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Abstract. Recursive Markov Chains (RMCs) ([EY04]) are a natural abstract model
of procedural probabilistic programs and related systems involving recursion and prob-
ability. They succinctly define a class of denumerable Markov chains that generalize
multi-type branching (stochastic) processes. In this paper, we study the problem of
model checking an RMC against a given w-regular specification. Namely, given an
RMC A and a Biichi automaton B, we wish to know the probability that an execu-
tion of A is accepted by B. We establish a number of strong upper bounds, as well
as lower bounds, both for gualitative problems (is the probability = 1, or = 07), and
for quantitative problems (is the probability > p?, or, approximate the probability to
within a desired precision). Among these, we show that qualitative model checking for
general RMCs can be decided in PSPACE in |A| and EXPTIME in |B|, and when
A is either a single-exit RMC or when the total number of entries and exits in A is
bounded, it can be decided in polynomial time in |A|. We then show that quantitative
model checking can also be done in PSPACE in |A|, and in EXPSPACE in |B|. When
B is deterministic, all our complexities in |B| come down by one exponential.

For lower bounds, we show that the qualitative model checking problem, even for
a fixed RMC, is already EXPTIME-complete. On the other hand, even for simple
reachability analysis, we showed in [EY04] that our PSPACE upper bounds in A can
not be improved upon without a breakthrough on a well-known open problem in the
complexity of numerical computation.

1 Introduction

Recursive Markov Chains (RMCs) are a natural abstract model of procedural probabilistic
programs. They succinctly define a natural class of denumerable markov chains that generalize
multi-type branching (stochastic) processes. Informally, an RMC consists of a collection of
finite state component Markov chains (MC) that can call each other in a potentially recursive
manner. Each component MC has a set of nodes (ordinary states), a set of bozes (each mapped
to a component MC), a well-defined interface consisting of a set of entry and exit nodes (nodes
where it may start and terminate), and a set of probabilistic transitions connecting the nodes
and boxes. A transition to a box specifies the entry node and models the invocation of the
component MC associated with the box; when (and if) the component MC terminates at an
exit, execution of the calling MC resumes from the corresponding exit of the box.

RMCs are a probabilistic version of Recursive State Machines (RSMs) (JAEY01,BGRO1]).
RSMs and closely related models like Pushdown Systems (PDSs) have been studied exten-
sively in recent research on model checking and program analysis, because of their appli-
cations to verification of sequential programs with procedures (see, e.g., [EHRS00,BR00]).
Recursive Markov Chains generalize other well-studied models involving probability and re-
cursion: Stochastic Context-Free Grammars (SCFGs) have been extensively studied, mainly



in natural language processing (NLP) (see [MS99]). Multi-Type Branching Processes (MT-
BPs), are an important family of stochastic processes with many applications in a variety
of areas (see, e.g., [Har63]). Both SCFG’s and MT-BP’s are essentially equivalent to single-
exit RMC’s: the special case of RMC’s in which all components have one exit. Probabilistic
models of programs and systems are of interest for several reasons. First, a program may use
randomization, in which case the transition probabilities reflect the random choices of the
algorithm. Second, we may want to model and analyse a program or system under statistical
conditions on its behaviour (e.g., based on profiling statistics or on statistical assumptions),
and to determine the induced probability of properties of interest.

We introduced RMCs in ([EY04]), where we developed some of their basic theory and
focused on algorithmic reachability analysis: what is the probability of reaching a given state
starting from another? In this paper, we study the more general problem of model checking
an RMC against an w-regular specification: given an RMC A and a Biichi automaton B, we
wish to know the probability that an execution of A is accepted by B. The techniques we
develop in this paper for model checking go far beyond what was developed in [EY04] for
reachability analysis.

General RMCs are intimately related to probabilistic Pushdown Systems (pPDSs), and
there are efficient translations between RMCs and pPDSs. There has been some recent work
on model checking of pPDSs ([EKM04,BKS04]). As we shall describe shortly, our results yield
substantial improvements, when translated to the setting of pPDSs, on the best algorithmic
upper and lower bounds known for w-regular model checking of pPDSs.

We now outline the main results in this paper. We are given an RMC A and a property in
the form of a (non-deterministic) Biichi automaton (BA) B, whose alphabet corresponds to
(labels on) the vertices of A. Let P4(L(B)) denote the probability that an execution of A is
accepted by B (i.e., satisfies the property). The qualitative model checking problems are: (1)
determine whether almost all executions of A satisfy the property B (i.e. is P4(L(B)) = 17,
this corresponds to B being a desirable correctness property), and (2) whether almost no
executions of A satisfy B (i.e. is P4(L(B)) = 07, corresponding to B being an undesirable
error property). In the quantitative model checking problems we wish to compare P4 (L(B))
to a given rational threshold p, i.e., is Po(L(B)) > p?, or alternatively, we may wish to
approximate P4 (L(B)) to within a given number of bits of precision. Note that in general
P4(L(B)) may be irrational or may not even be expressible by radicals [EY04]. Hence it
cannot be computed exactly.

We show that the qualitative model checking problems can be solved in PSPACE in |A]
and EXPTIME in | B|. More specifically, in a first phase the algorithm analyzes the RMC A
by itself (using PSPACE). In a second phase it analyses further A in conjunction with B,
using polynomial time in A and exponential time in B. If the automaton B is deterministic
then the time is polynomial in B. Furthermore, if A is a single-exit RMC (which corresponds
to SCFG’s and MT-BP’s), then the first phase, and hence the whole algorithm, can be done in
polynomial time in A. Another such case that we can model-check qualitatively in polynomial
time in A is when the total number of entries and exits in A is bounded (we call them Bd-
RMCs). In terms of probabilistic program abstractions, this class of RMC’s corresponds to
programs with a bounded number of different procedures, each of which has a bounded
number of input/output parameter values. The internals of the components of the RMCs
(i.e., the procedures) can be arbitrarily large and complex.

For quantitative model checking, we show that deciding whether P4(L(B)) > p for a
given rational p € [0, 1] can be decided in PSPACE in |A|, and in EXPSPACE in |B|. When



reachability|det. Biichi nondet. Biichi

Qualitative: 1-exit P P P in RMC, EXPTIME in Biichi
Bd P P P in RMC, EXPTIME in Biichi
general| PSPACE | PSPACE |PSPACE in RMC, EXPTIME in Biichi
reachability| det. Biichi nondet. Biichi
l-exit | PSPACE PSPACE |PSPACE in RMC, EXPSPACE in Biichi
Quantitative: |Bd P P in RMC P in RMC,
for fixed Biichi for fixed Biichi
general| PSPACE PSPACE |PSPACE in RMC, EXPSPACE in Biichi

Fig. 1. Complexity of Qualitative and Quantitative problems

B is deterministic, the space is polynomial in both A and B. Moreover, for A a Bd-RMC,
and when B is fixed, there is an algorithm that runs in P-time in |A|; however, in this case
(unlike the others) the exponent of the polynomial depends on B. Table 1 summarizes our
complexity upper bounds.

For lower bounds, we prove that the qualitative model checking problem, even for a fixed,
single entry/exit RMC, is already EXPTIME-complete. On the other hand, even for reach-
ability analysis, we showed in [EY04] that our PSPACE upper bounds in A, even for the
quantitative 1-exit problem, and the general qualitative problem, can not be improved with-
out a breakthrough on the complexity of the square root sum problem, a well-known open
problem in the complexity of numerical computation (see Section 2.2).

Due to space limitations, we have removed almost all proofs from this paper.

Related Work Model checking of flat Markov chains has received extensive attention
both in theory and practice (eg. [CY95,Kwi03,PZ93,Var85]). It is known that model check-
ing of a Markov chain A with respect to a Biichi automaton B is PSPACE-complete, and
furthermore the probability P4(L(B)) can be computed exactly in time polynomial in A
and exponential in B. Recursive Markov chains were introduced recently in [EY04], where
we developed some of their basic theory and investigated the termination and reachability
problems; we summarize the main results in Section 2.2. Recursion introduces a number of
new difficulties that are not present in the flat case. For example, in the flat case, the qual-
itative problems depend only on the structure of the Markov chain (which transitions are
present) and not on the precise values of the transition probabilities; this is not any more the
case for RMC’s and numerical issues have to be dealt with even in the qualitative problem.
Furthermore, unlike the flat case, the desired probabilities cannot be computed exactly.

The closely related model of probabilistic Pushdown Systems (pPDS) was introduced and
studied recently in [EKM04,BKS04]. They largely focus on model checking against branching-
time properties, but they also study deterministic ([EKMO04]) and non-deterministic ([BKS04])
Biichi automaton specifications. There are efficient (linear time) translations between RMCs
and pPDSs, similar to translations between RSMs and PDSs (see [AEY01,BGRO1]). Our
upper bounds, translated to pPDSs, improve those obtained in [EKM04,BKS04] by an expo-
nential factor in the general setting, and by more for specific classes like single-exit and Bd-
RMCs. Specifically, [BKS04], by extending results in [EKMO04], show that qualitative model
checking for pPDSs can be done in PSPACE in the size of the pPDS and 2-EXPSPACE in the
size of the Biichi automaton, while quantitative model checking can be decided in EXPTIME
in the size of the pPDS and in 3-EXPTIME in the size of the Biichi automaton. They do not



obtain stronger complexity results for the class of pBPAs (equivalent to single-exit RMCs).
Also, the class of BAd-RMCs has no direct analog in pPDSs, as the total number of entries
and exits of an RMC gets lost in translation to pPDSs.

The rest of this paper is organized as follows. In Section 2 we give the necessary definitions
and background on RMC’s from [EY04]. In Section 3 we show how to construct from an RMC
A a flat Markov chain M/, which in some sense summarizes the recursion in the trajectories of
A; this chain plays a central role analogous to that of the ”summary graph” for Recursive State
machines [AEY01,BGRO1]. In Section 4 we address the qualitative model checking problems,
presenting both upper and lower bounds. Section 5 addresses the quantitative model checking
problem; a fundamental “unique fixed point theorem” is proved for RMC’s, and is used to
develop our quantitative algorithms.

2 Definitions and Background

A Recursive Markov Chain (RMC), A, is a tuple A = (Aq,..., Ax), where each component
chain A; = (N;, B;,Y;, En;, Ex;, ;) consists of:

— A set N; of nodes
— A subset of entry nodes En; C N;, and a subset of exit nodes Fx; C N;.
— A set B; of bozes.
Let B = UF_, B; be the (disjoint) union of all boxes of A.
— A mapping Y; : B; — {1,...,k} assigns a component to every box.
Let Y =UF_ Y, be Y : B {1,...,k} where Y|p, = Y;, for 1 <i <k.
— To each box b € B;, we associate a set of call ports, Call, = {(b,en) | en € Eny )}, and
a set of return ports, Return, = {(b, ex) | ex € Exy )}
— A transition relation d;, where transitions are of the form (u, py, ., v) where:
1. the source u is either a non-exit node u € N; \ Exz;, or a return port u = (b,ex) €
Returny, where b € B;.
2. The destination v is either a non-entry node v € N; \ En;, or a call port v = (b,en) €
Call,, where b € B;.
. Pupw € Rso is the probability of transition from u to v. (We assume p,, ,, is rational.)
4. Consistency of probabilities: for each wu, Z{m( Nes;} Pup = 1, unless u is a call
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port or exit node; neither have outgoing transitions, in which case >, pu,o = 0.

We will use the term wvertez of A; to refer collectively to its set of nodes, call ports, and return
ports, and we denote this set by @Q;, and we let Q = Ule Q@; be the set of all vertices of the
RMC A. That is, the transition relation ¢; is a set of probability-weighted directed edges on
the set @; of vertices of A;. Let § = U;J; be the set of all transitions of A.

An RMC A defines a global denumerable markov chain M4 = (V, A) as follows. The
global states V' C B* x @ are pairs of the form (3, u), where 8 € B* is a (possibly empty)
sequence of boxes and u € @ is a vertexr of A. More precisely, the states V' C B* x @ and
transitions A are defined inductively as follows:

1. {e,u) € V, for u € Q. (e denotes the empty string.)
if (B,u) € V and (u, puw,v) € 6, then (8,v) € V and ({5, u), pu, (B,v)) € A.
if (38, (b,en)) € V and (b,en) € Cally, then (8b,en) € V, & ({8, (b,en)),1,(Bb,en)) € A.
if (8b,ex) € V and (b,ex) € Returny, then (3, (b,ex)) € V & ((Bb,ex), 1, (S, (b,ex))) € A.
nothing else is in V' and A.
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Item 1 corresponds to the possible initial states, item 2 corresponds to a transition within a
component, item 3 is when a new component is entered via a box, item 4 is when the process
exits a component and control returns to the calling component.

Some states of M4 are terminating, having no outgoing transitions. These are precisely
the states (e, ex), where ex is an exit. We want to view M4 as a proper markov chain, so we
consider terminating states to be absorbing states, with a self-loop of probability 1.

A trace (or trajectory) t € V¥ of M4 is an infinite sequence of states ¢ = sps182 . ... such
that for all i > 0, there is a transition (s, ps, s,,,,Si+1) € 4, with pg, 5., > 0. Let 2 C V¥
denote the set of traces of Ma. For a state s = (8,v) € V, let Q(s) = v denote the vertex at
state s. Generalizing this to traces, for a trace t € £2, let Q(¢) = Q(s0)Q(s1)Q(s2) ... € Q~.
We will consider M4 with initial states from Init = {{¢,v) | v € @}. More generally we may
have a probability distribution pinit : V +— [0, 1] on initial states (we usually assume pinie has
support only in Init, and we always assume it has finite support). This induces a probability
distribution on traces generated by random walks on M 4. Formally, we have a probability
space (§2,F,Prq), parametrized by pinit, where F = o(C) C 2 is the o-field generated by
the set of basic cylinder sets, C = {C(x) C 2| x € V*}, where for x € V* the cylinder at
zis C(z) ={t € 2|t =2zw, we V¥} The probability distribution Prq : F — [0,1] is
determined uniquely by the probabilities of cylinder sets, which are given as follows:

PrQ(C(SOSI cee Sn)) = pinit(SO)pso,slpsl,SQ ceePsp_1,5n

See, e.g., [Bil95]. RMCs where every component has at most one exit are called 1-exit
RMCs. RMCs where the total number of entries and exits is bounded by a constant ¢, (i.e.,

Ele |En;| + |Ex;| < ¢) are called bounded total entry-exit RMCs (Bd-RMCs, for short).

2.1 The central questions for model checking of RMCs.

We first define reachability probabilities that play an important role in our analysis. Given a
vertex u € ; and an exit ex € Fx;, both in the same component A;, let qi*u)em) denote the
probability of eventually reaching the state (e, ex), starting at the state (e, u). Formally, we
have pinic((€,u)) = 1, and ¢f,, .,y = Pra({t = sos1... € 2 [Ji,s; = (¢,ex)}). As we shall
see, the probabilities q{uﬁem) will play an important role in obtaining other probabilities.

Recall that a Biichi automaton B = (X, S, qo, R, F'), has an alphabet X, a set of states
S, an initial state qg € S, a transition relation R C § x X' x S, and a set of accepting states
F CS. A runof B is a sequence m = qyvoq1v1¢2 - - - of alternating states and letters such that
for all i > 0 (g4, vi,qi+1) € R. The w-word associated with run 7 is w, = vov1v2... € X¥.
The run 7 is accepting if for infinitely many 4, ¢; € F. Define the w-language L(B) = {w |
7 is an accepting run of B}. Note that L(B) C X*. Let £ : Q — X, be a given X-labelling of
the vertices v of RMC A. £ naturally generalizes to £ : Q¥ — X“: for w = vgvyvy ... € Q¥,
L(w) = L(vg)L(v1)L(v2).... Given RMC A, with initial state so = (€, u), and given a BA
B over the alphabet X, let P4(L(B)) denote the probability that a trace of My is in L(B).
More precisely: Pa(L(B)) = Pro({t € 2 | L(Q(t)) € L(B)}). One needs to show that the
sets {t € 2| L(Q(t)) € L(B)} are measurable (in F). This is not difficult (see similar proofs
in [CY95,Var85]). The model checking problems for w-regular properties of RMCs are:

(1) The qualitative model checking problems: Is P4(L(B)) = 1?7 Is P4(L(B)) = 0?7
(2) The quantitative model checking problems: given p € [0, 1], is Pa(L(B)) > p? Also, we
may wish to approximate P4(L(B)) to within a given number of bits of precision.



Note that if we have a routine for the problem P4 (L(B)) > p?, then we can approximate
P4(L(B)) to within ¢ bits of precision using binary search with ¢ calls to the routine. Thus,
for quantitative model checking it suffices to address the first problem.

Note that probabilistic reachability is a special case of model checking: Given a vertex u
of the RMC A and a subset of vertices F', the probability that the RMC starting at u visits
some vertex in F (in some stack context) is equal to Pa(L(B)), where we let the labelling
L map vertices in F to 1 and the other vertices to 0, and B is the 2-state automaton that
accepts strings that contain a 1. Similarly, for the repeated reachability problem, where we are
interested whether a trajectory from u visits infinitely often a vertex of F', we can let B be
the (2-state deterministic) automaton that accepts strings with an infinite number of 1’s.

To simplify the descriptions of our results, we assume henceforth that X' = @, the vertices
of A. This is w.l.o.g. since the problem can be reduced to this case by relabelling the RMC
A and modifying the automaton B (see, e.g., [CY95]), however care must be taken when
measuring complexity separately in the RMC, A, and in the BA, B, since typically B and X
are small in relation to A. Our complexity results hold with respect to the given inputs A, B.

2.2 Basic RMC theory & reachability analysis (from [EY04])

We recall some of the basic theory of RMCs developed in [EY04], where we studied reachability
analysis. Considering the probabilities qzﬁuyez) as unknowns, we can set up a system of (non-
linear) polynomial equations, such that the probabilities qzﬁuyez) are the Least Fized Point
(LFP) solution of this system. Use a variable x(, ¢, for each unknown probability qzkuyez). We
will often find it convenient to index the variables x(, c,) according to a fixed order, so we
can refer to them also as z1,...,z,, with each x(, . identified with z; for some j. We thus

have a vector of variables: x = (z1 xa...2,)7.

Definition 1. Given RMC A = (A4,..., Ak), define the system of polynomial equations, Sa,
over the variables x(y .y, where u € Q; and ex € Ex;, for 1 < i < k. The system contains
one equation T(y eq) = P(uyez)(x), for each variable x(y cz). Pluer)(X) denotes a multivariate
polynomial with positive rational coefficients. There are 3 cases, based on the “type” of vertex
u:

1. Type I: uw = ex. In this case: T(ep ex) = 1.

2. Type II: either u € N; \ {ex} or u = (b,ex’) is a return port. In these cases:

L(u,ex) = Z{UK’U«,Pu,v,U)E(;} Puw * T(v,ex)-
3. Type III: uw = (b,en) is a call port. In this case:

((ben).ex) = Doew’ e Bay py Lleniea’) * L((b.ea’) ex)
In vector notation, we denote Sy = (x; = Pj(x) | j=1,...,n) by: x= P(x).

Given A, we can construct x = P(x) in P-time: P(x) has size O(]A|6?), where 6 denotes
the maximum number of exits of any component. For vectors x,y € R", define x < y to
mean that xz; < y; for every coordinate j. For D C R", call a mapping H : R" — R”"
monotone on D, if: for all x,y € D, if x <Xy then H(x) < H(y). Define P!(x) = P(x), and
Pk(x) = P(P*¥!(x)), for k > 1. Let q* € R™ denote the n-vector of probabilities Uuex)
using the same indexing as used for x. Let 0 denote the all 0 n-vector. Define x° = 0, and
xF = P(xk=1) = P*(0), for k > 1. The map P : R® — R" is monotone on RZ,.



Theorem 1. ([EY04], see also [EKMO04]) q* € [0,1]™ is the Least Fized Point solution,
LFP(P), of x = P(x). Thus, q* = P(q*) and q* = limg .. x*, and for all k > 0,
xF < xH1 < q*, and for all ' € R%, ifd' = P(d'), then q* < q'.

There are already 1-exit RMCs for which the probability qz‘en ez) is irrational and not
“solvable by radicals” (JEY04]). Thus, we can’t compute probabilities exactly.
Given a system x = P(x), and a vector ¢ € [0,1]", consider the following sentence in the

Ezistential Theory of Reals (which we denote by ExTh(R)):

@Eﬂxl,...,xm/\H(xl,...,xm)::Ci/\/\ngi/\/\:vi < q;
i=1 i=1 i=1
 is true precisely when there is some z € R™, 0 < z < ¢, and z = P(z). Thus, if we can decide
the truth of this sentence, we could tell whether qi*u)em) < p, for some rational p, by using
the vector ¢ = (1,...,p,1,...). We will rely on decision procedures for ExTh(R). It is known
that ExTh(R) can be decided in PSPACE and in exponential time, where the time exponent
depends (linearly) only on the number of variables; thus for a fixed number of variables the
algorithm runs in polynomial time [Can88,Ren92,BPR96]. As a consequence:

Theorem 2. ([EY04]) Given RMC A and rational value p, there is a PSPACE algorithm to
decide whether qf, .., < p, with Tunning time O(|A|PWM) . 200m)) where m is the number of
variables in the system x = P(x) for A. Moreover qzﬁuyez) can be approximated to within j bits

of precision within PSPACE and with running time at most j times the above.

For Bd-RMCs, as shown in [EY04] it is possible to construct efficiently a system of equa-
tions in a bounded number of variables, whose LFP yields the entry-exit probabilities qz‘en ex)”

Since ExzTh(R) is decidable in P-time when the number of variables is bounded, this yields:

Theorem 3. ([EY04]) Given a Bd-RMC A and a rational value p € [0, 1], there is P-time
algorithm that decides for a vertex uw and exit ex, whether qi*u ez) >p (or <p).

For single-exit RMCs (SCFGs) the qualitative termination (exit) problem can be solved
efficiently, using graph theoretic techniques and an eigenvalue characterization.

Theorem 4. ([EY04]) There is P-time algorithm that for a 1-exit RMC, vertex u and exit
ex, decides which of the following holds:(1) q7, ..y = 0.(2) 4, oy = 1,07 (3)0 < qf,, .0y < 1.

Hardness, such as NP-hardness, is not known for RMC reachability. However, in [EY04]
we gave strong evidence of “difficulty”: the square-root sum problem is P-time reducible to
deciding whether q?u,ew) > p, in a single-exit RMC, and to deciding whether q?u,ew) =1 for
a 2-exit RMC (see also [BKS04]. Square-root sum is the following decision problem: given
(di,...,dn,) € N and k € N, decide whether Y"1 \/d; < k. It is solvable in PSPACE, but
it has been a major open problem since the 1970’s (see, e.g., [GGJ76,Tiw92]) whether it is
solvable even in NP.

As a practical algorithm for numerically computing the probabilities ¢

(w,ex)’ it was proved
in [EY04] that multi-dimensional Newton’s method converges monotonically to the LFP of
x = P(x), and constitutes a rapid acceleration of iterating P¥(0), k — oo (see [EY04]).



3 The Conditioned Summary Chain M/

For an RMC A, suppose we somehow have the probabilities q&ku,ex) “in hand”. Based on
these, we construct a conditioned summary chain, My, a finite markov chain that will allow
us to answer repeated reachability questions. Extensions of M/, will later be a key to model
checking RMCs. Since probabilities q?u,ew) are potentially irrational, we can not compute M/
exactly. However, M/, will be important in our correctness arguments, and we will in fact be
able to compute the “structure” of M, i.e., what transitions have non-zero probability. The
structure of M’ will be sufficient for answering various “qualitative” questions.

We will assume, w.l.o.g., that each RMC has one initial state so = (€, €ninit), with eninit
the only entry of some component that does not contain any exits. Any RMC can readily be
converted to an “equivalent” one in this form, while preserving relevant probabilities.

Before describing M/, let us recall from [AEYO01], the construction of a “summary graph”,
Hy = (Q, En,), which ignores probabilities and is based only on information about reach-
ability in the underlying RSM of A. Let R be the binary relation between entries and exits
of components such that (en,ex) € R precisely when there exists a path from (e, en) to
(€, ex), in the underlying graph of M 4. The edge set Ey, is defined as follows. For u,v € Q,
(u,v) € Eg, iff one of the following holds:

1. w is not a call port, and (u, py.,v) € 9, for p, , > 0.

2. u= (b,en) is a call port, and (en,ex) € R, and v = (b, ex) is a return port.

3. u = (b,en) is a call port, and v = en is the corresponding entry.
For each vertex v € Q;, let us define the probability of never exiting: ne(v) = 1—2816&“ qz‘v)ew).
Call a vertex v deficient if ne(v) > 0, i.e. there is a nonzero probability that if the RMC starts
at v it will never terminate (reach an exit of the component).

We define M), = (Qar,, dar,) as follows. The set of states Qs of M is the set of deficient
vertices: Qpr, = {v € Q | ne(v) > 0}. For u,v € Qur,, there is a transition (u, py, ,,v) in dar,
if and only if one of the following conditions holds:

— pu,v'nc(v)

L. u,v € Q; and (u, py,v,v) € &, and p;, , =

ne(u)
2. u=(b,en) € Call, and v = (b, ex) € Return, and Uen,exy > 0, and Pl = %&SC(”)
3. u = (b,en) € Call, and v = en, and p,, , = Egézg We call these transitions, from a call

port to corresponding entry, special red transitions.

Note that in all three cases, p;, , is well-defined (the denominator is nonzero) and it is
positive. Recall that we assumed that the initial vertex en;y;; is the entry of a component
Ao, and Ap has no exits. Thus for all v € Qo, ne(u) = 1, and thus Qo C Qar,, and if
(U, Pu,vs v) € o, then (u, pyv,v) € Onr, -

Proposition 1. Probabilities on transitions out of each state in QM;1 sum to 1.

M, is an ordinary (flat) Markov chain. Let (£, ', Prqo-) denote the probability space
on traces of M. We now define a mapping p : 2 — 2’ U {x}, that maps every trace ¢
of the original (infinite) Markov chain My, either to a unique trajectory p(t) € 2’ of the
MC M/, or to the special symbol *. Trajectories mapped to * will be precisely those that
go through missing vertices u € @ that are not in Qu, i.e., with ne(u) = 0. We will
show that the total probability of all these trajectories is 0, i.e., that Pro(p~!(x)) = 0, and



moreover, that M, preserves the probability measure of M4: for all D € F', p=*(D) € F,
and PI'Q’(D) = PI‘Q(pfl(D)).

We define p in two phases. We first define, as a precursor to p(t), a map pf : 2 — Q%,
where every trajectory t € £2 is mapped to an infinite path p’’ () in the summary graph H 4.
Thereafter, we let p(t) = pfl(t) if all vertices of p (¢) are in My, and let p(t) = x otherwise.
We define pf for a trace t = sgsy...s;..., sequentially based on prefixes of ¢, as follows.
By assumption, so = (€, eninit). p maps s to eninic. Suppose s; = (3, u), and, inductively,
suppose that pf maps sg...s; to eini; ... u. First, suppose u is not a call port, and that
Si+1 = (B,v), then s¢...8;8;+1 maps to et ... uv. Next, suppose u = (b,en) is a call port
and s;11 = (0b,en). If the trace eventually returns from this call, i.e. there exists j > i + 1,
such that s; = (8b, ex) and sj11 = (8, (b, ex)), and such that each of of the states s;41...s;,
have 3b as a prefix of the call stack, then sg ... s; is mapped by p to enipi; . .. u(b, ex). If the
trace never returns from this call, then s¢...s;s;41 maps to enjyit ... u en. This concludes
the definition of p. We show that the mapping p is measure preserving.

Lemma 1. Pro(p~t(x)) = 0.
Lemma 2. For all D € F', p~Y(D) € F and Pro(p~ (D)) = Pro:(D).

Let H)y = (Qm,, En,) be the underlying directed graph of M. In other words, the states
Qmu, = Qum,, and (u,v) € By, iff (u, Pl s 1) € O, - We will show that we can compute
H', in P-time for single-exit RMCs and Bd-RMCs, and in PSPACE for arbitrary RMCs. The
basic observation is that the structure of M/, depends only on qualitative facts about the
probabilities qi*en’em) and ne(u), for u € Q.

Proposition 2. For a RMC A (respectively, single-exit or Bd-RMC), and v € Q, we can
decide whether ne(u) > 0 in PSPACE (respectively, P-time).

Proof. Suppose u is in a component A; where Fx; = {ex1,...,exy}. Clearly, ne(u) > 0 iff
Z?zl q(y eay) < L. Consider the following sentence, ¢, in ExTh(R).

n n k
wzﬂxl,...,xn/\B(xl,...,xn)::1:1-/\/\ngi/\Zx(u)emj) <1
i=1 i=1 j=1

Since q* is the LFP solution of x = P(x),  is true in the reals if and only if Z?Zl Ueny) < 1-
This query can be answered in PSPACE. In the special case of a single-exit RMC, we have
Ex; = {ex1}, and ne(u) > 0 iff ¢f, .., < 1. As mentioned in section 2.2, this can be
answered in P-time for single-exit RMCs ([EY04]). Similarly, for B&-RMCs the question can
be answered in P-time by the techniques developed in [EY04]. O

Once we determine the deficient vertices of A, the structure of M’y can be determined in
polynomial time.

Corollary 1. For a RMC A (respectively, single-exit or Bd-RMC), we can compute H'y in
PSPACE (respectively, in polynomial time).

Proof. Recall that u € Qp, precisely when u € @ and ne(u) > 0. Thus we can determine the
set of nodes with the said complexities, respectively. The transitions of type 1 and 3 in the
definition of M/, are immediately determined. For the type 2 transitions, where u = (b, en)
and v = (b, ex), in order to determine whether to include the corresponding summary edge
(u,v) we need to decide whether U(en,ez) > 0- This can be done in polynomial time by invoking

the reachability algorithm for RSM’s [AEY01,BGRO1]. O



4 Qualitative Model checking

Upper bounds. Given an RMC A = (44, ..., A;) and a (nondeterministic) Biichi automa-
ton B = (X, S, qo, R, F) whose alphabet X' is the vertex set of A, we wish to determine
whether P4(L(B)) = 1, =0, or is in-between. We will construct a finite Markov chain M) g
such that Pa(L(B)) is equal to the probability that a trajectory of M) p starting from a
given initial state reaches one of a designated set of “accepting” bottom SCCs.

First, let B’ = (X,2% {qo}, R, F’) be the deterministic automaton obtained by the usual
subset construction on B. In other words, the states of B are subsets T' C S, and the transition
function R’ : (25 x X) +— 29 is given by: R'(T1,v) = {¢' € S| 3¢ € Ty s.t. (¢,v,¢') € R}. (We
are making no claim that L(B) = L(B’).)

Next we define the standard product RMC, A ® B’, of the RMC A, and the deterministic
Biichi automaton B’. A® B’ has the same number of components as A. Call these Af,..., A}.
The vertices in component A’ are pairs (u,T), where u € Q; and T € 29, and (u,T) is an
entry (exit) iff u is an entry (exit). The transitions of A are as follows: there is a transition
((u, T, pu,ws (v, R'(T,v))) in A} iff there is a transition (u, py ., v) in A;.

Define M) p as M)y p = Mg p/. Thus M), p is the conditioned summary chain of RMC
A® B'. For qualitative analysis on M), p, we need the underlying graph H’; 5. Importantly
for the complexity of our algorithms, we do not have to explicitly construct A ® B’ to obtain
H), p. Observe that states of M), p = (Q X 25, 6M/A,B) are pairs (v,T) where v is a state of
My, and T' a state of B’. The initial state of M}, p is (vo,{qo}), where vp is the initial state
of M’y and go of B. The transitions of M), p from a state (v,T') are as follows:

— Case 1: v is not a call port. Then for every transition (v,p; ,/,v") € dny,, we have a
corresponding transition ((v,T'),p;, ./, (v, R'(T,v'))) € Ontr, -

— Case 2: v is a call port, v = (b,en) where v is vertex in component A; and box b is
mapped to component Aj;. If there is a red transition (v, py,en, en) € dpr, then there is a
red transition ((v,T), Py,en, (en, R' (T, en)) € dar, , with the same probability.

— Case 3: If v has a summary transition (v, py.,v’) in M/, where v = (b, ex), then we have
summary transitions of the form ((v, T), p", (v/,T")) in My g to states of the form (v', T")
iff there exists a path in M4 from (e, en) to (e, ex) which, viewed as a string, drives B’
from T to T"; the probability p” of the transition is p” = p’ - ne(v’)/ne(v) where p’ is the
probability of all such v-v" paths that drive B’ from T to T".

M/, g is a well-defined Markov chain, which is a refinement of M. That is, every trajectory
of M/, é projected on the first component is a trajectory of M’y and the projection preserves
probabilities. We can define a mapping o from the trajectories t of the original (infinite)
Markov chain M4 to the trajectories of MA) g, or the special symbol *, in a similar manner
as we defined the mapping p from trajectories of M to M/,. For a trajectory t of My, it is
easy to see that if p(t) # * then also o(t) # *. Thus, with probability 1 a trajectory of My
is mapped to one of M 1’47 . Furthermore, we can show along similar lines the analogue of
Lemma 2, i.e. the mapping ¢ preserves probabilities.

Consider a product graph (without probabilities) M/, ® B between the Markov chain M/
and the given nondeterministic BA B (not B’) as follows: The product has nodes (v, q), for
all vertices v of M/, and states ¢ of B, and an edge (v,q) — (v',¢’) if either (i) v — v’ is an
ordinary edge or a red edge of M’ and ¢ has a transition to ¢’ on input v/, or (ii) v — v’ is
a summary edge and the RMC has a path from v to v’ that corresponds to a run of B from



q to ¢'; if the run goes through an accepting state then we mark the edge (v,q) — (v/,¢’) as
an accepting edge. Also, call a node (v, q) accepting if ¢ € F is an accepting state of B.

With every transition (edge) of M), p and every edge of M), ® B we associate a string v
over X' (the vertex set of A) that caused the edge to be included; i.e., if edge (v,T) — (v, T")
of M} p (respectively, edge (v,q) — (v',¢') of M}y ® B) corresponds to an ordinary or red
edge of M/, then v = v’. If it corresponds to a summary edge then we let v be any string
that corresponds to a v — v’ path that drives B’ from T to T’ (resp., for which B has a path
from q to ¢'; if the edge (v, q) — (v',¢') is marked as accepting then we pick a path that goes
through an accepting state of B). In the case of a summary edge, there may be many strings
~ as above; we just pick anyone of them.

Let t be any trajectory of M4 starting from (e, v), for some vertex v of M’y and let r be
a corresponding run of B starting from a state q. With probability 1, ¢ maps to a trajectory
t' = p(t) of M/,. The mapping p can be extended to pairs (¢,7), where r is a run of B on
t, i.e., the pair (¢,7) is mapped to a run (path) ' = p(¢,r) of M/, @ B. If r is an accepting
run of B then r’ goes infinitely often through an accepting node or an accepting edge. The
converse does not hold necessarily: a non-accepting run r of B corresponding to a trajectory
t may be mapped to a run ' of M/, ® B that traverses infinitely often an accepting edge.

If B is a deterministic BA, then M), p and M), ® B are clearly the same (except that in
M, ® B we did not include the probabilities of the edges). In this case, the analysis is simpler.
Let us say that a bottom strongly connected component (SCC) of M) p (and M) ® B) is
accepting iff it contains an accepting node or an accepting edge.

Theorem 5. For a RMC A and a deterministic BA B, the probability Ps(L(B)) that a
trajectory of A is accepted by B is equal to the probability that a trajectory of MA,B starting
from the initial node (vo, qo) reaches an accepting bottom SCC.

Suppose now that B is nondeterministic. We will follow the approach of [CY95] for flat
Markov chains, except that here we have to deal with recursive calls and with the summary
edges of the constructed Markov chain M f47 p which correspond to sets of paths in the original
chain M4 rather than single steps. This complicates things considerably.

Let v be a vertex of M/, and ¢ € F an accepting state of B. Let D(v, q) be the subgraph
of M/, 5 induced by the node (v, {¢}) and all nodes reachable from it . We say that the pair
(v,q) is special of type 1 if some bottom SCC C of D(v, q) contains a state (v, T) with ¢ € T.
We associate with such a pair (v,q) a string y(v,q) € X* that is the concatenation of the
strings associated with the edges of D(v,q) on a path from (v,{q}) to a node of C. (There
may be many such paths; just pick anyone.)

Let v = (b,en) be a vertex of M/, that is a call port of a box b of A and let ¢ ¢ F be a
non-accepting state of B. Define a graph D(v, ¢) as follows. The graph contains a root node vg
and a subgraph of M f47 p consisting of the nodes reachable from vq after we add the following
edges. We add an edge from vq to a node (v',{q'}) of M), g, where v = (b, ex) is a return
port of the same box b as v, iff there is a path v from (e,en) to (e, ex) such that B has a
run from ¢ to ¢’ on «y that goes through an accepting state; we label the edge vg — (v',{¢'})
with such a string . The graph D(v, q) consists of the root vg and the subgraph of M) g
induced by all the nodes that are reachable from vq after adding the above edges. We call
the pair (v, q) special of type 2 if some bottom SCC C of D(v,q) contains a state (v,T') with
q € T. As in the previous case, we associate with the pair (v, q) a string v(v, ¢) € X* that is
the concatenation of the strings associated with the edges of D(v,q) on a path from vgq to a
node of C. Special pairs have the following important properties.



Lemma 3. Suppose (v,q) is special and that RMC A starts at {e¢,v) and first performs the
transitions in y(v,q). Then with probability 1 such a trajectory t of the RMC is accepted by
B with initial state q. Specifically, there is a corresponding accepting run r of B such that
p(t,r) is a run of M, @ B starting from (v, q) that infinitely repeats node (v,q) if (v,q) is
special of type 1, or repeats an accepting edge out of (v,q) if (v,q) is special of type 2

Lemma 4. Suppose there is non-zero probability that a trajectory of the RMC A starting at
any vertex u € M’y has a corresponding run in My ® B starting from any node (u,p) which
repeats an accepting state (v, q) infinitely often or repeats an accepting edge (v,q) — (v',q’)
infinitely often. Then (v,q) is special.

Proposition 3. P4(L(B)) > 0 iff from (vo,qo) in M)y ® B we can reach a special (v, q).

Call a bottom SCC of the flat Markov chain M), 5 accepting if it contains a state (v,T")
and T contains some ¢ such that (v, q) is special; otherwise call the bottom SCC rejecting.

Theorem 6. Ps(L(B)) is equal to the probability that a trajectory of M} p starting from
the initial state (vo,{qo}) reaches an accepting bottom SCC.

It follows that Pa(L(B)) = 1 iff all the bottom SCCs of M}, p reachable from (vo, {qo})
are accepting, and P4 (L(B)) = 0 iff no reachable bottom SCC is accepting (or equivalently
by Proposition 3, there is no path in M/, ® B from (vo, {qo}) to any special node (v, g)).

As with M/, and Hy, let H’ 1,p denote the underlying directed graph of M’ 4,p- For the
qualitative problem, we only need (1) to construct H) p and thus only need to know which
nodes and edges are present, and (2) to determine which pairs (v, q) are special, and hence
which bottom SCCs are accepting. Thus we first have to identify the vertices u of the RMC
A for which ne(u) > 0, which can be done in PSPACE for general RMCs and P-time for
single-exit RMCs and for Bd-RMCs. Then, the edges of H’ 4.p can be determined by the
standard reachability algorithm for RSMs ([AEY01]). This works by first constructing the
genuine product of the underlying RSM of A (ignoring probabilities on transitions) together
with the Biichi automaton B’. This defines a new RSM A ® B’ (no probabilities), whose size
is polynomial in A and B’, and thus is exponential in the original non-deterministic Biichi
automaton B. The time required for reachability analysis for RSMs is polynomial ([AEY01]).
Thus, once we have identified the deficient vertices of the RMC, the rest of the construction
of H) p takes time polynomial in A and B'.

To determine which pairs (v, ¢) are special, we construct for each candidate pair (v, q) the
graph D(v, q). For a pair (v, ) with ¢ € F/, this is immediate from H; 5. For a pair (v, ) with
q ¢ F and v = (b, en) a call port of a box b, we test for each return port v’ = (b, ex) of the box
and each state ¢’ of B whether there should be an edge vg — (v',{¢’}); this involves a call to
the RSM algorithm of [AEYO01] to determine whether there is a path in the RSM A® B from
(en,q) to (ex,q") (with empty stack) that goes through a vertex whose second component is
an accepting state of B. Once we determine these edges, we can construct D(v, q). This takes
time polynomial in A and B’. Then compute the SCCs of D(v, q), examine the bottom SCCs
and check if one of them contains (v, T") with g € T..

Finally, once we have identified the special pairs, we examine the reachable bottom SCCs
of H/ ‘1, and determine which ones are accepting and which are rejecting. The dependence of
the time complexity on the size of the given RMC A is polynomial except for the identification
of the vertices u for which ne(u) > 0. The dependence on |B| is exponential because of the
subset construction. If B is deterministic to begin with, we avoid the exponential blow-up
and thus have polynomial complexity in B. Thus we have:



Theorem 7. Given a RMC A and a Biichi automaton B, we can decide whether P4(L(B)) =
0, Po(L(B)) =1, or0 < Po(L(B)) <1 in PSPACE in A, and EXPTIME in B. For a 1-exit
RMC or Bd-RMC, the time complexity is polynomial in A. Furthermore, if B is deterministic,
the dependence of the time complexity on |B| is also polynomial.

Lower Bounds. We show conversely that the exponential time complexity of qualitative
model checking for a nondeterministic BA is in general unavoidable.

Theorem 8. The qualitative problem of determining whether a given RMC A satisfies a prop-
erty specified by a Biichi automaton B with probability = 1, (i.e., whether P4o(L(B)) =1)) is
EXPTIME-complete. Furthermore, this holds even if the RMC is fized and each component
has one entry and one exit. Moreover, the qualitative “emptiness” problem, namely determin-
ing whether Po(L(B)) = 0, is also EXPTIME-complete, again even when the RMC is fized
and each component has one entry and one ezit.

5 Quantitative model checking

As we have mentioned, the transition probabilities of the chain MA) p cannot be computed
exactly, but instead have to be determined implicitly. To do quantitative model checking
in PSPACE in |A], it will be crucial to use ExTh(R) to uniquely identify LFP(P) for the
systems x = P(z). The folowing key theorem enables this.

Theorem 9. (The Unique Fized Point Theorem) The set of equations x = P(x) has a unique
fized point that satisfies ), T(y.ex) < 1 for every deficient vertex u, and ), T(y.er) <1 for
every other vertex w. (This fized point, of course, is ¢* = LFP(P).)

Theorem 10. Given RMC, A, and BA, B, and a rational value p € [0,1], we can decide
whether PAo(L(B)) > p in PSPACE in |A| and in EXPSPACE in B, specifically in space
O(|A|cr22IB1) for some constants c1,ca. Furthermore, if B is deterministic we can decide
this in PSPACE in both A and B.

Proof. We make crucial use of Theorem 9, and we combine this with use of the summary
chain M), p, and queries to ExTh(R). Observe that by Theorem 6, all we need to do is
“compute” the probability that a trajectory of M), p, starting from the initial state (vo, {go})
reaches an accepting bottom SCC. We can not compute M 1'41 g exactly, however, we will be
able to identify the transition probabilities uniquely inside a ExTh(R) query, and will, inside
the same query identify the probability of reaching an accepting bottom SCC.

Let q* = LFP(P) be the solution vector of probabilities for the system x = P(x) associ-
ated with RMC A. Recall that by Proposition 2, we can compute in PSPACE in |A| the set
Q' = {u € Q| ne(u) > 0} of deficient vertices. We do this as a first step. Consider next the
following quantifier-free formula, where ¢(u) is the index of the component of a vertex u:

(pl(x) =X = P(X) ANODO=Xx A /\ Z L(u,ex) <1 A /\ Z L(uex) = 1

u€Q’ ex€EET (y) uEQ\Q' exEET(y)

By Theorem 9, the only solution vector x in R™ for which ¢1(x) holds true is q*. In other
words, ¢1 uniquely identifies LFP(P).



P'{ecall that ne(u) = 1— ZewEEwc(u) q@ew). Now, let y be a vector of variables indexed by
vertices of A, and let pa(x,y) = /\ueQ Yo =1— ZBIGEIC(H) T(u,ex)- The only vector of reals
(x,y) that satisfies 1 A 2 is the one where x(y ¢qz) = Uy ey a0 Yu = ne(u).

Recall the construction of M) p. The states of M)y p are pairs (v,T'), where v € ', and
T C S is a set of states of B. The transitions of M’ ,p come in three varieties.

Case 1: v is not a call port, and (v, pvyv,, v') € by, Then we have a corresponding transition
(v, 1), Py 0 (V' RI(T,0"))) € Oary, ,, Where py, ;= pu,o ne(v)/ ne(v), and thus pj, ,, ne(v) =
Pv, ne(v’). Associate a variable z, . with each such probability p;, ., and define the formula:
®3 (ya Z) = /\(v,v/)ECasel Zy,w'Yv = Puvw' Yo’ -

Case 2: v is a call port, v = (b, en) where v is vertex in component A; and box b is mapped
to component A;, and v’ = en, and there is a red transition (v,pi ,v") € o, - Then
there is a red transition ((v,T),pi, ,/, (v, R'(T,v")) € drr, , with the same probability. Here

Dy = 1e(v’)/ne(v), and thus p), ,» ne(v) = ne(v’). Associate a variable Zy,r With each such
probability p; ., and define: p4(y,z) = /\(v,v/)GCasc2 Zu v Yy = Yo -

Case 3: v is a call port that has a summary transition (v, p;, ,,,v") in M} to a vertex v’ =
(b,ex), then we have summary transitions of the form ((v,T),p", (v',T")) in M), p to the
following set of states of the form (v’, T"): If there exists a path of M4 that starts at the entry
en of A; and ends at the exit ex (with empty call stack) which, viewed as a string drives
B/’ from T to 7:, then we include/the edge ((v,T),p’(U€)7(U,)T,),(v’,T")) in 5MQ’B,.Xthere
Plosry, 1) = Qen,t),(exry) - (V") /ne(v), and where q{(,,, 1) (o, 7)) IS the probability of
reaching (e, (ex,T")) from (e, (en,T)) in the product RMC A® B’. First, compute A® B’ and
its associated equations w = P®(w) explicitly. Note that |[A ® B’| = O(|A||B’]). Let Q® be
the set of vertices of A ® B’. We can compute the set Q'® of vertices v of A ® B’, for which
ne(v) > 0 in PSPACE in |A ® B’|. Consider now the quantifier-free formula:

psw)=w=P W) AO=<wA A Y wuew<iA A Y wpen =1

u€EQ'® ex€Ex (y) uEQR®\Q'® ex€Ex(y)
By Theorem 9, LFP(P?), is the only vector in R™ for which ¢5(w) holds true. In
other words, ¢5 uniquely identifies LFP(P®). Now, associate a variable 2(v,T),(v,T7) With
each probability p{, 7 (, 1), Where v = (b,en) and v" = (b,ex), and define: ps(y,w,z) =

N1y, (0 17) )€Cased Z(u T (u/s )Y = Wi(en,T),(ex 1) o'

Observe that /\ j—1%; has a unique solution, and the values of variables z in this solution
identify the probabilities p’ on transitions of M 1'41 p- By the qualitative methods of section 4,
we compute the underlying graph H/ 5 of M/ 5, and we compute the SCCs of H/, 5 that
contain either an accepting node or an acceptinig edge. 7

Let us define a revised finite markov chain, M’ g, in which we remove all SCCs in M},
that contain an accepting node or edge, and replace them by a new absorbing node v*, with
a probability 1 transition to itself. Furthermore, in M/ 4.5 We also remove all nodes that can
not reach v*, and all transitions into those nodes. (Technlcally, some nodes of M B may no
longer have full probability on the transitions leaving them, but that is ok for our purposes.)

Now, recall from standard markov chain theory (see, e.g., [Bil95]) that for such a finite
(sub)markov chain M} g, there is a linear system of equations t = F'(t), over variables t,, ,~,
where u is any node of M MY g, and Where the coefficients in the linear system F(t) are the
probabilties p’ on transitions of M B such that the least fixed point solution, LFP(F'), of
t = F(t) assigns to variable t,, . the probability that v* is reachable from w. (In particular,
one of the linear equations is t,« ,~ = 1.) Moreover, because we have eliminated from M;{) B



all nodes that can not reach v*, LFP(F) is the unique solution to this linear system. Thus
consider the formula: ¢7(w,t) = t = F(t). Thus the quantifier-free formula /\]74:1 @, has
a unique solution in the reals, and the values assigned to variables #(, ,~) in this solution
identify the probability of reaching an accepting SCC from node u in MA) B-

For initial node u* = (vo,{qo}) of M) g, and rational p € [0,1], the following ExTh(R)

sentence, 1, is true in R iff P4(L(B)) > p: ¥ = 3x,y,2,w,t /\;:1 ©; N tur e > D. O

Theorem 11. For a fixed BA, B, given a Bd-RMC, A, and a rational value p € [0,1], we
can decide whether Pao(L(B)) > p in time polynomial in |A|.

Proof. (idea) The proof is a modification of Theorem 10. We extend a technique developed
in [EY04] to this setting. We use variables only for the entry-exit pairs of A and A ® B,
express all the other variables as rational functions of those, and then transform the system
to a system of constraints of polynomials in a bounded number of variables. a
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A Proofs

Proof of propostion 1

Proof. We split into cases. Case 1: u is any vertex in @, other than a call port. In this
case, Y, Py = pus 2eW) Note that ne(u) = >, Puwne(v). Hence > p/(u,v) = 1. Case 2:

v ne(u)
Suppose u is a call port u = (b, en) in A;, and box b is mapped to component A;. Starting at u,
the trace will never exit A; iff either it never exits the box b (which happens with probability

ne(en)) or it exits b through some return vertex v = (b,ex) and from there it does not
manage to exit A; (which has probability g, ., ne((b, ex))). That is, ne((b,en)) = ne(en) +

> eveBz; Uen,ery N€((b; ex)). Dividing both sides by ne((b, en)), we have 1 = ne(en)/ ne(u) +
Y ex Uenex) ne((b,ex))/ ne((b,en)), which is the sum of the probabilities of the edges out of
(b, u). O

Proof of Lemma 1

Proof. Let D = p~1(x). We can partition D according to the first failure. For ¢t € D, let
pH(t) = wowy ... € Q. Let i > 0 be the least index such that w; € Qg, but wir1 & Qm,
(such an index must exist). We call w’ = wy ... w11 a failure prefiz. Let C(w') = {w € 2’|
w = w'w” where w” € Q“} be the cylinder at w’, inside F'. Let D[w'] = p (C(w")).

We claim Pro(D[w']) = 0 for all such “failure” prefixes, w’. (To be completely formal, we
have to first argue that D[w’] € F, but this is not difficult to establish: D[w’] can be shown
to be a countable union of cylinders in F.)

By definition, ne(w;) > 0, but ne(w;4+1) = 0. We distinguish cases, based on what type of
vertex w; and w;4; are.

Case 1: Suppose w; € @ is not a call port. In this case, (w;,w;4+1) € Fp, reflect an
ordinary non-zero edge in the RMC A. A trajectory ¢ € D[w'], is one that reaches (5, w;)
then moves to (3, w;+1) and then never exits the component of w; and w;41, i.e., retains 3 as
a prefix of the call stack. (This follows by the definition of pf, and the fact that in H4 there
are no edges out of exit vertices). Since ne(w;11) = 0 the probability of such a trajectories ¢
is 0, i.e., Pro(D[w']) = 0.

Case 2: w; = (b,en) is a call port, and w;+1 = (b,ex). Thus (w;, wiy1) € En, is a
“summary edge”, within some component Aj. Again, ne(w;) > 0, but ne(w;+1) = 0. Any
trajectory t € D[w’], reaches (8, w;), then sometime later reaches (3, w;+1), having always
retained [ as a prefix of the call stack in between, and thereafter it never exits the component
of w; and w; 1. (Again, similar to case 1, this follows by definition of p*, and H4.) But since
ne(w;y1) = 0, this Pro(D[w’]) = 0.

Case 3: w; = (b,en) and w; 41 = en. In other words, (w;, w;+1) is an edge of Fy, were we
move from a call port to the corresponding entry en of the component A;, where Y (b) = j.
Thus a trajectory t € D[w'] enters component A; at entry en, on step i+1, and never exits
this component thereafter. Note again, however, that ne(w;+1) = 0. Thus, Prq(D[w']) = 0.

Now note that D = |J,,, D[w’], where the union is over all failure prefixes, w’ € Q*. Note
that this is a countable union of sets, each having probability 0, thus Prq(D) = 0. a

Proof of Lemma 2



Proof. 1t suffices, by standard facts about probability measure, to prove the claim for cylinders
C(w') € 2, where w' = wy,...wy,. We use induction on k. The base case (k = 0) follows
from Lemma 1. Namely, C(e) = ', and p~1(2) = 2\ p~!(»). Thus Pro(p=1(£2")) =
1—Prao(p~ (%) =1.

For the induction step, suppose that the claim hold for the prefix w' = wows ... ws.
Let D[w'] = p~*(C(w')). Define the event Jj;,) € F to be Ji,y = {t € 2| p(t) =
wp ... w;...,and w; = y}.

Note that, by the definition of conditional probability, Pro(D[w'wyt1]) = Pro(D[w']) Pro(Ji+1,w,.,
D[uw']).

We want to show that Pro(D[w' wii1]) = Pro (C(w' wi41)). We distinguish three cases,
based on what type of edge (wy,wg+1) is in Hy4, as in the proof of Lemma 1.

Case 1: wy, is not a call port. Thus (wg,wkg+1) € Eng, is an ordinary edge, inside some
component A; of A. Consider the trajectories t € D[w'wy41]. After some prefix, the trajectory
arrives at a vertex (8, wy), and subsequently never reaches an exit, i.e., retains 3 as a prefix
of the call stack. The conditional probability Pro(Jry1,uw,., | D[w']), is the probability that
the (k + 1)-st step of p(t) is wg41, given that the prefix of p(t) is wows,...w;. Note that
this conditional probability is independent of the call stack 3, and that this process has the
markov property, so that it is also indepdenent of how we arrive at wy. Let NE(u) € F be
the event that, starting at a node (3, u), we will never reach an exit. i.e., 3 € B* will forever
remain on the call stack.

Since wy, is not a call port, and using the markovian property, we seen that:

Pro(Jit1,uy: | Dw']) = Pro(Jetiwe, | Jrw)
=Prao(Ji,w.y, | Jo,w), (now assuming pini((e, wx)) = 1)
= PI‘Q(J17wk+1 N NE(wk))/PrQ(NE(wk))
=Pro(J1,w.., NNE(wp41))/ ne(wy)
= Pro(J1,uw,,,) Pra(NE(wki1))/ ne(ws)

= Pwy,wi1 ne(wy+1)/ ne(ws)

Therefore, Pro(D[w'wi+1]) = Pro(Dw'])puw, wy., ne(wi+1)/ newy. By the induction hy-
pothesis, and the construction of M}, Pro:(C(w'wk+1)) = Pro: (C(w'))p, .,
= Pro(D[w'])puy,wy i, ne(wiy1)/ newy = Pro(D[w'wyi1]).

Cases 2: wy, = (b,en) is a call port, and wi11 = (b,ex) is a return port. In this case,
similar to case 1, we have:

Pro(Jit1,w,s | Dw']) = Pra(Jiw,, N NE(wri1))/ ne(wy), (assuming pinic((€, wr)) = 1)
= PrQ(Jl7wk+1) ne(wk+1)/ ne(wk)

= qzﬁen,em) ne(wk'l‘l)/ ne(wk)

Again, Pro(D[w'wg4+1]) = PrQ(D[w’])qE*wk)wkH) ne(wg+1)/ ne(wy ), and by induction, Pro: (C(w'wi41)) =
Pro (C(w')) = Pro(D[w']))q} yne(wp1)/ ne(wi) = Pro(Dw'wi1]).

/
Dy ,wies (W, W41



Cases 3: wi = (b,en) is a call port, and wg+1 = en is the corresponding entry. In this
case,

Pro(Jit1,wy,, | Dw']) = Prg
= PI‘Q
= PI‘Q

Jl-,wk+1 | ']quk)
Jl-,wk+1 n NE(wk))/ PI'Q(NE(wk)), (assuming pinit(<e,wk>) = 1)
J1wisy )/ ne(wy), (because NE(wy) C J1w,,,)

NE(wg+1))/ ne(wy) = ne(wy+1)/ ne(wy)

o~ o~ o~ o~

= PI‘Q

/
pwk7wk+1 -

Again, Pro(D[w'wi41]) = Pro(D[w']) ne(wyy1)/ ne(wy), and Pro: (C(w' wg41)) = Pro:(C(w'))
PI‘Q(D[U)/D ne(wk+1)/ne(wk) = PI‘Q(D[’LU/’LUkJrl]). O

Proof of Lemma 3

Proof. We construct the accepting run r of B and run ' of M/, ® B one segment at a time.
Suppose that (v, q) is special of type 1. Then (v, q) corresponds to a path in D(v,q) (and
M/, ) from (v, {q}) to a node of a bottom SCC C that contains a state (v,T") with ¢ € T.
Consider a trajectory t of the RMC that starts with v and the corresponding a trajectory ¢’
of My p starting from (v, {¢}). With probability 1, ¢ exists (i.e. t maps to a trajectory of of
M, p starting from (v, {q})), and ¢’ goes to the bottom SCC C and visits infinitely often all
the states of C. For every visit to the state (v,T) there is a nonzero probability that in the
following steps the trajectory ¢’ will perform the transitions of v(v, ¢). Hence, with probability
1, at some finite step ¢, ¢’ visits (v,7) and in the following steps the trajectory ¢ performs
~(v,q). Let ¢ be the first time this happens. Since ¢ € T, the prefix of ¢ up to step i has a
corresponding run in B from ¢ to ¢ and in M/, ® B from (v, q) to (v, ¢). This constitutes the
first segment of the constructed run r.

At step 4, the trajectory t is at vertex v and the suffix from this point on starts again
with the sequence (v, ¢q) of transitions. Since we have a Markov process we can repeat the
argument for the remainder of T and construct the second and subsequent segments of r. In
general, if F; denotes the event that the procedure succeeds in constructing k segments, then
the probability of Ej; conditioned on E} is 1. Therefore, the probability of N E}y is also 1,
and thus the required accepting run r will be constructed with probability 1.

Suppose that (v,q) is special of type 2 and let vg — (v',{q¢’}) be the first edge (an
accepting edge) in D(v,q) of the path corresponding to (v, q) that leads from the root vg
to the bottom SCC C' that contains (v,T') with ¢ € T. Let « be the label of this edge; then
~(v,q) = af for some (. The argument is similar to the case of type 1. Consider a trajectory
t of the RMC starting from v with the transitions of v(v, ¢), and let t = ar. After the prefix
«, the trajectory t is at vertex v’ (with empty stack, i.e the chain M4 is at vertex (e, v’)).
The remaining trajectory 7 starts with 4. With probability 1, 7 maps to a trajectory 7' of
M, p starting from state (v',{q'}), and since 7 starts with 3, 7’ goes to the bottom SCC C.
As in case 1, the trajectory hits with probability 1 infinitely often all the states of C, and
furthermore there is a finite time 4 at which it reaches (v, T') and the following suffix of ¢ starts
again with (v, q). We can map now the prefix of ¢ up to step i to a run of B from ¢ that
goes first to ¢’ passing on the way through an accepting state of B (this path corresponds to
the prefix ) and then continues and reaches state ¢ again at time 4; the corresponding path
of M/, ® B follows first the edge to (v, ¢’) and then goes on to reach (v, q). This constitutes
the first segment of the constructed run r. As in case 2, we can then repeat the process to
construct the subsequent segments, and the process will succeed with probability 1. a



Proof of Lemma 4

Proof. Suppose that an accepting state (v, q) is not special. With probability 1, a trajectory ¢
of the RMC that starts at v corresponds to a trajectory ¢’ of M, p that starts at (v, {¢}) and
reaches a bottom SCC C of M, p (and of D(v, g)). Since (v, q) is not special, there is no state
(v,T) of C with g € T Therefore, every run of M/, ® B starting at (v, q) that corresponds to
t does not visit (v, q) after ¢’ reaches C, hence, repeats (v, q) only finitely often.

Suppose that ¢ starts at a vertex v € M/, and corresponds to a run of M/, ® B starting at
a node (u,p) that visits (v, q) infinitely often. Let ¢ be the first step at which the run visits
(v,q). The suffix of ¢ from this point on corresponds to a run of M’y ® B starting from (v, q)
that visits (v, q) infinitely often. By our above argument, the probability that a trajectory
of the RMC has this property is equal to 0, and by the Markov property it follows that the
probability that ¢ has such a suffix is also 0.

Consider an accepting edge (v,q) — (v',¢’) and suppose that (v, q) is not special. The
graph D(v,q) contains an edge vq — (v',{¢'}). Since (v, q) is not special, no bottom SCC
contains any state (v,T) with ¢ € T. Suppose that a trajectory ¢ of the RMC starting at v’
corresponds to a run of M/, ® B starting at (v, ¢’) that traverses the edge (v,q) — (v',¢)
infinitely often. With probability 1, ¢ corresponds to a trajectory of M 1’47 p starting from
(v',{¢'}) that reaches a bottom SCC C of D(g,v). Since no such bottom SCC contains a
state (v, T) with ¢ € T it follows that every run of M/, ® B from (v',¢’) that corresponds to
t does not visit (v, q) after some point, and hence does not traverse the edge.

Suppose that a trajectory ¢ starts at a vertex u € M/, and corresponds to a run of My ® B
starting at a node (u,p) that visits the edge (v,q) — (v',¢’) infinitely often. The argument
is similar to the type 1 case. Consider the first time that the edge is traversed and write ¢
as t = ar, where the prefix o corresponds to the run from (u,p) to (v, ¢’) ending with the
traversal of the edge. The suffix 7 corresponds to a run starting from (v’, ¢') that repeats the
edge infinitely often. ;From the above argument, the probability that a trajectory 7 of the
RMC starting at v’ has this property is 0, hence the probability that ¢ has such a suffix is
also 0. O

Proof of Theorem 6

Proof. With probability 1 a trajectory ¢ of the RMC maps to a trajectory t' = o(t) of M} p
which reaches a bottom SCC C.

If C is not accepting then there is no special pair (v, ¢) such that C' contains a state (v, T)
with ¢ € T. Then every run of M/, ® B starting from (vo,qo) that corresponds to ¢ visits
special nodes only finitely many times. It follows that with probability 1 ¢ is not accepted by
B.

If C is an accepting bottom SCC, then there is a special pair (v, ) such that C contains
a state (v,T) with ¢ € T. The trajectory will visit (v,T") infinitely often, and at every visit
there is nonzero probability that the RMC will execute next the sequence (v, q). Hence, with
probability 1 this will occur at some finite point. Then the trajectory ¢ will be accepted by
B with probability 1. a

Proof of Proposition 3

Proof. Suppose that a trajectory ¢ of the RMC starting at vg is accepted by B (starting at
o), With probability 1, ¢ has a corresponding run in M/, ® B starting at (vo, o) that repeats



infinitely often some accepting state (v, q) or some accepting edge (v, q) — (v',¢’). It follows
from the preceding lemma that (v, q) must be special, and obviously (vg, go) can reach (v, q).

Conversely, suppose that (vo, go) can reach the special pair (v, ¢) in the graph M/, ® B and
let a be the label of such a path from (vg, go) to (v,q). With nonzero probability, the RMC
will execute first the sequence of transitions ay(v, ¢). If this occurs, then from that point on
with probability 1 the trajectory will correspond to an accepting run of B. a

Proof of Theorem 8

Proof. We begin by proving hardness for deciding whether P4(L(B)) = 1, where both A and
B are part of the input. The case where A is fixed, and the case for qualitative emptiness,

P4(L(B)) < 0, are variations on the same proof, and we sketch them at the end.

The reduction is from the acceptance problem for alternating linear space bounded Turing
machines. As is well known, ASPACE(S(n)) = U.soDTIME(c%(™). There is a fixed linear
space bounded alternating Turing machine, T, such that the problem of deciding whether
T acccepts a given input of length n is EXPTIME-complete. We can assume wlog that T’
has one tape, and uses space n. The tape contains initially the given input x. Recall that an
alternating TM has four types of states: existential, universal, accepting and rejecting. We
assume wlog that the TM has two possible moves from each existential and universal state,
and it halts when it is in an accepting or rejecting state. Let I" be the tape alphabet, @) the
set of states and A = I"U (Q x I') the extended tape alphabet. A configuration of the TM
is expressed as usual as a string of length n where the ith symbol is (¢, X) € (Q x I') (we
will usually write ¢X instead of (¢, X)) if the head is on the tape cell 4, the state is ¢ and the
tape symbol is X, and otherwise the ith symbol is the tape symbol X in cell i. The type of a
configuration (existential, universal etc) is determined by the type of the state. A computation
is a sequence of configurations starting from the initial one, according to the transition rules
of the TM. We assume wlog that all computations of the TM halt.

There is a natural game associated with an alternating TM between two players, an
existential player E and a universal player U. The positions of the game correspond to the
configurations. Player E moves at the existential configurations and player U at the universal
ones. Accepting configurations are winning positions for player E, and rejecting configurations
for player U. An input z is accepted by the TM iff the existential player E has a winning
strategy from the initial configuration corresponding to x.

We will construct a RMC, A, and a BA, B, so that A satisfies B with probability 1 iff =
is not accepted by T, i.e. E does not have a winning strategy.

Let us first mention that the only thing that will matter about A, is its “structure”, i.e.,
which edges have non-zero probability. We thus describe these edges without defining the
probabilities explicitly: any probabilites that sum to 1 will do.

The RMC A has an initial component Cy and a component C(gq, X) for each state ¢ € Q
and tape symbol x € I'. The automaton B has an initial state sg, a final state f which is the
only accepting state, and a state (d,7) for each 6 € A, and i = 1,...,n. The alphabet of B is
the vertex set of A.

Let go be the initial state of the TM T, and let z = x1 - - - x,, be the input. Component
Cy of A has an edge from its entry to a node ug, an edge from ug to a box that is mapped to
C(qo,z1) and an edge from the exit of the box to an absorbing node vy that has a self-loop.

Component C(gq, X), where ¢ is an existential state and X € I', is structured as follows.
Suppose that the two moves of the TM when it is in state ¢ and reads X are (pg, Yi, Di), k =



1,2, where pr € @ is the next state, Y; is the symbol written over X, and Dy = L/R
(left /right) is the direction of the head movement. For eachi = 1,..,n,k = 1,2,and Z € I', the
component has a set of nodes ulq, X, i, k, Z], v[q, X, i, k, Z], and a set of boxes blq, X, i, k, Z],
each mapped to component C(pg,Z). The entry of the component C(q, X) has edges to
each of the nodes ulq, X, 1, k, Z], every node ulq, X, i, k, Z] has an edge to the call port of
the corresponding box blg, X, i, k, Z], the return port of each such box has an edge to the
corresponding node v(q, X, 4, k, Z], and each of these nodes has an edge to the exit of the
component.

Component C(q, X), where ¢ is a universal state and X € I, is structured as follows. Let
again the two moves of the TM for ¢ and X be (pg, Yi, Di),k = 1,2. For each i = 1,..,n,
k=1,2,and Z € I', the component has again a set of nodes ulq, X, i, k, Z], v[q, X, 1, k, Z], and
a set of boxes blq, X, i, k, Z] mapped to C(pg, Z), and has in addition one more node w|q, X].
The entry of the component C(q, X) has edges to each of the nodes u[g, X, 4, 1, Z], every node
ulg, X, 1,1, Z] has an edge to the call port of the corresponding box blg, X, 1,1, Z], the return
port of each such box has an edge to the corresponding node v|q, X, 4, 1, Z], and each of these
has an edge to node w[g, X]. Node w[g, X] has edges to all the nodes u[q, X, 1,2, Z], every
node ulq, X, 1,2, Z] has an edge to the call port of the corresponding box blg, X, 7,2, Z], the
return port of each such box has an edge to the corresponding node v[q, X, 4,2, Z], and each
of these has an edge to the exit of the component.

Component C(g, X), where ¢ is a halting (accepting or rejecting) state and X € I" has an
edge from its entry to a node ulg, X] and from u[g, X] to the exit of the component.

The transitions of the automaton B are as follows. The initial state s of B transitions
on input ug to the set of states {(gox1, 1), (x2,2), ..., (zn,n)}. There are no other transitions
out of sg. The final state f transitions to itself on every input.

Let ¢ be an existential or universal state and suppose that the two moves of the TM when
it is in state ¢ and reads X are (pg, Yx, Di),k = 1,2. On input u[q, X, i, k, Z], a state (9, 5)
of B has exactly one transition, as follows: If j =i and § # ¢X then it transitions to f; else,
if j =4 and § = ¢X then it transitions to state (Y,1); else, if ((j =i+ 1 and Dy, = R) or
(j=i—1and Dy = L)) and § = Z then it transitions to (prZ,j); else, if ((j =i+ 1 and
Dy =R)or (j=1i—1and Dy = L)) and § # Z then it transitions to f; else, it transitions to
itself, (4, 7). On input vlg, X, i, k, Z], a state (9, j) of B has the following transition: If j =14
then it transitions to (¢X,4); else, if ((j =i+ 1 and Dy = R) or (j =i — 1 and Dy = L))
then it transitions to (7, j); else, it transitions to itself, (4, 7). All states have a self-loop on
input w(g, X], vo, as well as for all the vertices that are entries and exits of boxes.

Let ¢ be a halting state of the TM. On input u[g, X|], a state (d, ) of B transitions to
itself if 0 € I" or (§ = ¢X and ¢ is accepting), and it transitions to f otherwise.

This concludes the definition of the RMC A and the BA automaton B. Note that A
has a bounded number of components (independent of the length of the input x), and every
component has one entry and one exit. Note also that all the transitions of B are deterministic
except for the transition of the initial state sy on input ug.

Consider a path of the RMC, and look at the corresponding set P of states of B at each
step. At wug, the set P contains one state (d,4) for each ¢« = 1,...,n corresponding to the
initial configuration of the TM. ;From then on, it is easy to check that P always contains at
most one state (d,1) for each i, and either these states form a configuration of the TM or P
contains f. Once f is included in P, then it will stay there forever and any continuation of
the path will be accepted by B.



Call a path of the RMC walid if the set P at the end (and during the path) does not
contain f. Consider the game tree G of the game corresponding to the TM on the given input
x: The nodes of the tree are the configurations reached by the TM in its computation, the
root is the initial configuration, the children of each node are the two successor configurations,
and the leaves correspond to halting configurations. An existential strategy corresponds to a
subtree Gg of G that contains one child of each (reachable) existential configuration (nodes
that are not reachable any more from the root are not included in Gg). We consider the two
children of each node as being ordered according to the indexing (k = 1,2) of the two moves
of the configuration. We claim that every valid path of the RMC corresponds to a prefix of
the depth-first-search traversal of an existential game tree G, where all the leaves in the
prefix are accepting; and conversely every such prefix of a DFS traversal corresponds to a
valid path. Note that when a valid path is at the entry of an existential component C(q, X),
in order for it to continue to be valid it must move to a node ulg, X, 14, k, Z] such that 4 is
the current position of the head, ¢ and X must be the current state and symbol at cell i,
and Z must be the symbol in the tape cell where the head moves next according to move
k =1 or 2 of the TM. That is, there are precisely two valid choices corresponding to the two
possible moves of the existential player. The transitions of B are defined so that the states
of the new current set P form the next configuration as the path of the RMC moves to the
box corresponding to the move of the TM. When the path exits the box, if it is still valid,
then the set P is the same as when the path entered the box. After the node v[g, X, 4, k, Z],
the set P is updated to restore the configuration as it was when the component C(q,x) was
called. For a universal component C(g, X) there is only one correct choice if the path is to
remain valid. If the path exits the component remaining valid, it means that it never went
through a rejecting component, i.e., the corresponding subtree of Gg that was traversed has
only accepting leaves. If x is accepted by the TM, then the existential player has a winning
strategy, hence there is a valid path of the RMC that reaches node vy of Cy and stays there
forever. Thus, with positive probability the RMC follows this path which is not accepted by
B. On the other hand, if x is not accepted by the TM, then every path becomes eventually
invalid (either because it reaches a rejecting component or because one of its transitions does
not correspond to a TM move), hence is accepted by B; thus the acceptance probability is 1.

We are done with the proof that checking P4(L(B)) = 1 is EXPTIME-hard. By Theorem
7, the problem is also EXPTIME-complete.

We now sketch how a variation of the same proof shows that probabilistic emptiness
(P4a(L(B)) > 07) is also EXPTIME-complete.

For each component except Cy, add a direct path from entry to exit en — r — ex through
a new node r where the first edge has probability > 1/2. Every state of the BA, B, goes to f on
these intermediate nodes. (The purpose of these paths is to make sure that every component
exits with probability 1 - but these are not valid paths). Remove the self loop of vy, add new
nodes yp,zo to Cp, and edges vy — yg — 29 — up with probability 1. Also add a new state g
to B which is the only accepting state (f is not accepting anymore). On input gy, all states
of B die except for f that goes to g. On zy, g goes to the initial state sq.

By the previous proof , (1) if input z is accepted by the ATM, the old RMC had a path
p from the initial vertex to vg such that the corresponding set of states of the BA at the end
(for all possible runs) did not include f. (2) If z is not accepted by the ATM, then for every
trajectory of the old RMC, the BA has a run that gets to f.

Because of the new paths to the exits that we have added, every component exits with
probability 1 (this requires a proof, which we omit, but follows from basic facts about RMCs,



see [EY04]). hence, infinitely often (i.0.), the trajectory will go to wug, traverse a path, come
out at vy, go to Yo,20, back to ug, and again all over. If the state set of the BA includes f
when the path arrives at vg, then it will go next to g, then reset to the initial state and start
again. Therefore, if = is not accepted by the ATM, this will happen every time, hence g will
appear i.0. and the probability of acceptance Ps(L(B) = 1.

If x is accepted by the ATM, and in some iteration the RMC follows the path p as above
then the BA will die when the path reaches yo. Every time the process returns to up and
tries again, there is positive probability that it will follow the path p, so eventually this will
happen at some point with probability 1. When it happens, the BA will die and hence will
not accept the trajectory. Thus, in this case P4(L(B)) = 0.

Next, we briefly sketch how we actually only need a fixed RMC, whose size does not
depend on the size of the input tape of the ATM. Here is the modification Drop the index i
from the v and v nodes of A, and add a self loop to these nodes. Basically, the RMC is going
to guess what is the correct ¢ which will be the number of times it loops at the node u (and
v). The BA states keep track of how many times the RMC goes around the loop at u/[...]. In
other words, the BA states have now, besides extended tape symbol and cell number another
counter (< n) - if the counter exceeds n then transition to f. In fact if the BA is at state
(gX,1i,7) and the counter j passes ¢ (without leaving u[]) or it leaves before 4, then the state
goes to f and the game is in effect over. If it leaves exactly at the correct time, then (¢X,1,14)
makes the right transition to (Y, 4,0). For the other states (4,4, j), first if § has a state and is
not ¢X then go to f right away. If state = (4, k, 7) when the RMC moves out of u[] and k # ¢
the state assumes that the RMC moved at the right time (i.e. tape head is at cell ¢) and acts
accordingly: for example if the head is supposed to move left and new state = p, new symbol
(in new position)= Z, then (4, k, ) transitions to (§,k,0) if k #i—1,to fif k=14i—1 but
0 # Z, and to (pZ, k,0) otherwise. The moves at v[] that restore the state are similar.

O

Proof of the Unique Fixed Point Theorem

Lemma 5. Let G be a finite Markov chain on state set V', and let D be a subset of states such
that each state w € D has a transition with probability at least p > 0 to a dead (absorbing)
state d. Then for every positive integer N, the probability that, a trajectory of M starting at
any state visits at least N times a state of D and is not absorbed in the dead state d, is at
most (1 —p)™.

Proof. Every time the chain visits a state in D, with probability at least p it transitions
to d, and survives with probability at most 1 — p (continues without being absorbed in
d). Hence if it visits D N times, the probability that it survives is < (1 — p)¥. More
formally, we prove by induction on N. The basis, N = 0, is trivial. Suppose the claim
holds for N — 1. Let E;(s) be the event that G starting from state s survives i visits to
D Then P(En(s)) = > ,cp P(u is the first visited state of D)P(En(u)). Now, P(En(u)) =
> vtaPuwP(En-1(v)). By induction P(En-1(v)) < (1 —p)N~" for all v, and 3, pu,v <
1 — p since u € D. Therefore, P(Ey(u)) < (1 —p)¥, and hence P(Ex(s)) < (1 —p)¥. O

Consider now a RMC A. First, we can determine in (polynomial time) the vertex-exit pairs
(u,ex) for each component such that the probability q&ku,ex) = 0. Introduce variables xy es
only for the remaining pairs. Note that if a vertex u cannot exit its component, i.e. q?u,ew) =0
for all ex then there is no variable involving u. Consider the set of fixpoint equations z = P(x)



(we drop the terms that involved "missing” variables). The least fixpoint ¢* is the true vector
of probabilitities of each vertex u reaching exit ex (with empty stack). Let us say that a vertex
wis deficientif )~ Uy exy) < 1, 1€ ne(u) > 0; otherwise u is full. Note that by the qualitative
analysis, we can determine which vertices are deficient and which are full in PSPACE.

Theorem 12. (Unique Fized Point Theorem) The set of equations x = P(x) has a unique
fized point that satisfies )y, T(y.ex) < 1 for every deficient vertex u, and ), T(yez) < 1 for
every other vertex w. (This, of course, is ¢* = LFP(P).)

Proof. Suppose that there is another fixpoint y, besides ¢*, that satisfies the constraints
on Yy . T(uex)- Oince ¢ is the least fixpoint we have ¢* < y. If u is a full vertex then
Y ew Yuea) S 1 =2, qzﬁuyez) and ¢* <y imply that y(y, cqo) = q{uﬁem) for every ex.

We will show below that y agrees with ¢* also on the deficient vertices. Let (u,ex) be a
pair such that Y(u,ex) > q&ku,eac)' We will derive a contradiction.

Let 2y 0y = f1 (x) be the equation for variable T(u,er) N the system z = P(z). The right
hand side fi(z) is a sum of monomials and possibly a constant term. If u is not a call port
then each monomial is of the form py % (y er), Where v is a successor of u, and if u = (b, en)
is a call port of a box b then each monomial is of the form Tep erT(y,ex),ec Where ez’ is an
exit of the component corresponding to box b; in the latter case we consider the variables of
the monomial as ordered. We will rewrite iteratively the right hand side fi(x) as follows. In
the ith iteration we have an expression f;(z) which is the sum of a constant term (possibly
0) and of a set of ordered monomials; i.e. each monomial has a constant coefficient and the
product of a sequence of variables (with possible repetitions allowed) in a specific order. We
take every nonconstant monomial and replace the leftmost variable of the monomial by the
right hand side of its equation in the system z = P(z). We combine like terms (treated again
as ordered monomials) and let f;11(x) be the resulting expression.

Observe first that both fixpoints, ¢* and y satisfy the equation (y ¢y = fn(z) for all n.
Second, we claim that f,(x) is related to the (infinite) Markov chain M4 corresponding to
the RMC A in the following way. Let Z,, be the state at time n of the chain M4 with initial
state (e, u). Note that if the chain hits (e, ex) at some time ¢ then it stays there forerever, i.e.
Zn = (e, ex) for all n > t.

Lemma 6. The constant term of f,(x) is equal to Prob(Z,, = (e, ex)). Furthermore, for each
state (B,v) where 3 =by...b; is a sequence of bozes and v is a vertex such that Prob(Z,, =
(B,v)) > 0, and for every sequence vy = wx,...,w; of exits of the components corresponding to

the bozes such that the variables with indices (v, w;), ((bj, w;), wj—1),... (b2, w2),w1), ((b1,w1), ex)
exist, the expression fn(x) has an ordered monomial

Prob(Z, = (B,0))%(0,0;)T((b;,w;)w;-1) -+ + T((baswa)w)) T((br,wn )ex) - If B 18 the empty string e
then the monomial is simply Prob(Z, = (€,v))Z(y,cx)- These are all the monomials of fn(x)

Proof. By induction, starting with fo(x) = #(y,cq). The basis is trivial: Prob(Zy = (¢,u)) = 1.
For the induction step, consider a monomial of f,,(z) corresponding to the state (5, v) and a
sequence v of exits to the boxes (if 8 is nonempty). If v is an exit and 3 = ¢, then v must be
ex (because for other exits the variable does not exist since it is 0), and x,, ¢, will be replaced
by 1, increasing the constant term. If v is an exit and 5 # €, then v must be w; (again because
otherwise the variable does not exist). In this case we will replace also Z(yw;) by 1, which
corresponding to the chain M4 moving from state (b1 ...b;,v) to state (b1 ...bj_1, (b;,w,),
i.e. returning from the call of box b; to the return port (b;, w;).



If v is not a call port (or an exit) then the equation for the leftmost variable @, ) is
Yo Pu,v' T(v' w;) Where the sum ranges over all successors v’ of v for which the variable T (v w;)
exists. In particular, if 3 = €, then x(, cz) = Y owr Do,/ T(v,ex)- NOte also that Prob(Z,y1 =
<57 Ul>|Zn = (B, U>) = Pv,o’-

Finally, if v = (b',v’) is a call port of a box b’ corresponding to some component Ay with
an entry v’, then we will replace the leftmost variable (, ;) With > @y w)T((b ) w,))
where the sum ranges over all exits w’ of Ay for which both variables T (v w')s (B w')w;)
exist. This corresponds to the chain moving with probability 1 from state (3,v) to state
(BY',v"), and including all feasible extensions w’y of . O

Let N be any fixed positive integer and consider n going to infinity. We can write f,(z)
as the sum of three terms ¢y, gn (), hy(x), where ¢, = Prob(Z, = (e, ex)) is the constant
term. A monomial
Prob(Z, = (B,0))(0,)T((b;w;),w;_1) - - T((baswz),w1)T((by,wy)ex)- COITEsponding to a state
(8,v), and a sequence v = wi,...,w; of exits is included in the second term g, (z) iff at
most N of the vertices v, (bj,w;) ... (b2, w2)(b1,w1) are deficient; otherwise it is included in
hn(x). Clearly, as n — oo, the first term ¢, — qi*u)em). For ¢*, the second and third term
9n(q*), hn(q*) tend to 0. Consider these two terms for y.

Let r be the minimum component in ¢*. Then clearly y < 1 < ¢*/r. Since in every
monomial of the second term at most N of the vertices are deflicient, and since ¢* and y have
the same value for each pair whose first component is a full vertex, it follows that the value of
each monomial of g, (z) evaluated at y is bounded from above by the value of the monomial
evaluated at ¢* divided by . Hence g, (y) < gn(q*)/rV. Since N is fixed and g,,(¢*) — 0 as
n — 00, it follows that also g,(y) — 0 as n — co.

Consider all the monomials in the third term h,(x) corresponding to a state (3, v) of M4.
Let G be the layered Markov chain that has a source node v, then it has j layers (numbered
from j down to 1) and finally it has a sink node ex. Each layer ¢ contains a node labelled w;
for each exit w; of the component corresponding to the box b;. In addition there is a dead
state d. Nodes ex and d have self-loops with probability 1. There is a transition from v to a
node wj in layer j with probability y(, ;) iff the corresponding variable z(, ;) exists. For
each pair of nodes w;, w;_1 in successive layers, 7,7 — 1 there is a transition from node w; of
layer i to node w; 1 of layer i — 1 with probability y((, w,),w,_,) if the corresponding variable
exists. Finally there is a transition from each node w; of layer 1 to the sink ex with probability
Y((by,un),ex) (if the variable exists). Note that the probabilities of the above transitions out of a
node of G sum to less than 1 iff the corresponding vertex v or (b;, w;) of the RMC is deficient.
Let D be the set of these ‘deficient’ nodes of G. For every deficient node add a transition
to d with the missing probability. Let U be the set of deficient vertices of the RMC, and let
p=min{l =3 Y, et € U}. Note that p > 0. Each deficient node of G has a transition
to d with probability at least p.

By our construction of G, every monomial of h,(y) involving the state {8, v) corresponds
to a path in G from v to ex that goes through at least N deficient nodes; the value of the
monomial is equal to Prob(Z,, = (3,v)) times the probability of the path in G. The lemma
implies then that the contribution to h,(y) of the set of monomials for state (5,v) is at
most Prob(Z, = (3,v))(1 — p)V. Therefore, h,(y) < (1 —p)V. Since (1 —p) < 1 and N is
an arbitrary integer, the right hand side can be made arbitrarily small, in particular strictly
smaller that y(,, ez) — Uuex)- This contradicts the fact that y(,, ex) = fn(y) for all n, and hence

Uy ey = Moo fn(y). O



