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Abstract

These lecture notes present five Markovian models: discrete time Markov chains (DTMC), conti-
nous time Markov chains (CTMC), Markov decision processes (MDP), stochastic games (SG) and
probabilistic automata (PA). It is addressed for master students and tries as most as possible to be
self-contained. However the basics of discrete probability (and additionally the basics of measure
and integration for the study of CTMC) are required. Recommended books for french speaking
students are [FOA 98| [FOA (02]. There are a lot of good books for english speaking students.
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Chapter 1

Discrete Time Markov Chains

1.1 Discrete event systems

Most of the probabilistic systems we study in this course are (stochastic) Discrete Event Systems
(DES), a particular case of point processes (see [BRE 98| for more details). An execution of a DES
is specified by an (a priori infinite) sequence of events ey, es, ... occurring at successive instants.
Only events can change the state of the system.

Formally, the stochastic behaviour of a DES is determined by two families of random variables:

e So,...,Sn,...belonging to the (discrete) state space of the system, denoted S. Sy represents
the initial state of the system and S,, (n > 0) the current state after the occurrence of the
nt" event. The occurrence of an event does not necessarily modify the state of the system,
hence S, +1 may be equal to S,,.

e Ty,...,T,,... belonging to RT. Ty represents the time interval before the first event and T,
(n > 0) represents the time interval between the n” and the (n + 1) event. Observe that
this interval may be null (e.g. a sequence of instructions considered as instantaneous w.r.t.
database transactions involving input/output operations).

When the distribution of Sy is concentrated in a state s, one says that the DES starts in s (i.e.
Pr(Sy=s)=1).

A priori, there is no restriction about these families of random variables. However, most of the
stochastic processes that we study cannot execute an infinite number of actions in a finite time
(which is called a Zeno behaviour). Otherwise stated:

o0
Z T,, = oo almost surely (1.1)

n=0

When this property holds the state of the system can be defined for all instants. Let N(7),
the random variable defined by:

N(7) €inf{n | ST > 7}
k=0

Using equation (1.1)), N(7) is defined almost everywhere (i.e. for almost every sample). As can
be observed in figure N(7) presents jumps whose range is greater than 1. State X (7) of the
system at time 7, is then Sy(;). X(7) is not equivalent to the stochastic process, but it allows,
in most of the cases, to perform the standard analyses. Figure [I.I] presents a possible sample of
the process and illustrates the previously defined random variables. In this sample, the process is
initially in state s4 and it stays in it until time 79 when its state becomes sg. At time 79 + 71, the
system successively visits in zero time, states s3 and sj2 before reaching state s; where it stays



space

512 H T =t
] ]
X(t +t )=Ss -
s, . ( 0 1) ! =
: T=T=0
: 2 3
: S =s
S L o T4
6 ;
: S,=s,
: 82253
X(t)=s i
4 H =
S4 ® \.J S3 S12
S,=s,
S *
3
T T T+t time
] [0} 1

Figure 1.1: A sample of a stochastic process

some non null time interval. The observations {X (7)} do not capture the vanishing states s3 and
s12 of this sample.

Performance evaluation of a DES is related to two kinds of analysis:

e The study of the transient behaviour, i.e. the computation of measures that depend on
time elapsed since the system starts. Such a study is appropriate for systems presenting
different stages and terminating systems. The two main application areas are dependability
and safety analysis.

e The steady-state behaviour of the system. For numerous applications, the modeller is inter-
ested by the behaviour of the system after the intermediate stages, once it is stabilized.

Of course this requires that such a steady-state behaviour exists. Let us denote 7(7) the
distribution of X (7). Then the following equation expresses this requirement:

lim 7(7) = Too (1.2)

T—0Q

where 7., must also be a distribution, called the steady-state distribution.

Transient and steady-state distributions allow to compute performance indices. For instance,
the steady-state probability that a server is available, the probability that at time 7, a connexion
is established and the mean number of clients for a service are such indices.

In order to reason in a generic way about DES, it is useful to specify functions whose domain
is the set of states and whose range is R. Then a function f can be viewed as a performance
index and given some distribution 7, the expression ) _q7(s) - f(s) represents the measure of
this index.

When the range of the index is {0, 1}, it can be viewed as an atomic proposition satisfied
by a state when the function is evaluated to 1. In the sequel, one denotes P, the set of atomic
propositions and s F ¢, with s a state and ¢ a proposition, the satisfaction of ¢ by s. With
this notation, given some distribution 7, the expression ) v 7(s) represents the measure of this
index.



1.2 Renewal processes with arithmetic distribution [FEL 68]

1.2.1 The renewal theorem

The renewal process is a very simple case of DES: it has a single state and the time intervals
between events are integers obtained by sampling i.i.d. random variables. Renewal instants are
the instants corresponding to the occurrence of events.

In order to present renewal processes, let us discuss a simple example. Assume that a bulb
is used by some lamp and that the bulb seller provides some probabilistic information about the
quality of the bulb:

fn, the probability that the bulb duration is n days

For instance fo = 0.4, f3 = 0.6 and f,, = 0 for n ¢ {2,3}. The user wants to infer:
Uy, the probability that on day n the bulb must be changed
Continuing the example, ug = 1 since the bulb is bought on day 0, u; = 0, us = fo = 0.4,
uz = f3 = 0.6. In order to determine u4, one observes that the bulb must have been changed on
the second day, so that uy = usfo = 0.16. Similarly us = usfo + us f3 = 0.48.

Generalizing the reasoning about the first change (if any) before day n one obtains the following
“convolution” formula:
Up = Uofn ++  +Up_1f1 whenn >0 (1.3)

Let us examine for the previous example different values of u,, when n increases:
u19 = 0.3696, ugp = 0.38867558, uzg = 0.38423714, ug9 = 0.38463453, usp = 0.38461546

Clearly (in this example) u,, seems to be a convergent sequence. So one is interested about the

value of this limit. Let us develop an informal reasoning. We denote p def > nen Mfn, the expected
value of the distribution {f,}. Since the average interval between two renewal instants is u, the
average probability that n is a renewal instant is equal to g ~!. In our example p =1 = 0.38461538.

The main theorem of this section establishes this result and precises the required hypotheses. In

the sequel, we note n def Tt

Let us call pg def > isy fi the probability that the duration before a new renewal instant is

strictly greater than k. Observe that:

D SIES 3D IED ) I ED I

ieN i€EN 0<k<i keNi>k keN

with the convention that 7 = 0 when p = .

We now establish an equation fulfilled by the u,’s and the p,’s. Define the event L, (with
k<n) as:
The last renewal instant in [0, 7] is k.
In order for L, to be realized, k must be a renewal instant and the next renewal instant must
be strictly greater than n. Using conditional probabilities, the probability of this event is exactly
Ugpn—k. Since (given n) exactly one such event must occur, one obtains:

PolUn + Prn—1+ -+ ppupg =1 (1.4)

We are now searching about a (necessary and) sufficient condition for the existence of the limit.
The next lemma establishes such a condition.

<.

Lemma 1.1 Let {u,} be any sequence that fulfills and assume that limsup,,_, . Un
Then lim,,_, o u,, exists and is equal to n.

[Proof

Which situations can falsify the hypothesis of the previous lemma? Let us choose a very simple
distribution fo =1 and f; = 0 for ¢ # 2. Then p = 2 implying n = % However for all n, ug, =1



and ug,+1 = 0. In order to characterize such pathologic behaviours, we introduce the periodicity
of a distribution.

Definition 1.2 The periodicity of a distribution {f,} is defined by: ged(n | f, > 0). A distribu-

tion is aperiodic if its periodicity is 1.

We are going to prove that aperiodicity is the single requirement in order to get the existence
of the limit. To do so, we need the following characterization of aperiodicity.

Lemma 1.3 Let ay,...,ar be natural integers whose ged is 1. Then there exists ng such that:
VYn >ng Jag,...,ar E Nn=aja; +...apqs.
[Proof

We also need this standard “diagonalization” lemma.

Lemma 1.4 Let (Zy,m)n,men be a bounded set of reals. Then there exists an infinite sequence of
indices my < mg < --- such that for all n € N the subsequence (xp, m, )ken is convergent.

[Proof

The next lemma is the key lemma and this is where aperiodicity is required.

Lemma 1.5 Let f be an aperiodic distribution and (wp,)nen such that for all n, w, < wy and:

Uhl:ijz:ijM+k (L5)
k=1

Then for all n, w, = wp.

[Proofl

We are now in position to establish the renewal theorem.

Theorem 1.6 Let f be an aperiodic distribution with a (non necessarily finite) mean p.
Then lim,, o0 U, = p 1.

[Proof

1.2.2 Generalizations

We develop here several generalizations of the previous theorem.

First we show that the case of a periodic distribution can be straightforwardly reduced to the
previous case. Indeed assume that distribution f has periodicity p. Then considering instant np
as instant n, one recovers an aperiodic distribution. Formalizing this observation leads to a new
version of the renewal theorem.

Theorem 1.7 Let f be a distribution of period p with (non necessarily finite) mean p.
Then limy, 00 Unp = pu~ ' and for all n such that n mod p # 0, u, = 0.

Let us consider that ) fn <1 with the interpretation that 1 — " _ fn is the probability
that there will be no next renewal instant. In our example, this could be the case that the bulb is
perfect. In order to analyze this renewal process, it is useful to introduce some generative series:

F(s) = Z fus" U(s) = Z uns" for s € 0, 1]

neN neN
When s < 1, Multiplying ([1.3]) by s™ and summing up one gets U(s)—1 = U(s)F(s) or equivalently
U(s) = %F(S) Observe that U(1), the mean number of renewal instants, can be either finite or

infinite. The next proposition characterizes this situation.

Proposition 1.8 The mean number of renewal instants, ),y Un, is finite iff 3 - fn < 1.
. _ 1
In this case, 3, cnUn = 1=3= —7-



[Proof

As an immediate consequence, when )\ fn <1, one has lim, o u, = 0.

Let us continue our example. Assume that there is already a bulb with the lamp. This life
duration of this specific bulb is not assumed to have the same distribution as the next ones and
can be perfect. We denote {b, } this distribution and B(s) its generative series. We say that this
is a delayed process and we define v,, as the probability that n is a renewal instant of this process
(V (s) is its generative series).

Reasoning on the first renewal instant as before, one obtains the following equation:
Up = anO + bn—lul +---+ bOUn

which can be rewritten as:
_ _B(s)
11— F(s)
The next theorem expresses the fact that only B(1), the probability that there is another
renewal instant after 0, has an impact on the result obtained for the original process.

V(s) = B(s)U(s)

Theorem 1.9

o Iflim, o u, = w then lim, . v, = B(l)w

o If >, . un=U(1) is finite then >, , v, = B(1)U(1)
[Proof

We let the reader adapt the previous theorem for the case of a delayed periodic process.

We introduce the last generalization with our example. Assume that there is a non null
probability fy < 1 that a new bulb is initially faulty. In this case, u, can no more be considered
as the probability that on day n, the bulb is changed but instead as the mean number of changes
on day n.

However, there is a simple trick that allows to extend the previous theory. Suppose that n is a
renewal instant, then the number of renewals at instant n follows a geometric law with parameter

1 — fo. Consider now a modified renewal process with fj = 0 and f; = 7 . ‘. Let us denote ul, the
probability of a renewal instant at time n for this process. Then it is immediate that u,, = 13’}0.

1.3 Discrete time Markov chains [KSK 76|

1.3.1 Presentation
A Discrete Time Markov Chain (DTMC) is a DES with the following features:
e The time interval between events T;, for n > 1 is the constant 1.
e The selection of the state that follows the current state only depends on that state and the
transition probabilities remain constantEI along the run:
Pr(Spt1 =55 S0 = Sig, -, Sn = 8;) =Pr(Spi1 =55 | Sp = 55) d:efpl-j d:efP[i,j]

We indifferently use the two notations for transition probabilities. Depending on the context, we
will consider that a DTMC has an initial distribution 7y over its states. Observe that for all 7,
> jPij =1 and for all j, p;; > 0. When a matrix fulfills these properties we say that it is a
transition or a stochastic matrix.

The transition matrix P of a DTMC can be represented by a (possibly countable) oriented
graph that we denote Gp. It is defined as follows:

e The set of vertices is the set of the states of the DTMC;

1Sometimes these chains are called homogeneous DTMC.



p p p

1-p 1-p 1-p 1-p

Figure 1.2: A random walk

Figure 1.3: Simulating a renewal process

e There is an edge from s; to s; labelled by p;; if p;; > 0.

Example 1.10 (A random walk) Figure represents the graph of a random walk. The
walker starts in position 0 of the path and at the next instant will go forward to position 1 with
probability 1. In position n > 0 he goes forward to position n+ 1 with probability p or backward to
position n — 1 with probability 1 — p.

Example 1.11 (A simulation of a renewal process) F'igure shows that a renewal process
can be seen as a particular case of DTMC. Being in state 0 corresponds to a renewal instant while
state n > 0 means that the next renewal instant will occur in n time units. The single probabilistic
state is state 0 where the selection of the time before the next renewal instant is done following the
distribution {fn}.

Example 1.12 (A finite DTMQC) Figure shows on the right the transition matriz and on the
left its associated graph. Here there are only three states. While the graph representation could only

appear to be a visual help, the structure of the graph provides useful information on the behaviour
of a finite DTMC.

0.3 L»@ . .
\ ;/4 0.0 0.0 1.0

0.2 0.8
S - -

Figure 1.4: A finite DTMC



1.3.2 Transient and steady-state behaviour of a DTMC

Analyzing the transient behaviour of a DTMC does not raise any difficulty. The state changes
occur at times {1,2,...}. Given an initial distribution m and a transition matrix P, one denotes
7, the distribution of S,, (i.e. the state of the chain at time n). It is given by:

T, = 7o - P"

which can be established by an elementary recurrence.
Analyzing the asympotical behaviour requires some additional notations.

e For n € N, p’; denotes the probability to reach in n steps state j from state i. These values
are the items of matrix P™ (which is also a transition matrix).

e For n € N, fI'; denotes the probability to reach in n steps state j from state i for the first
time. One denotes f; j = >,y f{'; the probability to reach j from i and p; = -, cynf];
the mean return time in ¢ (only relevant if f; ; = 1).

A first equation can be derived by a case decomposition w.r.t. the first time the chain reaches j

from 1:
n

n o __ m . n—m
pry =D Il

m=0

With every state i, one associates a renewal process where the renewal instants correspond to
the visits of i. One observes that {f;},.en is the distribution of the renewal time and that p}'; is
the probability that n is a renewal instant. Furthermore with every pair of states (4, 5), one also
associates a delayed renewal process where again the renewal instants correspond to the visits of
i. The distribution of the delay is given by {fI; }nen-

One classifies states depending on their associated renewal process.
o A state i is transient if f;;, the probability of a return is less than 1.

o A state is null recurrent if the probability of a return is 1 and p;, the mean time of a return
is infinite.

e A state is positive recurrent if the probability of a return is 1 and the mean time of a return
is finite.

In addition we say that a state is periodic (resp. aperiodic) if its associated renewal process is
periodic (aperiodic). Finally a state is ergodic if it is positive recurrent and aperiodic.

By a straightforward application of results on renewal processes, one gets:
e A state ¢ is transient iff pi; < oo. In this case, for every j, one has lim,, o p7,; = 0.

e A state 4 is null recurrent iff ) g pi; = o and lim,, o pi’; = 0. In this case, for every j,
one has lim,, P =0.

e A state i is positive recurrent iff ) pi; = 00 and p; < oo. If in addition ¢ is aperiodic,
for every j, one has lim, o pj; = fjip; -

We want to globally reason about the chain. In order to do so we introduce some properties
of a DTMC.

Definition 1.13 Let C be a DTMC.
o S, a subset of states of C, is closed if for all i € S’, one has szS’ pij = 1.

e Let i be a state of C, its closure is defined by Cl(1) = {j | fi; > 0}.

10



e C is irreducible if for all pairs of states i,j one has fi j >0 (or equivalently >, \pi; > 0).

We let the reader prove that Cl(7) is closed. A closed subset may be studied in isolation since it
constitutes a DTMC. The importance of irreducibility is shown by the next theorems.

Theorem 1.14 All states of an irreducible chain are of the same kind.

[Proofl

So in the sequel, we say that an irreducible DTMC is transient (resp. null recurrent, positive
recurrent, aperiodic) if its states are transient (resp. null recurrent, positive recurrent, aperiodic).
Similarly the period of an irreducible DTMC is the common period of its states.

Theorem 1.15 Let i be a recurrent state. Then Cl(i) is irreducible and for all pair of states
(4, k) € Cl(1), one has fj = 1.

[Proof
Summarizing, a DTMC can be partitioned between the transient states say T" and the irreducible
subchains C1, Cs, ... Observe that an infinite DTMC may have only transient states as in the chain

where the states are integers and p; ;41 = 1. The periodicity is particularly relevant in case of
irreducible chains.

Theorem 1.16 Let C be an irreducible chain with periodicity p. Then S, the set of states, can be
partitioned as: S = SoW S W...WS,_1 such that:

Vi € Sk VjESpi’j>0:>j€S(k+1) mod p
Furthermore p is the greatest integer fulfilling this property.

[Proofl
We now establish the main theorem of DTMC.

Theorem 1.17 Let C be an irreducible DTMC whose states are aperiodic.

Existence. Assume that the states of C are positive recurrent.
Then the limits lim, o p}; exist and are equal to ,ui_l (so independent from j).

Furthermore they fulfill ), o p;t =1 and for all i, u; ' = > jes u;lpj7i.

Unicity. Conversely, assume there exist {u;} such that:
Foralli, u; >0, };cqu; =1 and u; = 3, gu;pj.i.

Then for all i, u; = ,ui_l (which implies that states are ergodic).
[Proof

We are looking for a (more or less effective) characterization of recurrence for a state. Let S’
be a subset of states, P restricted to states of S’, denoted P’, represents the behaviour of the
chain along as it remains in S’. So P'™[i, j] is the probability that at time n, the chain is in state j
without ever leaving S’, starting from state i. Observe that ZjeS’ P'™[i, 4] is the probability that
at time n, the chain has never left S’, starting from state i. One denotes this quantity by pin, [i].

Proposition 1.18 For all ¢, lim, . pin% [i] exists. Denoting ping[i] this limit, then ping is
the maximal solution of equation:

Vi xfil = Y Pli,jla[jl A0 < afi] < 1 (1.6)
jes’

11



[Proof

Using this proposition, we get a characterization of the recurrence in the infinite case (the finite
case is addressed by theorem |1.23)).

Theorem 1.19 Let C be an irreducible Markov chain whose state space is N. Then 0 is recurrent
iff the maximal solution of the equation:

Vi >0 zli] = > Pli,jla[jl A0 < afi] <1 (1.7)
Jj>0
is the null vector. Otherwise stated, the null vector is the single solution of .

[Proof

Finally we generalize the results of theorem to irreducible chains whose states are (null
or positive) recurrent. To this aim, we introduce the following probability: sz(-;b) represents the
probability that starting from 4 one reaches j after n transitions without ever visiting r. We allow

1 to be equal to r and for the case n = 0, we set rpl(»?) def

One observes that ,m;; defined by ,7;; def >on eN TPE;L) is the mean number of visits of j without

visiting r. Since the chain is irreducible, the probability of a visit to r starting from j is positive.
Let us consider the chain obtained by making r an absorbing state (i.e. p,.. = 1), all states different
from r are transient. So the mean number of visits to these states is finite, i.e. ,m;; < co.

i=j-

Theorem 1.20 Let C be an irreducible DTMC whose states are recurrent.
e Let v be an arbitrary state. Then vector u defined by w; = 7 fulfills:
u=u-P and for alliu; >0 and u, =1

o Conversely, let u # 0 such that u = u - P and for all i, u; > 0. Then there exists A such that
for all i, w; = X - ,m.;. Furthermore, the states of C are positive recurrent iff ;g u; < 00.

[Proof

Using the two previous theorems, we provide a useful characterization of the positive recurrence
for irreducible DTMCs.

Proposition 1.21 Let C be an irreducible DTMC, then the states of C are positive recurrent iff
there exists u such that u = u-P with for all i, u; > 0 and Zies u; < 0o.

[Proof

The table below summarizes the characterization of the status of an irreducible DTMC.

Status Characterization

0 is the single solution of:
Vie S\ s u = Zjes\{s()}pi,juj and 0 <u; <1
In this case given any r € S,
Vu>0u-P=usJa>0Vsu[s]=a:,ms

Recurrent

Ju>0u-P=uA)  qu=1
Positive Recurrent (u is the steady-state distribution
when the DTMC is aperiodic)

S:SQH'JSlH'J...H'JSp_l with
Period is p Vr<pVi€ S, Vie€Spi;>0=7€S541 modp
and p is the greatest integer fulfilling this property.

12



Let us apply the results we have obtained to the example [I.10] related to random walks. This
chain is irreducible. So all states are of the same kind.

We first want to decide whether the states are recurrent. We apply theorem[I.19] The equation
system is:
x1 =pxo and Vi > 2 x; = priy1 + (1 — p)ai—1

It can be rewritten as:

1—
T1 = P2 and Vi Z 2 Tit+1 — Ty = p(ZEfL' — ZZ?i_l)

If 1 = 0 then zo = 0 and by induction z; = 0 for all 7. Let us consider that z; > 0. Using
the first equation o — 1 > 0 and using the other equation for i > 2,

i—2 1\’ 1_pi72 1\’ i—1 1\’
wonramm 3 () —a (10525 (52) ) =a (5 (5)
=0

Jj=0 Jj=0

Thus if p < % then the z;’s are unbounded implying that the single bounded solution is 0 and
so the states of the chain are recurrent.

Otherwise the x;’s are bounded by ﬁ. So taking x1 = 2”})—71 provides the non null maximal
solution implying that the states of the chain are transient.

When p < % we also want to know whether the states are null or positive recurrent. We apply

the last assertion of theorem to decide it. So we are looking for non null solution (unique up
to a constant) of:

xo=(l—p)ry and 1 = (1 —p)za +xo and Vi > 2 z; = (1 — p)zi41 + pTi_1
which can be rewritten as:
xg = (1 —p)z1 and pr1 = (1 — p)zg and Vi > 2 pz; + (1 — p)z; = (1 — p)aiy1 + pxi—a

Substracting the second equation to the third one gets: prs = (1 — p)xs.
By induction, Vi > 1 pz; = (1 — p)x;y1. So:

i—1
Vi Z 1 €Ty = (lp) X
-p

When p = %, one gets for ¢ > 1, x; = 1. So Y,y 2; = o0 and the chain is null recurrent.

ieN
i
When p < 3, Y, cg 2 = 21 (1 —P+ D ien (&) ) =x(1—-p+ 11__—21;) is finite and the chain is

positive recurrent. Since the chain has period 2 it is not ergodic.

1.4 Finite discrete time Markov chains [KS 60]

1.4.1 Graph analysis

In the general case, the interest of Gp is to provide a visual intuition of the behaviour of the
chain. However for finite DTMC, studying this graph provides the classification of states. Let us
recall that the vertices of a graph can be partitioned in strongly connected components (scc). This
partition can be performed in linear time w.r.t. the size of the graph by the algorithm of Tarjan
(see for instance [AHU 74]).

Definition 1.22 A scc S’ is a mazimal subset of vertices such that for alli,j € S’ there is a path
from i to j. A scc S is terminal if there is no path from S’ to S\ S’.

13
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Figure 1.6: Computing the periodicity

In figure we have highlighted the scc with colors. The blue and green scc’s are terminal.

The next theorems show that Gp contains all the relevant information for classification of
states.

Theorem 1.23 In a finite DTMC, the transient states are the states of the non terminal scc’s.
Every terminal scc is an irreducible DTMC. The states of terminal scc’s are positive recurrent.

[Proof
We now focus on periodicity in the irreducible case. So we assume that Gp is strongly connected

(i.e. there is a single scc).

The periodicity is computed by algorithm |1} whose time complexity is linear w.r.t. the size
of the graph. Let us describe its behavior. It builds an oriented tree covering the vertices by a
breadth-first search. The algorithm also works with any search but here the breadth-first search is
more efficient since it minimizes the height of the tree. With every discovered vertex the algorithm
associates an height denoted Height. Every edge is labelled by an integer: the label of an edge
(u,v) is defined by Height[u] — Height[v] + 1. So the edges of the tree have zero for label. The
periodicity of the graph is then the ged of the (non null) labels. This algorithm is illustrated in

figure
Proposition 1.24 Algom'thm returns the periodicity of a (finite) DTMC.

[Proof

The next property on random paths of a finite DTMC is used in several contexts.

14



Algorithm 1: Computing the periodicity

Periodicity(G): an integer
Input: G, an oriented graph whose set of vertices is {1,...,n}

Output: p, the periodicity of G
Data: i, j integers, Height an array of size n, @ a queue

for i from 1 to n do Height[i] < oo
p < 0; Height[0] + 0; InsertQueue(Q,0)
while not EmptyQueue(Q) do
i + ExtractQueue(Q)
for (i,j) € G do
if Height[j] = oo then
Heightlj) < Height[i] + 1
InsertQueue(Q,);
else p « ged(p, Height[i] — Height[j] + 1)
end

end
return p

T={1,2,3},C={4,5},C,={6,7,8}

0.0
T 0.1 0.0 0.8 e
O, M/@
0.0 0.5 0. 3
6 0.4 /l 1
e

2

H@%@
.3 1.0 0.3
P .1%=| 0.0 0.0 1.0 / =] 0.0 3’——>6

Figure 1.7: A non irreducible DTMC and some related matrices

Proposition 1.25 Almost surely a random path ends up in a terminal scc and wvisits infinitely
often all its states.

[Proof

1.4.2 Linear algebra analysis

In an ergodic chain, theorem asserts that the steady-state distribution exists and is indepen-
dent from the initial distribution. More precisely, this is the unique distribution 7 fulfilling the

following equation:
r=m-P (1.8)

In order to solve , a direct computation is possible (via a Gaussian elimination) enlarging
the equation system with the normalisation equation 717 = 1 where 17 denotes the unit column
vector. But iterative computations are more interesting if the state space is huge. The simplest
consists in iterating m < w - P starting from an arbitrary distribution, (see [STE 94] for more
elaborate computations).

15
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Figure 1.8: Transient behaviour of a non irreducible DTMC

Let us address a more general case. We introduce some notations to handle this issue.

Definition 1.26 Let C be a finite DTMC whose irreducible subchains associated with terminal scc
are denoted {Cy,...,Cr}. For 1 <i <k, the steady-state distribution (if it exists) of C; is denoted
;.

The set of transient states are denoted T'. Pr 1 denotes the transition matriz restricted to T'. For
1 <i <k, Pr, denotes the transition submatriz from states of T to states of C;.

Figure illustrates the different matrices on some DTMC. Assuming that the terminal scc’s
are aperiodic, the chain also admits a steady-state distribution which here depends on the initial
distribution.

Proposition 1.27 Let C be a finite DTMC with initial distribution my and whose irreducible sub-
chains associated with terminal scc’s are aperiodic. Then (using the notations of definition ,
there exists a steady-state distribution whose expression is given by:

k
) ((”% +mor (1d—Prp) " PT»i) ' 1T) i
i=1
where m,; (Tesp. o, 1) is mo restricted to states of C; (resp. T).

Thus Id — Pz 7 is invertible. Furthermore its inverse is equal to (3, 5o (P1,1)").

[Proof

Matrix (Id — Prr)~! represents the mean number of visits between transient states. For
instance, in the DTMC of figure [I.8] the mean number of visits of state 2 starting from state 1 is
70

equal to g3.

1.4.3 Convergence to the steady-state distribution
We want to analyze how fast the transient distribution of an ergodic DTMC converges to the
steady-state distribution and we present two approaches.

We say that a matrix M (resp. a vector v) is positive if for all i, j, M[i, j] > 0 (resp. v[i] > 0).
We say that a matrix M (resp. a vector v) is non negative if for all 4, j, M[i, j] > 0 (resp. v[i] > 0).
We say that a non negative square matrix M is regular if there exists some k such that M is
positive.

Lemma 1.28 Let P be the transition matriz of an ergodic DTMC. Then P is regular.
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[Proof

Let mo be the steady-state distribution w.r.t. transition matrix P of an ergodic DTMC. We
introduce the steady-state square matrix II,, where every row is a copy of m,. We let the reader
prove that the following equalities hold:

e For every transition matrix P/, P'TI,, = Il.;

o M P=T1,.

The first approach is based on the steady-state matrix. The following proposition characterizes
the magnitude order of the convergence rate to the steady-state distribution. In fact, the theorem
is also valid if we take 7o, as a solution of TP = o Ao - 17 =1 (there is a priori at least one
solution). Thus it provides an alternative proof of the existence of a steady-state distribution for
a finite irreducible DTMC.

Proposition 1.29 Let C be an ergodic DTMC with P its transition matriz, w, its distribution at
time n and T its steady-state distribution. Then there exists some 0 < A < 1 such that:

[ = mnll = O(A")
[Proof

The second approach consists in studying the eigenvalues of matrix P and provides a more
precise information on the convergence rate. It is based on the following proposition, a simplified
version of the famous Perron-Frobenius theorem about non negative matrices. It also constitutes
an alternative proof of the existence of a steady-state distribution for a finite irreducible DTMC.

Let us recall that given M, a matrix, and A, a complex value:
e )\ is an eigenvalue of M if there exists a non null vector v such that (M — AId)v = 0.

e Such a vector is called an eigenvector associated with A\. A vector v is a generalized eigen-
vector w.r.t. \ if there exists some k such that (M — A\Id)*v = 0.

o Given {A1,..., A} the set of eigenvalues of M, the vector space is the direct sum of
FE1,...,E, where E; is the set of generalized eigenvectors w.r.t. \; called the generalized
etgenspace of \;.

Proposition 1.30 Let M be a non negative reqular matriz. Then there exists A such that:

e )\ is an eigenvalue of M whose generalized eigenspace has dimension 1 and is generated by
a positive vector.

e Every other eigenvalue N fulfills |N'| < A.
[Proofl

Proposition 1.31 Let C be an ergodic DTMC with P its transition matriz, w, its distribution at
time n and T its steady-state distribution. Then:

|To0 — mnl = O(n872/\n)
where s is the number of states and A < 1 is the second largest module of eigenvalues of P.

[Proof
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1.5 Proofs

1.5.1 Proofs of section [[.2.1]
Proof of lemma [1.1]
If 4 = oo then n =0, and we are done.

Let us assume that p is finite. We pick an arbitrary subsequence wy, , tn,,
7" (< n by hypothesis). Let us select some integer > 0 and some ¢ > 0.

The hypotheses ensure that there exists m such that:
Vg > m fup, — 0| <eAVI<r <rup_w—n<e

We recall (1.4]) for n;:
POUn; + P1Un,—1 + -+ + prug =1

So: .
po(l +e)+m+e) D> prt > pr>1
r'=1

r'>r

When € goes to 0, the inequation becomes:

pof +0 D pe Y pr =1
r’'=1

r’'>r

When r goes to co (let us recall that pg = 1), the inequation becomes:

n+np—-1)>1

which can be rewritten as:
n—-n>0

Using 1’ < 7, one deduces that ' = 7. Since the subsequence is arbitrary,
q

Proof of lemma

Using Euclid algorithm, one obtains yy, ..., yx € Z such that:
l=awy1 +- -+ aryr

Let us note s = aj + -+ + a; and x = sup; |y;|(s — 1).

Let n > xs. One performs the Euclidian division of n by s:

k

n=qs+r= Z(qu TY;)a;
i=1

and g + ry; is non negative using the hypotheses.
q
Proof of lemma [1.4]

..., converging toward

limy, 00 U =1.

.e.d. (lemma OO0

.e.d. (lemma 000

Since the z,,,,’s are bounded, one extracts a sequence of indices (m?)xen such that (xOng)keN is

convergent.

Assume that after n stages, one has extracted a sequence of indices (m})ren. Then one extracts

. n+1 .
from this sequence a subsequence (mj;™")ren such that (z,,, ,n+1)ken is

Let us now consider the sequence of indices my = mﬁ. Let n € N, starting

convergent.

from the nth item, the

sequence (T, m, )ken 18 a subsequence of (xn,mg)keN and thus it is convergent.

g.e.d. (lemmall.4) OO0

18



Proof of lemma [1.5]

Let us note A = {k | fr, > 0}.

wo = Yy frwr < wo Y gy fr = wo

In order to have equality, it is necessary that wy = wy for all k € A.
Let k€ A,

Wo =Wk = Y prey S Wiy < Wo D oprey frr = Wo
So, it is also necessary that wgyp = wp for all k, k' € A.
Iterating the process, one gets wy, = wq for all k, positive linear combination of items of A.

[ is aperiodic. Using lemma[I.3] there exists ng such that for all n > ng, w, = wo.
So:

Wng—1 = D poy [EWno—14k = Wo Y pey fe = Wo

Iterating this process, one concludes.

g.e.d. (lemmal[l.5) OO0

Proof of theorem [1.6]

Let us note v = limsup,,_, ., 4, (between 0 and 1).

Let (rm)men be a sequence of indices such that v = lim,, o u,,,. With every integer n, one
associates the sequence (tn m)men defined by wp m = ur, —p if n <7y and uy , = 0 otherwise.

Using lemma there exists a sequence mq, ma, ... such that for all n, (uy m, )ken converges to
a limit denoted w,, (consistently with the notations of lemma [1.5). From definition of v, one gets
0 <w, <vand wyg =v. Equation (1.3) can be rewritten as:

o0
Un,my, = § fiun+i,mk
1=1

This equality still holds at the limit since the u,,’s are bounded and Y_.°, f; = 1 hence finite. One
obtains the hypotheses of lemma [T.5] Hence, for all n, w,, = v.

We now prove that v < 7 in order to conclude by application of lemma |1.1
Using (1.4]), one establishes that:

POV my + PLULmy F ot Pry Uryy my = 1 (1.9)
Let us use (1.9). For all fixed r,
® PoUOmy + P1ULmy, T+ 0 Prlem, < 1;
® POUOmy F P1UL My + ** F Prsm, gOes to v, _, pr when k goes to infinity.

Hence if 1 = 0o then v = 0 establishing the result.
Otherwise v >, _, pr» < 1 for all . Hence vp < 1.

g.e.d. (theorem[1.6) OOO

1.5.2 Proofs of section [1.2.2]

Proof of proposition [1.8

Due to the non negativity of u, and fy,,

limgyq U(s) = U(1) (with U(1) finite or infinite) and lims F(s) = F(1).

Let us suppose F'(1) < 1. Then considering the limit when s — 1 of equality U(s) = %F(S),

one obtains U(1) = #(1) as required by the proposition.

Let us suppose U(1) < oo. Then considering the limit when s — 1 of equality U(s)—1 = U(s)F(s),

one obtains U(1) — 1 = U(1)F(1). Hence F(1) = U{(Jl()ﬁl <1.

g.e.d. (proposition[1.§) GO0
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Proof of theorem [1.9]
Let us denote 1, = Zk/>k bys. Using the definition of v,, for n > k one has:

k k

E bty —pr < v < E bpr k7 + T
=0 k=0

Let € > 0. Then there exists k such that r; < e and there exists ng such that for n > ng one has
|w — up| < e. Consequently for all n > ng+ k

k k
wB(1)—2e < (w—e)(B(1)—¢) < Z b Up—pr < vy, < Z b U —pr 1 < (wte)B(1)4+e < wB(1)42¢
k'=0 k=0
which establishes the first assertion.

The second assertion is straightforward since V(s) = B(s)U(s).
g.e.d. (theorem OO0

1.5.3 Proofs of section [1.3.2]

Proof of theorem [1.14]
Let i, j be two states of the chain, there exist r and s such that p; ; > 0 and pj,; > 0. Furthermore,

priTte = i pt s (1.10)

So if 3 cnpr; is finite then > p}; is finite. If lim,, o p}; = 0 then lim, ;o p7; = 0. Since
the situation is symmetric, one deduces that ¢ is transient (resp. null recurrent, positive recurrent)
iff j is transient (resp. null recurrent, positive recurrent).

Let us examine periodicity. Assume ¢ has period ¢ > 1. Using (1 , with n = 0, one deduces
that r + s is a multiple of ¢. So if n is not a multiple of ¢, then p}; = 0 which means that the
period of j is a multiple of ¢. Since the situation is symmetric, one deduces that ¢ and j have the
same period.

g.e.d. (theorem[1.7]) GO0

Proof of theorem [L.15]
Let j € Cl(i). By definition, f; ; > 0. Moreover 1 — f;; > f; ;(1 — f;:). Since i is recurrent one
has f;; = 1 which implies f;; = 1.

Let k € Cl(3), fjx > fiifie > 0. So Cl(3) is irreducible. Since CI(z) is irreducible, all states are
recurrent and “replaying” the beginning of the proof with £ instead of ¢ establishes f;; = 1.

g.e.d. (theorem[1.15) OO0

Proof of theorem [1.16]

Let us pick some arbitrary state ¢ and define Sg, with 0 < k& < p as the subset of states j for which
there is a path from i to j with length equal to Ip + k for some . Since the chain is irreducible,
these subsets cover S. By definition of S, Vi € S, Vj € S p;j; > 0= j € Sk41) mod p- It remains
to prove that their intersection is empty.

Assume there exists j € Sy N Sy with k # k. Since from j the chain reaches ¢, there exists at
least a path from 7 to ¢ whose length is not a multiple of p, leading to a contradiction.

Assume now there is some p’ > p fulfilling this property. Then the periodicity of the renewal
process associated with 7 is a multiple of p’ leading to another contradiction.

g.e.d. (theorem[1.76) GO0
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Proof of theorem [I.17]
Using theorem [I.9) on delayed renewal process:
limy, 00 P; = iji/iiil = u;l since C is irreducible.

We assume that S is countable and identify it to N (the case of a finite S is even simpler and left

to the reader). One has:
Pt = PP 2 Y PRwbm
jes m<M
Consequently, letting n goes to infinity: p; 1> e ns B Prmi
and letting M goes to infinity: ﬂ;l > Zjes ,u;lpj,i
We now prove that >, ¢ ,u;l is finite.

1 =Zp§fj

JjES
Consequently, letting n goes to infinity: 1> 37/ pu'
and letting M goes to infinity: 1 > Zjes u;l

Summing ,u;l > Zjes ujflpj,i over ¢, one obtains:

Dou =YY u =Yty b=yt

i€s i€S jes jes i€s jeSs
. : C-1 -1
One has equality of sums, so also equality of terms: p; - = Zjes Ky Py

By iteration: u; ' = Zjesuglp;ﬁi
This equality holds at the limit since ) jes u;l is finite and p}; is bounded by 1:

pit =gt

JjES

. 1 _
Since f1; ~ >0, 3,5 H; -1
Conversely, assume there exist {u;} such that u; >0, >, g u; = 1 and for all 4, u; = Zjes UjPj s
Let us pick some u; > 0, by iteration of the last equation: u; = ZjeS u;py;
Since the states of the chain are aperiodic, lim,,_, p}; exists for all j. Moreover the equality holds
at the limit since ) ;g u; = 1 and p;; < 1. If for all j, p7; goes to 0 then, using the equality, one
obtains u; = 0 leading to a contradiction.
So i is positive recurrent and then ergodic (since aperiodic). So all states are ergodic implying
that the limits of p}; are ;' The (limit) equation can be written as:

wi =y gt =gt

jES
g.e.d. (theorem 000

Proof of proposition [1.18
By definition the sequence pin%,[i] is decreasing and it is lower bounded by 0 so it is convergent.
SZ:jeS’ P i, j] = 305 yres PLL I TP (5, ]
o:
pin il = 32 Pli, ' lping 5]
This equality holds at the limit since Zj’eS’ Pi,j'] <1 and pin’ [i] are bounded by 1.
Substituting j’ by j:
ping[i] =3, s Pli, jlpins[j]
Otherwise stated, the ping[i]’s are a solution of (1.6].
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Let z be a solution of this equation. One has Vi z[i] < pin%,[i] = 1.
We prove by induction that the equality holds for all n.

2li] = $,es Plisjlali] € 3 e Plis jlpin il = pinls i

Letting n goes to infinity, the maximality is obtained.

g.e.d. (proposition QOO

Proof of theorem [1.19]
Let x denote the maximal solution of (1.7)). Then z[i] represents the probability to not return to
0 starting from .

If state 0 is recurrent the return probability is 1. Since there exists a non null probability to reach
from 0 state ¢ (i being arbitrary), x[i] must be null.

If the maximal solution is null then the probability to stay in states of N* is null whatever the
initial state. So the probability to return in 0 is equal to 1.

g.e.d. (theorem[1.19) GO0

Proof of theorem [1.20]

Let u defined by u; = ,7m;. One has Tpﬁ(}) =1and Tpgf) =0forn > 0. Sou, = 1. Since the chain
is irreducible, there exists a non null probability to reach an arbitrary state ¢ from r implying
u; > 0.

Using definition of TPE?)7 one obtains for i # r: Tp%”” = jen Tpi,?)pji.

Summing over n, one obtains:

2@1 rpg?) = ano ZjeN rpg)pji
(0)

Since ,p,;’ = 0, one deduces: ,m,; = ZjeN i Dji-

In case i = r, one observes that ZjEN rpg,?)pjr is the probability of a first return to = at the n+ 1"

transition. Summing over n, one deduces that ) jen rTriDjr 18 the probability of a return to 7.
Since r is recurrent, this quantity is equal to 1. This finally proves that u = u - P.

Assume now that there exists u such that u = u- P and for all 4, u; > 0. Using the first equation
if u; = 0 for 4 arbitrary then u; = 0 for all j such that p;; > 0. By induction, one deduces that
u; = 0 for all j that allows to reach k. Since the chain is irreducible, either u is null, or all its
components are strictly positive.

In case u is strictly positive, one assumes w.l.o.g. (by applying a multiplicative factor) that u, = 1.

Hence for i # 7,

2 2
W = Pri+ 52 WiDji = Pri+ Dz, (prj + D ks ukij) Pji = Pri + P + D kr W Dy

Proceeding by induction, one obtains:

2
u; = pri + rpii) + -+ rpg?) + Zj;ér uj; - rpg‘?)

Letting n go to infinity, one deduces that u; > , ;. So {u; — ,m;} is also a non negative solution
of the equation system. Since it is null for component 7, it is null for all components so that
u; = ,m,; for all 4.

Let us compute the mean return time to r. The probability that the return time is greater or equal
than n (for n > 1) is equal to >, g Tpff;fl). Thus the mean return time is: 37,5, > Tpi’;*l) =
> jes T which proves the last assertion of the theorem.

g.e.d. (theorem OO0
Proof of proposition [1.21
Assume that the chain is positive recurrent. Then theorem [T.20] allows to conclude.
Assume there exists u such that u = u- P (and thus u = u - P* for any k), for all i, u; > 0 and
> icg U is finite.

Let us suppose that there exists x, a non null solution of:

Vi >0 zfi] = ZP[i,j]x[j] A0 < zfi] <1
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and by iteration
Yk Vi > 0 x[i] ZPk’L] ANO<zfi] <1
7>0

By hypothesis, there is some i with z[ig] > 0 and some k such that P*[0,i¢] > 0.

By a weighted sum of the previous equalities one gets:

S iso ulileli] = Yisg ulil (350 Pl dlalil)

Thus:

Sisoulilzli] = 32500 (Xm0 ulidPH[i, 4]) 2[5] = 32 50(1 — u[0]P¥[0, j)ulj]z(j] < 32, uljlz)j]
Since the sum is finite all terms must be equal but (1 — u[0]P*[0,io])uli¢)x[ig] < ulig)z[ip]. Thus
applying theorem [I.19] we deduce that the chain is recurrent and by an application of theorem [I.20]
that it is positive recurrent.

q.e.d. (propositz'on OO0

1.5.4 Proofs of section [1.4.1]

Proof of theorem [1.23]

Let ¢ belonging to a non terminal scc. Then there is a path from 7 to j belonging to a terminal
scc. The probability to follow this path is non null and it is a lower bound to the probability of
non returning to ¢. So 4 is transient.

Let S’ be a terminal scc. Since there is no way to exit S’, S’ constitutes a DTMC. It is irreducible
by definition of scc.

Let P be its transition matrix. Pick some state ¢ € 5" and observe that for all n, 3, ¢ p'; = 1.
Since this is a finite sum, there exists at least some j such that p;’; does not converge to 0 when
n goes to infinity. This implies that 7 is positive recurrent. Since all states of S’ are of the same
kind, they are all positive recurrent.

g.e.d. (theorem[1.23) GO0

Proof of proposition [1.24
Let p be the periodicity of the graph, p’ the ged of the edge labels and 7 the root of the tree.

Given two paths with same source and destination, the difference between the lengths of these
paths must be a multiple of p, using the same argument applied in the proof of theorem

e Let (u,v) be an edge with non null label. Let us denote o,,, the path from r to u along the
tree and o, the path from r to v along the tree. The length of o, is Height[u], the one of
oy is Height[v]. With the edge (u,v), one obtains another path oy (u,v) from r to v. The
difference between the lengths of the two paths is: Height[u] — Height[v] + 1 which must be
a multiple of p. Since (u,v) is arbitrary, one deduces that p|p’.

e Let us partition the states in S(’),...,S’Z’), , with s € S} iff Height[s] mod p’ = i. By
construction, an edge of the tree joins a vertex of S; to a vertex of Si,; ,,,q,/- An edge
(u,v) out of the tree joins u € Sy ;i) mod p 10 ¥V € Sheightf] moa p PUt Height[u ]
Hezght[ ] +1 modp" = 0. So, Sngh75 [v] By theorem

p’ < p. Since p|p’, one obtains p = p'.

mod p’ = SHezght[u]+1 mod p’*

g.e.d. (proposition OO0

Proof of proposition
Every infinite path ends up in a scc.

Let us fix some non terminal scc, S’. There is an edge (u,v) with u € S" and v ¢ S’. So given any
state w € S’, there is a path from w to v with length say [, and probability say &, > 0. Define
I = max(l,,) and e = min(e,,). We partition the paths ending in S” depending on their first entry

23



in S’. After the entry, we split the suffix of the path in segments of length {. There is a probability
at least ¢ to leave S’ during a segment. Thus the probability to remain in S’ after n segments
is at most (1 — &)™ and goes to 0 when n goes to infinity. This proves that with probability 1 a
random path ends up in a terminal scc.

Let us fix some terminal scc, S’. When entering S’ the probability to visit once every state is 1
(since states are recurrent). By induction, the probability to visit every state at least n times is
1. Letting n go to infinity yields the result.

g.e.d. (pmposition OO0

1.5.5 Proofs of section [1.4.2]

Proof of proposition [1.2

The distribution is given by m = Zle Pr(to reach C;) - ;. It remains to compute the probability
to reach a terminal scc. One evaluates this quantity starting from an arbitrary state and then one
“unconditions” it w.r.t. the initial distribution:

Pr(to reach C;) = Z mo(s) - me, (s)
ses

where 7, (s) = Pr(to reach C; | Sp = s).

When state s belongs to C;, then ¢, (s) = 1 and ¢ (s) = 0 for j # i.

Let us consider the transient states. The probability for a transient state s to reach C; can be
decomposed w.r.t. to the length of the path from s to C; along the transient states. Let n + 1 be
the length of such paths. Then the probability of these paths is exactly ((PT7T)" “Pr - 1T) [s].
Summing over n gives the desired formula once we have proven that:

> (Prr)"=(1d—Ppr)”"
n>0

We observe that (>, <, (P7,7)")[i, j] corresponds to the mean number of visits of j starting from
i and is finite due to the definition of transient states. So the sum is convergent. Now for every
no-

(Y. (Prr)")(Id = Prr) =1Id — (Ppp)"ot

n<ng

Since lim,,—, oo (Pr, 7)™ = 0 letting ng go to infinity establishes the result.

q.e.d. (propositz'on OO0

1.5.6 Proofs of section [1.4.3

Proof of lemma [1.2§]

We denote s &' |S].

Let us pick some state . Since 7 is ergodic, by definition there is a ny such that for all n > ny,
plt > 0. Furthermore for all j, there are m,m’ < s — 1 such that pi; > 0 and p}’f, > 0. So for all
J»j" and n > ng + 2(s — 1), one has p}; > 0.

g.e.d. (lemma 000

Proof of proposition [1.29
Since the chain is ergodic there is a positive integer k such that P* is positive. Thus there is some
0 < § < 1 such that for all 4,5 one has P*[i,j] > 6I1[i,j]. Defined =1 -4 (0 < 6 < 1) and
matrix Q by:

1-6

1
=P - — 11,
Q=3 0
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One observes that Q is a transition matrix and fulfills:
P" =0Q + (1 — 0)Il
Let us prove by induction that:
Vn PF = 0"Q" + (1 — 0™l

First we observe that [1,oQ = $IIcP* — 15211 Il = 511 — 5010 = Il
Then:
PR = (0"Q" + (1~ 0")I1oo) (0Q + (1 — 0)1c)

=0"QM 4+ (1 —0"0+ (1—0)0" + (1 —6™)(1 — 0))[Ioe = 0" Q" + (1 — 6" 1)1

We rewrite the equation as:
Vn PM — Tl = 0"(Q" —I)

Multiplying by P7 with 0 < j < k:
Vo Vi < k PP T, = 0"(Q"PY —IL)

Multiplying by mg: ‘
Vn Vi < k Tentj — Too = 0" (moQ"P7 — )

Thus the result is established with A\ = 0% .

q.e.d. (propositz'on OO0

Proof of proposition [1.30

We denote k the integer such that M* is positive.

Let us define A by A=sup(a|Iv>0AV £E0AMv > av).

Let m = min;(max; M][i, j]).

If m = 0 then there is a null row and this row is also null for M* yielding a contradiction.
Then M17 > m17T. So A > 0.

Let us pick A, T A and v,, > 0 such that |v,|; = 1 and Mv,, > A, v,.

Then by compactness of {v | |v|1 = 1}, there exists v > 0 such that |v|; =1 and Mv > Av.
Suppose that Mv # Av.

Then vector v/ %< MFv fulfills Mv/ > Av’, and by positivity of M* fulfills for all i, Mv’ [i] > AVv'[i].
Thus there exists some ¢ > 0 such that Mv’ > (X 4 ¢)v’ yielding a contradiction. So Mv = Av.
Since M*v = \fv, v is a positive vector.

Assume there exists w another A-eigenvector independent from v.

Then o % max; f“',"—[[;]] verifies w + av > 0 and there exists ¢ with (w + av)[i] = 0.

But M¥(w + av) = \¥(w + av). So w + av should be a positive vector yielding a contradiction.

Assume there exists w a vector such that (M — AId)w # 0 and (M — A\Id)?w = 0.

Due to the previous paragraph, (M — AId)w = av for some a # 0.

W.lo.g. we assume that o > 0.

There exists a § such that w + v > 0.

Furthermore, (M — AId)(w + 8v) = av, i.e. M(w + 8v) = A(w + 8v) + av.

So there exists some € > 0 such that M(w 4+ fv) > (A + ¢)(w + Bv) yielding a contradiction. We
have finally proved the first item of the proposition.

To prove the second item, let A’ # X be an eigenvalue and v’ be an associated eigenvector.
Define v as the vector of modules of components of v'.

Mv" > IMv'| = |N|v" (with a slight abuse of notation)

We claim that the equality holds only if all (non null) components of v’ have the same argument.
Indeed Mv’ = X'v/ implies MFv/ = kv,

So M¥v'" > |Nk|v". Assuming Mv” = |\ |v” implies M*v" = |\ |Fv".

Since M is positive, equality holds only if all (non null) components of v/ have the same argument.
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On the other hand, Mv” > |N|v” implies |\ < A.
If |N| = X then:

1. Since Mv” > Av” and v” is non negative, Mv"” = Av”. So v” is an eigenvector of \.

2. Using the previous claim, all (non null) components of v/ have the same argument.
Then v” is also an eigenvector of )’ yielding a contradiction.

So |N| < A
g.e.d. (pmpositz’on OO0

Proof of proposition [1.31
We denote s = |5].

Let v > 0. Then Pv[i] = >, P[i, j]v[j] < (Z P, j]) max(v[j]) = max(v[j]). So if Pv = Av
then A < 1. On the other hand, P1 = 1. So 1 is the eigenvalue with largest module.
Let us decompose the vector space R® into the generalized eigenspaces corresponding to the left
generalized eigenvectors: E = EBkK:1 FEy with Ej, corresponding to the eigenvalue A\; sorted by
decreasing module. Since P is regular, one applies proposition A =1, dim(Ey) =1, Ey is
generated by v a positive vector and for all k& > 1, [Ax] < 1. W.Lo.g. we assume that |vi|; =1
so that v; = 7. One can select a basis of Fj such that P, restricted to Ej, becomes an upper
triangular matrix T; whose diagonal is a sequence of Ax: Tp = A\ Id + N where Ny, fulfills
(Nj)*~! =0 (since dim(F;) = 1 and dim(Ey) < s — 1 for k > 2).
Let us denote B the matrix corresponding to the basis of R® obtained as the union of the previous
bases. Then: P = B™'TB where T is the block-diagonal matrix whose blocks are Tj’s. So
7, = moBIT"B. Otherwise stated, 7,B~! = moB~1T". Define = m,B~1. The equality can
be rewritten 7/, = 7,T". Given a vector v, one denotes proji(v) the subvector v related to Ej.
Sov = Zle projr(v).

K

Zproyk =Y proji(m) (AId + Ny)"
k=1

So:
K s—2 n ) )
I = propu(m)l < 3 Q)MwmewMMM<CW*mW
i=0
for some constant C”.

Applying B:
I, — proju(mh)BJ < Cn*=2|rg|"

for some constant C.
This also establishes that 7, converges toward awv; and since |7,[1 = |v1]1 =1, o = 1.

qg.e.d. (propositz'on OO0
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Chapter 2

Continuous Time Markov Chains

2.1 Renewal processes with non arithmetic distribution [FEL 71

2.1.1 Limits, measures and integration

In this paragraph, we state some results (most of them elementary) about limits of functions,
measures and integration useful for establishing the renewal theorem.

Lemma 2.1 Let (z,)nen be a bounded sequence of reals such that there exists I, limit of every
convergent subsequence. Then (x,)nen converges toward I.

[Proofl

The following lemma is nothing but a rewriting of lemma once one observes that R is
compact.

Lemma 2.2 Let (z,)nen be a sequence of reals and f,, be a sequence of functions from R to R.
Then there exists a sequence of indices m1 < mg < --- such that for all n € N the sequence
{fmy, (Tn) }ren converges in R = RU{—o0, 400} (in R if for all x,, sup,, |fm(zn)] < 00).

The notion of equicontinuity is similar to uniform continuity but it is defined for a whole family
of functions.

Definition 2.3 Let {f,}nen be a family of real functions, this family is equicontinuous if:
Ve>036>0VnVe,z' |z —a'| <8=|fulz) — ful@)|<e

Proposition 2.4 Let {f,}nen be an equicontinuous sequence of functions such that there exists
B with for all x and n, |f,(x)| < B. Then there exists a subsequence that converges, uniformly
over every bounded interval, toward a uniformly continuous function.

[Proofl

Let us recall that a (real) measure p associates with every measurable set E of R (and in
particular with every interval) a (finite or infinite) positive value u{E'} such that:

L p{0} = 0;
2. for every countable family of disjoint sets E;, one has pu{lt);cy Ei} = Doy #{Ei}

Here we are only interested in locally finite measures, i.e. such that for every bounded interval I,
one has pu{I} < co. A point a is a continuity point of p if it fulfills limgi4, p{[b, ']} = p{[b, al}
with b < a (this definition is independent of b). The set of discontinuity points, also called atoms
is countable and a, discontinuity point, fulfills yp{a} > 0. A continuity interval is an interval whose
bounds are continuity points (by convention —oo, +00 are considered as continuity points).
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Definition 2.5 A sequence of measures {pin }nen converges toward a measure p iff for every I,
bounded continuity interval of u, one has:

Jim g {1} = p{1}

Proposition 2.6 Let {u, tnen be a sequence of measures fulfilling sup,,(un{I}) < oo for every
bounded interval I. Then:

o {in}nen has a subsequence which converges toward a measure.

o If every convergent subsequence { i, }nen converges toward a (fized) measure p then {pn bnen
converges toward p.

[Proof

This convergence of measures is not the only possible one. As shown by proposition [2.8] it is
appropriate to obtain limits of integrals.

Notations. Cy denotes the set of continuous functions u whose support (i.e. u~!(R*)) is bounded.

Lemma 2.7 Let p and pi' be two measures fulfilling [u(x)p{dx} = [w(z)w/{dx} for all u € Cy.
Then: = u'.

[Proofl

Proposition 2.8 Let {u, }nen be a sequence of measures such that (1) it converges to u, and (2)
it fulfills sup(un{I}) < oo for every bounded interval I.
Then for all u € Cy:

lim [ w(x)u,{dx} = /u(x),u{dm}

n—oo

[Proof

For technical reasons, we need a stronger definition of integrable function than the usual ones
(Riemann and Lebesgue integration).

Definition 2.9 A function z from RT to R is directly Riemann integrable if denoting my, =
inf(z(x) | kh <z < (k4 1)h) and My, = sup(z(z) | kh <z < (k+ 1)h) with h € RT and k € N,
one has:

I . . )
hli?%h Z Mkh Fl}_}rnohz My, (and is finite)
keN keN

For instance, let function f be defined by: for every n € N* and every « € [n,n+ n%], f(zx) def

and f(x) 270 otherwise. Then f is Riemann integrable but not directly Rieman integrable. For
functions with bounded support direct and standard Riemann integration are the same ones. We
give below another sufficient condition.

Proposition 2.10 A Lebesgue integrable function from Rt to RT which is non increasing is
directly Riemann integrable.

[Proof

2.1.2 The renewal theorem

In the sequel, we will use without mentioning it the equivalence between the distribution functions
and the probability measures on R. For a measure p concentrated on R, one defines u(z) by

p(a) < p{[0, 2]}
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The convolution of two distributions F, G denoted F' x G is the distribution of the sum of two
independent random variables following distributions F' and G. It is defined by:

FxG(z) % [ " Fla—y)G{dy)

This convolution is also defined for an integrable function and a measure. When the random
variables are positive it can be rewritten:

FrGa) = [ Fla-nGlay) = [ Flo - )6t

One denotes F**, F convoluted k — 1 times with itself. F* consists in the Dirac distribution
concentrated in 0 i.e. F°*(0) = 1.

Suppose that a renewal process follows distribution F. Then F** represents the distribution of

the k' renewal instant (starting with 0). The measure U & oo o F™ is related to the number
of renewal instants: given F a measurable set of RT, U(FE) is the mean number of renewal instants
in E. We are interested about the asymptotic behaviour of U and more precisely we want to prove
a statement similar to the discrete case: lim;_, o U([t,t +6]) = % where p is the mean value of F.
We start by showing that U is locally finite.

Lemma 2.11 Let F be a distribution whose support is included in ]0,00[ (i.e. F(0) =0). Then
for all z, U(x) is finite. More precisely for all h > 0, there exists Cy, such that U{I} < C}, for all
interval I with length h.

[Proof

An increasing point of a measure p is a real x such that for every open interval I including
2, u(I) > 0. An atom is an increasing point but the converse is not necessarily true. A measure
is arithmetic if there exists a real A > 0 such that the measure is concentrated on atoms kA for
k € Z. The greatest A fulfilling this property is called the period of the measure. We have studied
renewal theory in the case of an arithmetic distribution in paragraph [[.2] Here we are interested
by the non arithmetic case. The next lemma establishes the main property of non arithmetic
distributions. It presents similarities with lemma for the discrete case.

Lemma 2.12 Let F be a non arithmetic distribution whose support is included in 10, 00| and let 2,
be the set of increasing points of distributions F, F?* F3* ... (included in those of U = Y ieN Fi*).
Then ¥ is asymptotically dense in RT, that is to say:

Ve>03x. Ve >z TNz, x+e|#0
[Proofl

Using the previous lemma, one establishes another lemma similar to lemma [I.5|for the discrete
case.

Lemma 2.13 Let F be a non arithmetic distribution whose support is included in |0, 00[ and let
g be a bounded and uniformly continuous function fulfilling for all z, g(x) < g(0) and:

= —y)F{d
o@) = [ oo —u)Fiay)
Then for all x, one has g(x) = g(0).

[Proof

Let us consider that at every renewal instant one buys a product whose value evolves as time
elapses and is given by function z (by convention z is null on R™*). An example of function z
could be z(z) = 1,<s meaning that the product price is 1 until J time unit elapses and then
the price becomes 0 (a sharp amortization of the price). One is interested to study the function
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Z(x) which is defined as the expectation of the value at time x of all products that have been
bought. Reasoning about the first renewal instant that occurs after 0, one gets the following
renewal equation:

Z(x) = 2(z) + / Z(x — y)F{dy)} (2.1)
0
This lemma relates Z with U.

Lemma 2.14 Let F be a distribution whose support is included in ]0,00[ and let z be a function
bounded on bounded intervals.

Then the function Z defined by Z(x fo x — y)U{dy} is the single solution, bounded on
bounded intervals, of (-)

[Proof

In the sequel we say that U x z is the solution of the renewal equation associated with z.

Lemma 2.15 Let F be a non arithmetic distribution whose support is included in ]0,00[. Let z
be a continuous function whose support is included in [0,h]. Let Z be the corresponding solution
of the renewal equation. Then Z is uniformly continuous and for every a > 0 one has:

ILm Z(x+a)—Z(z)=0
[Proof

The next proposition establishes that a property of the asympotic behaviour of measure U
entails a similar property for the solution Z of the renewal equation.

Proposition 2.16 Let F be a distribution whose support is included in |0, 00[ and U be the mea-

d . . .
sure defined by U = Lef Y keN F** . Let us suppose that there exists n > 0 and an increasing sequence
of instants t,, going to oo such that:

li_{n U(t,) —U(tn, — h) = hn for all h>0
Then for every function z directly Riemann integrable, the solution Z of the renewal equation
fulfills:
n—oo

lim Z(t,) = n/OOO z(x)dx
[Proofl

We are now in position to establish the renewal theorem.

Theorem 2.17 Let F be a non arithmetic distribution whose support in included R™ with (finite
= > pen FF*. Then:

h
lim U(t)—U(t—h)z;forallh>O

or infinite) expectation p and let U be the measure defined by U =

t—o00

[Proof

The following theorem allows to study the asymptotic behaviour of rewards for renewal instants.
Its omitted proof is immediately obtained by substituting ¢,, by z in the proof of proposition

Theorem 2.18 Let z be a directly Riemann integrable function, F' be a non arithmetic distribution
whose support is included in RT™ with (finite or infinite) expectation u and Z be the corresponding
solution of the renewal equation. Then:

i 2(0) = [ sy

T—00

We also provide an intuitive justification of this theorem. Let us consider a large x as the
current instant (see Figure n Assume that there has been approx1mat1vely in the past one
renewal instant uniformly distributed per interval [z —iu, x—(i+1)u]. Then: Z(z) ~ 1 fo y)dy—+

1 f oy y)dy + - - - yielding the equality of the theorem.
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discounted value

z(y)

past

current 2u 3u an

Figure 2.1: An interpretation of Theorem

2.1.3 (Generalizations

One straightforwardly generalizes the previous results when F' has 0 for atom, i.e. 0 < p def

F(0) < 1. Indeed, one reduces it to the previous case by considering that the renewal instants are
produced by the following mechanism:

e Choose a number of repetitions of renewal at the same instant with a Bernoulli law whose
parameter is p.

e Choose the next renewal instant with distribution G defined by G(0) 0 and G(z) =

(1 —p)"Y(F(x) —p) for z > 0.
Let us denote U %' Sien F™* and V 2 > ;en G Using the above reasoning, one has U =
(1 —p)~1V. So, the results are still applicable.

One also generalizes the results with a delayed renewal process, where the first renewal instant is
not necessarily 0 but is randomly chosen by a distribution G. Afterwards, the process behaves as
a standard renewal process. Let V(t), be the number of renewal instants until ¢, then V fulfills:
V = G x U where U is the number of renewal instants of the standard process. So for A > 0, one
has:

t+h
V(t+h) — V() = /0 Ut + h—y) — Ut — y)G{dy}

Let to be such that 1 — G(t9) < e and let ¢; be such that for all ¢ > ¢,
one has [U(t+h) —U(t) — h/u| <e.
Then for all t > ty + t1, one gets:
V(t+h) = V(E) = h/ul
< [LU(t+h—y) — UGt —y) — hulGldy} + [S UG+ h—y) — Ut - y)|GLdy} + h/p [ G{dy)
<(A4Ch+h/u)e

The same reasoning for the delayed solutions of the renewal equation can be performed with
the restriction that they must be bounded. This yields to the following theorem which includes
the previous generalizations.
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Theorem 2.19 Let G be a distribution whose support is included in RT and F be a non arithmetic

distribution whose support is included in R with a (finite or infinite) expectation p. Let U be the

measure defined by U e > keN F* and V¥ GxU. Then:

lim V() - V(t+h) = % for allh >0

t—o0

Moreover, let z be a directly Riemann integrable function and Z be the corresponding solution of
the renewal equation. If Z is bounded then:

lim (G % Z)(x) = i~ / " )y

Tr—r00

2.2 Continuous time Markov chains [CIN 75|

2.2.1 Presentation
A Continuous Time Markov Chain (CTMC) is a DES with the following features:

e the time interval between events T, is a random variable whose distribution is the exponential
one and whose rate only depends on state .S,,. More formally:

Pr(T, <780 = 8ig, s = 85, To <70y, Tno1 < Tpo1) =

Pr(T, <7|Sp=si) R

e The selection of the state that follows the current state only depends on that state and the
transition probabilities remain constantﬂ along the run:

Pr(Sn+1 = Sj | S() = Sim 7Sn = Si7T0 S 70, ,Tn S Tn) =

def . . def
Pr(Spi1 =55 Sy =5:) = Pli,j] = pij

The DTMC defined by transition matrix P is called the embedded chain. It observes the
state changes of the CTMC without taking into account the time elapsed. A state of the CTMC
is absorbing if it is absorbing w.r.t. the embedded DTMC. The chain is said irreducible if the
embedded chain is irreducible.

The choice of the exponential distribution is fundamental since the distribution of the remaining
time after 7, is the same as the original one (7' > 7):

Pr(T >7') e
Pr(T >71) e

Pr(T>7|T>7)= —e M) —Pr(T > 7/ —7)

Furthermore let X (resp. Y independent from X) follow an exponential distribution with rate

A (resp. p). Then: Pr(min(X,Y) > 7) = e Me#7 = ¢~ MW7 S0 min(X,Y) follows an

exponential distribution with rate A + p. Last Pr(X <Y) = fooo e P Xe Mdr = /\—iu
A CTMC has also an oriented graph representation defined as follows:

e The set of vertices is the set of the states of the CTMC;

e There is an edge from s; to s; labelled by A;p;; if p;; > 0 and s; # s;. This choice of labels
will be justified in section [2.2.2]
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Client Service

arrivals time N 2 A
A " V'
-
1 1 d

Figure 2.2: A single-server queue

Client Service
arrivals time A N A
A ™ '
. - 26
————» ~_

Figure 2.3: An infinite-server queue

Example 2.20 (A single-server queue) Figure represents the behaviour of a client queue
in front of a service. Interarrival times of client are i.i.d. and their common distribution is an
exponential one with rate \. The service time has also an exponential distribution with rate p.
One client is served at a time. The states of the infinite CTMC are characterized by the number
of clients. The exit rate of state 0 is \ (the arrival of a client) while the exit rate of staten > 1 is
A+ p. Here we use the fact that if X (resp. Y ) has an exponential distribution with rate A (resp.
1) and X andY are independent then min(X,Y") has an exponential distribution with rate A+ p.

Its is also known that Pr(X <Y) = ﬁ Thus forn > 1, pppy1 = ﬁ and ppp—1 =

B
Atp”
Example 2.21 (An infinite-server queue) Figure represents the behaviour of a client queue
in front of a multi-threaded service. While the parameters of the system are the same as the pre-
vious ones, the clients are served simultaneously, each one by its own server. Then the end of
a service in state n follows an exponential distribution with rate nu. So its exit rate is A + npu,

A n,
Pnnt+1 = P and Pnn—-1 = )\+I:LM'

Example 2.22 (A tandem queue) Figure represents a more complex system when clients
are successively served by two servers, one with rate p and the other with rate §. This system

1Sometimes these chains are called homogeneous CTMC.

Figure 2.4: A tandem queue
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is known as a tandem queue. Thus the states of the CTMC are indexed by a pair of integers
corresponding to the number of clients in each queue. We leave it to the reader to check that the
infinite graph on the right part of the figure is the CTMC associated with this system.

2.2.2 Transient behaviour of a CTMC

In a CTMC, due to the memoryless property of the exponential distribution, the evolution of the
DES only depends on its current state. Let 7;;(7) denote the probability that at time 7, the CTMC
is in state s; knowing that at time 0 the CTMC is in state s;. Then by the memoryless property,
m;5(7) is also the probability that at time A + 7, the CTMC is in state s; knowing that at time A
the CTMC is in state s;. Thus the following equation is satisfied:

mii (A +T) ka )i (T (2.2)

We now study the transient behaviour of a CTMC and first its smoothness. Let us define

matrix Q by: ¢;; 2\ -pij for i # j and ¢y & (pii — DAi(= — 22,4 ¢ij)- Matrix Q is called

the infinitesimal generator of the CTMC. The next proposition shows that the behaviour of the
CTMC fulfills a backward differential equation system related to Q.

Proposition 2.23 Let C be a CTMC with P its transition matriz and X its rate vector. The
family of functions {m;;}i; satisfies the following properties:

o For alli # j, lim,jom;(7) =1 and lim, o m;;(7) = 0;
e For alli,j, m;; is differentiable and fulfills: dTF”T =Yk QikTh; (T).
[Proofl

Introducing matrix II whose item II[¢, j] is 7;;, the previous equation can be rewritten:

T-qmn (2.3)

Looking at the proof, it could be wrongly (why?) deduced that by another use of ., one would
obtain ‘fin IT-Q. In fact we need additional constraints in order to get such a forward differential
equation system.

For instance observe that the time divergence expressed by (l.1) may be falsified. Let us
consider an infinite CTMC whose set of states is N and whose transitions are: i —» i+ 1. Then
the mean time of an execution is 2, implying that almost surely an infinite execution lasts a finite

time! The next lemma exhibits a condition that excludes such pathologic behaviours and provides
a useful bound on the probability that n events take place in a time interval.

Lemma 2.24 Let C be a CTMC with P its transition matrixz and X its rate vector. Define « =
sup,(\;) and assume that a < co. Then for all A:

Pr(d Tn<A)<l-e* Y

m<n 0<m<n

m

In particular:
lim Pr(Y T <A)=0

n—oo
m<n

[Proof

As a consequence when « is finite, (1.1)) holds. We also establish that the set of functions ;;
follows a forward differential equation system.

34



Proposition 2.25 Let C be a CTMC with P its transition matriz and X\ its rate vector such that
for a = supy (Ag) is finite. Then the family of functions {m;;} fulfills:

dﬂ'ij(T)
dr = zk:ﬂ'ik(T)ij

which can be rewritten as:

dIl
—=1-Q (2.4)

[Proof

W.r.t. a state point of view (i.e. forgetting the events) a CTMC is indifferently specified by its
infinitesimal generator Q or by its transition matrix P and its exit rate vector .

2.2.3 Steady-state behaviour of a CTMC

The classification of states (transient, null recurrent or positive recurrent) has the same definition
as for the discrete case (see section . One observes that the recurrent character only depends
on P (but not the distinction between null or positive recurrence). So states are recurrent in the
CTMC iff they are recurrent in the embedded DTMC. Using renewal theory, we establish a first
characterization of positive recurrence.

Theorem 2.26 Let C be a CTMC (with P, X\ and Q defined as usual). Let i be a recurrent state
and D; be the mean time between two visits of i. Then:

1
lim 7 (7) =
T—>00 Zl( ) )\ZDZ
Thus i is positive recurrent iff lim, o m;;(7) > 0.

[Proof

With this characterization, we achieve our study of irreducibility.

Proposition 2.27 Let i,j be two states of an irreducible recurrent CTMC. Then i is positive
recurrent iff j is positive recurrent.

[Prooll
We now present two theorems similar to theorems [I.20] and [I.I7] for the discrete case.

Theorem 2.28 Let C be an irreducible CTMC (with P, X and Q defined as usual) whose states are

recurrent. Let v be a non negative and non null solution de v =v-P (unique up to a multiplicative

factor). Then vector u defined by u; aef ‘)’:—Z fulfills:

u-Q=0
Conversely, let u’ # 0 be such that u' - Q = 0 and for all i u’; > 0, then there exists a such that
u; =a-

[Proof

The above equation is called (global) balance equation. The following theorem establishes
a necessary and sufficient condition for the existence and unicity of a steady-state distribution.
Additionally it proves that when the CTMC is recurrent then time diverges almost surely (why?).

Theorem 2.29 Let C be an irreducible CTMC (with P, A and Q defined as usual) whose states
are recurrent. If the states are null recurrent then the transient distribution mw(T) converges to 0
when time T goes to infinity. Otherwise it converges to a steady-state distribution u which is the
single solution of u-Q =0Au-17 = 1Au > 0. Furthermore for any state i, u; = ﬁ where D;
is the mean return time to state 7.

Moreover, let v # 0 be such that for all i vi > 0 and v = v - P (unique up to a multiplicative

factor). Then the states are positive recurrent iff s = D ieN ‘A’—Z is finite.
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[Proof

We now provide a useful characterization of the positive recurrence for irreducible CTMCs.

Proposition 2.30 Let C be an irreducible CTMC, (with P, X\ and Q defined as usual) such that
sup(As | s € S) is finite. Then the states of C are positive recurrent iff there exists u such that
u- Q=0 with for all i, u; >0 and >, o u; < c0.

[Proof
Observe that we have required that sup(As | s € S) is finite. Indeed without an additional
condition, this proposition is false. Let us examine the example of the transient random walk with

p > % This random walk admits a positive vector v that verifies v-P = v (but ), v; = 00).
Define \; dof 21“;—(‘) Then u; def }’\— = 27v fulfills u- Q = 0 and > u; < oo.

The table below summarizes the characterization of the status of an irreducible CTMC.

i€S

Status Characterization

Recurrent The embedded DTMC is recurrent.

(1) The embedded DTMC is recurrent
(implied by (2) when sup(X\; | i € S) < o0)
Positive Recurrent and
(2)Iu>0u-Q=0A} ;gu;=1

(u is the steady-state distribution)

We illustrate these characterizations with the analysis of the infinite-server queue. First we
discriminate between recurrence and transience. So we are looking for a positive non null bounded
solution of:

A i
T = roand Vi > 2z, = ——xj41 + ———x;_
! A 2 - i+ A 1 i+ A !
It can be rewritten as:
A .
r1 = /J,-i- )\332 and Vi Z 2 Ti4l — Tj = %(It — Z‘,’_l)

By induction:
. . . def A
Vi>laxipr—x;>0andVi>ig = | —| Tig1 — T > T — Ty
I

Thus Vi > ig x; > (i —io)(®;, — T;,—1) implying that the x;’s are unbounded. So the CTMC is
recurrent.

Let us state the global balance equation x-Q = 0:
Axg = pxy and Vi > 1 Az + ipx; = (i 4+ D)pzipr + Azi—1

Observe that the first equation can be subtracted to the second one yielding Azy = 2uzs and by
induction, one gets the following local balance equations:

Let p def % Fori >0, x; = a:opi—;. Thus the CTMC is positive recurrent and 7. (i) = e‘p‘;—;.
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Figure 2.5: Illustration of the uniformization technique

2.3 Finite continuous time Markov chains

We now exploit the results of the previous sections in order to provide algorithms for computing
the transient and the steady-state distributions of a CTMC.

2.3.1 Transient analysis of finite CTMC

In a finite CTMC, the condition of proposition [2.25] is obviously satisfied. So the forward differ-
ential equation system (2.4) could be the basis of an approximate computation of the transient
distribution.

However there is a more efficient and accurate technique to compute the transient distribution.
As a first step, given an arbitrary CTMC C, we show how to obtain a uniform CTMC C with the
same infinitesimal generator. A uniform CTMC is a CTMC with constant exit rates.

Let us pick an arbitrary value p > sup;(A;). Then for every state s;, its exit rate in C" A, is
equal to . The transition matrix P’ is defined by:

. Ai
Vi#j pi; = "pij and pl; =1-> pl;
. i

Since for all j # 4, 0 < p}; < p;; one gets p; < pj; < 1. So P’ is a transition matrix. Now:
. . Y Ai
Vi#j q; = pihi = sz'j,u = Pij i = qij
Thus the infinitesimal generator is unchanged.

Figure illustrates the uniformization of a chain. First one chooses 1 = 10 > max(1,2,5).
Then the p;j’s are defined accordingly: for instance, pj, = 15—00.7 =0.35.
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The expression of the transient distribution 7(7) is obtained as follows. We decompose this
probability depending on the number of state changes.

a(r) =Y Pr(> Tn <7< > Tn)a(0)(P)"
neN m<n m<n

The transient distribution of the states knowing that there have been n state changes is given by
the behaviour of the embedded chain and is equal to 7(0) - (P’)". On the other hand,

Pr(Y Tn<7< Y Tpn)

m<n m<n

is the probability of exactly n state changes in [0, 7] when T, follows an exponential distribution
with parameter p. Using the proof of lemma[2:24] one obtains:

PI‘( Z T, <1< Z Tm) = | 1=k Z (,u;g'm I — Z (’u;g'm

m<n m<n 0<m<n : 0<m<n+1

_ pur (H7)"
o n!
So we obtain:

T n P/ n
w(1t) =7(0)- | e Z (um)" ()" (' )
= n!
From an implementation point of view, this infinite sum is not a problem as it converges very
quickly. For instance, the summation can be stopped as soon as the required precision is greater
than e”n% (see [FOX 88| for more information on the convergence of this sum).

This technique has been introduced in [JEN 53] and is known as the uniformization technique.

2.3.2 Steady-state analysis of finite CTMC

Let us examine the asympotic behaviour of a finite CTMC. The easiest way to do it consists
in exploiting the embedded chain. As observed during the presentation of the uniformization
technique, it is not unique. Let us focus on a DTMC obtained with a choice of p > max;(\;). In
this case, every state s; fulfills pj, > 0. Thus every terminal scc of this DTMC is ergodic. Using
proposition this implies that it has a steady-state distribution. This distribution measures in
the original CTMC the steady-state probability of occurrence of states. Since the chain is uniform,
the mean sojourn time in states is identical (i) Thus using theoremm it is also the steady-state
distribution of the CTMC.

In the particular case of an ergodic chain, using again theorem this distribution is obtained
by solving the following equation (X is the unknown distribution).

X-Q=0 and X-17=1

2.4 Proofs
2.4.1 Proofs of section 2.1.1]
Proof of lemma [2.1]

Suppose there exists € > 0 such that Vn In’ > n |z,, — 1] > e. Iterating this property one
extracts a sequence (z,, )ren distant of at least € from [. Since the initial sequence is bounded
one extracts from sequence (x,, ),cn & convergent subsequence thus converging toward [, yielding
a contradiction.

g.e.d. (lemma 000
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Proof of proposition
Let us pick some countable and dense set of reals {a;};cny. Using lemma there exists a
subsequence { f,,, }ren which converges for all a;.

Let us fix a bounded interval I. Let ¢ et ¢ corresponding to the definition of equicontinuity. Using
density, there exists a finite subset of indices S such that for all = € I, there exists a; with ¢ € §
and |z — a;| < 6. On the other hand, there exists ry such that for all r,7’ > rp and i € S,
|fn.(@i) = fn, (a;)] < e Soforall x €I, |fn (x) = fu.(x)] < 3e. This proves that {fn, (z)},en
is a Cauchy sequence and thus converges to a limit denoted f(z). The proof also establishes that
the convergence is uniform over interval I.

The uniform continuity is obtained by letting r go to infinity in the implication:
[z — 2| <6 = |fn, () = fn,(2')| <€

g.e.d. (proposition OO0

Proof of proposition [2.6
One picks a point r which is not an atom for every measure p,, and a countable dense set {a;}ien
of R\ {r}. One introduces functions f,, defined on R\ {r} by:

o fn(x) def ([, 2]) if & > r;

o fu(w) o pn(z,r]) if 2 <.

One applies lemma to these sequences of functions and points. Let f,, be the convergent
subsequence, one defines function g by:

ef .
o g(a;) Clim,_ oo fo. (a;);

o g(x) def inf(g(a;) | a; > x) for & > r;

e g(x) %ef inf(g(a;) | a; < x) for = < r.

The function g is defined over R\ {r}, non increasing over |—oo, r[ and non decreasing over |r, +00.
So it admits left and right limits g(z~), g(z™) for all .

One introduces function h equal to g over its continuity points and such that:
e for every discontinuity point = < r, h(z) = g(z™);
e for every discontinuity point z > r, h(x) Lef g(x™).

Then one defines a measure y by

o Va <7 p{la,r[} dZth(a) —g(r7);

o Wb > r u{]r, ]} = h(b) — g(rt);

o u{r}=g(r")+g(r).

Let us prove that {p,, }seny converges to u. We establish the case of a continuity interval [a, b]
with —o0 < a < r < b < oo and let the other cases to the reader. Let € > 0, there exists:

ai, <a<a, <r<aj <b<a;, such that:

9(ai,) = h(a) = g(ai,) = g(ai,) — € and g(ai,) < h(b) < g(ai,) < g(ai,) + &

On the other hand, there exists sg such that for all s > sp, and 1 < j < 4 one has:

|9(ai;) = fa.(a;;)| < e

So,

illa ]} < flasys @i ]} + 22 < i {lasy, ai,]} + 42 < oo, {a, ]} + de
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Similarly it can be proven that:
pfla, b1} = pn {a, 0]} — 4e

Assume that every convergent subsequence of {j, }nen converges toward p but {p, bnen does not
converge toward p. There exists € > 0 and I, a continuity interval of u, such that:

Vo In' >n |pn{l} —u{l}| > ¢

Iterating this property, one obtains a subsequence (i, )sen With w,, {I} distant from at least ¢
from p{I}. Since the subsequence fulfills the hypotheses of the proposition, one extracts from
{pin. }sen @ convergent subsequence which must converges to u, yielding a contradiction.

g.e.d. (proposz'tion OO0

Proof of lemma
Let I be a bounded interval, its indicator function can be obtained as the increasing limit of
functions of Cy. The monotone convergence theorem allows us to conclude.

g.e.d. (lemma Q00

Proof of proposition
Let v € Cy with M = sup(Ju(z)|). Pick some ¢ > 0. Let I be a bounded continuity interval of p

containing the support of u. Define B def sup(pn{I}).

Since u is uniformly continuous, one partitions I in continuity intervals Iy, ..., I} such that for all

x € I; |u(z) — u;| < e given some arbitrary u; € u(l;). Define v by v(z) Lf u; for x € I; and
def

v(z) = 0 for x € I°.

By hypothesis, there exists ng such that for all n > ng and j, one has |u,{I;} — p{I;}| < e/k.

e ndn) — f s} - = 11‘, )u{da} = [, u un{dx}\

=[S0 [y, (@) = o(@)pfda} + [ v M{dﬂc} j} (@)t {dr} + [, (v(2) = u(@))pn{do})

< ho1 fy, lule) = o(@)| plda} + Me + zj:1 [y, Io(@) = u(@)|n {da}
< (u{I}+ M+ B)e

g.e.d. (pmposition@ OO0

Proof of lemma [2.10]

A non negative function z is Lebesgue integrable if:

sup (3;en inf (2(z) | @ € E;) - u(E;) | {E;}ien countable and measurable partition of RT) < oo
with p the Lebesgue measure on the real line.

So, limp 50 h Do Man is finite.

Assume that z is non increasing. Then h ), . Mrn < hMop + h) ) oy min. So the two limits
converge and are equal.

q.e.d. (proposition OO0

2.4.2 Proofs of section 2.1.2]

Proof of lemma [2.17]
Define U, %' > h_o F**. One observes that:

/w (1—F(z—y) Up{dy} =1 — F"x(z) < 1
0

Pick 7 > 0 and n > 0 such that 1 — F'(7) > n. Then:

W) = U= = [ Undyb< [ (=Pl —y) Unfdy} <1
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Letting n go to oo, one concludes that U{I} is bounded by =1 on every interval I with length 7

and that U{I} is bounded by C}, def n='(1+4 [Z]) on every interval I with length h.

In particular U(z) < C,, is finite.

g.e.d. (lemma[2.11) OO0

Proof of lemma [2.12]
One observes that if a and b belong to ¥ then a + b € ¥ (proof left to the reader).

def

Let us suppose that & infb—a | a <beX) >0 Picksome pair a,b € ¥ such that
def

h'=b—a <26 Let n € N be such that nb > (n + 1)a, then we claim that:

Y Nna, (n+1)a]l = {na+ kh | na <na+kh < (n+1)a}

Since na + kh = (n — k)a + kb, one deduces that: {na + kh | na < na+ kh < (n + 1)a} C
YN[na, (n+1)a]. Assume that there exists ¢ € ¥N[na, (n+1)a]\{na+kh | na < na+kh < (n +1)a}.
Thus there exists k such that na+ kh < ¢ < na+ (k+ 1)h and so either ¢ — (na +kh) < 52 < §

or na+ (k+1)h — ¢ < %52 < § yielding in both cases a contradiction.

Since (n+ 1)a € X, one deduces that a and b are multiples of h. Let ¢ be another increasing point
and let n be chosen such that nh > ¢. Then na < na + ¢ < nb. So, ¢ is also a multiple of h.

Thus we have established that for all € > 0, there exists a < b two points of ¥ with b —a < e. As
previously observed, for ng large enough, U, >, [na,nb] = [noa, oo[. This concludes the proof.

g.e.d. (lemma[2.19) OO0

Proof of lemma [2.13]
By induction, one obtains that g(x fo (z — y)F*{dy}. So the equality is possible only if
g(—y) = ¢(0) for all y € %, deﬁned as in lemma u Since ¥ is asympotically dense and ¢ is
uniformly continuous one deduceb that lim,_, g(—y) = g(0).
There exists 0 > 0 such that F'(§) < 1. Observe that ), . T; < ké implies that [{i [i <nAT; >
0} <k or equivalently [{i |i <nAT; <d} >n—k. So, for all k and for all n:

Fre(k8) < ()", F(6)"*F
Hence for all k, lim,, o, F"*(kd) = 0.
Let « and € > 0 be arbitrarily chosen, there exists yo such that Yy > yo g(x — y) > ¢g(0) —
Let n be such that F™*(yg) < e. One obtains:

o(x) = / e — )P {dy) > / gl — )P {dy) > (9(0) — )(1— <)

Yo

Letting € go to 0, g(z) > ¢(0). Since g(z) < ¢(0), one deduces that g(x) = g(0).

g.e.d. (lemma 000

Proof of lemma [2.74] »
By construction, U, (z) defined as in lemma converges to U(z). Define H,, = U, * z, H,(x)
goes to (U % z)(z) uniformly on every bounded interval:

(U % 2)(2) = Hn(2)| < sup(|z(y) )(U(z) = Un(x))

y<z

One observes that H, 11 =z + F'x H,,.
Since the convergence of H, is uniform on every bounded interval, one deduces that F x H,
converges to F'x (U x z). So U xz = z+ F % (U * z) which proves that Z is a solution of (2.1]).

Let V be the difference of two solutions of bounded on every bounded interval. V fulfills
V = F % V. By induction V = F** x V. Since F¥* converges to 0 (U is finite) and V is bounded,
letting k go to infinity, one gets V = 0.

q.e.d. (lemma 000
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Proof of lemma [2.15]
First, we suppose that z has a continuous derivative.

Let us consider the interval [0, M] with M > z + §. For all y, one has:
Slzz—y)—2(z+d—y)=2(x+6, —y) with0 <, <9

2z’ is uniformly continuous in [0, M]. So let € > 0. There exists § > 0 such that:
|2'(u) — 2’ (v)| < e when |[u—v| <o

|26 (x( — y) — 2z + 8 — ) U{dy} — [ 2/ (z — y)U{dy}]
— M x—y+a> 2(a — y)U{dy}| < UM >.

Hence Z(z) has a derivative [~ z’(z — y)U{dy} which fulfills the renewal equation corresponding
to 2.

Let v be a continuous function whose support is included in [0, k] and V' be the corresponding
solution of the renewal equation. The support of function v(x +J) —v(z) is included in an interval
of length h + 2§ and so: |V (x4 0) — V(x)| < Chyessup|v(x + 8) — v(x)|. This establishes that V/
is uniformly continuous since v is uniformly continuous. Applying this reasoning to z’ establishes
that Z’ is uniformly continuous. Moreover, Z’ is bounded by sup, (|2’(z)|)Ch.

So, n 4 Jim SUp,_,.o Z'(x) is finite. Let us pick a sequence t, such that Z’(t,) converges to 7.

The family of functions ¢, (z) Ltz (tn, + ) is equicontinuous. Using proposition one extracts
a subsequence Z'(t,, + x) which converges, uniformly on every bounded interval, towards a limit
¢ uniformly continuous (and bounded).

(p fulfills equation:
(@) = 2t + ) + / (ol — y)F{dy)

Letting n go to infinity and using the dominated convergence theorem yields:
(o)
=/ ((z —y)F{dy}
0

¢ fulfills the hypotheses of lemma[2.13] (since ¢(0) = 7). So for all z, Z’(t,, 4+ x) — n uniformly on
every bounded interval. Fix some arbitrary a. Since Z(t,, + a) — Z(t,,.) = Z’'(tn, + x)a for some
x € [0,al], one deduces that lim,_, Z(t,, +a) — Z(t,,.) = an. Z is bounded implying n = 0. The
same reasoning yields: liminf, . Z’(x)=0. So lim,_, ., Z'(z) exists and is equal to 0. Using the
mean value theorem, the result is proved for a continuously derivable function z.

Every continuous function with support in [0, 2] can be approximated within € > 0 by a contin-
uously derivable fonction z1, with support in [0, h]. Let Z; be the corresponding solution of the
renewal equation. Since |z(z) — z1(x)| < €, one has |Z(z) — Z1(x)| < Cre. Fix some arbitrary a.
For z large enough, |Z;(z + a) — Z1(x)| <e. So |Z(x + a) — Z(z)| < (2C}y, + 1)e which yields the
result.

g.e.d. (lemma[2.15) OO0

Proof of proposition [2.16

Let h > 0 be fixed then:

lim, oo U(tn) — U(tn, — h) = hy and lim,, o, U(t,,) — U(t, — 2h) = 2hn

Thus: lim, oo U(ty, — h) — U(t, — 2h) = hny

By induction for any k, lim,_,oc U(t, — kh) = U(t, — (kK + 1)h) = hn

Let zgp be the indicator function of interval [kh,kh 4+ h[ and Zgj be the corresponding solution
of the renewal equation. For a given z, my, and My, are defined as in the direct Riemman
integration.

Zen(z) =U(x — kh) —U(x — (k + 1)h) < Cy, for all k and all x.

So, the infinite sum of fonctions Z}"* def >k MknZin and Z,Jl\/[ def >k MynZip, are finite and
constitute a frame for Z.
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For all € > 0, there exists kg such that one has Zk>k0 My, <e.

Pick ng such that for all n > ng and all k < kg, |U(t, — kh) — U(t, — (k+ 1)h) — hn| < e/ko.
Then:

| >k MinZien (tn) — D25 hnMyn| <

| Zk<k¢o Mkthh(tn) - Zk<k‘0 hanh| + ‘ ZkaO Mkthh(tn)| + |h77 ZkaO Mkh|

< (1+Ch + hn)e

One concludes that lim, o Z(t,) =1 > i MM

By a similar reasoning lim, o Z}"*(tn) = 1> hmgn.

So, every limit [ of convergent subsequence of Z(t,,) fulfills:

Ny hmgn <T<nY  hMyp,
K K

Letting h go to 0, one obtains I =7 [;° z(x)dz. Since the Z(t,)’s are bounded, one concludes that
lim,, 00 Z(ty,) exists (lemma and is equal to 7 fooo z(x)dx.

q.e.d. (proposition OO0

Proof of theorem .
Let M be an arbitrary measure. Denote by M; the measure defined by M;{I} s {I 4t} where
I is an interval and I + t is the translation by ¢ of interval I.

Let I be a bounded interval, we know by lemma that sup,cp Us{I} is finite. Applying
proposition one deduces that there exists a sequence ¢, — oo such that Uy, {I} converges
toward a measure V.

Let z be a continuous function whose support is included in [0,a] and Z be the corresponding
solution of the renewal equation. Let z > 0, using proposition [2.8] one gets:

tp+x+a a a
lem Z(tg+z+a) = lim z(tg+r+a—y)U{dy} = kllm / z(a—y) U+ {dy} = / z(a—y)Ve{dy}

k— o0 th+x

Since limg o0 Z(tp +  + a) = limg_ 00 Z(t, + a) (lemma , one deduces that V and V,, are
equal on continuous functions with bounded support. Using lemma[2.7, V' = V,.. So measure V is
invariant by translation. We let the reader prove that V{I} is proportional to the length of I for
every bounded interval I. Let « be the proportionality factor, one deduces that:
limg_yoo U(ty + h) — U(tx) = hy (every interval is a continuity interval of V).
Using proposition [2.16] one deduces that for every z directly Riemann integrable function and Z
the corresponding solution of the renewal equation, one has:

limy oo Z(tr) =[5 2(y)dy
Observe that function z(x) = 1 — F(z) for x > 0 is non negative and non increasing. Z the
solution of the renewal equation is the constant 1 (proof left to the reader). Moreover fooo 2(y)dy
is equal to p. If 4 < oo then z is directly Riemmann integrable (proposition and so puy = 1.
If 4 = o0, one truncates z and concludes that ~ foa z(y)dy < 1 for all @ which implies v = 0.

So v is independent from the convergent subsequence and using proposition the result is
established.

g.e.d. (theorem[2.17) GO0

2.4.3 Proofs of section [2.2.2]

Proof of proposition

In order to have a state change, at least one event must occur. So:
7ii(7) > e 7 and thus lim, o m (1) =1

Since for j # 1,

mii(T) + mi;(7) < 1 one obtains lim, o m;;(7) =0
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One has (see (2.2)):

i (T 4+ dr) = >, man ()75 (dT)

Since ), mik(7) < 1 and for all k, 0 < my;(7) < 1:

limgr o 7Tij(’7' + dT) = Zk 7Tik(7') limgr o ij(d’i') = 772’]’(7—)

Thus 7;; is right-continuous and so measurable. We introduce a “renewal equation” (justified by
measurability of m;;). It is based on a case decomposition w.r.t. the (possible) occurrence of the
first event in [0, 7]:

i (T) = 12-:]-6_’\”4-2 )\ipik/o e_’\'i(T_w)wkj (z)dz = e~ NT <1ij + Z )\ipik:/o e’\i‘”ﬂkj(:v)dx>
k k

Every integral is a continuous function of 7. Furthermore, the infinite sum of functions is normally
convergent (bounded by )", \ipirTe 7). So the infinite sum is continuous implying the continuity
of ;.

Since the 7;;’s are continuous, any integral is differentiable and its derivative is equal to e*" 7y ; (7).
Due to the normal convergence of the sum of derivatives (bounded by Y, A\;p;xe?i7), the infinite
sum is differentiable implying the differentiability of m;;.

Let us compute the derivative of m;;:

d’/Ti'(T) i T
7;7_ =e N (Z}; Aipire™ 7rkj(7)> Ximij (T qukmﬁ

g.e.d. (pmposition OO0

Proof of lemma [2.24]
Let us consider the i.i.d random variables T following an exponential distribution with rate «.
By hypothesis,

r(> T <A)<Pr(> T, <A)

m<n m<n

We prove by induction that g,, the density function of > is the following one:

m<n m’

(az)"

n!

gn(x) = ae™ "

The basis case n = 0 follows from the definition of the exponential distribution. Now:

gni1(x) = /OI gn(x — 7)go(T)dT = /OI ae @7 la@=n)" ae”Tdr

n!

x _ n n+1
wmor [ ol g g moe o)
0 n! n + 1!

The reader can check (by derivation) that the corresponding distribution is then defined by:

PI‘(ZTJRSA):l— —aA Z OéA m

m<n 0<m<n

g.e.d. (lemma[2.2]) OO0

Proof of proposition [2.25]
Let us express m;;(7 + d7) conditionally w.r.t. m(7).

m(rdr) =3 ) ap(n)Pr | Y Tn<dr< > TuASy=s;|So=sk

k neN m<n m<n+1
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Thus considering n =0, n =1 and n > 2:

1 o .
o [T (7 4 dr) = m (1) (1= (1= pjj) (1 — e )) = D min(T)pas (1 — e +7)
oy
2
< % zk:ﬂ'ik(T)PI‘(TO + T <dr | So = sk)

< %(1 — e (1 4 adr))

(here we have used lemma

d3(1 — (1 - adr)(1 + adr)) = 2a°dr
So
d}go ar Wij(T + dT) - Wij(T)(l - (1 —ij)(l _ 6*)\](17’)) _ gﬂ'ik(T)pkg’(l _ ef)\kd-r) -0
Now
dmyi(T) . 1 s s
= i | w7 (i — D= eV D ()i (1 - e
k#j
= 7TiJ( ) Djj — )\ +Z7T1k /\kpk]

k#j
(to invert the sum and the limit we have used the dominated convergence theorem

dr
since Zk#mk<1 and 1= eTk <a)

g.e.d. (pmpositz’on OO0

2.4.4 Proofs of section 2.2.3

Proof of theorem [2.26] ot
Let z;(7) be the (non increasing) probability to stay in i during at least 7 time units: z;(7) = e~7.
Furthermore [ z;(7)dr = 5= is finite.

7 (7) fulfills the renewal equation:

mi(T) = 2i(7) + /OT (T — y)F{dy}

where F' is the distribution of the return time to . Since F' is the convolution the sojourn time in
i, a continuous distribution and an arbitrary distribution, F' is continuous, hence non arithmetic.

Using renewal theorem [2.18

1 e 1
Tli_>r1go T (T) = E/o e MTdr = D,

Let i be a transient state. For all € > 0, there is an integer ng such that the probability of ng visits
to i is less than e. Let us define the (possibly infinite) random variable T; ,, of time entrance in i
at the n** visit. There is a time d such that for all n < ng, Pr(d < Ty < 00) < nio In addition
there is a time d’ such that the probability to stay in i at least d’ is less or equal than nio So
i (1) < Pr({3u > 7 X(u) =1}) < 3¢ for 7 > d + d’ which implies that lim,_, . m;(7) = 0.

Let ¢ be a recurrent state then it is null recurrent iff D; = oco. We have thus established the
characterization.

g.e.d. (theorem|[2.26) OO0
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Proof of proposition
Assume that 4 is positive recurrent. There is a path from j to ¢ and vice versa. So given an

arbitrary ¢ > 0, m;;(6) > 0 and m;;(6) > 0.
7 (T +20) > 7 (0) i (7)m5(6) implies: lim, oo 75 (7 4+ 28) > 0.
So j is positive recurrent.

g.e.d. (proposition[2.27) OO0

Proof of theorem [2.28]

The existence and unicity of vector v is proved by theorem [T.20]

One has: Vi (p;; — 1)v; + Z#i pjiv; =0

Thus: Vi (p” - 1))\Zu2 + Zj;éz )\jpjiuj =0

Which yields: Vi g;u; + Zj# gjiu; =0

The other statement of the theorem is obtained by observing that the transformation of equations
can be done in the converse direction.

g.e.d. (theorem[2.28) GO0

Proof of theorem [2.29]

Let r be some state of the CTMC. Let G be the distribution (which depends on the initial distri-
bution of the CTMC) of the time to reach r and Y,.(7) the probability to be in r at time 7 after a
visit in r. Y, = GxZ,. Applying theorem 2.19related to the delayed renewal process, one obtains:

. 1
a0 =5,

Since the probability to reach r is 1, this limit is also the limit of the probability to be in r at time
7 when 7 — 00. So the transient distribution has a limit independent from the initial distribution.

If D, = oo, (i.e. 7 is null recurrent) then the limit of the transient distribution is null.
Otherwise observe that D, =), ==, or equivalently 1 = Dir Do R

i

We know by theorem that whatever s, (s7s;); is an invariant vector of the embedded DTMC
and that all these vectors are proportional. So:

rTri sTsi rTri iTig 1
—— = —— and then — = =
D, Dy D, D; D;

1
1:ZDM¢

%

Thus:

which shows that the limits (ﬁ) constitute a steady-state distribution. Moreover applying
iDi ),
theorem it is the single solution of u- Q=0Au-1" =1Au > 0.

Conversely let v # 0 be such that for all 4, v; > 0 and v = v-P. Then for some o > 0, v; = « - 7,.
Since D, = ), =1, it is finite iff ), ¥* is finite.

g.e.d. (theorem[2.29) GO0

Proof of proposition [2.30
Assume that the chain is positive recurrent. Then theorem [2.29] allows to conclude.

Assume there exists u such that u-Q = 0 for all 4, u; > 0 and ZieS u; is finite. Define v; def w; ;.
Then v-P =vand ), gv; <sup;(A\i) D ,;cq W is finite.

So applying proposition [1.21] one obtains that the embedded DTMC is positive recurrent and so
the CTMC is recurrent. Applying now theorem [2.29] one finally gets that it is positive recurrent.

g-e.d. (proposition OO0
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Chapter 3

Markov Decision Processes [PUT 94|

3.1 Presentation

The previous models of these lecture notes are purely probabilistic. In this chapter (and in the
following one), we consider models that present both non deterministic and probabilistic features.
There are several interests of such simultaneous features. Let us present two examples.

Example 3.1 (The spinner game) In this game, the player has to compose a five-digit number
whose digits are randomly chosen by a spinner during five rounds. After every round (except the
last one), the player chooses in which position he inserts the current digit. The goal of the player
is to obtain the largest number as possible. In figure the spinner has successively output 3
placed by the player in the fifth position and 6 placed by the player in the second position.

Example 3.2 (Management of a stock) The manager of a stock in a warehouse with fized
capacity decides at the beginning of every month, which additional stock he will order. Then
the monthly commands randomly arrive following some distribution. If the commands exceed the
inventory the commands are lost. Every unit of a stock has a monthly cost while selling it provides
a benefit. The aim of the manager is to mazimize the expected profit during a year including the
value of the stock at the end of the year. In figure[3.3, the activity of two months is presented with
an excess of the demands during the second month.

An MDP is a transition system. In this chapter, we only consider a finite number of states and
transitions. The dynamic of the system is defined as follows. Non deterministically, one chooses
an action which is enabled in the current state. Then one selects randomly the next state. The
corresponding distribution depends on the current state and on the selected action. As seen in the
previous examples MDP’s have been introduced to specify optimization problems. So there is a
numerical reward associated with every pair of (current) state and (selected) action. In addition,

Figure 3.1: The spinner game
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Figure 3.2: Management of a stock

when one considers optimization problems with finite horizon, there is a reward associated with
every (terminal) state.

Definition 3.3 A Markov decision process (MDP) M = (S,{A;}ses,p,r,rend) is defined by:
e S, the finite set of states;

o For every state s, Ag, the finite set of actions enabled in s.

We denote A d:er As, the whole set of actions.

seS

e p, a mapping from {(s,a) | s € S,a € As} to the set of distributions over S. The conditional
probability transition p(s'|s,a) denotes the probability to go from s to s’ if a is selected.

e r, a mapping from {(s,a) | s € S,a € A} to R. r(s,a) is the reward associated with the
selection of a in state s.

e rend, a mapping from S to R. rend(s) is the reward obtained when ending in state s.

Example 3.4 (A simple MDP) Figure depicts a MDP with two states s1 and so. In s1
actions a and b are enabled while in sy only action a is possible. An edge from a state to another
one is labelled by (1) the action that has triggered the transition, (2) the probability that this
transition is selected given the chosen action and, (8) the reward associated with the source state
and the transition. For instance, the transition labelled by (a,0.7,5) means that when a is chosen
in state s, the probability that the next state is sa, p(sa|si,a), is equal to 0.7 and the reward
r(s1,a) is equal to 5. The outgoing edge from a state with no destination is labelled by its terminal
reward. There are some redundant information in the graph and this suggests that the reward could
also depend on the destination state. We discuss this topic later on.

A history is a possible finite or infinite execution of the MDP.

Definition 3.5 Given an MDP M, a history is a finite or infinite sequence alternating states and
actions 0 = (S0, G0, - - -, Si, Qiy . . .). 1g(0) denotes the number of actions of o. One requires that for
all 0 < i <lg(o), p(siy1]si,ai) > 0.

We now introduce the three main criteria related to optimization problems specified by MDP’s.
The total reward of a finite history consists in the sum of the rewards of the selected actions and
the reward of the final state. The discounted reward of an infinite history consists in the sum of the
rewards of the selected actions discounted by a multiplicative factor relative to the time. Since the
rewards are bounded, this infinite sum is well defined. The average reward of an infinite history
is the limit of the average reward of its finite sub-histories. Since this limit does not necessarily
exist, we consider both the liminf and limsup which are finite due to the boundedness of rewards.
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Figure 3.3: A simple MDP

Definition 3.6 Let o be an history of an MDP M and 0 < A < 1. Then:

o When lg(o) < oo, the total reward of o is u(o) af 2oo0<i<lag(o) (85 i) + rend(sig(q))-

We also denote v(o) = >_0<i<ig(o) T(5i,ai) the pure total reward which does not take into
account the final reward.

e When lg(o) = oo, the discounted reward of o w.r.t. A is vy(o) o/ Eogir(si,ai)/\i.
e Whenlg(o) = 0o, the lim sup average reward of o is g+ (o) 2 im SUD,, o0 = > o<icn T(8i5G3).
e When lg(o) = oo, the lim inf average reward of o is g_ (o) 2 Yim Infy oo 2> gcicn T(5i, a:).

In order to obtain a stochastic process, we need to fix the non deterministic features of the
MDP. This is done via (1) decision rules that select at some time instant the next action depending
on the history of the execution, and (2) policies which specify which decision rules should be used
at any time instant. Different classes of decision rules and policies are defined depending on
two criteria: (1) the information used in the history and (2) the way the selection is performed
(deterministically or randomly).

Definition 3.7 Given an MDP M and t € N, a decision rule d; associates with every history o
of length t < oo, a distribution di(c) over A

Slg(o)

o The set of all (and is also called history-dependent randomized) decision rules at time t is
denoted D and is also called history-dependent randomized decision rules.

e The subset of history-dependent deterministic decision rules at time t, DIP consists in

selecting a single action. In this case di(o) € A, -

e The subset of Markovian randomized decision rules at time t, DME (also denoted DMT)
only depends on the final state of the history. So one denotes di(s) the distribution that
depends on s.

e The subset of Markovian deterministic decision rules at time t, DMP (also denoted DMP)
only depends on the final state of the history and selects a single action. So one denotes
di(s) this action belonging to As.
Given a Markovian decision rule d, the vector rq, defined by rq[s] Lef >
sents the immediate expected reward obtained by d.

aca, d(a)r(s,a), repre-

Definition 3.8 Given an MDP M and t € N, a policy (also called a strategy) w is a finite or
infinite sequence of decision rules ® = (do,...,ds,...) such that d; is a decision rule at time t.

The set of policies such that for all t, d; € DE is denoted IT¥.

When decisions d; are Markovian and all equal to some d, T is said stationary and denoted d*°.
The set of stationary randomized (resp. deterministic) policies is denoted TIF (resp. TI5P ).
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Once a policy is chosen, an MDP becomes a DTMC whose states are histories. Assuming an
initial distribution we denote X,, the random state of the MDP at time n and Y,, corresponding
to the chosen action at time n. Observe that {X,,},cn is not generally a DTMC. However when a
stationary policy d*° is chosen, the states of the DTMC are those of the MDP and the transition
matrix Py is defined by:

Pyls.s] < Y d(s)(@)p(s']s, a)

a€A;

Given a policy m, we indicate the probabilities (resp. the expectations) induced by such a
policy by Pr™ (resp. E™). When the policy is clear from the context, we omit the superscript.
We are now in position to express the rewards produced by a policy.

Definition 3.9 Let w be a policy of an MDP M, t € N and 0 < A < 1. Then:
e The total (expected) reward at time t of T is uf & >o<ict ET(r(X3,Y2)) + E™ (rend(Xy)).

e The pure total (expected) reward at time t of 7 is vf & Y o<ict ET(r(X;,Y5)).

e The discounted (expected) reward of m w.r.t. A is v§ o > o<i NE™(r(X;,Y;)).

e The lim sup average (expected) reward of 7 is g7 % Jim SUP, o0 %20§i<n E™(r(X;,Y:)).

e The lim inf average (expected) reward of 7 is g™ 2 Yim inf,, o0 & > o<icn BT (r(Xi, Y3)).

One observes that the initial distribution X is independent from the policy and the first
decision applies after the initial state is selected. So we focus on the vector of rewards indexed by
the initial state. The scalar reward is then obtained by the sum of its components weighted by
the initial distribution. So in the sequel, uf, v¥, v}, g7, g" denote such reward vectors. We also

denote optimal vectors uy, v;, vy, g%, g* with the following definition: uj s] def sup, (uf[s]) (the
other definitions are similar).
In the sequel we will look for (almost) optimal policies w.r.t. some of the above rewards. The

next result shows that we can safely restrict ourselves to Markovian policies. This will simplify
both the notations and the theoretical developments.

Theorem 3.10 Let ® € 177 be a policy of an MDP M. Then there exists a policy n' € ITMFE
such that for alln € N, sg,s € S and a € Ay:

Pr™ (X, =5Y,=a|Xo=s)=Pr"(X, =s,Y, =a| Xo = so)

[Proof

Let us consider the generalization of the model which consists in allowing the reward to be
also dependent on the destination state specified by r(s,a,s’). Let us fix some current state s,
some time instant ¢ and some Markovian policy @ = (dp,d1,...). In the expression of rewards
E™(r(X;,Y;)) should be replaced by E™(r(X;,Y;, X;11)) but this value is given by:

Z ds(s)(a) Z p(s'|s,a)r(s,a,s’)

a€A, s'eS’

So defining (s, a) by r(s,a) e Y oveg P(s'|s,a)r(s, a,s") and forgetting the individual rewards do
not modify the optimization problem. Summarizing one allows modelling rewards to depend on
the destination state while theoretical developments assume wlog that rewards are independent
from the destination state.
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3.2 Finite horizon analysis

Let us design on example [3.4] a procedure to compute an optimal policy for the total reward for
time horizon 2. We are going to solve the problem not only for horizon 2 but also for horizons 0
and 1.

At horizon 0, there is no decision to take and the total reward is given by rend: —2 for state
s1 and 1.5 for state ss.

At horizon 1, in state s, a single action a is possible and since we know the optimal values
at horizon 0, we get as expected value —1 + 0.9 % 1.5 + 0.1 x —2 = 0.15. In state sy, we consider
successively actions a with expected value 54 0.7+ 1.5+ 0.3 —2 = 5.45 and b with expected value
10+ 1% 1.5 = 11.5. So the optimal decision is b with associated value 11.5.

At horizon 2, in state so a single action a is possible and since we know the optimal values at
horizon 1, we get as expected value —1 4+ 0.9 % 0.15 + 0.1 * 11.5 = 0.285. In state s;, we consider
successively actions a with expected value 54 0.7 % 0.15 + 0.3 x 11.5 = 8.555 and b with expected
value 10 + 1% 0.15 = 10.15. So the optimal decision is b with associated value 10.15.

state \ time | 0 1 2
S1 -2 a: 5.45 a: 8.555
b: 11.5 | b: 10.15
So 1.5 | a: 0.15 | a: 0.285

Algorithm 2: Computing an optimal policy for the total expected reward

TotalReward(M, n)
Input: M, an MDP and n, a finite horizon

Output: optval, the optimal value given a state and an horizon < n
Output: optdec, the optimal decision given a state and positive horizon < n

Data: i integer, s, s’ states, a action, temp, best reals

for s € S do optval[s, 0] « rend(s)
for ¢ from 1 to n do
for s € S do
best +— —oo
for a € A, do
temp < r(s,a)
for s’ € S do temp + temp + p(s'|s, a)optval[s’,i — 1]
if best < temp then best < temp; optdec[s,i] < a
end
optval[s,i] + temp
end
end

Algorithm [2] generalizes this procedure. Arrays optval and optdec indexed by pairs of states
and horizons respectively contain the optimal values and optimal decisions. They are filled by
increasing horizons until the researched value. For time horizon 0, optval is filled with the rend’s
values. Then at successive time horizons, optdec and optval are filled state per state comparing
the reward obtained by choosing the enabled actions assuming that the optimal value at the next
time unit is the one computed at the previous step.

This algorithm performs in polynomial time w.r.t. the size of the MDP and n. Hence it is
pseudo-polynomial w.r.t. the size of the problem. The next proposition establishes its correction.

Proposition 3.11 Algorithm[g returns an optimal policy for the total expected reward.
[Proof
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3.3 Discounted reward analysis

3.3.1 Characterization of optimality

Let # = (do, - ..,dpn,...) be some Markovian policy. Then summing over all instants, its discounted
expected reward is:

V;‘: = Z )\l H de ry;
i€N 0<j<i
In case of a stationary policy d°°, this reward can be rewritten as:
vi=> (AP4)'rq
i€N

Observing that the maximal modulus of an eigenvalue of a stochastic matrix is 1, for every 0 <
A <1, Id — APy is invertible and its inverse is Y-, (APg)". So:
vIi=(Id - APy) "1y

and consequently
vy =rg+ APgv} (3.1)

Let us define v}|[s] def sup(vT[s] | m € IIME). Observe that v} is a real vector over S. In order to
compute this vector and (if possible) an associated policy, we introduce a transformation on such
vectors.

Definition 3.12 L is a mapping from R to R defined by:

L(v)[s] d:efmax(r(s7 a)+ A Z p(s'|s,a)v[s'] | a € Ay)
s’eS

Observe first that given v by picking an optimal action for each state s, one obtains a Markovian
deterministic rule d such that L(v) = rq + AP4v. Furthermore let d’ be a Markovian randomized
rule. Then ras] + APav([s] = Y ca d'(s)(a) (r(s,a) + XX, cgp(s']s,a)v[s']). So for all s,
ra[s] + APgv[s] < ryq[s] + APgv][s]. This leads to an alternative definition of L.

L(v) = sup(rq + A\Pyv | d € DME)

We establish some useful properties of this operator and in particular that an hypothetic fixed
point would lead to the optimal vector.

Proposition 3.13 Let v € R%. Then:
o If v < L(v) then v < v}
o If v> L(v) then v > v}
o If v=L(v) then v =vj}

[Proof
The next proposition shows that L has indeed a fixed point. In fact, we present here a particular
case of the Banach fixed-point theorem.

Proposition 3.14 Let vy be an arbitrary vector and define inductively v, 41 d:efL(vn). Then:
o [ is Lipschitz-continuous with Lipschitz constant equal to A.

e For alln, |[Viat1 — Valoo < A"|V1 — Voo
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e Foralln, |[vi — vp|eo < %Hvl — Vo oo

Thus lim,,_,o vy, = Vi and v} is a solution of v.= L(v).

[Proof

In example starting with v 00 and A = 0.5, one converges very quickly to the fixed
point v} = (9.523809524, —0.952380952). For instance, vs = (9.525, —0.9525).

An immediate consequence of the previous result is the existence of an optimal stationary
deterministic policy for the discounted reward problem.

Theorem 3.15 Fvery deterministic stationary policy d°° whose associated decision rule d fulfills
v) =rq + APgv} is an optimal policy. There is at least one such policy.

[Proof

In example there are exactly two decision rules d and d’' defined by d(s1) = b and d'(s1) =
d(s2) = d'(s2) = a. It can be checked that for A = 0.5, d fulfills the requirement of the theorem
while ry + 0.5P v = (6.095238095, —0.95238095).

We want to analyze the dependency of optimal policies w.r.t. A. In particular we are interested
in Blackwell optimal policies.

Definition 3.16 A policy m is Blackwell optimal if there exists 0 < Ay < 1 such that 7 is optimal
for every X € [Ao, 1].

Theorem 3.17 There exist k € N, 0 =X g < A < -+ < A < A1 =1 and dy, ..., di determin-
istic rules such that:

VO <i<kVAel0,1] X € [Ai, Aig1] = d7° is an optimal policy for A
In particular di° is a Blackwell optimal policy.

[Proof

We now present three different ways to compute the optimal vector (or an almost optimal
one) and an associated deterministic stationary policy: value iteration, policy iteration and linear
programming. These procedures are presented in increasing order of complexity design.

3.3.2 Value iteration approach

The value iteration approach is directly based on proposition [3.14] Algorithm [3] implements such
an approach. It starts with the null vector but could start with an arbitrary vector. When it stops
at iteration n, one knows that |[v,11 — Ve < 6(12;/\) and 5o [Vi41 — Vi < 5. The interesting
issue is the guarantee of the expected reward provided by the stationary policy associated with
optdec.

Proposition 3.18 Let d be the decision rule computed by algorithm E Then: va\w — Vil <e.

[Proof

3.3.3 Policy iteration approach

In the value iteration approach, the expected discounted reward due to the current policy is never
evaluated. Otherwise stated, the variables optval and oldval are only approximations of the reward
induced by the decision rule specified by the variable optdec. Unlike value iteration approach, the
policy iteration approach maintains the exact value of the rewards associated with the current
decision rule and tries to improve this reward by substituting another decision rule.

Algorithm [4]implements this principle. Given the current decision rule d specified by optdec, the
first step of the iteration consists to build matrix Id — AP (represented by variable Md) and vector
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Algorithm 3: Value iteration for the discounted reward

DiscountedReward(M, A, ¢)
Input: M an MDP, X the discount factor, € the precision

Output: optval, the almost optimal value array indexed by states
Output: optdec, the almost optimal decision array indexed by states

Data: oldval array, s,s’ states, a action, temp, best reals, stop boolean

for s € S do optval[s] < 0
repeat
oldval < optval
for s € S do
best <— —o0
for a € A, do
temp < r(s,a)
for ' € S do temp < temp + Ap(s'|s, a)oldval[s']
if best < temp then best « temp; optdec[s] + a
end
optval[s] « temp
end
stop < true

for s € S do if |optval[s] — oldval[s]| >
until stop

6(127;)‘) then stop < false

ry (represented by variable rd). Then one solves the linear equation system (Id — APg)ve =14
(by a call to LinearSolve) and stores the result in optval. Finally one computes d’ such that
L(v$¥™) = (rgs + \P#)v§" trying to choose d if possible.

If the algorithm terminates then L(v{" ) = (rg + A\Py)v{ = v¢" (by equation . So v~
is the optimal value and d is an optimal decision rule. It remains to prove that the algorithm
terminates.

Proposition 3.19 Let v, and v, 41 be two successive rewards computed by algorithm . Then:
Vgl 7 Vi and Vo1 > vy, As there is a finite number of deterministic decision rules, algorithm [
terminates.

[Proofl

Independently of the fact that policy iteration finds the optimal solution, it is interesting to
compare policy and value iterations with respect to the convergence. Indeed, solving the linear
equation system in an iteration of algorithm W leads to a complexity of O(|S|?) compared to a
complexity of O(|S|?) for an iteration of algorithm [3 The next proposition shows that policy
iteration always converges at least as quick as value iteration when starting with the same initial
reward.

Proposition 3.20 Let dy be an initial decision rule. Let {u,} and {v,} be respectively the
sequences of rewards obtained by value and policy iterations starting with V;l" . Then:

k
vn uy S Vn S Vi

[Proofl

3.3.4 Basics of linear programming [CHV 83

A linear program is the specification of an optimization problem where both constraints and goal
(also called objective) are expressed by linear expressions related to the variables of the problem.
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Algorithm 4: Policy iteration for the discounted reward

DiscountedReward(M, \)
Input: M an MDP, X the discount factor

Output: optval, the optimal value array indexed by states
Output: optdec, the optimal decision array indexed by states

Data: s, s’ states, a action, temp, best reals, stop boolean, Md matrix, rd vector

for s € S do optdec[s] < some a € A
repeat
stop < true
for s € S do
rd[s] « 7(s, optdec|s])
for s’ € S do
if s =5 then Md[s, s'] + 1 — Ap(s'|s, optdec|s])
else Md[s, s'] < —Ap(s'|s, optdec|s])
end
end
optval <+ LinearSolve(Md,rd)
for s € S do
best + optval|s]
for a € A, do
temp < r(s,a)
for s’ € S do temp « temp + Ap(s'|s, a)optval[s']
if best < temp then best < temp; optdec[s] < a; stop < false
end

end
until stop
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There are different ways to express such problems: general, canonic or standard ones. They are
all equivalent with linear time reductions between them.

We present the standard form as it is more convenient to design resolution algorithms. Such
a problem is specified by a (constraint) matrix A with dimension m X n, a (constraint) column
vector b with dimension m and a (goal) row vector ¢ with dimension n. x is a vector of variables
with dimension n. It can be expressed by:

Maximize ¢ - X such that Ax=bAx >0

Observe that choosing ¢’ = —c, one transforms a minimization problem in a maximization problem
and vice versa. There are three possible outputs.

1. The set of feasible solutions (i.e. x fulfilling the constraints) is empty.

2. The problem is unbounded, i.e. there exists a sequence of feasible solutions {x,} such that
lim,,_, € - X, = 00.

3. The problem admits an optimal value v, i.e. for all feasible solution x, ¢ - x < v and for all
€ > 0 there exists a feasible solution x with ¢-x > v — ¢.

The simplex algorithm

The most well known algorithm, the simplex algorithm, proceeds in several steps that we
partially present below.

First step. One modifies the problem in order to fulfill rank(A) = m. By a variant of Gauss
elimination, this is performed in polynomial time. At the end of the first step there are two possible
results: either there is no feasible solution or the rank of the matrix is equal to its number of lines
(i.e. constraints) and so m < n.

One denotes I, the set of row indices and J, the set of column indices. One considers a dynamic
partition of indices of J = BW N with |B| = m and |[N| = n — m. One denotes Ap (resp. Ay)
the submatrix of A constituted by columns of indices belonging to B (resp. N). We introduce
the same notations with ¢ et x. The next definition is a key ingredient for the study of linear
programming.

Definition 3.21 (Basis of a linear program) A basis B is a subset of m indices of J such

that A g is invertible and Aglb is non negative. There is a solution associated with basis B which

is defined by:
. ., de, _ R . .4 de,
vj € B x[j] € (A5'b)[j] and Vj ¢ B x[j] £ 0

and it is called a basic feasible solution.

Second step. It consists in looking for an initial basic feasible solution. The principle of this
research is to build another linear problem which has an obvious initial basic feasible solution and
whose resolution has two possible outputs: either it detects that there is no feasible solution or it
returns an initial basic feasible solution.

Third step. It consists in improving the current basis (and basic feasible solution) by substitut-
ing an index of the current basis by an index out of the basis with a value of the objective function
at least as good as before. This is always possible unless: (1) either the current basic feasible
solution is optimal which is detected by the satisfaction of equation cy — cBAjglA N <0or (2)
the algorithm detects that the problem is unbounded. Furthermore with an appropriate exchange
strategy for indices, the algorithm never produces twice the same basis. So it must terminate.
Observe that when the linear program admits an optimal value, it is reached by a feasible solution
and moreover by a basic feasible solution.
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Duality is a key concept in mathematics (and also in computer science). We illustrate its use
for linear programming. Assume that we have a linear combination y of the row vectors of A,

q & yA (: Zy[i]A[i, —}> such that d > ¢
il

Then for all feasible solution x,

cox<dox= Y yll(Al -] x) = Y ylibli

i€l i€l

Otherwise stated, ), ; y[i|b[:] is an upper bound of the optimal value. Looking for the smallest
possible upper bound, one obtains a dual problem:

Minimize y - b such that yA > cAy € Rf

The dual problem can be defined for the general formulation of linear programs and it is routine
to check that the dual of the dual is the primal linear problem.

The next proposition is the fundamental result related to duality.

Proposition 3.22 Let P be a linear problem and D be its dual. Then the following relations hold:
o If P is unbounded then D does not admit a feasible solution.
e If D is unbounded then P does not admit a feasible solution.

e P admits an optimal solution if and only if D admits an optimal solution. In that case, the
optimal values are equal.

We only develop the proof of the last item as it gives additional informations that we will use later
on.

Assume that P has an optimal solution and let B be a basis corresponding to an optimal basic
feasible solution. We denote f(B) the (optimal) value associated with B. Let us recall equations
fulfilled by this basis:

f(B) = cpA5'D (3.2)

(this equation is fulfilled by every basis)
cy —cpAZ AN <0 (3.3)

(this equation is fulfilled by every optimal basis)

We are going to produce a solution of the dual problem. Define y dfe BA]_gl. On the one hand
cg = yAp and, on the other hand, equation @ can be rewritten as: cy < yAy. So c < yA.
This shows that y is a solution of D. Observe that the constraints of D indexed by B are fulfilled
with equality. This is called the slackness property.

Equation can be rewritten as: f(B) = y - b. Since the value associated with y is the
optimal value of P and so a lower bound of the possible values for D, y is an optimal solution and
the optimal values of the two problems are equal.

One can solve either the primal or the dual problem. As we maintain a basis, it appears that
the main criterion is the number of rows m. The dual problem should be transformed in a standard
form. This is done in two steps. First every real variable is considered as the difference of two non
negative variables and then an additional non negative variable is added per constraint in order to
transform inequalities into equalities. This leads to a problem whose dimension is n X (2m + n).
Since m < n, it is usually more efficient to solve the primal problem.
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3.3.5 Linear programming approach

In this section, we prove that a linear program specification of the optimal reward and decision
rule is possible leading to a polynomial time algorithm [RTV 97]. This is not the case for the
policy iteration algorithm since the number of deterministic decision rules is exponential (equal

to [,cq |As])-

The starting point of this approach is one statement of proposition [3.13} any v that fulfills
v > L(v) is an upper bound of v} which also fulfills this inequation. So one could constraint the
set, of solutions by:

for all d deterministic decision rule v > ry + APgv

Since the number of rules is exponential, we use an alternative equivalent specification.

Primal Linear Program

Minimize Z asvl[s]
s€S
subject to Vs € S Va € Agv]s] — Z Ap(s'|s, a)v[s'] > r(s,a)
s'eS
Here the variables are the components of vector v while the a,’s are arbitrary constants that

fulfill: Vs 0 < ag and ) g as = 1. We choose {a,}ses to be a distribution since this distribution
will have an interpretation in the dual problem.

In order to improve the efficiency of this approach, we build the dual of this problem. Indeed
the dual has [S| constraints while the primal has ) ¢ |As| constraints.

Dual Linear Program

Maximize Z Z r(s,a)z(s,a)

SES a€A,
subject to Vs € S Z x(s,a) — Z Z Ap(s|s’,a)z(s',a) = as
acA, s'eSacAy

Vs € SVae As z(s,a) >0

Here the variables are the z(s,a)’s. A feasible solution of the dual linear program x fulfills for all
8, Daca, T(s,a) > a5 > 0.

We now introduce mappings between Markovian decision rules and solutions of the dual linear
program.

Definition 3.23 Let d be a Markovian decision rule. Then x4 is defined by:
de, n n
z4(s,a) :fd(s)(a) Z Qs Z N (Pg)" s, 8]
s'eS  neN

Proposition 3.24 Let d be a Markovian decision rule. Then:

o Forall s, Y e za(s,a) >0 and d(s)(a) = 242

= Swca, vasa)

e For all s,a, x4(s,a) is the average discounted number of times that action a is selected in
state s knowing that the initial distribution is given by {as};

e 1,4 is a feasible solution of the dual linear program;
® D ees Daca, T(s,a)za(s, a) is the expected discounted reward of policy d>° knowing that the

initial distribution is given by {as}.
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[Proof

Definition 3.25 Let x be a feasible solution of the dual linear program. Then the decision rule
d,. is defined by:
def  x(s,a)

ZaeAs .T(S, a’)

Proposition 3.26 Let d be a Markovian decision rule. Then d,, = d.
Let x be a feasible solution of the dual linear program. Then xq4, = x.

[Proof

The last proposition shows that there is a one-to-one correspondence between Markovian deci-
sion rules and feasible solutions of the dual linear program. Since the objective value of a feasible
solution is the expected average reward of the associated stationary policy, solving the linear
program yields an optimal strategy.

Most of the algorithms for linear programming return a basic feasible solution. In the case of
the above dual linear program, the rank of the constraint matrix is already the number of lines,
|S| (prove it). We establish another correspondence between deterministic decision rules and basic
feasible solutions of the dual linear program.

Proposition 3.27 Let d be a Markovian deterministic decision rule. Then x4 is a basic feasible
solution of the dual linear program.

Let x be a basic feasible solution of the dual linear program. Then d, is a Markovian deterministic
decision rule.

[Proof

3.4 Average reward analysis

3.4.1 More results on finite DTMC’s

In order to analyze the average reward criterion, we need to investigate a little bit further the
long run behaviour of a finite DTMC. Proposition establishes that if the terminal scc’s are
aperiodic then P™ converges to a matrix whose row indexed by s is the steady-state distribution
when the chain starts from s. We want to get rid of the aperiodicity requirement. So we introduce
alternative notions of convergence.

Definition 3.28 Let {u, }nen be a sequence of reals. Then:

e {u,}nen s Cesaro convergent to a limit | if lim, n%rl Y icn i = 1. One denotes it by
Uy, —>e L. -

o {un}nen is Abel convergent to a limit I if for all0 < XA < 1, u(\) & Y nen UnA" ewists and

limyt1 (1 — ANu(A) = 1. One denotes it by u, —4 [

Observe the analogy of these definitions with the discounted and average rewards. We will also
use these definitions for sequences of vectors and matrices. The next lemma establishes a relation
between the convergence notions.

Lemma 3.29 Let {u,}nen be a sequence of reals.
o Ifu, — 1 then up, —. (.

o If u, —c 1 then uy, —q L.
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[Proof

We are now in position to “generalize” proposition (this is not really a generalization since
the conclusion is weaker).

Theorem 3.30 Let P be a stochastic matriz. Then {P"} is Cesaro convergent to a stochastic
matriz. One denotes its limit P* and one has:

PP =PP* =P'P* =P~

[Proof

The item P*[i, j] has a probabilistic interpretation: it is the mean number of visits of state j
per time unit starting from state i. We introduce two matrices related to the rate of the (Cesaro-)
convergence toward P*, the fundamental and deviation matrices.

Theorem 3.31 Let P be a stochastic matriz. Then Id — P + P* s invertible and its inverse
called the fundamental matriz and denoted Z fulfills:

n

S (P-PY) . Z

=0

[Proofl
def

The deviation matrix D is defined by D = Z — P*. The aperiodic case gives more information
about the meaning of these matrices. In this case, one knows P” — P*. Due to the property of
P*, for n > 1 one has P — P* = (P — P*)"™, implying that the greatest module of matrix P — P*
is smaller than 1 and thus the fundamental matrix Z is simply Id + > -, (P™ — P*). Thus the
deviation matrix D is ), _(P™ —P*). So D[s, s'] is the limit when n goes to co of the difference
between:

1. the mean number of visits of s’ starting from s until time n;

2. the mean number of visits of s’ starting from the steady-state distribution reached when the
initial state is s until time n.

Observe that when s’ is recurrent and reachable from s, the limits of these mean number of visits
are infinite but their difference converges to a finite value.

Theorem 3.32 Let P be a stochastic matriz. Its deviation matriz D fulfills:
o D =limy, o0 2 30 S0 (PF — P*) = limygy Y00 ) AP — P¥)
e PPD=DP*=(Id-P)D+P*—1d=D(Id-P)+P*—-1Id =0
[Proofl

In case of aperiodic chains all the equalities above have a probabilistic proof. P*D = 0
since (P*D)[s, s'] is the difference of twice the same quantity: the mean number of visits of &’
starting from the steady-state distribution reached when the initial state is s. ((Id—P)D)[s, s'] =
DJs,s'] — PDJ[s, s']. As the second quantity is the the limit when n goes to oo of the difference
between:

1. the mean number of visits of s’ starting from s until time n ezcluding time 0;

2. the mean number of visits of s’ starting from the steady-state distribution reached when the
initial state is s until time n excluding time 0.

So D[s, s'] — PD]Js, s'] is the difference between (1) the probability of an initial visit of s’ starting
from s and (2) the probability of an initial visit of s’ starting from the steady-state distribution
reached when the initial state is s. This is exactly (Id — P*)[s, s'].
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3.4.2 Characterization of optimality

In order to characterize optimal policies for the average reward criterion, we first establish an upper
bound on the optimal average reward (compare to the second statement of proposition [3.13)).

Proposition 3.33 Assume there exists two vectors g, h over states such that for all d € DMP:
eg>Pug
eg+h>Psh+ry

Then g > g7}

[Proof

The next proposition weakens the conditions to obtain an upper bound.
Proposition 3.34 Assume there exists two vectors g, h over states such that for all d € DMP,
forallse S:

e cither g[s] > > g Puals,s']g[s]
o orgls| = g Pals, s'gls'] and gs| +h[s] > 3 . Pals, s'Ths'] + rals]
Then g > g7

[Proofl

Let us focus on stationary policies. We first study the average reward triggered by such a
policy. Accordingly with the previous section, given d a decision rule, P} is the Cesaro limit of
{P7}, Z, is the fundamental matrix of {P;} and Dy is the deviation matrix of {P4}.

Proposition 3.35 Let d € DMP | then:

[Proofl
def goo

We now denote g¢~ = g?™ = gfo. We want to determine more precisely the convergence of

(1 —A)ve™ towards g? . Let us define p def 12

IDa
1+[Dal

Proposition 3.36 Let d € DMP | assume that < A <1 then:

Sl 1 * - n
vi = T (Pdrd — Y (~pDa) rd)

n=1

[Proof

We only need a “first-order Taylor” development of Vf\lm.

Corollary 3.37 Let d € DMP, then:

oo 1
Vi = ﬁpsrd —+ Ddrd + O(l — A)

[Proof

The next theorem is the characterization we looked for.

Theorem 3.38 Consider the following equation system where the variables are vectors g and h.
/ /

= '4

Vs € 5 gls] = max < IEESP(S s, a)gls ]) (34)
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_ ’ ’ def / ’
Vs e S g[s]+ h[s] = max (Z p(s|s,a)h[s ]) + r4[s] where By = arg max (Z p(s'|s,a)hls ])
s'eS s'es
(3.5)

Then:

e Let (go,ho) be a solution of this system. Then gy = g% = g*.

e Let d*™ be a Blackwell optimal policy. Then (Pirq, Dgry) is a solution of this system.
[Proofl

Corollary 3.39 FEvery Blackwell optimal policy is optimal w.r.t. the average reward criterion.

In the sequel, we only consider the policy iteration and linear programming approaches.

3.4.3 Policy iteration approach

Algorithm 5: Policy iteration for the average reward
AverageReward(M)
Input: M an MDP

Output: x, the optimal value array indexed by states
Output: optdec, the optimal decision array indexed by states

Data: s, s’ states, a action, temp, best, tempbis, bestbis reals, stop boolean
Data: Md matrix, rd,y, z vectors

for s € S do optdec[s] < some a € A
repeat
stop < true
for s € S do

rd[s] < r(s, optdec]s])

for s’ € S do

if s =5 then Md[s, s'] + 1 — p(s'|s, optdec]s])
else Md[s, s']| + —p(s'|s, optdec|s])

end

end
Md 0 0 0
(x,y,z) < LinearSolve(| Id ™Md 0 |,[rd])
0 Id Md 0

for s € S do
best + x[s|; bestbis + x[s] + y[s]
for a € A, do
temp < r(s,a); tempbis < r(s,a)
for s € S do

temp < temp + Ap(s’|s, a)x[s']

tempbis < tempbis + Ap(s'|s, a)y[s']
end
if best < temp or (best = temp and bestbis < tempbis) then

‘ best + temp; bestbis « tempbis; optdec[s] + a; stop + false

end
end
end
until stop
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As seen for the discounted reward, the policy approach is based on two key items.

e Computing the reward provided by a stationary policy d*>°. Here we are going to compute
both the reward Prg but also the first term of the above Taylor development Dgrg.

e Designing a rule that either identifies an optimal stationary policy or provides a way to
improve it. As we will see later, the improvement is more elaborated than for the discounted
case.

Contrary to the discounted reward, one cannot specify the average reward as the unique solution
of a linear system, the main reason being that Id — P, is not invertible. Here the trick consists in
introducing additional variables and equations to the linear equation system in order (1) to also
compute the deviation reward Dgry and (2) to confine the non deterministic part of the solution
into irrelevant variables. The correctness of the proposition is based on the properties of the
deviation matrix.

Proposition 3.40 Let d be a decision rule and consider the following equation system where the
variables are vectors x, y and z.

(Id-Pg)x = 0 (3.6)
x+(Id—Py)y = r4 (3.7
vy+(Id-Pyz = 0 (3.8)

Then:
o Vectors Pry, Dgrg and fDZrd are solutions of this system.
o Any (x,y,z) solution of this system fulfills x = Piry and y = Dgrg.

[Proof

We illustrate this characterization on example with the two policies d and d’' already
described. First we compute P, and Py .

1 -1 0.7 —0.7
Id—-P, = (—0.1 0.1> and Id — Par = <—o.1 0.1 )

The range of Id — Py is (1, —0.1). So x = «(1,—0.1) + (10, —1) for some «. Furthermore x
is in the kernel of Id — P4. So we get o+ 10 = —0.1a — 1 yielding o = —10 and x = (0, 0).

The range of Id — P4 is «(0.7,—0.1). So x = «(0.7,—0.1) 4 (5, —1) for some «. Furthermore x
is in the kernel of Id — Py . So we get 0.7a+5 = —0.1a — 1 yielding o = —1—25 and x = (—i, —%).

The following proposition is the main ingredient of algorithm [5| based on policy iteration.
Observe that using the assertions of the proposition, when one substitutes d’ for d, the average
reward is not decreased and due to the strict increasing of the discounted reward, one cannot
encounter twice the same policy. More precisely the proposition yields two procedures: (1) to
decide whether a policy is Blackwell optimal and (2) compute for a policy which is not Blackwell
optimal a better policy for the discounted reward given that A the discount factor is close enough
to 1. The proof is mainly based on corollary which provides a Taylor development for the
discounted reward in the neighborhood of 1.

Proposition 3.41 Let d be a decision rule and s be a state. Define:

Improve(d, s) & {a € As | (Pira)[s] < Z p(s'[s,a)(Pira)[s']} U
s'eS

{a€ As | (Pirals) = Y pl(s'|s,a)(Pira)[s'|A(Pa+Da)ra)ls] < r(s,a)+ Y p(s'ls,a)(Dara)ls']}
s’eS s'esS
Then the following assertions hold:

e If for all s, Improve(d, s) = () then d* is average optimal.
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o Otherwise let d' be any policy such that for all s,
(1) Improve(d, s) = () implies d'(s) = d(s)
and (2) Improve(d, s) # 0 implies d’(s) € Improve(d, s).
Then Pirg <Pl ry
and there exists some 0 < A\g < 1 such that for all \yg < A < 1, Vf\l < Vflw.

[Proof

3.4.4 Linear programming approach

Let us compile some results in order to specify the linear program associated with the average
reward. Using proposition [3.33] for every pair of vectors (g, h) such that for all d € DMP g > P,g
and g +h > Psh +r; one gets: g > g7.

Using theorem [3:38 and the proof of proposition [3.34] one gets that given any Blackwell optimal
policy d*°, as soon as M is large enough, then (P}ry,Dgrq + MPjry) is a solution of such a
system. Thus one concludes that any optimal solution of the following linear program has its g
component equal to the optimal expected average reward.

Primal Linear Program

Minimize Z asg[s]
s€S

subject to Vs € S Va € Ag,

gls] = 3 pls'ls,a)gls') = 0 and

s’eS
gls] +h[s] = Y p(s'|s,a)h[s'] > r(s,a)
s'esS

Here the variables are the components of vectors g and h while the «’s are arbitrary positive
constants. Let us build the dual program.

Dual Linear Program

Maximize Z r(s,a)x[s, a
ses

subject to Vs € S

Z ZZ (s|s’,a)x[s’,a] = 0 and

a€Ag s’'eSacA,
Z([sa]+ysa ZZ sls’,a)yls’, a] = as
acA; s'€SacAy

Vs € SVae A x[s,a] >0Ay[s,a] >0

The next proposition shows how to recover optimal average deterministic stationary policies
from a basic optimal solution of the dual linear program.

Proposition 3.42 Let (x,y) be a basic optimal solution of the dual linear program. Then every
deterministic d*° that fulfills the following requirements for every s € S is average optimal.

e cither x[s,d(s)] >0
o 0or ) e, X[s,a] =0 and y[s,d(s)] > 0
Furthermore there is at least one such policy.

[Proof

64



3.5 Proofs

3.5.1 Proofs of section [3.1]

Proof of theorem [3.10]
Given 7 be an arbitrary policy, let us define Markovian policy n’ = (dj, d}, . ..) by:

& (s)(a) L Pr™(V, = a| X, = s, Xo = 50)

This is a partially defined strategy since Pr™(X,, = s, Xo = s¢) could be equal to 0. However
due to the equality of the proposition that we are going to inductively establish in this case
Pr™ (X, = s, Xy = so) is also equal to 0.

For n = 0, the equality Pr™ (Xn=8Y,=a|Xo=3s0) =Pr" (X, =s,Y,=a| Xo=sg) is only
relevant for s = sp and holds by definition of «’.

Assume that the equality holds up to n. Then:

Pr™ (Xni1 =s|Xo=350) =2 ycgaea, Pr" (Xn=5"Yy =a| Xo=so)p(s]s', a)

= wes 2aca, PI" (X, =8 Y, = a| Xo = so)p(ss’, ) r" (X1 =s| Xo = s0)

Now/:

PI‘W (Xn+1 = S;Yn+1 =a | Xo = So)

=dp, 11 (5)(a)Pr” (Xnp1 = s | Xo = s0)

*PI‘ ( n+1—a|Xn+1—S XO—SQ)PI‘ ( n+1:S‘X0:So)

= PI‘ (Xn+1 =S Yn+1 =a | XO = 80)

g.e.d. (theorem[3.10) OO0

3.5.2 Proofs of section [3.2]

Proof of proposition [3.11

We prove by induction on the time horizon that the policy computed by the algorithm is optimal.

In order to give more intuition about the proof we index in a backward way the decision rules.
def

Assume that m,,_1 = d,_1,...,dy, the policy computed by the algorithm for time horizon n — 1
is optimal and let d,, be the decision rule computed at the n'" iteration. Pick an arbitrary policy
), dCfd’ ...,d} and denote 7}, d—Cfdn 1re-o,dy.
Let se s,
uln [s] = r(s,du()) + D p(s'|s,dn(s)un i [ = (s, diy () + Y p(s']s, dyy(s))up ' [s]
s'€s s'eS

(due to the iterative step of the algorithm,)
(:,(3) + 3 pls/[s. dp ()77 [s] = i [s]
s'eS

(due to the inductive hypothesis)
g.e.d. (proposition OO0

3.5.3 Proofs of section 3.3

Proof of proposition |3.13

Let v < L(v). By definition, there is a decision rule d such that L(v) = rqy + APgv.

Thus v — APyv < < rd Applying the non negative matrix (Id — AP4) ! to the inequality yields:
v<(Id - APy 'rg =v4 <vi
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Let v > L(v). Let 7 def (do,...,dn,...) be a Markovian policy.

v > L(v) > r4, + AP4,v. By induction for n > 0,

v Y XN ] Pa |ra.+ X" | ] Pa, |V

0<i<n 0<j<1 0<j<n

On the other hand,

V"/{ = Z}\Z H de rq,

ieN 0<j<i
Let us define B &' max(max, (|v[s]]), maxs o (]r(s,a)|). Then for all s € .S and n € N:

v[s] = vi[s] > —A"B(1+ Z A9
ieN
Letting n go to oo, one gets: v > v¥. Since 7 is arbitrary, one obtains: v > v3.
The last assertion is a consequence of the previous ones.

g.e.d. (proposition OO0

Proof of proposition (3.14
Let v and v’ be two vectors. Let d be a decision rule such that L(v) = rq + AP4v. Then:

LV)[s] = L) [s] € A (Pa(v = v) [s] < Alv = V]
So: [L(v) = L(V)) e < Alv = V|

This proves the Lipschitz-continuity of L.
Let {v,} be defined as in the proposition. For all m,n with m > n:

[Vin = Valoo < D IVigr = Vilso <A A Vi = Vol

n<i<m €N

This proves that {v,} is a Cauchy sequence thus convergent to some v.
More precisely: [Voo — Valoo < 25 Vi — Vol

By continuity of L, voo = L(Vs). So by proposition Voo = V3.

g.e.d. (proposition[3.1]) OO0

Proof of theorem [3.T75]

Observe that the discounted reward associated with policy d*° is: (Id — APg) " 'r,.
Thus if d fulfills v} =rq + AP4v} then vi = (Id — APg) " lry.

We know that vi = L(v}). Let d € DMP be a decision rule associated with L(v}).
Then d fulfills vi =rg + APgv3.

g.e.d. (theorem[3.15) GO0

Proof of theorem

Observe that the discounted reward vﬁl\w associated with policy d*° fulfills: V;o = (Id—\Py) " 'ry.
So every item of this vector is a rational fraction of A with poles outside [0, 1[. We consider v& ™ [s]
as a function of z.

Thus Zero & (N 3d,d" € DMP 35 € S v [s] #vE T [s] AviT [s] = v¥ T [s]} is finite.

Let I d:ef]a, b[ be an interval such that ZeroNI = (). Pick an arbitrary ¢ € I and let d be an optimal
decision rule w.r.t. to c. We claim that d is optimal for the whole interval I. Otherwise, due to the
continuity of v&™ [s], there should exist A € I, d’ and s with v&™ [s] # v& " [s] Av§ ™ [s] = v§ " [s].
Furthermore again by continuity d is also optimal at @ and b (when b # 1).

So the decomposition of [0, 1[ in appropriate subintervals is obtained by considering [0, 1[\ Zero.

g.e.d. (theorem[3.17) OO0

66



Proof of proposition [3.18

”Vim — Vit < ”Vioo —(ra + APavii1)|oo + [(ra + APaviny1) = Vst |oo

= )‘”Pd"ioo —Paviiifoo + A[Pavar1 — Paviafo < >‘||V>\Oo — Vatiloo + AlVat1 — Vil

So \
e 3
||V§ - Vn+1||oo < m”anrl — Vn”oo < 3
Thus:
o oo € €
”Vi - v>)k\||00 < ”v)\ - Vn+1“oo + an+1 — V;”oo < 5 + 5 BN

g.e.d. (pmpositz’on OO0

Proof of proposition (3.19
Let d,, and d,,+1 be the decision rules associated with v, and v,4+1. One has:

ra, . +APa,  Vn 21, + APy, v, =V,

with at least one strict inequality.
Thus:

I‘dn+1 Z (Id — )\Pdn+1 )Vn

Applying (Id — APy, )" (= X ,cy(APa,,,)")
Vin+1 Z Vn

Moreover since (Id — APy, ,,)~" > Id, the strict inequality is preserved.

qg.e.d. (propositz'on OO0

Proof of proposition [3.20

By proposition v, is an increasing sequence which converges to v3. So the second inequality
is fulfilled. Let us prove the first inequation by induction. The basis case is included in the
hypotheses of the proposition. Let us call du,, (resp. dv,) the decision rule corresponding to the
n'" iteration of the value (resp. policy) iteration algorithm.

Vpt+1 = rdvn+1 + A:Polanern-‘rl > rd'un+1 + )\Pdvn+1v7l
since vy41 > vy,

rdvn+1 + )\Pdvn_H Vn Z rdun+1 + )\Pdun_H Vn

since rqy, ., + APav, Vi = L(Vy)

Tau, i1 T APdu, Vi 2 Tau, gy T APdu, o Un = Ungy
since v,, > u,

g.e.d. (pmpositz’on OO0

Proof of proposition [3.24

(P4)™[s, s] is the probability (under policy d°°), that the state at time n is s knowing that at time
0 the state is s’

Thus Y ,ca. Td(s,a) = Y cgas Y, en A" (Pa)"[s,s] is the discounted number of visits of s
knowing that the initial distribution is {a}.

S0 > 4ea. Ta(s,a) > as >0 and d(s)(a) = za(s.a)

T Xarea, @alsa’)”
Since at every visit of s, a is selected with probability d(s)(a), z4(s,a) is the average discounted
number of times that action a is selected in state s knowing that the initial distribution is given
by {as}.
Multiplying by rewards and summing over states and actions, > .o ,ca. 7(s,a)za(s,a) is the
expected discounted reward of policy d* knowing that the initial distribution is given by {as}.
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A visit to state s is either done at time 0, or done at time n due to a visit at some state s’ at time
n — 1 followed by selection of action a € Ay with probability d(s’)(a) and random choice of s with
probability p(s|s’;a). In the latter case, the discounted value of the visit of s is the discounted
value of visit of s/ multiplied by A. So:

Z Tq(s,a) = as + A Z Z zq(s',a") Z d(s")(a)p(s|s, a)

a€A, s'eS \a'€A,s a€A,

s

:as—i-/\z Z xq(s’,a’) Z ) p(sls’,a —as+/\z Z zq(s’,a)p(s|s’,a)

zq(s’ ,a
s'€S \a’€A, a€A, Za e, vl ) s'€S acA,

Consequently x4 is a feasible solution of the dual linear program.

g.e.d. (proposition|3.24) OO0

Proof of proposition (3.26
The result d,, = d is included in the first statement of proposition

Let x be a feasible solution of the dual linear program. Define y(s) et D aca, T(s,a).

as =yY(8) = A ges 2aca, P(sls’sa)a(s’sa) = y(s) = A3 e aea, P(s]s’ a)da(s') (a)y(s")

Which leads in a vectorial notation to: o = y(Id — APyg,)

Soy=a(ld— Py, ) ! = a}, en(APg,)™)

Thus y(s) = > ycq s Do pen A (Pa, )" [, 5] = ZaeAs xq,(s,a)

Since vector (24, (s, a))qcAa, is proportional to vector d,(s) which is proportional to vector (z(s, a))aca,,
one concludes that 4, = z.

g.e.d. (pmposition QOO

Proof of proposition [3.27]

Let d be a Markovian deterministic decision rule. Then x4 has exactly |S| non null components
corresponding to the columns (s,d(s)). The submatrix corresponding to these variables is (Id —
AP,). As it is invertible, x4 is a basic feasible solution.

Let = be a basic feasible solution of the dual linear program. For all s, >° 4 x(s,a) > 0. Since
x is basic there is at most |S| non null components. This implies that for all s, there is exactly
a single a such that x(s,a) > 0. Since d,(s) is proportional to (x(s,a))acAa., d» is a Markovian
deterministic decision rule.

g.e.d. (propositz’on OO0

3.5.4 Proofs of section [3.4]

Proof of lemma [3.29]

Let {uy, }nen be such that w,, — I. Then for all € there exists ng such that for all n > ng, |u,—1| < e
Let n > ng,

|5 Sohan(tn = DI < 14 (un = D) + 25006 < 2¢

for n large enough.

Let {un}nen be such that u, —. .

Define s,, = Zign u, and v, = :471'
By hypothesis, v,, — .

Mo AFug, = (1= A) S0Z0 M (k + Dug + A" (n + 1wy

Using the Cauchy criterion, the series Zz;é e (k 4 1)vy, is convergent. So:
u(A) = (1= A) Yo Me(k + Doy

For all e there exists ng such that for all n > ng, v, —1] <e

(L= Nu(A) < (1= A2 (S Nk A D)o — L =€) + (1 +€) S5 Xo(k + 1)
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= (1= (Cpen NE+ 1) (v =1 =) + (I +¢)
Thus: limsupypq (1 = Au(A) <l +e

By a similar reasoning: liminfyq (1 — A)u(A) >1—¢
Letting € go to 0, one gets: limy4+1(1 — A)u(A) =1

g.e.d. (lemma[3.29) OO0
Proof of theorem [3.30]

Let P, &' Ly o<cicn P for n > 0.
P, is a stochastic matrix thus the sequence {P,,} is bounded.

Pick a sequence of indice§ ng <mnp<-- such that L def limy, oo f’nk exists.

Observe that: P,,P = PP, =P, + %(P" —1d)

Applying these equalities to ny letting k go to oo yields: LP = PL =L

Let L' be another limit of a subsequence of {P,}. Then: PL/ = L'P = L.

By iteration, P"L’ = L'P" = L/ for all n.

By linear combination, P, L’ = L'P,, = L’ for all n.

Applying this equality for ny and letting k& go to oo yields 'L = LL/ = L.

Swapping L and L’ yields LL’ = 'L = L. Thus L' = L.

So P,, is convergent and the limit is stochastic since the (finite) sum of the items of every row of
a stochastic matrix is 1 and this equality is preserved by limit operations.

g.e.d. (theorem[3.30) GO0

Proof of theorem [3.37]
Let k be the number of terminal scc’s and let us order the states per terminal scc’s followed by
transient states. Then P can be described as:

P, 0 0 0
0 P, . 0 0
0 0 . 0 0
0 0 0 P, 0

Priy Prp ... Pryp Prr

)

where P; is the stochastic matrix associated with the i*” terminal scc,
Pr; is the submatrix of the transitions from the transient states to the it" terminal scc
and P77 is the substochastic matrix associated with the transient states.

Recall that P*[i, j] represent the mean number of visits to j starting from 4 per time unit. Since
the total mean number of visits of transient states is finite, one can rewrite P* as:

P 0 ... 0 0
0O P; ... 0 0
0O 0 ... 0 0
0O 0 0 P; 0

Pr, Pr, ... P5, 0

where P} is a matrix where all rows are identical and represent the single distribution solution of
xP; = x.

So Id — P + P* can be rewritten as:

Id -P, +Pj 0 - 0 0

0 Id-Py,+P5 ... 0 0

0 0 0 0

0 0 0 Id—-Pp+Pj 0
—Pri + P;‘,l —Pr + P?Q oo —Prg+ P*T,k- Id -Prr

69



We already know that Id — P r is invertible. So to prove that Id — P + P* is invertible it only
remains to prove that for all ¢, Id — P; 4+ P is invertible.

Assume (by contradiction) that x is a non null vector such that (Id — P; + P)x = 0.
Let 7 be the unique invariant distribution of P;.

m(Id — P; + P})x = 0 but = is invariant by P}, so 7x = 0.

As every row of P} is equal to 7, one gets Px = 0.

So (Id — P;)x = 0 meaning that x is a right eigenvector of P; for eigenvalue 1.
Since P; is an irreducible chain the dimension of eigenspace corresponding to 1 is 1.
So x = al1” but since 7x = 0 this entails that « is null, a contradiction.

Since P*P = PP* = P*P* = P* we claim that (P — P*)" = P" — P*.

By induction: (P — P*)"*! = (P" — P*)(P — P*) = P"*! — P* + P* — P*

Let A =P — P*.

Foralli>1,Id— A" =(Id - A)Y o .., AF

Averaging over 7 yields:

1 . 1
Idfﬁ;A :(Ide)ﬁZ ‘A’“

Otherwise stated

3=
M=
b

(Id—A)~'(Id - % zn: AY) =

i=1 0<k<i
In order to conclude, it remains to prove that: lim,, . % S AT=0

limy, oo 230 ) AT =limy oo 2 D07 (P = P*) = limy 00 (2 37, P) —P* =0

g.e.d. (theorem[3.31) OO0

Proof of theorem [3.32]
n i—1 n i—1
EZZ(P’@ —P*)=1Id - P* +EZZ(P_P*)’<
" k=0 [
1 n i—1 1 n 1—1
=Id—-P*+ - P-P) —-Id=-P"+— (P - Pk

Letting n go to oo one gets: D = lim,, oo £ 37" | Z;;lo(Pk —P*)

Let us consider the series H, &' Yoo (P —P*)" for 0 <o < 1. Since (P — P*)" = P" — P*,
{|P™—P*|} is bounded and the series is convergent. Consequently H,, is convergent and it is the
inverse of Id — a(P — P*).

So: Id = Ho(Id — a(P — P*)) = Hy(Id — P + P*) + (1 — a)H, (P — P*)

Since {P™ —P*} is Cesaro convergent to zero, it is also Abel convergent i.e., limy1 (1 —a)H, = 0.
So Z = limaTl Ha-

S5 yan(P" — P*) = H, — P*

So limayy 320 0" (P" —P*) =Z — P* =D

Since PP* = P*P, PD = DP and P*D = DP*. ‘

e DP* = lim, oo 2 37, Z;;lo(Pé " P*)P* = lim, 0o 1 30 S (P* —P*) =0

e D(Id — P) = limy, 00 - 221, 05— (P* — P*)(Id — P)

=limp oo 2 00 ST (PF = PR = lim,, oo £ 307 (Id — P?) = Id — P*

g.e.d. (theorem[3.39) OO0
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Proof of proposition [3.33]

One first observes that by convexity the inequations hold for every d € DME,

Let m = (dy,ds, . ..) be a Markovian policy. Using the second inequation with dj, one gets:
g >rg, + (Pg, —Id)h
Then one applies the first inequation with dy_; getting:
g>Py _g>Py_rqy +Py_ (Pg, —1Id)h
Applying iteratively the first inequation with Py, ,,..., P4, one obtains:

g > Pd1 - Pdk—lrdk + Pd1 - Pdk—l(Pdk — Id)h

Summing this inequation for k from 1 to n, one gets
ng > V:’nr + (Pd1 . Pdnflpdn — Id)h

Since the last term is bounded by 2|h|, dividing by n and letting n go to co yields:

1
g > lim sup —vy =g

n—oo

Since  is arbitrary, the result follows.

g.e.d. (pmposition OO0

Proof of proposition [3.34]
Let g, h be a solution of this system.
We claim that g, h + Mg for M large enough is a solution of the system of proposition [3.33

An equation that could not be fulfilled is an equation of the following kind:

g(s) + (B[] + Mgls]) > 3, o Pals, /| (bls] + Mg[s']) + rals|

for which g[s] > > . ¢ Pals, s']g[s']

but as Mg[s] occurs on the left side and ), g Pa[s, s'| M g[s'] occurs on the right side it is enough
to take a value of M large enough to satisfy such an equation. Since there are only a finite number
of equations, choosing M as the maximal value provides such a solution.

g.e.d. (proposition|3.54) OO0

Proof of proposition [3.35

Observe that the average reward triggered by policy d* is given by: lim,, % 2?1—01 (Py)iry
As {(P,4)"} is Cesaro convergent to P¥, one concludes that: g~ = g?™ = Piry

Using lemma [3.29] Pd is Abel convergent to P%.

Thus: hm)\Tl(l — )\) )\ = hmM»l(l — )\) Z;,o()‘Pd)lrd = P;rd

g.e.d. (proposition[3.35) OO0

Proof of proposition (3.36
One knows that v¢ " is the single solution of rg — (Id — AP4)v¢ = 0.
So we prove that the expression of the proposition fulfills this equation.

1 % Id )\P
rq— m(Id — APy (PZrd - Z(de)"rd> =rq—Pgra+ ——— : Z ~PDa)"ra

n=1

(using P4P5 = PY)

. AMId - Py) + (1 — \)Id & "
= (Id — P)rq + ( i)ﬂ\( ) > (=pDa)"rq

n=1
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oo

= (Id = Pj)rg — (Id = P}) Y (=pDa)"ra+ > _(—pDa)"r4

n=0 n=1

(using (Id — P4)Dy =1d — P})

= (Id—Pj)rg— (Id —Pj)rg — > (—pDa)"ra+ Y _(—pDa)"ta =0

n=1 n=1
(using (P3Dy =0)
g.e.d. (pmpositz’on OO0

Proof of corollary |3.3
Using formula of proposition [3.36] we get:

viT = %P;‘lrd + %Ddrd +0(1-))
which can be rewritten as:
viT = %Pj;rd +Dyry + %Ddrd +0(1-X))= %Pflrd +Dyrg+0(1—))
qg.e.d. (proposition OO0
Proof of theorem [3.38]

Let (go, ho) be a solution of this system. It is immediate that (go,hg) fulfill the requirements of
proposition So go > g .
Let us define a deterministic decision rule d by choosing some d(s) € Bs. The equation system
can be rewritten

8o = Pago and go + hg = Pghg +1g4

Using the second equation, one gets:
go =rq+ (Pyg— Id)hg
Then one applies the first equation getting;:
go = Pago = Pary + P4(Pq — Id)hg
Applying iteratively the first equation one obtains:
go = Phry + P4 1(P, — Id)h
Summing these equations for k from 1 to n, one gets
ngo =ul + (P7 —Id)hg
Since the last term is bounded by 2|hg|, dividing by n and letting n go to co yields:

1 oo oo o0
: d d d
go = lim —u; = gy =8
n—oo n

Since gg > g , the result follows.

Let d* be a Blackwell optimal policy. Consider A € [Ag, 1[ an interval where d*° is optimal.
Then using characterization of theorem [3.15] one gets for all s € S and a € Aj:

viTls] > r(s,a) + A egp(s]s, a) v [s]

Using corollary

ﬁ(PZ}I‘d)[S] + (Dgrg)[s] + O(1 = \)
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> 1(5,0) + A Dy es p('15,0) (15 (Pira)ls] + (Dara) 1)) + O(1 - )

= r(5,0) + Lyes p(s'ls.0) (5 Pira)ls’] + (Dara)[s]) = Lyespls'ls a)(Pira)[s]+ 01 = A)
Thus:

L (Prra) 8] — g P55, 0)(Pira)[]) +

(Dara)[s] = r(s,a) = >y esp(s'|s, a)(Dara — Pirg)[s'] + O(1 = A) = 0

So one must have:

(Pira)ls] — X cs p(s'ls, @) (Pira)[s'] > 0

and when the equality holds one must have:

(Darg)[s] —r(s,a) = >, cgp(s']s,a)(Dgrq — Pjrq)[s'] >0

which can be rewritten (due to equality) as:

(Dara)[s] —7r(s,a) =32, esp(s']s,a)(Dara)[s'] + (Pira)[s] = 0

This establishes that equations (3.4]) and (3.5)) hold with inequalities instead of equalities.
To prove that the equalities hold, let us choose for state s, action d(s).

Then equation (3.4) holds due to equality P} = PP}, (see theorem [3.30)).

And equation (3.5) holds due to equality P} + Dy = Id + P4Dg (see theorem [3.32)).

g.e.d. (proposition QOO

Proof of proposition (3.40

Let us check that Pjry, Dgrg and —Dgrd are solutions of this system.
° (Id —Py)Pirg = (P;—Pi)ry =0

° Pfll‘d + (Id — Pd)DdI'd = (PZ + (Id — Pd)Dd) rq=7ry

° DdI‘d — (Id — Pd)D?ird = (Id — (Id — Pd)Dd) DdI‘d = PZDdrd =0
Let x, y and z be a solution of this system. P x = x entails Pjx = x.
Sox =Pix=Pir; — P5(Id — Py)y = Piry

0=P}(y+ (Id-Py)z) =Py

Thus using second equation of the system:

rq— lerd = (Id - Pd)y = (Id —Py+ P;)y

which can be rewritten as:

y=>0d-Py+ P} '(Id - P;)rqy = (Dg+ P})(Id — P})ry = Dyry

q.e.d. (propositz'on OO0

Proof of proposition [3.41
Assume that for all s, Improve(d, s) = (). Observing that choosing a = d(s), leads to equality in
the two equations, one concludes that (Phry, Dgrg) fulfill the equations of theorem So d*®
is an optimal policy.
Assume that for at least one s, Improve(d, s) # () and consider d’ fulfilling the requirements of the
proposition. Define policy 7 def (d,d,d,...).
If d'(s) = d(s) then for all A, v¥[s] = v¢ [s].
On the other hand,
VI =1y + A\Pyv{ =14 + APy (55Pira + Dara + O(1 — X))
=1y + 25PyPirg + APy Dyrg + O(1 — A
=ry + ﬁPd,PZrd —PyPirg+PyDgrg + 0(1 — )\)
So:
a1

V1)I: —Vvy = m(Pd/ — Id)PZI‘d + (I‘d/ + PyDygry — Pd/PZrd — Ddrd) + O(l — )\) (3.9)

Soif a &' d'(s) # d(s) then

o either (Piry)[s] < Y. cqp(s']s,a)(Pra)[s’] and using the term where 25 occurs in equa-
tion (3.9), one concludes that for A enough close to 1, vZ[s] > v{™ [s].
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o or (Pirg)[s| = >, cop(s']s,a)(Pirq)[s'] and (P+Da)ra)[s] < 7(s,a)+> g p(s'|s,a)(Darg)[s’].
Due to the former equation, the constant term in equation (3.9) becomes:
(rgs +PyDgrg — (P} + Dg)ra)[s] N
So one concludes that for A close enough to 1, v¥[s] > v{  [s].

Summarizing for A close enough to 1, vI > v{~ which can be rewritten as:
rg + )\Pd/Vi > Vg

or as:
Vi = (Id — /\Pd/)’lrd/ > Vg

Multiplying by 1 — A and letting A go to 1, one gets:

d/oc doo
g =g

g.e.d. (proposition[5.41]) OO

Proof of proposition [3.42]
Due to the second equation for all s, 3 ., (X[s,a] +y[s,a]) > 0. So there is at least one policy
d fulfilling the requirements of the proposition.

We define the set Sy &' {s € S| 4ca, x[5,a] > 0} and we introduce the optimal solution (g, h)
of the primal linear program built from (x,y) (see section [3.3.4)).

Let us prove that Sy is closed in the DTMC specified by Py.

Let s ¢ Sx, one gets: 0=3_, 4 X[s,a] =) . csD qeca, X[s,alp(s|s’;a) >0

So for all s’ € S and a € Ay: x[s',alp(s|s’,a) =0

Choosing s’ € Sx and a = d(s’) yields: Py[s’, s] f p(s|s’,d(s") =0

Let us prove that all states of S\ Sx are transient in the DTMC specified by Pg.

Otherwise since Sy is closed, there exists a terminal scc S’ included in S\ Sx. Since (x,y) is a

basic solution, the columns of the matrix of constraints indexed by {y[s,d(s)]}ses’ are linearly
independent.

Let us analyze the components of these columns. Those corresponding to the equations involving
only x are null. Those corresponding to the equations where o occurs with s ¢ S’ are also null
since Py[s’,s] = 0 for all ' € S” (S’ is a terminal scc). So these columns restricted to equations
where a, occurs with s € S’ are also linearly independent. But summing these columns one gets
for the component related to oy with s € S:

yls, d(s)] (1 - p(S'S,d(S))> =0

s'eS’
yielding a contradiction.
So for all s € S and s' ¢ Sk, Pj[s,s'] =0.
Using the slackness property applied to x[s, d(s)] with s € Sx, one gets:
gls] +h[s] = > p(s'|s,a)h[s] = r(s, d(s))
s'eS

So for all s € S:

g [s] = (Pira)ls] = Y Pils,s'Ir(s',d(s)))
s'€Sx

= Z Pi[s, s (g[s’] +h[s'] — Z p(s”s',d(s’))h[s’])

s'€Sx s""eS
= (Pag)ls] + (Pi(h — Pyh)) [s] = (P3g)ls]
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So in order to conclude it remains to prove that g = PJg.
We are going to prove a stronger statement: g = P,g.

For all s € S and a € Ay, g[s] — >, cgp(s']s,a)g[s'] >0

S0: Y Yoaca, XI5, (8]s] = X, egp(s']s,a)gls']) >0
On the other hand:

Doses Laca, XI5 a] (8ls] — Xy esp(s'ls, a)gls'])

= es (Laea, Xl5.0] = Xyes S, plsls’, a)xls',a] ) gls] = 0

So for all s € S, and a € Ay, x[s,a] (g[s] — >, cqp(s']s,a)g[s]) =0

Thus for s € S, as x[s,d(s)] > 0, we deduce that: g[s] — > g p(s'|s,d(s))g[s'] =0

For s ¢ S, one has y[s,d(s)] > 0. So using the slackness property applied to variable y[s, d(s)]
and looking at the corresponding inequation in the primal linear program one also obtains:

glsl = Xvesp(s']s,d(s))gls'] = 0

g.e.d. (pmposition OO0
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Chapter 4

Stochastic Games

4.1 Presentation

In MDP, the agent who selects a strategy (also called a policy) may be viewed as a player in a
game whose opponent is chance. Since a random player does not aim at minimizing the gain of
the agent, MDP are also called games with one and half players. In this chapter, we generalize
this idea by considering games with two players or with two and half players.

Let us first give a general overview. Whatever the variant that we study in this chapter, we
assume that the two players, denoted Max and Min have opposite objectives. Such games are
called zero-sum games meaning that, given any play, the sum of the rewards of the players is
null. One may alternatively formalize it as a single reward r which maps plays to values and that
Max (respectively Min) tries to maximize (respectively minimize). Denote G the structure and the
protocol of the game equipped with the reward r. At this point we could imagine two (among
other) ways of playing in G. Either Max announces its strategy o and then Min selects a strategy 7
or they do it in the reverse order. Observe that the first (respectively second) way of playing is the
least (respectively most) favourable for Max among all possible ways of revealing the strategies.
Let us denote h the random play in G, once the strategies are fixed and EZ" (r(h)) the expected
reward of the play triggered by these strategies. Then with the first way of playing, there are
strategies for Max that ensure an expected reward as close as possible to:

valy (G) = supinf EZ7 (r(h))

In addition val) (G) is the greatest value fulfilling this property. With the second way of playing,
there are strategies for Min that ensure an expected reward as close as possible to:

valy(G) = 1Tn€f sup EZ7(r(h))

In addition vals(G) is the smallest value fulfilling this property. By definition, val (G) < val4+(G).
An interesting question is whether these values are equal. In such a case, one says that the game
has a value or that it is determined. This important issue will be handled in Section We will
focus on another important issue for games that are determined: does some player have an optimal
strategy and in the positive case does there exist “simple” optimal strategies? For instance, a mized
strategy includes random choices while a pure strategy only performs deterministic choices. The
other kind of restrictions we are looking for, is related to the memory required to manage an
optimal strategy. If the structure of the game is a graph whose vertices may be visited several
times, a memoryless strategy only depends on the current vertex and so is less computationally
costly.

Example 4.1 (The spinner game revisited) In this game, the player has to compose a five-
digit number whose digits are randomly chosen by a spinner during five rounds. After every round
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Figure 4.1: The spinner game revisited

0.8a + 1b 0.5b
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50 51 S2 \/ 54

Figure 4.2: A simple SG

(except the last one), the player chooses in which position he inserts the current digit. The goal of
the player is to obtain the largest number as possible. In figure [31], the spinner has successively
output 3 placed by the player in the fifth position and 6 placed by the player in the second position.

However at any time but at most once, the TV presenter may switch the current digit with a
previous one when their value difference is at most 2. The goal of the presenter is to obtain the
smallest number as possible.

A stochastic game (SG) is a finite transition system where any state belongs to either player
Max or Min. The dynamic of the system is defined as follows. The player owning the current state
chooses (possibly randomly) an enabled action. Then the environment randomly selects the next
state. The distribution depends on the current state and the selected action. There are several
ways to define rewards that will be introduced later on.

Definition 4.2 4 SG ¢ &/ (S, {As}ses,p) is defined by:
e S = Smin W Smax, the finite set of states;

e For every state s, Ag, the finite set of actions enabled in s. A = Uscg As is the whole set

of actions.

e p, a mapping from {(s,a) | s € S,a € Ag} to the set of distributions over S. p(s'|s,a)
denotes the probability to go from s to s’ if a is selected.

A history h def Soag - - - S;a; . . . is a finite or infinite sequence alternating states and actions such
that when s;41 is defined p(s;41/8;,a;) > 0.

Example 4.3 (A simple SG) A stochastic game is depicted as a labelled graph (see Figure .
States of player Max are represented by circles (O). States of player Min are represented by squares
(O). An edge (s,s') is labelled by >, 4 p(s'|s,a)a (when non null). When a state has a single
enabled action with Dirac distribution (i.e. wihout randomness) as for s1, s3 and s4, we omit the
label on the single outgoing edge.

In order to obtain a stochastic process, one needs to fix the non deterministic features of the
SG. A strategy of a player P is a mapping from histories ending in a state s € Sp to a distribution
over A,. Classes of strategies are defined depending on two criteria.
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Figure 4.3: From SG to DTMC.

e the information used in the history. When a strategy only depends on the last state, it is
called memoryless;

e the way the selection is performed. When a strategy deterministically selects its actions, it
is called pure.

The DTMC G is the behaviour of the SG G once strategies o and 7 of respectively Max and
Min are chosen. Its states are information used in strategies. One denotes h the random infinite
history and Prg’, (resp. EJ7) the probability measure (the expectation operator) in G”7 when
starting in s.

Example 4.4 Consider the SG depiceted in Figure[[.3 Let o be the pure memoryless strategy of
Max that selects b in sy and T be the strategy of Min that selects a in sq. Then G is depicted in

Figure[[.3

We now introduce several kinds of SG depending on the specification of rewards. In the next
definition we specify for h = spags; .. ., an infinite history, its reward depending on the game. For
some of the games we need to introduce Inf(h) = {s | Vi 3j > i s; = s}, the set of states occurring
infinitely often in h.

Definition 4.5 Let G be a game. Then:

e Let r be a mapping from {(s,a) | s € S,a € As} to [0,1] and A be a real in ]0,1[. Then G is

a discounted game if the reward of h is defined by: v(h) = > cy A" (S0, Gn);

e Let r be a mapping from {(s,a) | s € S,a € A} to [0,1]. Then G is a mean payoff game if
the reward of h is defined by: r(h) =liminf, oo + 3. 7(si, a:);

e Let pri be a mapping from S to N. Then G is a parity game if the reward of h is defined by:
7(h) = Lpri(h) is even where pri(h) = max(pri(s) | s € Inf(h));

e Let pri be an injective mapping from S to N. Then G is a parity game if the reward of h is
defined by: r(h) = r(Smax) where smax(h) = argmax(pri(s) | s € Inf(h)).

Observe that priority SG extend parity SG. Moreover the requirement that numerical rewards
must belong to [0, 1] is only introduced for convenience and will be sometimes relaxed as it can be
recovered by an affine transformation.

We now introduce the main problems we adress in this chapter.

Determinacy problem. Let s be a state of a SG G. Define ms = sup, inf; EG(r(h)) and
My = inf, sup, Egg(r(h)) By construction, my < M,. Does m, = M,? For all games we
consider, the answer is yes. It is called the value of s in G and denoted valg(s).

Existence of optimal strategies. Does there exist o (resp. 7) such that inf; EZ(r(h)) =
valg(s) (resp. sup, EG7(r(h)) = valg(s))? The answer is still yes.

Classes of optimal strategies. How can ¢ and 7 be chosen? For all games we consider, there
exist pure and memoryless optimal strategies.

Computational problems. What is the complexity of the associated decision problems like
valg(s) > v for some input threshold v? For most of the games we consider, these problems
belong to NP N coNP. Furthermore, we establish polynomial time reductions between problems
implying that their complexity are “equivalent”.
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4.2 Pure memoryless determinacy

4.2.1 Discounted games

Consider G a discounted game and let L be the mapping from R® to R® defined by:
e When s € Syax,

L(v)[s] % max (r(s, a)+ A Z p(s|s,a)v]s'] |a € AS>

s'eS

e When s € Swin,

L(v)[s] % min (r(&a) + A Z p(s|s,a)v]s'] |a € A8>

s'eS

L “selects” the best decision rule for the owner of s in a game that stops at time 1 including a
terminal reward Av. Using a proof similar to the one for discounted rewards in MDP, one shows
that L is Lipschitz-continuous with Lipschitz constant equal to A < 1. Thus L admits a unique
fixed-point denoted v3.

Let 0* be a pure memoryless strategy of player Max that selects in s € Syax some ag such that:
(s,as —l—)\z s'|s,as)vi[s'] = vi[s]
s'eS
Let 7* be a pure memoryless strategy of player Min that selects in s € Sy, some ag such that:
(s,as)+ A Z s'|s,as)vi[s'] = vi[s]
s’es

The next two lemmas show that the items of v} are the values of the game and imply pure
memoryless determinacy.

Lemma 4.6 Let v,, be the infimum of the expected discounted rewards up to time n in G° 7
against an arbitrary strategy T of player Min. Then:

* A"
vals] = vils] - T

Proof of Lemma [4.6]
We establish the proof by induction on n. The basis case is a consequence that expected rewards
for discounted games are bounded by ﬁ

e Inductive step when s € Syax.

Vint1ls] = (s, as —|—/\Z s'|s, as)vy[s']
s'esS

> (s,a) +)\Z s'|s,a) v)\[’]—/\i)
- s’esS 1-A
An+1

p— /7
= (s,as +)\Z s'|s,as)vi[s'] T

s'eS

A"+1
= V/\[S]_l,)\
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e Inductive step when s € Syin. Let a be the action selected by 7.

Vat1ls] = (s,a) +)\Z (8'|s,a)vp[s]
s’eS

> r(5,0)+ A 3 p(s')s, a)(VE[S] — )

- 1-A
s'eS

>\n+1

- (s,a —1—)\2 s'|s,a)vi[s ’]—1_>\
s'eS

)\n+1

> gl —
= vils] TN

g.e.d. (Lemma 000

The proof of the second lemma is very close to the previous one and so is omitted.

Lemma 4.7 Let w,, be the supremum of the expected discounted rewards up to time n in G&7
against an arbitrary strateqy o of player Max. Then:

A’I’L
1—A

Wals] < vi[s] +

The following theorem is a direct consequence of the lemmas.

Theorem 4.8 Any discounted game G is determined with value v} and optimal strategies o for
Max and 7* for Min.

4.2.2 Mean Payoff games

In order to establish pure memoryless determinacy of mean payoff games we proceed as for MDP
establishing the existence of Blackwell strategies. Let G be a mean payoff game and G, the
discounted version with discount A.

Pick some increasing sequence {A,}nen such that lim, . A, = 1. Let o, and 7, be pure
memoryless optimal strategies for Gy, . Since there are only finite such strategies, some strategies
o* and 7" must occur simultaneously infinitely often. By considering a subsequence, one assumes
that o* and 7* are optimal for all G, .

Lemma 4.9 There exists ng such that for all A > \,,, 0* and 7 are optimal in Gy.

Proof of Lemma [4.9]
We prove it by contradiction.

Assume there exists some increasing sequence {nyreny and A, < pr < Ap, 41 such that for all k,
there exist s € S and pure memoryless strategies o and 7 (optimal for py,) fulfilling:

o cither EG (r(h)) > Eg " (r(h));
e or Eg;s(r(h)) < Eg;s(r(h))
For pure memoryless strategies o and 7, EGT (r(h)) is a rational function of . So define:

II EZ7,(r(h)) — B, (r(h))

BT (r (h));éEg;’:(r(h))

fs(N)

Then some fs; would have an infinite number of zeroes.

g.e.d. (Lemma 000
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We are now in position to prove the pure memoryless strategies of mean payoff games.

Theorem 4.10 Any mean payoff game G is determined with optimal strategies o* for Max and
7* for Min.

Proof of Theorem [4.10]

Let us denote the random history h = sgagsi - . .

Consider the MDP G7 obtained by using strategy 7* for player Min. o* is a Blackwell policy in
G7". So it is optimal for mean payoff reward:

1 * 1 M
li — EZ7T iha;)) < li — EZ 7 iy QG
imsup — E gs (r(siya;)) < Jim E 3 (r(siyai))

n—00 X ;
<n 1<n

Using a similar reasoning, one gets for all s and 7:

: : 1 o*, T . 1 o*, "
it S0 3 BT (rloe ) 2 Jim 2> BG.T (7l a))

i<n i<n
Thus:
PN or PO | e
sgp 1rTLf(hnIr_1>£f - Z Eg L (r(sisai))) > 1I:f(hnni>{£f - Z ES [ (r(si ai)))
i<n i<n
1 . 1 *
= lim —» B’ i @ > sup(li - > EZ7 ir @i
i SR o) 2 supltmeun LS5 (000

1
> inf sup(lim sup — Z Eg 7 (r(si,a:)))
T o n—oo T ien ’

g.e.d. (Theorem[{.10) OO0

4.2.3 Priority games

In order to establish pure memoryless determinacy of priority games, we recall an elementary
result of analysis about non decreasing 1-Lipschitz functions (see Figure for an example of
such functions).

Lemma 4.11 Let f be a non decreasing function from [0,1] to [0,1] that is 1-Lipschitz: |f(x) —
f(@)| < |z —2a'|. Then the set of fized points of f is a non empty interval denoted [a,b]. Further-
more denoting () = lim, o ™) (z):

e for allx < a, f*(x) =a and f(zx) > x;
e foralla<ax <b, f*(x)=u1;
o forallb <z, f*(x) =0 and f(x) < x.

Proof of Lemma [4.11]

Let I = {z | x = f(x)}. Since f(0) > 0 and f(1) < 1, using the intermediate value theorem I is
not empty. Since f is continuous, [ is closed.

Let ¢ < z <y with z = f(z) and y = f(y). Then:

o f(z)— f(z) < z—z implying f(z) < z;

o f(y)— f(2) <y— zimplying f(z) > z.

81



Figure 4.4: A non decreasing 1-Lipschitz function.

Thus f(z) = z.

Let < a then f(a) — f(z) < a — x implying f(z) > x but since f(x) # =z, f(z) > x. Since f is
non decreasing, f(z) < f(a) = a. By induction f"(z) < a and by continuity f*>°(z) < a. Again
by continuity, f(f*°(x)) = f°(x). Thus f>(z) > a.

The case x > b is handled similarly.

g.e.d. (Lemma OO0

A state s of a stochastic game is absorbing if As = {a} for some a and p(s|s,a) = 1. Observe
that the priority of an absorbing state is irrelevant. A state s is vanishing if for all s’ and a € Ay,
p(s|s’,a) = 0. A state is relevant if it is neither absorbing nor vanishing. The proof of the pure
memoryless determinacy is done by induction on the number of relevant states. So we introduce
a construction for the inductive step.

Let G be a stochastic game with s the relevant state with maximal priority. We define the
game G’ as follows.

e Add an absorbing state § with reward v.

e Redirect all incoming transitions in s to s:

P (3], ) = p(sls', a) and p'(s]s’,a) = 0.

Since s is vanishing in G’, it has less relevant states than G. This construction is illustrated in

Figure

Theorem 4.12 Any priority game G is determined with pure memoryless optimal strategies.

Proof of Theorem [4.12]
By induction on the number of relevant states.

Basis case. When there is no relevant state, all strategies are memoryless. The value of an
absorbing state s is r(s). The value of a vanishing state s belonging to Max (resp. Min) is:

max Zp(s'|s,a)r(s’) (resp. ;relgl Zp(s’|s,a)7“(s'))
s’ T8

a€Ag
and an action corresponding to a pure optimal strategy is some:

/ / . / /
arg max ZP(S [s,)r(s")  (resp. arg min ZP(S |s,a)r(s"))
S S

Inductive step. Let G be a stochastic game with s the relevant state with maximal priority. We
consider all rewards for s and denote G, the game G with r(s) = v and G, the reduced game for
which induction applies.
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Figure 4.5: Reducing the number of relevant states.

One denotes valg: (t) by fi(v), the value of state t in G,. Let v < v’. Then:

EGT(r(h) = Prg (smac(h) # $)EG T, (r()smac(h) # ) + vPEE (5maw(h) = 5)
< Eg{:,t(""(h)‘sfmax(h) 7é 5) + U/Prggt (Smal(h’) = 8)
~ Eg” ,(r(h))

Thus f; is non decreasing and 1-Lipschitz.

e A first property of G/ and G,.

Let 0, be a pure memoryless optimal strategy of Max in G,.
Assume v < f5(v).
Then there exists € > 0 such that given any strategy 7 of Min:

the probability to reach § from s in G/?*°" is bounded by 1 — ¢.

Otherwise by a family of strategies 7,, reaching § with probability at least 1 — % Min can ensure
that fs(v) <w.

T

‘ So when v < f,(v), for all 7 the probability to visit infinitely often s in GZ*'7 is null.

e A second property of G, and G,.

Let 0, be a pure memoryless optimal strategy of Max in G/.
Assume v < f(v).
Let Div be the event: h does not reach §. Then for all strategy 7 of Min:

(when defined) Eg’,’Z(r(hMDZU) > fs(v)

fs(v) < Egyi(r(h)) = Prgy (Div)Eg [ (r(h)|Div) + (1 — Prgy ((Div))v
So Eg; " (r(h)|Div) > fs(v).

Let R,, be the event: h visits s exactly n times.

Thus if v < f,(v) then for all strategy 7 of Min: (when defined) B¢ (r(h)|Ry) > fs(v).
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e A first lower bound.

Let 0, be a pure memoryless optimal strategy of Max in G/.
If v < fs(v) then for all strategy 7 of Min:

fs(v) < Eg((r(h)).
Let R be the event: h visits s infinitely often.

g (r(h) = > Prg {(Ra)EG 1(r(h)|Rn) + Prgy [(Roc)u

Recall that EZ""7 (r(h)|Rn) > f(v).

Now:
e cither fs(v) = v and thus E7v'7(r(h)) > fs(v);
e or fs(v) > v and implying Pr”"(R.) = 0 implying E7>'7 (r(h)) > fs(v).

e A second lower bound.

There exists a pure memoryless strategy o of Max in G, such that:
1. o is optimal in g}m(v);
2. for all 7, EG" (r(h)) > f2°(v);

3. for all ¢, for all 7, EZ" (r(h)) > fi(f5°(v)).

Proof of 1,2: Case f;(v) <wv.
A pure memoryless optimal strategy oo (,) in G (v) €nsures for s a value f& (v) in Gyoo(y) thus
also in G,.

Proof of 1,2: Case v < f5(v).

A pure memoryless optimal strategy o, in G, ensures for s a value fs(v) in G,. Since for all 7
Prg’ (Rx) = 0, 0, ensures a value fs(v) in G, for any v'. Let us note a = f°(v) the least
fixed point of f;. Observe that v < fs(v) is equivalent to v < a. There is a finite number of pure
memoryless strategies. Consider a strategy o such for all £ > 0 there is some a — & < v < a with
oy, = 0. Thus o ensures for s a value a in all G,/. Since o is optimal in G, for v/ as close as
possible to a, ¢ is optimal in G.

Proof of 3.

Since o is optimal in G, for all 7, fi(f*(v)) < EZ (r(h)) Let R be the event h reaches

~ /
- Greo (o)t
5. Then:

By )= (=Prg (RDEG (IR + Py (R)()
< (=P (REG O (IRY) + Pry (REGL (r(WIR)
- B3, (r(h)

By a similar reasoning, one gets:

There exists a pure memoryless strategy 7 of Min in G,, such that:
e 7 is optimal in g}w(v);

e for all o, EgTS(T(h)) < f&(v).

o for all ¢, for all o, EZ",(r(h)) < fi(f°(v)).

which concludes the proof.

g.e.d. (Theorem[{.13) OO0
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4.3 Computational issues

4.3.1 Complexity results

Using the results on MDP, one straightforwardly gets the following result. In the next subsection,
we establish by a polynomial time reduction the same result for parity games.

Theorem 4.13 Let G be a mean payoff or discounted game and a value v. The decision problem
whether valg(s) > v belongs to NP N coNP.

Proof of Theorem [4.13]

This problem is in NP.

Guess a pure memoryless strategy o of Max. Build the MDP G°. Minimize (in polynomial time)
the objective 0. Answer yes if 0 > v.

This problem is in coNP.

Guess a pure memoryless strategy 7 of Min. Build the MDP G7. Maximize (in polynomial time)
the objective 0. Answer no if o < v.

g.e.d. (Theorem[{.13) 00O

While the exact complexity of these problems is a longstanding open issue, there is a particular
case where it is known to be solvable in polynomial time.

Theorem 4.14 Let G be a discounted game where A is represented in unary. Then the values and
the optimal strategis can be computed in polynomial time.

Proof of Theorem [4.14

The algorithm proceeds by first computing two values n and d, and then iterating n times the
operator L and d-rounding the final value.

v<«0
For i from 1 to n do v < L(v)

For s € S do valg[s] < [v[s]]a (where [x]q is the rational § closest to x)

Computation of d.
Let o and 7 be some pure memoryless optimal policies and the DTMC G%7. Denote:

e P its transition matrix

e 1 defined by r[s] = r(s,as) where a; is the action selected by the owner of s
Then valg[s] = ((Id — AP)~'r)[s]. So:

e one computes 5 the product of the denominators of the probabilities and rewards occurring
in G and A in polynomial time;

e one rewrites all values (including 1 — Az for appropriate x’s) as %;
e one computes d the product of the a’s in polynomial time.

By analysis of the Cramer’s rule for solving linear equations, one deduces that any valg[s] can be

written as § for some c.

Computation of n.

L the contracting operator fulfills |valg — L™(0)| < % Thus:

[L™(0)[s]]a = valg[s] when 25 < o5, ie. nlogy(3) > logy(125) + logy(d) + 1
Write A = 2. Then logy(5) > logy(1+ 2) > 1% and log, (715) < log,(q).

;_
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So any value of n greater than p(logy(q) + logy(d) + 1) implies 1’\_—/\ < 5q-

Complexity analysis.

e log,(d) 4+ 1 is equivalent to the size of the representation of d so polynomial w.r.t. the size
of the problem.

e p is polynomial w.r.t. the size of the problem when A is specified in unary.

e The operations involve numbers whose denominators are bounded by d" and numerators by
nd™ so performed in polynomial time.

g.e.d. (Theorem[{.13]) OO0

4.3.2 Polynomial time reductions

In this part, we show that whatever the objective among discounted reward, mean payoff or
parity, the complexity of solving these games is essentially the same. More precisely, we establish
polynomial time reductions between the problems. When solving problem a with the help of
problem b, polynomial time reduction is a polynomial time algorithm for solving an instance of a
that can use the solutions of one or several instances of b in constant time (as an oracle).

Theorem 4.15 There is polynomial time reduction from the problem of computing the optimal
strategies in mean payoff games to the problem of computing the optimal strategies in discounted
games.

Proof of Theorem [4.15]
Let G be a mean payoff game. The proof is based on the computation of an appropriate A\, such
that optimal strategies are Blackwell strategies. The search of an appropriate A\, is done by an
analysis of the possible zeroes of EZT (r(h)) — Eg 7, (r(h)):

Eg7,(r(h) —EZ 7, (r(h)) = (Id — AP)"lr — (Id — AP)) "¢/

for some P, P/, r, r’ with items occurring in G;

Let M be the product of denominators occurring in values of G. and X =1 — A with X in ]0, 1].
The coefficients of Id— (1— X )P, Id — (1 — X)P’, r and r’ can be written as aX +b with numerators
of a and b bounded by M and denominator M. Looking for zeroes one may omit the common
denominator.
-1 nN—1./ N N’
d-1-X)P) " r—(Id-(1-X)P")"'r =5 D
with N, D, N’, D' € Z[X].

Using Cramer’s rule the coefficients of ND' — N’D are bounded by:
R = 2n(n!)*M>"

Let P € Z[X] whose coefficients are bounded by R. Then the smallest (if any) root of P in ]0, 3]
is at least i. Thus an upper bound of A is 1 — ﬁ. Since R has a polynomial size w.r.t. the

size of G, computing A, can performed in polynomial time.

g.e.d. (Theorem[{.15) OO0

A reachability objective where w.l.o.g. the target states are absorbing is a very particular case
of parity objective: parity 2 for target states and parity 1 for other states. However it is enough
for the reduction of discounted games.

Theorem 4.16 There is a polynomial time reduction from the problem of computing the optimal
strategies and game values in discounted games to the problem of computing the optimal strategies
and game values in reachability games.
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Figure 4.6: From discounted games to reachability games.

Proof of Theorem [4.16]

Let G a discounted game with discount A. One builds a reachability game G, with additional
states s and s~ and reachability target s as illustrated in Figure Then by a straightforward
examination, for all s, o and 7:

Eg L (r(h)) = (1 = \)Prg” (h reaches sT)
which concludes the proof.

g.e.d. (Theorem[{.16) OO0

The reduction from parity games to mean payoff games is much more intricate than the previous
ones. It proceeds in two steps:

e Computing the states s for which valg(s) € {0,1};
e Reducing the parity game to a mean-payoff game once these states are computed.

Let us call a game pure is there is no random choice inside: once an action is selected, there
is a single target state reached with probability 1. So in the graph representation of a pure game,
there is a bijection between actions and egdes. Thus we will sometimes omit to label edges with
actions when it is not necessary. We also sometimes consider that a strategy selects the next state
instead of the action that leads to this state.

In order to show that computing the states s for which valg(s) € {0,1} can be reduced to
solving to mean payoff games, one also proceeds in two steps:

e Reducing this problem to a pure parity game;
e Reducing a pure parity game to a pure mean-payoff game.

We present the different stages in the reverse order starting by the reduction between pure
games.

Theorem 4.17 There is a polynomial time reduction from the problem of computing the optimal
strategies an game values in pure parity games to the problem of computing the optimal strategies
and game values in pure mean payoff games.

Proof of Theorem
Let G a pure parity game. One builds a reachability game G’ by defining rewards as follows.

When pri(s) = z in G,7(s,a) = (—m)” in G’ with m = ||

Such a construction is illustrated in Figure [£.7]
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Figure 4.7: From pure parity games to pure mean payoff games.

Observe that the value of a pure parity game G belongs to {0,1}. We claim that the mean payoff
game G’ fulfills valg/(s) > 0 iff valg(s) = 1.

e Let o be a pure optimal strategy of Player Max in G and 7' a pure optimal strategy of Player
Min in G’. G%7 is a graph where any vertex has exactly one successor. From s one reaches a

circuit. Let p be the maximal priority occurring in the circuit. If p is even then Eg,T;(r(h)) >
mP — (m — 1)mP~! > 0. Thus:

valg(s) = 1 implies valg:(s) > 0

e Let 7 be a pure optimal strategy of Player Min in G and ¢’ a pure optimal strategy of Player
Max in G’. G7°7 is a graph where any vertex has exactly one successor. From s one reaches a

circuit. Let p be the maximal priority occurring in the circuit. If p is odd then Egig(r(h)) <
—mP + (m — 1)mP~! < 0; Thus:

valg(s) = 0 implies valg (s) < 0

g.e.d. (Theorem[{.17) OO0

We now reduce the problem of computing states s in a parity game G for which valg(s) = 1
to the value problem in a pure parity game G’. Game G’ is built as follows. We call the former
problem “the value 1 problem”. Let ppax be the maximal priority assumed to be even w.l.o.g.
For all s € S with pri(s) = p and a € As:

o Add to Smax: §¢ with ¢ > p — 1 and ¢ even and §¢ with ¢ > p and ¢ odd;
o Add to Smin: S, and 8¢ with ¢ > p and q even.

The priority of the new states are the following ones: pri(s,) = pri(s2) = p and pri(5%) = q.
The set of edges (i.e. actions) is:

o (s,5,) and (s4,57) for all §¢;

e (39,39) and (8%,39%Y) when defined,;

e (381,5") when p(s'|s,a) > 0.

The construction of G’ is illustrated in Figure[4.8] In a pure parity parity game G’ the winning
set of player Max (resp. Min) is the set {s | valg/(s) = 1} (resp. {s | valg/(s) = 0}). Let E’ (resp.
O’) the winning set of player Max (resp. Min) in G’ and E = E' NS and O = O’ N S. The next
two lemmas establish the correctness of this construction.

Lemma 4.18 For all s € E, valg(s) = 1.
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Figure 4.8: From parity games to pure parity games.

Proof of

Let o be a pure memoryless optimal strategy of Max in G’. We claim that in the MDP G7,
one never leaves E. Assume by contradiction that there exists s € E and a € A? such that
p(s’|s,a) > 0 and s’ € O. In G’ (after possibly selecting a),

e in s,, Min could select §Emax;

e and in §2m=x Min could select s’ € O, a contradiction.

Let 7 be a pure memoryless optimal strategy of Min in the MDP G?. Consider M the Markov
chain G%7 restricted to E. Assume there exists C a terminal s.c.c. of M whose maximal priority
is odd, say 2r + 1 for state sg. Let 7’ be (partially) defined as follows. For all s € C N Swmin,
7'(s) =7(s). Let C* = {s, | s €CNS a € A; is selected by o or 7}. For all s, € C*:

o 7'(s0) =

e if 0(527) = 82" then 7/(52") = s’ with s’ minimizing the distance to s in G77.

a a

Consider in G’ the set of states S* =CUC® U {s2",0(s2") | s, € C*}. Observe that for all ¢t € S*,
pri(t) < 2r+1. Every state in S* has exactly one successor defined by o or 7’ still in S*. Consider
any circuit in the induced graph:

e cither some state §27+1

occurs in the circuit;
e or sy occurs in the circuit.

Thus S* N E’ = () which contradicts the definition of M.

g.e.d. QOO

Lemma 4.19 For all s € O, valg(s) < 1.

Proof of [4.19]
Let 7 be a pure memoryless optimal strategy of Min in G’ and consider the MDP G”. Let o be a
pure memoryless optimal strategy of Max in G” and consider the DTMC G%7.

Let H be the graph over S/, the set of vertices, defined by:
o If 5 € Smax (resp. t € Syy,) then (s,5,(5)) (vesp. (¢,7(t)) is an edge;

e for other ¢, any edge (¢,t') of G’ is an edge.
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Let sg € O belonging to a terminal s.c.c. C of H. By construction, C € O’ and the maximal
priority in C is odd.

We prove by induction that for all s reachable from sg in G%7, s € C. Let a € A, be selected
either by o or 7. Then in s,, 7 does not select §#m=x. Otherwise §¢=>< would belong to C. Let 52¢
be selected by 7. Then 32*! belongs to C and so all s’ with p(s’|s,a) > 0 belongs to C. Thus in
G%7 | sg belongs to a terminal s.c.c. with all states in O.

We claim that for all s € O, there is a positive probability in GZ7 to reach a state s’ € O such
that s’ belongs to a terminal s.c.c. C of H. We prove it by induction on the length of a path from
s along O’ to some s’ € O of a terminal s.c.c. C of H. Assume the path starts by ss,3"5%s’. for

some a selected either by o or 7, and some r and some ¢. Then p(s'|s,a) > 0.

Thus, for all s € O there is a positive probability in G%7
to reach a terminal s.c.c. with all states in O.

Assume there exists C a terminal s.c.c. of G%7 with all states in O whose maximal priority is even,
say 2r for state sg. Let o’ be (partially) defined as follows. For all s € C N Syax, 0 (s) = o(s). Let
C*={sa|s€CNS ac A is selected by o or 7}. For all s, € C*:

o If 7(s,) = 52 with £ > r then o/ (52) = §%;
o If 7(sq) = 53' with £ < r then ¢’(5}) = 57! and o/(57"*") = &' with s’ minimizing the
distance to sg in G77.

Consider in G’ the set of states S* = CUC®* U {7(sy),0'(7(s4)) | 8¢ € C*}. Every state in S* has
exactly one successor defined by ¢’ or 7 still in S*. Consider the maximal priority of any circuit
in the induced graph:

e cither its is 2¢ for some ¢ > r and state §(2f ;

e or it is 2r with sg occuring in the circuit.

Thus S* N O’ = 0 which contradicts the definition of C.

g.e.d. OO0
As an immediate consequence of the lemmas, one gets:

Theorem 4.20 There is a polynomial time reduction from the problem of computing the optimal
strategies for the value 1 problem in parity games to the problem of computing the optimal strategies
m pure parity games.

Before buliding the last step of the reduction from parity games to mean payoff games, one
needs an auxilliary lemma about DTMC.

Lemma 4.21 Let M be an irreducible Markov chain with m states and minimum positive tran-
sition probability 6. Then for all s € S,

def .. 1 1 m—1
50 =1 — E Pr(X;=5)>—¢
" (S) ng%o n <n r( 8) - m
Proof of [4.21]

Consider sg, a state with maximal Cesaro-limit probability 7 (sg) >
path of length £ < m — 1 from sy to s. Thus:

In the M, there is a

1
Pr(Xipe = s) > 6'Pr(X; = s9) > 6™ 'Pr(X; = s0)
implying:
1

> m—1 - = gm—1
Too(8) = Too(80)d > m6

g.e.d. OO0
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Theorem 4.22 There is a polynomial time reduction from the problem of computing the optimal
strategies in parity games to the problem of computing the optimal strategies in mean payoff games.

Proof of [4.22]

Let G be a parity game with m states and ¢ minimal positive probability: Define:
S; ={s | valg =i} for i € {0,1}

By Theorems[£.:20/and [£.17] these sets and their corresponding optimal strategies can be computed
using a reduction to pure mean payoff games. G’ the mean payoff game with same structure as G
is defined by:

e Forall s € Sy and a € A,, 7(s,a) = 1;
e Forall s € Sp and a € A, r(s,a) = —1;
e For all s ¢ Sy U Sy with p =pri(s) and a € Ay, 7(s,a) = (522)7;

Observe that this reduction is performed in polynomial time. We claim that:

‘ For all s € S, valg/(s) = 2valg(s) — 1 ‘

Let us prove that valg:(s) > 2valg(s) — 1.
Let o (resp. 7) be a pure optimal strategy of Player Max (resp. Min) in G and o’ (resp. 7') be a
pure optimal strategy of Player Max (resp. Min) in G'.

Prg’: (h reaches Sp) < 1—walg(s) Otherwise combining 7 and 7/, Min would ensure a value strictly
less than valg(s).

e Let C be a terminal s.c.c. of G . Then:
e either S; NC # () implying C C S and thus valg/(t) =1 for all ¢ € C;
e cither Sy NC # 0 implying C C Sy and thus valg: (t) = —1 for all t € C;

Let us denote Cy the union of these s.c.c.
e or CN(SpUSy) =0.
In the latter case, all states ¢t € C fulfill 0 < walg(t) < 1. Thus z € C, a vertex with maximal
priority, fulfills p def pri(z) is even.
When p =0, for all ¢ € C, r(t,a) = 1. So one immediately gets Eg? (r(h)) =1.
When p > 0, the contribution of z to the mean payoff reward is at least:

i(gm*l( 2m 2m

m 6m—1 )P = (5m—1)p71

The accumulated contribution of all ¢ € C\ {z} is at least: —(522:)P~!. So for all ¢t € C,
EZ7 (r(h)) > (322:)P~' > 1. Thus:
valg/(s) > —Prg’:(h reaches Cp) + (1 — Prg’:(h reaches Cp))
= 1-— 2Prg’: (h reaches Cp)
1-— 2Prg’:(h reaches Sp)

1—2(1 —walg(s))
2ualg(s) — 1

AVARLYS

One gets valg: (s) < 2valg(s) — 1 by a similar reasoning about G77.

g.e.d. OO0
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Chapter 5

Probabilistic Automata

5.1 Presentation

Let us consider a MDP modelling a reachability problem, i.e. given some target state, we are
looking for a policy that maximizes the probability to reach this state. Such a problem can be
solved with a linear programming approach and thus it is computable in polynomial time.

Assume now that we are required to give an a prior: policy. In order to model it by an MDP,

this entails that for all s,s’ € S one has A, = A, f A, Wrt. the reachability problem, this is

not a restriction since it consists in adding a new absorbing state whatever the action and to add
transitions (with probability 1) to this state when an action was not originally allowed in some
state. Another modification of the problem setting which is much more important, is that the
considered policies are finite. Let us explain why in some context this restriction is meaningful.
Suppose that you plan to go in a foreign country for your holidays, you must choose which train
or plane you will use, you must rent an house or a room in an hotel, you must buy tickets for some
exhibitions, etc. All these actions have a cost and your budget is finite whence the restriction to
a finite sequence of actions over A which can also be seen as a finite word of A*.

This leads to the definition of probabilistic automata first introduced in [RAB 63]. Observe
that we adopt the usual terminology of automata theory.
Definition 5.1 A probabilistic automaton (PA) A= (Q, A, {P.}aca,m0, F) is defined by:

e (), the finite set of states;

o A, the finite alphabet;

e Foralla € A, P, a probability transition matriz over S;

o g, the initial distribution over states and F C Q the final states.

As in Markov chains, when the initial distribution is a Dirac distribution concentrated on ¢g, one
says that qg is the initial state.

Example 5.2 (A simple PA) Figure depicts a PA with an initial state qo and a final state
q1- In order to get a compact view of the automaton, an edge from a state to another one is labelled
by a vector of transition probabilities indexed by A. In order to make the state indices explicit,
the vector is denoted by a formal sum. For instance, the transition from qqg to itself is labelled by
la+ 0.5b meaning that when a (resp. b) is chosen in state qo, the probability that the next state is

90, Palqo,q0] (resp. Polgo, qo]), is equal to 1 (resp. 0.5).

When some finite word w & aj -..an, is selected, we are interested in the probability to be
in a final state using w as a policy. The following definition is straightforwardly justified by the
analysis of MDP’s.
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1 0.5b
1.a+0.5b 0.5a+1b

0.5a

Figure 5.1: A simple PA

Definition 5.3 Given A a PA and w def ai...an, € A* a word, the acceptance probability of w

by A is defined by:
Pra() Y rola] 3 (H P%) »

q€Q qgEF

Notation. Given a word w % ai . ..ay,, the probability matrix P, is defined by P, def H:-L:l P,,.
In particular P, = Id. Thus Pr4(w) = moP,1%. where 15 is the indicator vector of subset F.

Let us compute in example Pr_4(abba). Since there are only two states, it is enough to keep
the acceptance probability of the prefixes of abba. One starts with the empty word e, Pr 4(g) = 0.
Then:

(a) = 3Pra(e) =0,
o Pry(ab) =Pra(a) + 3(1 — Pra(a)) = 3
(abb) = Pr 4(ab) +
o Pr(abba) = L1Pr 4(abb

More generally, the following recursive equations hold:
1 1
Pry(wa) = §PrA(w) and Pr 4(wb) = 5(1 + Pry(w))

from which one can derive an explicit expression of the acceptance probability:
PI'A Z 21 1-n ]-al_b

Observe that sup(Pr4(w) | w € A*) =1 and this value is not reached by any finite word.
We are interested in useful policies which directly leads to the introduction of stochastic lan-
guages.

Definition 5.4 Let A be a probabilistic automaton, 6 € [0,1] a threshold also called a cut point
and <1 € {<, <, >,>,=,#} be a comparison operator. Then Ly(A) is defined by:

Loaa(A) = {w € A" | Pra(w) > 6}

The stochastic languages of example have a simple interpretation. Let us introduce v, dfy

and vy def 1. The acceptance probability of a word w; . .. w, is now the binary number 0.v,, ...y, .
So for instance L£>0.5(A) is the set of representations of binary numbers greater or equal than 0.5.
Of course the representation of a number is not unique due to trailing zeros.

Example 5.5 (Counting with PA) Figure[5.9 depicts a PA over alphabet {a,b}. This is a suc-
cinct representation where we have omitted an absorbing rejecting state and all transitions towards
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Figure 5.2: L_g5(A) = {a™b" | n > 0}

this state. For instance, in qy reading b one goes to this state with probability 1 and in qs reading
b one goes to this state with probability 0.5.

Any word z different from a™b"™ with m > 0,n > 0 cannot be accepted and so Pr4(z) = 0.

Let w & amb™ with m > 0,n > 0. w can be accepted by a path qo,q7", g5 or by a family of
paths qo, q5,qi,q5 with 0 < r,;s and r + s = m. The probability of the former path is 12—1n while
1

the cumulated probability of the latter paths is 5 — %, summing one obtains % + 2% — 5w Thus

£:0,5(A) = {a"b” | n > 0}
One wants to use a PA as input for algorithms and without restrictions on its representation

this cannot be done. So we introduce a subclass of PA.

Definition 5.6 A rational PA is a PA with probability distributions over Q9. A rational stochastic
language is a stochastic language specified by a rational PA and a rational threshold.

Example [5.2] shows that {a™b™ | n > 0} is a rational stochastic language.

5.2 Properties of stochastic languages

5.2.1 Expressiveness

The first issue of expressiveness is related to the way we define stochastic languages: can we limit
the threshold and the comparison operators while preserving the same expressive power? We first
show that we can always use threshold %

Proposition 5.7 Let A be a probabilistic automaton, 6 € [0,1] a threshold and <1 € {<, <, >, >
,=, %} be a comparison operator. Then there exists a probabilistic automaton A’ such that:

Lo (A') = Leo(A)

Furthermore if A is a rational probabilistic automaton and 0 is rational then A’ is a rational
probabilistic automaton.

[Proof

We now show that equality and disequality operators can be omitted.

Proposition 5.8 Let A be a probabilistic automaton. Then there exists a probabilistic automaton
A’ such that:

L:%(A’) = LE%(A') =L_1(A) and so L_1(A") = L.1(A)

_1 1
-2 4

Furthermore if A is a rational probabilistic automaton then A’ is a rational probabilistic automaton.
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[Proof

This proposition has an important corollary.

Corollary 5.9 The family of languages {L—g(A)} 4,9 is closed under intersection. This closure
property also holds for rational stochastic languages.

[Proof

Finally by complementing the final states, the comparison operator < (resp. <) can be simu-
lated by operator > (resp. >).

Proposition 5.10 Let A be a probabilistic automaton and A’ be like A except that F’ (EfQ \ F.

Then:
L>g(A’) = Leg(A) and Lug(A') = L<g(A)

The second issue is related to the situation of the class of stochastic languages w.r.t. the
standard classes of languages. Consider the languages L-g(A) where A is the PA presented
in example [5.2] Given 0 < 6 there exists a binary number b such that § < b < 6’ so that
L.g(A) € Lsg(A). Thus the family of languages {Lsg(A)}o<g<1 is uncountable. Since the
family of recursively enumerable languages is countable, one gets the following proposition.

Proposition 5.11 There exists a non recursively enumerable stochastic language.

This proposition is somewhat unsatisfactory since it uses the uncountability of the reals and
as we will see soon does not hold for rational stochastic langugages.

A deterministic complete finite automaton is particular case of probabilistic automaton where
the distribution associated with s,a have always an atom of probability 1: the destination state
d(s,a). So the class of regular languages is included in the class of rational stochastic languages.
There is a lot of ways to obtain strict inclusion: for instance the language of example [5.5 is not
regular. In order to show how one can use irrational stochastic languages, we carry on studying

example
Lemma 5.12 Let A be the PA of example . Then L+g(A) is regular iff 0 is rational.

[Proof

While the automaton of figure uses only values in {0, %, 1}, the threshold must be irrational

to obtain non regularity. Nevertheless this result is used in the proof of next proposition.

Proposition 5.13 The class of reqular languages is strictly included in the class of rational
stochastic languages.

[Proofl
The two following propositions show that context-free languages and (rational) stochastic lan-
guages are incomparable.

Proposition 5.14 There exists a context-free language that is not a stochastic language. More
precisely L = {a™ba™b...a"ba* | k>2A3i>1n; =n1} is not stochastic.

[Proof

Proposition 5.15 There exists a rational stochastic language that is not context-free. More pre-

cisely L aef {a™b™c" | n > 0} is a rational stochastic language.

[Proof

Observe that the membership problem is decidable for rational stochastic languages. Elabo-
rating on it, one gets an interesting inclusion for this class of languages.

Proposition 5.16 The class of rational stochastic languages is strictly included in the class of
context-sensitive languages.
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[Proof

We end this section with an interesting result showing that allowing “weights” instead of prob-
abilities does not extend the expressiveness of such automata. First we introduce generalized PA
and their corresponding languages.

Definition 5.17 A generalized PA A= (Q, A, {Po}aca,mo,7s) is defined by:
o (), the finite set of states;
e A, the finite alphabet;
e Foralla € A, Pg, a real matriz over Q X Q;

e m, the initial real vector over Q@ and ms, the final real vector over Q.

Definition 5.18 Given A a generalized PA and w € A* a word, the acceptance weight of w by
A is defined by:
Pr(w) = WOPu,ﬂJT

de de
where as before P, def H?Zl P,, forw def a...an.

We define the family of generalized stochastic languages.

Definition 5.19 Let A be a generalized PA, 6 € R a threshold and 1 € {<,<,>,>,=#} be a
comparison operator. Then Lyg(A) is defined by:

Lo (A) = {w € A" | Pry(w) < 0}

In order to keep the proof readable, we proceed by a sequence of lemmas.

Lemma 5.20 Let A be a generalized PA. Then there exists A’ a generalized PA such that for all
a € A, the sum of items of any row or column of P!, is null and for all 0 and all <:

Lyqo(A') = Lygo(A)
[Proof

Lemma 5.21 Let A be a generalized PA such that for all a € A, the sum of items of any row or
column of P, is null. Then there exists A’ a generalized PA such that for all a € A, any items of
P!, is non negative and for all 6 and all <:

Liyqp(A") = Lyqp(A)
[Proof

Lemma 5.22 Let A be a generalized PA such that for all a € A, any item of P, is non negative.
Then there exists A’ a generalized PA such that for all a € A, P!, is a probability transition matriz
and for all 6 and all ><:

Lyao(A') = Ly (A)

[Proof

Lemma 5.23 Let A be a generalized PA such that for all a € A, P, is a probability transition
matriz. Then there exists A’ a generalized PA such that w() is a distribution, 7r} -1 =0, for all
a € A, P!, is a probability transition matriz and for all <:

LMO(A/) = Lo (-’4)
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Figure 5.3: A PA for {a™b...ba™*b |1 <k Amq = my}

[Proofl

Lemma 5.24 Let A be a generalized PA such that mo is a distribution, my -1 = 0 and for all
a € A, P, is a probability transition matriz. Then there exists ' > 0 and A’ a generalized PA
such that ©)) is a distribution, 77} s positive, 7r} -1 =1Q'¢, for all a € A, P! is a probability
transition matriz, and for all <:

Ly (A/) = Ly (A)
[Proofl

Lemma 5.25 Let 0 > 0 and A be a generalized PA such that mg is a distribution, m¢ is positive,
7wy -1 =|Q|0 and for all a € A, P, is a probability transition matricz. Then there exists A’ a PA
such that for all p<:

Lo (A") = Lyp(A)

QI

[Proof

Combining the previous lemmas we obtain the theorem we are looking for. In addition, observe
that: (1) starting from a rational generalized stochastic language one obtains a rational stochastic
language and (2) that all transformations are performed in polynomial time.

Theorem 5.26 The families of (rational) generalized stochastic languages and (rational) stochas-
tic languages are identical.

5.2.2 Closure

The next proposition shows that as for most of the standard families of languages, stochastic
languages are closed by intersection and union with regular languages. What is interesting here
is that the probabilistic automaton used in the proof has a size linear w.r.t. the size of the two
input automata (contrary to standard synchronized product used in other constructions).

Proposition 5.27 The family of (rational) stochastic languages is closed under intersection and
union with reqular languages.

[Proof

In order to prove non closure results, we exhibit a particular stochastic language.

Lemma 5.28 Let A be the automaton of figure[5.3 Then:

L_i(A)={a™b...ba™b|1<kAmiy=my}

Nl
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[Proof

Proposition 5.29 The family of (rational) stochastic languages is not closed under concatenation
with a reqular language.

[Proof

Proposition 5.30 The family of (rational) stochastic languages is not closed under Kleene star.

[Proof

Proposition 5.31 The family of (rational) stochastic languages is not closed under homomor-
phism.

[Proof

We end this section with a theorem whose involved proof is beyond the scope of these notes.
Observe that the result does not hold for rational stochastic languages for which closure under
intersection and union remains an open issue.

Theorem 5.32 ([ELI 74]) The family of stochastic languages is not closed under intersection
and union even for a one-letter alphabet.

5.3 Decidability results

In this section we illustrate the tight frontier between decidability and undecidability studying two
close problems: the equivalence of probabilistic automata and the equality of stochastic languages.

Definition 5.33 Let A and A’ be two probabilistic automata over the same alphabet A. A and
A’ are equivalent if for all word w € A*:

Pry(w) = Pr(w)

W.Lo.g. we assume that F'U F’ # () (why?). Let us describe algorithm [6] It tries to establish
non equivalence by finding a counter-example whose length is increasing starting with word e. If it
does not succeed then it manages a stack of words w from which it tries to find counter-examples
aw. In order to avoid redundant computations, it also keeps in the stack the pair of vectors
(Pulp, P! 15).

Without “pruning”, the algorithm would be a semi-algorithm that only terminates when A
and A’ are not equivalent. So it manages Gen a set of independent orthogonal vectors of RQUQ’,
When a word w is not a counter-example, the algorithm checks that the vector (P,1pr, P! 15/)
is not in the vector space generated by Gen. It performs this test by producing the orthogonal
projection of the vector on this subspace and then comparing it to the original vector. If the vector
is independent, then the word w is added to the stack, the difference between the vector and its
orthogonal projection is added to Gen thus preserving the property of orthogonality.

By construction, when the algorithm finds a counter-example it has established the non equiva-
lence. More subtle is the proof of equivalence when the algorithm has not found a counter-example.

Proposition 5.34 Algom'thm@ operates in O(|A|n®) where n = |Q|+ |Q’| and decides whether A
and A’ are equivalent.

[Proof

Consider the problem of equality of languages Lyq(A) and Lyye (A'). Of course if A and A’
are equivalent and > 6 equals < €, the languages are equal. Unfortunately this is only a sufficient
condition and the a priori simpler problem of language emptiness is already undecidable.

Let us recall the Post correspondence problem (PCP). Given an alphabet A and two morphisms
©1, 2 from A to {0,1}T does there exist a word w € A1 such that ¢ (w) = po(w)? This problem
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Algorithm 6: Checking equivalence of two probabilistic automata

Equivalence(A, .4’)
Input: A, A’, two PA over alphabet A such that FF'U F’ # ()

Output: the status of equivalence with a witness for non equivalence

Data: v,x,y,z vectors of R? and v/,x’,y’,z’ vectors of R?’
Data: Stack whose items are pairs of a vector of R?Y?" and a word
Data: Gen, a set of (non null) orthogonal vectors of R?Y%" | a a letter

if mp - 1y # 7}y - 1p» then return(false, ¢)
Gen « {(1p,15)}; Push(Stack, ((1p,15/),¢))
repeat

((v,v"),w) < Pop(Stack)

for a € Ado

z<+ P,v;z « Plv

if 7 - z # 7, - 2’ then return(false, aw)
y+ 0,y <0

for (x,x’) € Gen do

yey+Ex

Y ¥+ 55x

end

f (z,2') # (y,y’) then

Push(Stack, ((z,2"), aw))

Gen <~ GenU{(z—y,z —y')}
end

—e

end
until IsEmpty(Stack)
return(true)
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is undecidable. We consider here an a priori restricted variation where the images of letters lie in
(10411)*. In fact this is not a restriction since inserting a 1 before each letter of the image reduces

the former problem to the latter. A word w < a1 ... a, € (104 11)* defines a value val(w) € [0, 1]

by: val(w) def > i1 sei. Furthermore since every word starts with a 1, val(w) = val(w’) implies

w = w'. We now elaborate on example in order to establish the proof of the next proposition.

Proposition 5.35 Given A a rational stochastic automaton, the question L:% (A) =07 is unde-
cidable.

[Proof

Using proposition [5.8] we immediately obtain the following corollary.

Corollary 5.36 Given A a rational stochastic automaton and 0 a rational number, the question
Lsg(A) =02 is undecidable.

In fact with small work, we also obtain the next corollary.

Corollary 5.37 Given A a rational stochastic automaton and 0 a rational number, the question
Log(A) =07 is undecidable.

[Proof

5.4 Proofs

5.4.1 Proofs of section [5.2]

Proof of proposition
Given A and 0 # %, one builds A’ as described in figure One adds a state ¢g. The initial

distribution is modified as follows: 7 qo] L1 — o and for all ¢ € Q, mol4] of amolg] where
0 < a < 1. State qg is an absorbing state whatever the letter chosen.
The value o depends on 6 in the following way:
e If > 1 then ¢y ¢ F and « Lef 2 so that for all w € A%, Pry (w) = 55Pra (w).
Thus w € Lyg1 (A') iff w € Lo (A).
o If 0 <  then ¢o € F and « &f 2(%_0) so that for all w € A", Pr g (w) = 1*29%5@.

Thus w € Lyg1 (A') iff w € Ly (A).

g.e.d. (proposition OO0

Proof of proposition |5.8
We build A’ as follows.

e The set of states Q' <f Q x Q;

Figure 5.4: A PA for threshold %
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Figure 5.5: A finite automaton for threshold %

def
e P.[(q1,92),(q1,25)] = Pular, ¢11Pala2, ¢3);

o mhla1,40) % molai]molgz) and F' & F x (Q\ F).

Once a word w is selected, the two components of the DES behave independently and so:
Pr (w) = Pry(w)(1l — Prg(w))
1

Consequently Pr 4 (w) < 1 with equality iff Pra(w) = 3.

g.e.d. (pmposition@ OO0

Proof of corollary
Due to proposition we pick two arbitrary languages L_1 (A1) and L_j (Az). Let A} and Aj
be the automata correspondmg to proposition [5.8] One builds A as follows:

e The set of states Q def Q) x Qb;
def
o Puf(a1, ), (a1, 4)] = (P1)alar, ai](Ph)ala2, 43);

def def
o mlq1,q2] = T10[q1]m20lge] and F = F| x Fj.

Pr 4 (w)Pr 4, (w). So for all word w, Pr4(w) < 15 and Pry(w) = 15
() = L_s (A1) N Ly (As),

g.e.d. (corollary[5.9) 00O

By construction, Pr 4(w)

iff Pr g, (w) = Pr 4, (w) Consequently, L_

l 1
4 =16

Proof of lemma [5.12]

Let ug def u1lUs . .. be the binary development of # (when 6 is binary we choose the development
that ends with 0¢). A finite word w belongs to Lsg(A) if W > uy for lexicographic order where
w is the mirror of w. Since the mirror image of a language is regular iff the original language is

regular, we study the language Lg def {w | w > ug}.

Assume that 6 is rational. Then its binary development is ultimately periodic, i.e. ugy =
Uy ... ug (Ut ... u)”. For instance, us = 1(10)¥. The deterministic automaton that accepts
Ly is defined as follows.

e The set of states Q = {qo, .. ., q, true, false} with gy the initial state and true the single final
state.

e The set of transitions is defined by four subsets.

— forall 0 <i <, 6(qi,uit+1) = ¢i+1 and 0(qi, wj41) = Qrt1-
— for all 0 <4 < such that u;11 =0, §(¢;, 1) = true.

— for all 0 < <[ such that u;41 =1, d(¢;,0) = false.

— for all g € {true, false}, 6(q,0) = d(q,1) = q.
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We have represented in figure the automaton corresponding to 6 = %. We let the reader check
the correctness of this automaton.

Assume that 0 is irrational and that Ly is regular. Let A be a deterministic automaton whose
language is Lg. Then there is a (single) infinite path goq; ... in A corresponding to the infinite
word ug. This path never meets a final state (why?) and there is at least one state ¢ that is
infinitely met by the path so that uy = wow; ... where the w;’s are words and forall i+ > 0,
d(q,w;) = ¢. Since ug is not ultimately periodic, there exist 0 < ¢ < j with w; # w;. Assume that
w; < wj, then w def wp . .. w;—1w; should be accepted but §(gp, w) = ¢. Assume that w; > wj,

then w' & wp ... wj_1w; should be accepted but §(¢go, w’) = ¢. So we conclude that Ly is not
regular.

g.e.d. (lemmal[5.19) OO0

Proof of proposition [5.13
Let L . (A) with A the automaton of example This language is non regular. Now build A’
2
-8

with a construction similar to proof of proposition

e The set of states Q' &f Q x Q;

def
o PLl(q1,02), (01, %)) = Palar, di]Palgz, db);

o (a0, q0)] 1 and F¥ ¥ F x F.

Once a word w is selected, the two components of the DES behave independently and so:
Pr 4 (w) = Pr4(w)?. So Loy (A) = L>% (A) is non regular.
2

g.e.d. (pmpositwn OO0

Proof of proposition [5.14

Let L &' {a™ba™b...a"ba* | 3 > 1 n; = n1}. L is context-free. Indeed with a counter (i.e.
a stack over one letter), one counts n; the number of a’s until the first occurrence of b. Then
one guesses an occurrence of b and decrements the counter by the occurrences of a until the next
occurrence of b. If the counter is zero the word is accepted.

Assume that (1) L = Ls¢(A) or (2) L = L>y(.A) for some probabilistic automaton.

Let Z?:o ¢;x" be the minimal polynomial of P,,.

Since 1 is an eigenvalue of P, one gets Z?:o ¢; = 0 and there are positive and negative coefficients.
By definition, Y., ;¢;P,: = 0 and so for any word w, > i ¢;Pgi,, = 0.

Let ¢, ..., ci, be the positive coefficients of this polynomial.

Choose w % baitb. .. bai*b.

Case L :nL>9(A). Let (;g i< n, by definition of L, moP i, 1% > 0 iff i € {i1,... iz}

So: 0 = Zi:O Ciﬂ'OPa’iwlF > (Zi:O CZ)Q =0

leading to a contradiction.

Case L :711',29(.,4). Let (%S 1< n, by definition of L, moPyi, 15 > 0 iff i € {i1,..., i}

So: 0= Zi:O cimoPginly > (Zi=0 61)0 =0

leading to a contradiction.

g.e.d. (proposition OO0

Proof of proposition [5.15

Using Ogden’s lemma it can be easily proved that L Lef {a"b"c™ | n > 0} is not context-free (see
for instance [HMU 06]).

We observe that L = L; N Ly with L % {a"b"ct | n > 0} and Lo &f {a™b™c™ | n > 0}. Using
corollary it is sufficient to prove that L; = L_1 (A;) for some rational probabilistic automaton

1
2
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Figure 5.6: L_o5(A) = {a"b"c" | n > 0}

A;. Both automata are straightforward variations of example 5.5 We describe in figure [5.6] A,
and let the reader design A,.

g.e.d. (pmposition OO0

Proof of proposition |5.16

Context-sensitive languages are exactly the languages for which membership checking can be
performed by a non deterministic procedure in linear space (see for instance [HMU 06]).

In fact we show that we can perform membership checking by a deterministic procedure in linear
space (which is far from being optimal). First one computes the least common multiple, say b, of
denominators of (1) 0, (2) items of matrices {P,}qca and, (3) items of vector mg. This is done in
constant space (i.e. independent of n, the size of the word w def aj ...a, to be checked). Then
one builds the integer matrices P, def bP, and integer vector def by again in constant space.
The membership problem becomes m)(I];_; P}, )1% <1 66" 1?7 Observe that the space needed to
compute 96" is O(n). One also computes v o mo(IT;—; P},,) by initializing v to m, and then
iteratively multiply it by P;, . Observe that at the ith iteration the sum of the coefficients of v is

exactly b'T!. So again this can be performed in space O(n). Finally the comparison only requires
indices for bits to be compared again in space O(n).

q.e.d. (propositz'on OO0

Proof of lemma [5.20]
Let Q' def Q W {qo,q1}. Then:

def de def
e for all ¢ € Q, mylq] = molq] and 7g[q0] = mplq1] = O;

=

for all a € A, for all ¢ € @', P',[q0,q] % 0 and P’.[q, 1] < 0;

for all a € A, for all ¢,¢' € Q, P’ [q,q] def P.lq,q'] and P/ ]q, qo] L > geqPala: 'l

for all a € A, for all ¢ € Q', P/ [q1,q] Lt >yeoPald, dl;

for all ¢ € Q, 4[] ' s[g) and 7} lgo] < ) lq1] 0.
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Let w d:efal...an € A*, then:

Pro(w) =Y co Xgeq molalmyld'] (1112, Po,) la, a1 = Z co Xgeqmolamyle] (ITZ, PL,) [0 4]

Observe now that: for all ¢ € Q, and all a € A P, [q, q1] = Palqgo,q] = 0.
Thus Pr 4/ (w) = Pr4(w).

By construction, the sum of items of any row and column of all P/, is null.

g.e.d. (lemma 000

PTOOE ?f lemma [5.21]
Let § = max(|P,[g,¢]| | a € A,q,¢ € Q).

Let QF € {¢" €@}, Q- ¥ {¢ | ¢eQ}and @ € Qt*wQ~ W{g, ¢} Then:

def _ 4 def def def
] = molg™] = molg] and 7j[qo] = mo - mp and 7h[q1] = 0;

e for all ¢ € Q, mj[q™
o for all a € A, for all ¢ # g1, P [q0.q] % P [q1,q] = 0 and P’.[q0, 1] & P’ [q1, 1] & 1;
e foralla e A, forall ¢,¢' € Q, P.[q",q'"] def P.lq,¢'] +0 and P.[q, ¢
o forallac A, forallge @, ¢ ¢ Q" and ¢’ ¢ Q—, Pllq", ] def Pl lg,q"] def ),

def _ 1 def def def
o forall ¢ € Q, 74[q"] = 7¢lql, T lq”] = —mylal, 7lgo] = 1 and 74[q1] = 0.

Observe that for all a, P/, is a block-diagonal matrix where the block corresponding to QT is
P, + 61 (1 is a matrix with all items equal to 1), the block corresponding to @~ is 1 and the

0 1
Observe also that for all a, P,1 = 1P, = 0 due to the property of matrices P,.

. . 1 . .
block corresponding to {qo,q1} is (0 ), an idempotent matrix.

Thus by induction on n > 1, given w = a3 ...a,, P, is a block-diagonal matrix where the

block corresponding to QT is P,, 4+ 6™1, the block corresponding to @~ is 6*1 and the block
corresponding to {qo,q1} is (8 1)

So Pr g (w) = mo(Py + 6"1)mp — (0" 1)7m¢ = Pry(w)
Finally Pr.a/ () = momy — momy + momy = Pr 4(e)

g-e.d. (lemmal[5.21) OO0
Proof(‘l ?f lemma [5.22]
Let 6 = 1+ max(zq,eQ P.lg,d] | a€ A g€ Q).
Let Q' def Q W{qo,q1}. Then:

def

e for all ¢ € Q, 7}[q] def molq], m[q1] def 6, and 7[q0] = 0;

e for all a € A, for all g # qo, P/, [qo, q] =0

and P’ [qo, qo] Ly (go is an absorbing state);
e for all a € A, for all ¢,¢' € Q, Pllq,¢] def 5 P.lq, ], PLlg, qo) defy >qeoPale: ¢'] and

ef
Plg,q] < 0;

o forallac A, forall ¢ ¢ {q1,q0}, Phlar,a] © 0, PLlg1, 1] =67 and P, q0] & 1671

o forall ¢ € Q, 7}[q] def mrlal, 7] 4f_1, and 't [qo] )
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Let w =ay...a, € A*. Observe that states contributing to Pr 4 (w) are those of @ and ¢;. By
construction, for all q,¢’ € Q,

Plq,q1=0""Pylg,¢'], Pllar, ] = 07" and P [q, 1] = P, [q1, q] = 0.

So Pra(w) = 7 "Prg(w) — 6~ "0.

g.e.d. (lemmal[5.29) OO0

PI‘00£l ?f lemma [5.23] ot
Let 0 = 14 max(|mo[q]| | ¢ € Q) and p = 2|Q|5 + >_qeq Toldl-

Let Q* € {q" g€ Q}, Q" T {g" |q€Q} and Q' = Q" w Q. Then:
o forall g € Q, mjlgt] = p~ (molg] + 0) and 7hlg~] = p 6

e forallac A, for all ¢,¢' € Q, P;[q'*',q'ﬂ def Pllg,q¢ 7] def P.lg,q]

and P[g, ¢ ] < Pllgt, ¢ 7] < 0;

def def

e for all ¢ € Q, ﬂ}[qﬂ = 7mslql, W}[qi] = —mslq].

Observe that for all a, P/, is a block-diagonal matrix where the blocks corresponding to Q% and
Q" are P,. So:
Pra(w) = (p~'mo+ p 101)Pyms — p L61P 7 = p ' Pra(w)

g.e.d. (lemma 000

Proof of lemma [5.24]

Let 0/ =1+ max(|7[q)| | ¢ € Q).

Let Q' ' Q, 7} & 7y and for all a € A, P, = P,,.

For all ¢ € Q, 7[q] def 7rlg] + 6. Then:
Pra (w) = moPy (75 + 0'1)T = Pra(w) + 6’

g.e.d. (lemmal[5.29) OO0

Proof of lemma [5.25]
Let Q' %' Q2. Then:
for all 2 def moga]
® IOr a. (Q1>Q2)€Q >7TO[CI17(ZQ] Qr »

o fOI‘ all a € A, fOI' au (Q17 qQ)7 (q/17q/2) S Q27 P;[(Qla q2)a (QLQQ)] dZEf ﬂ;}[?i]Pa[qQa Qé]a

o FE(q,9) | g€ Q}.

By induction on n > 1, given w = ay ... an, P’ [(q1,92), (¢}, d5)] = %Pw[qg, @)

So: (mhP1) (a1, 85)] = X gr.amreq “oE TGP (02,05 = ¥, o IEHLIP g5, g3).

™ 77 (qh Pr s (w
Thus: PI‘A/ (w) = ZquQ ZqéEQ wpw[q% Qé] = ﬁ(l)

Let us recall that nf~1 = ﬁ Thus the two languages are identical except possibly w.r.t. the
empty word. '

However given a stochastic language Lyq9(.A), one can easily add or remove the empty word by
the following construction:

e Qo {(¢,0)]qeQ}and @ L QuQu;

def def
e m[(q,0)] = molg] and myg] = 0;
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e forall a € A, for all ¢,¢' € Q, P,[(¢,0),¢] ¥ PLlg,¢'| & Pulq, ¢
def def
and P([(¢,0), (¢',0)] = Pqlq, (¢',0)] = 0;
o ' ¥ F UG where G C Qo is appropriately chosen (depending on < 6) in order to add or

remove €.
We let the details to the reader.

g.e.d. (lemmal[5.25) OO0

Proof of proposition [5.2

Let Lyap (A7) be a stochastic regular language (with e {>, >}) and L_; (Az) be a regular language
(where Aj is a probabilistic automaton with Dirac distributions). W.l.o.g we assume that > 6 is
different from > 1. Then A is defined by:

ef
¢ QEQYQy
e For all i € {1,2} and ¢ € Q;, m(q) def %m’o(q);

e Forall a € A7 CII»q/1 € Qla CI27QQ € Q27

def def def def
Pa[Qlaqll} = Pl,a[‘]lvqll]a Pa[%a%] = P2,a[q2aql2] and Pa[Qlaqé] = Pa[q2aq/1] = 0;
e FE R YR,

We let the reader check that Ly o (A) = Lyqp(A1)UL=1(Az) and LM%" (A) = Lyp(A1)NL=1(As).

g.e.d. (proposition[5.27) OO0

Proof of lemma [5.2§]
Let A be the automaton of figure For any word w € A*\ {a™b...ba™*b | 1 < k}, one has
Pr(w) =0.

def

Let w = a™'b...ba™*b with 1 < k. It can be accepted either by a path starting from ¢y or by a
path starting from g¢s.

e When the path starts from gy, in order to be accepted it must stay in gg for all b’s except
for the one that preceeds a™*. Then it must stay in ¢; for all a’s. This leads to acceptance
probability of -

2k+7nk .

e When the path starts from g3, in order to be rejected it must stay in g3 for all a’s that
preceeds the first b and then must stay in g5 when reading the remaining b’s. This leads to
a rejection probability of W%l

So Pry(w) = 3 — ﬁ + ﬁ Thus w is only accepted when m; = my.

g.e.d. (lemma 000

Proof of proposition [5.29

Let L & {a™b...ba™b | 1 < k Amy = my} the stochastic language of lemma Then
LA* = {a™ba™2b...a™*ba* | I > 1 m; = my} which is not a stochastic language as established
by proposition

g.e.d. (pmpositwn OO0

Proof of proposition [5.30

Let L & {a™b...ba™ b |1 < kAmy =my} the stochastic language of lemma Assume that
L* = Lygp(A) with e {>, >}.
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Figure 5.7: A PA for {a™b...ba™*bcA* | 1 < k Amq = my}

Let Z?:o c;z’ be the minimal polynomial of P,.

Since 1 is an eigenvalue of P, one gets Y .- ¢; = 0 and there are positive and negative coefficients.

By definition, Y. ;¢;P,: = 0 and so for any word w, > 1 ¢;Pgi,, = 0.

Let ¢y, ..., ci, be the positive coeflicients of this polynomial.

Choose w % bai1b(ai2b)? .. . (ai*b)2.

Observe that a'w € L* iff i € {iy,... ik}

Case L* = L-y(A). Let 0 < i < n, using the observation moP,:, 1% > 0 iff i € {iy,... i}
n n

So: 0= Zi=0 Ci’iTQPaiwlg > (Z'L=O 01)6 =0

leading to a contradiction.

Case L* = L>g(A). Let 0 <14 < n, using the observation moP i, 1% > 0 iff i € {iy,...,ix}.
n n

So: 0=3"" cimoPinwlh > (Oi )0 =0

leading to a contradiction.

g.e.d. (pmpositz’on QOO

Proof of proposition [5.31

Let L &' {a™b...ba™ bcA* | 1 < k A'my = my} where A e {a,b,c}. We let the reader check

that L = L_, (A) where A is the automaton of figure

Define the homomorphism A from A to A’ def {a,b} by:

Then h(L) = {a™ba™2b...a™*ba* | Fi > 1 m; = my} which is not a stochastic language as
established by proposition [5.14

g.e.d. (proposition|5.51) GO0

5.4.2 Proofs of section [5.3

Proof of proposition [5.34

As the dimension of the vector space generated by Gen is at most n, there are at most n iterations
of main loop. The index of the first inner loop ranges over A while the index of the most inner
loop ranges over Gen?. This leads to a time complexity of O(n3|Al).

Assume now that the automata are not equivalent and that the algorithm has returned true. Let
u be a word such that Pr4(u) # Pra(u). Thus u has not be examined by the algorithm. Let

u % ww with w the greatest suffix examined by the algorithm. Among such words u, pick one
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0-5 val (a).at... .
val (a)+27@ 1 a+. ..

l—val‘(a).a+... -. !

1-val (a)-2""@l a+. ..

0.5 val (a).a+...

val (a)+27@ ! a+. ..
lfvalz(a).aJm.. .

1-val (a)-2""P®1 a+. ..

Figure 5.8: a PA for reduction of PCP

word such that |w’| is minimal. We claim that there exists a word w” that has been inserted in
the stack before w such that Pr4(w'w”) # Pry (w'w"”).

Indeed since w has not been inserted in the stack, considering ws, .. ., wy that have been previously
inserted in the stack, there exist A,..., A such that:
k k
P,lp =Y APy lpand P lp =Y AP, 1p

i=1 i=1

So:
k k
Pry(w'w) € moPuyPuly = > AmoPuwPu,lr = > APra(w'w;)
i=1 i=1
Similarly:
k
Pry (w'w) = Z NiPr g (w'w;)
i=1

Thus the claim follows.

. def . . . . .
Let us rewrite w’ = wa. Since w; has been inserted in the stack, aw; is examined by the

algorithm. So the word ' 4 ww; has a decomposition o’ 4f »'2 where z the greatest suffix

examined by the algorithm has for suffix aw;. So |2’| < |w’| yielding a contradiction.

g.e.d. (proposition|5.54)) OO0

Proof of proposition [5.35
Given a PCP, one builds a PA A such that L_, (A) = {e} iff the PCP does not have a solution.

For w € AT and i € {1, 2}, we define val;(w) 2ef val(p;(a)). Then A is defined by:

def
° Q = {Q107Q11,Q20’Q21};

def def def def
* molq10] = 7olg20] = 5 and mo[q11] = molgan] = 0;

e Foralla € A and i € {1,2},
def def
P.[gio, gi1] = 1 —Palgio, gio] = val;i(a),

def def o
Pufgi1, ] = 1 —Palgir, gio) = val;(a) + 271 @]
and all other items of transition matrices are null;

def
o = {q11,q20}
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Figure 5.9: a PA for reduction of a large inequality to a strict inequality

Soforallwe A* anda € A

lquwalZﬂ = 1¢1i0Pw1£1 (vali(a)+2_|sai(a)|)+(1_1quw1§i1)va’li<a) = vali(a)+2_wi(a)l1qz‘on1311‘1
By induction we obtain that for all w def ai...an:

n
]_quw]_Z—;l = quali(a‘j)zf Zj<k§n lei(ax)| — 'Uali('LU)
j=1

Soforw € AT: Pry(w) = 3(valy (w)+1-valz(w)). Thusw € L_1(A) iff val(p1(w)) = val(p2(w))
implying (due to our assumption on images) that ¢1(w) = @a2(w) which means that w is a solution
of the PCP.

In the proof of lemma [5.25, we have built A" with twice the number of states of A’ such that
L_1(A") = L_1(A)\{e}. So L_,(A’) = 0 iff the PCP does not have a solution.

1
B
g.e.d. (proposition[5.35) OO0

Proof of corollary
All the probabilities of the automaton corresponding to the reduction of PCP in the proof of

proposition are multiples of 2* for some k depending on the PCP. The transformation of
proposition produces an automaton, say A whose probabilities are product of the initial prob-
abilities, so they are multiples of 4 and such that L>%(A) = () iff the corresponding PCP does
not have a solution. B

Due to the transition probabilities, for all word w € AT, Pry(w) = ﬁ where d is an integer

depending on w. So Pr4(w) > 1 iff Pra(w) > 1 — ﬁ.

Let A’ be defined by:
¢ @ EQU{w a):

def 7 ef
e foral ¢ € Q, wj[q] = [qu, mola0] = % and 7[q1] = 0;

e Forallae A and q,¢ € Q,
def
P.lg.q'] = Pila,q'],
def def
P lq0.q0] = 1 = Pllqo, 1] = 75,

a
Pllq1, 1] 47 1 and all other items of transition matrices are null;

o 'Y FU{g).
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A’ is represented in figure [5.9
Thus for all w € AT,

Pr(w) 1
Pr 4 =
ra(w) 2 2 x 4kTw]
which can be rewritten as: 1

PrA(U)) = 2PrA/ (UJ) — M

So Pra(w) > § — grar iff Pra(w) > 3.
So L>§(‘A/) = LZi(A) U{e}.
As previously done, we eliminate € by doubling the number of states.
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