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ABSTRACT

The stochastic shortest path problem lies at the heart of many questions in the formal veri-
fication of probabilistic systems. It asks to find a scheduler resolving the non-deterministic
choices in a weighted Markov decision process (MDP) that minimizes or maximizes the
expected accumulated weight before a goal state is reached. In the classical setting, it
is required that the scheduler ensures that a goal state is reached almost surely. For the
analysis of systems without guarantees on the occurrence of an event of interest (reach-
ing a goal state), however, schedulers that miss the goal with positive probability are
of interest as well. We study two non-classical variants of the stochastic shortest path
problem that drop the restriction that the goal has to be reached almost surely. These
variants ask for the optimal partial expectation, obtained by assigning weight 0 to paths
not reaching the goal, and the optimal conditional expectation under the condition that
the goal is reached, respectively. Both variants have only been studied in structures with
non-negative weights.

We prove that the decision versions of these non-classical stochastic shortest path
problems in MDPs with arbitrary integer weights are at least as hard as the Positiv-
ity problem for linear recurrence sequences. This Positivity problem is an outstanding
open number-theoretic problem, closely related to the famous Skolem problem. A decid-
ability result for the Positivity problem would imply a major breakthrough in analytic
number theory. The proof technique we develop can be applied to a series of further
problems. In this way, we obtain Positivity-hardness results for problems addressing the
termination of one-counter MDPs, the satisfaction of energy objectives, the satisfaction
of cost constraints and the computation of quantiles, the conditional value-at-risk — an
important risk measure — for accumulated weights, and the model-checking problem of
frequency-LTL.

Despite these Positivity-hardness results, we show that the optimal values for the
non-classical stochastic shortest path problems can be achieved by weight-based deter-
ministic schedulers and that the optimal values can be approximated in exponential time.
In MDPs with non-negative weights, it is known that optimal partial and conditional ex-
pectations can be computed in exponential time. These results rely on the existence of
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a saturation point, a bound on the accumulated weight above which optimal schedulers
can behave memorylessly. We improve the result for partial expectations by showing that
the least possible saturation point can be computed efficiently. Further, we show that a
simple saturation point also allows us to compute the optimal conditional value-at-risk
for the accumulated weight in MDPs with non-negative weights.

Moreover, we introduce the notions of long-run probability and long-run expectation
addressing the long-run behavior of a system. These notions quantify the long-run average
probability that a path property is satisfied on a suffix of a run and the long-run average
expected amount of weight accumulated before the next visit to a target state, respec-
tively. We establish considerable similarities of the corresponding optimization problems
with non-classical stochastic shortest path problems. On the one hand, we show that
the threshold problem for optimal long-run probabilities of regular co-safety properties is
Positivity-hard via the Positivity-hardness of non-classical stochastic shortest path prob-
lems. On the other hand, we show that optimal long-run expectations in MDPs with
arbitrary integer weights and long-run probabilities of constrained reachability properties
(aUb) can be computed in exponential time using the existence of a saturation point.
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CHAPTER
ONE

INTRODUCTION

Modern software and hardware systems have reached a level of complexity that makes
it outright impossible for a human to analyze and understand their behavior without
auxiliary tools. To gain trust that a system behaves as intended, testing the system in a
variety of environments suggests itself and is an integral part of any systems development
process. Testing can help to detect many errors and, if the system works correctly on
a vast variety of inputs, this can be sufficient assurance for the correctness in many
application areas. Nevertheless, there are usually infinitely many possible executions of
a system. So, testing cannot be exhaustive and testing alone cannot provide a guarantee
that the system will behave correctly in all situations. In many safety-critical application
areas, computer systems play such an important role that more rigid guarantees on the
correctness of a system are of utter interest.

A great success story providing such guarantees was initiated in the late 1970s and
early 1980s. In his seminal work [Pnu77], Pnueli suggested the use of temporal logics
to reason about program correctness. Just a few years later, in the early 1980s, model
checking was invented independently by Clarke and Emerson [CE81] and by Queille and
Sifakis |QS82]. This technique takes a mathematical system model M with a set of states
and transitions between these states and a formal specification ¢ of the correct executions
of the system as input and answers the question whether all possible executions of M
satisfies the specification ¢. For the development of this novel verification paradigm,
Pnueli and Clarke, Emerson, and Sifakis received the Turing award in 1996 and 2007,
respectively. Model checking today constitutes one of the most important approaches in
the area of formal verification that aims to provide rigorous mathematical guarantees of
the correctness of a system.

The inherent properties of the system to be analyzed determine the mathematical
model to use. On the one hand, a system might exhibit non-deterministic behavior. In
concurrent systems for example, the order and the precise timing in which computations
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take place cannot be predicted exactly. Hence, each system state might have multiple
possible successor states depending on the order of the concurrently executed computa-
tions. In order to verify that the system behaves correctly, it is required to verify that
all possible resolutions of these non-deterministic choices of successors lead to a correct
computation with respect to the given specification. Other reasons to model a system
with non-deterministic choices include user interactions or the use of the system in un-
known environments. The main model for purely non-deterministic systems is provided
by transition systems.

On the other hand, it can be reasonable to assume a probabilistic behavior of a sys-
tem. In probabilistic programs, randomization is explicitly employed and leads to a
transition structure that chooses successors according to a given probability distribution.
Also quantum processes can lead to precisely known probabilistic behavior. For other
systems, there might be sufficiently much data — for example on the failure of hardware
components, on the message loss in a lossy channel, or on the behavior of the environment
— to assume a probability distribution over possible successor states. Purely probabilistic
systems can be modeled by Markov chains in which the successors of each state are chosen
according to a specified probability distribution in each step. Markov decision processes
(MDPs) combine non-deterministic and probabilistic behavior. In each state, an action
can be chosen non-deterministically from a set of enabled actions and afterwards the
successor is chosen according to a probability distribution associated to the state-action
pair.

The necessity to verify systems that exhibit probabilistic behavior lead to the devel-
opment of probabilistic model checking [Var85,[VW86,/CY95] soon after the invention of
model checking. The probabilistic model-checking problem does not address the satis-
faction along all possible executions anymore, but rather asks for the probability that
an execution satisfies a specification. In the presence of non-deterministic choices, the
problem turns into an optimization problem asking for the minimal or maximal possible
satisfaction probability when ranging over all possible resolutions of the non-deterministic
choices. The specifications are usually given in a (non-probabilistic) temporal logic, such
as linear temporal logic (LTL) or computation tree logic (CTL), or as an automaton.
Temporal logics can further be extended by operators expressing that the (optimal) sat-
isfaction probability of formulas satisfies an inequality constraint such as in probabilistic
computation tree logic (PCTL) [HJ94].

1.1 STOCHASTIC SHORTEST PATH PROBLEMS

Besides the question whether a system execution satisfies a certain specification that
can either hold or not on an execution, quantitative aspects play an important role
when checking that a system behaves as intended. These aspects are for example the
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termination time, the utility achieved, e.g., the number of successfully completed tasks,
the costs of an execution, the energy or resource consumption, and many quantities
more that are accumulated during an execution. We model such quantities with weight
functions that assign positive and negative weights to transitions in the model. In MDPs,
once a resolution of the non-deterministic choices is fixed by specifying a scheduler, we
obtain a random variable assigning the accumulated weight to runs in the model. The
expected value of this random variable is subject to typical verification questions like
“What is the worst-case expected termination time of the probabilistic program?”. Such
questions lead us to the stochastic shortest path problem: The problem asks maximize or
minimize the expected accumulated weight before reaching a target state in a weighted
finite-state MDP. For the expected value of the accumulated weight before reaching a goal
state to be well-defined, it is necessary that a goal state is reached almost surely. The
problem generalizes the well-known shortest path problem on weighted graphs. An early
formulation of the problem can be found in [EZ62] and the problem has subsequently also
been studied under the name first passage problem |[Der70,Whi83|. It is known that this
classical stochastic shortest path problem is solvable in polynomial time [BT91}/dA99,
BBD'1§].

Example 1.1. Consider the model of a probabilistic program depicted in Figure [1.1}
The weight function wgt denotes the time required for each transition. Depending on a
user input, the program moves to state s or t. In both of these states, the successor is
chosen randomly with probability 1/2 for both possible successors. After the probabilistic
transition, the system will either terminate after some more time or another user input is
requested, leading to state s or ¢ again. If we want to provide a guarantee on the worst-
or best-case expected termination time among all possible sequences of user inputs, we
have to find a scheduler making decisions in the state “user input” that maximizes or
minimizes the expected time until termination. For the scheduler that always moves to
state s, we compute the expected termination time as follows: 3 time units are required
to reach s. The loop back to “user input” is taken once in expectation leading to an
expected time of 3 time units. To see this, note that the loop is taken a first time with
probability 1/2, a second time with probability 1/4, and so on. Finally, if the loop is
not taken anymore, it takes 6 time units until termination. So, the expected termination
time is 12 time units. Analogously, the expected termination time when always moving
to tis 13. It is known that the maximal or minimal value in a classical stochastic shortest
path problem is obtained by a memoryless scheduler that always chooses the same action
in each state [BT91,[dA99,BBD™1§|. So, in fact we can now guarantee that the expected
termination time of the example probabilistic program lies between 12 and 13 for all
(infinitely many) possible sequences of user inputs. <

In the MDP literature, a variety of objectives addressing the expected value of accu-
mulated weights has been studied. Besides the classical stochastic shortest path prob-
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Figure 1.1: Example of a stochastic shortest path problem. The two possible transitions
from state s and ¢ are taken with probability 1/2 each.

lem, other objectives address the expected total weight, discounted sums of accumulated
weights, mean payoffs, and the accumulation of weights during a finite time horizon (see,
e.g., [Put94, Kalll]). To integrate problems addressing expected values of accumulated
weights, expectation operators have been integrated into temporal logics as in probabilis-
tic reward computation tree logic [AHKO03] and probabilistic alternating-time logic with
rewards [CFK™13a]. Furthermore, the optimizations of expected accumulated weights in
various forms are implemented in the PRISM |[KNP11] and the STORM [DJKV17] model
checkers including the classical stochastic shortest path problem.

Non-classical stochastic shortest path problems. The stochastic shortest path
problem as just presented has one major restriction: It requires the target to be reached
with probability 1. The limitation to schedulers reaching the goal almost surely, however,
is often too restrictive. First, there are models that have no such scheduler. Second, even
if such schedulers exist, the expectation of the accumulated weight of schedulers missing
the goal with a positive probability might be of interest as well. Important applications in
which this is the case include the semantics of probabilistic programs (see, e.g., [GKM14,
KGJT15,BEFH16,/CFG16,0GJ™18]) where no guarantee for almost sure termination can
be given. The analysis of program properties at termination time gives rise to stochastic
shortest path problems in which the goal (halting configuration) is not reached almost
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surely. Other examples are the fault-tolerance analysis, e.g., expected costs of repair
mechanisms, in selected error scenarios that can appear with some positive, but small
probability, or the trade-off analysis with conjunctions of utility and cost constraints that
are achievable with positive probability, but not almost surely (see, e.g., [BDK™14]).

This motivates the switch to variants of the stochastic shortest path problem where
the requirement to reach the target with probability 1 is relaxed. One option studied
in [CFK™13a] and implemented in |[CFK™13b| is to seek for a scheduler optimizing the
expectation of the random variable that assigns weight 0 to all paths not reaching the
goal and the accumulated weight of the shortest prefix reaching the goal to all other
paths. We refer to this expectation as partial expectation. A second option is to con-
sider the conditional expectation of the accumulated weight until reaching the goal under
the condition that the goal is reached as done in [BKKW17|. Partial expectations are
suitable to describe situations in which some reward or cost is accumulated but only
retrieved if a certain goal is met. In particular, partial expectations can be an appropri-
ate replacement for the classical expected weight before reaching the goal if we want to
include schedulers which miss the goal with some — possibly very small — positive probabil-
ity. In contrast to conditional expectations, the resulting scheduler still has an incentive
to reach the goal with a high probability, while schedulers maximizing the conditional
expectation might reach the goal with a very small positive probability. Conditional ex-
pectations can be particularly useful to analyze the costs or utilities achieved in events
with smaller probabilities, such as the incurred repair costs in case of an unlikely error
scenario. In [CFKT13a] and [BKKW17|, partial and conditional expectations, respec-
tively, have been addressed in systems with non-negative weights. The general variants
with weight functions that take positive and negative values have not been studied in
the literature. In this thesis, we focus on these general variants of these non-classical
stochastic shortest path problems.

Conditional expectations also play a crucial role in risk management: The conditional
value-at-risk, also known as expected shortfall or tail loss, is an established risk measure
quantifying the expected loss in bad cases [Ury00,/AT02|. Given a probability value p, the
value-at-risk of a random variable X is the worst p-quantile. In other words, it is defined
such that an outcome is worse than the value-at-risk with probability p. The conditional
value-at-risk is the expectation of X under the condition that the outcome is worse than
the value-at-risk. The conditional value-at-risk quantifies where the outliers in the distri-
bution are located by specifying the average of the outcomes above the value-at-risk, i.e.,
the average of the worst p outcomes. As a pure worst-case analysis is often inappropriate
in a probabilistic setting, the conditional value-at-risk constitutes an important tool in
risk management to quantify these worst outcomes, going beyond the value-at-risk that
does not take unlikely outliers into consideration. For MDPs, the conditional value-at-
risk has been studied for mean-payoffs and for weighted reachability where on each run
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only once a terminal weight is collected when a target state is reached |[KM18|. We will
consider the conditional value-at-risk for the more general accumulated weight before
reaching the goal, i.e. for the classical stochastic shortest path problem.

1.2 RELATED PROBLEMS

There is a variety of problems closely related to stochastic shortest path problems. We
give a brief overview of several of these problems in the sequel. For the problems ad-
dressing the long-run satisfaction of path properties that we address at the end of this
section, the connection to stochastic shortest path problems is not quite obvious on first
sight. In this thesis, however, we will disclose parallels and show that techniques for the
treatment of stochastic shortest path problems can also be applied to notions of long-run
satisfaction.

Cost problems and quantiles. Besides the expected value, several further aspects
of the distribution of the random variable assigning the accumulated weight can be of
interest in the context of verification. Many problems surround decision problems of the
form

Is Priyf* (accumulated weight < w) > p?

That is, these problems ask whether the maximal (or minimal) probability that the
accumulated weight stays below a bound w is at least (or at most) p in an MDP M for
given values w and p. For the precise meaning of “accumulated weight < w”, there are
several options. It can refer to the total accumulated weight of a run, to the accumulated
weight before reaching a goal state, or it requires that the accumulated weight never
exceeds w during a run.

On the one hand, one might be interested in maximizing or minimizing the probability
that the accumulated weight lies within the given bound w or exceeds the bound when
a goal state is reached — a problem addressed in [HK15,HKL17,BBD" 18] and called the
cost problem in [HK15]. On the other hand, quantile queries ask for the minimal weight
w such that the weight of a path stays below w with probability at least p for the given
value p under some or all schedulers [UB13, BDD"14,[RRS17|. Both of these problems
have been addressed for MDPs with non-negative weights and are solvable in exponential
time in this setting |[UB13|HK15]. The decision version of the cost problem with non-
negative weights is furthermore PSPACE-hard for a single inequality on the accumulated
weight and EXPTIME-complete if a Boolean combination of inequality constraints on
the accumulated weight is considered |[HK15]. For the setting with arbitrary weights,
[BBDT18| provides solutions to the qualitative question whether a constraint on the
accumulated weight is satisfied with probability 1 (or > 0). Further, it is known that the
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quantitative problem is undecidable if multiple objectives with multiple weight functions
have to be satisfied simultaneously [RRS17].

One-counter MDPs. The termination problem of one-counter MDPs introduced
in [BBET10] can also be seen as an instance of the question with which probability a con-
straint on the accumulated weight is satisfied maximally or minimally. In a one-counter
MDP, there is a counter that can be increased, decreased or left unchanged in each step.
The process typically starts with counter value 1 and terminates if the counter value
reaches 0. The termination problem asks for the maximal probability of termination that
a scheduler can achieve. While it is decidable whether the maximal termination proba-
bility is 1 in polynomial time and in exponential time if termination is required to occur
inside a specified set of states [BBET10], the computation of the optimal value and the
quantitative decision problem whether the optimal value exceeds a threshold p are left
open in the literature. Also the problem to compute the minimal or maximal expected
termination time of a one-counter MDP that terminates almost surely under any sched-
uler is open. There are, however, approximation algorithms for the optimal termination
probability [BBEK11| and for the expected termination time of almost surely terminat-
ing one-counter MDPs [BKNW12]. One-counter MDPs can be seen as a special case
of recursive MDPs [EY15]. For general recursive MDPs, the qualitative decision prob-
lem whether the maximal termination probability is 1 is undecidable while for restricted
forms, so-called 1-exit recursive MDPs, the qualitative and also the quantitative problem
is decidable in polynomial space [EY15]. One-counter MDPs can be seen as a special
case of 1-box recursive MDPs in the terminology of [EY15|, a restriction orthogonal to
1-exit recursive MDPs.

Energy objectives. If the accumulated weight that can increase and decrease along a
run models a resource like energy, a further natural objective is to keep the accumulated
value above 0 at all times instead of trying to reach the value 0 as in one-counter MDPs.
This objective is often called an energy objective. There has been work on combinations
of the energy objective with further objectives such as parity objectives [CD11,MSTW17|
and expected mean payoffs [BKN16]. Again, previous work on this objective focused on
the possibility to satisfy the objective (or the combination of objectives) almost surely.
The quantitative problem whether it is possible to satisfy an energy objective with proba-
bility greater than some threshold p is open. Note that the maximal probability to satisfy
an energy objective corresponds directly to the minimal termination probability of the
corresponding one-counter MDP.

Long-run satisfaction of path properties. Besides encoding quantitative fea-
tures of a model into a weight-structure, a further branch of research addresses ways to
quantify the degree to which a specification is satisfied by a model (see [Henl3| for an
overview of the field). This includes work on the robust satisfaction of temporal spec-
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ifications [KV99,[TN16|, vacuity and coverage semantics |[KV03,|CS09, CKV06,KLS08],
robustness distances [CHR12|, and the more general model-measurement semantics based
on automatic distance functions of [HO13|.

One line of research in this direction attempts to measure the degree to which a spec-
ification is satisfied when evolving over time. This includes, e.g., the work on frequency-
LTL [BDL12,FK15, FKK15]. In frequency-LTL, temporal operators are relaxed by fre-
quency constraints. A formula then does not have to hold on all suffixes, but the frequency
of suffixes that satisfy a formula — defined as the limit of the fraction of the number of
suffixes that satisfy the formula over the number of all suffixes — has to be at least some
rational ¢ for example. Alternatively, averaging LTL [BMM14] rather than truth values,
assigns quantities to pairs of paths and formula. It is based on a quantitative labeling
function for atomic propositions and inductively defines the semantics of temporal oper-
ators as the average of the value of ¢ at the respective positions. A notable similarity
of these two quantitative extensions of LTL is the undecidability of the model checking
problem of the full logics [BDL12,[BMM14]. Decidable fragments of frequency-LTL can
be obtained by restricting the nesting of temporal operators or the allowed frequency
thresholds [BDL12, FK15, FKK15|.

In this thesis, we study a series of optimization problems concerned with the degree
of satisfaction of a property in a system in the long-run. In non-probabilistic systems,
we address the optimization of long-run frequencies defined as in the definition of the
quantitative globally operator of frequency-LTL. In probabilistic systems, we extend this
notion to long-run probabilities, expressing the average probability that a system will
satisfy a property when we start to observe it after many steps, i.e., the long-run aver-
age satisfaction probability. Finally, long-run expectations express the long-run average
amount of weight that will be accumulated in expectation before the next visit to a goal
state. This notion can be used to determine, for example, the expected time until the
next message is processed when starting to observe a system after many steps. Long-run
probabilities and long-run expectations can be useful for the analysis of the properties
of systems in the long-run equilibrium after some initialization phase. This is helpful,
e.g., to quantify the availability of system components. For a case study in this direction
employing probabilistic model checking to analyze system availability, see [LPM™15].

1.3 CONTRIBUTIONS AND STRUCTURE OF THE THESIS

In Chapter we provide basic definitions and the notation we use throughout the
thesis. Additionally, we briefly present some well-known, basic results for MDPs that are
of importance in the subsequent chapters.
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Chapter (3| addresses the non-classical stochastic shortest path problems. We first see
that the partial and conditional expectation in Markov chains can be easily computed in
polynomial time. For MDPs, however, we observe that these problems are considerably
more complicated than the classical stochastic shortest path problem:

Result A. The optimal partial and conditional expectation in an MDP can be irrational.
Infinite-memory schedulers can be necessary to achieve the optimal value.

This stands in strong contrast to the classical problem where the optimal value is
rational, if finite, and can be achieved by a memoryless scheduler. Some techniques
known from the classical setting to decide finiteness of the optimal values and to pre-
process the input MDP can be transferred to the non-classical setting simplifying all
subsequent investigations. Despite the irrationality of optimal values, we can show that
optimal schedulers exist and that the memory requirement, although infinite, takes a
rather simple form:

Result B. If the optimal partial (or conditional) expectation is finite in an MDP, the
optimal value can be achieved by a weight-based deterministic scheduler, i.e., the optimal
decisions depend only on the current state and the weight accumulated so far.

For MDPs with non-negative weights, it has been shown in [CFK™13a,BKKW17] that
the optimal partial and conditional expectations, respectively, can be computed in expo-
nential time. The algorithms rely on the existence of a saturation point, a bound on the
accumulated weight such that an optimal scheduler can behave memorylessly as soon as
the accumulated weight exceeds that bound. We refine this result for partial expectations
by providing the least possible saturation point. While the resulting algorithm still runs
in exponential time, the considerably smaller saturation point we provide might lead to
a considerably faster computation in practice. Finally, we show that the existence of a
simple saturation point can be exploited to compute optimal conditional values-at-risk
for accumulated weights before reaching a goal state in MDPs with non-negative weights
as well.

In Chapter [4], we investigate the notions regarding the long-run behavior of a system:
long-run frequencies and long-run probabilities of path properties and long-run expecta-
tions. In the non-probabilistic setting, we study the optimization of long-run frequencies
in transition systems. After identifying easily solvable instances, we focus on regular
co-safety properties given by non-deterministic finite automata (NFAs). By providing a
product construction for a transition system and an NFA that keeps track of runs of the
NFA on suffixes of a path in the transition system, we obtain the following result:

Result C. Given a transition system 7 and a regular co-safety property represented by
an NFA A, the optimal long-run frequency of the co-safety property can be computed
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in time polynomial in the size of 7 and exponential in the size of A. The corresponding
threshold problem is PSPACE-hard.

For the special case of constrained reachability properties (a U b), this implies that optimal
long-run frequencies can be computed in polynomial time.

In probabilistic systems, the situation for long-run probabilities becomes more diffi-
cult. Again, for several types of path properties the optimal long-run probability can be
computed efficiently. Turning the attention to regular co-safety properties, deterministic
finite automata (DFA) are more suitable in the probabilistic setting as the product of
an MDP and a DFA is well-behaved. For co-safety properties given as a DFA, we again
provide a product construction starting from an MDP M and the DFA D that keeps
track of the runs of the DFA on the suffixes of the path produced in the MDP. The
constructed MDP My is an infinite-state MDP equipped with a weight function. Using
Fatou’s lemma, we show that the optimal long-run probability of the property expressed
by D in M and the optimal expected mean payoff in Mp agree and can be approxi-
mated via finite-memory schedulers. While the infinite-state MDP Mp does not allow
the computation of the optimal expected mean payoff, we can show that for constrained
reachability (a Ub), the constructed MDP can be seen as the MDP M equipped with
one counter. For this case, we can prove the existence of a saturation point similar to
the saturation point for non-classical stochastic shortest path problems. This saturation
point can then be employed to obtain the following result:

Result D. Given a labeled MDP M, the optimal long-run probability of constrained
reachability properties (a Ub) can be computed in exponential time. The corresponding
threshold problem is NP-hard.

For the analysis of the behavior of quantitative aspects of a system in the long-run,
we introduce the notion of long-run expectation. Interestingly, even in MDPs with both
positive and negative weights, we can prove the existence of a saturation point as a
bound on the number of steps since the last visit to a goal state after which an optimal
scheduler can switch to memoryless behavior. Again, this saturation point can be used
for the computation of the optimal value:

Result E. The optimal long-run expectation in an MDP with arbitrary integer weights
can be computed in exponential time. The corresponding threshold problem is NP-hard.

In Chapter [5] we prove that the non-classical stochastic shortest path problems,
the computation of long-run probabilities, and several related problems studied in the
literature exhibit an inherent mathematical difficulty that suggests that the problems are
not solvable with known techniques. More precisely, we show that this series of problems
is at least as hard as the Positivity problem for rational linear recurrence sequences.
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This problem asks whether a linear recurrence sequence (u,),>o given by k initial values
Ug, ..., up_1 and a linear recurrence relation

Uptk = Q1 * Upyg—1 + Q2 - Upqp_2 + -+ Qg - Uy

of depth k with rational coefficients ay, . . ., oy stays non-negative, i.e., whether u,, > 0 for
all n. The famous Skolem problem asking whether such a sequence has a zero is reducible
to the Positivity problem. Both problems have been open for many decades and defy all
solution attempts with known number-theoretic techniques (see [HHHKO05,0W14b|). The
decidability of the Positivity problem would constitute a major breakthrough in analytic
number theory, more precisely in the field of Diophantine approximation of transcendental
numbers (see [OW14b]).

To obtain our Positivity-hardness results, we construct an MDP-gadget that ensures
that the difference of the optimal values of various optimization problems in two states
satisfies a linear recurrence relations when increasing the level of accumulated weight.
This gadget forms the basis for all the Positivity-hardness proofs. For several optimiza-
tion problems, we then construct gadgets that also encode the initial values of a linear
recurrence sequence for low levels of accumulated weight. In this way, we can encode
arbitrary linear recurrence sequences into the optimal values of the respective problems.
This encoding allows us then to reduce the Positivity problem to the threshold problems
of the respective optimization problems. Using reductions from further problems and
adjusting the construction when necessary, we can transfer the Positivity-hardness to
various other problems:

Result F. The Positivity problem is polynomial-time reducible to the threshold problems
for the optimal values of the following quantities:

o partial and conditional expectations,

» a two-sided version of partial expectations in MDPs with non-negative weights,
» long-run probabilities of regular co-safety properties,

» conditional values-at-risk for accumulated weights before reaching a goal,

» termination probabilities and termination times of one-counter MDPs,

« the satisfaction probability of energy objectives, and

« the probability that the accumulated weight when reaching a target state satisfies
an inequality constraint (cost problem).

Furthermore, algorithms for the following problems would imply the decidability of the
Positivity problem:
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o the model-checking problem of frequency-LTL (as defined in [FK15, FKK15]),
 the computation of quantiles for the accumulated weight (before reaching a goal).

An overview over the Positivity-hardness results and the decidable restricted versions
of the problems is shown in Table[I.1} The dependencies between the Positivity-hardness
results is also depicted in Figure in Chapter 5

As the Positivity-hardness results show that exact solutions to the non-classical stochas-
tic shortest path problems are not in sight without overcoming major difficulties or might
even be undecidable, we focus on the approximability of the optimal values in Chapter [6]
Using the fact that saturation points still provide us with information on the behavior of
optimal schedulers in the setting of arbitrary weights together with estimations on the
possible growth of weights in end components with negative maximal expected mean-
payoft, we provide a way to approximate optimal values with finite-memory schedulers.
This allows us to conclude that the optimal values can be approximated with reasonable
complexity:

Result G. Given an MDP M and ¢ > 0, the maximal partial and conditional expecta-
tions in M can be approximated up to an absolute error of € in time exponential in the
size of M and polynomial in log(1/e).

As the approximation algorithms behave well with respect to the desired precision
e, these approximation algorithms have the potential to provide sufficiently accurate
values for practical applications. To conclude the chapter, we show that there are no
polynomial-time approximation algorithms if P # PSPACE.

In Chapter [7] we conclude with remarks on the presented work and on possible
future directions of research.

The results presented in this thesis have partially been published in [PB19], [BBPS19],
and [PB20]. At the beginning of each chapter, we describe the publication status of the
results more precisely and point out which results of this thesis constitute extensions of
the contributions of these publications.
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Optimum computable in
exponential time

Positivity-hard threshold
problem

Partial expectations

Conditional expectations

Conditional value-at-risk
for accumulated weights

Cost problems, quantiles

One-counter MDPs

Energy objectives

Long-run probability

Long-run expectation

weights in N |[CFK*13a]
(PSPACE-h., Sec. [3.5)

weights in N [BKKW17]
(PSPACE-h. [BKKW17))

weights in N, Sec.

weights in N [HK15, UB13]
(PSPACE-hard [HK15])

qualitative termination
problem with target
state [BBET10]
(PSPACE-hard, in
polynomial time without
target state [BBET10])

almost-sure
satisfaction [CD11]

constrained
reachability properties

(NP-hard), Sec.

weights in Z

(NP-hard), Sec.

weights in Z, Sec.

(exponential-time
approximation

algorithm, Sec.
weights in Z, Sec.

(exponential-time
approximation

algorithm, Sec.
weights in Z, Sec.

weights in Z, Sec.

termination probability
(without target state),
termination time, Sec.

p-2-3

satisfaction probability,

Sec.

regular co-safety
properties, Sec. m

Table 1.1: Overview of the results. Contributions of this thesis are written in bold face.
The hardness results in the middle column refer to the threshold problems.
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CHAPTER
TWO

PRELIMINARIES

This chapter contains basic definitions and our notation. Furthermore, we state prelimi-
nary results from the literature that are employed throughout the thesis.

2.1 MARKOV DECISION PROCESSES

Finite-state Markov decision processes (MDPs) are the main model we work with in
this thesis. We assume some familiarity with MDPs and present the basic notions and
preliminary results only briefly. More details can be found in textbooks, e.g., [Put94].

2.1.1 DEFINITIONS

We begin by defining MDPs, Markov chains, schedulers, and the resulting probability
measure on maximal paths in an MDP. Further, we sketch how the quotient of an MDP
by its maximal end components is constructed.

Markov decision process. A Markov decision process (MDP) is a tuple M =
(S, Act, P, s,,,) where

e S is a finite set of states,
o Act is a finite set of actions,

e P: S x Act x S — [0,1] N Q is the transition probability function for which we
require that Y ,cq P(s,a,t) € {0,1} for all (s,a) € S x Act, and

e S, €S is the initial state.

Depending on the context, we enrich MDPs with
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e a weight function wgt: S x Act — Z,
« a finite set of atomic propositions AP and a labeling function L: S — 24P or
» a designated set of goal states Goal.

The size of an MDP M, denoted by size(M), is the sum of the number of states plus
the total sum of the logarithmic lengths of the non-zero probability values P(s, «,s) as
fractions of co-prime integers and the logarithmic lengths of the weight values wgt(s, a).

We write Act(s) for the set of actions that are enabled in a state s, i.e., a« € Act(s)
iff 3,5 P(s,a,t) = 1. Whenever the process is in a state s, a non-deterministic choice
between the enabled actions Act(s) has to be made. We call a state absorbing if the only
enabled actions lead to the state itself with probability 1 and weight 0. If there are no
enabled actions, we call a state a trap.

The paths of M are finite or infinite sequences sgag $1 a1 S aip ... where states and
actions alternate such that P(s;, y, s;+1) > 0 for all i > 0. Throughout this section, we
assume that all states are reachable from the initial state in any MDP, i.e., that there is
a finite path from s,,; to each state s. We extend the weight function to finite paths. For
a finite path m = sq g s1 a1 ... ax_1 Sk, we denote its accumulated weight by

wgt(m) = wgt(so, o) + ... + wgt(sp—1, 1)
Similarly, we extend the transition probability function to finite paths and write
P(?T) = P(SQ, Qp, 81) ot p(Sk_l, AE_1, Sk).

A Markov chain is an MDP in which the set of actions is a singleton. There are
no non-deterministic choices in a Markov chain and hence we drop the set of actions.
Consequently, a Markov chain is a tuple M = (S, P, s,..), possibly extended with a
weight function, a labeling, or a designated set of goal states. The transition probability
function P is a function from S x S to [0,1] N Q such that Y. P(s,t) € {0,1} for all
seS.

Remark 2.1 (Rational weights). We could as well allow rational weights instead of
integer weights in the definition of MDPs. An MDP with rational weights can easily
be transformed to an integer weighted MDP by multiplying all weights with the least
common multiple of all denominators of the weights appearing in the MDP. All quantities
of interest, such as expected accumulated weights, scale accordingly. <

Remark 2.2 (Infinite state space). The focus of this thesis lies on optimization and
decision problems in finite-state MDPs. Hence, we included the requirement that the
state space is finite in the definition. Nevertheless, we will encounter infinite-state MDPs
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on a few occasions. In these situations, it will be made clear that we drop the requirement
of a finite state space. <

Scheduler. A scheduler for an MDP M = (S, Act, P, s,,;,) is a function & that assigns
to each finite path 7w a probability distribution over Act(last(mw)) where last(m) denotes
the last state of m. This probability distribution indicates which of the enabled actions
is chosen with which probability under & after the process has followed the finite path
m. Given a scheduler &, a path ( = spaps;ay... is a &-path iff ( is a path and
S(sgapsyag...ap_18k)(ag) >0 for all k£ > 0.

We allow schedulers to be randomized and history-dependent. By restricting the pos-
sibility to randomize over actions or by restricting the amount of information from the
history of a run that can affect the choice of a scheduler, we obtain the following types of
schedulers: A scheduler & is called deterministic if it does not make use of the possibility
to randomize over actions, i.e., if &(m) is a Dirac distribution for each path 7. Such
a scheduler & can be viewed as a function that assigns an action to each finite path
7. A scheduler & is called memoryless if &(w) = &(n’) for all finite paths 7, 7’ with
last(m) = last(n’). In this case, G can be viewed as a function that assigns to each state
s a distribution over Act(s). A memoryless deterministic scheduler hence can be seen as
a function from states to actions. In an MDP with a weight function, a scheduler & is
said to be weight-based if S(m) = &(n’) for all finite paths 7, 7" with wgt(7) = wgt(7’)
and last(m) = last(7"). Such a scheduler assigns distributions over actions to state-weight
pairs from S x Act. Finally, let X be a finite set of memory modes with initial mode
Tt and U : X x § x Act x S — X a memory update function. From a finite path
T = S000S10aq ...05 1S We can extract a sequence of memory modes zg ... x;. We let
To = Tinit, and x4 = U(xy, 84, a4, 8;41) for all i < k. Let us denote the last memory mode
xy after the finite path m by U(xu, 7). A scheduler & is a finite-memory scheduler if
there is such a finite set of memory modes X with an initial mode x;,; and an update
function U such that &(m) = &(n’) for all finite paths 7, 7" with U (2, 7) = U(Zipit, ©')
and last(m) = last(n’).

Example 2.3 (Finite- vs infinite-memory schedulers). Consider the example MDPs de-
picted in Figure 2.1l We use arrows connected by an arc to depict transitions belonging
to the same action. All non-trivial probability values are denoted next to the arrows.
In the two example MDPs, there is a non-deterministic choice between actions o and 3
in the initial state s,,;,. Except for the weight of the state-action pair (s,., 3), the two
MDPs are identical. Let & be the scheduler for M given by

B if wgt(mw) > 3 and wgt(m) is even,
S(m) =

« otherwise.
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for all finite paths 7 ending in s,,,. Further, let & be the scheduler for N given by
the same definition. Both schedulers, & for M and &' for N, are weight-based and
deterministic. Note that the functions from finite paths to probability distributions over
actions given by & and &' are different in the MDPs M and N as the definition of the
schedulers depends on the weight functions.

(a) Example MDP M. (b) Example MDP V.

Figure 2.1: Example MDPs to illustrate finite- and infinite-memory weight-based sched-
ulers. Note that the weight of action [ in state s,,,;, is positive in M, while it is negative

in NV.

In the MDP M, the scheduler & only requires finite memory: as memory modes we
can use the set {0, 1,2, 3, even, odd}. The update function now updates the memory mode
as follows: As long as the accumulated weight is 3 or less, the memory mode equals that
weight. As soon as the accumulated weight exceeds 3, the memory only keeps track of
the parity of the accumulated weight. As all weights are non-negative, the accumulated
weight along a path stays above 3 once it exceeded this bound. Thus, the parity is
sufficient to determine which action the scheduler chooses.

In the MDP N, however, the scheduler &’ is not a finite-memory scheduler. No matter
how much weight has been accumulated on a finite path, there is always a positive
probability that this weight drops below 3 again. Namely, starting in s, with even
weight higher than 5, the path s,., 3 S;... at T s, decreases the weight by 2 and might
be repeated until the accumulated weight is 2. Then, the scheduler does not choose
again but a although the weight is even. Therefore, the scheduler has to keep track of
the accumulated weight for arbitrarily high values and finite memory is not sufficient. <«

Once a scheduler & is specified for an MDP M = (S5, Act, P, s,.;), the behavior
under this scheduler is purely probabilistic. The scheduler induces a natural infinite-
state Markov chain: The states of the Markov chain are the finite paths of M. The
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path s, only consisting of the initial state of M takes the role of the initial state in the
Markov chain. The transitions probability from a finite paths 7 to an extension of the
form ma s with s € S and o € Act is given by &(m)(«) - P(last(r), , s). This is simply
the probability that & chooses « after m and that the next state is s. If & is a finite-
memory scheduler with the finite set of memory modes X, initial mode x;,;; and memory
update function U, the induced Markov chain can be seen as a finite-state Markov chain
with state space S x X. The initial state is (S, Timit). The probability to move from
(s,z) to (t,y) is given by

> S(s,z)(a) - P(s,a,t).

a€Act(s),y=U(z,s,a,t)

Probability measure. Given an MDP M = (S, Act, P, s,,;,,) and a scheduler &, we
obtain a probability measure Prje\,hs on the set of maximal paths of M that start in s:
For each finite paths m = spag sy aq ... ag_1 sp with s = s, we denote the cylinder set
of all its maximal extensions by Cyl(m). The probability mass of this cylinder set is then
given by

Pr§,(Cyl(n)) = P(m) - IIIZ} & (sp ... s:) ().

Recall that S(sg ... s;) is a probability distribution over actions and that &(sg ... s;)(a;)
denotes the probability that the scheduler & chooses action « after the prefix sq ... s; of
7. In particular, that means that the cylinder set Cyl(m) has positive probability under
Prf,lys(C’yl(ﬂ)) iff 7 is a &-path. The set of cylinder sets forms the basis of the standard
tree topology on the set of maximal paths. By Carathéodory’s extension theorem, we
can extend the pre-measure PrJG\,LS(Cyl(W)) defined on the cylinder sets to a probability
measure on the Borel o-algebra of the space of maximal paths with the standard tree
topology. We sometimes drop the subscript s if s is the initial state s,,;, of M. In a
Markov chain N, we drop the reference to a scheduler and write Pry .

Let X be a random variable on the set of maximal paths of M starting in s, i.e., X
is a function assigning values from R U {—o00, 400} to maximal paths. We denote the
expected value of X under the probability measure Prf,us by Ef 4(X).

The values we are typically interested in are the worst- or best-case probabilities of
an event or the worst- or best-case expected values of a random variable. Worst or best
case refers to the possible ways to resolve the non-deterministic choices. Hence, these
values are formally expressed by taking the supremum or infimum over all schedulers.
Given an MDP M, a state s, an event, i.e., a path set, F/, and a random variable X on
the maximal paths of M, we define

Priii(E) = sup Priy (E), s (E) = inf Priy (E),
) S ’ ) )

BN (X) = sup ]E%,S(X), and B (X) = i%f E%’S(X),
S
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where inf and sup range over all schedulers & for M.

Remark 2.4 (Measurability). For all events and for all random variables investigated in
this thesis, measurability is easily established. In particular, all w-regular sets of maximal
paths and hence also all sets of maximal paths specified by common temporal logics such
as linear temporal logic (LTL) are measurable. Therefore, measurability questions will
be no concern throughout the thesis and we will not explicitly address these questions.
For more details, see [Put94]. N

End components, MEC-quotient. Let M = (S, Act, P, s,,,) be an MDP. An end
component of M is a strongly connected sub-MDP. End components can be formalized
as pairs &€ = (E,2) where F is a nonempty subset of S and 2 a function that assigns
to each state s € E a nonempty subset of Act(s) such that the graph induced by the
transitions with non-zero probability in £ is strongly connected. In other words, there
has to be a path inside £ between any two states s and ¢t in E that only uses actions
belonging to the end-component &£.

An end component £ is called mazimal if there is no end component & = (E',2)
with € # &', E C E' and (s) C A'(s) for all s € E. For each state s there is a unique
maximal end component £ containing s. Note that a single state without any actions
is also an end component. We call such end components trivial end components. The
quotient by mazximal end components (MEC-quotient) of an MDP M is the following
MDP MEC(M): The set of states Sygc is the set of maximal end components of M.
All actions « that are enabled in some state s of £ = (£, 2) and do not themselves belong
to &, i.e., a & A(s), are enabled in the state £ of MEC(M). Let us assume that the
sets of enabled actions at different states in M are disjoint. Then, for each state s € F
and each action a € Act(s) \ (s), the action « is enabled in the state £. The transition
probability function Pygc in MEC(M) is given by Pygc(E,a, F) = Y icr P(s, a,t) for
any maximal end component F = (F,B). The initial state of the MDP MEC(M) is Ejpat,
the maximal end component containing the initial state s,,,. Maximal end-components
and the MEC-quotient are computable in polynomial time |[dA97,CH11]. For more details
and the formal construction of the MEC-quotient, we refer to [dA97,|CBGKOS].

Non-trivial end components of Markov chains are called bottom strongly connected
components (BSCC). In other words, a BSCC is a subset of states T" such that any state
inside T is reachable from any other state in 7" and such that there are no transitions
from a T-state to a state not in 7. It is well-known that the states occurring infinitely
often on a path form a BSCC for almost all paths in a Markov chain (see, e.g., [dA97]).
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2.1.2 PRELIMINARY RESULTS

Several optimization problems on MDPs addressing optimal probabilities of simple events
or optimal expected values are solvable in polynomial time via a linear program. We
briefly state a few of these results that are of importance to the contents of this thesis.

Optimal reachability probabilities. Computing the minimal or maximal probability
of the event (7T that a given set of states T is eventually reached is a recurrent task in
the formal verification of probabilistic systems. A linear programming approach makes
it possible to solve this important problem in polynomial time.

Let us briefly sketch how maximal reachability probabilities can be computed following
the procedure given in [dA97|: Let M = (S, Act, P, s,,,) be an MDP. Let T' C S be a set
of target states. Let T be the set of states in MEC(M) = (Syrc, Actyec, Purc, Emit)
corresponding to maximal end components containing a state from 7. As a scheduler
can reach any state within a maximal end component from any other state in that end
component with probability 1, we have

In the MEC-quotient there are no end components except for trivial one-state end com-
ponents. Hence, with probability 1 under any scheduler for MEC(M), a trap state or a
state in T is reached. Let us denote the set of states in Sygc from which 7 is unreach-
able by F. The maximal reachability probability can now be computed via the following
linear program with one variable x, per state s € Sypc: Minimize }.cg, .. Ts under the

conditions
T =1 forse T,
rs =10 for s € F,
Te > Z Puypc(s, a,t) - xy for s € Sype \ (T UF) and a € Actyge(s).
tes’

By assigning 0 to the states in F, we ensure that the linear program has a unique solution.
The pre-processing step to move to the MEC-quotient might considerably decrease the
size of the linear program. As it only requires graph algorithms and can disregard the
probability values, this can lead to a notable speed-up.

From the solution, we can extract a memoryless deterministic scheduler that realizes
the optimal reachability probability from each state. In the MEC-quotient, we can simply
check for which actions equality is obtained when plugging the optimal values into the re-
spective inequalities in the linear program. The traversal of the maximal end components
in the original MDP can easily be done in a memoryless fashion as well. Minimal reach-
ability probabilities can be computed via a similar linear program. In Markov chains,
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we can formulate a system of linear equations instead of a linear program to compute
reachability probabilities.

Weighted reachability. A well-known generalization of the optimization of reacha-
bility probability is the optimization of expected terminal weights in a weighted reacha-
bility problem to which the approach of |[dA97| can easily be extended: Given an MDP
M = (S, Act, P, s,,,), we not only are given a set of terminal target states 7', but also
a terminal weight w; € Q for each state in 7. The expected terminal weight under
scheduler & is > ,cr PT/G\/t,smt(Ot) -w;. We want to maximize this expected value among
all schedulers that reach T" with probability 1. We can use the MEC-quotient as above
to make sure that 7' is reached with probability 1 under any scheduler. The maximal
expected terminal weight can now be computed via a linear program very similar to the
program above: Minimize ) .g s under the conditions

Ty = Wy forteT,
zs > Y P(s,a,t) -z for s € S\ T and « € Act(s).
tes

The value x4 in the optimal solution equals the maximal expected terminal weight when
starting in s.

Mean payoff. A well-known measure for the long-run behavior of a scheduler & in an
MDP M = (S, Act, P, s, wgt) is the expected mean payoff. Intuitively, the mean payoff
is the amount of weight accumulated per step on average in the long run. Formally, we
define the mean payoff as the random variable MP on infinite paths ( = sgagsiay ... by

R wgt (s, o)
MP(() —hlgglolgf Fil :

We assume that there are no trap states in M, so all maximal paths are infinite. The
expected mean payoff of the scheduler & is defined as the expected value ]E}“’:,LSM(MP).
The maximal expected mean payoff is the supremum over all schedulers. It is well-
known that this supremum is equal to the maximum over all memoryless deterministic
schedulers (see, e.g., [Put94]). In strongly connected MDPs, the maximal expected mean
payoff does not depend on the initial state. In order to compute the maximal expected
mean payoff, it is easiest to consider the non-trivial maximal end components separately
first. Inside a maximal end component, we can employ a linear programming approach
as presented in [HK79] and [dA97]. Let £ = (E£,2() be a maximal end component. The
maximal expected mean payoff in £ is given by the value of g in an optimal solution to
the following linear program with one variable u, per state s € E as well as the variable
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¢g: Minimize g under the conditions

Us + g > wgt(s,a)—{—ZP(s,a,t)-ut for s € E,a € A(s).
teE

The values of the variables (us)sep can be interpreted as a potential (as the term is used
in physics for example). A high value of the variable us indicates that the maximal
expected accumulated weight after a large number of steps when starting from state s
is comparably high. Intuitively that means that in the initial part of a run, starting
in s makes it possible to collect high amounts of weights before the expected collected
weight per step gets closer to the expected mean payoff. We can make this intuition of
a potential precise: Let (us)sep and g be an optimal solution to the linear program. For
each pair of states s and ¢ form E, we have that
Jim (E?ix(weight after n steps) — Eg*(weight after n steps)) = us — Uy.

For details, consult [Kalll|. Note that the value of a single variable u, does not have
a meaningful interpretation. In particular, we can obtain another optimal solution by
leaving g unchanged and adding the same number v € R to all values u, with s € E. This
is exactly what we expect from a potential; only the pairwise differences of the values
are important. Once, the optimal values in each maximal end components are known,
the optimal expected mean payoff can be computed by solving a weighted reachability
problem in the MEC-quotient.

Long-run distribution of Markov chains. Let M = (S, P, s,,,) be a Markov chain.
The long-run distribution of M is given by the values

1 n
0, = lim ] E ) Pray s, (state after ¢ steps is t).
1=

We also call these values steady state probabilities. These values exist for all (finite-state)

Markov chains. If M is strongly connected, the values 6! are the values for the variables
x; with £ € T in the unique solution to the set of equations

th = 17

tesS

zs=> - P(t,s), for all s € S.

tes
In arbitrary Markov chains M = (S, P, s,,,), the values for states t inside a BSCC B
with states B are the product of the values #° and the probability Pry,,. ., (0B) that the

BSCC is reached in M. Hence, the long-run distribution can be computed in polynomial
time. For more details, see [BKO8, Kull6].
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The long-run distribution is a valuable tool when analyzing the limiting behavior
of a Markov chain. In particular, the expected mean-payoff in a Markov chain M =
(S, P, $ui, wgt) with a weight function wgt : S — Z is given by

EM73i7Lit(MP) = Z G%M ° wgt(t)

tesS

2.2 LINEAR TEMPORAL LOGIC AND AUTOMATA

We assume familiarity with linear temporal logic and finite automata. We briefly present
our notation here.

Linear temporal logic (LTL). Let AP be a finite set of atomic propositions. The
syntax of linear temporal logic (LTL) over AP is given by

@ == alpe Al O eleUp

where a € AP. The semantics of LTL are given on words in (24P)%. For a word w =

wowyws . . ., the semantics are recursively defined as follows:
wE a iff a € wo,
wE AP iff wFE @ and wFE Y,
wE @ iff w K o,
wE Qg iff wiwaws - -+ F @,
wkF Uy iff there is j € N with w;w;1wj42- -+ F ¢ and

WW; Wiso - F @ forall © < j.

We use the usual Boolean abbreviations and the common abbreviations ¢ for true U ¢
stating that ¢ holds eventually (on some suffix) and Oy for =Q—¢ stating that ¢ holds
globally (on all suffixes). For more details, consult, e.g., [BK0§|. Furthermore, we use
LTL-like notation to denote events such as “{(accumulated weight < 0)” expressing the
set of paths in a weighted structure with a prefix 7 such that the accumulated weight of
7 is less than 0.

Nondeterministic finite automata (NFA). An NFA is a tuple A = (Q, %, A, Qo, F)
where () is a finite set of states, 3 a finite alphabet, A C @ x X x () the transition relation,
Qo C Q the set of initial states and F' C () the set of final states. Let w = wq ... w, € ¥*
be a finite word over 3. A run of A on w is a sequence of states qp...¢,+1 from @
such that ¢o € Qo and such that (g;, w;, ¢;41) € A for all i < n. The run is accepting if
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Gni1 € F. The word w is accepted by A if there is an accepting run of A on w. The
language L£(A) of A is the set of accepted words from >*.

Deterministic finite automata (DFA). An DFA is a tuple D = (Q, %, 6, qo, F') where
() is a finite set of states, ¥ a finite alphabet, : ) x ¥ — (@ the transition function,
qo € @ the initial state and F' C () the set of final states. For a word w = wq ... w, € ¥*,
the unique run of D on w is the sequence qq . . . ¢,41 starting with the initial state gy and
satisfying ¢;11 = (q;, w;) for all i < n. The word w is accepted by D if the unique run
ends in an accepting state, i.e., if ¢,4+1 € F. Again, the language £(D) is the set of words
from ¥* accepted by D.

Regular co-safety property. Let AP be a finite set of atomic propositions. A co-
safety property is a set of words II C (24P)“ with the following property: for each w € II,
there is a prefix m such that Cyl(w) C 11, i.e., all extensions of 7 are in II. In terms of the
usual tree-topology induced by the cylinder sets, co-safety properties are precisely the
open sets. An (w-)regular co-safety property can be given in terms of an NFA or DFA
A: The automaton A accepts all finite words 7 such that Cyl(m) belongs to the co-safety
property. So, a word w satisfies to the co-safety property given by A iff it has a prefix
accepted by A.
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CHAPTER
THREE

NON-CLASSICAL STOCHASTIC SHORTEST PATH
PROBLEMS

Stochastic shortest path problems lie at the heart of many verification problems for
systems that exhibit probabilistic and non-deterministic behavior. In a finite-state MDP
that can be used to model such systems, these problems ask for the maximal or minimal
expected accumulated weight before reaching a target state. In the classical setting, it
is required that a target state is reached almost surely. As discussed in Section [L.1]
there are various reasons why the classical stochastic shortest path problem might not be
applicable or does not cover all relevant executions of the system due to this restriction
to schedulers that reach a target state with probability 1. Typical situations in which
this is the case include, e.g., the analysis of probabilistic programs that do not necessarily
terminate almost surely or the analysis of the costs caused in case of an error scenario
that occurs with small but positive probability. In this chapter, we turn our hands to two
non-classical variants of the stochastic shortest path problem in which it is not required
that the target is reached almost surely. For the switch to the non-classical variants, we
have to specify a way to treat executions that do not reach the target. Depending on
the quantitative aspect of a system that is modeled and the verification question under
consideration, different treatments of these executions are appropriate. The two variants
we consider are partial expectations and conditional expectations.

For partial expectations, we assign weight 0 to runs missing the target. An example
situation in which this treatment is appropriate is the following: A system component
processes data and tries to transmit the results to other components. The transmission
might, however, fail with some positive probability. If we are interested in the best- or
worst-case expected amount of data that is successfully transmitted after an execution
of the component, we naturally arrive at a problem that asks to maximize or minimize
the expected accumulated weight (amount of processed data) while assigning weight 0 to
executions that do not reach the target (successful transmission of the results). Note that
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implicitly the optimization of partial expectations requires an analysis of the trade-off
between the accumulation of high amounts of weights and a high probability to reach the
target.

For conditional expectations, we consider the expected accumulated weight before
reaching a target state under the condition that a target state is reached. In other words,
the conditional expectation is the average accumulated weight of all paths reaching a
target state. In particular in situations where the target is reached with a small prob-
ability, the conditional expectation can be a useful measure. Consider for example a
repair mechanism that is activated if a certain unlikely error scenario occurs. If we are
interested in the expected energy consumption of the repair mechanism, the conditional
expectation under the condition that the error scenario occurs provides information on
the amount of energy that should be available for the repair mechanism for example. The
conditional expectation provides bounds on the expected energy consumption during one
execution of the repair mechanism. If we used the partial expectation assigning weight 0
to runs in which the error scenario does not occur, we would obtain the expected energy
consumption by the repair mechanism during one execution of the whole system. For
errors with small probabilities, the latter value might still be interesting, but the condi-
tional expectation seems to provide the more relevant information. It is worth mentioning
that the classical stochastic shortest path problem and these two non-classical stochastic
shortest path problems all coincide in MDPs in which a target state is reached almost
surely under all schedulers.

Besides partial and conditional expectations, we also consider the conditional value-
at-risk, a risk measure that is defined in terms of a conditional expectation (see also
Section . Given a probability value p, the conditional value-at-risk quantifies the
average of the p worst outcomes of a random variable. We investigate the conditional
value-at-risk of the random variable of stochastic shortest path problems, the accumulated
weight before reaching a target state. The optimization of the conditional value-at-risk
then constitutes a problem that is closely related to our two non-classical stochastic
shortest path problems.

Outline. After summarizing the main techniques used for the solution of the classical
stochastic shortest path problem (Section , we illustrate the non-classical variants
with examples and show that these problems on MDPs with arbitrary integer weights
impose new challenges compared to the classical setting and also compared to the setting
with non-negative weights: The optimal values can be irrational and infinite-memory
schedulers can be necessary to obtain the optimal value (Section . Nevertheless, we
are able to employ techniques from the classical setting to prove that we can decide
finiteness of optimal values in polynomial time. Furthermore, the threshold problems for
partial and conditional expectations turn out to be easily inter-reducible demonstrating
the close relationship between the two problems (Section . Despite the complications
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in the setting of integer weights, we can show that there are always optimal schedulers if
the optimal values are finite and that the optimal scheduler can be chosen to be weight-
based deterministic (Section [3.4). In the setting with non-negative weights, we can refine
the results for stochastic multi-player games of [CFK™13a] for MDPs. We show that
the least possible saturation point that in particular does not rely on estimations of
upper bounds as the saturation point in [CFK™13a] can be computed efficiently (Section
. Finally, we show that also the optimal conditional value-at-risk for the accumulated
weight before reaching the goal can be computed in exponential time in MDPs with
non-negative weights via a simple saturation point (Section .

Related work.  We briefly discuss closely related work: Previous work on partial
or conditional expected accumulated weights was restricted to the case of non-negative
weights. More precisely, partial expectations have been studied in the setting of stochastic
multiplayer games with non-negative weights [CFK™13a]. Conditional expectations in
MDPs with non-negative weights have been addressed in [BKKW17]. In both cases,
optimal values are achieved by weight-based deterministic schedulers that depend on
the current state and the weight that has been accumulated so far, while memoryless
schedulers are not sufficient. Both [CFK™13a] and [BKKW17] prove the existence of a
saturation point for the accumulated weight from which on optimal schedulers behave
memorylessly and maximize the probability to reach a goal state. This yields exponential-
time algorithms for computing optimal schedulers. Moreover, [BKKW17| proves that the
threshold problem for conditional expectations (“does there exist a scheduler & such that
the conditional expectation under & exceeds a given threshold?”) is PSPACE-hard even
for acyclic MDPs.

The optimization of the conditional value-at-risk in MDPs has been investigated in
[KM18]| for weighted reachability and mean payoffs. For weighted reachability, which can
be seen as a special case of accumulated weight before reaching the goal, the optimal
conditional value-at-risk is shown to be computable in polynomial time. Furthermore,
[KM18] analyzes the simultaneous satisfaction of constraints on the conditional value-at-
risk, the value-at-risk, and the expected value.

Note on the publication of the results. The results presented in this chapter have
been published in joint work with Christel Baier. Most results appear in [PB19] published
at FoSSaCS 2019. The lower bound for the threshold problem for partial expectations
and the results on the conditional value-at-risk are part of the publication |[PB20| at
ICALP 2020.
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3.1 CLASSICAL STOCHASTIC SHORTEST PATH PROBLEM

Before we move to the non-classical setting, we take a closer look at the classical stochastic
shortest path problem and its solution. Some concepts and techniques used for this
solution will be important to the treatment of the non-classical problems.

Let M = (S, Act, P, 8., wgt, Goal) be an MDP with a weight function wgt: Sx Act —
Z and a set Goal C S of designated trap states. As we are interested in the accumulated
weight before the set of goal states Goal is reached, it is not important how a run continues
after Goal is reached. Hence, we always assume all states in Goal to be trap states and
further that all states are reachable from the initial state. We define the following random
variable $goal on maximal paths ¢ of M as follows:

wgt(Q) if ( F OGoal,

undefined — otherwise.

$Goal(¢) = {

The expected accumulated weight before reaching Goal under a scheduler & is given by
the expected value IEJG\/LSM (PGoal). Tt is evident that this expected value is only defined if
Priwm“ (PGoal) = 1. The classical stochastic shortest path problem asks for the optimal
value
Moo (PGoal) = sup E%,Smﬁ (®Goal)
S

where the supremum ranges over all schedulers & with Prit,sl-mf (®Goal) = 1. We will
sketch the treatment of the maximization problem here. In the setting of integer weights,
the minimization problem can be turned into a maximization problem by multiplying all
weights with —1.

In [BT91], a sufficient condition is given under which the problem can be solved by
a linear program. For the restriction to non-negative or non-positive weights, [dA99]
provides solutions. The solution without further restrictions of the problem requires a
classification of end components that is provided in [BBD"18]. We give a brief overview
over this solution in the sequel and start with a central definition.

Definition 3.1 (see [BBD18|). We call an end component & positively weight-divergent
if there is a scheduler & for £ such that Prgs(O(accumulated weight > n)) = 1 for
all s € € and n € N where {(accumulated weight > n) denotes the event that the
accumulated weight of a prefix of a path is at least n. <

In [BBDT18], it is shown that the existence of positively weight-divergent end compo-
nents can be decided in polynomial time. The decision procedure distinguishes two types
of positively weight-divergent end components: If the maximal expected mean payoff
inside an end component £ is positive, of course arbitrarily high weights can be reached
almost surely. If the maximal expected mean payoff in £ is 0, however, an additional
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analysis is necessary. We first move to a smaller end component £’ in which only the state-
action pairs that enable us to obtain expected mean payoff 0 are included. In other words,
for each of these state-action pairs (s, «), there is a memoryless deterministic scheduler
choosing « in s while achieving expected mean payoff 0. These are exactly the actions
for which an optimal solution to the linear program for the optimal expected mean payoff
presented in Section leads to an equality in the corresponding constraint. In &', the
expected mean payoff is 0 under all schedulers. For this case, the results of [BBDT1§]
state that the end component £ is positively weight-divergent iff there is a cycle with
positive weight in £’. The procedure leads to the following result:

Theorem 3.2 (see [BBD"18|). Given an MDP M = (S, Act, P, ,,,, wgt, Goal), the
existence of a positively weight-divergent end component can be detected in polynomial
time.

In [BBD"18], it is shown that the value ER{% ~($Goal) is finite if and only if there
is no positively weight-divergent end component. So, finiteness of ER}f% (®Goal) can be
decided in polynomial time via the analysis of the end components.

The analysis further shows that in an MDP M without positively weight-divergent
end components, all end components either have negative maximal expected mean payoff
or contain an end component in which all cycles have length 0, called a 0-end component.
The spider construction provided in [BBDT18| allows us to remove all 0-end components.
We add a small modification to the construction by allowing a scheduler to move to a
trap state fail from all states in a 0-end component. This will be important later on as it
allows us to mimic schedulers that stay in a 0-end component with positive probability
by moving to fail with the same probability.

Modified spider construction. Let M = (S, Act, P, 8,4, wgt, Goal) be an MDP
and let £ = (F,2) be an end component in which all cycles in £ have weight 0. The
construction proceeds as follows: Pick a state e € E. For each state s € E, all paths from
s to e inside £ have the same weight w. This follows from the condition that all cycles
have weight 0. For each state s € E, disable all actions in state s. Instead enable one
action f; in each state s € E'\ {e} leading to state e with probability 1 and weight ws.
For each state s € E and each action a € Act(s) \ 2(s), enable a new action f; , in state
e. Let the weight of this new action in state e be wgt(s, ) — w,. For each state t € S,
let P(e,Bsa,t) = P(s,a,t). In this way, taking action « in state s can be mimicked by
first moving to e via 3, and then taking [, in state e. Finally, for each state in E,
we add a transition with probability 1 and weight 0 to a new trap state fail (this is the
modification in contrast to the construction from [BBDT18|). A simple instance of the
modified spider construction is illustrated in Figure [3.1}

The spider construction can be applied repeatedly to all 0-end components. Starting
from an MDP M without positively weight divergent end components, we obtain an MDP
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© () O @

Figure 3.1: Illustration of the spider construction. The gray 0-end component in the
left MDP is removed on the right. All transitions leaving the end component are moved
to start from state e after the construction. The weights are adjusted accordingly. Addi-
tionally, one can move to the new state fail from all states of the former 0-end component.

spider(M) in which all end components have negative maximal expected mean payoff in
polynomial time: Inside each MEC, we identify the existence of 0-end components and
identify all state-action pairs that can belong to a 0-end component. By eliminating the
end components that are maximal among end components using only these state-action
pairs, we remove all 0-end components.

Schedulers for M can be transferred to schedulers for spider(M) and vice versa.
Namely, moving to fail in spider(M) corresponds to staying in a 0-end component of
M forever. If a 0-end component is left in M via state-action pair (s, «), the spider
construction allows to mimic this by moving to the pivotal point e of the removed 0-
end component by the action ;s if s is not already e and by then taking action f;,.
In the other direction, taking action [, can be mimicked by moving through the 0-
end component in a memoryless fashion until state s is reached and afterwards taking
action « there. The adjustment of the weights in the spider construction makes sure that
the accumulated weight when leaving the (former) 0-end component is the same in M
and spider(M). For path properties or random variables that are not affected by the
insertion of O-weight cycles and for which it makes no difference whether a run stays in
a 0-end component forever or moves to an absorbing state fail, the switch from M to
spider(M) and the transformation of schedulers as described above does not influence
the the satisfaction probability or the expected value, respectively. In particular, this
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applies to expected accumulated weights before reaching a target state as in the stochastic
shortest path problems.

In conclusion, the classification of end components and the spider construction from
[BBD 718 combined with the results from [BT91] allow us to solve the classical stochas-
tic shortest path problem in polynomial time: The MDP spider(M) obtained by apply-
ing the spider construction to all 0-end components of an MDP M without positively
weight-divergent end components satisfies the conditions provided in [BT91]. The clas-
sical stochastic shortest path problem can then be solved via a linear program. From
a solution to the linear program, an optimal memoryless deterministic scheduler can be
derived. This leads to the following result.

Theorem 3.3 (see [BT91,dA99,BBD"18|). The classical stochastic shortest path prob-
lem is solvable in polynomial time. If the optimal value is finite, there is an optimal
memoryless deterministic scheduler.

3.2 TWO NON-CLASSICAL STOCHASTIC SHORTEST PATH
PROBLEMS

In order to compute expected accumulated weights before reaching a goal state under
schedulers that do not reach the goal almost surely, we now have to specify how to treat
paths not reaching the goal. In this section, we formally define the two variants we
investigate, partial and conditional expectations. Afterwards, we make first observations
showing that the situation becomes much more complicated than in the classical setting.

3.2.1 DEFINITION OF THE PARTIAL STOCHASTIC SHORTEST PATH
PROBLEM

First, consider the following illustrating example.

Example 3.4. The folk dice game “Dice 10,0007, also called “Farkle” or “Zilch” among
others, employs the following basic principle: The active player starts a turn by rolling
6 dice. After each roll of dice, she has to put aside at least one scoring die and collects
points by doing so. Scoring dice are 1s, scoring 100 points, and 5s, scoring 50 points.
We disregard scoring combinations of several dice used in these games for the sake of
simplicity here. After putting away some or all of the scoring dice, the player can roll
the remaining dice again; or if all dice have been put aside, she can roll all six dice again.
Instead of rolling again, the player can also end the turn and receive all points collected
during the move. If the player rolls the dice and no scoring die comes up, the turn ends
automatically and the player receives no points.
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Figure 3.2: An excerpt of an MDP D modelling one turn in the dice game “Dice 10,000”.
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We can construct an MDP modelling one turn of this game. An excerpt of this MDP
D with a weight function wgt representing the points that are accumulated after each
decision is depicted in Figure |3.2] This excerpt represents the situation in which the
player rolled three dice and the outcome was 1,5, x where x stands for any outcome other
than 1 and 5. We do not include moves that are obviously suboptimal such as putting
aside only the 5 instead of the 1 before rolling two dice again. The hexagonal states are
reached when the player decides to end the turn and to collect points, whereas the square
states are reached when no scoring die comes up in a roll and the turn hence ends with
no points for the player. The initial state of the process is the state “roll 6 dice” which
can be reached again in the excerpt depicted when all remaining dice are scoring in a roll
and the player decides to continue the turn by rolling all 6 dice again.

If we want to investigate how to play optimally in this game, we might in particular
be interested in how we can maximize the expected number of points collected in one
turn and how we can obtain that expectation. In our model D, we hence want to find a
scheduler maximizing the expected accumulated weight before reaching “end turn” while
unsuccessful moves not reaching this target get weight 0. More formally, we can define
the random variable points on maximal runs ¢ in D as follows:

wgt(p) if p E Qend turn,

points(¢) =

0 otherwise.
The value of interest is the maximal expected value ER%%), ¢ gico(points) of this random
variable. Note that it is impossible to reach a target state with probability 1 as already
the first roll of 6 dice can fail to score any points. For this reason, this optimization
problem cannot be solved by employing the classical stochastic shortest path problem.

Further, on an intuitive level, we can already observe that the weight collected so far
is important for the decision to be made: If we arrive at the state “1,5, 2”7 after having
put aside only three 5s so far for 150 points, it seems reasonable to continue to roll one or
two dice for the chance to collect additional points and to possibly be allowed to continue
with all 6 dice again. If, on the other hand, we have already cleared all 6 dice several
times and arrive with 2000 collected points at the state “1,5, 2”7, the risk of loosing all
points when rolling again, which is at least 4/9, is most likely not worth the chance to
collect more points in the future. In this situation, we would expect also a precise analysis
to conclude that ending the turn is the best choice. <

Formally, we define the partial stochastic shortest path problem as follows.

Definition 3.5 (Partial stochastic shortest path problem). Consider an MDP M =
(S, Act, P, S, wgt, Goal). We define the random variable @ Goal on maximal paths ¢ of
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M by
wgt(¢) if ¢ E O Goal,

0 otherwise.

®Goal(C) = {

We call the expectation E}, , (@ Goal) of this random variable under a scheduler & the
partial expectation of & and denote it also by ]P)E/6\47$mit' The set Goal is specified in
the signature of the MDP and hence not included in the notation. The maximal partial
expectation PE}%.  is the supremum supg ]P’E%JM over all schedulers. The minimal
partial expectation is defined analogously. We refer to the task to maximize or minimize

the partial expectation as the partial stochastic shortest path problem. N

3.2.2 DEFINITION OF THE CONDITIONAL STOCHASTIC SHORTEST
PATH PROBLEM

Again, we illustrate the problem with an example.

Figure 3.3: A model of a probabilistic system in which an error can occur.

Example 3.6. Consider the MDP depicted in Figure [3.3| modeling the behavior of a
probabilistic system. In this system, a certain error scenario occurs with positive prob-
ability. If the error occurs a repair mechanism has to reset different components that
have been in use. The cost of this reset depends on the run of the system so far and is
modeled by the weights that are accumulated. The weights could express the number of
components that have been in use and have to be reset in case of the error for instance.
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The system arrives at state s with accumulated weight +5 or +13 with probability
1/2 each. Then, a decision has to be made whether to choose action « or §. Action « has
weight +5 and leads to the error with probability 1/10. Action 3 leads to the error with
probability 1/20 and weight +7. We want to determine how the choice in state s should
be made such that the expected costs of the repair mechanism is as low as possible in
case the error occurs.

There are four deterministic schedulers. We call these schedulers G,,, Gap, 34, and
Gpp. The first subscript indicates which action the schedulers choose when arriving in
state s with weight +5 and the second index indicates the action for weight +13. Under
each of the schedulers, there are two paths to the error state. We compute the average
cost of these paths for each scheduler weighted with the respective probabilities in the
following table:

Scheduler wgt in s probability of cost of error  average cost of
error error

Saa 5 1/2-1/10 10
13 1/2-1/10 18 14

Gaup 5 1/2-1/10 10
13 1/2-1/20 20 40/3 ~ 13.3

S sa 5 1/2-1/20 12
13 1/2-1/10 18 16

Spp 5 1/2-1/20 12
13 1/2-1/20 20 16

The average costs of the paths leading to the error state weighted by their respective
probabilities is precisely the conditional expected cost of the repair mechanism under the
condition that an error occurs. We observe that memoryless schedulers are not sufficient
to obtain the optimal conditional expectation. The interplay between the probability
to reach the error state and the weight that is accumulated make more complicated
schedulers necessary for the optimization of conditional expectations. Again, we already
see that the weight accumulated when reaching state s is important for the decision to
be made. <

The formal definition of the conditional stochastic shortest path problem now goes as
follows:
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Definition 3.7 (Conditional stochastic shortest path problem). Consider an MDP M =
(S, Act, P, S, wgt, Goal). By conditional expectation of a scheduler &, we refer to the
conditional expectation ES . (9 Goal|)Goal) of the random variable ®Goal (defined
in Definition under the condition that Goal is reached. We denote the conditional
expectation of a scheduler & by CE%/I,SM' The conditional expectation is well-defined for
all schedulers reaching Goal with positive probability. The maximal conditional expec-
tation CIERf%, | is the supremum supg CES‘\SA,SM over all schedulers that reach Goal with
positive probability. The minimal conditional expectation is defined analogously. We call
the task to maximize or minimize the conditional expectation the conditional stochastic

shortest path problem. <

3.2.3 FIRST OBSERVATIONS IN THE NON-CLASSICAL SETTING

To start our analysis, we observe that the computation of partial and conditional expec-
tations in Markov chains is easy.

Proposition 3.8. Let M = (S, P, $;,4, wgt, Goal) be a Markov chain. The partial expec-
tation PE s, and the conditional expectation CEp s, can be computed in polynomial
time.

Proof. In Markov chains, there is no choice between different actions in any state and
hence we assume that the weight function is a map from S to Z. We first collapse the set
Goal to one goal state goal and all states from which goal is not reachable to one state
fail. Note that goal or fail is reached with probability 1. For each state s of M, we can
compute the probability p, = Pr Mm.s(Qgoal) in polynomial time. Now, we define a new
weight function wgt’ on all states s € S\ {goal, fail} by

wgt'(s) = wgt(s) - ps.

Let M’ be the Markov chain equipped with the new weight function wgt’. Let fs be
the expected number of visits in M to the state s for all s € S\ {goal, fail} Recall that
P{goal, fail} is the random variable from the classical stochastic shortest path problem
that assigns the accumulated weight before reaching goal or fail to a path. For each visit
to a state s, the weight wgt(s) contributes to PE v s,,,, with probability ps and there are f
visits to the state in expectation. So, the partial expectation can be expressed as follows:

]P)EM,Sz‘m't = Z fs : wgt(s) *Ps = EMCSim‘t(@{goalvfail})‘
s€S\{goal,fail}

Hence, the partial expectation PE,,,, . can be computed in polynomial time.
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The conditional expectation CEpys,,, is given by PEu g, /Dsmi- I Dspy = 0, the
conditional expectation is undefined and otherwise, it is computable in polynomial time
as well. O

The optimization of partial and conditional expectations in MDPs, however, is consid-
erably more difficult than the classical stochastic shortest path problem. While optimal
schedulers can be chosen memoryless and the optimal values are rational for the classical
problem, these results do not hold for the partial and conditional stochastic shortest path
problem as we will see in this section by virtue of several examples used in the proofs.

Theorem 3.9. The optimal partial expectation and the optimal conditional expectation
can be irrational.

Proof. Consider the MDP M depicted on the left in Figure 3.4] In the initial state
Smi, tWO actions are enabled. Action 7 leads to Goal with probability 1 and weight 0.
Action o leads to the states s and ¢ with probability 1/2 from where we will return to
Smi With weight —2 or +1, respectively. The scheduler choosing 7 immediately leads to
an expected weight of 0 and is optimal among schedulers reaching the goal almost surely.
As long as we choose ¢ in s,,,, the accumulated weight follows an asymmetric random
walk increasing by 1 or decreasing by 2 with probability 1/2 before we return to s,,,. The
probability p to ever reach weight +1 in this asymmetric random walk satisfies

The reason is that weight +1 is reached either with probability 1/2 directly or if it is
reached three times with probability p each after weight —2 has been collected with
probability 1/2. The only solution of this equation in the open interval (0,1) is 1/®

where & = 1%@

is the golden ratio. Likewise, ever reaching accumulated weight n has
probability 1/®" for all n € N. Consider the scheduler & choosing 7 as soon as the
accumulated weight reaches k in s,,,. Its partial expectation is k/ ®* as the paths which
never reach weight k are assigned weight 0. The maximum is reached at kK = 2. In Section
[3.4], we prove that there are optimal schedulers that are deterministic and weight-based.
With this result we can conclude that the maximal partial expectation is indeed 2/®?,
an irrational number.

The conditional expectation of &, in M is k as &y reaches the goal with accumulated
weight k£ if it reaches the goal. So, the conditional expectation is not bounded. If we add
a new initial state making sure that the goal is reached with positive probability as in
the MDP N, we can obtain an irrational maximal conditional expectation as well: The

scheduler ¥, choosing 7 in ¢ as soon as the weight reaches k£ has conditional expectation

k) 20*
1/2 + 120k
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Figure 3.4: Example MDPs with irrational maximal partial and conditional expectation,
respectively.

The maximum is obtained for £ = 3; the maximal conditional expectation is

3/ 3 -
1+1/®3 345

In the context of solvency games, a restricted form of weighted MDPs, Berger et al.
call a scheduler that makes the same decisions in each state if the state is reached with
an accumulated weight above a certain bound a “rich person’s strategy” [BKSV08|. Such
a scheduler has a rather simple structure although it requires infinite memory in general.
For the non-classical stochastic shortest path problem, optimal schedulers might not only
require infinite memory but also a more complicated structure:

Theorem 3.10. There is an MDP M in which any scheduler mazximizing the partial
expectation requires infinite memory. Furthermore, there is no optimal “rich person’s
strateqy” in M.

Proof. Let us first consider the MDP A depicted in Figure[3.5] Let m be a path reaching
t for the first time with accumulated weight r. Consider a scheduler which chooses 5 for
the first k times and then «. In this situation, the partial expectation from this point on
is: i "

1 1 , 1 1 ‘ k—r+4
2k’+1 (T—k) + Z E(T—Z) = % + Zl E(T—Z) = W + 7"—2.

For r > 2, this partial expectation has its unique maximum for the choice k = r—2. This

already shows that an optimal scheduler needs infinite memory. No matter how much
weight r has been accumulated when reaching ¢, the optimal scheduler has to count the
r—2 times it chooses [.

Furthermore, we can transfer the optimal scheduler for the MDP A to the MDP M.
In state ¢, we have to make a nondeterministic choice between two action leading to the
states gy and ¢;, respectively. In both of these states, action g is enabled which behaves
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Figure 3.5: An MDP M in which the optimal choice to maximize the partial expectation
in state ¢t depends on the parity of the accumulated weight. All non-trivial transition
probabilities are 1/2. The MDP N serves as an auxiliary step in the argument.

like the same action in the MDP AN except that it moves between the two states if Goal
is not reached. So, the action « is only enabled every other step. As in A/, we want to
choose « after choosing [ exactly r—2 times if we arrived in ¢ with accumulated weight
r > 2. So, the choice in ¢t depends on the parity of r: For r = 1 or r even, we choose 9.
For odd r > 3, we choose «. This shows that the optimal scheduler in the MDP M needs
specific information about the accumulated weight, in this case the parity, no matter how
much weight has been accumulated. O

In the proof, the optimal scheduler has a periodic behavior when fixing a state and
looking at optimal decisions for increasing values of accumulated weight. The question
whether an optimal scheduler always has such a periodic behavior remains open. In
Chapter [5] we will see that this question is related to deep questions about the behavior
of linear recurrence sequences.

3.3 BASIC RESULTS

While we have seen that the non-classical problems pose difficult challenges, we will
rely on techniques known from the classical stochastic shortest path problem to decide
finiteness and simplify the MDPs under investigation in the sequel. Furthermore, we will
uncover the close relationship between partial and conditional expectation by showing
that the associated decision problems, the threshold problems, are inter-reducible.
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3.3.1 DECIDING FINITENESS AND PREPROCESSING

Finiteness can be decided in a fashion similar to the classical setting:

Proposition 3.11. Let M = (S, Act, P, $,,4, wgt, Goal) be an MDP. Collapse all states
from which Goal is not reachable to a trap state fail. The optimal partial expectation
PENSY,,, s finite if and only if there are no positively weight-divergent end components

n M.

Proof. Suppose there is a positively weight-divergent end component £. Since £ is reach-
able and we can accumulated arbitrarily high weights inside £ with probability 1, we
can easily construct a sequence of schedulers whose partial expectation diverges to 400
by letting the schedulers stay in a positively weight divergent end component until an
arbitrarily high weight has been accumulated, before they leave the end component and
reach Goal with positive probability.

Now, suppose that there are no positively weight-divergent end components. So, for
each end component &£, there is a number Wg and a probability pe such that in £ we have
max,ce Prey*(O(wgt > We)) < 1. On the other hand, in the MEC-quotient MEC (M) of
M the probability to reach Goal or fail in |S| steps is at least §/°! where § is the minimal

transition probability. Let M = max,, |wgt(s,a)|. Then we can conclude that

max P v, (O(ugt > M - [S])) < 1615,

All in all; it is impossible for a scheduler to almost surely reach an accumulated weight
above M - [S| + >¢ is an end component We. Therefore, there is a natural number W such
that max, Pri™*(O(wgt > W)) < 1. Call this probability p. For all n € N we get that

max,ecs Privfs(O(wgt > n-W+M)) < p". Hence, the partial expectation of any scheduler
is bounded by the following upper bound on the expected accumulated weight

> w W
ngo(n—f—l)-W-p R O

For the finiteness of the maximal conditional expectation, we obtain the following
immediate consequence.

Corollary 3.12. Let M be as in Proposition and assume that Prﬁ?sz_nit(@ Goal) > 0.
Then, CEXYY, , s finite if there are no positively weight-divergent end components in M.

Proof. The maximal value CE};%,  is at most PE{%. / r“Al/[i?SM(O Goal). O

To check the finiteness of the maximal conditional expectation, we need an additional
condition if the minimal probability to reach Goalis 0. Let M = (S, Act, P, 8,4, wgt, Goal)
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be as in Proposition and assume that Prﬁ?sz,nit(@ Goal) = 0. For each state s, we
define the subset Act™"(s) as the set of actions a € Act(s) with

mm (O Goal) = ZP s, a, t) mm(OGoal)

teS

An action in Act™"(s) hence allows us to reach Goal with the minimal probability that is
possible from s. Further, let Sy C S be the set of states that are reachable from s,,;, within
(S, Act™™). These states are reachable by a scheduler that avoids Goal with probability
1. The condition to check finiteness is given in the following proposition. This condition
is equivalent to the condition given in [BKKW17].

Proposition 3.13 (see also [BKKW17]). Let M, Act™ and Sy be as described above.
The maximal conditional expectation in M is finite if and only if there are no positively
weight-divergent end components in M and no positive cycles in (Sy, Act™™).

Proof. 1f there are positively weight-divergent end components, the maximal partial ex-
pectation and hence the maximal conditional expectation are unbounded. If there is a
positive cycle in (g, Act™™), let s be a state in this cycle and fix a memoryless sched-
uler § that reaches Goal with positive probability p > 0 from s. Consider the following
sequence of schedulers &,,: The scheduler &, tries to reach s inside (Sy, Act™") and
take the positive cycle until the accumulated weight exceeds n in state s. This happens
with positive probability ¢,. If it never happens, &, stays inside (Sy, Act™") and never
reaches Goal. Otherwise, it switches to the behavior of §. We can see that the conditional
expectation of G,, satisfies

Qn'p'n—i_Qn']P)]Eﬁ/[
dn - P

CEM »ySinit Z

This expression diverges to oo for n — oo. Hence, the conditional expectation in M is
not bounded from above.

Now assume that (Sp, Act™™) does not contain positive cycles and that M does not
contain positively weight-divergent end components. So, there is a unique maximal weight
w; of paths leading from s, to s in (S, Actmin) for each state s € Sy;. Consider the
following MDP AN: It contains the MDP M and a new initial state ¢,,,. For each s € S
and each o € Act(s) \ Act™"(s), N, a new action S, is enabled in t,,,. The action S,
has weight ws + wgt(s, «) and the same probability distribution over successors as action
« in state s. In this way, we ensure that Prj\n/ift‘mit(o Goal) > 0 as, intuitively speaking,
a scheduler has to choose immediately how to leave (Sy, Act™"). We claim that the
maximal conditional expectations in M and N are equal.

For each pair (s,a) with s € Sy and o € Act(s) \ Act™"(s), let ¢, 0 = supg C]E?\:/,tm“
where the supremum ranges over all schedulers choosing 3, with probability 1 in the
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first step. By Corollary [3.12] this value is finite. We claim that
CEj\nfﬁmt = maX{Cs,a|S € SO and o € ACt(S) \ ACtmin(S)} def C.

Clearly, CE";, , > ¢. On the other hand, consider a scheduler & that chooses actions S, o
with probability ps ., and reaches the goal afterwards with probability ¢, while obtaining
a partial expectation of Ej, if action f;, is taken first. As the conditional expectation
when [, is chosen is at most ¢, o, we get that Es o < ¢sq-Cso for all suitable pairs (s, «).
We get that

Zs,a ps7a : Es7a < Zs,a ps,a : (QS,a : Cs,a)

CES,, . = <
it Es,a ps,a : qs,a Zs,a ps,a : qs,a

<ec

We now prove that CEYy%, = c. A scheduler reaching Goal with positive probability
in M has to choose an action not in Act™® after at least one path. Let s € Sy and
a € Act(t) \ Act™™(s) be such that ¢ = ¢,,. For any scheduler ¥ for N starting with
Bs.a, we define the following scheduler T’ for M: The scheduler ¥’ starts by following a
path with maximal accumulated weight from s,,, to s. If it reaches s with accumulated
weight w; it chooses o and follows the choices of T from then on. If it does not reach s
with accumulated weight w,, T only picks actions in Act™® making sure that Goal will

not be reached. In this way, CEY,, == CEy, . So, CEYf, >c.

Before we show the other direction, we define, given a finite path =, a finite path p
starting in last(m), and a scheduler 9, the scheduler Q 1 7 by

Q17 (p):=Q(mp)

where 7; p denotes the concatenation of the paths m and p.

To show that CEY,,, = < c for any scheduler & for M with Prf,LSM(O Goal) > 0, let

& be such a scheduler and consider the set I of finite G-paths 7 in (Sy, Act™") such that
&(7) € Act(last(n)) \ Act™((last(r))). We know that for each 7 € II,

last() last(m)

Pro! (OGoal) — PriT (O Goal)

last(m) last()

wgt(m) + PES!™ _ Wigst(r) + PESTT

We conclude that also

6 _ ZﬂEH PI‘SGim,t(’]T) ' (wgt(ﬂ) + ]P)Eleazg(ﬂ)) <
Sen Prg, () - Proti (O Goal)

Sinit

as all summands in the denominator are positive. O
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The proof presented here contains a construction that allows us to assume that Goal
is reached with positive probability under all schedulers if the maximal conditional ex-
pectation is finite. More formally, we obtain the following statement:

Corollary 3.14. Let M be as in Proposition|3.11 If CEZ%, < oo, we can construct
an MDP N containing M and a new initial state t,,, in polynomial time that satisfies
CENY,,, = CEX,.., and Prj{}izm(o Goal) > 0.

While the finiteness of maximal partial or conditional expectations already implies
that there are no positively weight-divergent end components, we can transform the
MDP further to also remove 0-end components by the spider construction described in

Section [3.1}

Proposition 3.15. Let M = (S, Act, P, $,,4,, wgt, Goal) be an MDP. Let spider(M) be the
MDP obtained from M by applying the modified spider construction (see Section suc-
cessively to all 0-end components. For each scheduler & for M, we can construct a sched-
uler T for spider(M), and vice versa, such that Pr%78init(0 Goal) = Prfpider(M) (O Goal)

and PEJG\/(,si,,,it = PEEpider(M)

»Sinit

»Sinit ”

Proof. The construction of the schedulers is indicated in Section It is clear that
the property to reach Goal is not affected if a run enters the new trap state faul instead
of staying in a 0-end component forever. As the probability distribution on how an
end component is left, is maintained by the spider construction and by the transfer of
schedulers, the probability to reach Goal is not affected by the construction. Similarly,
the random variable @ Goal is not affected if Goal is not reached. If Goal is reached, the
spider construction ensures that the accumulated weight when exiting a 0-end component
is not affected. O

If an MDP contains no positively weight-divergent end components, the spider con-
struction can remove all 0-end components in polynomial time as we have seen in Section
3.1 So, after we checked for finiteness in polynomial time, we can also include the spi-
der construction in a pre-processing procedure that still runs in polynomial time. All
in all, we can use the results in this section to provide a polynomial-time pre-processing
procedure that allows us to make simplifying assumptions in the sequel. Recall that we
already assume that all states are reachable from the initial state.

Pre-processing. Let M = (5, Act, P, S, wgt, Goal) be an MDP. The following steps
can be executed in polynomial time:

1. Collapse all states in Goal to a single trap state goal and collapse all states that
cannot reach goal to a trap state fail.
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2. Check whether the maximal partial expectation is finite (see Proposition [3.11]).
If the value is infinite, also the maximal conditional expectation is infinite and
no further analysis is necessary. Otherwise, we know that there are no positively
weight-divergent end components in the MDP.

3. Remove all 0-end components using the modified spider construction. As there are
no positively weight-divergent end components, the construction can be executed in
polynomial time. Afterwards, all end components have negative maximal expected
mean payoff.

4. If interested in the conditional expectation, check whether the maximal value is
finite (see Proposition . If so apply the construction used for Corollary ,
to obtain an MDP with the same maximal conditional expectation in which Goal
is reached with positive probability under all schedulers.

In the sequel, we can now always assume that this pre-processing procedure has been
performed on the MDPs under consideration.

3.3.2 INTER-REDUCIBILITY OF THRESHOLD PROBLEMS

The natural decision problem associated with the computation of maximal partial or con-
ditional expectations is the threshold problem: Given an MDP M = (S, Act, P, s,,,, wgt, Goal)
and a rational ¥, the threshold problem asks whether PEY{% = 11 and whether CE <
1, respectively, for 1 € {<, <, > >}. The threshold problem is of special interest to us

as we can use this decision problem to prove lower bounds on the complexity of computing
maximal partial and conditional expectations. We show that the threshold problems for
partial and conditional expectations are equally hard by providing polynomial-time re-
ductions between the problems. Note that the threshold problems concerning the minimal
partial or conditional expectation, i.e., the question whether IP’E%?SM > 1) and whether
CE%?SM > ¢ can be addressed by multiplying all weights with —1 before considering the

maximal values again.

Proposition 3.16. The threshold problems for partial and conditional expectations are
polynomial-time inter-reducible.

Proof. First, we show that the threshold problem for conditional expectation is reducible
to the threshold problem for partial expectations. Let M = (S, Act, P, $,,4, wgt, Goal)
be an MDP and ¢ a rational number. W.l.o.g., we can assume that Goal = {goal} is a
singleton and that any scheduler for M reaches goal with positive probability after the
pre-processing described in Section We construct a new MDP N by adding a new
state goal’ which is the new goal state in N and a transition with probability 1 from the

max

old goal state goal to goal’ with weight —9. We claim that CER{* > ¢ if and only if
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PE™ > 0 for pa € {<,<,>,>}. In fact, we show that the claim holds scheduler-wise.
Clearly, any scheduler for M can be seen as a scheduler for A/ and vice versa. Let & be
a scheduler for both MDPs. Then, we have

PES,

PES. = PE®, — 9 - Pr§ N0 iff ——M

>a 9 iff CES, b 9.
The rational weight —J can be turned into an integer weight by multiplying all weights
in N with the denominator of 9.

In the other direction, let again M = (S, Act, P, S, wgt, Goal) be an MDP and 9 a
rational number. Again, we assume that Goal = {goal}. We construct an MDP A by

adding a new initial state ¢,,, and a new goal state goal’. In t,,, one action leading to

tnity
... and goal’ with probability 1 /2 each and weight 0 is enabled. Further, the process N
moves from goal to goal with probability 1 and weight +1. Again, each scheduler & for

M can also be used for N and vice versa. For each scheduler, we have that

1/2 - (PESy,., + Pr&y.,.(Ogoal) - ¥
CE,%/-t = / ( M752n7«t GrMVSant(Ogoa ) ) > 19 1H IP)E/GV[ Sing > 19
sUinit 1/2 . (1 + PrM7Sth(<>g0al)) ySinit

From the scheduler-wise equivalence, we conclude the equivalence for the maximal partial
and conditional expectation, respectively. O

The first reduction presented in the proof introduces the weight —. If all weights in
M are non-negative, only positive values for 1) make sense. In this case, —v is negative
and the constructed MDP A does not have only non-negative weights. We will address
the setting with non-negative weights in Section There, we will provide a further
reduction for the threshold problems on acyclic MDPs with non-negative weights that
does not introduce a negative weight (Lemma . That reduction relies on results on
the existence of optimal deterministic schedulers which we obtain in the next Section [3.4]

3.4 EXISTENCE OF OPTIMAL SCHEDULERS

We are now going to prove that optimal partial and conditional expectations can be ob-
tained by weight-based deterministic schedulers. After showing that, if finite, the maximal
partial expectation PER{%. = can be approximated by weight-based deterministic sched-
ulers, we take an analytic approach. We define a metric on the space of weight-based
deterministic schedulers. Under this metric, we obtain a compact space. Then, we prove
that the function assigning the partial expectation to weight-based deterministic sched-
ulers is upper semi-continuous. We conclude that there is a weight-based deterministic

scheduler obtaining the maximum. The first goal is to prove the following proposition:
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Proposition 3.17. Let M = (S, Act, P, S, wgt, Goal) be an MDP and assume that
PENT,.. < 00. Let WD be the set of weight-based deterministic schedulers for M. We

nit

have
max _ S
]:PEM7Si7Lit - Sup PEM Sinit "

Before we start proving this Proposition [3.17} let us show that it implies the analogous
result for conditional expectations.

Corollary 3.18. Let M = (S, Act, P, 8,4, wgt, Goal) be an MDP with CEY{ < oo.
Let WD be the set of weight-based deterministic schedulers for M. We have

max _ (G}
CE M.smy = Sup CE Mosimis

Proof. After the pre-processing procedure, we can assume that Prﬂgm(o Goal) > 0.
Note that weight-based deterministic schedulers in the pre-processed MDP correspond to
weight-based deterministic schedulers in the original MDP. Let ¢ be an arbitrary rational
with CERy%, . > . In the proof of Proposition , we have reduced the threshold
problem whether CER{%. =~ > 9 to the threshold problem by constructing an MDP N
by adding a terminal weight of —¢ on a transition to a new goal state to M. In this
MDP N, now PEYY, . > 0 as 9 was chosen such that we have a positive instance of
the threshold problem. So, by Proposition [3.17] there is a weight-based deterministic
scheduler T for A/ with PE/I\/,SM > (. As the equivalence of the threshold problems for
conditional expectations in M and partial expectations in A in the proof of Proposition
m holds scheduler-wise, we conclude that CE%’SM,, > ¢ when we use T as a scheduler

it

for M. As we can choose 9 arbitrarily close to CEy% , the claim follows. O

We now prove Proposition [3.17] in two steps. First, we show that for any scheduler
there is an equally good weight-based scheduler (Lemma . Afterwards, we show
that also the use of randomization does not increase the partial expectation that can be
obtained (Lemma [3.20).

Lemma 3.19. Let M = (S, Act, P, 8,,.,, wgt, Goal) be an MDP with PEY{% < oo. For
each scheduler & for M, there is a weight-based scheduler ¥ such that

S _ T
PEM,Simt - IP]EM:Sinit :

Proof. After pre-processing, we can assume that all end-components have negative max-
imal mean payoff. Let & be a scheduler for M. For each non-trap state s € S and each

w € Z, we let 97, be the expected number of times that s is reached with accumulated
&
S,W,x

weight w under &, and we let ¥ be the expected number of times that « is chosen in
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this situation by &. We have that

ﬁsw = Z Prit,sim-t(ﬂ) and ﬁnga = Z Pr/b:/l,simt(ﬂ_> - S(m) ().

7 finite path, 7 finite path,
last(m)=s, last(m)=s,
wgt(m)=w wgt(m)=w

Note that ﬁgw is finite for all non-trap states s € S and w € Z as all end components
have negative maximal expected mean payoff. The idea is now to define a weight-based
randomized scheduler that visits each state-weight pair with the same expected frequency

as &. The claim then follows directly. To this end, we define a scheduler T by

9o 98 if 9S>0,
T(S,U))(Oé) — s,w,a/ S,w S, w

arbitrary  otherwise.
Clearly, only state-weight pairs (s,w) which are reachable under & are reachable under
T. Further, T is well-defined as >°,c ac(s) T(5, w)(a) = 1 for all reachable (s, w).

For each state-weight pair (s, w), let ﬁgw be the expected number of times that (s, w)
is reached under T. Then, the collection of all ¥, is the unique component-wise least

S, W

non-negative solution to the following set of equations: For all (s, w),

Tsw = s+ Z P(t,a,s) - Tpw—wgi(ta) - T(t,w —wgt(t, o)) () (1)
teS,ae Act(t)

where i5,, = 1 iff s = s,,, and w = 0, and %5, = 0 otherwise. To see this, consider the
map 7' R%Z — R%Z given by

(ys,w)(s,w)GS’XZ — Z.s,w + Z P(t7 «, 5) *Ytw—wgt(t,a) iz(ta w — wgt<t7 Oé))(Oé)
teS,acAct(t)

A solution to equation (1) is fixed point of 7". Further, T is monotone in all arguments.
So, the least fixed point can be found by repeatedly applying 71" to the 0-vector in R‘;EZ .
The equation (1) and hence the map 7" are chosen such that 7"(0) contains the expected
number of visits to the state-weight pairs under T within the first n — 1 steps. The
summand i, reflects that after 0 steps the expected number of visits to (s, 0) is 1. We

conclude that lim,, ., 7"(0) = (0§w)(s,w)eSxZ-

(]

s,w?

By spelling out the last steps of the paths in the definition of ¥, one can see that
(ﬁgw)(&w)egxz provides a solution to the set of equations and is hence a fixed point of T.
Let 19865” be the expected number of visits to (s, w) under & within at most n steps. On
the one hand, clearly ¥$,=" < 7, for all n. On the other hand, ¥¢,, = lim, . 05"
Hence, 95, < 95, for all (s,w). We conclude that 9$, = 95, for all (s,w) because

(ﬁ?w)(sﬁw)e sxz was the least fixed point of T'. By the definition of T, the expected number
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of times action « is chosen in (s, w) under ¥ is hence ¥g, , as well and the claim follows

because the partial expectation only depends on the expected frequencies of the state
weight pairs (goal, w) for w € Z under the two schedulers. ]

Now, we show that randomization is not necessary to approximate the optimal partial
expectation.

Lemma 3.20. Let M = (S, Act, P, 5,4, wgt, Goal) be an MDP with PEY% < oo. For
each weight-based scheduler & for M, there is a weight-based deterministic scheduler T
thh PE%ysinit 2 PE?A:Sinit'

Proof. Assume that Goal = {goal} and that all states that cannot reach Goal are col-
lapsed to a trap state fail. Let & be a weight-based randomized scheduler. So, & can be
seen as a function from S x Z to probability distributions over actions. For this scheduler,
we can write efw for the partial expectation that is obtained when starting in state s
with weight w. Observe that

w if s = goal,
efw =40 if s = fail,

ZaGAct(s) 6(87 w) (OZ) ZtGS P(Su «, t)egw—&—wgt(s,a) otherwise.

S

S, W

The values eSw depend monotonically on each other. If one of the values e, was in-
creased, the value at no other state-action pair would decrease. We will successively
determinize the choices of the scheduler while making sure that the partial expectations
from any state-weight pair on do not decrease.

Let (s;,w;)ien be an enumeration of all state-weight pairs where s is not one of the
two trap states. We recursively define a sequence of scheduler (&;);en. We set Gy = 6.

To define G, from &;, we observe that there has to be an action «; such that

Z P(S7 (7% t)efliz-i—wgt(s,oc) > Z 6@(8, w)(a) Z P(S’ @, t)egz'*‘wé?t(saai)

tesS a€Act(s) tesS

due to the convex combination on the right-hand side. We let G;,; choose a; when in
state s; with weight w; and let G,,; behave as &; on all other state-weight pairs. By the
observation above, we conclude that

&, &,

es,Jl Z es,w
for all state-weight pairs (s,w). So, the sequence e®i(s,w) increases monotonically for
i — oo for each (s,w). By the assumption that the maximal partial expectation is
finite, the sequence is also bounded and hence converges to a value eg5,. This value is
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obtained by the scheduler obtained in the limit &.,. This scheduler can be defined on
each state-action pair (s;, w;) by

Goo(55,w;) = Gy (s5,w;) = Sp((si, w;) for all k> i+ 1.
So, G is the desired weight-based deterministic scheduler. O]

The two lemmata, Lemma[3.19/and Lemma[3.20] imply Proposition[3.17] It remains to
show that the maximal partial expectation is not only the supremum over all weight-based
deterministic schedulers, but that the optimal value is also obtained by a weight-based
deterministic scheduler. Given an MDP M = (S, Act, P, $,,,, wgt, Goal) with arbitrary
integer weights, we define the following metric d™ on the set of weight-based deterministic
schedulers, i.e. on the set of functions from S x Z — Act: For two such schedulers G and
T, we let

dM(G,%) =271

where R is the greatest natural number such that
S| Sx{-(R-1),...,R-1} =% | Sx{—(R-1),...,R-1}

or 0 if there is no greatest such natural number and the schedulers are hence the same.
In other words, R is the smallest absolute value of a weight w in a state weight pair (s, w)
on which G and ¥ disagree.

Lemma 3.21. Let M and d™ be as above. The metric space (Act®*%, d™) is compact.

Proof. We can identify ActS*%* with (Act*{+~H)N Due to the symmetric treatment
of positive and negative weights in the definition, the metric d™ induces the usual tree
topology on this finitely branching tree of height w. Therefore, the space is homeomorphic
to the Cantor space 2* and hence compact. O

Having defined this compact space of schedulers, we can rely on the analytic notion
of upper semi-continuity. Recall that a function f: (X,d) — (R, d*%) where (X, d) is
a metric space, Ro, = R U {—00,00}, and d®“ is the Euclidean metric, is called upper
semi-continuous if for each € > 0 and each zg with f(zy) > —oco there is a § > 0 such
that f(z) < f(xo) + € for all z € X with d(z,z¢) < 0 and if further f(x) — —oo for
x — xg for all zy with f(zg) = —oc.

Lemma 3.22 (Upper Semi-Continuity of Partial Expectations). Consider an MDP M =
(S, Act, P, 5,4, wgt, Goal) be an MDP with PEY{% < co. The function

IP]E;VLSinit: (AC)fSXZ7 dM) N (Rooa deuclid)
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assigning the value PE/GVLSim't to a weight-based deterministic scheduler & € Act®*% is
upper semi-continuous.

Proof. We again use the notation eSw to denote the partial expectation under a weight-
based deterministic scheduler & starting from state s with weight w as in the proof of
Lemma . Let & be a weight-based deterministic scheduler with IP’IE%,SM > —00.
Given € > 0, we will define a natural number R such that any weight-based deterministic
scheduler ¥ with T [ S x [-R, R] = & [ S x [-R, R] satisfies IP’]E%MW < ]P’IE%LSM + 4e.

First, we observe that for each state s there is a natural number W, and a probability
ps < 1such that Priyy% (Qwgt > W) < p, because there are no positively weight-divergent
end components by the assumption that PEY% < oo (this argument was also used in
Proposition . We define W = max, W, + max, , |wgt(s, a)| and p = max, p,. Then,
for each state s and each natural number n, we have that

Pyt (Qugt > n - W) < p".

So, we obtain the following upper bound on the expected accumulated weight from any

state on:
W

(1—-p)*
Further, let =" Goal denote the event that Goal is reached with accumulated weight n

and Qwgt < —/ the event that a prefix of the run has weight < —¢. If 7 is large, the
probability that a path reaches positive weight again after reaching a weight below —/

BEY (n+1)-W-p"=
n=0

decreases exponentially for £ — oo as we have seen. On the other hand, PE%/I,SM > —00
and so we observe that
lim » Pr%)sz,mt(@:” Goal N\ Qwgt < —{) - |n| = 0.

{—00 nel.

In other words, this means that the contribution of paths that reach goal with weight
below —/ to the partial expectation vanishes for / — oo. We define /. to be the smallest
natural number such that

> Prf,lﬁmit(O:”Goal A Qugt < —L.) - |n| <e.

neL

Note that also >°,,cz Prf,ljsl_mt(@:” Goal A\ Qugt < —0) - |n| < e for all £ > ¢, due to the use
of the absolute value |n|. Let k. be the smallest natural number such that p* - B < e.
Let M = max, , |wgt(s, a)| and define R~ = max{{,, k.- W + M}. Further, define

H = min{0,eg,[s € S,0<r < M} <0.
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Finally, let m. be the least natural number such that
pm-(RF+B+M-—-—H)<eand p™ - (m.- W+ M+ B) <e.

Define Rt < m, - W and R = max{R~, R*}. Note that also p™ - (R+ B+ M) < e. We
claim that R does the job. Solet T be a scheduler with T [ Sx[-R,R] =& | Sx[—R, R].
Let

P = {1 finite path|wgt(r) > R and any proper prefix 7’ satisfies wgt(n') € [~R, R]},
B~ = {7 finite path|wgt(r) < R and any proper prefix ' satisfies wgt(n') € [~R, R]}.

The schedulers G and ¥ agree on all paths without a prefix in these two sets. So,

T (G} T (G} S
PEM,smu - ]P)EM,sinit = Z (elast(ﬂ),wgt(fr) - elast(ﬂ'),wgt(fr)) ’ Pr./\/l,smit (ﬂ-)
TEPTUPR—

We will split up the sum to P and B~. For a path 7 € P+, we see that elfast(ﬂ)vwgt(ﬂ) is
bounded by R+ M + B as wgt(m) < R+ M and the partial expectation obtained on top of
this weight is bounded by B. Further, efm(ﬂ)’wgt(ﬂ) is at least H. To see this note that the
partial expectation from (last(r), wgt(mw)) on could only be negative if the weight drops
below 0 again. Along each path back to negative accumulated weight, a state-weight pair
(s,r) with 0 < r < M has to be visited. The value H is a lower bound on the partial
expectation obtained from any such state-weight pair. Finally, Priifs, = (Quwgt > R) < p™
as R > m.-W. We conclude

Z (elzast(fr),wgt(ﬂ') o egst(ﬂ),wgt(ﬂ')) ’ PI'%/LSm“(TF)
rePt

Prg (BF) - (R+ M+ B - Jnin Clast(m),wgt(r))
< p™ - (R+M+B—H) < 2e.

IN

For the remaining sum first consider 3>, cqp- Prfy,,  (7)- Clast(m) wgi(x). L he absolute value
of this sum is at most Y,cz Pr%’sw(ozn Goal N\ Qwgt < —R) - |n| which is less than e
as f¢ < R. The sum, > cq- Pri{’sf”it(ﬁ) . egst(ﬂ)wgt(
from above: By the definition of R, the probability to reach positive weight starting

from a weight below R~ is at most p*s. From then on at most a partial expectation of B

- on the other hand can be bounded
can be obtained. As p*c - B < €, we conclude that the considered sum is less than e. All
in all, we conclude

Z (eist(w),wgt(ﬂ') - egst(ﬂ),wgt(w)) : PTSGM ()
TEPT
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S S
= Z eist(w),wgt(ﬂ) : PrM,simt (7-() - Z egst(ﬂ),wgt(w) : Prsim't (W) < 2e.
TEPT TeEP—

Put together, we obtain PE%’SM” — IP’E%}SW < 4e. This finishes the case PE%’SM# > —00.
If ]P’]E%’Simt = —o00, we have to show for each b € R that there is an R such that all
schedulers agreeing with & on the weight-window [—R, R] have a partial expectation
below 0. But as we can make

> wgt(¢) - Priy . . (C)

CFO GoalADwgte[—R,R)
arbitrarily small, this follows directly. ]

We arrive at the main result of this section.

Theorem 3.23 (Existence of Optimal Schedulers for Partial Expectations). Let M =
(S, Act, P, 8,4, wgt, Goal) be an MDP with PEYYS, < oo. There is a weight-based deter-
ministic scheduler & with PE/G\A,SM = PEN .-

Proof. As PEYYY < oo, the map PE}, .. - (Act™% dM) — (Ra, d°¥4) is upper semi-
continuous by Lemma . So, this map has a global maximum because (Acts xZ dM)
is a compact metric space by Lemma @ This maximum agrees with PER” by
Proposition |3.17 stating that the maximal partial expectation can be expressed as the

supremum over weight-based deterministic schedulers. O
The existence of optimal weight-based deterministic schedulers follows now easily.

Corollary 3.24 (Existence of Optimal Schedulers for Conditional Expectations). Let
M = (S, Act, P, 8,4, wgt, Goal) be an MDP with CERfY < oo. There is a weight-based
deterministic scheduler G with CEJGVLSM = CEN,.0-

Proof. After pre-processing, we can assume that Prﬂ?SM(O Goal) > 0. If we define

v = C M.sn, and apply the reduction of Proposition 3.16| to the threshold problem
CERX{%,,.. = ¥, we obtain the MDP N by adding a new goal state goal’ and a terminal
weight —1 on the last step from the original goal to goal’. In N, we have PEN,.. =0
So, there is a weight-based deterministic scheduler & with PEJ%[,SM = 0 by Theorem .
This scheduler used in M obtains CEJGVLSM = 9. Note that we did not need weights to

be rational for the proofs of Proposition [3.16| and Theorem |3.23| So, the argument also

works if ¥ is irrational. O

3.5 NON-NEGATIVE WEIGHTS

As already indicated in Section [3.2.3] major obstacles make the computation of optimal
partial and conditional expectations in MDPs with arbitrary integer weights difficult.



3. NON-CLASSICAL STOCHASTIC SHORTEST PATH PROBLEMS 55

While optimal schedulers can be chosen to be weight-based and deterministic, a further
characterization of the structure of optimal schedulers turns out to be challenging. In
fact, we will see in Chapter 5] that we cannot expect to make progress on this problem with
known techniques. An algorithm to compute optimal partial and conditional expectations
would solve long-standing open number-theoretic problems. Hence, most likely, such an
algorithm would require the development of new tools, if it exists at all.

Restricting our attention to the important special case of MDPs with non-negative
weights, the situation becomes manageable. The problem to compute optimal condi-
tional expectations in MDPs with non-negative weights has been solved in [BKKW17].
In [CFK™13a], computation algorithms of maximal partial expectations in stochastic mul-
tiplayer games with non-negative weights have been presented. MDPs are a special case
of these multiplayer games. In this section, we adapt the solution from |[CFK™13a] to the
simpler case of MDPs with non-negative weights. A key result is the existence of a satu-
ration point, a bound on the accumulated weight above which optimal schedulers do not
need memory. In MDPs, we can provide a smaller saturation point than the one provided
in [CFK™13a]. The running time of the algorithm directly depends on the size of the
saturation point. While the saturation point we provide here still leads to an exponential
time algorithm, like the algorithms for stochastic multiplayer games, our saturation point
for MDPs is the smallest possible saturation point. It can be considerably smaller than
the saturation point provided in [CFKT13a] which can be a great benefit in practice.

3.5.1 SATURATION POINTS

In order to be able to compute optimal partial expectations in MDPs with non-negative
weights, we will show that we can further restrict the complexity of schedulers necessary
for the optimization. The key result states that optimal schedulers can be chosen to
behave memoryless as soon as a certain amount of weight is accumulated along a path.
Let us first provide a formal definition of such saturation points.

Definition 3.25 (Saturation point). Let M = (S, Act, P, S, wgt, Goal) be an MDP with
non-negative weights and assume that PEYY < oo (or CEYfY < 0o, respectively). A
saturation point for partial (conditional) expectations in M is a natural number K such
that there is a weight-based deterministic scheduler & that satisfies

1. &(s,w) = 6&(s,w') for all state-weight pairs (s, w) and (s,w’) with w,w" > K,
2. ]P)E/G\/l,smit - PEﬁimn (CE%,Smit - CE/H\/lm,zmn) <

The existence of a saturation point for conditional expectations computable in poly-
nomial time has been shown in [BKKW17]. In the sequel, we adapt the saturation point
result for partial expectations in stochastic multiplayer games from [CFKT13a]. MDPs
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are a special case of these games and we can not only adapt, but also improve the result
for the case of MDPs. In order to prove the existence of a saturation point for par-
tial expectations, we first need a scheduler maximizing the partial expectation among
all schedulers that reach Goal with the maximal possible probability. The behavior of
this scheduler is precisely the optimal behavior as soon as a saturation point is reached.
We first introduce some additional notation. Let M = (S, Act, P, s,,.,, wgt, Goal) be an
MDP with non-negative weights and assume that PE}Y% =~ < oco. Let us assume that
Goal = {goal} and that all states from which Goal is not reachable are collapsed to one
trap state fail. After our pre-processing procedure, we can assume that there are no
non-trivial end components in M as there cannot be any end components with negative
maximal expected mean payoff. For each state s € S, we denote the maximal probability
to reach Goal by

F— v s(OGoal).

S

Further, we denote the maximal probability to reach Goal when taking action « in s by

Do e ZP(s,a,t) - P
tes

We then define the set of actions Act™*(s) that enables us to reach Goal with this
maximal probability for each state s by
Act™(s) = {a € Act(s) | pra* = pi™}.

Consider the sub-MDP (S, Act™*) which we call M™*. Note that all schedulers & for
MM satisfy Pr%maxﬂs(o Goal) = p™ for all states s because there are no non-trivial
end components in M™**. This allows us to compute maximal partial expectations in
MM via a classical stochastic shortest path problem. We define a new weight function
to obtain a variant N™ of M™ by wgt \rmax (s, @) = wgt(s, a) - p2* for all state-action
pairs (s, a) in M™**. We observe that

PE N max s = B (P goal, fail}).

This value can hence be computed in polynomial time. More details can also be found in
[CFK™13a]. Furthermore, a memoryless deterministic scheduler 9tax solving this classical
shortest path problem in N™#* also maximizes the partial expectation in M™**, Fix one
such memoryless deterministic scheduler 9tax. For the saturation point, the following
value is of interest:

def .
M % min PEYE.
ses ’
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max

As we also assume that all states are reachable from s,;, we can conclude that PEY" < oo

inity

for all states s € S. So, we can define

B = max PES.

Teg thMs

Of course, we do not yet know how to compute this number. The first existence result of
a saturation point we are going to present, however, is only an auxiliary step before we
provide the smallest possible saturation point later on. Nevertheless, we could replace B
by an upper bound computable in polynomial time such as maxes B (9{ goal, fail}).
The final ingredient to prove the existence of a saturation point as in [CFK™13a] is the
following value § quantifying how much smaller the probability to reach Goal under a
non-optimal scheduler is compared to the maximal reachability probability:

SE i
s€S,a€Act(s)\ Actmax(s) ’
If the minimum should be taken over the empty set, the scheduler May is already maxi-

mizes the partial expectation as M and M™* coincide in this case.

Proposition 3.26 (see also [CFK™13a]). Let M and all notation be as above. The

smallest natural number K with
B-—M

J

is a saturation point for partial expectations in M.

K>

Proof. Let & be a weight-based deterministic schedulers. Let the scheduler & <1y Max
be defined, for all state-weight pairs (s,w), by

S(s, if w< K,
S <x Max(s,w) = (5,) s
Max(s,w) otherwise.

We claim that IP]E%AVSM < ]P’E%q,fifﬁax. Let us denote the partial expectation under &

from a state-weight pair (s,w) on by egw,

a path cannot decrease and hence & < Max never switches back to the behavior of &

and similarly for 9Mar. As the weight along

once an accumulated weight of K is reached, it is sufficient to show that eg, < e?wr for
each state-weight pair (s, w) with w > K.

If & only chooses actions in Act™(s) for such state-weight pairs, both schedulers
S Max

s, s,w

max
S

reach Goal with probability p***. So, the values e, and e .5f only differ by the weights

that are accumulated from then on, while the already accumulated weight contributes

max

D
schedulers choosing only actions in Ac

- w to these values. Because 9Mar maximizes the partial expectation among all

"% we conclude that €, < e in this case.
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So, assume that (s, w) & Act™(s) for some pair (s, w) with w > K. We can bound
the value e, from above as follows:

e, < (PP —§8)-w+ B.

s,w —

On the other hand, the value e} satisfies

€T > phax gy 4 M.

s,w =

So,
e — i <B-M—-0-w<B-M-6§-K<0. O

S,w

The existence of a saturation point implies that an optimal scheduler for the par-
tial expectation cannot only be chosen to be weight-based and deterministic, but also
eventually memoryless. This in particular means that there are optimal finite-memory
schedulers as an optimal scheduler only has to keep track of the accumulated weight until
it exceeds the saturation point K.

We use this first saturation point result in the proof of the following theorem that
provides the smallest possible saturation point. The idea is that we can compute the
largest weight w such that the scheduler 9lay can be improved by changing the action at
precisely one state-action pair with weight w and nowhere else. We then see that 9tax
cannot be improved above any weight level if it cannot be improved by such a change at
a single state-weight pair. We can conclude that w + 1 is a saturation point. We denote
the partial expectation under the scheduler choosing « in s before acting like 9tax by

]P’IEZTZ‘? d:dpg‘zx - wgt(s, a) + Z P(s,a,t) - ]P)IE?I“F.
tes

Theorem 3.27. Let M and all notation be as above. Then, the smallest natural number

K with
PEYr _ pRY

max __ pnax
Ds ps,a

is an upper saturation point for partial expectations in M.

KZmaX{

se S, ae Act(s) \ Actmax(s)}

Proof. Let us denote the partial expectation under a scheduler & from a state-weight pair
(s,w) on by e, again. Let & be a scheduler maximizing ef,, for all state-weight pairs
(s,w). We can assume that & is weight-based deterministic and, by the the existence of
a saturation point (Proposition [3.26), that & agrees with Mar from some weight level
on. In fact, if we let w be the largest weight level such that there is a state s such that &
chooses an action not in Act™*(s) at the pair (s,w), we can assume that & agrees with
Max on all state-weight pairs (¢,v) with v > w. Let us further assume that & is chosen
such that w is minimal among all optimal schedulers.
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Suppose now that w > K. First, suppose that there is a state s such that S(s, w) ¢
Act™(s) and wgt(s, &(s,w)) > 0. In this case,
o ]P)Eimax + pmax .

S,

as & behaves like 9Mayx after this step. By our assumption, we know that em‘” efw < 0.
If we would have equality, we could change the behavior of & to the behav1or of May at
this state-weight pair. So assume that em‘? — eb <0. As e zma; = PE™ + px . ), we
observe

0 > PET™ — PEIS + w(pi™ — piis®)

and hence
(PEDS — PEJ™)/(p2™ — pia¥) > w.

This contradicts the assumption that w > K by the definition of K.

Hence, we can assume that for all states s with &(s,w) ¢ Act™(s), we have
wgt(s,&(s,w)) = 0. Denote the set of these states by 7. We define for each state
teT,

— 0 Mag
Dy :=ep, — €y -

If the maximal value D; is 0, we could change the behavior of & to the behavior of ayx
at weight level w without affecting the partial expectation. This would contradict the
minimality of w. So, let D = max, D, > 0 and defined 7" = {t € T|D, = D}. Note
that goal and fail are not in 7”. Let t € T  and let a = &(t,w). We claim that all states
reachable from ¢ via o are in 7". As wgt(s, a) = 0, we get

D, = 6,?11, e?fjx
:ZPt,a,s)- —6?23;
ses
= (]PE??%; + w - p?sx + Z P(t,Oz, S)D ) (]P)Ei)ﬁap + max . w)

seS

We conclude

— Y P(t,a,s)Dy < PES — PE™ + w(phe* — pie)
s€S

<0.

The last inequality follows from w > K and the definition of K. As t € T" and hence D;
is maximal, this is only possible if Dy = D, = D for all s with P(t,a,s) > 0. So, indeed
all a-successors of ¢t are in 7" again. As this holds for all states in 7" with the respective
action chosen by & at weight level w, there must be a non-trivial end component inside
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T’. This contradicts the fact that in the pre-processed MDP M, there are no non-trivial
end components. O

The saturation point provided in this proposition is computable in polynomial time.
Furthermore, let us show in more detail that it is the smallest possible saturation point:
For any weight w < K, it is suboptimal to follow the decisions of 9tax. This is implicitly
contained in the definition of K in Theorem [3.27; For a weight w < K, the scheduler
Max can be improved by changing the choice of the scheduler to the action o ¢ Act™(s)
at the state s that obtain the maximum

PEYW — PEY™
max { S, S

max __ pmax
Ps ps,a

se S, ae Act(s) \ Actmax(s)} :

To see that, observe that for the maximizing pair (s, «), we have
W pPee + IF’]E?};“ > w - prtt + ]P’Efsm“?

PEYSF —PET

max _pmax
ps Ps,a

if w is less than K and hence less than

3.5.2 COMPUTATION OF OPTIMAL VALUES

The existence of a computable saturation point allows us to reduce the problem of
computing the maximal partial expectation to a weighted reachability problem. Let
M = (S, Act, P, 8,4, wgt, Goal) again be an MDP with non-negative weights and assume
that PEY, < oo. After our pre-processing procedure, we can assume that M does not
contain non-trivial end components, that all states that cannot reach Goal are collapsed
to a trap state fail and that Goal = {goal} is a singleton. In order to construct the
weighted reachability problem, we extend the state space by explicitly encoding the ac-
cumulated weight into the states. States in the transformed MDP are of the form (s, w)
with s € S and w € N. Let K be the saturation point given in Theorem [3.27, The
key insight is that we can easily compute the maximal partial expectation when starting
in state s with weight w > K: As the scheduler 9tayr defined in the previous section is
optimal at the weight levels above K, this partial expectation is ]P’]EZ”“F +w-py®*. In our
weighted reachability problem, we can hence make state-weight pairs (s, w) with w > K
terminal with this partial expectation as terminal weight. Let W be the maximal weight
occurring in M. After making the state-weight pairs at weight levels K and above ter-
minal, state-weight pairs with weight above K + W — 1 are not reachable anymore. In
this way, we obtain a finite-state MDP for the weighted reachability problem.

Let us define the instance of the weighted reachability problem more formally. We
construct an MDP A. The state space is S x {0,..., K + W — 1}. The actions are the
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same as in M. The transition probability function Py is given by
Pr((s,w), v, (£, w + wgt(s, ) = P(s,a,1)

for all s,z € S and w < K. All other transition probabilities are 0. In particular all
0). To all trap
states, we assign a terminal weight: For w < K, we assign terminal weight 0 to state
(fail,w) and terminal weight w to state (goal,w). For K < w < K+ W and s € S, we

assign terminal weight IP)]ED/\JEIGE +w - phis to state (s, w). Recall that IP’E%”; and pipe% are

state-weight pairs (s, w) with w > K are traps. The initial state is (s

inity

computable in polynomial time.

Let terminal be the random variable that assigns the terminal weight of the trap state
reached to runs in AV. Note that A does not contain non-trivial end components. So,
a trap state is reached almost surely under any scheduler. Weight-based deterministic
schedulers for M that switch to the behavior of Max as soon as the accumulated weight
exceeds K now correspond precisely to memoryless deterministic schedulers for M. As
we know that one of these schedulers maximizes the partial expectation in M and a
memoryless deterministic scheduler maximizes the expected terminal weight in N, we
can restrict our attention to such schedulers. Given such a scheduler & viewed as a
scheduler for M and as a scheduler for AV, the construction makes sure that

]P)]E%/I,Simz = E/(?/,(Sinit,O) (teTminal) .

To see that, note that for a path 7 in M that reaches goal or fail with accumulated
weight less than K, the corresponding path # in N satisfies terminal(7) = & Goal(7).
For a path 7 in M that reaches an accumulated weight of at least K in the last step, the
corresponding path # in N has precisely the expected partial expectation under 9Max of
the continuations of 7 as its terminal weight. We conclude

PEN e = BN (s50,0) (terminal).
Therefore, we can use the linear program computing the maximal expected terminal
weight in a weighted reachability problem to compute maximal partial expectations. We
give the linear program in the following proposition. The non-existence of non-trivial end
components makes sure that this linear program for weighted reachability has a unique
solution.

Proposition 3.28. Let M be an MDP with non-negative weights as above, let K be the
saturation point provided in Theorem |3.27, and let W be the maximal weight occurring
in M. The mazimal partial expectation PR is the value of the variable xy,,, o in the

unique solution to the following linear program with variables (xs,w)5657w6{07..,7K+W_1}.'
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Minimize 3 sweqo,... . k+w-1} Tsw under the following constraints:

Tsw = Pps W+ PE/gaai forw > K,

L goatw = W ANA Tfi10 = 0 forw < K,

Tow = D P(s,0,1) - Ty syugisa).  Jor w < K, s € S\ {goal, fail} and o € Act(s).
tes

From a solution x to the linear program, we can easily extract an optimal weight-
based deterministic scheduler. This scheduler only needs finite memory because the
accumulated weight increases monotonically along paths and as soon as the saturation
point is reached 9Mayx provides the optimal decisions.

Further, we can construct and solve the linear program in time exponential in the size
of M. As the saturation point K is computable in polynomial time, the numeric value of
K+ W is at most exponential in the size of M. Further, all values occurring in the linear
program can be computed in polynomial time. So, this linear program is exponential in
the size of the MDP and can hence be solved in exponential time. We state this result
in the concluding theorem:

Theorem 3.29 (see also [CFK™13a]). Given an MDP M = (S, Act, P, $;., wgt, Goal)
with non-negative weights and with PER%. =~ < oo, the value PEY  is computable in
exponential time.

The analogous result for conditional expectations is shown in [BKKW17]. The algo-
rithm presented there iteratively fixes optimal decisions for different weight levels starting
at a saturation point moving downwards. For each weight level, optimal decisions are
derived from the solutions to linear programs.

3.5.3 LOWER BOUNDS

For conditional expectations, a lower bound for the threshold problem is provided in
[BKKW17].

Theorem 3.30 (see [BKKW17]). The threshold problem for mazimal or minimal condi-
tional expectations in acyclic MDPs with non-negative weights is PSPACE-hard.

To obtain the analogous result for partial expectations, we provide a further reduction
between from the threshold problem for conditional expectation to the threshold problem
for partial expectations. As mentioned in Section [3.3.2] the first such reduction we
presented introduces a negative weight when starting with an MDP with non-negative
weights. For acyclic MDPs we can avoid this negative weight:

Lemma 3.31. The threshold problem for conditional expectations in acyclic MDPs with
non-negative weights is polynomial-time reducible to the threshold problem for partial
expectations in such MDPs.
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Proof. Let M = (S, Act, P, $,,.,, wgt, Goal) be an acyclic MDP with non-negative integer
weights. After pre-processing, we assume that all states are reachable from s,,,, that
Goal = {goal} is a singleton, and that all states from which goal is not reachable are
collapsed to one trap state fail. Further, we can assume that Prfjf‘Siybit (0 Goal) > 0 because
CEN,,, < oo as M is acyclic. Let ) be a rational. We are going to construct an acyclic
MDP N and threshold values ¥, and ¥, such that C ﬁ"’;m > ¢ iff PEK}?W > ¢ iff
PENY,, = Y2 and an analogous statement for minimal conditional /partial expectations.
The structure of this MDP N is sketched in the following Figure [3.6}

MDP M

Figure 3.6: Construction of the MDP A. The probability p and the weight R are
chosen such that pR = 9.

So, the essential task is to find appropriate values for p and R and corresponding
threshold values for A/. For this we need to tackle the problem that different paths from
S 1O fail in M might have different accumulated weights.

For each non-trivial transition probability P(s,a,t) € (0,1) in M, let mg,+ be the
denominator of the probability in a co-prime representation as a fraction of non-negative
integers. Let m be the product of the values m;,, for all such transitions (s, a,t). The
number of digits of a binary representation of m is polynomially bounded in the size of
M. The length of the denominators my,; is taken into account in the size of M. As
there are only polynomially many transitions in M, the product of all these denominators
still has a polynomially long binary representation.

As M is acyclic, the probability of each path 7 from s,,, to goal or fail is a ratio-
nal number of the form ¢/m for for some natural number ¢. The same applies to the
probabilities for reaching goal from s,,, and the partial expectations under deterministic
schedulers. That is, if & is a deterministic scheduler then

Pr%ysinit<<>90al)7 ]P)E/G\/l,simt S {g/m | £ € N}
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Consider a representation of the threshold ¥ as the quotient a/b of two positive integers
a,b. Let

Then, for each deterministic scheduler &, the value ¥ - Prje\/hsmit(Ogoal) and the partial
expectation ]P’E%@W are integer-multiples of . This yields:

Ify= Pr%,&nit(@goal) and PES, > 9y then PES, > Jy + 4. (*)
Let now
w = 1+ max { wgt(m) | w is a path from s,,;, to fail in M }
and define 5 ool
def def 2W
D 5 and R 5

Note that w is finite (recall that M is acyclic) and computable in polynomial time and
that the logarithmic length of the numerator and denominator of the rational numbers
p and R is polynomial in the sizes of the given MDP M and the threshold value 9.
Obviously:

)
pw = and pR =1 (1)

We now construct a new MDP A that extends M by a fresh state fail’ and an action 7
that is enabled in state fail with weight wgt\-(fail, 7;) = R and the transition probabilities
Py (fail, 7, goal) = p, Py (fail, T, fail’) = 1—p. For all other states, the enabled actions
and their transition probabilities and weights are the same as in M.

We claim that CERS >4 iff PERY >9+0 iff PEY  >9U+2. Let us
first observe that M and N have the same schedulers. Moreover, if & is a scheduler and
y= PrfA,Sinit(Ogoal) then:

(1) Prfy,, . (Ogoal) = y+p(1—y)

(2) PEG +9(1-y) < PEY < PE} +9(1-y)+ S
Proof of (2): The claim is obvious if y = 1 because then CE§; = PE}, = PE},.

Suppose now that y < 1. As the accumulated weight of all paths from s,,;, to fail
is at most w—1 we have:

PES, + pR(1—y) < PES < PES, + p(R+w)(1—y)

The claim then follows from .
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Suppose now that CER% = > 1. Pick a deterministic scheduler & such that CE% > 1.
Thus, with y = Prjg\/hsz,m(Ogoal) we have y > 0 and PES, > Jy. By @ we have

PES, > dy+0.

Using the first inequality of statement (2) we obtain:

S @ S
PEy > PEY+d(1-y) > dy+d+9—-dy = J+0.

Hence, PE?. =~ > ¥ + 6. Suppose now that PERS > o + g. Pick a determinis-
tic scheduler & such that PES > ¢ + §. Let y = Prf/lﬁmt(Ogoal). The assumption
Prﬂ?&m(@ goal) > 0 yields y > 0. Using the second inequality of statement (2) we obtain:

o @ o
PE§A+0(1—y)+§ ¢ PEY > Ut 5

This yields:
PES, > dy

But then CE% > 1, and therefore CER > 4. So, CEYY >0 iff PEGY >0+ iff
PEj\nfﬁm > 19 + g

With a similar argument, we will show that also (CET/;“SM < v ift PEK}IQM <9—1iff
PEy\lfi,Itlm <9 - g. Instead of @, we use here the following analogue fact:

Ify= Pr%’Sinit(Ogoal) and PEY, < Jy then PES, < oy — 4. (**)

Suppose first that C ﬁ‘;m“ < 9. Pick a deterministic scheduler & such that (C]Ef/[ <
and let y = Priﬁm(Ogoal). Then, y > 0 and PE}, < dy. By (FF)) we get PE}, < dy—9.
We now rely on the second inequality of statement (2) and obtain:

)
<

PES PER, + 9(1—y) +

|

< 19y—5+19—19y+g = 19—(25

Hence, IP]E/I{I}EM < 19— %. Suppose now that PEﬁEW < - g. Pick a deterministic

scheduler & such that PE§, < ¢ — $. By assumption, y = Pr%,swt(Ogoal) > 0. The first
inequality of statement (2) yields:

(
PES, +9(1-y) < PEY < o —

Hence: 5
PES, < dy-— 5 < Yy
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But then CE§, < ¢, which implies CER} < 9. O

This reduction now allows us to conclude PSPACE-hardness also for all threshold
problems for partial expectations:

Theorem 3.32. All threshold problems for maximal or minimal partial expectations in
acyclic MDPs with non-negative integer weights are PSPACE-hard.

Proof. Immediate from Theorem and Lemma [3.31] O

3.6 CONDITIONAL VALUE-AT-RISK

We turn our attention to the conditional value-at-risk. The conditional value-at-risk is
a measure focusing on the tail of the distribution of a random variable. The value-at-
risk is the worst p-quantile, i.e., the value such that p of the outcomes are worse. The
value-at-risk provides the best bound on the p worst outcomes, but it is not affected by
the distribution of outliers. While a pure worst-case analysis is overly pessimistic in a
probabilistic setting, the conditional value-at-risk is a good compromise taking outliers
with their respective probabilities into account. It is defined as the expectation of X
under the condition that the outcome is worse than the value-at-risk. In Figure [3.7] the
value-at-risk and the conditional value-at-risk for some value p and two distributions of
a random variable X are illustrated for which high outcomes are the bad cases.

[VaR | [CVaR VaR CVaR

probability
probability

A R

Figure 3.7: Illustration of value-at-risk (VaR) and conditional value-at-risk (CVaR).

For MDPs, the distribution of a random variable depends on the chosen scheduler.
Providing guarantees on the worst- or best-case conditional value-at-risk hence turns into
an optimization problem again. In the context of weighted MDPs, the conditional value-
at-risk has been studied for mean-payoffs and for weighted reachability where on each run
only once a terminal weight is collected when a target state is reached [KM18§|. In the
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sequel, we consider the conditional value-at-risk for the more general accumulated weight
before reaching the goal, i.e. for the classical stochastic shortest path problem. To the
best of our knowledge, this problem has not been studied. For MDPs with non-negative
weights, we provide a simple saturation point that allows the computation of worst- and
best-case conditional values-at-risk in exponential time. We return to the problem with
arbitrary weights in Chapter

Formal Definition. Given an MDP M = (S, Act, P, s,,.,, wgt, Goal) with a scheduler
S, a random variable X defined on runs of the MDP with values in R and a value
p € [0,1], we define the value-at-risk as VaR(X) = inf{r € R[Pr§(X > r) < p}. So,
the value-at-risk is the point at which the cumulative distribution function of X reaches
or exceeds 1 — p. The conditional value-at-risk is now the expectation of X under the
condition that the outcome belongs to the p worst outcomes. Denote VaRS (X) by v.
Following the treatment of random variables that are not continuous in general in [KM18],
we define the conditional value-at-risk as follows:

CVaRy (X) = 1/p(Priy(X > v) - ER(X|X > v) + (p — Pri(X > v)) - v).

Outcomes of X which are greater than v are treated differently to outcomes equal to v
as it is possible that the outcome v has positive probability and we only want to account
exactly for the p worst outcomes. Hence, we take only p — PI“JGM (X > v) of the outcomes
which are exactly v into account as well. To provide worst-case guarantees or to find risk-
averse policies, we are interested in the maximal and minimal conditional value-at-risk

CVaRy™(X) = sup CValig (X) and CValy"(X) = inf CVaRg (X).

In our formulation here, high outcomes are considered to be bad. Completely analogously,
one can define the conditional value-at-risk for the lowest p outcomes. If it is not clear
from context, we will sometimes write C VaRﬁ »(X) to denote the conditional value-at-
risk as defined here, and C’VaRﬁp(X ) to denote the analogous value if low values are
considered to be bad.

Conditional value-at-risk for the classical SSPP. The random variable for which
we want to study the conditional value-at-risk in MDPs is $Goal, the accumulated weight
before reaching a goal state. Let M = (S, Act, P, $,,,, wgt, Goal) be an MDP and assume
ERs,..(PGoal) < oo. Further, we assume that all weights are non-negative here. After
the pre-processing, we can assume that there are no non-trivial end components anymore.
Note that removing 0-end components does not affect the possible probability distribu-
tions over path lengths of schedulers that reach Goal with probability 1. In the following
theorem we will show how to compute worst-case conditional values-at-risk. Afterwards,
we sketch how to treat the case where low outcomes are considered bad.
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Theorem 3.33. Given an MDP M = (S, Act, P, s,,.,, wgt, Goal) with non-negative weights
and no non-trivial end-components as well as a rational probability value p € (0,1), the
value CVaRy>(Pgoal) is computable in exponential time.

Proof. Let N be the number of states of M, § be the minimal non-zero transition prob-
ability, and W the maximal weight occurring in M. As there are no end components,
Goal is reached within NV steps from any other state under any scheduler with probability
at least V. Let ¢ be such that (1 —§")* < p. Note that £ simply has to be chosen bigger
than bgli’fig)]v) and hence can be computed in polynomial time. So, its numerical value
is at most of exponential size. Then, the probability that a path accumulates a weight
higher than K = ¢ - N - W is less than p under any scheduler. So, the value-at-risk
VaRf (Pgoal) is less than K under any scheduler &. So all paths that reach an accumu-
lated weight of at least K certainly belong to the p worst paths under any scheduler. On
these paths, the best thing to do in order to maximize the conditional value-at-risk is
to maximize the expected accumulated weight before reaching the goal. We know that
these optimal values are computable in polynomial time. Hence, we will assign weight
wgt(m) + EXi s (P) to paths m that exceed an accumulated weight of K in their last
step. We can now reduce the problem to a conditional value-at-risk problem for weighted
reachability. We can achieve this by explicitly encoding the accumulated weight up to K
into the state space:

We define a new MDP N with a set of weighted target states as follows: The state
space S"is S x {0,..., K + W — 1}. The initial state s/ , is (S, 0). The set of actions
stays the same. The transition probability function P’ is defined by P'((s,1i),«, (t,7) =
P(s,a,t) if i + wgt(s,a) = j and i < K, and P’((s,4),q, (t,7)) = 0 otherwise. There is
no weight function in NV, but instead a set of weighted target states. The target states
are (goal, i) with weight i for all i < K and (s, j) with weight jE($goal) for all j > K
and s € S.

Now, we can compute the optimal conditional value-at-risk with the probability value
p for the random variable assigning the terminal weight to a path with the methods for
weighted reachability presented in [KM18] in polynomial time in the size of N to obtain
the value CVaRy"*(Pgoal) in M. The linear program presented there requires a guess of
the value-at-risk. However, the value-at-risk in our setting is a natural number between 0
and K, so there are only exponentially many candidates. This results in an exponential
time algorithm for our problem. O]

If we consider paths with low weight to be bad, the problem is somewhat simpler in
MDPs with non-negative weights. As in the proof of the theorem, we can compute a
natural number K’ such that the probability that at least weight K’ is accumulated is
less than 1 — p under any scheduler. The value-at-risk for the probability p is then always
less than K’ and paths accumulating weight at least K’ are certainly not among the
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worst p paths. We can assign weight K’ to these paths without affecting the conditional
value-at-risk. Encoding the accumulated weight into the state space allows us to reduce
the problem to a conditional value-at-risk problem for weighted reachability in an MDP
of exponential size yielding an exponential time algorithm again. No matter whether
we consider high or low weights to be bad, the minimal conditional value-at-risk can be
computed completely analogously via the presented construction.
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CHAPTER
FOUR

LONG-RUN SATISFACTION OF PATH PROPERTIES

If a system goes through an intialization phase before working for a long time under
normal operating conditions, the behavior of the system in the long-run is of particular
interest. Checking whether the whole execution satisfies a specification given in LTL
or another temporal logic allows to verify basic properties of the system. It is, e.g.,
possible to express properties like [1Q¢ — that a formula ¢ is satisfied infinitely often.
In a messaging system for example, this can be used to check that every message is
eventually processed. This check does, however, not provide any guarantees on the time
needed to process a message or the fraction of time in which the system is ready to
process messages. In this chapter, we investigate the optimization problems for three
quantitative measures that address the long-run behavior of a system in order to answer
such verification questions.

In the non-probabilistic setting, we study the notion of long-run frequencies for w-
regular properties. As the name suggests, long-run frequencies measure in the long-run
how frequently a property holds and are expressed as the limit of the fraction of the
number of suffixes that satisfy the property over the number of all suffixes. For finite-
state transition systems, we study the optimization of the long-run frequency of a given
property over all paths.

When turning to the probabilistic world, we introduce the corresponding concept of
long-run probabilities. On Markov chains, long-run probabilities are limit-average proba-
bilities for path properties, indicating the probability for a property to hold on the suffix of
a path after many steps. Among others, this notion aims to provide refined measures for
the system availability, understood as the proportion of time a system is functioning un-
der “normal” operating conditions (after the initialization phase). For finite-state MDPs,
the corresponding optimization problem is to compute the optimal long-run probability
of a given property when ranging over all schedulers.
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To address the long-run behavior with respect to quantitative aspects of a system such
as resource consumption or utility, we define long-run expectations in a similar fashion.
Long-run expectations describe the long-run average of the weight that is expected to
be accumulated before a certain target state is reached for the next time. In a sense, it
expresses the average distance to the next target state. For example, we can determine
how long a system needs to finish its current task before being able to process a request
that is sent at some unknown time after the system has been running for a long time.

While a relation to stochastic shortest path problems is obvious for long-run expecta-
tions, we will see that also long-run probabilities share a lot of similarities with variants of
stochastic shortest path problems. To some extend, the same techniques as for stochastic
shortest path problems are applicable to the optimization of long-run probabilities. To
convey a first idea of these long-run notions and the difficulties arising, we illustrate the
notion of long-run probability in an example.

Example 4.1. Consider the MDP N shown in Fig. The only non-deterministic
choice is the choice between actions a and f in state a. Action « yields a uniform
distribution over the three successors.

GO

N |
N[ —

B

Figure 4.1: MDP with labels indicated by the state names requiring counting to maxi-
mize the long-run probability of a U b.

We want to determine the maximal long-run probability of ¢ Ub. Under the memo-
ryless scheduler &, that always picks action «, the probability of a U b in the a-state is %
under this scheduler. The states b; and c¢; appear equally often. The probability of a U b
is 1 in state b; and 0 in state ¢;. We thus conclude that the long-run probability under &,,
is % Similarly, the steady-state probability of the states a and by under the memoryless
scheduler &g are i, and the probability that a Ub holds from there is 1. The long-run
probability of a U b under G4 equals % as well. Interestingly, these two memoryless sched-
ulers are not optimal. Consider the scheduler & that chooses « first and, if it returns to
a directly, chooses (8 afterwards. In the first visit to the a state, the probability for a U b
is % States b; and c¢; are reached with probability 1/3 afterwards. If state a is reached
again directly, the probability of a Ub is now 1. Also state by is reached with probability
1/3 before returning to a from by, ¢;, or ¢o. Tho compute the long-run probability under
this scheduler, we sum up the satisfaction probabilities for all states that can be visited
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before returning to a from by, ¢q, or ¢o multiplied with the probabilities of the visits. We
divide the result by the expected number of steps before returning. Note that we sum
up probability 2/3 + 1/3 - 1 for the two possible visits to state a. We obtain a long-run

probability of
2/3+1/3+1/34+1/3 5

2/3-2+1/3-5 9

The intricate interaction of satisfaction probability and steady-state probability of

each state makes the optimization of long-run probability particularly challenging. We
will see that indeed counting the number of consecutive a-states and basing the decisions
on the counter value is the key to achieve maximal long-run probabilities for a U b. <

Outline. = We investigate long-run frequencies in Section We show how the opti-
mal long-run frequency of a regular co-safety property given by an NFA A in a transition
system 7 can be computed in time polynomial in 7 and exponential in A. An accompa-
nying PSPACE-hardness result for the threshold problem implies that we cannot expect
a considerable improvement of the upper bound. Section addresses long-run proba-
bilities in MDPs. After identifying easily solvable instances, we provide a construction
allowing to express the optimal long-run probability of a regular co-safety property as the
optimal expected mean payoff in an infinite-state MDP. This construction will also play
a role in Chapter . For the special case of constrained reachability properties (a Ub), we
prove the existence of a saturation point, a bound on the number of consecutive visits to
a-states before an optimal scheduler can behave memorylessly until the set of a-states is
left. This allows us to obtain a finite-state MDP from the general construction for co-
safety properties and to compute the optimal long-run probability in exponential time.
Again, we also provide a lower bound: the threshold problem for the long-run probability
of constrained reachability properties is NP-hard. In Section [4.3] we introduce the notion
of long-run expectation. Interestingly, we are able to provide a saturation point allowing
the computation of optimal values in exponential time even in MDPs with arbitrary in-
teger weights. The saturation point is not a bound on the accumulated weight, but on
the number of steps without visiting a goal state here. The NP-hardness for long-run
probabilities can easily be transferred to long-run expectations as well.

Related work. The notions we investigate follow the spirit of quantifying the validity
of a property along a path as in frequency-LTL [BDL12,|FK15,|[FKK15] and averaging
LTL [BMM14]. In the work on frequency-LTL [BDL12|, a quantitative variant a U, b
of the until operator relaxes the standard meaning of a Ub by requiring that a holds
at a fraction of at least ¢ of the positions before b holds. Other variants of frequency-
LTL |[FK15,FKK15| allow only quantitative variants [J, of the globally operator. The
semantics here is that [,¢ holds on a path if the long-run average of the frequency of
positions at which ¢ holds is at least ¢q. Alternatively, averaging LTL [BMM14] rather
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than truth values, assigns quantities to pairs of paths and formula. It is based on a
quantitative labeling function for atomic propositions and inductively defines the se-
mantics of [y as the average of the value of ¢ along the path. Both the full logics
have an undecidable model checking problem [BDL12,BMM14]. Decidable fragments of
frequency-LTL can be obtained by restricting the nesting of temporal operators or the
allowed frequency thresholds [BDL12, FK15, FKK15]. To contrast frequency-LTL with
our notion of long-run probabilities note that frequency-LTL is a logic to specify quantita-
tive measures for the satisfaction of properties along paths using the U,-modality, while
long-run probabilities are a quantitative measure across behaviors. For finite strongly
connected Markov chains, the probabilities for [, -formulas are 0 or 1, while long-run
probabilities can be strictly between 0 and 1. There is still a close connection as for each
finite, strongly connected Markov chain M, ,(a Ub) holds in M with probability 1 iff
the long-run probability of a Ub is at least q. Nevertheless, the contribution for MDPs
in [FK15,FKK15] are orthogonal to ours. On the one hand, they can treat much more
complex properties with nested [-formulas. On the other hand, they cannot deal with
formulas of the type O,(aUb) for ¢ < 1. The results in [FK15| only apply to ¢ = 1.
The fragment in [FKK15] can deal with O, -modalities for arbitrary ¢, but imposes the
constraint that no until operator occurs in the scope of the L,-modality.

Long-run probabilities can be seen as mean-payoff, where the weights are the satis-
faction probabilities. A crucial difference however with mean-payoff and other long-run
properties is that, for long-run probabilities, the “weights” along a path are not fixed a
priori, but do depend on the scheduler. In this aspect, there is some conceptual rela-
tion to dynamic Markov processes [Pap85] where cost or transition probabilities depend
on previously made decisions, or the stochastic variant of the Canadian traveler prob-
lem [FSBW13|. These problems, however, are concerned with finite-horizon objectives;
moreover, their weights are affected by the past, whereas our “weights” (satisfaction
probabilities) are induced by the future scheduler.

Many works address the long-run behavior of MDPs with respect to the accumulation
of weights, e.g., mean payoffs [Kal83,CD11,BBC"14] and other cost objectives [dA98] or
ratios [dA97,vEJ11]. To the best of our knowledge, long-run expectations have not been
addressed in the literature.

Note on the publication of the results. This chapter is based on joint work with
Christel Baier, Nathalie Bertrand, and Ocan Sankur published at LICS 2019 [BBPS19).
The construction for the long-run probabilities of regular co-safety properties in MDPs has
been added (Section[.2.2). Furthermore, we introduce the notion of long-run expectation
here and the results of Section |4.3| have not been published.



4. LONG-RUN SATISFACTION OF PATH PROPERTIES 75

4.1 NON-PROBABILISTIC LONG-RUN FREQUENCIES

Intuitively, the frequency with which a path property is satisfied on a path quantifies the
fraction of the number of suffixes that satisfy the path property over the number of all
suffixes. In this section, we investigate the optimization of long-run frequencies in non-
probabilistic models. Transitions systems are a standard model for systems that exhibit
non-deterministic, but no probabilistic behavior. As this is the only section in which we
work with non-probabilistic models, we first define our notation for transitions systems.
We assume familiarity with the model.

Definition 4.2. A transition system is a tuple 7 = (S, A, AP, L) where S is a finite set
of states, A C § x S is a transition relation, AP is a finite set of atomic propositions,
and L: S — 2AP is a labeling function. An infinite path in a transition system is a
sequence m = S§pS18g... of states such that (s;,s;01) € A for all i. The trace of a
path m = 5818y .. is the word L(so)L(s1)L(ss)... from (2*7)«. If we talk about the
properties a path satisfies, we do not distinguish between the path and its trace.

Formally, the long-run frequency is now defined as follows.

Definition 4.3. Let 7 = (S, A,AP,L) be a transition system and ¢ a path property.
The long-run frequency of ¢ along an infinite path ¢ of 7 is defined as:

o |
erso(c) = liminf —-- Z ]IC[LH]':@

n—oo  n-t 1 =0

where 1¢, 1= 18 1if (. = ¢ and 0 otherwise. The mazimal long-run frequency of ¢ is
given by
LFF(p) = Sup Irf . (¢)

where s € S and ( ranges over all infinite paths starting in state s. The minimal long-run
min

frequency LF7 () is defined analogously.

The value Irf (¢) is not affected by the addition of a finite prefix to a path, and hence
all states belonging to the same strongly connected component (SCC) of T have the same
extremal values. It thus suffices to determine the optimal values for the SCCs of 7. The
optimal value for a given state s of 7 is then the maximum or minimum of the optimal
values of the SCCs reachable from s. In the sequel we therefore assume 7T is strongly
connected, and simply write LFT** () and LF?"(p).

As a consequence of a result established later for the probabilistic setting (see The-
orem , the extremal long-run frequencies for invariants, reachability, and Rabin
and Streett conditions are computable in polynomial time. For transition system, these
techniques essentially require to identify “good” cycles & where the property under con-
sideration holds from all states along &.
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Reasoning about long-run frequencies becomes more challenging when considering
properties that are not prefix-independent and where a classification of cycles into good
and bad ones is not sufficient. As a stepping stone in this direction, we consider regular
co-safety properties where satisfaction is witnessed by “good” prefixes in this section.
We illustrate the problem in the following example for the constrained reachability prop-
erty a Ub which is a simple co-safety property for which the problem already becomes

——()—°)
0
o

Figure 4.2: Transition systems requiring memory to maximize the long-run frequency
of aUb.

interesting.

Example 4.4. Fig. gives two examples of transition system labeled with atomic
propositions a, b, and ¢ on which one wants to evaluate the long-run frequency of an
until property. The transition system on the left illustrates, that, memory is required to
maximize the long-run frequency: For a U b, the maximal long-run frequency is achieved
by alternating between the two simple cycles and amounts to %, which is indeed more than
% the long-run frequency of iterating the bottom cycle only. For the transition system on
the right, the long run frequency of a Ub along e.g. the path (abc)® is % The maximal
long-run frequency is 1, which is achieved, e.g., by the infinite path abca®bca*bcalbe. . .
that successively doubles the number of times the self-loop at state a is taken. However,
there is no finite-memory strategy for generating an infinite path where the long-run
frequency for a Ub is 1.

Let us take a first glimpse at a construction with which these results can be obtained
algorithmically. In Figure |4.3] we create two copies of each state labeled a that we label
with 0 and 1, respectively. From copies labeled (a,0), we remove all outgoing edges to
states labeled with b or to states labeled with (a,1). Likewise, we remove all edges from
copies labeled (a, 1) to states labeled ¢ or (a,0). The label 1 is supposed to indicate that
a U b will hold from a state on. If there are no cycles consisting only of states labeled a,
the construction indeed ensures that this holds on all infinite paths in the constructed
transition system. For the transition system on the left, we can hence assign weight 1 to
all states labeled with (a, 1) or b and weight 0 to all other states as a U b holds exactly on
the suffixes of an infinite path that start in a state with weight 1. The long-run frequency
of aUb is then equal to the maximal mean payoff in the constructed structure.
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NN

Figure 4.3: Weighted transition systems obtained for the transition system from Fig. :
gray states have weight 1, while others have weight 0.

The transition system on the right contains a cycle of a-states, namely the self-loop on
the upper state. Now, maximizing the mean payoff in the constructed transition system
does not necessarily maximize the long-run frequency of a Ub. The mean payoff of the
path looping in state (a, 1) is 1 while no suffix satisfies a U b. To overcome this problem, we
mix the cycle maximizing the mean payoff with a cycle making sure that a U b is satisfied
from states labeled with 1, in this case the cycle (a, 1)bc. Using infinite memory, we can
make sure that the frequency of this cycle in the path is 0 although it occurs infinitely
often. This is exactly what happens in the path (a, 1)bc(a, 1)?bc(a, 1)*bc(a, 1)%c.... <

Regular co-safety properties. We now address extremal long-run frequencies in transi-
tion system for regular co-safety properties ¢. Fix T = (S, A, AP, L), a strongly connected
transition system, and let A = (Q, %, 5, Qo, F') be an NFA over the alphabet ¥ = 2AP rep-
resenting ¢, i.e., an infinite path of 7 satisfies ¢ iff it has a prefix accepted by A. Hence,
Irf(C), also denoted Irf ,(¢), is the long-run average of positions in ¢ where a word in
L(A) starts, and we write LF7-(A) rather than LF7(¢). We show that the computation
of LF¥*(A) and LF7™(A) reduces to determine the maximal and minimal mean-payoff
in a weighted transition system G with a generalized Biichi side condition. The size of
this transition system is exponential in the size of T .

For simplicity, we suppose here that Qo = {q} is a singleton and that ¢y is not
accessible from any other state in 4. We also assume that ¢y ¢ F' (otherwise A accepts
the empty word and the long-run frequency of ¢ along any infinite path is 1). We fix
an arbitrary state so € S which we treat as a starting state of 7. (Since 7 is strongly
connected, the extremal long-run frequencies in 7 do not depend on the choice of the
starting state.) We define a weighted transition system G as follows. Let ¢ = |@Q] denote
the number of states in the NFA A. Then, the state space Sg of G is equal to

Sx ({#u Q)™ =29
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while we require that at least one of the entries in ({#} U Q)*™! is #. The idea is that
in each step of a run of the original transition system 7, we non-deterministically choose
whether the suffix starting with that step is accepted by A or not. We can view this
as a promise about the future choices we will make. In the states of G, the information
on runs of the automaton A that still have to be accepted or rejected is stored which
allows us to check that the promises on suffixes accepted or rejected by A were correct in
each step. In the ({#} U Q)*"'-component, we store the current state of up to £+ 1 runs
that still have to be accepted in ¢ 4 1 tracks available in the component. The symbol #
denotes tracks currently not in use. As soon as two of these runs reach the same state, we
can stop keeping track of one of the runs. Hence we always have at most ¢ runs to check.
As a new run that is accepting can be started at any step, it is convenient to have an
additional track to start the new run. In the 29-component, we store all possible states
of runs that have to be rejected. Note that in order to make sure that the NFA A does
not accept a suffix of a run in 7, we have to keep track of all successor states in A after
each step while for the accepted suffixes it is sufficient to specify one successor state after
each step. The transition relation in G will make sure that from no state currently in the
2@-component, an accepting state can be reached. Hence, we do not have to distinguish
individual runs, but can simply keep track of the set of possible states. For the accepting
runs on the other hand, we have to make sure that all of them are eventually accepted.
Hence, we store the runs explicitly in the £ tracks provided in the ({#}UQ)*component.
A generalized Biichi condition will make sure that all of these runs are in fact accepting.

Let us define the transition relation Ag of G. Let us do that by describing how the
possible successors of a state g = (s, (po, - - .,p¢), A) with pg,...,p, € {#}UQ and A C Q
are determined. For a state (t, (ro,...,7¢), B) to be a possible successor of g, we first
require that (s,t) € A is a possible transition in 7. Now there are two possible promises
whether the suffix of the run of 7 starting in state ¢ now should be accepted by A.

If it is supposed to be accepted, a successor is constructed as follows: The set B =
Ugead(q, L(s)). The transition is only possible if B is disjoint from F. To obtain a
possible tuple (ro, ..., 7), first choose r; € §(p;, L(s)) for all i with p; € Q and let r; = #
if p; = #. Then, do the following:

1. Let r; = qo if rj = # and r; # # for all j <4,
2. let ry = # if rj € F or if rj = 1 for some j <4,
3. for all remaining indices i, let r; = r;.

Note that by the condition that at least one of the ¢+ 1 tracks contains # in each state,
step 1 is always possible. Furthermore, step 2 merges tracks which contain the same state
and makes sure that there is at least one track containing # after the transition as there
are only ¢ distinct states in Q).
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If the suffix starting currently is not supposed to be accepted, let B = U e d(q, L(t))U
{qo} and require it to be disjoint from F', and skip step 1 in the construction of the possible
tuples (7o, ...,7¢).

Note that if in A one of the states in the set A has an L(s)-successor in F, the state
g has no successors. This makes sure that the promise that a suffix will not be accepted
by A cannot be violated on infinite paths. To make sure that also the positive promises
about acceptance are met, we have to employ a generalized Biichi condition. Whenever
a run stored in one of the £+ 1 tracks is accepted or joined with a track of lower index, it
contains # afterwards. Let #; denote the set of states where the ith of the £ + 1 tracks
contains #. The generalized Biichi condition

¢
® = A\ OO+
i=0

makes sure that this happens infinitely often on each track. As we join tracks only with
tracks of lower index, this ensures that all positive promises are eventually made true.
To conclude the construction of G, we let the initial states be

(50, (qo0,#, .-, #)7 @) and (507 (#,#,..., #), {QO})

and assign weight +1 to all states containing qo in one of the tracks in the ({#}UQ)“*1-
component while all other states get weight 0.

Lemma 4.5. Let T and A be given and let G and ® be constructed from T and A as
above. For each infinite path ¢ in T, there is a path & in G satisfying ® — and vice versa
— such that Irf ,(¢) = MP(§) where MP(&) is the mean payoff of & according to the weight
function of G.

Proof. Consider any infinite path ¢ = (sg)r>0 of 7 that starts at sop. We will construct
a path & = (sg, (rf,...,75), Ar)r>o in G satisfying ® and whose mean payoff is exactly
Irf (¢). Note that the path follows ¢ in its first component. In each step, we make the
promise that the suffix will be accepted by A iff this is in fact the case for the suffix of
( starting at that step. The only non-deterministic choices that remain to be made are

the successors 7t

if ¥ € Q. As we only promise suffixes that are accepted by A to
be accepted, we can simply follow an accepting run of the suffix in each of these tracks
;. The switch to # when the run is accepted or merged with a run of lower index
is determined by the construction of possible successors. Also the third component is
uniquely determined by the construction and the fact that we add ¢y whenever the suffix
of ¢ starting now is not accepted by A. We now have that ([i...] is accepted by A if
and only if the weight of £[i] is 1. So, we indeed have Irf ,(¢) = MP(&). Further, we only
promise a run to be accepting if it is indeed eventually accepted. So, each of the tracks

r; is set back to # infinitely often and so § F ®.
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Conversely, consider a path & = (sg, (rf,...,75), Ar)rso of G satisfying ®. Let ¢ =
(sk)k>0 be the corresponding path in 7. If the weight of £[i] is 1, the lowest indexed
track r; that contained # at rj-’l is set to gp. To obtain a run of A witnessing that the
suffix ([i...] is accepted by A in this case, we can follow the run (r7"),,>; provided in
this track until the track is set to #. As £ F ®, this will happen. Then, the run either
reached an accepting state or was merged with a lower indexed track. In the latter case,
we follow the run of this lower indexed track from then on. After at most j-many merges
to another track, an accepting state will be reached.

If the weight of £[i] is 0, the state g is added to A;. In each step, all possible successor
states are added to this set and none of these successor states can ever be accepting as
this is prohibited in the transition relation of G. So, ([i...] is not accepted by .A. Hence,

we can conclude that irf ,(¢) = MP(£) again. O

Using [BCHK11,Kar78|, one can compute the extremal mean payoff values in G under
the generalized Biichi side condition ®. The procedure looks for reachable SCCs £ in
G in which ® can be satisfied. As this only requires the SCCs to contain one state
satisfying #; for each i, this can be done in time polynomial in the size of G. In each of
these components £, we then compute the maximal mean-payoff in that component in
polynomial time. The maximum M among these values is also the maximal mean payoff
MPg*(®) in G under the side condition ®: Clearly, MP5**(®) < M. On the other
hand from a cycle ¢ with mean payoff M in one of these reachable components &, we
can construct a path satisfying ® with the same mean payoff. We let p be a cycle that
starts in the first state of o and visits states satisfying #; for each 0 < i < ¢. The path
alpoipoip ... satisfies ® and has mean payoff M because the frequency of p in this path
is 0. The minimal mean payoff under a generalized Biichi side condition can be treated
analogously. This allows us to conclude the following result as G is of size polynomial in
T and exponential in A.

Theorem 4.6. LF}"(p) and LFF (@) are computable in time exponential in the size
of A and polynomial in the size of T.

For a fixed regular co-safety property, the optimal long-run frequency can hence be
computed in polynomial time. In particular, this applies to constrained reachability
properties:

Corollary 4.7. The values LF7*(a Ub) and LF (a Ub) are computable in polynomial
time.

We now establish the complexity of the decision problem associated with the maxi-
mization of long-run frequency for regular co-safety properties. Formally, given a transi-
tion system 7, an NFA A, a rational threshold ¢, and a comparison operator <€ {>, >
, <, <}, the threshold problem asks whether LIF7**(¢) > 9.
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Theorem 4.8. The threshold problem for the long-run frequency of reqular co-safety
properties in transition system is PSPACE-complete.

We split the proof into two parts in the following two lemmata:

Lemma 4.9. Given a transition system T, an NFA A, a rational threshold ¥, and
a comparison operator Xe {>,> <,<}, one can check in polynomial space whether
LEF7* () > v.

Proof. The idea is to use the weighted transition system G, without constructing G ex-
plicitly. Let all notation concerning G be as above, in particular £ is the number of states
of Q. As PSPACE equals NPSPACE (Savitch’s theorem), it suffices to provide a non-
deterministic polynomially space-bounded procedure to check whether MIPZ**(®) > 4.

We first show how to solve the threshold problem for € {>,>}. In this case, we
have to check the existence of one path in G satisfying the constraint. The algorithm
starts by guessing a state sg in G and checks whether sg is reachable from one of the
initial states. This check can be done in polynomial space because all states of G have a
polynomially large representation and checking whether a state ¢ is a possible successor
of a state s can be done in polynomial time. Then, it checks whether for each 0 <1¢ < ¢,
there is a state labeled #; in the same SCC as sg. This requires again two reachability
checks that can be done in polynomial space. If these conditions are met, the algorithm
checks whether there is a simple cycle {yp containing sg with mean payoff of bx . As
the length of a simple cycle is bounded by the number of states of G which is at most
N - (£ + 1)1 . 2° where N is the number of states of 7, such a cycle can be guessed
by counting the number of steps up to at most this bound while keeping track of the
sum of the weights in the guessed cycle. These values can be stored in polynomial space
as all weights are 0 or 1. Once, sg is reached again, this non-deterministic algorithm
terminates if the mean payoff of the guessed cycle satisfies the constraint that it is 1.
If the algorithm finds such a cycle, we have seen how to obtain a path ¢ in G and hence
in 7 with Irf ,(¢) pa .

As PSPACE is closed under complement, the problem for e {<, <} can also be
solved in polynomial space: LF7*(p) < ¢ iff LF7™(p) # ¢, and LF7*(¢) < o iff
LFP™(¢) % 9. a

Lemma 4.10. The threshold problem “given a transition system T, an NFA A and a
rational threshold ¥, decide whether LF7** () > 07 is PSPACE-hard.

Proof. The PSPACE lower bound follows by a polynomial reduction from the intersection
problem for deterministic finite automata (DFA): given &k DFA Dy, ..., Dy over the same
alphabet X, is the intersection language £(D;) N ... N L(Dy) nonempty? This problem is
known to be PSPACE-complete [Koz77].
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To provide a polynomial reduction from the intersection problem for DFA, we suppose
we are given DFA Dy, ... Dy over some alphabet ¥. W.l.o.g. we may assume that k > 2
and that the empty word is not included in any of the languages £(D;). Let Q; be the
state space of Dy, £; = |Q;| and £ = {;-...{;. Then, L(D;)N...NL(Dy) is nonempty if and
only if there is a word w € ¥* of length at most ¢ such that w € L(D;) fori=1,... k.

Let $i,..., %%, # be pairwise distinct fresh letters (not contained in ), and let I' =
Y U{$,...,%, #}. Given a finite word w = 0103...0, € X7, let @ denote the word
over X U {#} that arises from w by inserting (k—1)-times the symbol # after each letter
0. That is,

v = o #lo# a4

For i =1,...,k, one can easily construct in time O(k*+k - size(D;)) a new DFA B; over
the alphabet I' such that:

LB)={985]. . 5w wel(D),1<j<k}

Furthermore, we can construct in time linear in the sizes of By,...,B; an NFA A over
the alphabet I with:

LA)=LB)U...ULB)U{# :i>1}

Note that A does not accept the empty word and no word starting with a letter in X.
Likewise, we can construct in time polynomial in &k a strongly connected KS 7 with the
following states:

e s;;fori=1,...,kand j=1,..., k-1,
o ty,...,tp_1 and
e wu, for each symbol o € X.

We treat the symbols in ' as atomic propositions and identify the singletons {7y} with
~, where v ranges over all symbols of the alphabet I'. The labeling function of 7 is then
given by:

L(s;;) = $;, L(t;) = # and L(u,) = 0.

The transition relation of 7 is depicted in Figure f.4, The words generated by T are
the substrings of the infinite words y;y2ys3 ... where each word y; has the form

$hlgh—l gt
for some w € X*. Let

k(k—1) + (k—1)¢
k(k—1) + ke

19:
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Figure 4.4: The Kripke structure 7 in the reduction.

Clearly, T, A, can be constructed in time polynomial in the size of the DFA Dy, ... D;.
It remains to show that 7 has an infinite path ¢ with long-run frequency irf ,(¢) at least
9 if and only if the intersection language of the D;’s is nonempty.

Let us recall that, formally, the relation of 7 consists of the following transitions:

Si,l_>si,2_>---_>8i,k—1 fOIizl,...,k
Sik—1 — Sit1,1 fori=1,...,k—1
Skk—1 — Uy —> 1 force X

ti =ty — ... =t
th_1 — S1.1 and t,_1 — u, foroeX

Suppose first that there is some word w € ¥* accepted by each of the DFSs D, ..., Dy.

As stated before, we then can safely assume that |w| < £. T has a cycle £ generating the
word v = $§ 1§51 $ 1. We then have:

lv| = k(k—1)+ k|w|

The word v contains exactly k(k—1) + (k—1)|w| positions from which a word accepted
by A starts. This follows from the following two observations:

o The suffixes ${$§+‘f ...$77' of v are accepted by B;, and therefore by A (for j =
1,...,k=1).

e O contains exactly (k—1) - |w| positions from which a subword contained in #7*
starts.

Thus, the long-run frequency of the infinite path £ that repeats this cycle ad infinity is:

Irf 1(6°) = f(lwl)
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where f: R>g — R is the following function:

k(k—1) 4+ (k—1)x
k(k—1) + kx

flx) =

Function f is monotonically decreasingE] Therefore, f(|w]) > f(¢) As f({) = ¥, we
conclude that 7 has an infinite path with long-run frequency at least .

We assume now that 7 has an infinite path { with long-run frequency at least 4.
We first observe that ¢ must visit s;; infinitely often as otherwise ( would have an
infinite suffix consisting of ¢- and w-states, in which case the long-run frequency would
be smaller or equal than (k—1)/k, and therefore strictly smaller than 9. Suppose by
contradiction £(Dy) N...L(Dy) is empty. Then, the average weight obtained by each
cycle $11819...81k—1--.5k15k2 - - - Skk—1051,1 Where p consists of ¢- and u-states contained
in ¢ in 7T is less or equal

(k=1 + (k—1)y k-1
k(k—1) + ky ok

where y is the number of u-states in g, in which case the number of ¢-states in g is (k—1)y.

But then again, the long-run frequency of ¢ would be bounded by (k—1)/k, and therefore
strictly smaller than . Contradiction. We conclude that £(D;) N ...L(Dy) must be
nonempty if 7 has an infinite path with long-run frequency at least 9. m

This finishes the proof of Theorem [£.8] The hardness result establishes that we cannot
expect an algorithm for the exact computation of maximal long-run frequencies for co-
safety properties that runs in sub-exponential time.

4.2 LONG-RUN PROBABILITIES

The aim of long-run probabilities is to provide a probabilistic notion with a similar spirit
as long-run frequencies. Instead of counting the number of suffixes of a run that satisfy a
path property ¢, we take an average of the probability after each step that ¢ is satisfied
on the suffix starting after that step. More formally, let M = (S, Act, P, s,,,, AP, L) be
an MDP and let ¢ be a path property. The long-run probability for ¢ of an infinite path
¢ under a scheduler & for M is defined as as the long-run average of the probabilities for
¢ in all positions of ¢ with respect to the residual schedulers &1¢[0.. .| defined by

S1¢[0...d)() = &(C[0...4] - )

1Each rational function h(z) = (a + cx)/(b+ dx) with ¢b < ad is decreasing. This is a consequence
of the fact the the first derivative is strictly negative. Note that h'(x) = (cb — ad)/(b + dz)?, which is
strictly negative if ¢b < ad.
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for finite paths 7 starting in ([]:

lrpf((’) = liminf — ZP /G\IC([@]

n—o00 TL—I—

The long-run probability for property ¢ under scheduler & from state s, denoted }L]Pf,[’s(go),
is defined as the expectation of the random variable lrpf(g ) under & with starting
state s:

L]P)-/G\/LS(SO) = E-/G\/lysinit(lrpf)'

We now address the task to compute the extremal long-run probabilities for ¢:

LP3(p) = sup LPY, () and
S
LPy () = inf LPR (¢)

where G ranges over all schedulers for M. In contrast to classical optimization problems
for MDPs, the random variable whose expectation we aim to optimize, namely lrpf,
depends on the scheduler & itself. In Example [4.1] we have already seen that this
dependency of long-run probabilities on the scheduler in two different ways makes the
optimization problem rather intricate.

In this section, we start with the identification of efficiently solvable instances, includ-
ing the computation of long-run probabilities in Markov chains and prefix-independent
properties (such as Rabin or Streett conditions) where the satisfaction only depends on
the states that are visited infinitely often in MDPs. The latter can be treated by a
polynomial-time analysis of end components. Afterwards, we turn our hands to regular
co-safety properties. We provide a construction of an infinite-state MDP from an MDP
and a regular co-safety property allowing us to express optimal long-run probabilities in
terms of optimal expected mean payoffs. Due to the infinite state space, however, the
construction does not lead to a procedure to compute the optimal values. Nevertheless,
the construction is useful in two respects: On the one hand, it establishes a connection to
non-classical stochastic shortest path problems that we exploit in Chapter [5|to prove that
the threshold problem for the optimal long-run probability of regular co-safety properties
is Positivity-hard and that we hence cannot expect to be able to compute the optimal
values with known techniques. On the other hand, the construction turns out to allow us
to compute optimal long-run probabilities for the special case of constrained reachability
properties (aUb). The key insight is the existence of a saturation point similar to the
saturation points for non-classical stochastic shortest path problems with non-negative
weights that allows us to obtain a finite-state MDP from the constructed infinite-state
MDP. This result leads to an exponential-time algorithm for the computation of optimal
long-run probabilities of constrained reachability properties. By proving that the corre-
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sponding threshold problem is NP-hard, we show that we cannot expect a polynomial
computation algorithm.

It is important to emphasize that the computation of optimal long-run probabilities for
constrained reachability does not easily reduce to reachability via a pre-processing of the
MDP, as it typically does for most verification problems. Also, the traditional reduction
to the case of a Rabin condition for the treatment of arbitrary w-regular properties fails
here. These highlight the challenge and specificity in computing long-run probabilities.

4.2.1 EFFICIENTLY SOLVABLE INSTANCES

We first investigate special cases for which one can obtain efficient algorithms to compute
optimal long-run probabilities: we explain the case of Markov chains and we identify
restricted classes of properties for MDPs.

Markov chains. For Markov chains, we simply write Irp_({) for each infinite path ¢.
If  is an w-regular property, for each bottom strongly connected component (BSCC) B
of the Markov chain M, the long-run probability for all states in B is the same:

LPs(p) = D607 Pra(y)

teB

where 6P denotes the steady-state probability (defined as the long-run frequency) of
state t in B. Thus, LPgz(¢) equals the probability for ¢ in B viewed as a Markov chain
where the initial distribution is given by the long-run frequencies in B, which again
coincides with the expected mean payoff in B when Prag,(¢) is viewed as weight for
state t. The long-run frequencies inside the BSCC are computable in polynomial-time
using a linear equation system. The values Pr(p) for the states inside the BSCC are
computable using standard techniques for the analysis of Markov chains against w-regular
properties (see e.g. [BKO8|). The complexity depends on the type and representation of
p: for instance, exponential-time algorithms exist for LTL formulas [CY95]|. Thus, long-
run probabilities for LTL-properties in Markov chains are computable in exponential
time. Moreover, LP,, () is computable in polynomial time for those properties ¢ where
Pra+(¢) is computable in polynomial time, such as constrained reachability properties.

Alternatively, the computation of long-run probabilities as expected mean payoff when
dealing with the weight function that assigns weight wgt(s) = Prgs(¢) to each state s
can also be written as a quotient of expectations as follows. Let s be an arbitrary state in
B, called reference state. Then, the long-run probability for ¢ in B equals the quotient of
the expected accumulated weight along paths of length at least 1 from s until returning
to s and the expected return time (i.e., expected number of steps) along such paths from



4. LONG-RUN SATISFACTION OF PATH PROPERTIES 87

s to s. Strong connectivity ensures that both expectations are finite. That is,

Ep s (“weight until s”)
Ep s(“steps until s”)

LPB(‘P) =

Finally, if 8 denotes the set of all BSCCs of M then for each state s in M:

LPyo() = > Praus(0B)-LPs(p) -
Be®

Efficiently solvable instances on MDPs. We now identify classes of path properties
for which the optimal long-run probability is computable in polynomial time. Anal-
ogously to extremal long-run frequencies in transition systems, we can assume MDPs
to be strongly connected in the sequel. For general MPDs, the optimal value can be
computed by first computing the optimal value in each maximal end component and
afterwards solving a weighted reachability problem on the MEC-quotient. When M is
strongly connected, the optimal long-run probabilities do not depend on the starting state
and we simply write LPY;* () and LPY ().

Theorem 4.11. Let M be an MDP. The values LPY{% () and L, (¢) are computable
in polynomial-time if ¢ is a condition of one the following types:

reachability b,

e inwvariance [lb,

n ¥
o generalized Rabin A\ '\ (O0b; ; A O0a; ;)

i=1j=1

or Streett 7\ (O0a;; — OOb; ;).
i=1

In all these cases, optimal deterministic finite-memory schedulers exist. Moreover, op-
timal memoryless deterministic schedulers exist for reachability, invariances, Biichi and
co-Biichi conditions.

max min

Proof. We provide the argument for LIP3 (). The argument for LIPY", (¢) is analogous
and omitted here. As stated above, we may assume that M is strongly connected. It is
well-known [dA97,BGC09,|CGK13| that for all properties listed in the theorem there is a
deterministic finite-memory scheduler & that maximizes the probability for ¢ from every
visited state in the following sense:

&1¢[0...7 max
PYMZ[[i] }(90) = PrM,c[i](<:0)
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for each infinite G-path ¢ and each position ¢ € N. For reachability, invariances, Biichi
and co-Biichi conditions, we may even suppose that & is memoryless deterministic with
a single BSCC B.

If ¢ is a reachability, generalized Rabin or Streett condition then Priif%(v) = Priy{7 ()
for all states s,t in M. Moreover, this value is either 0 or 1. But then & obviously achieves
the maximal long-run probability from every state.

The states in M can have different maximal probabilities for invariances ¢ = [b.
However, for invariances we either have max,eg Priyy (¢) = 0, in which case L% (o) = 0
for all states s, or the unique BSCC B of & consists of b-states. In the latter case,
Pr%vs(Db) = Prii{%(0b) = 1 for all states s in B. Let now ¥ be the following memoryless

)8
deterministic scheduler:

o From the states not in £, ¥ mimics a memoryless deterministic scheduler maximiz-
ing the probability to reach B (which is 1 as M is strongly connected).

o For the states inside B, ¥ behaves as &.
We then have LIP’%7S(D6) =1 for all states s in M, which is obviously maximal. O

An analogous result for much richer classes of properties cannot be expected given
that, already in the non-probabilistic setting, infinite-memory can be necessary for un-
til properties (see Fig. right), and co-safety properties yield PSPACE-hardness (see
Theorem [4.8]).

4.2.2 (CONSTRUCTION FOR GENERAL CO-SAFETY PROPERTIES

In the non-probabilistic setting, we reduced the computation of maximal long-run fre-
quencies of regular co-safety properties to the computation of maximal mean payoffs.
Now, we want to transfer this idea to the computation of maximal long-run probabilities.
The situation, however, becomes more involved. Non-deterministic automata are not
well-suited for product constructions with MDPs. So, we will use deterministic finite-
automata (DFA) to express co-safety properties. The main idea is to construct an MDP
with extended state space that keeps track of the number of runs currently in each state
of the automaton. We can then assign a weight to each step of the MDP depending on
how many runs of the DFA enter an accepting state during that step. We prove that
the optimal mean payoff in the constructed MDP coincides with the optimal long-run
probability in the original MDP.

However, there is no bound on the number of runs we have to store in the state space
for this construction. Therefore, the constructed MDP will have an infinite state space. In
the next section, we will see that constrained reachability properties constitute a special
case in which we can prove the existence of a saturation point — in this case a bound on
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the number of runs we have to store for the maximization of the long-run probability.
This allows us to cut away states from the infinite state space to obtain a finite MDP of
exponential size and hence an exponential-time algorithm for the computation of maximal
long-run probabilities of constrained reachability properties.

Construction Let M = (S, Act, P, 5,4, AP, L) be a strongly connected MDP and let
D = (Q,2"7 6, qy, F) be a DFA over AP. As we are interested in the co-safety prop-
erty given by D, only runs of D up to the first accepting state are relevant. Hence,
we can collapse all accepting states of D to one absorbing state accept and all states
form which accept is not reachable to one state reject. Let the set of states @) =
{q0,q1, - - -, qu, accept, reject} for some ¢ € N.

We construct a weighted infinite-state MDP Mp = (57, Act, P, s’ .., wgt) in the sequel.

init?
The state space is
S’ =8 x N,

The ¢ 4+ 1 natural numbers in a state store the number of runs of D on suffixes of the
path produced by the MDP so far that are in the respective state of D. The actions Act
are the same as in M. For the transition probability function P’ we define the following:
Let ' = (s,nq,...,n¢) and t' = (¢, mo, ..., my) be states such that for all i,

m; = L; + Z nj
J:6(q;5,L(¢t))=q;

where 1; = 1 if ¢ = 0 and ¢; = 0 otherwise. For such states, we set
P'(s',a,t') = P(s,a,t).

All other transition probabilities are 0. The weight function does not work on state-
weight pairs as usual, but on single transitions in S” x Act x S’". For a transition (s', a, t')
with ¢ = (s,nq,...,n¢) and t' = (¢, my, ..., my), the weight is defined by

wgt(s', a,t') = > n;.
J:0(q;,L(t))=accept

To obtain a weight function on state-weight pairs, one could now take the weighted
average over all possible transitions that can be taken via a state action-pair. As we
will be interested in the mean payoff under this weight function, this change would not
influence the subsequent considerations. The initial state s/ , is (S, 1,0,...,0).

We observe that the sum of the entries in the last ¢ + 1 components increases by at
most 1 in each step. Hence, the total accumulated weight after n steps along any path is
bounded by n and we can already conclude that the mean payoff in Myp is bounded by
1 along each path.
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A scheduler for M can be used as a scheduler for Mp and vice versa as transitions
in Mp are uniquely defined by the transitions in the M component. If we consider a
scheduler & for both M and Moy, there is, however, one caveat: If G is a finite memory-
scheduler for Mp, the same scheduler is not necessarily a finite-memory scheduler for
M. So, we want to emphasize that the following lemma states that the maximal mean
payoff in Myp can be approximated by schedulers that are still finite-memory schedulers
when considered as schedulers for M.

Lemma 4.12. Let M and D be given as above and let Mp be the constructed MDP. For
each scheduler € for Mp and each € > 0, there is a finite-memory scheduler § for M
such that, if § is seen as a scheduler for Mp:

El s (MP) > EX 0 (MP)—

12 init

Proof. Let X; be the random variable on paths of Mp that assigns the weight wgt(([i])
collected in the ith step to a path (. By Fatou’s lemma, we have:

n—oo n+

EMD, W(MP) = ]EMD, o (hm inf —— Z X)
1 n
S h%ngglf EMD szt T‘H— ; XZ .

So, there exists kg € N such that for all k£ > kq:

1 & €
EY, . [—Y X,| > EX MP) — =.
MD’Sinit ( k+1 ;) > - MD’ Sinit ( ) 2

Let Q be a memoryless scheduler that minimizes the number of steps to reach a state
in {s,,.} x N1 This scheduler can be obtained by interpreting a memoryless scheduler
for M that minimizes the number of steps to reach s,,, as a scheduler for Mp. Let
T = maxcgs ]Emm( steps until s,,,”). So, also in Mp, the scheduler Q requires at most
T steps in expectation to reach a state in {s,,,} x N1,

We now construct a finite-memory scheduler § satisfying the claim of the lemma.
First, choose a natural number k& with £ > ky and k > % The behavior of scheduler § is
as follows. In its first mode, it starts in s/ , and behaves like ¥ in the first k steps. Then,
it switches to the second mode and behaves like £ until it reaches a state in {s,,,} X N¢.
Afterwards, it switches back to the behavior of T for k steps as if it was in state s/ ,,
so on. The state it is really in might have entries larger than (1,0,...,0) in the ¢ + 1

and

components storing numbers of runs of D. The weights that will be accumulated before
the scheduler switches to the behavior of Q again, can only increase for a different vector
in these components and hence we can take E} Mp.s, (k%rl “F, Xz) as a lower bound for
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the weight accumulated in each of the periods of k steps in which the scheduler acts like
T. Furthermore, the expected number of steps which § takes to follow T for k steps and
to return to s via £ is at most k+1 + 7. Expressing the mean payoff of § as a quotient,
we obtain:

T 1k
EXip,s (m >0 Xz')

init

ES (MP) >

M, Sinit = E+T
T 1 k
o B, (51 20 X)
- k(1+¢/2)
EY, o (38, X
> MD St (k;rl =0 ) (1—¢/2)

> (B, (MP) —¢/2) - (1 —¢/2)

init

by the choice that k& > 27'/e. Using the fact that E%D,s;m(MP) is bounded by 1 we

obtain:
E%Dasinit (MP)
> (ES,,. (MP)-c/2)-(1-¢/2)

> B, (MP)—e.

- init
The constructed scheduler does not make use of the information stored in the states of
Mp except for the current M-state. In the first phase, it explicitly keeps track of the
full path for a finite number of steps. Afterwards, it acts as a finite memory scheduler on
the M-component. So, the scheduler is indeed a finite-memory scheduler when viewed
as a scheduler for M. |

The lemma implies that the maximal expected mean payoff can be expressed as the
supremum over all finite-memory schedulers (for M, viewed as schedulers for Mp). We
want to carry out the analogous argument to prove that the maximal long-run probabil-
ities can be approximated by finite-memory schedulers as well. There is one additional
difficulty that we have to take care of: If we start with an arbitrary scheduler ¥ for M
and construct a finite-memory scheduler § that acts like T for some number £ of steps
before switching to a different behavior, the probability that suffixes that have started
within the first & steps but were not yet accepted by D will be accepted by D changes.
For the argument to work, we have to make sure that these probabilities do not decrease.
We use a result from [EKVYO07] on MDPs with multiple reachability objectives, to obtain
the following lemma that we will employ to achieve this.

Lemma 4.13. Let M and D be given as above. For a state ¢ € @) of D, denote by
D, the DFA obtained from D by changing the starting state to q. For a scheduler &,
write Prfm(Dq) to denote the probability under & that a path starting in s is accepted by
D,. Then, for each scheduler &, there is a finite-memory scheduler R such that for each
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q € Q, we have
Pr.i/)\{/l,s(pq) 2 Pr.%/l,s(pq)'

Proof. We construct an MDP £ in which the events D, can be expressed as reachability
properties. This MDP L is simply the product of M with all of the automata D:

E — M ® quQDq.

For each ¢, the g-component of £ keeps track of the run of D, on the path generated in
the first component, i.e., in M. Let accept, denote all states in which the g-component
contains the state accept. Now, the run of M in the first component is accepted by
D, if and only if the corresponding run in L satisfies Qaccept,. For MDPs with multiple
reachability objectives, [EKVY07, Theorem 2] applied to this MDP and these reachability
objectives states that for each scheduler G, there is a memoryless scheduler § such that

P (0 accept,) > P8 (0 accept,)

for all ¢ € Q. If we view this memoryless scheduler as a scheduler for M, this is a
finite-memory scheduler with memory modes in Q'?!. O

Using this result, we are now able to prove the analogue to Lemma for long-run
probabilities.

Lemma 4.14. Let M and D be given as above. For each scheduler T for M and each
e > 0, there is a finite-memory scheduler § for M such that:

LIPS, s (D) > LP}, (D) — €.

Proof. For a scheduler &, let X be the random variable that assigns Prf;i.[[gj“i] (D) to an
infinite path (. Let ¥ be an arbitrary scheduler. By Fatou’s lemma, we have:

LP} D) = E} liminf —— - X7
M S'ant( ) M S'mzt( lT{Il)g} n+ Z
1 n
< hm lnf ]EM Sinit <n—|_1 Z:E . ?)

So, there exists kg € N such that for all & > kq:
E%)Sinit ZX‘I >L]P)Msmt( ) _5/2'
+1 =0

As in the proof of Lemma [4.12] we want to follow the behavior of ¥ for some number
k > ko of steps before returning to the initial state via a different scheduler. However,
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the random variables X; depend on the scheduler and would be affected by this change.
Hence, we first have to make sure that the value added up in these first £ steps is not
decreased by the change of the scheduler. For each finite T-path 7, we define a scheduler
R, using Lemma [4.13} The scheduler R, is a finite memory scheduler that satisfies:

™ Tt
Prif)\[{/l,last(ﬂ) (Dq> > Pr/\i,last(w) (Dq) (T)

for all states ¢ € @ of D. Furthermore, let Q be a memoryless scheduler that minimizes
the number of steps to reach s,,,. For k > ky, we construct a finite-memory scheduler §
as follows: It follows T for k steps and keeps track of the path 7 that is created. Then,
it switches to the behavior of fR,; until a BSCC in the Markov chain induced by PR, and
M is reached and hence for all ¢ € @), the suffix created by SR, was accepted by D, if it
would be accepted eventually. Then it returns to the initial state s,,, via Q and starts
all over again.

For i < k, we now have that X < X% Due to equation (1), we see that no matter
in which state of D the run on the suffix that started in the ith step of a k step long path
7 is, the probability that it will be accepted is not decreased by switching to the behavior
of R, and following this scheduler until it is decided whether a path will be accepted or
rejected by D, for all g. This is what we make sure by following the behavior of R, until
a BSCC in the induced Markov chain is reached.

Let T = maxcg E’f,tﬁt(“steps until s,,,”). Further, observe that all schedulers R, use
|Q\|Q|—memory modes that are deterministically updated and hence there are only finitely
many possible schedulers. Let R be the maximal expected time until a BSCC is reached
in the induced Markov chain under such a scheduler.

We can now express the expected long-run probability of §; by taking

1 k
E} — Y X7
M, Sinit <k+1 Z 7 )

=0
as a lower bound on the probabilities that are added up in expectation before § returned
to the initial situation via Q and k + T + R as an upper bound on the expected time
required to return. We obtain

T 1 k T
EMzs’init ( i Xz )

k+1 £~i=0

LP/T\Z sSinit (D) Z

k+T+R
> E‘i/l,sim:t (l%i—l Zi'c:O X})
= k(1 +¢/2)
EXts,, (5 X0 X7
Z M, Sinit (k’+];_ =0 )(1 . 6/2)
Z (ILP?\/LSMH (D) - 8/2> ' (1 - E'\/2)
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by the choice that k > 2(T + R)/e. Using the fact that LP%,SM (D) is bounded by 1 we

obtain:
L]P)% ySinit (D)

> (LPXy,,,. (D) —€/2) - (1 —¢/2)
Z L]P)i/hsinit (D) — &

This completes the proof. O

In the following lemma, we will now see that for finite-memory schedulers for M the
long-run probability in M and the expected mean payoff in Mp indeed agree.

Lemma 4.15. Let M and D be given as above and let Mp be the constructed MDP.
Then, for each finite-memory scheduler & for M (also viewed as a scheduler for Mp),
we have LIPS, (D) =ES, ., (MP).
Proof. Let B be the finite-state Markov chain induced by the finite-memory scheduler &
for M. Let B be the set of states of 5. These states are of the form s = (s, z) where
s € S is a state of M and z a memory mode of &. Let (65).cp the long-run distribution
in this Markov chain.

For the long-run probability under & in M, we can now rely on these steady state
probabilities and obtain

LP/GVI,Smit (D) = Z 95 ’ PrB,ﬁ(D)'

seB

For the mean payoff in Mp, recall that after a finite path 7, the value 1 is added to the
go-component in the state last(m). Afterwards this value 1 is moved along the transitions
of D. If it ever reaches an accepting state, it results in the reception of weight +1 along
this path. So, the probability that this weight will eventually be received is precisely
Prg (s0) (D) where s is the M component of last(7) and x the memory mode of & after
w. As 6 is a finite-memory scheduler, we furthermore now that the expected number
of steps it takes between the addition of 1 to the ¢y and the reception of the weight 41
or the entrance to a BSCC in which the tracked run on D will not be accepted is finite
from each pair (s,z) on. Let X; be the random variable that assigns the weight in the
1th step to a run and Y; be the random variable that assigns the probability that the
suffix after ¢ steps will be accepted by D under the residual scheduler of & after the finite
path constructed so far. The fact that the expected time until it is decided whether the
1 added to g will lead to the reception of weight 0 or +1, implies now that

1 n
(G]
]EMD,S;nit (n +1 Z XI)

=0




4. LONG-RUN SATISFACTION OF PATH PROPERTIES 95

and

1 n
S

=0
converge to the same value for n — oo (while the second sum is at least as big as the
first one for all n). So, we conclude that also

ES, s (MP) =" 07 Prg.(D). O

init
seB

The Lemmata [£.12] .14} and [£.15] together let us conclude the following theorem:

Theorem 4.16. Let M and D be as above. Let Mop be the infinite-state MDP constructed
from M and D as described above. Then,

P (D) = EXAy s, (MP).

Of course, the construction presented here does not allow us to compute maximal
long-run probabilities as the constructed MDP Mp has an infinite state space. The
possibility to express maximal long-run probabilities in terms of maximal mean payoffs,
however, discloses the connections of long-run probabilities and stochastic shortest path
problems. In the sequel, these connections will become apparent when we prove the
existence of saturation points for a special case of long-run probabilities in the next
section and when we prove Positivity-hardness of the threshold problem for long-run
probabilities in Chapter [5]

4.2.3 LONG-RUN PROBABILITIES FOR CONSTRAINED REACHABILITY
PROPERTIES

Constrained reachability properties constitute a simple special case of regular co-safety
properties. In this section, we show that we can adapt the key result for the solution of
non-classical stochastic shortest path problems in MDPs with non-negative weights — the
existence of a saturation point — to long-run probabilities of constrained reachability prop-
erties. Together with the construction for general co-safety properties we just presented,
this result allows us to express optimal long-run probabilities in terms of the optimal
expected mean payoff in a finite-state MDP. To illustrate the difficulties we encounter in
more detail, we consider the following variant of the earlier Example [4.1]

Example 4.17. Consider the MDP N, shown in Fig. [£.5] The only non-deterministic
choice is the choice between actions o and [ in state a. Action « yields a uniform
distribution over the three successors.

In Example [4.1] we already hinted at the fact that counting the consecutive visits to
a-states is the key for the optimization of the long-run probability of a Ub. Consider the
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Figure 4.5: MDP N, with labels indicated by the state names.

schedulers ¥, for n > 1, that use a counter for the number of consecutive visits to the
a-state, starting with counter value 1 when entering that state via the transitions from
the other states. When in the a-state, ¥, schedules action « if the counter value is at
most n and S otherwise.

We compute LIP’?\}; (a Ub) via the quotient representation for Markov chains shown in
Section using that the Markov chain C,, induced by ¥, is strongly connected and
consists of the states by, cy, b, co and the states (a,1),(a,2),...,(a,n+1), where (a,1)
means state a with counter value i. We pick (a, 1) as reference state.

Let us first compute the denominator. The expected return time from (a, 1) to (a, 1)
can be written as the sum of the expected number of occurrences eno(s) of the states s
in C, along the return paths from and to (a,1). These values are: eno(a,i) = g for
i=1,....,n+1, eno(b) = ef(c1) = (1 - %) -1, eno(by) = 5+, and eno(cz) = 4. Note
that each of the states (a,i), by, ¢; and by occurs exactly once on each return path from
(a,1) to (a,1). Thus, for these states s, the expected number of occurrences equals the
probability of reaching s from the reference state (a, 1). For state ¢o, we take into account

that the self-loop is taken an expected k£ — 1-times. We conclude:

Ee, (a,1)(“steps until (a,1)”)

n+1
_ 1 1 1 1 k
= Zar + (I-3)e2+ 5 5

= 1-(10 + (4k - 2)-55)

We now compute the expected accumulated ‘weight’ along the return paths from and
to (a,1) under scheduler ¥,. This value can be computed as the sum of the expected
number of occurrences of every state s multiplied with its probability for a Ub in C,.
That is:

Ee, (1) (" ‘weight” until (a, 1)”)

= Z eno(s) - Pre, s(aUb)
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where s ranges over all states in the Markov chain C, induced by ¥,,. The probability
values are as follows: Pre, (4. (aUb) = %(1 + ﬁ) fori=1,...,n+1, Prc, 5 (aUb) =
Pre, 5,(aUb) =1, and Pr¢, ., (a Ub) = Pr¢, .,(aUb) = 0. So, we get:

Ecn,(a,l)(“weight until (a,1)”)

S E (k) ¢ (- )
= i-(f} + (2n—|—3)-3%>, and

5+ (2n+3)-5-

LP3¢ (aUb) = :
10 + (4k — 2)-55

To determine which scheduler is optimal among the schedulers ¥, with n € N, we
determine the least natural number n such that LPy¢ (a Ub) > LP%&H(GU b). Treating
the computed expression for L]P’f};(a Ub) as a real function in n, one can check that the
derivative has only one root and that hence the obtained value n indeed yields the optimal
scheduler among these schedulers. For k > 2, we obtain that the optimum is reached for
n=*k—1.

We will see later that the maximal long-run probability of N, is indeed achieved by
%, for this n. Note that N has 5 states and its size is in O(log k). So, on the one hand,
the memory requirements of optimal schedulers can grow exponentially with the size of
the MDP. On the other hand, the same applies to the logarithmic length of the optimal
values. To see this, we observe that in

5.3 42k +1
10-3k=1 + 4k — 2

LE}  (aUb) =

the greatest common divisor of enumerator and denominator is at most 4 (note that
2(5-3"1 4+ (2k + 1)) — (10 - 3571 4 (4k — 2)) = 4). Therefore, the binary representation
of the optimal value requires exponentially many bits in the size of N. N

There is a very simple DFA D that accepts words satisfying a U b: It has three states
q, accept, and reject. Initially, and from ¢, the automaton moves to accept when reading a
b, to reject when reading anything but an a or b, and it loops back to ¢ when reading an a
(and not simultaneously a b). Given an MDP M = (S, Act, P, s,,,, AP, L), the MDP Mp
constructed as in the previous section becomes very simple for this automaton D: The
state space of Mp is S x N. Also the behavior of the counter in the second component is
easily described: Whenever entering a state labeled with a (and not with b), the counter
value is increased by 1. For all other states, the counter is set back to 0. When entering
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a state labeled with b, the current counter value plus 1 is received as weight. So, the
counter simply keeps track of the number of consecutive visits to a-states.

The key result required now to be able to compute the maximal long-run probability
of aUb in M is the existence of a saturation point allowing us to restrict ourselves to
a finite state space by only keeping track of the counter in Mp up to the saturation
point. This saturation point result is similar to the saturation point result for partial
expectation that we have seen in Section [3.5]

We will restrict our attention to the case that M is strongly connected. For general
MDPs, we can maximize the long-run probability of a Ub by maximizing the value in
all maximal end components and afterwards computing the optimal value as a weighted
reachability problem. In the light of Theorem [4.16] we can work with the MDP Mp and
show how to maximize the mean payoff in this MDP. We label states (s,n) in Mp by
the label of state s in M.

Before we prove the existence of a saturation point, we fix useful notations. Given
a state s of M, let p™* = Pri¥(aUb), and analogously p™™ = Priyy",(a Ub). Further,
define

A= {sGS|pmaX>Oandp;ni“<1},

S

B={ses|pmn=1}, C=8\(AUB).

Then, Pr%ys(a Ub) = Pr§,(AU B) for every s and &. Hence, we may safely assume that
the labeling function fulfills @ € L(s) iff s € A and b € L(s) iff s € B. For a € Act(s),
let pso = Yies P(s, a,t) - pP** and we write Act™(s) for the set of mazimizing actions,
. For T'C S, a T-EC denotes an end component

max

i.e. actions o € Act(s) with ps o = p&
consisting of T-states.

In Lemma [£.12] we have seen that the maximal mean payoff in Mp can be approx-
imated by finite-memory schedulers for M. The existence of a saturation point will be
formulated as a refinement of this statement. For a given bound K, define the class
FM(K) of finite-memory schedulers § for Mp such that

1. for each finite F-path o with last(o) = (s,n) for some s € S and n > K, the

probability Prﬁi last(g)(@U D) = p

max
S

2. the Markov chain induced by § has a single BSCC,
3. the scheduler § is a finite-memory scheduler when viewed as a scheduler for M.

By definition, any § € FM(K) only schedules maximizing actions in Act™*(+) for paths
ending with (s,n) for some s and n > K by (1); moreover, all states in Myp have the
same long-run probability under §, written LP},_(aUb) by (2). We are now ready to
prove the existence of a saturation point:
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Lemma 4.18 (Saturation point). There exists a natural number K computable in poly-
nomial time that satisfies

ENeX(MP) = sup EJ, (MP).
FEFM(K)

Proof. Recall that we relabeled states in M such that all states from which a Ub holds
almost surely are labeled with b and all states from which a Ub holds with positive
probability less than 1 are labeled with a. We denote by A and B the sets of states
labeled with a and b, respectively, and C' = S\ (AU B). Let us explain how we choose
and how we can compute K. Let

K = max{|A|+ 1, [(Ty + T»)/d] } (*)
where T7, T, and 0 are defined in the sequel. For each s € S, let
ds = min{ PI —psa ¢ a € Act(s) \ Act™(s) }

with the convention that min @ = oco. The value ¢ is then set as 6 = mingc4 J, if there
exists at least one A-state s with d, < oo and § = 1 otherwise. Obviously, d is computable
in polynomial time in the size of M. Intuitively, each s is the minimum probability loss
when the first action of an optimal scheduler for a U b is replaced by a non-optimal action.

Next, let Q be a scheduler that maximizes the probability of a Ub from all A-states
while minimizing the expected number of steps before BUC' is reached. Such a scheduler
can be found by minimizing the expected number of steps before B U C' in the MDP
obtained from M by only allowing actions in Act™*(-). This optimization problem is
then a classical stochastic shortest path problem. The scheduler £ obtaining the optimum
can hence be chosen to be memoryless. We define

Ty = max ERy..(“steps until BUC”).

In order to define T5, we consider a version of Mp in which the counter only counts
up to |A|+ 1. As soon as the counter value exceeds |A| 4 1, we replace the counter value
by the symbol T until it is reset to 0. If the counter value is |A| + 1 or T only actions
in Act™(-) are enabled. Let us denote this MDP by M41. In other words, M|441
is obtained from Mp by collapsing all states of the form (s, k) with k£ > |A| + 1 to one
state (s, T) and afterwards disabling all actions not in Act™(s) in the states (s, |A| + 1)
and (s, T). (For more details, see the definition of K = M after this proof.)

As a simple path from any state s to a state t in M contains at most |A|-many A-
states, it is possible to reach a state of the form (s, -) for any s from any state in Ma41.
For each s, let ks < |A| be the least counter value such that (s, ks) is reachable from any
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state, i.e., in particular from B U C-states. We can define the following values

min

max E%
teS,ke{0,1,...,|A[, T} lAl+1>

(1.1 (“steps until a state of the form (s, k;)”).

as the minimal expected number of steps from the worst possible starting state in M4
to (s,ks). The values e; and a corresponding MD-scheduler R4, for M|a41 that min-
imizes the expected number of steps to a state (s,-) from every state are computable in
polynomial-time via the classical stochastic shortest path problem. Note that the size of
M 441 is at most quadratic in the size of M. We define T; = Igleag( es to complete the
definition of K.

By Lemma [4.12] it is now sufficient to show that for each finite-memory scheduler ¥
for M that is viewed as a scheduler for Mp there is an FM (K )-scheduler such that

ES,, (MP) > E}, (MP).

So, let T be a finite-memory scheduler for M with memory modes in the finite set X.
Let C* denote the Markov chain induced by T. We can think of the states in C* as pairs
(s, ) consisting of a state s in M and a mode z € X. The labels of the states of C*
depend on their first component. We may assume w.l.o.g. that C* has a single BSCC,
say B*. This yields that no matter in which state of Mp and in which memory mode of
T, we start, we obtain the same mean-payoff which we denote by E%D(MP).

If BY consists of A-states then E;{/[D (MP) = 0 as in Mp weights are only received when
entering a B-state. The claim is then trivial as we can deal with any FM(K)-scheduler.
If B* consists of A- and B-states only with at least one B-state, then EY, (MP) = 1
the counter in Mp under T will only be reset to 0 when the counter value is received
as weight. In this case, any memoryless scheduler realizing this BSCC will achieve this
expected mean payoff and is in FM(K) as it also maximizes the probability of a Ub in
this BSCC.

Suppose now that B* contains at least one state in C'. We now explain how to modify
T’s decision for generating a scheduler in FM(K') with the desired property. When using
T as a scheduler for Mp, runs are equipped with the component containing the counter.
So, we can extend states (s, ) of B* by a third component to obtain (s, z, k). The third
component does not influence the decision of the scheduler, but simply keeps track of
consecutive visits to A-states and determines the weight that is received when entering a
B-state. Our procedure works by induction on the number ¢* of state-action pairs with
a state s = (s,2) in B* and an action 3 ¢ Act™(s) such that T(s,x)(8) > 0 and such
that a configuration (s,z, k) in Mp with k¥ > K is reachable under ¥.

If /* = 0 then we can deal with & = ¥. Suppose now that ¢* > 1. We now show how
to transform ¥ into a new scheduler & that is a finite-memory scheduler for M with a
single BSCC such that E}, (MP) > E5,, (MP) and (° < (*.
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First, fix a state (¢t,y) in B® with t € C. As t is in C, the counter will be reset to 0
whenever the state (¢,y) is reached. So, we can express the expected mean payoff in Mp
under T as a fraction of the expected return time from (¢,y) to (¢,y) and the expected
weight accumulated before returning. Note that the expected weight accumulated before
returning is bounded by the expected number of steps as the counter value and hence the
weight that can be received increases by at most 1 per step. So, the expected accumulated
weight is bounded although the weight that can be received in one step is not bounded.

The scheduler & is constructed from ¥ by first adding additional finite memory always
keep track of the consecutive visits to A-states up to K-many states. The scheduler &
will operate in three different phases. In the first phase, it operates just like . If it
reaches (s,z, k) for some k > K — which it can detect due to the additional memory —
and ¥ would choose f3, it switches to the second mode instead. In the second phase, it
maximizes the probability of a Ub in a memoryless fashion by following the decisions of
9 until B U C' is reached. There, it switches to the third phase. It randomly chooses a
target state (r,z) in B* with probability P((s,z),,(r,2)). This choice is implemented
by a randomized update of the memory mode. So, all possible successors (r, z) that T
would have reached when it would have chosen ( at the switch to the second phase of &
can randomly be chosen with precisely the probability that ¥ would have entered that
successor state. In the third phase, & now follows the scheduler 94, until it reaches
the chosen target state r» with the least possible counter value k, that is reachable from
B- or C-states. Then, it switches back to the first phase and continues to behave like T
from state (r, z) on.

Let us briefly summarize the behavior of &: If T chooses § in a state (s, z) directly
after more than K consecutive A-states, G instead first maximizes the probability of a U b
before returning to a possible /3 successor (7, z) of (s,x) and continuing to behave like ¥.

We make a few observations: First, & does not choose 3 in state (s,z) anymore if
K or more consecutive A-states have been visited before. Further, it does not create
new state-action pairs that are considered for the number ¢°. The reason is that Ra,r is
constructed such that it maximizes the probability of a Ub whenever |A| or more A-states
have been visited consecutively. As K is chosen to be at least |A|, the second and third
phase of the scheduler do not induce any such state-action pairs. Further, & switches
back to the first phase with the least possible counter value for some state (r,z). So,
also when continuing in the first phase after returning from the third phase, it does not

induce any such “bad” state-action pair that was not present for €. So, indeed we have
05 < [+

Let us now estimate the expected mean payoff under &. First, let ens® be the expected
number of steps that ¥ needs to return from (¢,y) to (¢,y). Let eaw® be the expected
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accumulated weight under ¥ before returning to (¢,y) when starting in (¢,y). So,

eaw®

E%D (MP) =

ens®’

To compare this value to the expected mean payoff under &, let eps® be the expected
number of times the scheduler & switches from the first to the second phase before
returning to (¢,y) in the first phase when starting in (¢,y). The expected return time
under & increases by at most 77 + T, per switch to the second and third phase. The
expected accumulated weight is affected as follows: All increases in the counter value are
received as weight or reset to 0 exactly as under ¥ as long as & does not switch to the
second phase. If it switches to the second phase, the counter value is at least K. The

max

18X under

probability that this counter value will be received as weight is then exactly p
S in its second phase. Under ¥, which would choose § in (s, z) whenever & switches to
the second phase, this probability is ps g < pi®* — 0. After & switches back to the first
phase in one of the [-successor states (r, z) of (s,x), all weights received due to further
increases in the counter value are the same as under ¥ until the next phase switch or the
return to (¢,y). Therefore the expected accumulated weight from (¢, y) before returning
to (t,y) in the first phase under & is increased by at least K - § - eps® compared to .
All in all, we obtain . o
S eaw* + K -0 - eps
Ex,, (MP) > ens + (Ty + 1) - eps®

As K is chosen such that K -§ > T} + T, while eaw?® / ens® < 1, we conclude that indeed
ES,, (MP) > ES,, (MP).

By induction, the claim of the lemma follows. O

Using this result and Theorem [4.16] we will now be able to compute the maximal
long-run frequency of constrained reachability probabilities. For this purpose, we define
an MDP K. The structure of this MDP is that of Mg using the notation introduced in
the previous proof. Recall that M is obtained from Myp by collapsing all states of the
form (s, k) with £ > K to a state (s, T) for each s and only enabling actions in Act™*(s)
in this state. More formally, the state space of Mg is S x {0,..., K, T}. The set of
actions is the same as in M. In a state (s, k), all actions in Act(s) are enabled if k < K.
If k= K or k=T, then only the actions in Act™*(s) are enabled. The new transition
probability function P’ is the following for all actions a:

« For any state (s, k) of M and any state t € BUC, we define P'((s, k), a, (£,0)) =
P(s,a,t).
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o For any state s € A and any k € {1,..., K}, we define P'((t,k — 1),a,(s,k)) =
P(t,a, s) for all states t € S.

o For any state s € A and any (t,k) € S x {K, T}, we define P'((¢,k),a,(s,T)) =
P(s,a,t) if a € Act™(t).

All remaining transitions have probability 0. The initial state is (s;,,,0) for some s,,, €
BUC. As the reachable states are strongly connected in C as M was strongly connected,
reference to the initial state is not important when we address the expected mean payoff.
To complete the definition of I, we adapt the transition-based weight function as follows:

o Transitions from states in A x {k} with & € {1,..., K — 1} leading to a B-state
have weight k£ + 1.

max
s .

 Transitions from a state (s, K') where s € A have weight K - p

max

» Transitions from states (s, T) where s € A have weight p"

The weight of all other transitions is 0. The MDP K is tailored to compute expected
mean payoffs of FM(K)-schedulers for Mp as shown in the following lemma.

Lemma 4.19. With all notation as above, we have
ER (MP) = ER™(MP).

Proof. The MDP K is constructed such that all FM (K )-schedulers can be used as sched-
ulers for K. As soon as K consecutive A-states have been visited, only actions in Act™(-)
are enabled in IC. But FM(K)-schedulers also only use such actions once K consecutive
A-states have been visited. Given an FM(K)-scheduler § for Mp that we also use as a
scheduler for KC, observe that if the counter value reaches K in state s, this counter value
will be received as weight with probability p*®* in Myp. This is precisely the weight that
IC assigns to all outgoing transitions from (s, K). For each further step to an A-state t,
the increased counter value will be received as weight with probability pj"**. Also this
expected weight is accounted for in the weight function of I in the outgoing transitions
from states (¢, T). All other weights when entering a B-state with counter value below

K are the same in Mp and K. Hence,
EY,, (MP) = E}(MP).
So by Lemma [4.18, we conclude that

ER3 (MP) < Eg™ (MP).
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For the other direction, let ¥ be a scheduler maximizing the expected mean payoff in
K. We can assume that ¥ is memoryless and induces only one BSCC. There are two
cases to consider: Either this BSCC consists only of states in A x {T}, or not. In the
latter case, a T-path will leave the set of A-states infinitely often almost surely. As in
IC only actions in Act™(cot) are available after K or more consecutive A-states, this
implies that ¥ maximizes the probability of a Ub after K such states. Hence, T can
be seen as a FM(K)-scheduler for Mp. It follows by the considerations above that
Erex (MP) > Ex(MP). If, however, the only BSCC of ¥ consists only of A x {T }-states,
the scheduler does not maximize the probability for a Ub after K consecutive A-states
although it only takes actions in Act™*(-). In fact, the probability for a Ub is 0 in this
BSCC. On the other hand, the mean payoff of T in K is p** for some (s, T) in the BSCC
(note that all states in the BSCC have the same maximal probability for a Ub). We can
construct an infinite-memory scheduler & for Mp that achieves this mean payoff: The
scheduler acts in rounds. In the ith round, it moves to the states of the BSCC of ¥ and
stays inside these A-states for 2-many steps. Afterwards, it maximizes the probability of
a Ub in a memoryless fashion until leaving the set of A-states. Then, it enters the next
round and moves back to the BSCC of T. The expected time between the 2° steps in the
BSCC of T and the 2! steps in the next round is bounded. So, the frequency of steps
in the BSCC of T is 1 due to the increasing number of steps taken there in each round.
The increases in the counter values in these steps are received as weight with probability

P by the construction of &. Hence, the expected mean payoft of & in Mp is pI*** and
we conclude that EXZ* (MP) > Eg(MP) also in this case. Therefore, we obtain
EXe (MP) > Eg™(MP). ]

Putting together the results shown in Theorem and the previous Lemma [£.19]
we obtain the main result of this section:

Theorem 4.20. Given an MDP M = (S, Act, P, s
mal long-run probability LP{*(a U b) in time exponential in the size of M.

AP. L), we can compute the mazi-

inity

Proof. For each MEC & of M, we can construct an MDP K¢ as described above and
compute the maximal expected mean payoff in this MDP K¢. As the saturation point K
can be computed in polynomial time, its numerical value is at most exponential in the
size of £. Hence, these maximal expected mean payoffs can be computed in exponential
time. The maximal long-run frequency in M can then be computed by solving a weighted
reachability problem in which all end components £ are equipped with the possibility to
collect the maximal expected mean payoff in K¢ as terminal weight. [

For the structure of optimal schedulers, we obtain the following consequence.



4. LONG-RUN SATISFACTION OF PATH PROPERTIES 105

Corollary 4.21. Let M = (S, Act, P, S, AP, L) be a strongly connected MDP without
end components consisting only of a-states. Then, there is a deterministic finite-memory
scheduler maximizing the long-run probability of a Ub that uses a counter of consecutive
a-states up to the saturation point K as memory.

Proof. Let K be the MDP constructed from M as above. As there are no end components
labeled with a, the memoryless deterministic scheduler & that maximizes the expected
mean payoff in I leaves the set A infinitely often almost surely. So, the expected mean
payoff of this scheduler coincides with the long-run probability of a Ub. This scheduler
can be seen as a deterministic finite-memory scheduler for M with a counter up to the
saturation point A as memory. O

In fact, the statement of the corollary could be refined: If a-end components ex-
ist, infinite-memory schedulers are only necessary to maximize the long-run probability
of aUb, if all memoryless schedulers that maximize the expected mean payoff in the
constructed MDP C induce an a-BSCC. For our purposes in the sequel, however, the
non-existence of a-end components is a sufficient criterion and much easier to check.

So far, we have restricted our attention to maximal long-run probabilities. For con-
strained reachability properties, also minimal long-run probabilities can be treated with
the same techniques as the following easy reduction shows:

Corollary 4.22. Given an MDP M = (S, Act, P, $,,,, AP, L), we can also compute the

minimal long-run frequency LP3"(a Ub) in time exponential in the size of M.
Proof. We can again restrict ourselves to strongly connected MDPs. After defining

A = {s€S|Pr(aUb) > 0 and Pri(aUb) < 1},
B = {seS|Pri(aUb) =1}, C=S\(AUB).

as before, we observe that LPY"(aUb) = 1 — LPE*(AUC) if M does not contain
an end component of A-states because we then have Pr%,s(an) =1- Prilvs(AUC)

for each scheduler & and each state s. If there is such an A-end component, then
LPY"(aUb) = 0. O

In Example [£.17, we have already seen that even the binary representation of the
optimal value can require exponentially many bits. Hence, this representation of the
optimal value is certainly not computable in polynomial time. In the sequel, we will
show that also for the threshold problem, we cannot expect a polynomial-time algorithm
by establishing an NP-lower bound. In the proof, we will also encounter a problem with
the length of the binary encoding of the threshold value we want to construct. By using
Taylor’s theorem to approximate the values of a real-valued function in the neighborhood
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of the intended threshold value, we will be able to choose a sufficiently good approximation
of this value with a polynomial binary representation.

Theorem 4.23. Let M = (5, Act, P, $,,.,, AP, L) be an MDP and let ¥ € Q be given.
The threshold problem “is LPy{*(a Ub) > 92" is NP-hard.

Proof. We prove the statement by a polynomial reduction from the intersection problem
for unary DFA, i.e., DFA over a one-letter alphabet. This problem is known to be NP-
complete [BKM16].

So, we are given a finite number of unary DFA, say Dy,..., D, over the alphabet
Y. = {0}. where D; = (Q:, %, 0i, qo.4, F;). We simply write d;(¢q) rather than d;(g,0). We
may suppose the transition functions J; are total and that Q; N Q; = @ if i # j. W.Lo.g.
we further assume that |@Q;| > 2 for all i < k.

We are going to construct an MDP M over AP = {a,b} and a rational value ¥
such that LPU{*(a Ub) > o if and only if £(Dy) N...N L(Dy) is nonempty. The latter
is equivalent to the statement that there exists some n € N with n < ¢ and 0" €
L(Dy)N...NL(Dg) where £ = |Qq] - ... |Qk|]- Let A= (Q,%,9,Qo, F) denote the NFA
resulting from the union of Dy, ..., Dy. Thatis, Q = Q1 U...UQk, Qo ={q01,---, %k},
F=FU...UF;and §(q) = 9;(q) if ¢ € Q;. That is, besides the nondeterministic choice
of the initial state, A behaves deterministically.

The automaton A will be incorporated into the MDP M we are going to construct
now. The MDP M is also depicted in Figure [4.6] The state space of M is

S = QU {a, b, c, szt}

where the states in Q U {a} are labeled by a and b is labeled by b. The action set is
Act = {«, B, enter, pump, 7}. We define r = £ + 3/2. The transition probabilities are as
follows:

e In s € {s,.,a}, actions enter and pump are enabled with the transition probabili-

ties:
P(s, enter,qp;) = %, 1=1,...,k,
P(s, enter, s;,,) = +,
P(s,pump,a) = ==, P(s, pump, $,.) = ;

T

« In each state ¢ € ), action « is enabled with:
P(Q7a75(Q)> = %7 P(Q7a7sinit> = %

For the final states ¢ € F', additionally action 3 is enabled with P(q, 3,b) = 1.
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Figure 4.6: The MDP M for the proof of Theorem [4.23| Each state-action pair leads
to the initial state s,,, with probability 1/r as indicated by the dashed transitions. The
remaining probability mass of (r — 1)/r is uniformly distributed over the remaining suc-
Cessors.

o In s’ € {b,c}, action 7 is enabled with:

P(S/,T, C) = ﬂ’ P(S,,T, Sinit) -

r

The idea now is to find a threshold ¥ such that the scheduler maximizing the long-
run probability can exceed the threshold if and only if the intersection £(D;) N...N
L(Dy,) is non-empty. Note that the expected return time from s, to s, is r under any
scheduler because the probability to reach s, is 1/r in each step. By Corollary , we
further know that there is a deterministic finite-memory scheduler maximizing the long-
run probability of a Ub in M. For finite-memory schedulers, we can express the long-run
probability as fraction of the expected return time and the weight accumulated according
to the weight function wgt of an MDP N constructed in the previous section as shown
in Lemma [.15] Recall that for the constrained reachability property a Ub this weight
function assigns weight k 4 1 to transitions entering a state labeled b after k consecutive
states labeled a and no weights to other transitions. To maximize the long-run probability
hence means to maximize the expected weight before returning to s,,..

As we can restrict ourselves to deterministic schedulers, we can further simplify the
analysis: A deterministic scheduler & will choose the action pump for some number n > 0
of steps before choosing enter. After randomly entering the initial state gy, among the
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initial states of A, it chooses a for some number m; > 0 of steps and afterwards . This
is possible if and only if 0" € L(D;). Clearly, never choosing 3 is suboptimal and so we
assume w.l.o.g. that & chooses 3 at some point.

Define p = *=1. Using the expected accumulated weight before returning to s,,,, under
S, we can express the long-run probability by

+11/k,pmz+l(n+mz+2)
r

Ly m 4 2)
B k-r

=0

k pn
LPS (aUb) =S
=0

The probability that the n times the scheduler tries to choose pump and the choice of
enter do not lead back to s,.; is p"*!. If this does not happen, the probability to enter
qo.; is 1/k. Choosing m; times « and 3 afterwards then leads to b with probability p™i*1.
If b is reached, the state a has been visited n times and m; + 1 states of A that are all
labeled with a have been visited. So, the weight received in this case is n +m; + 2. As

discussed before, the expected return time is r.

Let us denote n + m; + 2 by ;. The long-run probability of & is determined by
the expressions pVi - N;. Consider the real-valued function f(z) = p® -z for x > 0. Its

82(;) =" (x-log(p) +1).

derivative is

As log(p) is negative, the derivative has one zero and as the sign of the derivative switches
from + to —, the function f(z) is strictly increasing until the maximum is reached and
the function strictly decreases afterwards. To find the maximum among natural numbers,
it is hence sufficient to consider the differences f(N) — f(N — 1) for natural numbers N.
Using p = (r — 1)/r, we have

FIN) = f(N=1)=p""(p- N = (N = 1)) = p" " (1= N/r). (%)

Clearly, this value is positive for N < r and negative for N > r. As r = ¢ + 3/2, the
maximum of f(/V) is obtained for N = ¢ 4 1. We define

pE  min  f(l4+1)— f(n) =min{f((+1)— f(0),fl+1)— f({+2)}.

neN,n#l+1

It is now not hard to check that

Zk: J(Ni) o fE+ 1) — n/(2K)

LPS,(aUb)
e - r

=0

if and only if N; = ¢+ 1 for all i: If one of the values f(N;) < f(¢+ 1), it is at most
f(£ 4 1) — p. In this case, the sum Y% | f(V;) is at most k- f(£ 4+ 1) —
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If N; = ¢+ 1 for all i, then all m; are equal to some m < ¢ — 1 and hence 0™ €
L(Dy)N...NL(Dy). If there is no choice of n and m; for all i such that N; = £+ 1 for all
i, then there is no m < ¢ with 0™ € L(D;) N ... N L(Dy). As stated above, this implies
that £(Dy) N...N L(Dy) is empty. If we define

fE+1) — p/(2K)

/
V= " :

we hence have that LP\{*(a Ub) > 9" if and only if £(D;) N ... N L(Dy) is non-empty.
Unfortunately, we cannot compute the threshold ' in polynomial time and its binary
representation might be of exponential length. Nevertheless, any threshold 9 with ¢/ <
¥ < f(€+1)/r still works. The goal now is hence to find such a threshold 9 that can be
computed in polynomial time.

The following inequality is well-known:

1\¢ 1 r—3/2 3
/
P ( r) - r T 2r

Analogously, p* > 2717" To get an estimate for u, we obtain using (x) that

—1/2 3
fesn -0 =0 =" > 2
and /9 .
fer2) - e =T <

Taking the sign into account, we obtain that p > ﬁ. In addition, £ < r as we assume

that all D; have at least two states. So, it would be sufficient, if we find an approximation

1

w53 1f this approximation is 7, we can choose

of f(£+ 1) up to an absolute error of

g 1/16r3

r
to ensure that ¢ <9 < f(€+1)/r. As r occurs in the denominator, we can approximate
f(£+1)/r up to an absolute error of 1/16r*. Plugging in ¢ = r — 3/2 and substituting

z = 1/r, we need an approximation of

1/z—1
1/z

1/2-1/2
9(2) = 2 f (12— 1/2) = = ( ) (12— 1/2)

up to an absolute error of 2%/16 at z = 1/r.

We will use Taylor’s theorem to obtain this approximation. We consider g(z) as a
real-valued function for z € [—1/2,1/2] \ {0} and define g(0) = % where e is Euler’s
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number. Using standard methods from calculus, we see that the function f is at least
three times continuously differentiable on [—1/2,1/2]. Calculating the derivatives, we
obtain the following Taylor approximation around z = 0:

1 =z 22 3
9(2)—2—2*6—1726+O(2)

for z — 0. So there are reals ¢g, 29 > 0 such that

approximates g(z) up to an absolute error of 22/32. As (1 —z/2 — 2?/12) < 1, for z > 0,
it is now sufficient to approximate 1/e up to an absolute error of z2/32 to obtain an
approximation of g(z) up to an absolute error of 22/16. This is doable in polynomial
time.

To conclude, let L = max{1/zy,32¢o}. For r > L, the above procedure works as
z = 1/r then satisfies |z| < zy and |z| < 1/32¢. So, we can compute a threshold 9 in
polynomial time for such r which completes the reduction of the intersection problem for
unary DFA to the threshold problem for maximal long-run probabilities in MDPs. As L
is defined in terms of the function g, i.e. independent of all variables, and as there are
only finitely many instances with r = ¢ + 3/2 < L, this finishes the proof. O]

While we have shown the general quantitative threshold problem for the long-run
probability of a Ub to be NP-hard, the qualitative variants are efficiently solvable:

Remark 4.24 (Qualitative threshold problems). In a strongly connected MDP M, de-
ciding whether LIPY{% (a U b) is 1 and deciding whether it is positive are easy: The value is
positive iff there is a b-state. Further, LP(i*(a Ub) = 1 if and only if one of the following
two conditions is met:

o There is an end-component consisting only of states labeled with a or b that contains
at least one b state, or

e there is an a-end component such that we have Priyy% (a Ub) = 1 for all (any) states
s of the end component.

As we have seen, infinite-memory schedulers are necessary for the maximization of the
long-run probability if only the second condition is satisfied.
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For the minimal value IL ﬂ?s(an), the situation is similarly simple: The value is
less than 1 iff there either is a state not labeled with a or b, or there is an end component
containing no b-state. The value is 0 iff there is an end component containing no b-

state. <

4.3 LONG-RUN EXPECTATIONS

In this section, we are looking at a notion of long-run expectation that is defined anal-
ogously to long-run probabilities. It captures the long-run average of the weight that is
expected to be accumulated before the next visit to a goal state. The goal of this notion
is the possibility to provide guarantees on the quantitative aspects of a system modeled
by weights in long-run equilibrium. The following example demonstrates that the notion
might be useful to provide guarantees on the system behavior that capture the intended
behavior more precisely than, for example, expected return times from a goal state to a
goal state.

Example 4.25. Consider the MDP M depicted in Figure 4.7 Suppose the quantity
we are interested in is the expected time, i.e., number of steps, until reaching goal. So,
we assign weight +1 to all state-action pairs. Suppose further that the MDP models a
system component that is working on some task and sometimes receives updated infor-
mation from other components. The modeled component, however, only checks whether
it received updated information when it is in state goal. We are now interested in the
expected time that passes between the update by another component at an arbitrary mo-
ment after the system has been running for a long time and the moment the component
checks for the update.

There are two memoryless schedulers &, and G4 always choosing a and 3, respec-
tively. First, note that under &g it takes 5 steps to return from goal to goal. Under &,
the number of steps for this return is 3 with probability 2/3 and it is 7 with probability
1/3. This yields an expected return time of 13/3 < 5.

Nevertheless, we are not interested in the time that passes between two checks for an
update but the time that passes until the next check from a random moment in time.
Somewhat counter-intuitively, this expected time is lower under G4 than under &,: Let
us first consider scheduler G5. At a random moment of time, the process is in any of the
states s, b3, be, by, and goal with the same probability. The expected times until the next
visit to goal are 4, 3, 2, 1, and 0, respectively. The average expected time is hence

4+3+2+1
e

2.

We call this value the long-run expectation (of the accumulated weight before reaching
a goal state). For scheduler &,, the situation is slightly more complicated. States s, t,
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Figure 4.7: Illustration of long-run expectations.

and goal are visited on each path from goal to goal while ay, ..., a; are only visited with
probability 1/3 on such a path. So, the fraction of time in which the process is in states
s, t, and goal is 3/13 for each of these states. For states ag,...,a;, this fraction is only
1/13 each. The expected time until reaching goal on the other hand, is 10/3 from state
s, 7/3 from state ¢, and i from state a; for all 7. For the long-run expectation, we hence
obtain the value

3 1 27

1—3( 0/3+7/3+0)+1—3-(4+3+2+1) =13 > 2.

In conclusion, that means that although the process checks for updates less frequently
under Sz (once every 5 steps) than under &, (once every 13/3 steps in average), the
expected time until information updated at a random moment in the long-run is recog-
nized by the modeled component is less under Sz (2 time steps) than under &, (27/13
time steps). q

Let M = (S, Act, P, 8,4, wgt, Goal) be a weighted MDP with integer weights and a
designated set of states Goal. As we are interested in the long-run behavior of the system
now, we do not want the states in Goal to be absorbing. Therefore, we slightly change
the definition of the random variable $Goal expressing the accumulated weight before
reaching Goal that we also used for stochastic shortest path problems. On infinite paths
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¢, we define $Goal(¢) = wgt(r) where 7 is the shortest prefix of ¢ with last(w) € Goal.
If ¢ # O Goal, then $Goal({) is undefined.
The long-run expectation under scheduler & along ( is now defined as

1 & .
Ire®(¢) = lim inf S E (@ Goal).
=0

n—oo n 4+ 1 P
The long-run expectation of a scheduler & is
LRES, = Ef,,,  (Ire®).

Note that the long-run expectation of a scheduler & is defined if the probability to reach
Goal infinitely often Pr/6\/l,sz-m;t(D<> Goal) is 1. The optimal long-run expectation is

LREW™ = sup LREJGM
&

where the supremum ranges over all schedulers & with Prje\/lﬁmit(DO Goal) = 1. The goal
of this section is to compute the maximal long-run expectation.

As for expected mean payoffs and long-run probabilities, the challenging part when
maximizing the long-run expectation lies in the maximization inside the MECs. If we
know the optimal values in each MEC, computing the optimal value of the whole MDP
can easily be done by solving weighted reachability problem in polynomial time. Hence,
we consider only strongly connected MDPs in the sequel. Furthermore, we assume that
the maximal expectation of ©Goal is finite from each state. This is equivalent to the non-
existence of positively weight-divergent end components without a Goal-state. In the
presence of 0-end components and of end-components with negative maximal expected
mean-payoff that do not contain a Goal-state, there are schedulers that do not reach Goal
infinitely often almost surely. The treatment of MDPs with such end components will
not be discussed here and is left as future work.

Here, we simplify the analysis by assuming that all end-components contain a Goal-
state. In such an MDP M, all schedulers & satisfy Pr%78init(D<> Goal) = 1. Further,
there is a simple bound U computable in polynomial time such that [E}, ,($Goal)| < U
for all schedulers & and all states s: If |S| is the number of states and ¢ the minimal
transition probability, Goal is reached within |S| steps with probability at least ¢'3! under
each scheduler. Hence, the expected number of steps until Goal is at most |S|/(¢!!). If
W is the maximal absolute value of weights occurring in M, then U = W - |S|/(¢'%))
serves as such a bound.

Before we show how to maximize long-run expectations, we begin with a hardness-
proof showing that we cannot expect a polynomial-time algorithm for the computation
of optimal long-run expectations:
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Proposition 4.26. Given an MDP M and a rational ¥, deciding whether
LREW™ > 9

is NP-hard.

Proof. There is an easy reduction from the threshold problem for long-run probabilities
of constrained reachability properties which we have just shown to be NP-hard. Given
an MDP M with labels a, b, and ¢ we construct an MDP N as follows. All states labeled
b or ¢ are now Goal-states. Furthermore, all in-going edges to b-states get weight +1. All
other weights are 0. Now, the maximal long-run probability of a U b in M is equal to the
maximal long-run expectation in N. O

Employing Fatou’s lemma as we have seen before, we can prove that the maximal
long-run expectation can be approximated by finite-memory schedulers.

Lemma 4.27. Let M = (S, Act, P, 8,4, wgt, Goal) be a strongly connected MDP with a
designated set of states Goal that intersects all end components. Then,

LRE™ = sup LRES,
s

where § ranges over all finite-memory schedulers for M.

Proof. Let ¢ > 0. By definition of LRE}S*, there is a scheduler & with LRE% >
LRE}{* — ¢/3. By Fatou’s Lemma, we get that

LRES, = ES (liminf o0 5 X0 BNy (9 Goal) )

< liminf, o B (525 i BN (@ Goal))

So, there is a natural number N such that, for all n > N,

1 = &1¢[0...¢ max
ES, (n +1 ;EAIE[[i] ](<}>G0al)> > LRE}, — ¢/3 > LRE™ — 2¢/3.

The idea now is to obtain a finite memory scheduler § form & by following & for a
large number of steps k. In order to ensure that the accumulated expectation in the first
k steps under § is no less than the accumulated expectation under &, the scheduler §
switches to a new mode after k steps in which it maximizes the expectation of ©Goal in a
memoryless fashion. Once Goal is reached, § returns to the initial state and starts from
the beginning again.

More formally, let ${ be a memoryless scheduler maximizing ]E’/{,lvs(@Goal) from all
states s while minimizing the worst-case expected number of steps until Goal, Ty =
max; E% ,(steps until Goal) among all such schedulers.
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Further, let R be a scheduler which minimizes the expected number of steps to s,
from each state ¢ while maximizing the expected value of $Goal whenever |S| consecu-
tive states not in Goal have been visited where S is the set of states of N'. Let Ty be
maxcs E?:‘,M(steps until s,,,). This value and the scheduler R are computable in polyno-
mial time: We can encode the number of consecutive states not in Goal up to |S| into
the state space. If |S| or more consecutive such states have been visited, only actions in
Act™ are enabled. In the resulting MDP N of polynomial size, the schedulers QR simply
minimizes the expected number of steps until a state corresponding to s, is reached and
hence can be computed in polynomial time. As we remove actions only after |S| many
steps, we do not restrict copies of which states s are reachable from any state compared
to M. In N the scheduler SR can be chosen to be memoryless. Regarded as schedulers
for M, the scheduler R has |S|-many memory modes.

Now, let §; be the scheduler which follows & for k > N steps, then behaves like U
until Goal is reached and afterwards like PR until it starts again in the initial state. We
define T' = Ty + Tyx. The expected accumulated expectation eae’ under this scheduler
until it starts again is at least

S (224 BN (@Goal)) — T - U
> K(LRER™ — 2¢/3) — T - U

where U = W - |S]/(¢!) is the bound on the absolute value of the expected accu-
mulated weight before reaching Goal described above with |S| the number of states, ¢
the minimal transition probability, and W the maximal absolute value of the weights
occurring in M. The expected number of steps is at most £+ 71 and at least k. We claim
that for

k>or- 2,
€

LRE%‘ > LRE}™ — e. This follows by a straight-forward computation using that
LREW™ < U and that

LRER > i {MLREET22/0) T U MURESP_22)9) 7. 1)

k ’ k+T

k(LRERS* —2¢/3)—T-

If the minimum is -

U, then
k(LREX{*—2¢/3)-T-U
k

follows from the fact that k(LRE;*—2¢/3)—T-U > k-LRE}{* —¢ because k-¢/3 > T-U
by the choice of k.

LRES, >

> LRE* — ¢
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k(LREY2* —2¢/3)~T-U
k+T

If the minimum is , then

k(LRE®—2¢/3)—T - U
k+T

LRES;, > > LRE™ — ¢

follows from the fact that k(LRE}{*—2¢/3)-T -U > (k+T) - LREW™ — (k+T) - ¢
which holds because k -¢/3 > T - U + T - LRE}{* — T - € by the choice of k and
the fact that LRER{* < U. So, the scheduler § for k = max{N + 1,67 - Y} ob-
tains a long-run expectation at most ¢ worse than the optimum. This proves that
LRE} = sup; E, s (T€S). O

Note that we have made sure that the scheduler §}, in the proof maximizes the expected
value of ¢Goal whenever k consecutive states not in Goal have been visited as it is in the
phase where it behaves as 4 or SR whenever that happens. So, we can further restrict
the supremum to range over all finite-memory schedulers § for which there is a natural
number Nz such that § (more precisely, the appropriate residual scheduler) maximizes the
expected value of ¥Goal whenever N3 consecutive states not in Goal have been visited.
Note that the bound depends on the scheduler. In the sequel, we provide a saturation
point which is such a bound that only depends on the MDP.

Saturation point. The key insight for the computation of maximal long-run expecta-
tions is now that there is again a saturation point, in this case a bound on the number
of consecutive visits to states not in Goal after which an optimal scheduler can behave
memorylessly.

Lemma 4.28. Let M be a strongly connected MDP with a designated set of states Goal
that intersects all end components. There is a natural number K computable in polynomial
time such that for any € > 0 there is a finite-memory scheduler € that mazimizes the
expected value of $Goal whenever K consecutive steps not visiting Goal have been made
such that

LREM sy = LRERS,  — €

Proof. We recall that ENS" = |S|/¢!%! can be used as an upper bound for the expected
number of steps until the next visit to Goal from any starting state under any scheduler
where S is the set of states and ¢ the minimal transition probability. So, E* = W-ENS“,
where W is the maximal absolute value of weights occurring in M, is an upper bound for
the expected value of $Goal form any state under any scheduler. Finally, for all states s
and all schedulers £, the expected accumulated expectation

9 length(¢) 210
> Priy .(¢) > Ey, bol (@Goal)
¢ path from s to Goal =0

before reaching Goal is bounded by FEAE"" = ENS" . Ev.
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We show how to compute K. First, we define EF** = ERX($Goal) for s € S and
EP = wgt(s, a) +Yes Pr(s, o, t) B (P Goal) for s € S\ Goal and a € Act(s). Further,
Act™(s) denotes the set of all actions with ET** = E7%*. We now define

max max
s E S,

= min

s€S\ Goal,a Act™**(s)
If the minimum ranges over the empty set, any scheduler maximizes the expectation of
$Goal and the claim of the theorem holds trivially.

As above, let f be a memoryless scheduler maximizing E}, ,($Goal) from all states s
while minimizing the worst-case expected number of steps until Goal,

Ty = max E}\(,(steps until Goal),

among all such schedulers. Further, for each state s, let R, be a scheduler which minimizes
the expected number of steps to s from each state ¢t while maximizing the expected value
of ®Goal whenever |S| consecutive states not in Goal have been visited. Let Ty be
maxs teg ]Eg\%jjt(steps until s). In the previous proof, we have seen that these schedulers
can be computed in polynomial time and can be chosen to be finite-memory schedulers.

Finally, let T'= Ty + Tix. We claim that

T.E® + EAE" + Ew . ENS™ EAE" + 2Fw . T
K = max 5 : 5 S +1

satisfies the desired property.

To show this, let & be a finite memory scheduler that is e-optimal and for which there
is a natural number Ng such that & maximizes the expected value of ¢Goal whenever
Ng consecutive states not in Goal are visited. Such a scheduler exists by Lemma [4.27 and
the discussion after that lemma. W.l.o.g. we can assume that the Markov chain induced
by & has one BSCC B. The states of B are pairs (s,z) of states of M and memory
modes of G. We still write Goal to denote the set of states in B whose first component
is in Goal. Let 7 be a path of length at least K in B starting in (sg, zg) € Goal and not
visiting Goal again afterwards with last(m) = (s1,x1). Assume that & chooses an action
a & Act™(s1) in memory mode x; with positive probability. Let p be the probability
that & produces m and chooses o afterwards when starting in (so, o). Further, let p )
be the probability that the first state in Goal that is reached under & when starting in
(s1,21) while choosing « is (t,y).

We construct a scheduler § which does not choose non-maximizing actions after =
anymore: This scheduler § behaves like & and uses additional memory to keep track
whether the run follows the path w. Whenever the path 7 is completed and & would
choose a, the scheduler & switches to a new memory mode z;, with probability p( ) for
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all (t,y) in Goal. In this mode it behaves like 4l until Goal is reached. Then, it switches
to the behavior of SR, until ¢ is reached. Afterwards it starts to behave like & in memory
mode y. As soon as it reaches (sg, o) again it starts over again keeping track of whether
7 is completed. We claim that LRE?VLS0 > LREJSM,SO.

We express the long-run expectation of both finite memory schedulers as the fraction
of the expected accumulated value of expected accumulated weight before goal and the
return time to the initial configuration in state sy with memory mode zy for & and
memory configuration as initially in the description above for §. We write eae® for that
expected accumulated expectation which is

o length(¢) Sc0..]
Z PrB,(so,xo) Z EM7<[Z,}'" (@GOCLZ)
¢ path from (s0,z0) to (so,z0) i=0

and similarly for §. For the expected number of steps to return we write ens®. So, we

can write

6(166

LRES, = =

The schedulers § and & only differ on how they reach a state (¢,y) in Goal to continue
like & after having completed w. Afterwards, they behave in the same way again as
they reach the states (¢,y) with the same probabilities by construction of §. Hence,
we can provide bounds on eae’ and ens® by looking at the behavior after m before §
returns to the behavior of &. For the expected number of steps to return under § we
6 denotes the expected

S S
get ens” —p-ensy, 11y o goa @ & lower bound where ens

s1,21),a,Goal
number of steps under & from (s, z1) to Goal when choosing « first. As an upper bound,
we can simply choose ens® + p - T because T bounds the expected number of steps §

needs after m before returning to the behavior of G form some state (¢,y) in Goal on.

For the expected accumulated expectation, we get
S ub ub
eae” —p- EAE" +p- (K -0 —-T-E™)

as a lower bound. The term —p - EAE™ captures a bound on the expected accumulated
expectation that is possibly lost by not following & after it would choose « after w
anymore. The term p- K - § captures that for each ¢« < K, we have that the expectation
after 7[0...4] is increased by at least Prgﬂm (m[i...length(m)]) - po - 0 where p, is the
probability that & chooses « after 7. In other words, after each prefix of 7w the expected
accumulated weight before reaching Goal increases by at least the probability that 7 is
completed and « chosen afterwards times 0 as the expected accumulated weight before
Goal after m when choosing oo under & is at least d lower than under § as § then maximizes
the expected accumulated weight while o € Act™*. Finally, in the in expectation at most
T steps § needs to switch back to the behavior of &, it accumulates an expectation of
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—E¥ in the worst case in each step. So,

eae® +p-(K-5§—T-E" — EAE")

LRES, >
M ens® —p- ensghxl)ymgoal
o & b b
(K-0-T-E" — FEAE"
LRE%Zeae +p- (K -0 ).
ens® +p-T
We show that in both cases LRES, > LRES, = :f;z For the first case, let a = eae®,
b=ens® c=p - (K-6§—T-E"— EAE"), and d = —p- ENECh, 1) 0, Goals S0, WE Want to
show that
at+c _a
> —.
b+d b
As b+ d is positive, this is equivalent to
ad
a—+c Z a —+ ?

Note that a/b is LRE$, and hence its absolute value is bounded by E*’. The absolute
value of d is bounded by p - ENS". dividing by p and plugging the values back in, we
obtain that the inequality we want to prove holds if

K-6—T-E" — EAE" > E* . ENS*.

That explains the choice that K > (T - E* + EAE" 4 E* . ENS"")/§. For the second
possibility, we let d be p - T. By the same analysis, we obtain that the inequality holds,
if K> (EAE"™ +2E"-T)/s.

This finishes the proof that LRE% > LRE%. Under § action « is not chosen after
the path 7 anymore, but instead actions from Act™* are chosen. At the same time,
under § there are no new such paths of length greater than K after which an action not

tmax

in Ac is chosen. (As K > |S|+ 1 also during the execution of 2, no such choices are

made). As & only chooses actions in Act™*

whenever Ng-many states not in Goal have
been visited consecutively, there are only finitely many paths of length at least K after

8% are chosen. We can repeat the construction for these paths

which actions not in Act
one by one to obtain a finite-memory scheduler ¥ that maximizes the expectation of
$Goal whenever K steps not visiting Goal have been made. This scheduler still satisfies

LRE}, > LRE}, > LREZ™ — . O

Computing optimal long-run expectations. In the sequel, we describe an algo-
rithm for the computation of optimal long-run expectations exploiting the existence of a
saturation point.
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Given a strongly connected MDP M = (S, Act, Pr, wgt, s,..,, Goal) with a designated
set of states Goal that intersects all end components, we can compute the saturation
point K as in the previous section in polynomial time. We work with a weight function
wgt from S to Z. We know that it is sufficient to consider schedulers that maximize the
expected weight before reaching Goal as soon as K consecutive states not in Goal have
been visited. We construct an MDP Mg as follows:

 The state space of Mg is Sk = ((S'\ Goal) x {1,..., K, T})U Goal.

 The actions of My are the actions Act of M. In states of the form (s, K) or (s, T),
however, only actions from Act™(s) are enabled.

o The transition probability function Pry is defined as follows:
For states g, h € Goal, we have Prg(g,a,h) = Pr(g,a, h).

For a state g € Goal and a state s € S\ Goal, we have Prg(g, o, (s,1)) = Pr(g, a, s)
and Prg((s,i),«,g9) = Pr(s,a,g) foralli € {1,..., K, T}.

For states (s,4) and (¢, 7) in (S\ Goal)x{1,..., K, T}, we have Pri((s,1), «, (t,j)) =
Pr(s,a,t)if j=i+1,orif j=T and i is K or T.

All remaining transitions have probability 0.

o The weight function wgt, is defined as follows:
For g € Goal, wgty(g) = wgt(g).
For states (s,4) with i < K, we have wgt((s,7)) = i - wgt(s).
For states (s, I(), we have wgty((s, K)) = K - ERX{%(9¥Goal).
For states (s, K'), we have wgty((s, T)) = E%(Goal).

o The initial state is S, or (S, 1)-

Lemma 4.29. Let M be a strongly connected MDP with a designated set of states Goal
that intersects all end components. Let My be the MDP constructed above where K is
a saturation point for M. Then, the maximal long-run expectation in M is equal to the
mazimal mean-payoff in M.

Proof. There is a one-to-one correspondence between schedulers for Mg and schedulers
S for M that maximize E, ,($Goal) as soon as K consecutive states not in Goal have
been visited.

We show that for each such finite-memory scheduler § for M and the corresponding
finite-memory scheduler §' for My, we have that LRES, = E%K (MP). As we know
that LRE{* is the supremum over this value for such finite-memory schedulers and
ERX (MP) is the supremum over all memoryless schedulers for My, which correspond
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to such finite-memory schedulers for M, this is sufficient to conclude that the optimal
values are equal.

So, let § be a finite-memory scheduler for M that maximize ES, ,($Goal) as soon as
K consecutive states not in Goal have been visited. Let § be the corresponding finite-
memory scheduler for M. The induced finite Markov chains C¥ and C¥ have the same
structure and we denote them by C form now on. In particular, if we start in a state
(g9,x) with g € Goal for some memory mode z, the distribution over path lengths until
another state in Goal is reached and the distribution over which state in Goal that is
are the same in both Markov chains. We want to prove that also the expected value
of the accumulated sum over E%7(S’y) (®Goal) before returning to Goal and the expected
accumulated weight according to wgt, before returning to Goal are the same.

Let I, ,) be the set of all finite paths in C ending in a state in Goal. The expected
value of the accumulated sum over Eﬁ/l’(&y) ($Goal) before returning to Goal is the fol-
lowing value

length ()
> Pr(m)- Z ]Ei/m[i] (PGoal)
TFEH(g’x) =0
length () PI‘(
p)
m€ll(y o) i=1  p€ll(y »),m[0...q]€Pref(p) T
Pr(p
m'ePref(Il(g o)) length(r")> PEIL (g oy, E€Pref(p)
= > > Pr(p) - wgt(p)
m'ePref(Il(y o)) length(r")> PEM (g oy, EPref(p)
length(p)
= Y Pr(p)- Y. wgt(pli]) - (number of prefixes of p[0...1] of length > 1)
pGH(g,m) =0
length(p)
Y Pr(p)- > wgt(pli])-i= Y Pr(p)- wgtg(p)
PE (g 2) =0 pEH(g x)

So, indeed the expected value of the accumulated expected value of $Goal in M under
§ equals the expected weight before reaching goal according to wgt, under §'. As also
the distribution over which states in Goal are reached next and how long that takes are
the same, it follows that the long-run expectation LRES, = E%K(MP). O

As a direct consequence of the lemma, we obtain the following result:

Theorem 4.30. Let M be a strongly connected MDP with a designated set of states
Goal that intersects all end components. The optimal long-run expectation LRE{™ ¢
be computed in exponential time.
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Figure 4.8: Illustration of the computation of long-run expectations via expected mean
payoffs.

Example 4.31. In Example we considered the long-run expectation in a simple
MDP. Each state-action pair was assigned weight 1 in that example. Here, we depict the
MDP again in Figure 4.8 with the update weights as in the construction presented above.
As each state is only reachable along exactly one path from goal before the path returns
to goal, the construction yields a simple result. With the new weight function, it is now
not hard to compute the expected mean payoff under &, always choosing a. Using the
steady state probabilities of the states that are given in Example we obtain
3 1 27
1—3-(1+2)+1—3-(3+4+5+6) =4
For G4, we obtain an expected mean payoft of 2 — the values agree with the long-run
expectations we computed in Example

The representation as a mean payoff sheds some light on the counter-intuitive obser-
vations in Example [4.25} Long paths even with small probability have a larger impact on
the long-run expectation than on the expected return time because they contain many
states from which the expected time until the next goal state is high. For the expected
return time only the number of states but not the expected time from these states on
plays a role. <
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CHAPTER
FIVE

POSITIVITY-HARDNESS

The goal of this chapter is to show that a series of optimization problems on MDPs —
including non-classical stochastic shortest path problems, the conditional value-at-risk for
accumulated weights, the long-run probability of regular co-safety properties, and several
related problems — possesses an inherent mathematical difficulty that makes a solution
with known techniques unlikely. We obtain these results by reductions from the Positivity
problem to the respective decision versions of the problems:

Definition 5.1 (Positivity problem). The Positivity problem for linear recurrence se-
quences asks whether such a sequence stays non-negative. More formally, given a natural
number k£ > 2, and rationals a; and ; with 1 <7 <k and 0 < j <k —1, let (u,)n>0 be
defined by the initial values uy = By, ..., ug_1 = Br_1 and the linear recurrence relation

Uptk = QO Uppk—1 T+ QpUy,

for all n > 0. The Positivity problem asks to decide whether u,, > 0 for all n|I| The
number k is called the order of the linear recurrence sequence.

The Positivity problem is closely related to the famous Skolem problem. The Skolem
problem asks whether there is an n such that w, = 0 for a given linear recurrence
sequence (Uy)n>0. It is well-known that the Skolem problem is polynomial-time re-
ducible to the Positivity problem (see, e.g., [EvdPSWO03|). The Positivity problem
and the Skolem problem are outstanding problems in the fields of number theory and
theoretical computer science (see, e.g., [HHHKO05,|OW12,|OW15]). Their decidability
has been open for many decades. Deep results establish decidability for both prob-
lems for linear recurrence sequences of low order or for restricted classes of sequences

'We do not distinguish between the Positivity problem and its complement in the sequel. So, we also
refer to the problem whether there is an n such that u,, < 0 as the Positivity problem.



5. PosiTiviTy-HARDNESS 124

[STM84, Ver85, OW14a, OW14b,|OW14c|]. A proof of decidability or undecidability of
the Positivity problem for arbitrary sequences, however, withstands all known number-
theoretic techniques. In [OW14b), it is shown that decidability of the Positivity problem
(already for linear recurrence sequences of order 6) would entail a major breakthrough
in the field of Diophantine approximation of transcendental numbers, an area of analytic
number theory.

We call a problem to which the Positivity problem is reducible Positivity-hard. From a
complexity theoretic point of view, the Positivity problem is known to be at least as hard
as the decision problem for the universal theory of the reals [OW14c|, a problem known
to be coNP-hard and to lie in PSPACE [Can88|. As most of the problems we address
are PSPACE-hard, the reductions in this chapter do not provide new lower bounds on
the computational complexity. The hardness results in this section hence refer to the far-
reaching consequences on major open problems that a decidability result would imply.
Furthermore, of course the undecidability of the Positivity problem would entail the
undecidability of any Positivity-hard problem.

The proof idea we develop in this chapter turns out to be applicable to a variety of
problems:

Main result. The Positivity problem is polynomial-time reducible to the threshold prob-
lems for the optimal values of the following quantities:

« partial and conditional expectations,

e a two-sided version of partial expectations in MDPs with non-negative weights,

« long-run probabilities of regular co-safety properties,

» termination probabilities and termination times of one-counter MDPs,

« the satisfaction probabilities of energy objectives,

« the probability to satisfy an inequality on the incurred costs (cost problems), and

« conditional values-at-risk for accumulated weights before reaching a goal.
Furthermore, an algorithm for

o the model-checking problem of frequency-LTL (as defined in [FK15,FKK15]), or

 the computation of quantiles for accumulated weights (before reaching a goal)

would imply the decidability of the Positivity-problem.
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MDP-gadget encoding a linear recurrence relation

initial values in terms
of partial expectations

expectations

[\

initial values in

terms of termination
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one-counter
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objectives
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the auxiliary ran-
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value-at-risk
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(weights in N)

cost problems,
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termination
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long-run
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checking
problem of
frequency-LTL

Figure 5.1: Overview of the dependencies between the Positivity-hardness results. If not
stated otherwise, the squares refer to the threshold problems for the respective quantities.
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Outline. To obtain these results, we construct an MDP-gadget in which a linear
recurrence relation can be encoded in terms of the optimal values for a variety of opti-
mization problems (Section [5.1)). To be able to conduct a reduction from the Positivity
problem, we afterwards construct gadgets encoding also the initial values of a linear re-
currence sequence — first, in terms of optimal partial expectations (Section . By
the inter-reducibility of the threshold problems, the Positivity-hardness for conditional
expectations follows directly from the Positivity-hardness for partial expectations. Fur-
thermore, we can adjust the construction slightly to obtain a Positivity-hardness result
for a two-sided version of partial expectations using two weight functions with non-
negative weights. Relying on the possibility to express long-run probabilities in terms
of expected mean payoffs established in Chapter |4, the hardness for two-sided partial
expectations allows us to prove the Positivity-hardness of the threshold problem of op-
timal long-run probabilities of regular co-safety properties (Section . This result
in turn implies that the model-checking problem for a simple fixed frequency-LTL for-
mula is Positivity-hard as well. The optimal termination probabilities of one-counter
MDPs behave similarly to optimal partial expectations in terms of the dependency of
the optimal values on the optimal values at successor states. We can hence reuse the
MDP-gadget for linear recurrence relations to show Positivity-hardness of the threshold
problem for the termination probability of one-counter MDPs after constructing a further
gadget encoding initial values of a linear recurrence sequence (Section . Afterwards,
we show how to adapt the construction to obtain the same result for the termination time
of almost surely terminating one-counter MDPs. The Positivity-hardness of the termi-
nation problem of one-counter MDPs has immediate consequences for cost problems, the
computation of quantiles, and the satisfaction probability of energy-objectives. Finally,
we prove Positivity-hardness of the threshold problem for the optimal conditional-value-
at-risk for accumulated weights. We obtain the result by proving the optimization of the
expectation of an auxiliary random variable ©Goal to be Positivity-hard. This random
variable assigns the accumulated weight to a path reaching Goal if this weight is negative
and 0 if this weight is non-negative (Section [5.2.4). An overview of the dependencies
between the Positivity-hardness results is depicted in Figure 5.1

Related work. In [AAOW15|, the Skolem-hardness for decision problems for Markov
chains has been established. The problems are to decide whether for given states s, t and
rational number p, there is a positive integer n such that the probability to reach ¢ from s
in n steps equals p and the model checking problem for a probabilistic variant of monadic
logic and a variant of LTL that treats Markov chains as linear transformers of probability
distributions (a connection between similar problems and the Skolem problem has also
been conjectured in [BRS06, AAGT15]). These decision problems are of quite different
nature than the problems studied here, and so are the reductions from the Skolem prob-
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lem. In this context also the results of [COW16] and [MSS20] are remarkable as they show
the decidability (subject to Schanuel’s conjecture) of reachability problems in continuous
linear dynamical systems and continuous-time MDPs, respectively, as instances of the
continuous Skolem problem. In other areas of formal verification, the Skolem problem

and the Positivity problem play an important role in the context of the termination of
linear programs [BAGM12|Tiw04,[Bra06, OW15].

The Positivity-hardness results leave the possibility open that the problems under
consideration are undecidable. Known undecidability results on MDPs typically require
switching to more expressive models. This applies, e.g., to recursive MDPs [EY05],
MDPs with two or more weight functions [BKKW14,RRS17] or partially observable
MDPs [MHC99, BGB12|. We are, however, not aware of natural decision problems for
standard (finite-state) MDPs with a single weight function and single objective that
are known to be undecidable. Remarkable undecidability results in this context are
also presented in [KK15]: The hardness of deciding almost sure termination and almost
sure termination with finite expected termination time for purely probabilistic programs
formulated in the probabilistic fragment of probabilistic guarded command language
(pGCL) [MMMO5| is pinpointed to levels of the arithmetical hierarchy (for details on
the arithmetical hierarchy, see, e.g., [0di92]). The results reach up to IT13-completeness
for deciding universal almost sure termination with finite expected termination time
(IT9-complete problems are already undecidable while still co-recursively enumerable).
Undecidability is not surprising as the programs subsume ordinary programs. But the
universal halting problem for ordinary programs is only II9-complete showing that decid-
ing universal termination with finite expected termination time of probabilistic programs
is strictly harder. Similarly deciding termination from a given initial configuration is ¥¢-
complete for ordinary programs (halting problem) while deciding almost sure termination
with finite expected termination time for probabilistic programs from a given initial con-
figuration is ¥9-complete. Operational semantics of pGCL-programs can be given as
infinite-state MDPs [GKM14]. Applied to the purely probabilistic fragment, this leads
to infinite-state Markov chains.

Note on the publication of the results. The proof technique presented in this
chapter and several of the Positivity-hardness results have been published in joint work
with Christel Baier at ICALP 2020 [PB20]. In this chapter, we extend these results by
additionally providing the Positivity-hardness proofs for the problems addressing one-
counter MDPs, cost constraints, energy objectives, and the computation of quantiles

(Section [5.2.3)).
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5.1 MDP-GADGET FOR LINEAR RECURRENCE RELATIONS

The MDP-gadget we construct in this section will form the basis to all Positivity-hardness
proofs in this chapter. Let us start by the following observations on the relation between
the optimal values at different states for different starting weights in stochastic shortest
path and related problems. Let M = (S, Act, P, $;,4, wgt, Goal) be an MDP. The solution
to the classical stochastic shortest path problem satisfies the so called Bellman equation.
If V(s) denotes the value when starting in state s, i.e., the maximal expected accumulated
weight before reaching Goal from state s, then

V(s) = max wgt(s,a) +>_ P(s,a,t)- V()

a€Act(s) tes

for s & Goal and V(s) = 0 for s € Goal. For the partial stochastic shortest path problem,
we have to include the weight accumulated so far into the equation as we have seen in
Chapter 3| So, let V (s, w) denote the maximal partial expectation when starting in state
s with weight w. Letting V(s,w) = w if s € Goal and V (s, w) = 0 if Goal is not reachable
from s, we obtain the following equation for all remaining states s:

V(s,w) = aggggs)élj(s,a,t) -V (t, w4 wgt(s, a)). (%)

Already in this equation, the value V' (s, w) hence possibly depends on the values V (s, w—
1), ..., V(s,w — k) for some k. We want to exploit this interrelation to encode linear
recurrence relations

Up+k = AQUntk—1 + -+ AUy,

into the optimal values V (s, w). Of course, the values P(s, a,t) are all non-negative. So,
we cannot directly encode a linear recurrence into the optimal values for different weight
levels at one state as the coefficients can be negative. To overcome this problem, we
instead consider the difference V (s, w) — V (¢, w) for two different states s and t.

Given the coefficients a, ..., a of a linear recurrence relation, we assume that the
coefficients are all sufficiently small for the following construction — which is justified
by the argument provided at the end of this section. We construct the MDP-gadget
depicted in Figure 5.2 The gadget contains states goal, s, and ¢, as well as si,..., sk
and ty,...,%t;. In state ¢, an action v is enabled which has weight 0 and leads to state t;
with probability «; if a; > 0 and to state s; with probability |«;| if ; < 0 for all i. The
remaining probability leads to goal. From each state ¢;, there is an action leading to ¢
with weight —i. The action 0 enabled in s as well as the actions leading from states s;
to s are constructed in the analogously. If «; is negative, action ¢ reaches state t; with
probability |a;|. Otherwise it reaches s; with probability «;. As the gadget depends on
the inputs aq, ..., ax, we call it G5.
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=2

Figure 5.2: The gadget G5 to encode linear recurrence relations. The example here is
depicted for a linear recurrence of depth 2 with a; > 0 and as < 0.

This gadget G5 will be integrated into MDPs without further outgoing edges from
states s1,..., Sk, t1,...,tx. For any optimization problem for which the optimal values
V' depend on the state and the weight accumulated so far and satisfy Equation (x), we
can encode a linear recurrence in an MDP containing this gadget (and possibly further
actions for state t and s): If we know that an optimal scheduler chooses action « in state
t and action ¢ in state s if the accumulated weight is w, then

V(t,w) —V(s,w)

— (1 _ zk: ]aio (V(goal,w) — V (goal, w)) +

i=1

YVt w—i) —V(s,w—i)+ > (—a)V(s,w—i) + (—oy)V(t, w—1)

1<i<k, ;>0 1<i<k, ;<0

k
- Z oy (V(t, w—i) — V(s,w—i)).

Note that this linear recurrence relation also holds for the optimal values in the
classical stochastic shortest path problem for example. So, the gadget alone is not yet
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enough for a hardness proof. The missing ingredient is the encoding of the initial values
of a linear recurrence sequence. In order to include the encoding of the initial values in
our approach, it is necessary that optimal schedulers cannot be chosen to be memoryless.
If the optimal scheduler can be chosen weight-based but not memoryless in general, we
aim to encode the initial values by adding further outgoing actions to the states t and
s. By fine-tuning the weights and probabilities of these actions, we can achieve that for
small weights w some of the new actions are optimal while for large weights the actions
and 0 of the gadget are optimal. If we manage to design the other actions such that the
differences V' (t,w +1) — V (s, w+1i) are equal to given starting values (3; for a sequence of
weights w, w—+1, ..., w+k while actions v and § are optimal for weights larger than w-+k,
we can encode arbitrary linear recurrence sequences. This is the goal of the subsequent
sections.

To conclude the section, we provide the missing argument that we can indeed assume
that the initial values of a given linear recurrence sequence and the coefficients of the
linear recurrence relation are small without loss of generality: Let (u,),>0 be a linear
recurrence sequence specified by the initial values ug = [y, ..., up_1 = PBr_1 and the
linear recurrence relation wu, , = ajupig_1+ - -+ agu, for all n > 0. For any p > 0 and
A > 0, the sequence (vy,),>¢ defined by v, = p - A" - u, for all n is non-negative if and
only if (u,)n>0 is non-negative. Furthermore, it satisfies v; = - A" - 3; for ¢ < k and

2 k
Unik = A 01~ U1+ A" Qo Upag1+ -+ A - Qg - Uy

By choosing A and 1 appropriately, we can scale down the initial values and coefficients
of the recurrence relation for any given input. We will use this argument throughout the
chapter.

5.2 REDUCTIONS FROM THE POSITIVITY PROBLEM

To encode initial values of a linear recurrence sequence, we construct further MDP gad-
gets. For partial expectations and the termination probability and time of one-counter
MDPs, we can construct these gadgets directly. Putting together these gadgets with
the gadget G5 from the previous section, we obtain the basis for the Positivity-hardness
results of the respective threshold problems. The Positivity-hardness of the remaining
problems is obtained as a consequence of these results, possibly via some auxiliary steps.
In any case, the gadget G5 constructed in the previous section lies at the heart of the
reductions.



5. PosiTiviTy-HARDNESS 131

1

2k:2(k—j)

vilwgt : +k —j

Figure 5.3: The gadget Pz encoding the initial values in the reduction to the threshold
problem for partial expectations.

5.2.1 PARTIAL AND CONDITIONAL STOCHASTIC SHORTEST PATH
PROBLEMS

In this section, we show how the initial values of a linear recurrence sequence can be
encoded in terms of optimal partial expectations in a way consistent with the encoding
of a linear recurrence relation in G;. Afterwards, we show how to exploit this encoding
to provide a reduction from the Positivity problem to the threshold problem for partial
expectations.

Let k be a natural number and let (u,,),>¢ be the linear recurrence sequence given by
rationals a; for 1 < ¢ < k and §; for 0 < 5 < k—1 via ug = By, ..., up—1 = Br—1 and
Utk = QlUpig—1 + -+ + oguy, for all n > 0. W.lo.g., we can assume that Y, |a;| < i
and that 0 < 3; < 4k2++2 for all j as we have argued above.

Now we construct a gadget Pz that encodes the initial values 5y, ..., Bx—1. The gadget
is depicted in Figure[5.3]and contains states t, s, goal, and fail. For each 0 < j < k—1, it
additionally contains states x; and y;. In state z;, there is one action enabled that leads
to goal with probability m + 3; and to fail otherwise. From state y;, goal is reached
with probability m and fail otherwise. In state t, there is an action v, leading to z;
with weight k — j for each 0 < j < k —1. Likewise, in state s there is an action ¢; leading
to y; with weight k—j for each 0 < j <k — 1.

We now glue together the two gadgets G5 and Pj at states s, t, and goal. Finally, we
equip the MDP with a simple initial gadget (see Figure : From the initial state s,,;,
one action with weight +1 is enabled. This action leads to a state ¢ with probability %
and loops back to s,,; with probability % In ¢, the decision between action 7 leading to
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state t and action o leading to state s has to be made. Let us call the full MDP that we
obtain in this way M.

1-— (M%U + ;)

1= o] = |ag|

yjlwgt : +k — j Ojlwgt : +k —j

wgt : +1

ol

Figure 5.4: The full MDP for the Positivity-hardness proof for partial expectations.
The MDP contains the upper part for all 0 < 57 < k — 1. The middle part is depicted for
k=2, a;>0,and ay < 0.

The cumbersome choices of probability values lead to the following lemma showing
the correct interplay between the gadgets constructed via straight-forward computations.

Lemma 5.2. Consider the full MDP M. Let 0 < j < k — 1. Starting with weight
—(k—=1)+j in state t or s, action y; and §; mazimize the partial expectation. For positive
starting weight, v and § are optimal.
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Proof. Suppose action ~; is chosen in state ¢ when starting with weight —(k — 1) + j.
So, state z; is reached with weight —(k — 1) + j + (k — i) = 1+ j — ¢. Then the partial
expectation achieved from this situation is

1
(L4 = )y + B

For ¢ > j this value is < 0 and hence ~; is certainly not optimal. For ¢ = j, we obtain a
partial expectation of

2ty T B

For ¢ < j, state z; is reached with weight 1 + j — ¢ < k. Further, g; < Wﬁ and
<

1 1 . . . . .
Sty < gmiengze D0, the partial expectation obtained via ; is at most

k k 1
2R ) 2 T ke S g2t

So, indeed action <; maximizes the partial expectation among the actions 7; with 0 <
i < k — 1 when the accumulated weight in state ¢ is —(k — 1) + j. The argument for
state s is the same with 3; = 0 for all . It is easy to see that for accumulated weight
—(k—1)+ 7 with 0 < 7 < k — 1 actions « or ¢ are not optimal in state ¢t or s: If goal
is reached immediately, the weight is not positive and otherwise states t or s are reached
with lower accumulated weight again. The values 3; are chosen small enough such that
also a switch from state ¢ to s while accumulating negative weight does not lead to a
higher partial expectation.

For positive accumulated weight w, the optimal partial expectation when choosing ~
first is at least %w by construction and the fact that a positive value can be achieved from
any possible successor state via one of the actions v; and 6; with 0 < j < k—1. Choosing
7; on the other hands results in a partial expectation of at most (k + w) - (g2 + 552)
which is easily seen to be less as k > 2. O]

For each weight w, denote by e(t,w) and e(s,w) the optimal partial expectation
when starting in state ¢ or s with accumulated weight w in M as if the respective state
was reached from the initial state with weight w and probability 1. For each weight
w > —k+1, denote by d(w) the difference e(t, w) —e(s, w) between these optimal partial
expectation when starting in state ¢ and s with weight w. Comparing action ~; and 9,
for starting weight —(k—1)+7, we conclude that the difference between optimal values
d(—(k—1)+j) is equal to §;, for 0 < j < k — 1. By the fact that G5 encodes the given
linear recurrence relation as soon as v and 0 are the optimal actions as shown in Section
b.1] we conclude the following lemma:
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Lemma 5.3. Consider the linear recurrence sequence (un)n>0 given above by aq, ..., oy
and By, ..., Bxk—1 and the MDP M constructed from this sequence. We have

d(—(k=1)+n) = u,
for all n with the values d(w) just defined.

Let us now consider a run of the MDP M. For any w > 0, state c¢ is reached with
accumulated weight w with positive probability. An optimal scheduler now has to decide
whether the partial expectation when starting with weight w is better in state s or ¢:
Action 7 is optimal in ¢ for accumulated weight w if and only if d(w) > 0. Once t or s is
reached, the optimal actions are given by Lemma[5.2] Let & be the scheduler that always
chooses 7 in ¢ and actions 7,7, ..., Vk—1,0,. .. as described in Lemma [5.2l We conclude
that & is optimal if and only if the given linear recurrence sequence is non-negative.
We can compute the partial expectation of scheduler & in the constructed MDP. The
partial expectation turns out to be a rational. Hence, using this partial expectation as
the threshold ¥/, we obtain the Positivity-hardness of the threshold problem for partial
expectations.

Theorem 5.4. The Positivity problem is polynomial-time reducible to the following prob-
lem: Given an MDP M and a rational 9, decide whether PE{™ > 1.

Proof. We will compute the partial expectation of scheduler & always choosing 7 in ¢
and actions 7,79, .. .,Vk_1,0, ... as described in Lemma in the constructed MDP M
depicted in Figure [5.4F Recall that the scheduler & chooses v and 9, respectively, as long
as the accumulated weight is positive. For an accumulated weight of —(k — 1) + j for
0 <j <k —1, it chooses actions ; and 9, respectively.

We want to recursively express the partial expectations under & starting from ¢ or
s with some positive accumulated weight n € N which we again denote by e(¢,n) and
e(s,n), respectively. In order to do so, we consider the following Markov chain C for
n € N that is also depicted in Figure for the case k = 2: The Markov chain C has
5k states named t_ji1, ..., t4k, S—ps1, -, S+k, and goal,, ..., goal ;. States t_j41,
.oy to, S_py1, ..., So, and goal, ..., goal , are absorbing. For 0 < ¢,j < k, there are
transitions from t; to ¢,;_; with probability «a; if a; > 0, to si;_; with probability |o]
if a; < 0, and to goal,; with probability 1 — |a;| — ... — |og|. Transitions from sy, are
defined analogously.

The idea behind this Markov chain is that the reachability probabilities describe how,
for arbitrary n € N and 1 < i < k, the values e(t,nk + i) and e(s,nk + i) depend on n
and the values e(t, (n — 1)k + j) and e(s,(n — 1)k + j) for 1 < j < k. The transitions
in C behave as v and ¢ in M, but the decrease in the accumulated weight is explicitly
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Figure 5.5: The Markov chain C depicted for £ = 2 with oy > 0 and ay < 0.

encoded into the state space. Namely, for n € N and 0 < i < k, we have

k
e(t,nk + 1) =Z<Prcm (Ot—rj) - e(t, (n=1)k + j)

+ Prey, (Os_ktj) - e(s, (n—1)k + j)) (5.1)

k
+ ZPrC,tH((}goalﬂ») - (nk + j)
=1

and analogously for e(s,nk + i). We now group the optimal values together in the
following vectors

v, = (e(t,nk +k),e(t,nk+k—1),....e(t,nk+1),e(s,nk+k),...,e(s,nk+1))

for n € N. In other words, this vector contains the optimal values for the partial expec-
tation when starting in ¢ or s with an accumulated weight from {nk + 1,...,nk + k}.
Further, we define the vector containing the optimal values for weights in {—k+1,...,0}
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which are the least values of accumulated weight reachable under scheduler G.
v_y = (e(t,0),e(t,—1),...,e(t,—k +1),e(s,0),e(s,—1),...,e(s,—k + 1))

As we have seen, these values are given as follows:

e(t,~k+1+j) = + B; and e(s,—k +1+j) =

1
2k2(k=j) 2k2(k—j)

for 0<j<k—1.

As the reachability probabilities in C are rational and computable in polynomial time,
we conclude from ([5.1)) that there are a matrix A € Q*>*2?* and vectors a and b in Q%
computable in polynomial time such that

vy, = Avp_1 +na + b,

for all n € N. We claim that the following explicit representation for n > —1 satisfies
this recursion: . .
vy = A"+ (n—i)Aa+ ) A
=0 i=0
We show this by induction: Clearly, this representation yields the correct value for v_;.
So, assume v, = A"y + 3" (n—i)A'a+ I, A'b. Then,

Unp1 = AA" o1 +Y (n—i)Aa+ > AD)+ (n+ 1)a+b
i=0

i=0
n n+1
= A"y, + <Z(n - i)A”la) +(n+1)A% + (Z Aib) + A%
i=0 i=1
n+1 ) ntl
=A" 1 4+ (n+1-i)Aa+ > A'b.
i=0 i=0

So, we have an explicit representation for v,. The value we are interested in is

[e.9]

PES, = > (1/2)"e(t, 0).

(=1
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Hence, we can write

o0 [e.e]

1 n 1 n
PES, = Z(?) c-v,=c- Z(Z—k) Un

—c- i(zlk) (A Yy +ZO n—1i)A ia+iAib)
=c- ((i(Qk)”A"Jrl)v 1+ Z: ”Z::) n —i)A") a—l—(i}(;)”éjqi)b).

We claim that all of the matrix series involved converge to rational matrices. A key
observation is that the maximal row sum in A is at most |ay|+. .. +|ax| < 1 because the
rows of the matrix contain exactly the probabilities to reach ¢g, ...t 11, Sg, ..., and
5_p41 from a state t; or s;; in C for 1 <14 < k. But the probability to reach goal,; from
these states is already 1—|a;|—...—|ax|. Hence, ||A]|«, the operator norm induced by
the maximum norm || - ||, which equals max; 3335, [A;], is less than 1.

So, of course also ||55All < 1 and hence the Neumann series 302 (57 A)" converges
o (Ioy, — 2%14)_1 where Iy, is the identity matrix of size 2kx2k. So,

i | > 1 1
Z(?)nANH =A Z(ﬁA)n = A(Iy, — 2714)_1-
n=0 n=0

Note that ||A]l« < 1 also implies that Iy, — A is invertible. We observe that for all n,
ZAZ — ([% o A)fl([% o An+1)
i=0

which is shown by straight-forward induction. Therefore,

[e.9]

2(;)”ém = (L, — A)7! (i(;k)n[% .y i}(iA)”)

. 2k 1,

Finally, we show by induction that

i(n ) A = (L, — A) (A — A 1 (I, — A)).

=0

This is equivalent to

IQk_ 22 TL—Z An+1—A+n(ng—A).
1=0
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For n = 0, both sides evaluate to 0. So, we assume the claim holds for n.

n+1 n n )
(IQk—A)2Z(TL+1—Z>A ng— 22 n—zA—i— [Qk—A)QZAZ
=0 =0 =0

ZA A (I — A) + (I — A)2Y A

=0
=A— A" pn(ly — A) + (Top — A)*(Jop — A) 7 Iy — A™)
:A_An+1+n([2k—A)+[2k_A—An+1+An+2
= A" — A+ (n+41)(Io — A).

The remaining series is the following:

> ()" Y i)A
B i(;wn(]% — A)H A — At (I, — A))
= (I, — A)? (2(;)”‘4”“ i 21k A+ Z 2’€ il = A)>
— (I — A) (A(I A A : s = A>>
2%k 2k ok ok_1 (2k_1)2 2k .

We conclude that all expressions in the representation of IP’E% above are rational and
computable in polynomial time. As we have seen, the originally given linear recurrence
sequence is non-negative if and only if PE{* < ]P’Ef/l for the MDP M constructed from
the linear recurrence sequence in polynomial time in the previous sections. O

We have obtained the first Positivity-hardness result of this chapter. The proof con-
tains all ingredients that we need for the subsequent proofs. In particular, the computa-
tion of the value of a scheduler that is optimal iff the given linear recurrence sequence is
non-negative will be very similar in later proofs.

Remark 5.5. There is no obvious way to adjust the construction such that the Positivity-
hardness of the question whether PE™ > 1 would follow. One attempt would be to
provide an € such that PE{* > ¢ iff PEY;™ > ¢ + . This, however, probably requires
a bound on the position at which the given linear recurrence sequence first becomes
negative. But this question lies at the core of the Positivity problem. The analogous
observation applies to all Positivity-hardness results in the sequel.

The Positivity-hardness of the threshold problem for conditional expectations now fol-
lows directly by the inter-reducibility of the threshold problems for partial and conditional

expectations (see Proposition [3.16)):
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Theorem 5.6. The Positivity problem is reducible in polynomial time to the following
problem: Given an MDP M and a rational ¥, decide whether CE™ > 9.

Two-sided partial expectation. As we have already seen in Chapter [3| the
non-monotonic behavior of weights along a path prohibits the switch to a memory-
less behavior of an optimal scheduler for large weights in the partial and conditional
stochastic shortest path problem (see Section . Instead of using arbitrary integer
weights, we can simulate such non-monotonic behavior with two non-negative weight
functions: In the definition of the random variable & Goal, we can replace the choice
that paths not reaching Goal are assigned weight 0 by a second weight function. Let
M = (S, Act, Pr, 830, WGt your, WGt g, goal, fail) be an MDP with two designated absorb-
ing states goal and fail and two non-negative weight functions wgt ., : S X Act — N and
Wyt S x Act — N. Assume that the probability Priyf", (0{goal, fail}) = 1. Define
the following random variable X on maximal paths (:

— wgtgoal(C) if C F Ogoal,
wgt s, (C) if ¢ F Ofail.

Due to the assumption that goal or fail is reached almost surely under any scheduler,
the expected value Ef,,. (X) is well-defined for all schedulers & for M. We call the

value 7% (X) = supg E ,, ,(X) the optimal two-sided partial expectation. We can
show that the threshold problem for the two-sided partial expectation is Positivity-hard

as well by a small adjustment of the construction above.

Theorem 5.7. The Positivity problem is polynomial-time reducible to the following prob-
lem: Given an MDP M = (S, Act, Pr, $;., WGt yo01, WYt o1, goal, fail) as above and a ratio-
nal ¥, decide whether ERX. (X) > 4.

Proof. Given the parameters aq,...,a; and fy, ..., 8,r_1 of a rational linear recurrence
sequence, we can construct an MDP M’ = (S, Act, Pr, s,,.,, wgt, goal, fail) with one weight
function wgt: S x Act — Z similar to the MDP M depicted in Figure .4 W.lo.g., we
again assume that Y, |a;| < i and that 0 < j; < Wﬁ for all j. The initial gadget and
the gadget G5 are as before. The gadget Pz, however, is slightly modified and replaced
by the gadget 75 depicted in Figure . For this gadget, we define a = X% | |ayl,
pr = (1= ) (g +8j), p2 = (1= )1 = (505 + Bj)), & = (1 = @)5p0-5, and
@2 = (1 — @)(1 — 5ztr). With the transitions as in the figure, the probability to reach
goal or fail and the weight accumulated does not change when choosing action ~; or ¢;
compared to the gadget P5. The only difference is that the expected time to reach goal
or fail changes. The steps alternate between probability a and probability 0 to reach goal
or fail — just as in the gadget G5. In this way, it makes no difference for the expected
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Figure 5.6: The gadget 73 encoding initial values in terms of two-sided partial expec-
tations.

time before reaching goal or fail when a scheduler stops choosing v and 6. We can, in
fact, compute the expected time T to reach goal or fail from s,,, under any scheduler
quite easily: Reaching t or s takes 3 steps in expectation. Afterwards, two further steps
are taken 1/c-many times in expectation. So,

2

T=3+-—.

Q@
The optimal scheduler & for the partial expectation in M’ is the same as in the MDP
M above. Also the value ¢ of this scheduler can be computed as in Theorem [5.4 So,
PENI,,, > ¥ if and only if the given linear recurrence sequence is eventually negative.

Note that all weights in M’ are > —k. We define two new weight functions to obtain
an MDP N from M': We let wgt (s, @) = wgt(s,a) + k and wgt;,,(s,a) = +k for all
(s,a) € S x Act. Both weight functions take only non-negative integer values.

Any scheduler & for M’ can be viewed as a scheduler for NV, and vice versa, as
the two MDPs only differ in the weight functions. Further, we observe that for each
maximal path ¢ ending in goal or fail in M’ and at the same time in A, we have
X(¢) = ®goal(¢) + k - length(¢). (Recall that @goal(¢) equals wgt(¢) if ¢ reaches goal
and 0 if ¢ reaches fail.) As the expected time before goal or fail is reached is constant,
namely 7" under any scheduler, it follows that for all schedulers ¥ we have

E.%/’,sinit(X> = PEQ ’ +k-T.

>sSinit

Therefore, EX# (X) > ¢ + k- T if and only if the given linear recurrence sequence
eventually becomes negative. O]
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While the two-sided partial expectation is certainly interesting in its own right, it
will also play an important role in the proof of the Positivity-hardness of the threshold
problem for the optimal long-run probability of a regular co-safety property in the next
section.

5.2.2 LONG-RUN PROBABILITIES AND FREQUENCY-LTL

In Chapter {4 we have seen that the optimal long-run probability of a regular co-safety
can be expressed in terms of an optimal expected mean-payoff. This insight allows us to
draw a connection between long-run probabilities and two sided-partial expectations that
we just discussed. Recall that for an MDP M = (S, Act, Pr, 8., W9t 01, WGt e, goal, fail)
with two designated absorbing states goal and fail and two non-negative weight functions
WGt g : S X Act — N and wgty,;: S X Act — N, the two-sided partial expectation was
defined as the expectation of the following random variable X on maximal paths (:

— wgtgoal(C) if C = ngal,
wgt,q(C) if ¢ F Ofail.

In Section we provided a construction given an MDP M and a DFA D that
encoded at each point in time j of a run p of M how many runs of D on the suffixes
pli...] with ¢ < j are currently in which of the states of D. Whenever a label read in
M leads to a transition from a state ¢ in D to an accepting state, the number of runs
in that state ¢ is received as weight in the constructed MDP that we will call Mp. We
want to exploit this construction to mimic a behavior similar to the payoff according
to the random variable X. Consider the DFA D depicted in Figure The state
space is Q = {quu, q1, G2, accept, reject}. The alphabet is 2{:0¢900bfaill - From the initial
state letters satisfying a A b A —c lead to ¢, letters satisfying a A ¢ A =b to ¢» and all
remaining letters to reject. From ¢y, letters satisfying a A —goal lead back to ¢, letters
with goal A —a to accept, and all remaining letters lead to reject. Transitions from g, are
defined analogously with goal replaced by fail.

Consider a run p of an MDP M labeled with {a,b, ¢, goal, fail} for which we keep
counters of the number of runs on suffixes of p in each of the states of D: We only need
counters ¢; and ¢y for states ¢; and ¢o as these are the only states multiple runs can be
in before being accepted or rejected. The update of the counters as in Section [4.2.2] can
directly be determined from the DFA D: E.g., if {a, b} is read, counter ¢; is increased; if
{a,c} is read, counter ¢y is increased. On {a}, both counters stay the same. If no a is
read, the counters are reset to 0. If at the same time goal is read, the value of ¢; is received
as weight. If fail is read, the value of ¢y is received as weight. So, the behavior of the
counters is very similar to the accumulation of two non-negative weight functions. Which
of the two weight functions or the two counters is used to determine the payoff depends



5. PosiTiviTy-HARDNESS 142

a N\ —goal

aNbA—c goal A\ —a

CLAC/\—‘b faz’l/\—'a

a N ~fail

Figure 5.7: The DFA D mimicking two-sided partial expectations. All transitions on
letters not satisfying one of the labels lead to a rejecting sink that is not depicted.

on whether goal or fail is reached next. In the sequel, we will show that indeed already
the fixed co-safety property of this simple DFA D suffices to prove Positivity-hardness of
the threshold problem for long-run probabilities.

The proof of the Positivity-hardness of the threshold problem for the two-sided partial
expectation with non-negative weights contains most of the necessary ingredients we need:
Let (uy)n>0 be a rational linear recurrence sequence given by initial values fy, . . ., fx—1 and
the coefficients oy, . . ., a4 of the recurrence. In the proof of Theorem we showed that
we can construct an MDP M = (S, Act, Pr, 8,.,, W9t 4001, WGt 131, goal, fail) and rationals o,
T with the following properties from the given parameters:

o For the two designated states goal and fail, we have Prﬂ?sm(o{ goal, fail}) = 1.
o The expected number of steps until goal or fail is reached is T under any scheduler.

o The weight functions wgt ,,, and wgty,; assign a weight between 0 and 2k to each
state-action pair.

o ER%,..(X) >0 if and only if there is an n with u, < 0.

From this MDP M, we now construct a labeled MDP K. For each state-action pair
(s,) of M with s & {goal, fail}, we add a chain rl ... r? of new states as depicted

s, » s,

in Figure 5.8 We redirect the transition from s when choosing « to this chain by setting
Px(s,a,rl,). In the states of the chain only one action 7 is enabled. The process

» U s,a

moves through the chain with probability 1 via this action, ie., Pc(rl,,7,75") = 1

)’ s,a
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, A ©®

D2

©

Figure 5.8: Construction of .

for all © < 4k. Then, the original transition is taken from the state T;{’Zé by setting
P;C(r;lffy, 7,t) = P(s, a,t) for all states t of M. Instead of making goal and fail absorbing,
we furthermore add transitions back to the initial state s,,, from goal and fail with
probability 1. Note that the expected time from s,,;, until s,,, is reached again from goal
or fail is now 7" = T(4k + 1) + 1 in K under any scheduler.

The labeling is now defined as follows: All states except for goal and fail are labeled
with a. States goal and fail are labeled with their names. Furthermore, in each of the

chains 7, ..., a5 the first wgt (s, @) of the states are labeled with b in addition to

the labef a. The7 next wgt,,;(s,a) states are labeled with ¢ in addition to the a. As
WYt 4oa1 (8, @) + WGt s (s, ) < 4k, this is always possible.

Consider now a path m of M from s,,,, to goal or fail. There is a unique corresponding
path 7 in IC. The counters induced by the DFA D as described above now behave exactly
like the accumulation weight functions wgt ,, and wgts;. The counter value ¢; counting
the number of runs in state q; of D is precisely wgt,,,(7) when entering goal or fail as in

each chain of states r! rik exactly wgt

s, a0 s

goal (8, @)-many runs of D enter state ¢;. The
counter ¢y behaves analogously in terms of the weight function wgt, ;. As all states not
in {goal, fail} are labeled with a, the counters are also not reset. When entering goal, the
random variable X assigns weight wgt ., (7) to the path 7. The same weight is received
from the counter c; in this case. When entering fail, weight wgt,,;(7) is assigned by X
and received from the counters.

As the time required to reach s,,; again from goal or fail in I in expectation is 7" under
any scheduler, a scheduler maximizing the expected mean payoff in Kp, i.e., according to
the weight function induced by the counter for D, hence has to maximize the expected
value of X when considered as a scheduler for M. By Theorem [4.16, the maximal mean
payoff in Kp equals the maximal long-run probability LPE%’ (D). Putting these results

together, we obtain that

max 119
PK,Sinit (D) > F

if and only if the given linear recurrence sequence is eventually negative. We conclude
the Positivity-hardness result for long-run probabilities:
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Theorem 5.8. There is a fixed DFA D such that the Positivity problem is polynomial-
time reducible to the following problem: Given an MDP M and a rational x, decide
whether LP{*(D) > x.

Note that the Positivity-hardness holds for the fixed simple DFA D. This DFA con-
tains two states for which we have to keep a counter. In contrast, a DFA for a Ub,
contains only one such state and allowed us to prove the existence of a saturation point.
This reflects exactly that partial expectations with non-negative weights can be computed
via the existence of a saturation point while the threshold problem for two-sided partial
expectations with non-negative weights is Positivity-hard.

A consequence of this result is that model checking of frequency-LTL in MDPs is at
least as hard as the Positivity problem. The decidability of the model-checking problem
for the full logic frequency-LTL has been left open in [FK15,|FKK15|. Proving decidabil-
ity of the model-checking problem hence would settle the decidability of the Positivity
problem. The frequency-globally modality G7?(y) of frequency-LTL is defined to hold
on a path 7 iff

o 1
lim inf

n
n—oo 1 4+ 1 =

]lfr[i...]lzgo > 197
i.e. iff the long-run frequency of ¢ exceeds 4.

Theorem 5.9. There is a polynomial-time reduction from the Positivity problem to the
following qualitative model checking problem for frequency-LTL for a fized LTL-formula
¢: Given an MDP M and a rational 9, is Pr'u™(G7E(e)) = 17

Proof. Consider the MDP K, the DFA D, and the threshold ¢ = ¢/T" constructed above.
As the sets of states labeled with b and with ¢ are disjoint and included in the set of states
labeled with a, and likewise the sets of states labeled with a, goal, and fail are pairwise
disjoint in K, a path of K has a prefix accepted by D if and only if the path satisfies

v =(bA(aUgoal))V (¢ A (aU fail).

We claim that there is a scheduler & with LIP’%,SM (D) > ¢ if and only if there is a
scheduler T such that G5¥(¢) holds with probability 1 under ¥ in .

Suppose there is a scheduler with & with LPZ(D) > 9. By Lemma , we can
assume that & is a finite-memory scheduler as the maximal long-run probability can be
approximated by finite-memory schedulers. As K is strongly connected, we can further
assume that & induces only one BSCC. We claim that under this scheduler & also
GZY() holds with probability 1. For finite-memory schedulers, it is easy to check that
the expected long-run probability equals the expected long-run frequency as we obtain a
finite-state Markov chain: Let x; be the steady state probability of states s enriched with
memory modes in the single BSCC B® induced by &. Further, let p, be the probability
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that a run starting in s under & satisfies . Then, LPZ(D) = Y.cps s - ps (see Section
. But the same expression also computes the expected frequency with which ¢ holds
on suffixes as shown in [FK15|. Furthermore, in a strongly connected Markov chain, the
frequency of ¢ along almost all paths agrees with the expected frequency (see [FK15]).

So,
1 n
> legigep >0

=0

lim inf
n—oo N _|_

holds on almost all paths (.

Conversely, if there is a scheduler T such that G777 () holds with probability 1 under
T in K, the expected value EZ(lim inf,, o, n%rl > ]lg[i._.]w) > ). By an argument using
Fatou’s lemma analogously to the proof of Lemma [4.14] we can find a finite memory
scheduler with expected long-run frequency, and hence long-run probability, greater than

. []

5.2.3 ONE-COUNTER MDPS, ENERGY OBJECTIVES, COST
PROBLEMS, AND QUANTILES

In the introduction (Chapter , we discussed several problems and notions related
to stochastic shortest path problems — namely, one-counter MDPs, energy objectives,
cost problems, and quantiles. The core decision problem that arises for these notions
is the threshold problem for the maximal or minimal probability that the accumu-
lated weight satisfies an inequality constraint. More formally, given an MDP M =
(S, Act, P, S, wgt, Goal), an integer w, a probability value p € [0, 1], and two inequal-
ity operators <, '€ {<, <, >, >} these questions come in a number of natural variants
where the maximum can also be replaced by a minimum:

L. Is Priye%, . (O(accumulated weight b w)) o' p 7
2. Is Priggs,  (9Goal b w) > p?
3. Is Priye%, , (total accumulated weight o< w) o<’ p?

In question 3, we encounter the problem that the total accumulated weight of a path is
only defined if all transitions have weight 0 from some point on. If we require schedulers
to make sure that this is the case on almost all paths, we can alternatively add a state
goal together with transitions to this new states from all state in end components in
which all weights are 0. Instead of considering the total accumulated weight, we could
then consider the random variable $goal as in question 2. Hence, we focus on the first
two questions. Note that in an MDP M with non-negative weights in which Goal is
reached almost surely, the first two questions coincide.
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For an overview what is known about these questions and one-counter MDPs, energy
objectives, cost problems, and quantiles, we refer to the discussion in Chapter The
positive results from the literature concern MDPs with non-negative weights, qualitative
thresholds (p = 0 or p = 1), and the approximability of the optimal probabilities. The
general questions 1 and 2 in MDPs with integer weights are open.

Recall that a one-counter MDP is a finite-state MDP equipped with a counter and
for each transition it is specified whether it increases or decreases the counter or leaves it
unchanged (see [BBET10,BBEK11,BKNW12]). The process starts with counter value 1 is
said to terminate as soon as the counter value reaches 0. The change of the counter value
behaves exactly like the accumulation of weight in our settings. On the other hand, we
can treat a weighted MDP as a one-counter MDP by viewing a transition with weight w as
a sequence of |w|-many steps in which the counter is increased or decrease, respectively.
This comes with the caveat that the size of the one-counter MDP corresponding to a
weighted MDP is then polynomial in the size of the weighted MDP and the numeric
value of the weights. In other words, the size of the one-counter MDP is roughly the size
of the weighted MDP when assuming that weights are encoded in unary. In our setting,
the termination of a one-counter MDP corresponds to the event

O(accumulated weight < 0)

that the accumulated weight of a prefix of a path is below 0. The threshold problem
for the optimal termination probability of a one-counter MDP is hence an instance of
question 1. Besides the optimal termination probability, also the optimal expected time
before termination in one-counter MDPs that terminate almost surely has been addressed
in the literature. The threshold problem for the optimal expected termination time is
open as well. The complement of the termination of a one-counter MDP is described by
the condition
O(accumulated weight > 0)

that the weight of all prefixes of a run is non-negative. This is precisely the energy
objective (see [CD11,BKN16,MSTW17]).

Question 2 is addressed in [HK15,HKL17,BBD" 18| and called the cost problem (with
atomic cost formula) in [HK15]. The maximal or minimal value w such that a constraint
as in question 2 is satisfied is called a quantile. The computation of such quantiles is
addressed in [UB13,BDD"14,[RRS17]. Of course, an algorithm computing quantiles can
directly be employed to solve the corresponding threshold problem.

In this section, we will show that the threshold problem for the optimal termination
probability of a one-counter MDP and hence question 1 is Positivity-hard. Our proof will
allow us to conclude that also question 2 is Positivity-hard and hence also an algorithm for
the computation of quantiles of the accumulated weight before reaching the goal would
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imply the decidability of the Positivity problem. Furthermore, we will show that the
threshold problem for the optimal expected termination time of almost surely terminating
one-counter MDPs is Positivity-hard, too.

Termination probability of one-counter MDPs.  First, we will use the above
formulation of termination in terms of weighted MDPs to show the result for the ter-
mination probability of one-counter MDPs. We reuse the gadget G5 which is possible
because the maximal termination probabilities p(s,w) in terms of the current state s
and counter value (accumulated weight) w satisfy the same optimality equation (x) from
Section as maximal partial expectations if we set p(s,w) = 1 for all w < 0. The
missing ingredient is again a gadget to encode the initial values of a linear recurrence
sequence. We first address the maximal termination probability and line out the neces-
sary adjustments to show Positivity-hardness also for the threshold problem for minimal
termination probabilities afterwards.

Theorem 5.10. The Positivity problem is reducible in polynomial time to the following
problem: Given an MDP M and a rational ¥ € (0, 1), decide whether

U 5.0 (O(accumulated weight < 0)) > 9.

Proof. Let k > 2 be a natural number, a,...,q, and By, ..., Br—; rationals. Let (u,)n>0
be the linear recurrence sequence defined by the given k initial values and the linear
recurrence relation u;yp = a1 - Ujix_1 + -+ i -u; for all « > 0. W.l.o.g., we can assume
that % | |;| < 1/(k+1) and that 0 < 8; < 1/(k+ 1) forall 0 < j < k — 1. We are
going to construct an MDP M and a rational 9 € (0,1) such that

Ut s (O accumulated weight < 0)) > 4 iff u,, < 0 for some n > 0.

The MDP M is depicted in Figure for £k = 2 and assuming that a; > 0 while
as < 0. The weight function is called c¢. The initial gadget and the gadget G5 are included
as before while goal is replaced by an absorbing state trap. The new gadget O encoding
the initial values 3 works as follows: For 0 < j < k — 1, the action 7; enabled in ¢ leads
to state x; with probability % + B;. By assumption on ;, this probability is less than
k—itl  The remaining probability leads to trap. In state s, the action d; leads to y; with

k+1
k

probability k—;{ and to trap with the remaining probability. For 0 < j < k — 1, one

reaches trap from x; and y; with probability 1 and a counter change of —(j + 1).

In order to terminate, the accumulated weight has to drop below 0 before reaching
trap. As soon as the trap state is reached with non-negative accumulated weight, the
process cannot terminate anymore. The optimal decision in order to maximize the ter-
mination probability in state t is now easy to determine. Let ¢ be the current weight. If
0 < ¢ < k—1, choosing action 7 leads to termination with probability less than 1/(k+ 1)
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k—j 3.
w5

Figure 5.9: Full MDP for the reduction to the threshold problem for termination prob-
abilities of one-counter MDPs. The MDP contains the upper part for all 0 < j < k — 1.
The middle part is depicted for k = 2, a1 > 0, and ay < 0.

as trap is reached immediately with probability at least k/(k + 1). Choosing action ;
makes it impossible to terminate if ¢ > j. If £ < j, then choosing «; lets the process
terminate if z; is reached. This happens with probability Z—;{ +p;. As B; < 1/(k+1) for
all 7, the maximal termination probability is reached when choosing ~,. If £ > k, then ~;
leads to termination with probability O for all j. Hence, action v is optimal. Analogously,
we see that the optimal choice in state s with weight ¢ is §, if / < k — 1 and § otherwise.

Let p(r, w) denote the optimal termination probability when starting in state r € {t, s}
with accumulated weight w > 0. The linear recurrence sequence (uy),>0 now can be
found in terms of these optimal values: Consider again the difference d(w) = p(t, w) —
p(s,w). For counter value w < k — 1, we have seen that =, and d,,, respectively, are the
optimal actions. Hence, d(w) = u,, in this case as we have just seen that the optimal
termination probability when starting with weight w < k — 1 is 2% + 3, in ¢t and 2%

k+1 k1
in s. Furthermore, for w > k — 1, actions v and ¢ are optimal. So, by the discussion
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in Section [5.1} the sequence of differences satisfies the linear recurrence relation given by
ai,...,ax. Therefore, d(w) = w, for all w > 0. The state choice is reached with any
positive accumulated weight with positive probability. For the optimal choices in the
state choice with accumulated weight w, we observe that again choosing 7 is optimal iff
d(w) > 0. This in turn holds if and only if w, > 0. Consider the scheduler & which
always chooses 7 in state choice and afterwards behaves according to the optimal choices
as described above. This scheduler & is optimal if and only if the sequence (uy)n>o is
non-negative. To complete the reduction, we compute the value

9 = Pr%’sm(O(accumulated weight < 0)).

We will see that ¢ is a rational computable in polynomial time and we know that
max

U s (O (accumulated weight < 0)) < o if and only if the scheduler & is optimal
which is the case iff (u,),>0 is non-negative.

In order to be able to obtain an explicit representation of the optimal termination
probabilities p(t,w) and p(s,w), we group these values into segments of k consecutive
weight values. We consider the Markov chain C (see Figure again to determine how
the values for accumulated weights (n+1) -k, ..., (n+1)-k+k —1 depend on the values
for accumulated weights n-k, ..., n-k+k—1. Similar to before, forn > 1 and 0 <1 < k,
we have

p(t,nk +1i) = > (Preg,, (Ot _xy;) - p(t, (n=1)k + )

J=1

+ Pres,, (Ot—key) - p(s, (n—1)k + ) (5.2)

and analogously for p(s, nk+i). We now group the optimal values together in the following
vectors

Un = (p(tank + k— 1)7p(tvnk + k— 2)a s 7p(t7nk)7p(87nk + k— 1)a s 7p<87nk))t

for n € N. In other words, this vector contains the optimal values for the termination
probability when starting in ¢ or s with an accumulated weight from {nk, ... , nk+k—1}.
The vector vy is

(p(t,k—1),....,p(t,0),...p(s,k—1),...,p(s,0))

and these values occur as transition probabilities in M under the actions v4_1, ..., and
Ok—1y---,00.
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As the reachability probabilities in C are rational and computable in polynomial time,
we conclude from equation that there is a matrix A € Q?**2* computable in poly-
nomial time such that v,,; = Awv, for all n € N. So, v,, = A"y, for all n € N.

As state choice is reached with weight w with probability (1/2)* for all w > 1, the
value ¥ = Y07 1 (1/2)p(t,w). Let ¢ = (55, 587+, 31,0,...,0). Observe that for all

n €N,
k

1\" 1 _
(2k> ~c~vnzz2nk+ip(t,nk+z).

i=1

Hence, we can write

ﬁzé(i)n-c-vn—p(umzc-i(;)n-vn—p(t,O)

n=0

=c- 2:0(2,{) A" vg — p(t,0) = c- (2:0 (2,€A) > ~vo — p(t, 0).
We have to subtract p(¢,0) as the state choice cannot be reached with weight 0, but
the summand 1 - p(¢,0) occurs in the sum. As p(¢,0) = k—_’il + By, this does not cause a
problem. We claim that the matrix series involved converges to a rational matrix. As

before || 55 All < 1 and hence the Neumann series Y02 (5 -1

5w A)™ converges to (Ioy— 55 A)

where [y is the identity matrix of size 2kx2k. So,
9= c (Tos— = Ay 0y — p(t,0)
ok
is computable in polynomial time and
I s (O(accumulated weight < 0)) <9

if and only if the given linear recurrence sequence (u,),>o is non-negative. The construc-
tion can be carried out in time polynomial in k£ and in the size of the representations of
ai,...,ap and By, ..., Br_1. O

Note that the absolute value of the weights in the constructed MDP are at most k.
Hence, the one-counter MDP corresponding to the constructed MDP is only polynomially
larger after we replace the transitions with a weight by a sequence of states decreasing or
increasing the counter value.

The construction shows that the threshold problem for the mazimal termination prob-
ability of one-counter MDPs is Positivity-hard. Using exactly the same ideas, we can show
that the threshold problem for the minimal termination probability is Positivity-hard as
well. Let us describe the necessary changes in the construction that are also depicted
in Figure [5.10, We rename the state trap to trap’ and add a transition with weight —k
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to a new absorbing state trap. From the states x; and y; now state trap is reached di-
rectly with probability 1 and weight —j. Furthermore, the probability to reach z; when
choosing v; in ¢ is changed to % + (3; and the probability to reach trap’ is adjusted
accordingly. The analogous change is performed for ¢;. Now, it is easy to check that the
optimal choice to minimize the termination probability in state ¢ is to choose v if the
accumulated weight is > k. In this case the probability of termination is less than ﬁ If
the accumulated weight is 0 < ¢ < k, the optimal choice is 7,. The analogous result holds
in state s. From then on the proof goes as we have just seen for the maximal termination
probability with the change that we have to consider the scheduler & always choosing
o in the state choice this time. This scheduler is optimal to minimize the termination
probability if and only if the given linear recurrence sequence is non-negative. With these

adjustments, we conclude:

Corollary 5.11. The Positivity problem is reducible in polynomial time to the following
problem: Given an MDP M and a rational ¥ € (0, 1), decide whether

rﬁl/itl,lsmit@(accumulated weight < 0)) < 1.

Figure 5.10: Necessary changes to the construction for the result for minimal ter-
mination probabilities. The initial component of the MDP is omitted here and stays
unchanged.
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Energy objectives. As the energy objective O(accumulated weight > 0) is satisfied
if and only if ¢(accumulated weight < 0) does not hold, the Positivity-hardness of the
threshold problem of the optimal satisfaction probability of an energy objective follows
easily. As

Privex  (O(accumulated weight > 0)) =1 — Priyy,  (O(accumulated weight < 0)),

we conclude:

Corollary 5.12. The Positivity problem is reducible in polynomial time to the following
problems: Given an MDP M and a rational 9 € (0,1), decide whether

Priv,., (O(accumulated weight > 0)) > 9
and decide whether

Prnﬂlxlir,lsmt(m(accumulated weight > 0)) < 9.

Cost problems and quantiles. The proof of the Positivity-hardness of the threshold
problem for the termination probability of one-counter MDPs in fact also serves as a
proof that cost problems and the computation of quantiles of the accumulated weight
before reaching a goal state are Positivity-hard. Observe that in the MDP constructed
for Theorem and Corollary [5.11] almost all paths ¢ under any scheduler satisfy
O(accumulated weight < 0) iff they satisfy $trap(¢) < 0 iff their total accumulated weight
is less than 0. Thus, we obtain the following corollary:

Corollary 5.13. The Positivity problem is reducible in polynomial time to the following
problems: Given an MDP M with a designated set of trap states Goal and a rational
v € (0,1), decide whether

P, ($Goal < 0) > 9

and decide whether
Py, (@Goal < 0) < 9.

The analogous result also holds for the total accumulated weight.

Termination times of one-counter MDPs. To conclude the section, we show that
not only the threshold problems for optimal termination probabilities, but also for the
optimal expected termination times in one-counter MDPs that terminate almost surely
is Positivity-hard. We again work with weighted MDPs. Let T' be the random variable
that assigns to each path in a weighted MDP M the length of the shortest prefix such
that the accumulated weight is < 0 after the prefix. To reflect precisely the behavior of a
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c:—1

c:0

c:+1

Figure 5.11: Necessary changes to the construction for the result for for maximal
expected termination times.

one-counter MDP, we now will work with MDPs where the weight is reduced or increased
by at most 1 in each step. We make a small change to the MDP constructed for the
proof of Corollary that is depicted in Figure m The initial component (that is
not depicted) stays unchanged. For the remaining transitions, all transition reduce the
weight or leave it unchanged. The transitions with weight 0 do not occur directly after
each other except for the loop at the state trap that we adjust in a moment. Hence, we
can add additional auxiliary states such that along each path starting from s or ¢ not
reaching the state trap, the weight is left unchanged and reduced by 1 in an alternating
fashion. So, if a path starts in state s or ¢ with accumulated weight w and terminates
(i.e. reaches accumulated weight —1) before reaching the state trap this takes 2(w + 1)
steps. Now, we replace the loop at the state trap by the gadget depicted in Figure |5.11
and let us call the resulting MDP N. So, when reaching trap the accumulated weight
is increased by 1 before it is reduced in every other step until termination. That means
that if a path starting in state s or ¢t with weight w does not terminate before reaching
trap, the termination time is 2(w + 1) + 3 steps.

Now, let G be a scheduler and denote the probability not to terminate before reaching
trap under & by p®. For the expected termination time 7" in N, we now have

EN o0 = (i(lm)i(z‘ +2(i + 1))) +3.-p5=7+3-p%.

i=1

The summands (1/2)%(i + 2(i + 1)) correspond to the probability to accumulated weight
i in the initial component which takes i steps and the 2(i + 1) steps needed to terminate
by alternatingly leaving the weight unchanged and reducing it by 1. The three additional
steps after trap occur precisely with probability p®.

Not terminating before trap corresponds exactly to not terminating at all in the MDP
constructed for Corollary . The termination probability there is hence 1 — p® for any
scheduler. It is hence possible to terminate with a probability less than ¢ in that MDP if
and only if it is possible to reach an expected termination time of more than 10 — 3¢ in
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N. By Corollary and the fact that termination is reached almost surely in A under
any scheduler, we hence conclude:

Corollary 5.14. Let M be a one-counter MDP with initial state s,,, that terminates
almost surely under any scheduler, let 9 be a rational, and let T be the random vari-
able assigning the termination time to runs. The Positivity problem is polynomial-time
reducible to the problem whether

E%av);im't (T) > 19

By similar changes to the MDP used in the proof of Theorem [5.10, we can show the
same result for the problem whether ERf. (T) < 9.

5.2.4 CONDITIONAL VALUE-AT-RISK FOR ACCUMULATED WEIGHTS

Lastly, we aim to prove the Positivity-hardness of the threshold problem for the condi-
tional value-at-risk in this section. Paths with low weight are considered to be the bad
outcomes in the sequel denoted by the | in the index. The main result of the section is
the following:

Theorem 5.15. The Positivity problem is polynomial-time reducible to the following
problem: Given an MDP M and rationals ¥ and p € (0,1), decide whether

CVaR>*(9goal) > 0.

We will use an auxiliary optimization problem to prove this result. We begin with
the following consideration: Given an MDP M with initial state s,,,,, we construct a new
MDP N. We add a new initial state s/ _,.

enabled leading to s,,, with probability % and to goal with probability % So, at least two

In s

init?)

there is only one action with weight 0

thirds of the paths accumulate weight 0 before reaching the goal. Hence, we can already
say that VaRIG/Q@goal) = 0 in AV under any scheduler &. Note that schedulers for M can
be seen as schedulers for A" and vice versa. This considerably simplifies the computation
of the conditional value-at-risk in /. Define the random variable ©goal({) to be $goal(()
if $goal < 0 and to be 0 otherwise. Now, the conditional value-at-risk for the probability
value 1/2 under a scheduler & in A\ is given by CVaR),(®goal) = 2 - B, . (©goal) =
2 - ESy.,.,(©goal). So, the result follows from the following lemma:

Lemma 5.16. The Positivity problem is polynomial-time reducible to the following prob-
lem: Given an MDP M and a rational ¥, decide whether B (©goal) > 1.

it

Proof. The first important observation is that the optimal expectation e(q, w) of ©goal for
different starting states ¢ and starting weights w satisfies Equation () from Section [5.1]
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ie., e(q,w) =Y ,cq P(q,a,7) - e(r,w+wgt(q, ) if an optimal scheduler chooses actions
« in state ¢ # goal when the accumulated weight is w. The value e(goal, w) is w if w <0
and 0 otherwise. This allows us to reuse the gadget G5 to encode a linear recurrence
relation.

We again adjust the gadget encoding the initial values of a linear recurrence sequence.
So, let k be a natural number, a1, ..., a; be rational coefficients of a linear recurrence
sequence, and Jy,...,Bk_1 > 0 the rational initial values. W.l.o.g. we again assume

these values to be small, namely: >, |a;| < % and for all j, 3; < ta where

= B(k+1 3
= Yicick |oul-

The new gadget that encodes the initial values of a linear recurrence sequence is
depicted in Figure [5.12] In states ¢ and s, there is a choice between actions 7; and d;,
respectively, for 0 < 57 < k — 1. After glueing together this gadget with the gadget
G at states t, s, and goal, we prove that the interplay between the gadgets is correct:
Let 0 < 7 < k — 1. Starting with accumulated weight —k+j in state ¢, the action ~;
maximizes the partial expectation among the actions v, ..., v,x—1. Likewise, d; is optimal
when starting in s with weight —k+j. If the accumulated weight is non-negative in state
s or t, then v or ¢ are optimal. The idea is that for positive starting weights, the tail
loss of ; and ¢; is relatively high while for weights just below 0, the chance to reach goal
with positive weight again outweighs this tail loss.

First, we estimate the expectation of ©goal when choosing §; and ¢ while the accumu-
lated weight is —k+j in s. If ¢ > j, then d; and ¢ lead to goal directly with probability

1—a and weight < —1. So, the expectation is less than —(1 — «a) < —1+ﬁ.

If i < j, then with probability 1—« goal is reached with positive weight, hence ©goal
is 0 on these paths. With probability 3;, goal is reached via y; In this case all runs

reach goal with negative weight. On the way to y; weight 2k is added, but afterwards

k+1
k

Furthermore, —2k+i is added to the starting weight of —k+j. So, these paths contribute
Bi+(2k =2k —3k+j+i) = (—3k+j+i—2)-B; to the expectation of ©goal. With analogous

reasoning, we see that the remaining paths contribute (—3k+j+i—1) - (o — f3;). So, all in
all the expectation of ©goal in this situation is a-(—3k+j+i—1)—/;. Now, as a < ﬁ

and f; < § for all i, we see that a-(—3k-+j+i—1)—pF; > —(3k + 2)a > —1—1—%. The

optimum with ¢ < j is obtained for ¢ = j as §; < a/3 for all ¢. Hence indeed §; is the

subtracted again at least once. In expectation weight 2k is subtracted many times.

optimal action. For 7; the same proof with 8; = 0 for all ¢ leads to the same result.

Now assume that the accumulated weight in ¢ or s is £ > 0. Then, all actions lead
to goal with a positive weight with probability 1 — «. In this case ©goal is 0. However,
a scheduler & which always chooses v and 0 is better than a scheduler choosing v; or
§; for any j < k—1. Under scheduler & starting from s or ¢ a run returns to {s,t}
with probability o while accumulating weight > —k and the process is repeated. After
choosing ~; or §; the run moves to z;, y; or y; while accumulating a negative weight.
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1*6]/0[
wgt : +k

<> wgt : +k wgt - +k
Bila >

wgt : +3k—27 @

~ilwgt : —2k+j §;lwgt : —2k+j

Figure 5.12: The gadget encoding initial values for the reduction to the threshold
problem for the conditional value-at-risk. The gadget contains the depicted states and
actions for each 0 < j < k — 1. The probability a is >y <;< |-

From then on, in each step it will stay in that state with probability greater than « and
accumulate weight < —k. Hence, the expectation of ©goal is lower under v; or §; than
under &. Therefore indeed v and § are the best actions for non-negative accumulated
weight in states s and .

Let now e(t,w) and e(s,w) denote the optimal expectations of ©goal when starting
in t or s with weight w. Further, let d(w) = e(t,w) — e(s,w). From the argument above,
we also learn that the difference d(—k+j) is equal to j;, for 0 < j < k—1 . Put together
with the linear recurrence encoded in G; this shows that d(—k + w) = w, for all w
where (uy,)nen is the linear recurrence sequence specified by the a;, ;, 1 < i < k, and
0<j<k-1

Finally, we add the same initial component as in the previous section to obtain an
MDP M. Let G be the scheduler always choosing 7 in state ¢ and afterwards following the
optimal actions as described above is optimal iff the linear recurrence sequence stays non-
negative. The remaining argument goes completely analogously to the proof of Theorem
(.10, Grouping together the optimal values in vectors v, with 2k entries as done there,
we can use the same Markov chain as in that proof to obtain a matrix A such that
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Uni1 = Av,. This allows us to compute the rational value ¥ = E%/t,sz-m-t (©goal) via a
matrix series in polynomial time and EXf% (©goal) > ¥ if and only if the given linear

recurrence sequence is eventually negative. O

By the discussion above, this lemma directly implies Theorem [5.15, With adaptions
similar to the previous section, it is possible to obtain the analogous result for the minimal
expectation of ©goal. This implies that also the threshold problem whether the minimal
conditional value-at-risk is less than a threshold ¢, C VaRfj;n(@goal) < U, is Positivity-

hard.
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CHAPTER
SIX

APPROXIMATION ALGORITHMS

The Positivity-hardness results of the previous chapter show that we cannot expect to be
able to compute the optimal values in the non-classical stochastic shortest path problems
we investigated with known techniques. Therefore, we now turn our attention to the ap-
proximability of these values. For practical purposes, efficient approximation algorithms
are usually sufficient for the development of useful tools.

But also from a theoretical point of view, the approximability results we present here
are interesting. After proving Positivity-hardness, the question whether the two non-
classical stochastic shortest path problems are undecidable remains open. The arguably
most famous undecidability result in a similar setting is the undecidability of the empti-
ness problem for probabilistic finite automata (PFA) [Paz71]. In a PFA, the successor
state in each step is chosen according to a probability distribution that depends on the
current state and the current letter of an input word. The emptiness problem asks whether
there is a finite input word w such that the probability to be in an accepting state of the
PFA after reading the input word w is at least ¢} for some given threshold ¢. In the ter-
minology of MDPs, input words can be regarded as deterministic schedulers that cannot
take any information on the current state or the history of a run into account, but have to
schedule a sequence of actions without further information. From this perspective, PFAs
can be seen to be unobservable MDPs, sometimes called blind partially observable MDPs
(see, e.g., [PT87,MHC99,CCT16]). This emptiness problem for PFAs has been shown to
be undecidable by Paz [Paz71|. Furthermore, Condon and Lipton [CL89] showed that it
is impossible to approximate the value of a PFA| i.e., the supremum over the probabilities
with which finite words are accepted. In this chapter, we will prove that the optimal par-
tial and conditional expectations can be approximated. This is a strong indication that
the problems are fundamentally different from the emptiness problem for PFAs. More
precisely, the goal of this section is the proof of the following theorem.
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Theorem 6.1. Let M = (S, Act, P, 5,4, wgt, Goal) be an MDP with PEY{ =~ < oo and
lete > 0. The maximal partial expectation PEYYT — can be approzimated up to an absolute
error of € in time exponential in the size of M and polynomial in log(1/¢).

If further CER. . < 0o, also CEYS. — can be approximated up to an absolute error

of € in time exponential in the size of M and polynomial in log(1/¢).

Afterwards, we prove a hardness result for approximations. Namely, we show that
there are no polynomial-time approximation algorithms if P # PSPACE.

Outline. We first show how we can estimate bounds on the growth of the accumulated
weights in an MDP (Section [6.1). Then, we show that there are e-optimal schedulers for
the partial expectation which become memoryless as soon as the accumulated weight
leaves a sufficiently large weight window around 0. This result uses a weak form of
saturation points. This insight can be used to compute approximations of the optimal
partial expectation (Section . The result can be extended to conditional expectations
via an approximate binary search (Section . We conclude by presenting the hardness

result (Section [6.4)).

Related Work. For some of the problems that we have shown to be Positivity-hard
in the previous chapter, approximation algorithms have been provided in the literature:
The optimal termination probability of one-counter MDPs is shown to be approximable
in [BBEK11] while an analogous result for the expected termination time of almost surely
terminating one-counter MDPs is shown in [BKNW12|. Conceptually, these approxima-
tion algorithms are similar to our approximation algorithms as they estimate counter
values from which on e-optimal schedulers can behave memorylessly.

In MDPs with an energy objective, it has been shown that the maximal expected
mean payoff among schedulers satisfying the energy objective with probability 1 can be
approximated [BKN16]|. For cost problems, |[HKL17] proves that the probability with
which the accumulated cost satisfies a Boolean combination of inequality constraints
when entering a target state can be approximated in Markov chains.

Note on the publication of the results. The approximation algorithms for par-
tial and conditional expectations have been presented in [PB19]. Here, we additionally
provide the hardness result (Section [6.4).

6.1 BOUNDING THE GROWTH OF WEIGHTS

In this section, we will start by providing estimations to be able to bound the possible
growth of weights in an MDP. As a result, we are able to provide upper bounds on the
optimal partial and conditional expectation that we need in the subsequent sections. Let
M = (S, Act, P, 8, wgt, Goal) be an MDP with PEYFY < oo. We have seen in Chapter
that finiteness of PE}} ~ can be checked in polynomial time. After a successful check
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of finiteness and the usual pre-processing, we can assume that all end components have
negative maximal expected mean payoff and that Goal consists of an absorbing state
goal that can be reached from all states except for one absorbing state fail. Let d be
the minimal non-zero transition probability in M and W := max,cgacact(s) |wgt(s, a)|.
To compute an upper bound on the partial expectation in M, we are going to com-
pute a weight value cy and a probability Ay such that the probability to accumulated
weight above ¢y, from any state in M is at most \y. Considering the MEC-quotient
MEC(M), there are two ways to accumulate weight: Weights can be accumulated while
taking transitions in the MEC-quotient moving between the MECs and weights can be
accumulated by moving around inside a MEC. For the first way to accumulate weight,
we can make an easy estimation: Moving through the MEC-quotient, the probability to
reach an accumulated weight of |S| - W is bounded by 1 — §/°! as goal or fail is reached
within S steps with probability at least 1 —6°l. It remains to show similar bounds inside
an end component.

We will use the characterization of the maximal expected mean payoff in terms
of super-harmonic vectors due to Hordijk and Kallenberg [HK79] to define a super-
martingale controlling the growth of the accumulated weight in an end component under
any scheduler. We will, however, not dive into the definition of super-martingales here
because the arguments in the sequel can be carried out without the definition. For the
reader familiar with the notion, we will briefly point out the super-martingale. As the
value vector for the maximal mean payoff in an end component is constant and negative
in our case, the results of [HK79] that were also briefly discussed in Chapter [2] yield:

Proposition 6.2 (Hordijk, Kallenberg [HK79]). Let £ = (S, Act) be an end component
of M with mazimal mean payoff —t for some t > 0. Then there is a vector (us)ses such
that —t + us > wgt(s,a) + Ygeg P(s,a, 8') - uy forall s € S and a € Act(s).

Furthermore, let v be the vector (-t,...,-t) in RS. Then, (v,u) is the solution to a
linear program with 2|S| variables, 2|S||Act| inequalities, and coefficients formed from the
transition probabilities and weights in &.

We will call the vector v a super-potential because the expected accumulated weight
after ¢ steps is at most uy, — minseg u; — 7 - t when starting in state s.

Let now & be a scheduler for £ starting in some state s. We define the following
random variables on G-runs in &£: let s(i) € S be the state after i steps, let a(i) be
the action chosen after i steps, let w(i) be the accumulated weight after i steps, and let
7(7) be the history, i.e. the finite path after i steps. To keep the notation simple, we do
not include the scheduler & to the notation although these random variables of course
depend on G.

Lemma 6.3. The sequence m(i) = w(i) + uyg) satisfies

E(m(i + 1)|7(0),...,7(2)) < m(i) —t
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for all 1.

Proof. By Proposition [6.2] E(m(i + 1)|(0),...,7(i)) — m(i) = wgt(s(i),S(n(i))) +
Ywes P(s(i), 8(m(1)),s') - uy — ugqy < —t. O

The statement of the lemma means that m(i)+-¢ is a super-martingale with respect
to the histories m(i). We can now estimate the growth of the weight inside an end
component by applying the following theorem by Blackwell [Blab4].

Theorem 6.4 (Blackwell [Blab4]). Let X1, Xs,... be random variables and define the
random variable S, d:efzzzl Xy Assume that | X;| < 1 for all i and that there is a u > 0
such that E(X, 11| X4, ..., Xn) < —u. Then,

1 —u\?
Pr(sup S, >t <( >
(nePN) 2t) < 14+u

We denote maxyeg uy — mingeg ug by ||ul|. Observe that
Im(i+ 1) —m@)| < ||lu|| + W =: ce.

We can rescale the sequence m(i) by defining m’(i) = (m(i) — m(0))/ce. This ensures
that m/(0) = 0, |m/(: + 1) —m/(i)| < 1 and E(m/(i + 1)|m/(0),...,m/(i)) < —t/ce for all
1—t/ce

i. In this way, we arrive at the following conclusion, putting A¢ := {5 e

Corollary 6.5. For any scheduler & and any starting state s in £, we have
Pr(Quwgt > (k+1) - ce) < Ak

Proof. By Theorem [6.4],

Prl(Qugt > (k +1) - ce) < Pri(Qugt > |lul| +k - ce)
< PrS(3i: m(i) —m(0) > k- c¢)
< Pr(supm/(i) > k)
€N

< (L=tee k. O
- 1+ t/Cg
Let MEC be the set of maximal end components in M. For each £ € MEC, let A¢
and cg be as in Corollary [6.5] Define

A E 1= (5 T (1= 2xe)),
SEMEC
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and
def
CMm =

S | - W -+ Z Cg.
EeMEC

Then an accumulated weight of cys cannot be reached with a probability greater than
Anm because reaching accumulated weight ¢y, would require reaching weight cg in some
end component & or reaching weight |S|- W in the MEC-quotient and 1 — Ay, is a lower
bound on the probability that none of this happens (under any scheduler).

After bounding the growth of the accumulated weight in M, we are now in the position
to provide upper bounds on the partial and conditional expectation.

Proposition 6.6. Let M be as above. There is an upper bound PEY for the partial
expectation in M computable in polynomial time.

Proof. In any end component £, the maximal mean payoff —¢ and the super-potential
u are computable in polynomial time. Hence, ce and Ag¢, and in turn also cyy and Ay
are also computable in polynomial time. When we reach accumulated weight cp, for
the first time, the actual accumulated weight is at most cyg + W. So, we conclude that
Privii(Qwgt > k- (cp + W)) < My for all s € S. The partial expectation can now be

bounded by Y72 o(k+ 1) - (cp + W) - )"j\A = (%% -

Corollary 6.7. Let M be as before and assume that CEY, < oo. There is an upper
bound CE™ for the conditional expectation in M computable in polynomial time.

Proof. By the pre-processing described in Chapter 3| we can construct an MDP N in
which goal is reached with positive probability under any scheduler in polynomial time
with CER%. = CEAmfa;‘m As q = Pr}l\}if;imt(Ogoal) is computable in polynomial time,
the bound CE* = PE"/q is an upper bound for the conditional expectation in M
computable in polynomial time. O

These upper bounds serve as an ingredient for the computation of a weak form of
“saturation point” for MDPs with integer weights in the next section.

6.2 APPROXIMATING OPTIMAL PARTIAL EXPECTATIONS

Recall that there are no saturation points in MDPs with integer weights that provide a
bound on the accumulated weight above which optimal schedulers can switch to memo-
ryless behavior (see Section . Nevertheless, we can compute a bound below which
optimal schedulers can only choose actions that make it possible to reach goal with the
minimal possible probability. This will allow us to approximate the maximal partial
expectation by finite-memory schedulers that switch to memoryless behavior once a suf-
ficiently large weight window around 0 is left.
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Let M be as above with PEF% < oo and let PE* be the upper bound on the partial
expectation that we just computed. For each state s € S, we define pi*** = Pr){% (O goal)
and p™in = Priy” ".(Ogoal). Further, for opt € {max, min} and each state-action pair
(s, ), let popt ZteS P(s,a,t) - p?pt and let Act™"(s) = {a € Act(s)|pt = poP'}.

As we have also seen in Chapter [3, we can compute a memoryless deterministic sched-
ulers May in polynomial time that maximizes the partial expectation among all schedulers
reaching goal with maximal probability. To compute this scheduler, we can solve a clas-
sical stochastic shortest path problem in the MDP M™* in which only actions in Act™*
are enabled. We scale down the weight of a state-action pair (s, a) to wgt(s, ) - p** and
maximize the accumulated weight before reaching goal or fail according to this weight
function. Likewise, we can compute a memoryless scheduler 9lin maximizing the partial
expectation among all scheduler reaching goal with minimal probability.

The idea for the approximation is to use the approximate value IP’IEimax + w - pi** for
the maximal partial expectation if a high weight w has been accumulated in state s.

Similarly, for small weights w’, we use the value PE%“; +w - pin,

We will first provide
a lower “saturation point” making sure that only actions minimizing the probability
to reach the goal are used by an optimal scheduler as soon as the accumulated weight
drops below this saturation point. The argument is similar to the proof of the existence
of a saturation point in the setting with non-negative weights as in Proposition [3.26|
In contrast to the setting with non-negative weights, it is not the case that below the
“saturation point” there is a fixed memoryless scheduler providing the optimal decisions

— hence the quotation marks.

Proposition 6.8. Let M be as above. Let s € S and let

def ]P)]Eub o ]P)E?ﬁn

s : p —.
pmin min  pmin
s agAct™in(s) S

Then any weight-based deterministic scheduler & maximizing the partial expectation in

M satisfies S(s,w) € Act™(s) if w < gs.

Proof. Suppose a weight-based deterministic scheduler & chooses an action v ¢ Act™"(s)
at state s when the accumulated weight is w < q,. The partial expectation from s on
starting with weight w is then bounded from above by

PE* + w - prsn(lln.
The scheduler 9in achieves a partial expectation from this situation of

]P)Efsmm 4w - prsmn.
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The value g is chosen such that it follows that 9tin achieves a higher partial expectation
from this situation on for w < qs. For an optimal scheduler, we can hence indeed assume
that it only chooses actions from Act™"(s) for weights below qs. O

Let q < mingeg qs and let D = PE* — min{PE?™ PE™"|s € S}. Given £ > 0, we
define R* = (cp + W) - [%W and R = q— R}

Theorem 6.9. With all notation as above, there is a weight-based deterministic scheduler
S such that the scheduler T defined by

S(m) if any prefix © of ™ satisfies RZ < wgt(n') < RT,
Max(m) if the shortest prefix ' of m with wgt(n') & [R-, RY]

‘3:(71') = . /
satisfies wgt(n') > RY,

Min(m)  otherwise,
satisfies IP’IESTM > IP’IE?:’; — €.
Proof. Let & be a weight-based deterministic scheduler with PES’nit = PE}™. Define

S(m) , if any prefix 7’ of 7 satisfies R < wgt(m) < RZ,
T(r) = Mag(r) , if the shortest prefix 7’ of m with wgt(n') & [R-, RY]
satisfies wgt(n') > Rt
Min(m) , otherwise.

We give an estimation for the difference PEJ** — PEEM. In order to do so, we define the
following two sets:

1Y := {r finite &-path |wgt(r) > RS
and for any proper prefix ' of 7, RZ < wgt(n') < Rf},
II- := {m finite G-path |wgt(n) < R_

and for any proper prefix 7’ of 7, R < wgt(n') < R}

Denote by PEY**[w] the maximal partial expectation when starting in state s with weight
w. The schedulers & and ¥ agree on all paths not in IT7 or TIZ. Hence,

PE;; — PE;,,
= Y Pr5 L (m) - (PERS G [wat(m)] = PEL ) — Plasiiny - wgt(m)) +
mellf

> Prg (m) - (PERS ) lwgt(m)] — PRt ) — Plasiir) - wgt(7))-
mells
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For the first sum, we have the following estimation:

Y Prg(m - (PEjpat(mlwgt(m)] — PEZ@() Plast(x) - Wgt(T))

melll
max M
< Z Prseim-t(ﬂ-) ’ (P last(m) ~ PEZ&;E(TF))
WEH:

log(2D)+log(1/e) log(2D)+log(1/¢)
< )‘/\/l log(1/A A1) D= 210g(/\M)'W . D= 210g(6)710g(2D) D= 8/2

For the second sum, consider the following scheduler. On extensions of paths in II_,
let & be the scheduler which behaves like & until the accumulated weight is at least g
again and then switches to the choices of Min. We know that & only chooses actions in
Act™™(s) when in a state s with accumulated weight below q. On the other hand, 9in
is optimal among these schedulers. So, Min is at least as good as &’ on extensions of
paths in IIZ with respect to maximizing the partial expectation. Further, starting at a
path in IIZ we reach an accumulated weight of at least q only if we accumulate a weight
of at least RY. Afterwards, we can bound the advantage of & over Min by D. So, we
get the following estimation:

Z Prfi,,,“(ﬂ)-(PE?;ii‘(ﬂ)[wgt(ﬂ)] PElast(ﬂ') P}glsrtl(w) wgt(r))

mell—¢
< > Prf () - (P (Qwgt > RY) - D) < /2.
mells
SO, ]ID]E‘I;::X ]P)IESz i S E. D

This result now allows us to compute an e-approximation and an e-optimal scheduler
with finite memory by linear programming, similar to the case of non-negative weights,
in a linear program with R 4+ R_ many variables and | Act|-times as many inequalities.

Theorem 6.10. PE]™™ can be approzimated up to an absolute error of € in time expo-

nential in the size of M and polynomial in log(1/¢).

Proof. We have seen that R_ and RI can be computed in time polynomial in the size of
M. Their numeric values are hence at most exponential in the size of M. Furthermore,
these numeric values are linear in log(1/¢). Consider the following linear program with
one variable z,, for each s € S and R — W <w < Rf + W:

Minimize > ,, x5, under the following constraints:

Lgoal,w — W, and T failow — 07
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for w > Rt and s € S\ {goal, fail},
Ty = PETE 4 plax g
for w < R_ and s € S\ {goal, fail},

l's7w — ]P)Ezﬁm + pmln -w,

S

and for R < w < RF, s € S\ {goal, fail}, and a € Act(s),

Tsw Z Z P(S, o, t) . xt,erwgt(s,a)-
tes

We can interpret the linear program as a linear program for weighted reachability on an
MDP with state space S x {RZ — W,..., R*} and the transitions induced by M. This
MDP now has no end components. Hence, the linear program has a unique solution.
This solution corresponds to the optimal value among the schedulers of the form of ¥ in
the previous theorem. O

6.3 TRANSFER TO CONDITIONAL EXPECTATIONS

To approximate the optimal conditional expectation, we will use the reduction from
the threshold problem for conditional expectations to the threshold problem for partial
expectations. Via the approximation algorithm for the optimal partial expectation, we
can conduct an approximate binary search for the optimal conditional expectation. Let us
recall the reduction: Given an MDP M = (S, Act, P, 5., wgt, Goal) with CEf% < oo
and a rational 9, we add a new initial state s/ , from which s,,, is reached with probability
1 and weight —9 to obtain an MDP My. Then, CE};%. > ¢ if and only if P ﬂi#mt > 0.
Let us denote the value PEG ", by PEN,,.[—7], i-e., the parameter — indicates the
starting weight in the initial state s,,.

The approximation algorithm works as follows: Let M = (S, Act, P, S, wgt, Goal)
be an MDP with CE}% = < oo and let € > 0. After our pre-processing procedure, we
can assume that p = Prﬂf‘swt(o goal) is positive. For the optimal conditional expectation,
we know that

CEY™ € [CEY®  CE"].

max Nax

We perform a binary search to approximate CER%. @ We put Ay := CEy; %,  and
By := CE". Given A; and B;, let 9; := (A;4 B;)/2. Then, we approximate PES™[—;] up
to an absolute error of p-e. Let E; be the value of this approximation. If E; € [—2p-¢, 2p-¢],
terminate and return ¢; as the approximation for CEJ™. If E; < —2p-¢, put Ay := A;
and B; 1 :=1;, and repeat. If E; > 2p-¢, put A, ;1 :=v; and B, := B;, and repeat.
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Theorem 6.11. The procedure terminates after at most [log((Ao— By)/(p-€))]| iterations
and returns an 3e-approvimation of CEJ™™ in time exponential in the size of M and
polynomial in log(1/e).

Proof. We begin by showing that the algorithm terminates after at most [log((A4g —
By)/(e - p))] many iterations, i.e. when [A; — B;| < e-p. We know that PEJ*[—6;] < 0
if B < —2pe and PEL™[—0;] > 0 if E; > 2pe. By the reduction between the threshold
problems, we conclude that CEJ™™ € [A;41, Biy1] at any time. So, after at most log((Ao —
By)/(e - p)) many iteration, we have that |A4; — B;| < ¢ -p and hence CE;™ —¢-p <
0; < CES™ + ¢ -p. We claim that then E; € [—2pe,2pe]. Suppose E; < —2pe. Then
PEL>[—0;] < —pe. But we have

0=PESTI-CELY] < PECTI=0: + pe] < PEST 0] + pe

contradicting the supposition. Analogously, we show that E; cannot be greater than 2pe.
Next, we show that the algorithm returns an 3e-approximation of CE}™*. As soon as
the algorithm terminates, we have that E; € [—2pe, 2pe]. So, PEL™[—0;] € [—3pe, 3pe].
So there is a scheduler & with
PES [-6;] =PES —0;-Prd (Ogoal) > —3pe.
As Prgm(o goal) > p, this implies CEI'™ > (CESGM > 0; —3e. On the other hand, suppose

that CET® > 0, + 3. Then there is a scheduler ¥ with CES = > 0; + 3¢. For this

Sinit Sinit

scheduler, we have

0 < PE] [-0; —3c] =PE; [-0,] —3c-Pr; (Ogoal) < PE]

it Sinit

[~6,] — 3¢ - p.

This contradicts PE;™[—0;] < 3pe. Therefore, the algorithm indeed returns a 3e-
approximation of CIE}™.

Finally, we show that the claimed running time is correct: The algorithm stops after
at most [log((Ag — Bo)/(e - p))] iterations. As all values involved can be computed in
polynomial time, this is polynomial in the size of M and linear in log(1/¢). In each
iteration, we have to approximate the maximal partial expectation PEJ"*[—6;] up to an
absolute error of p - . As the logarithmic lengths of 6; and p are polynomial in the size

of M as well, this can be done in time exponential in the size of M and polynomial in
log(1/e). O

So, we have now shown that maximal partial and conditional expectations can be
approximated as stated in Theorem [6.1] For the minimal values, we can simply first
multiply all weights with —1.
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6.4 HARDNESS OF APPROXIMATIONS

The approximation algorithms presented above require exponential time. This naturally
raises the question whether optimal values could be approximated more efficiently. We
conclude this chapter by proving that we cannot expect a polynomial-time approximation
algorithm.

Theorem 6.12. If P#APSPACE, then there is no algorithm approximating the optimal
partial or conditional expectation in an MDP M up to an absolute error of € that runs in
time polynomial in M and log(1/¢). This holds even for acyclic MDPs with non-negative
weights.

Proof. The threshold problem for maximal partial expectations is PSPACE-hard even
for acyclic MDPs (see Theorem [3.32)). More precisely, given an acyclic MDP M with
non-negative weights weights and initial state s,,,;, a designated target state goal, and a
rational o, the problem to decide whether PE};% =~ > ¢ is PSPACE-hard. The transition
probabilities in M are given as fractions of co-prime integers. Let D be the product of
the denominators of all transition probabilities. Note that there are only polynomially
many transitions and that the binary length of the denominators is part of the size of
M. Hence, the binary representation of D is polynomial in the size of M.

Furthermore, we know that the maximal partial expectation is obtained by a deter-
ministic scheduler & (see Theorem [3.23). Let & be an optimal deterministic scheduler.
All &-paths from s,,, to goal have a probability that is an integer multiple of 1/D. Hence,
also ]P’E%ﬁmit = PE};%,, ., is an integer multiple of 1/D.

With an algorithm that approximates PE};% = up to an absolute error of ¢ in time

polynomial in the size of M and in log(1/¢), we could approximate PEY{% — up to an
absolute error of 1/3D in time polynomial in the size of M. Rounding the result to the
closest integer multiple of 1/D would return the exact value PEY{ = and allow us to
solve the threshold problem in polynomial time.

The proof for the hardness of approximating optimal conditional expectations works

analogously. O]
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CHAPTER
SEVEN

CONCLUSIONS AND OUTLOOK

We conclude with brief summaries, final remarks, and hints at possible directions for
future work regarding three topics that played an important role in this thesis: Positivity-
hardness, saturation points, and approximations.

Positivity-hardness. Our investigations of two non-classical variants of the stochastic
shortest path problems, the partial and the conditional stochastic shortest path problem,
showed that these variants are most likely not solvable with currently known techniques.
The decision versions of both variants are at least as hard as the Positivity problem for
linear recurrence sequences, a problem that has been open for many decades and to which
known number-theoretic techniques do not seem to be applicable. A decidability result
for these non-classical stochastic shortest path problems and hence for the Positivity
problem would lead to a major breakthrough in analytic number theory.

For the proof of these Positivity-hardness results, we constructed MDP-gadgets that
encode a linear recurrence relation and the initial values of a linear recurrence sequence,
respectively. These gadgets allow for great flexibility and the proof idea can easily be
adapted to a series of further problems on MDPs — most of which have been studied and
left open in the literature — by exchanging the gadget encoding the initial values. In
this way, we proved that problems addressing the optimal termination probability and
the optimal expected termination time of one-counter MDPs, the optimal satisfaction
probability of energy objectives, the optimal probability that the accumulated weight
satisfies an inequality constraint (cost problems, quantile queries), the optimal conditional
value-at-risk for accumulated weights, and the optimal long-run probability of regular co-
safety properties as well as the model-checking problem for frequency-LTL are Positivity-
hard. This series of results shows that we developed a powerful technique to prove the
inherent mathematical difficulty of optimization problems on (finite-state) MDPs.

We expect that the proof technique is applicable to further threshold problems associ-
ated to optimization problems on MDPs. A main requirement for the direct applicability
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of the technique is that the optimal values V (s, w) in terms of the current state s and the
weight w accumulated so far, or a similar quantity that can be increased and decreased,
satisfy an optimality equation of the form

V(s,w)= max Y P(s,a,t)-V(t,w+ wgt(s,a)).
a€cAct(s) tes

In addition, the optimum must not be achievable with memoryless schedulers but the
optimal decisions have to depend on the accumulated weight to make it possible to
encode initial values of a linear recurrence sequence. This combination of conditions is
quite common as we have seen. Furthermore, our and possible future Positivity-hardness
results might be transferrable to further notions resulting from taking long-run averages
(as in the case of long-run probabilities) or conditioning (as in the case of conditional
expectations and conditional values-at-risk).

For optimization problems on MDPs, determining the structure of optimal schedulers
is often a key step for the solution. We were able to prove that schedulers optimizing the
partial or conditional expectation can be chosen to be weight-based and deterministic.
A finer restriction on the necessary structure for optimal schedulers, however, is linked
to deep questions surrounding the Positivity problem: In the MDPs constructed from
the mentioned gadgets, the structure of the optimal scheduler is directly related to the
negativity set {n € N | u,, < 0} of the given linear recurrence sequence (uy),>o. The
famous Skolem-Mahler-Lech theorem [Sko34, Mah35, Lecb3| states that the set of zeros
{n € N | u, = 0} is ultimately periodic, a.k.a. semi-linear, for any linear recurrence
sequence over a field of characteristic 0. In [BGO7], it is shown that this is not the
case in general for the negativity sets of real linear recurrence sequences. To the best of
our knowledge, it is not known whether the negativity set of rational linear recurrence
sequences is always semi-linear. A proof that the optimal schedulers for any of the
problems we have shown to be Positivity-hard can be chosen to be ultimately periodic
with respect to the accumulated weight (cf. Section would imply the analogue
of the Skolem-Mahler-Lech theorem for the negativity set of rational linear recurrence
sequences (and hence also for the positivity set).

Besides the Positivity-hardness that we established, the problems under consideration
exhibit further complications that stand in the way of a proof of inter-reducibility with the
Positivity problem. The MDPs constructed for the Positivity-hardness consist of an initial
component in which positive weights are accumulated and afterwards the accumulated
weight only decreases. General MDPs have a much more complicated structure. In
this vein, it is also remarkable that the threshold problem for the probability that the
accumulated cost when entering a goal state satisfies a Boolean combination of inequality
constraints (cost problem) in finite-state Markov chains is open [HKL17]. For partial and
conditional expectations, on the other hand, the computation is easy in Markov chains.
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All in all, this leaves the possibility open that some or all of the problems we studied
are in fact harder than the Positivity problem. In particular, it could be the case that
the problems are undecidable and that a proof of the undecidability would yield no
implications for the Positivity problem. For this reason, investigating whether some or
all of the threshold problems are reducible to the Positivity problem constitutes a very
interesting — and challenging — direction for future work. Such an inter-reducibility result
would show that studying any of the discussed optimization problems on MDPs could be a
worthwhile direction of research to settle the decidability status of the Positivity-problem.
Some hope for an inter-reducibility result can be drawn from the fact that the optimal
values are approximable for several of the problems — for termination probabilities and
expected termination times of one-counter MDPs; this was shown in [BBEK11,BKNW12]
and we proved this result for partial and conditional expectations in this thesis. This
indicates that there is at least a major difference to undecidable problems in a similar
context such as the emptiness problem for probabilistic finite automata [Paz71},/CL89).

Saturation points. In MDPs with non-negative weights, the partial and conditional
stochastic shortest path problems are solvable in exponential time. These results were es-
tablished in [CFK™13a] and [BKKW17|, respectively. The key insight is the existence of
saturation points, i.e., bounds on the accumulated weight after which optimal schedulers
can behave memorylessly. So, optimal schedulers for partial and conditional expectations
in MDPs with non-negative weights are not only weight-based and deterministic, but in
addition they have to keep record of the accumulated weight only up to the saturation
point. In particular, this means that there are optimal finite-memory schedulers. The
saturation point provided in [CFK™13a] in the context of stochastic multiplayer games re-
lies on upper bounds for the optimal partial expectation. For MDPs, we showed that the
least possible saturation point is computable in polynomial time without first computing
an upper bound. For practical purposes, this least saturation point might significantly
speed-up computations as the runtime of algorithms to compute the optimal partial ex-
pectation depends directly on the size of the computed saturation point. The saturation
point for conditional expectations provided in [BKKW17] relies on upper bounds as well.
Here, it is not clear whether an efficient computation of a lower or even the least possible
saturation point similar to the computation of our saturation point for partial expec-
tations is possible due to the more intricate inter-play between the accumulated weight
and the probability to reach a goal state. The close connections between the two prob-
lems that we established by simple reductions between the threshold problems, however,
might be useful to obtain a way to compute smaller saturation points for conditional
expectations.

The concept of saturation points turns out to be very useful as it can be applied to
further problems. First, we provided a simple saturation point for the computation of
the optimal conditional value-at-risk of the accumulated weight before reaching a goal
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state in MDPs with non-negative weights. The saturation point simply provides a bound
w on the accumulated weight such that paths exceeding this bound certainly belong to
the p worst (or 1 — p best) outcomes for a given probability value p. This allowed us
to reduce the problem to the computation of the conditional value-at-risk for a weighted
reachability problem in an exponentially large MDP. In [KMI18], the optimal conditional
value-at-risk for weighted reachability has been shown to be computable in polynomial
time. The constructed MDP should allow us to also solve problems that address the
simultaneous satisfaction of constraints on the conditional value-at-risk, the value-at-
risk, and the expected value of the accumulated weight before reaching a goal state as
such problems have been solved in [KM18] for weighted reachability objectives.

Second, we showed that saturation points can also be used to solve problems that are
not as obviously related to stochastic shortest path problems. We investigated notions
addressing the long-run satisfaction of path properties. In the non-probabilistic setting,
long-run frequencies quantify how often a path property is satisfied on the suffixes of a
run in a transition system. We proved that optimal long-run frequencies for regular co-
safety properties given by an NFA can be computed in time polynomial in the size of the
transition system and exponential in the size of the NFA. For the probabilistic setting, we
introduced the notion of long-run probability quantifying the long-run average probability
that a suffix satisfies a path property. The situation becomes much more complicated in
the probabilistic setting and the threshold problem for optimal long-run probabilities of
regular co-safety properties is Positivity-hard as mentioned above. For the restricted class
of constrained reachability properties (a U b), however, the existence of saturation points
lead us to a solution. Here, saturation points are bounds on the number of consecutive
visits to states labeled with a. For the proof for the existence of an efficiently computable
saturation point, we used ideas similar to the proofs of the existence of saturation points
for partial and conditional expectations. This allowed us to reduce the computation of the
optimal long-run probability to the computation of the optimal expected mean payoff in
an exponentially large MDP. For weighted MDPs, we furthermore introduced the notion
of long-run expectation that quantifies the average expected value of the weight that will
be accumulated before the next visit to a goal state. Also here, we proved the existence
of a saturation point, even in MDPs with integer weights. Again, the saturation point
provides a bound on the number of consecutive visits to certain states before optimal
schedulers can switch to memoryless behavior.

In all mentioned cases, saturation points are computable in polynomial time and
allow to solve the respective problems in exponential time. For conditional expectations,
it has been shown in [BKKW17] that the threshold problem is PSPACE-hard in acyclic
MDPs with non-negative weights. We transferred this result to partial expectations.
Furthermore, we showed that the threshold problems for optimal long-run probabilities
of constrained reachability properties and for optimal long-run expectations are NP-hard.
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Closing the resulting complexity gaps and providing lower bounds (or a polynomial-time
algorithm) for the conditional value-at-risk of accumulated weights before reaching a goal
state remain as future work. Further, investigating to which extend the least possible
saturation points for these problems can be computed as in the case of partial expectations
could be fruitful, in particular for practical applications.

Approximation. While saturation points for the non-classical stochastic shortest
path problems in MDPs with arbitrary integer weights do not exist, we established a
weak analogue that can be seen as a precise version of the following simple idea: If
the accumulated weight along a path is very high or very low, it is close to optimal
to maximize or minimize the probability to reach a goal state in order to maximize
partial and conditional expectations, respectively. Based on this idea, we showed that
the optimal values for both non-classical stochastic shortest path problems in an MDP
M can be approximated up to an absolute error of £ in time exponential in the size of
M and polynomial in the accuracy log(1/¢). Approximation algorithms for termination
probabilities and times of one-counter MDPs using a similar idea have been presented
in [BBEK11,BKNW12].

We expect that this simple idea can be used to obtain approximation algorithms for
further quantities such as optimal conditional values-at-risk for accumulated weights or
optimal long-run probabilities of regular co-safety properties. If a co-safety property is
given by a DFA, the optimization of long-run probabilities implicitly requires a trade-off
analysis between the probabilities that runs starting in different states of the DFA are
accepted. Here, approximate Pareto curves for the satisfaction probabilities of multiple
w-regular objectives that were shown to be efficiently computable in [EKVY07] might be
helpful. Furthermore, this could lead into the direction of approximation algorithms for
long-run probabilities of more general w-regular properties although further complications
have to be expected here.

We showed that there is no polynomial-time approximation algorithm for optimal
partial or conditional expectations if P # PSPACE. Nevertheless, there are some possi-
ble improvements for our exponential-time approximation algorithm: Our approximation
algorithms rely on the eract solution to an exponentially large weighted reachability
problem. An approzimate solution to this exponentially large problem, however, would
be sufficient to approximate optimal partial and conditional expectations. Standard pro-
cedures to obtain approximate solutions such as value iteration (see, e.g., [Put94]) might
lead to much faster approximation algorithms in practice. For the classical stochastic
shortest path problem, [YB13| presents an involved approximation algorithm combining
Q-learning and policy iteration. It is worth investigating to which extend a similar ap-
proach to the non-classical stochastic shortest path problems is fruitful. Of course, such
approximation approaches are also interesting for partial and conditional expectations in
MDPs with non-negative weights.
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