorithm 10. For this purpose, we will construct a trajectory 7 =
(s1,...,8p) € Tp of size p smaller than #S which maximizes min {7 (7| so, (9)), ¥(sp) } with
strategy (6*) = (&7 )10 such that Vs € S, Vt > 0, &;(s) = §*(s). The next two lemmas are
needed for this construction and require some notations.

Let s9 € S and p be the smallest integer such that Vp' > p, u;,(so) = U*(sg), where
U* is here the optimal value of the infinite horizon criterion of Equation (II.18) returned by
Algorithm 10 (variable U*(s) of Algorithm 10 does not increase after p iterations). Algorithm
4 for optimistic finite-horizon 7-MDP (in the case of terminal preference only) can be used to
return an optimal strategy in the finite-horizon sence, see criterion (1.58), denoted by (5(50)) €
A, (this strategy is not stationary in general). With this notation, Vs € S, §*(s) = 6(()8)(5),

since (5(()8)(3) is the last selected action before convergence of (Uj"‘(s)) . (see Algorithm 4).
iz

Consider now a trajectory 7 = (s1, S2, ..., Sp) which maximizes

50.8(5) W) |

p—1
min  min 7 (5i+1
1=

This trajectory is called optimal trajectory of minimal size from sg.

Lemma C.3

Let 7 = (s1,...,8p) be an optimal trajectory of minimal size from sg. Then, Vk €

{1,....,p—1}, o o
U*(s0) < wpp(sk) < U*(sk),

where U* is the optimal value function returned by Algorithm 10, and u;_ w(Sk) is equal
to U;_(sk) in Algorithm 4 (or defined above).

Proof: Let k€ {1,...,p—1}.

p—1
U*(sg) = min{m_iglﬂ(siﬂ

7

S, 5550)(82‘)) ;W (sp) }

p—1
< min { m:gw(sHl

5500 (). W(sp) | < Ty on) = 5 elon) < T (o)

7

since (u)pen is non-decreasing (see Lemma C.1), and Vi > 0, U = u} (see Algorithm 4) whose

limit is U*. ]

Lemma C.4

Let 7 = (s1,...,sp) be an optimal trajectory of minimal size from sy and k €
{1,...,p—1}. IFT*(sg) = U*(sy), then 3*(sy) = 60 (s3,).

Proof: Suppose that U*(sg) = U*(sk). Since U*(s9) < u)_;(sx) < U*(sx) (Lemma C.3), we
obtain that uy_; (sx) = U*(sg). The criterion in s, is thus optimized within a (p — k)-horizon.
Moreover a shorter horizon is not optimal: Vm € {1,...,p—k}, us_,_,.(sr) < U*(sy) i.e. with
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a (p — k — m)-size horizon the criterion in sj is not maximized. Indeed if the contrary was true,
the criterion in sy would be maximized within a (p — m)-size horizon: the strategy

8= (05 0BG ) € A

would be optimal. Indeed,

k—1

U*(s0) = min{ 4:in7r<5i+1| Sz"5i(so)(8i)> ’“Z—k(sk)}

K2

[}

_ . k=l ‘ o) V) T
min § min ( sip1| 85,0 (s:) ), U*(sk) ¢ -

=0
Then let 7 = (51, eeesSp—k—m) € Tp—k—m be an optimal trajectory of minimal size from sy.
Setting 59 = sg, 7 thus maximizes mln{mlni9 (f m=l <8i+1\ 5,0 Z( ’“)(Ei)) ,\I/(sp_k_m)},
which is then equal to U*(sg). If (s,..., 8, _,,) = (s1,--,5k=1,50, - -, Sp—k—m),

p—m—1 ,
; R A
U*(sp) = min min W(5i+1

S 8(5) (s ) |

i.e. 3p' < p such that U*(so) = us (so): it contradicts the assumption that (sy,...,sp) is an
optimal trajectory of minimum size. Thus p — k is the smallest integer such that w;_ w(SK) =

U™ (sg): we finally conclude that 3*(sy) ( = 5(()5k)(sk)) = 5£S°)(sk), as the action 5,(;0 (sg) is
also selected during the iteration p — k, maximizing the same value function. |

Theorem 29

Let (0%) be the strategy returned by Algorithm 10; Vso € S, there exists p* < #S and a
trajectory (i, ..., Sp+) such that

N p*—1 _
U*(so) = min { min 77(32'+1 5175*(51'))7‘1’(510*) } ;

i.e. (6*) is an optimal strategy.

Proof: Let sp be in & and 7 € 7, be an optimal trajectory of minimal size p from so.

If Vk € {1,...,p—1}, U*(sk) U*(sg), then, using Lemma C.4, Yk € {1,...,p—1},
6*(s1,) == 5(()8"')( k) = 5(30)( %), and then the criterion in sq is maximized with (6*) since it
is maximized with (5(50))” 1.
Otherwise, let k be the smallest integer € {1,...,p — 1} such that U*(sx) > U*(so) the
definition of k and Lemma C.3 implies that U*(sg) > U*(s;) = U*(sg), Vi € {0, . -1}

Reiterate beginning with sél)

U*(sM) of Algorithm 10 converges i.e. the smallest integer such that W(sél)) =uq (50 ). Let
50,6 ><si>),w<s§,}2>>}

We select k(1) in the same way

: the optimality of the strategy is shown.

= si: let p() be the number of iterations until variable

. . .. . . op(M_q
+) ¢ T, be a trajectory which maximizes min { min}_ W(Si+1

(1))

(7'(1) is an optimal trajectory of minimal size from sk =s

as previously and reiterate beginning with 5(2) km which is such that U*(s ) ) > U*(s (1))

S
and U*(s k<1)) > U*(s 1)) Vi € {0,...,k) — 1} etc. Lemma C.5 below shows that all selected
states (sg,.-.,Sk—1, s(() ), . s,(:(z)_l, 582) ol s,(j;) b s(()g), ...), are different. Thus this selection

process endb since #S§ is a finite set. The total number of selected states is denoted by p* =
k+ Zf:_ll k@ 4+ pl@ with ¢ > 0 the number of new selected trajectories. Then the strategy

(q)

KO RO .
() = Bor- oy 050 080
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I (o ’y (1) (1) (m)
corresponds to (0%) over 7' = (87, ..., 8pc) = (5058155 Sk—1,50 -+ Spt) _1r- s Sp(‘J)fl) and

this strategy is optimal because U*(sg) = U(so, (5*)): indeed,

k-1
T = min{ By (s 456D) 4000
< . k-1 / rogr *
S minqminz (5¢+1 ‘ 54,0 (Si)) U (k)
kM1
= mln{ min 7 (i1 | s5,6'(s1)) sty g (sx) }
< . [Pt / T
S ming minw (SZ-_H ’ 83,0 (51)) W (spe) -

”

The “<7 signs are in fact “=" since otherwise we would find a strategy such that
U(so, (")) > U*(sp), while U*(sg) is the maximal value. Thus (§*) is optimal: U*(sg) =
min {min? gt (s | 55,87(51) , Wspe) - m

7=

Lemma C.5

The process described in the previous proof in order to construct a trajectory maximizing
the criterion with (0*) always selects different system states.

Proof: First, two equal states in the same selected trajectory 7(™ would contradict the hypothesis
that p(™) is the smallest integer such that U ) (sém)) = W(sgm)). Indeed let k and [ be such

that 0 < k < I < p'™ and suppose that sfgm) = sl(m). For clarity in the next calculations, we
omit “(m)”: p=p"™ and Vi € {0,...,1}, 5; = 5™ We can write

i
* : li-l (SU) * * *
g (sx) = min S min (sien| 50,00 () ) sup () 0 < wny(s) = g (s1),
as s; = s;. However u;_k(sk) > u;_l(sk) (non-decreasing sequence and p — k > p —1). We
finally get us_y (sk) = uy_;(sk), thus

TE.T

U*(sg) = min{

= min
i

- min{ min W(si+1| si,5§50)(si)),\l'(sp)}.
A p—1

i=0,....k—1,l,...,

s (5i+1 | 5i7§§80)(3i)) »U;k(sk)}

e
|

z
o'~ o8~

4 <5i+1 | Si,c;fs“)(si)) 7U;—l(51)}

Consequently, a (p("™) — | + k)-sized horizon is good enough to reach the optimal value: it is
a contradiction. Finally, if we suppose that a state § appears two times in the sequence of
selected states, then this state belongs to two different selected trajectories 7(") and 7("™)

(with m < m’). Lemma C.3, and the definition of k(™) which implies that W(sémﬂ)) is strictly
greater than the criterion’s optimal values in each of the states sém), ceey sg(rf,z)_l, lead to the

inequalities W(sgm/)) <U*(3) < W(s(()mﬂ)), as 5 is in 7™ and in 7(™)_ It is a contradiction.

Indeed, as m < m’, the following inequality holds: W(s(()mﬂ)) < W(sgm/)). |
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D PROOFS OF CHAPTER III

D.1 Proof of Property I11.2.1
Proof:

qa = ( B;nzx s) min {77(5;3ﬁ/‘sv7ﬁva)7ﬁ(8{uaﬂ/)}
84,8 ) €Sy XIT 1

= max _ min { nﬁ{m’ (X! | parents(X]),a) ,W(X’)}
i=

X/ES, XTI
— Xégﬁﬁ}min {w (X! | parents(X)),a),---
Xégqrﬁ_}min {7T (X5 | parents(X}),a),
s minge (X] | parents(xX]).a) DX} )

where the last equation is due to the fact that, for any variables z,y € X, ) finite spaces, and
any functions ¢ : X — £ and ¥ : Y — L, we have:

max min{p(z),¥(y)} = min{p(z), max Y(y)},

see the equation 1.30 of Property 1.2.1. |

D.2 Proof of Theorem 24

Proof: First S}ho, .. -’S;z,o are initially NI-independent, see Definition 1.2.6, i.e. ¥(s!,...,s!) €
Six...x8,

H(S,ll,ozsl,...75fl’ozsl) :min{H(Si}o231)7...,1_[(5,11,0:31)}.

Then 3 (ﬁé )l_

t j I
. e X Hi”' such that Vs, = (s!,...,s') € SI x ... x Sk, Bo(sn) = rj@{lﬂé(sj).
=1 i =

As discussed in Section III.3.2, the d-Separation criterion can be used to prove NI-
independences on the DBN of Figure I11.4: we show now that hidden variables of time step
t + 1 are Nl-independent conditional on the information 4;11. In fact, as shown in Figure
II1.4, given 1 < 7 < 5 < I, S,’;)Hl and Si,t+1 are d-separated by the evidence I 11 = is41.

Thus, Vs = (s',...,8") € Sp, I (Shiy1 =8| Liy1 = irr1) = rjné{ll’[ (Sfb’H_l =gl ’ Iy, = it+1>
i.e. variables (Si7t +1)§':1 are Nl-independent conditional on information I;4;. It shows that
Bht+1(s) = I]né{l ﬂg+1(5j)~

Let us denote by X — Y the fact that there is an arrow from X to Y in the DBN. Note that
the proved independence would not hold if the same observation variable O, k € {1,...,1}
concerned two different hidden state variables S} ,,, and S) , ,, i.e. if S} .\, — Of,;: and

S£7t+1 — Ofﬂz indeed Ofﬂ is part of information I;i1, thus there would be a convergent

(towards Of, ;) relationship between Sj , | and Si’t 41 f-e. the hidden state variables would have
been dependent (because d-connected) conditioned on information I 1. Moreover if the next
hidden state variable S}, ., depended on the current hidden state variable S}, ,, (57 , — S} ;1)

then S};yt 41 and Si’t 41 would have been dependent conditioned on information Iy because
d-connected through Si,t (S,{yt — Siﬂ_l is also true). |
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D.3 Proof of Lemma III.3.1

Proof: Let j be an integer in {1,...,l}. Using Theorem 24, and M-independence assumptions of
the DBN of Figure I11.4 leading to the distributions (I111.3), (I11.4) and (IIL.5),

i 7 QJ o o
H(OH_1 —oj,Sh)t+1 —sj‘ It—zt,at>

_ : Jj o _ _ J o J _ Joo_ J _
= max mln{l’[(OtJrl —oj7Sh7t+1 =s; Shyt—sh,It—zhat),H(Sh7t—sh‘ It—zt,at)}

Jegi
57, ES;)

_ : Jj o _ J o JJ _ J (o
= max mm{H (Ot+1 =05, 55, 141 =55 | Sh=5Snplt = zt,at) , B (sh)}

Jegi
57, €Sy

= max min { II (Og+1 = 0;»
51 €8]

J _ J _
Sh’tJrl = sj,lt,at) Nl (Sh,t+1 =5,

I=ina), B }

. . / ’ / J J(J
= max mln{ﬁ (oj ’ sv’t,sj,at) I (sj | Sv’t+1,8h7at) , B; (sh)}
57, ES;)

denoted then by 7 (0},53 | sv,t,ﬂg,at). The belief update can be then computed from this
joint possibility distribution using the qualitative possibilistic conditioning (Definition 1.2.7). W

D.4 Proof of Theorem 25

Proof: First, as visible state variables (S ;,1)j%; are d-separated by the evidence I; = i,
they are NI-independent: Vs, ;i1 = (Sy 41555y us1)s L (Svir1 = Sopp1| Iy =ip,ar) =

min" | 7 (sf}’t+1 ’ Su.t at). The proof of Lemma III.3.1 shows that IT (O{+1 = 0§+1 ‘ I =iy, at> =
il (0g+1 = 0141

from 4;. This distribution is then denoted by = (0{ +1‘ sw,ﬁg ,at>. Moreover, observation

Syt = sv’t,Bg = ﬁf7at), where Bg is the marginal belief state constructed

variables (Og +1)§‘:1 are d-separated by the evidence I; = i;, and are then NI-independent:

VOt_;'_l = (Ot1+1, ey Oé—&-l)’ H (Ot+1 = Ot+1 | It = it, at) = minézl Vs (O{+1 5U7t,,6’g,at>. Fl—
nally, Vi € {1,...,m} and Vj e {1,...,1}, S}, , and 0541 are d-separated by the
evidence Iy = i, and then Nl-independent. Thus, Vsy 141 = (53 4415---550%11) € Su,
Vor41 = (0} 11s---,0541) € O,

IT(Sy 41 = Sv,t41,Ot41 = 041 | Iy = iy, a¢)

m . l . .
= min{ z=1{177 (32,t+1 ’ Sv,t,at) ,1;!1211117" <0i+1 ‘ sv,uﬁi,at) } .
As it only depends on the current visible state and belief state, we can denote it by
I (Syt41 = 50,641,0041 = 0111 | B = Br,at) = 7 (Su,t41,0641| Be,ar). Then, as Bf,, is
equal to Biy1 = (Btl+1, ..., Bl,1) with the possibility degree of the observations leading to it,
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™ (Sv,t+175t+1 ‘ ﬂtaat)

= (! lr)neag v T (Su,t+1, 0041 | Brsar)
0 ,...,0 s.t. V7,

VI (s0.6,8 sat,0") =2,

J
Sv,tvﬂt ) at) }

m . l .

= max min < min 7w (3z ’ Sp.t, @ min7 ( o

. v,t+1 v,ty Ut )5 t11
(01,...,ol)€(9 s.t. V7, { i=1 ’ ’ Jj=1

VI (80,87 ,as,0")=B1 |

m . l . .
o g i . j J
= min { minm (Sv,t+1 | svyt,at) , , max min (ot+1 ’ sth,ﬁt,at)
=1 (0,...,0")EO s.t. Vj, Jj=1
V(50,080 00,00 )=,

J
Sv,tvﬂtvat> }a

using the equation (1.30) of Property 1.2.1. |

m . l .

. . . 7 . J

= mln{rinl{lﬂ' (Sv,t+1 | S%t,at) ,mullﬂ' (/Bt+1
= J:
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NOTATIONS

f:X—=Y
frz—y
f( )
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Lres)

4A
A

N, N*
R,R,

R¢

P(2)
parents(S)
descend(S)
P.E

FB (87 R)
X 1Y|Z
S~b
boch

b™ <™ b

f is a function from X to Y

the function f maps the element x € X to the element y € Y
function f*:y > f(z,y) if f is defined on X x Y and =z € X
indicator function of the set A

function equal to one if the formula F'(s) is true, and zero otherwise
(Kronecker delta)

size of set A

complementary set of A: if the working set is Q, AUA=Q and ANA=10

set of non negative integers, of positive integers

set of real numbers, non negative real numbers

real vector space with d dimensions

the set of all subsets of the set {2

parents and descendants of a variable (node) S in a Bayesian Network

probability and expectation

the set of the bounded functions from the set S to the set R

X is independent from Y conditional on Z

b is the probability distribution of the random variable S: Vs, P(S = s)
b is the probabilistic normalization of b: b(s) = b(s)/ >z b(3)

b™ is the possibilistic nomalization of b:

b™(s) = 1 if b(s) = maxy b(s’), b(s) otherwise

the scalar product of two vectors z and y from RS

function composition operator

set of the probability distributions over &

set of the possibilistic distributions over & when the possibilistic scale is £
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Title: Exploiting Imprecise Information Sources for Sequential Decision Making under Uncertainty

Abstract: Partially Observable Markov Decision Processes (POMDPs) define a useful formalism to ex-
press probabilistic sequential decision problems under uncertainty. When this model is used for a robotic
mission, the system is defined as the features of the robot and its environment, needed to express the
mission. The system state is not directly seen by the agent (the robot). Solving a POMDP consists thus
in computing a strategy which, on average, achieves the mission best i.e. a function mapping the infor-
mation known by the agent to an action. Some practical issues of the POMDP model are first highlighted
in the robotic context: it concerns the modeling of the agent ignorance, the imprecision of the observation
model and the complexity of solving real world problems. A counterpart of the POMDP model, called
m-POMDP, simplifies uncertainty representation with a qualitative evaluation of event plausibilities. It
comes from Qualitative Possibility Theory which provides the means to model imprecision and ignorance.
After a formal presentation of the POMDP and m-POMDP models, an update of the possibilistic model
is proposed. Next, the study of factored m-POMDPs allows to set up an algorithm named PPUDD which
uses Algebraic Decision Diagrams to solve large structured planning problems. Strategies computed by
PPUDD, which have been tested in the context of the competition IPPC 2014, can be more efficient than
those produced by probabilistic solvers when the model is imprecise or for high dimensional problems.
We show next that the m-Hidden Markov Processes (m-HMP), i.e. m=-POMDPs without action, produces
useful diagnosis in the context of Human-Machine interactions. Finally, a hybrid POMDP benefiting from
the possibilistic and the probabilistic approach is built: the qualitative framework is only used to maintain
the agent’s knowledge. This leads to a strategy which is pessimistic facing the lack of knowledge, and
computable with a solver of fully observable Markov Decision Processes (MDPs). This thesis proposes
some ways of using Qualitative Possibility Theory to improve computation time and uncertainty modeling
in practice.

Keywords: POMDP, Planning under Uncertainty, Possibility Theory, Autonomous Robotics, Imprecise
Knowledge

Titre: Tirer Profit de Sources d’Information Imprécises pour la Décision Séquentielle dans I'Incertain

Résumé: Les Processus Décisionnels de Markov Partiellement Observables (PDMPOs) permettent de
modéliser facilement les problemes probabilistes de décision séquentielle dans l'incertain. Lorsqu’il s’agit
d’une mission robotique, les caractéristiques du robot et de son environnement nécessaires a la définition
de la mission constituent le systéme. Son état n’est pas directement visible par I’agent (le robot). Résoudre
un PDMPO revient donc a calculer une stratégie qui remplit la mission au mieux en moyenne, i.e. une
fonction prescrivant les actions a exécuter selon 'information recue par 'agent. Ce travail débute par la
mise en évidence, dans le contexte robotique, de limites pratiques du modele PDMPO: elles concernent
Iignorance de 'agent, I'imprécision du modele d’observation ainsi que la complexité de résolution. Un
homologue du modele PDMPO appelé m-PDMPO, simplifie la représentation de I'incertitude: il vient de
la Théorie des Possibilités Qualitatives qui définit la plausibilité des événements de maniere qualitative,
permettant la modélisation de I'imprécision et de I'ignorance. Une fois les modeles PDMPO et 7-PDMPO
présentés, une mise a jour du modele possibiliste est proposée. Ensuite, I’étude des m-PDMPOs factorisés
permet de mettre en place un algorithme appelé PPUDD utilisant des Arbres de Décision Algébriques
afin de résoudre plus facilement les problemes structurés. Les stratégies calculées par PPUDD, testées par
ailleurs lors de la compétition IPPC 2014, peuvent étre plus efficaces que celles des algorithmes proba-
bilistes dans un contexte d’imprécision ou pour certains problemes a grande dimension. Nous montrons
ensuite que les Processus de Markov Cachés possibilistes (7-PMCs), i.e. les m-PDMPOs sans les actions,
produisent de bons diagnostics dans le contexte de l'intéraction Homme-Machine. Enfin, un PDMPO
hybride tirant profit des avantages des modeles probabilistes et possibilistes est présenté: seule la con-
naissance de l'agent est maintenue sous forme qualitative. Ce modele mene a une stratégie qui réagit de
maniere pessimiste au défaut de connaissance, et calculable avec des algorithmes de résolution des Proces-
sus Décisionnels de Markov entierement observables (PDM). Cette these propose d’utiliser les possibilités
qualitatives dans le but d’obtenir des améliorations en termes de temps de calcul et de modélisation de
I'incertitude en pratique.

Mots-clés: PDMPO, Planification dans I'Incertain, Théorie des Possibilités, Robotique Autonome, Con-
naissance Imprecise
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