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Preface

A representative of a major publishing house is on her way home from a conference
in Singapore, excited about the possibility of a new book series. On the flight home to
New York she opens her blackberry organizer, adding names ofnew contacts, and is
disappointed to realize she may have caught the bug that was bothering her friend Alex
at the café near the conference hotel. When she returns homeshe will send Alex an
email to see how she’s doing, and make sure this isn’t a case ofsome new dangerous
flu.

Of course, the publisher is aware that she is part of an interconnected network of
other business men and women and their clients: Her value as an employee depends on
these connections. She depends on the transportation network of taxis and airplanes to
get her job done, and is grateful for the most famous network today that allows her to
contact her friend effortlessly even when separated by thousands of miles. Other net-
works of even greater importance escape her consciousness,even though consciousness
itself depends on a highly interconnected fabric of neuronsand vascular tissue. Com-
munication networks are critical to support the air traffic controllers who manage the
airspace around her. A supply chain of manufacturers make her book business possible,
as well as the existence of the airplane on which she is flying.

Complex networks are everywhere. Interconnectedness is asimportant to business
men and women as it is to the viruses who travel along with them.

Much of the current interest in networks within physics and the biological sciences
is phenomenological. For example, given a certain degree ofconnectivity between in-
dividuals, what is the likelihood that a virus will spread tothe extinction of the planet?
Degree and mode of connectivity in passive agents can combine to form images resem-
bling crystals or snowflakes [463].

The main focus within our own bodies is far more utilitarian.Endocrine, immune,
and vascular systems adjust chemical reactions to maintainequilibria in the face of on-
going attacks from disease and diet. In biology this is called homeostasis. In this book,
the regulation of a network is calledcontrol.

It is not our goal to take on biology, computer science, communications, and op-
erations research in a single volume. Rather, the intended purpose of this book is an
introduction to a rapidly evolving engineering discipline. The examples come from
applications where complexity is real, but less daunting than found in the human brain.
We describe methods to model networks in order to capture essential structure, dy-
namics, and uncertainty. Based on these models we explore ways to visualize network
behavior so that effective control techniques can be synthesized and evaluated.

2



Control Techniques for Complex Networks Draft copy April 22, 2007 3

Modeling and control The operator of an electric power grid hopes to find a network
model that will help form predictions of supply and demand tomaintain stability of
the power network. This requires the expertise of statisticians, economists, and power
engineers. The resulting model may provide useful simulations for forecasting, but will
fail entirely for our purposes. This book is about control, and for this it is necessary to
restrict to models that capture essential behavior, but no more.

Modeling for the purposes of control and the development of control techniques for
truly complex networks has become a major research activityover the past two decades.
Breakthroughs obtained in the stochastic networks community provide important tools
that have had real impact in some application areas, such as the implementation of
MaxWeight scheduling for routing and scheduling in communications. Other break-
throughs have had less impact due in part to the highly technical and mathematical
language in which the theory has developed. The goal of this book is to expose these
ideas in the simplest possible setting.

Most of the ideas in this book revolve around a few concepts.

(i) The fluid modelis an idealized deterministic model. In a communication network
a unit of ‘fluid’ corresponds to some quantities of packets; in a power network this
might correspond to a certain number of megawatts of electricity.

A fluid model is often a starting point to understand the impact of topology,
processing rates, and external arrivals on network behavior. Based on the fluid
model we can expose the inherent conflict between short-sighted control objec-
tives, longer-range issues such as recovery from a singularexternal disruption,
and truly long-range planning such as thedesignof appropriate network topology.

(ii) Refinements of the fluid model are developed to capture variability in supply, de-
mand, or processing rates. Thecontrolled random walkmodel favored in this
book is again a highly stylized model of any real network, butcontains enough
structure to give a great deal of insight, and is simple enough to be tractable for
developing control techniques.

For example, this model provides a vehicle for constructingand evaluatinghedg-
ing mechanisms to limit exposure to high costs, and to ensure that valuable re-
sources can operate when needed.

(iii) The concept ofworkloadis developed for the deterministic and stochastic models.
Perhaps the most important concept in this book is theworkload relaxationthat
provides approximations of a highly complex network by a farsimpler one. The
approximation may be crude in some cases, but its value in attaining intuition can
be outstanding.

(iv) Methods from the stability theory of Markov models forma foundation in the treat-
ment of stochastic network models. Lyapunov functions are abasis of dynamic
programming equations for optimization, for stability andanalysis, and even for
developing algorithms based on simulation.
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What’s in here? The book is divided into three parts. The first part entitledmodeling
and controlcontains numerous examples to illustrate some of the basic concepts devel-
oped in the book, especially those topics listed in (i) and (ii) concerning the fluid and
CRW models. Lyapunov functions and the dynamic programmingequations are intro-
duced; Based on these concepts we arrive at the MaxWeight policy along with many
generalizations.

Workload relaxations are introduced in Part II. In these three chapters we show
how a cost function defined for the network can be ‘projected’to define theeffective
cost for the relaxation. Applications to control involve first constructing a policy for
the low-dimensional relaxation, and then translating thisto the original physical system
of interest. This translation step involves the introduction of hedging to guard against
variability.

Most of the control techniques are contained in the first two parts of the book.
Part III entitledStability & Performancecontains an in-depth treatment of Lyapunov
stability theory and optimization. It contains approximation techniques to explain the
apparent solidarity between control solutions for stochastic and deterministic network
models. Moreover, this part of the book develops several approaches to performance
evaluation for stochastic network models.

Who’s it for? The book was created for several audiences. The gradual development
of network concepts in Parts I and II was written with the first-year graduate student
in mind. This reader may have had little exposure to operations research concepts, but
some prior exposure to stochastic processes and linear algebra at the undergraduate
level.

Many of the topics in the latter chapters are at the frontier of stochastic networks,
optimization, simulation and learning. This material is intended for the more advanced
graduate student, as well as researchers and practitionersin any of these areas.

Acknowledgements This book has been in the making for five years and over this
time has drawn inspiration and feedback from many. Some of the ideas were developed
in conjunction with students, including Mike Chen, RichardDubrawski, Charuhas Pan-
dit, Rong-Rong Chen, and David Eng. In particular, the numerics in Section7.2 are
largely taken from Dubrawski’s thesis [153], and thediffusion heuristicfor hedging is
based on a paper with Chen and Pandit [106]. Section9.6 is based in part on research
conducted with Chen [107].

My collaborators are a source of inspiration and friendship. Many of the ideas
in this book revolve around stochastic Lyapunov theory for Markov processes that is
summarized in the appendix. This appendix is essentially anabridged version of my
book co-authored with Richard Tweedie [367]. Vivek Borkar’s research on Markov
decision theory (as summarized in [74]) has had a significant influence on my own view
of optimization. My interest in networks was sparked by a lecture presented by P.R.
Kumar when he was visiting the Australian National University in 1988 while I resided
there as a postdoctoral fellow. He became a mentor and a coauthor when I joined the
University of Illinois the following year. I learned of the beauty of simulation theory
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from his course at the University of Montréal, and Bruce Hajek at the University of
Illinois shared his lecture notes on communication networks.

Profs. Cho, Kontoyiannis, Henderson, and Shah have all suggested improvements
on exposition, or warned of typos. Sumit Bhardwaj, Jinjing Jiang, Shie Mannor, Eric
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Appendix A

Markov Models

This appendix describes stability theory and ergodic theory for Markov chains on a
countable state space that provides foundations for the development in Part III of this
book. It is distilled from Meyn and Tweedie [367], which contains an extensive bibli-
ography (the monograph [367] is now available on-line.)

The term “chain” refers to the assumption that the time-parameter is discrete. The
Markov chains that we consider evolve on a countable state space, denotedX, with
transition law defined as follows,

P (x, y) := P{X(t+ 1) = y | X(t) = x} x, y ∈ X, t = 0, 1, . . . .

The presentation is designed to allow generalization to more complex general state
space chains as well as reflected Brownian motion models.

Since the publication of [367] there has been a great deal of progress on the theory
of geometrically ergodic Markov chains, especially in the context of Large Deviations
theory. See Kontoyiannis et. al. [312, 313, 311] and Meyn [364] for some recent results.
The website [444] also contains on-line surveys on Markov and Brownian models.

A.1 Every process is (almost) Markov

Why do we focus so much attention on Markov chain models? An easy response
is to cite the powerful analytical techniques available, such as the operator-theoretic
techniques surveyed in this appendix. A more practical reply is that most processes can
be approximated by a Markov chain.

Consider the following example:Z is a stationary stochastic process on the non-
negative integers. A Markov chain can be constructed that has the same steady-state
behavior, and similar short-term statistics. Specifically, define the probability measure
on Z+ × Z+ via,

Π(z0, z1) = P{Z(t) = z0, Z(t+ 1) = z1}, z0, z1 ∈ Z+.

Note thatΠ captures the steady-state behavior by construction. By considering the
distribution of the pair(Z(t), Z(t+ 1)) we also capture some of the dynamics ofZ.

538
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The first and second marginals ofΠ agree, and are denotedπ,

π(z0) = P{Z(t) = z0} =
∑

z1∈Z+

Π(z0, z1), z0,∈ Z+.

The transition matrix for the approximating process is defined as the ratio,

P (z0, z1) =
Π(z0, z1)

π(z0)
, z0, z1 ∈ X ,

with X = {z ∈ Z+ : π(z) > 0}.
The following simple result is established in Chorin [111], but the origins are

undoubtedly ancient. It is a component of the model reduction techniques pioneered
by Mori and Zwanzig in the area of statistical mechanics [375, 505].

Proposition A.1.1. The transition matrixP describes these aspects of the stationary
processZ:

(i) One-step dynamics:P (z0, z1) = P{Z(t+ 1) = z1 | Z(t) = z0}, z0, z1 ∈ X.

(ii) Steady-state:The probabilityπ is invariant forP ,

π(z1) =
∑

z0∈X

π(z0)P (z0, z1), z1,∈ X.

Proof. Part (i) is simply Baye’s rule

P{Z(t+ 1) = z1 | Z(t) = z0} =
P{Z(t+ 1) = z1, Z(t) = z0}

P{Z(t) = z0}
=

Π(z0, z1)

π(z0)
.

The definition ofP givesπ(z0)P (z0, z1) = Π(z0, z1), and stationarity ofZ implies
that

∑
z0
π(z0)P (z0, z1) =

∑
z0

Π(z0, z1) = π(z1), which is (ii). ⊓⊔

PropositionA.1.1 is just one approach to approximation. IfZ is not stationary, an
alternative is to redefineΠ as the limit,

Π(z0, z1) = lim
N→∞

1

N

N−1∑

t=0

P{Z(t) = z0, Z(t+ 1) = z1},

assuming this exists for eachz0, z1 ∈ Z+. Similar ideas are used in Section9.2.2
to prove that an optimal policy for a controlled Markov chaincan be taken stationary
without loss of generality.

Another common technique is to add some history toZ via,

X(t) := [Z(t), Z(t− 1), . . . , Z(t− n0)],

wheren0 ∈ [1,∞] is fixed. Ifn0 = ∞ then we are including the entire history, and in
this caseX is Markov: For any possible valuex1 of X(t+ 1),

P{X(t + 1) = x1 | X(t),X(t − 1), . . . } = P{X(t+ 1) = x1 | X(t)}
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A.2 Generators and value functions

The main focus of the Appendix is performance evaluation, where performance is de-
fined in terms of a cost functionc : X → R+. For a Markov model there are several
performance criteria that are well-motivated and are also conveniently analyzed using
tools from the general theory of Markov chains:

Discounted cost For a given discount-parameterγ > 0, recall that the discounted-
cost value function is defined as the sum,

hγ(x) :=

∞∑

t=0

(1 + γ)−t−1
Ex[c(X(t))], X(0) = x ∈ X. (A.1)

Recall from (1.18) that the expectations in (A.1) can be expressed in terms of thet-step
transition matrix via,

E[c(X(t)) | X(0) = x] = P tc (x), x ∈ X, t ≥ 0.

Consequently, denoting theresolventby

Rγ =
∞∑

t=0

(1 + γ)−t−1P t, (A.2)

the value function (A.1) can be expressed as the “matrix-vector product”,

hγ(x) = Rγc (x) :=
∑

y∈X

Rγ(x, y)c(y), x ∈ X.

Based on this representation, it is not difficult to verify the following dynamic program-
ming equation. The discounted-cost value function solves

Dhγ = −c+ γhγ , (A.3)

where thegeneratorD is defined as the difference operator,

D = P − I . (A.4)

The dynamic programming equation (A.3) is a first step in the development of dynamic
programming for controlled Markov chains contained in Chapter 9.

Average cost The average cost is the limit supremum of the Cesaro-averages,

ηx := lim sup
r→∞

1

r

r−1∑

t=0

Ex

[
c(X(t))

]
, X(0) = x ∈ X.

A probability measure is called invariant if it satisfies theinvariance equation,
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∑

y∈X

π(x)D(x, y) = 0, x ∈ X, (A.5)

Under mild stability and irreducibility assumptions we findthat the average cost coin-
cides with the spatial averageπ(c) =

∑
x′ π(x′)c(x′) for each initial condition. Under

these conditions the limit supremum in the definition of the average cost becomes a
limit, and it is also the limit of the normalized discounted cost for vanishing discount-
rate,

ηx = π(c) = lim
r→∞

1

r

r−1∑

t=0

Ex

[
c(X(t))

]
= lim

γ↓0
γhγ(x). (A.6)

In a queueing network model the followingx∗-irreducibility assumption fre-
quently holds withx∗ ∈ X taken to represent a network free of customers.

Definition A.2.1. Irreducibility

The Markov chainX is called

(i) x∗-Irreducible if x∗ ∈ X satisfies for one (and hence any)γ > 0,

Rγ(x, x
∗) > 0 for eachx ∈ X.

(ii) The chain is simply calledirreducible if it is x∗-irreducible for eachx∗ ∈ X.

(iii) A x∗-irreducible chain is calledaperiodic if there existsn0 < ∞ such that
Pn(x∗, x∗) > 0 for all n ≥ n0.

When the chain isx∗-irreducibile, we find that the most convenient sample path
representations ofη are expressed with respect to thefirst return timeτx∗ to the fixed
statex∗ ∈ X. From PropositionA.3.1 we find thatη is independent ofx within the
support ofπ, and has the form,

η = π(c) =
(
Ex∗

[
τx∗

])−1
Ex∗

[τx∗−1∑

t=0

c(X(t))
]
. (A.7)

Considering the functionc(x) = 1{x 6= x∗} gives,

Theorem A.2.1. (Kac’s Theorem) If X is x∗-irreducible then it is positive recurrent
if and only if Ex∗ [τx∗ ] < ∞. If positive recurrence holds, then lettingπ denote the
invariant measure forX, we have

π(x∗) = (Ex∗ [τx∗ ])
−1. (A.8)
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Total cost and Poisson’s equationFor a given functionc : X → R with steady state
meanη, denote the centered function byc̃ = c−η. Poisson’s equation can be expressed,

Dh = −c̃ (A.9)

The functionc is called theforcing function, and a solutionh : X → R is known as a
relative value function. Poisson’s equation can be regarded as a dynamic programming
equation; Note the similarity between (A.9) and (A.3).

Under thex∗-irreducibility assumption we have various representations of the rel-
ative value function. One formula is similar to the definition (A.6):

h(x) = lim
γ↓0

(
hγ(x) − hγ(x

∗)
)
, x ∈ X. (A.10)

Alternatively, we have a sample path representation similar to (A.7),

h(x) = Ex

[τx∗−1∑

t=0

(
c(X(t)) − η

)]
, x ∈ X. (A.11)

This appendix contains a self-contained treatment of Lyapunov criteria for stabil-
ity of Markov chains to validate formulae such as (A.11). A central result known as
theComparison Theoremis used to obtain bounds onη or any of the value functions
described above.

These stability criteria are all couched in terms of the generator forX . The most
basic criterion is known as condition (V3): for a functionV : X → R+, a function
f : X → [1,∞), a constantb <∞, and a finite setS ⊂ X,

DV (x) ≤ −f + b1S(x), x ∈ X , (V3)

or equivalently,

E[V (X(t + 1)) − V (X(t)) | X(t) = x] ≤
{
−f(x) x ∈ Sc

−f(x) + b x ∈ S.
(A.12)

Under thisLyapunov drift conditionwe obtain various ergodic theorems in SectionA.5.
The main results are summarized as follows:

Theorem A.2.2. Suppose thatX is x∗-irreducible and aperiodic, and that there ex-
ists V : X → (0,∞), f : X → [1,∞), a finite setS ⊂ X, and b < ∞ such that
Condition (V3) holds. Suppose moreover that the cost function c : X → R+ satisfies
‖c‖f := supx∈X c(x)/f(x) ≤ 1.

Then, there exists a unique invariant measureπ satisfyingη = π(c) ≤ b, and the
following hold:

(i) Strong Law of Large Numbers: For each initial condition,
1

n

n−1∑

t=0

c(X(t)) → η

a.s. asn→ ∞.
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(ii) Mean Ergodic Theorem: For each initial condition,Ex[c(X(t))] → η as
t→ ∞.

(iii) Discounted-cost value functionhγ : Satisfies the uniform upper bound,

hγ(x) ≤ V (x) + bγ−1, x ∈ X.

(iv) Poisson’s equationh: Satisfies, for someb1 <∞,

|h(x) − h(y)| ≤ V (x) + V (y) + b1, x, y ∈ X.
⊓⊔

Proof. The Law of Large numbers is given in TheoremA.5.8, and the Mean Ergodic
Theorem is established in TheoremA.5.4 based on couplingX with a stationary ver-
sion of the chain.

The boundη ≤ b along with the bounds onh andhγ are given in TheoremA.4.5.
⊓⊔

These results are refined elsewhere in the book in the construction and analysis of
algorithms to bound or approximate performance in network models.

A.3 Equilibrium equations

In this section we consider in greater detail representations forπ andh, and begin to
discuss existence and uniqueness of solutions to equilibrium equations.

A.3.1 Representations

Solving either equation (A.5) or (A.9) amounts to a form of inversion, but there are
two difficulties. One is that the matrices to be inverted may not be finite dimensional.
The other is that these matrices arenever invertable! For example, to solve Poisson’s
equation (A.9) it appears that we must invertD. However, the functionf which is
identically equal to one satisfiesDf ≡ 0. This means that the null-space ofD is
non-trivial, which rules out invertibility.

On iterating the formulaPh = h− c̃ we obtain the sequence of identities,

P 2h = h− c̃− P c̃ =⇒ P 3h = h− c̃− P c̃− P 2c̃ =⇒ · · · .

Consequently, one might expect a solution to take the form,

h =

∞∑

i=0

P ic̃. (A.13)

When the sum converges absolutely, then this function does satisfy Poisson’s equation
(A.9).

A representation which is more generally valid is defined by arandom sum. Define
the first entrance time and first return time to a statex∗ ∈ X by, respectively,
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σx∗ = min(t ≥ 0 : X(t) = x∗) τx∗ = min(t ≥ 1 : X(t) = x∗) (A.14)

PropositionA.3.1 (i) is contained in [367, Theorem 10.0.1], and (ii) is explained in
Section 17.4 of [367].

Proposition A.3.1. Letx∗ ∈ X be a given state satisfyingEx∗ [τx∗ ] <∞. Then,

(i) The probability distribution defined below is invariant:

π(x) :=
(
Ex∗

[
τx∗

])−1
Ex∗

[τx∗−1∑

t=0

1(X(t) = x)
]
, x ∈ X. (A.15)

(ii) Withπ defined in (i), suppose thatc : X → R is a function satisfyingπ(|c|) <
∞. Then, the function defined below is finite-valued onXπ := the support ofπ,

h(x) = Ex

[τx∗−1∑

t=0

c̃(X(t))
]

= Ex

[σx∗∑

t=0

c̃(X(t))
]
− c̃(x∗), x ∈ X. (A.16)

Moreover,h solves Poisson’s equation onXπ.
⊓⊔

The formulae forπ andh given in PropositionA.3.1 are perhaps the most com-
monly known representations. In this section we develop operator-theoretic representa-
tions that are truly based on matrix inversion. These representations help to simplify the
stability theory that follows, and they also extend most naturally to general state-space
Markov chains, and processes in continuous time.

Operator-theoretic representations are formulated in terms of the resolventresol-
vent matrixdefined in (A.2). In the special caseγ = 1 we omit the subscript and
write,

R(x, y) =

∞∑

t=0

2−t−1P t(x, y), x, y ∈ X. (A.17)

In this special case, the resolvent satisfiesR(x,X) :=
∑

y R(x, y) = 1, and hence it
can be interpreted as a transition matrix. In fact, it is precisely the transition matrix for
a sampled process. Suppose that{tk} is an i.i.d. process with geometric distribution
satisfyingP{tk = n} = 2−n−1 for n ≥ 0, k ≥ 1. Let {Tk : k ≥ 0} denote the
sequence of partial sums,

T0 = 0, andTk+1 = Tk + tk+1 for k ≥ 0.

Then, the sampled process,

Y (k) = X(Tk), k ≥ 0, (A.18)

is a Markov chain with transition matrixR.
Solutions to the invariance equations forY andX are closely related:
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Proposition A.3.2. For any Markov chainX onX with transition matrixP ,

(i) The resolvent equation holds,

DR = RD = DR, whereDR = R− I. (A.19)

(ii) A probability distributionπ onX is P -invariant if and only if it isR-invariant.

(iii) Suppose that an invariant measureπ exists, and thatg : X → R is given with
π(|g|) < ∞. Then, a functionh : X → R solves Poisson’s equationDh = −g̃
with g̃ := g − π(g), if and only if

DRh = −Rg̃. (A.20)

Proof. From the definition ofR we have,

PR =
∞∑

t=0

2−(t+1)P t+1 =
∞∑

t=1

2−tP t = 2R− I.

HenceDR = PR−R = R− I, proving (i).
To see (ii) we pre-multiply the resolvent equation (A.19) by π,

πDR = πDR

Obviously then,πD = 0 if and only if πDR = 0, proving (ii). The proof of (iii) is
similar. ⊓⊔

The operator-thoretic representations ofπ andh are obtained under the follow-
ing minorization condition: Suppose thats : X → R+ is a given function, andν is a
probability onX such that

R(x, y) ≥ s(x)ν(y) x, y ∈ X. (A.21)

For example, ifν denotes the probability onX which is concentrated at a singleton
x∗ ∈ X, ands denotes the function onX given bys(x) :=R(x, x∗), x ∈ X, then we do
have the desired lower bound,

R(x, y) ≥ R(x, y)1x∗(y) = s(x)ν(y) x, y ∈ X.

The inequality (A.21) is a matrix inequality that can be written compactly as,

R ≥ s⊗ ν (A.22)

whereR is viewed as a matrix, and the right hand side is the outer product of the
column vectors, and the row vectorν. From the resolvent equation and (A.22) we can
now give a roadmap for solving the invariance equation (A.5). Suppose that we already
have an invariant measureπ, so that

πR = π.
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Then, on subtractings⊗ ν we obtain,

π(R− s⊗ ν) = πR− π[s⊗ ν] = π − δν,

whereδ = π(s). Rearranging gives,

π[I − (R− s⊗ ν)] = δν. (A.23)

We can now attempt an inversion. The point is, the operatorDR := I − R is not
invertible, but by subtracting the outer products⊗ν there is some hope in constructing
an inverse. Define thepotential matrixas

G =

∞∑

n=0

(R− s⊗ ν)n . (A.24)

Under certain conditions we do haveG = [I − (R− s⊗ ν)]−1, and hence from (A.23)
we obtain the representation ofπ,

π = δ[νG]. (A.25)

We can also attempt the ‘forward direction’ to constructπ: Given a pairs, ν satis-
fying the lower bound (A.22), wedefineµ := νG. We must then answer two questions:
(i) when isµ invariant? (ii) when isµ(X) < ∞? If both are affirmative, then we do
have an invariant measure, given by

π(x) =
µ(x)

µ(X)
, x ∈ X.

We will show thatµ always exists as a finite-valued measure onX, and that it is always
subinvariant,

µ(y) ≥
∑

x∈X

µ(x)R(x, y), y ∈ X.

Invariance and finiteness both require some form ofstability for the process.
The following result shows that the formula (A.25) coincides with the representa-

tion given in (A.15) for the sampled chainY .

Proposition A.3.3. Suppose thatν = δx∗ , the point mass at some statex∗ ∈ X, and
suppose thats(x) := R(x, x∗) for x ∈ X. Then we have for each bounded function
g : X → R,

(R− s⊗ ν)ng (x) = Ex[g(Y (n))1{τYx∗ > n}], x ∈ X, n ≥ 1, (A.26)

whereτYx∗ denotes the first return time tox∗ for the chainY defined in (A.18). Conse-
quently,

Gg (x) :=

∞∑

n=0

(R− s⊗ ν)ng (x) = Ex

[τY
x∗

−1∑

t=0

g(Y (t))
]
.
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Proof. We have(R − s ⊗ ν)(x, y) = R(x, y) − R(x, x∗)1y=x∗ = R(x, y)1y 6=x∗ . Or,
in probabilistic notation,

(R − s⊗ ν)(x, y) = Px{Y (1) = y, τYx∗ > 1}, x, y ∈ X.

This establishes the formula (A.26) for n = 1. The result then extends to arbitrary
n ≥ 1 by induction. If (A.26) is true for any givenn, then(R− s⊗ ν)n+1(x, g) =

∑

y∈X

[
(R−s⊗ ν)(x, y)

][
(R− s⊗ ν)n(y, g)

]

=
∑

y∈X

Px{Y (1) = y, τYx∗ > 1}Ey[g(Y (n))1{τYx∗ > n}]

= Ex

[
1{τYx∗ > 1}E[g(Y (n+ 1))1{Y (t) 6= x∗, t = 2, . . . , n+ 1} | Y (1)]

]

= Ex

[
g(Y (n + 1))1{τYx∗ > n+ 1}

]

where the second equation follows from the induction hypothesis, and in the third equa-
tion the Markov property was applied in the form (1.19) for Y . The final equation
follows from the smoothing property of the conditional expectation. ⊓⊔

A.3.2 Communication

The following result shows that one can assume without loss of generality that the chain
is irreducible by restricting to anabsorbingsubset ofX. The setXx∗ ⊂ X defined in
PropositionA.3.4 is known as acommunicating class.

Proposition A.3.4. For eachx∗ ∈ X the set defined by

Xx∗ = {y : R(x∗, y) > 0} (A.27)

is absorbing:P (x,Xx∗) = 1 for eachx ∈ Xx∗. Consequently, ifX is x∗-irreducible
then the process may be restricted toXx∗, and the restricted process is irreducible.

Proof. We haveDR = R− I, which implies thatR = 1
2(RP + I). Consequently, for

anyx0, x1 ∈ X we obtain the lower bound,

R(x∗, x1) ≥ 1
2

∑

y∈X

R(x∗, y)P (y, x1) ≥ 1
2R(x∗, x0)P (x0, x1).

Consequently, ifx0 ∈ Xx∗ andP (x0, x1) > 0 thenx1 ∈ Xx∗. This shows thatXx∗ is
always absorbing. ⊓⊔

The resolvent equation in PropositionA.3.2 (i) can be generalized to any one of
the resolvent matrices{Rγ}:

Proposition A.3.5. Consider the family of resolvent matrices (A.2). We have the two
resolvent equations,
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(i) [γI −D]Rγ = Rγ [γI −D] = I, γ > 0.

(ii) For distinctγ1, γ2 ∈ (1,∞),

Rγ2 = Rγ1 + (γ1 − γ2)Rγ1Rγ2 = Rγ1 + (γ1 − γ2)Rγ2Rγ1 (A.28)

Proof. For anyγ > 0 we can express the resolvent as a matrix inverse,

Rγ =

∞∑

t=0

(1 + γ)−t−1P t = [γI −D]−1, x ∈ X, (A.29)

and from (A.29) we deduce (i). To see (ii) write,

[γ1I −D] − [γ2I −D] = (γ1 − γ2)I

Multiplying on the left by[γ1I −D]−1 and on the right by[γ2I −D]−1 gives,

[γ2I −D]−1 − [γ1I −D]−1 = (γ1 − γ2)[γ1I −D]−1[γ2I −D]−1

which is the first equality in (A.28). The proof of the second equality is identical.⊓⊔

When the chain isx∗-irreducible then one can solve the minorization condition
with s positive everywhere:

Lemma A.3.6. Suppose thatX is x∗-irreducible. Then there existss : X → [0, 1]
and a probability distributionν onX satisfying,

s(x) > 0 for all x ∈ X andν(y) > 0 for all y ∈ Xx∗.

Proof. Chooseγ1 = 1, γ2 ∈ (0, 1), and defines0(x) = 1x∗(x), ν0(y) = Rγ2(x
∗, y),

x, y ∈ X, so thatRγ2 ≥ s0 ⊗ ν0. From (A.28),

Rγ2 = R1 + (1 − γ2)R1Rγ2 ≥ (1 − γ2)R1[s0 ⊗ ν0].

Settings = (1 − γ2)R1s0 andν = ν0 givesR = R1 ≥ s ⊗ ν. The functions is
positive everywhere due to thex∗-irreducibility assumption, andν is positive onXx∗
sinceRγ2(x

∗, y) > 0 if and only ifR(x∗, y) > 0. ⊓⊔

The following is the key step in establishing subinvariance, and criteria for invari-
ance. Note that LemmaA.3.7 (i) only requires the minorization condition (A.22).

Lemma A.3.7. Suppose that the functions : X → [0, 1) and the probability distribu-
tion ν onX satisfy (A.22). Then,

(i) Gs (x) ≤ 1 for everyx ∈ X.

(ii) (R− s⊗ ν)G = G(R − s⊗ ν) = G− I.

(iii) If X is x∗-irreducible ands(x∗) > 0, thensupx∈XG(x, y) < ∞ for each
y ∈ X.
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Proof. ForN ≥ 0, definegN : X → R+ by

gN =

N∑

n=0

(R− s⊗ ν)ns.

We show by induction thatgN (x) ≤ 1 for everyx ∈ X andN ≥ 0. This will establish
(i) sincegN ↑ Gs, asN ↑ ∞.

For eachx we haveg0(x) = s(x) = s(x)ν(X) ≤ R(x,X) = 1, which verifies
the induction hypothesis whenN = 0. If the induction hypothesis is true for a given
N ≥ 0, then

gN+1(x) = (R− s⊗ ν)gN (x) + s(x)

≤ (R− s⊗ ν)1(x) + s(x)

= [R(x,X) − s(x)ν(X)] + s(x) = 1,

where in the last equation we have used the assumption thatν(X) = 1.
Part (ii) then follows from the definition ofG.
To prove (iii) we first apply (ii), givingGR = G − I + Gs ⊗ ν. Consequently,

from (i),
GRs = Gs − s+ ν(s)Gs ≤ 2 onX. (A.30)

Under the conditions of the lemma we haveRs (y) > 0 for everyy ∈ X, and this
completes the proof of (iii), with the explicit bound,

G(x, y) ≤ 2(Rs (y))−1 for all x, y ∈ X.

⊓⊔

It is now easy to establish subinvarance:

Proposition A.3.8. For ax∗-irreducible Markov chain, and any small pair(s, ν), the
measureµ = νG is always subinvariant. Writingp(s,ν) = νGs, we have

(i) p(s,ν) ≤ 1;

(ii) µ is invariant if and only ifp(s,ν) = 1.

(iii) µ is finite if and only ifνG (X) <∞.

Proof. Result (i) follows from LemmaA.3.7and the assumption thatν is a probability
distribution onX. The final result (iii) is just a restatement of the definitionof µ. For
(ii), write

µR =
∞∑

n=0

ν(R− s⊗ ν)nR

=

∞∑

n=0

ν(R− s⊗ ν)n+1 +

∞∑

n=0

ν(R− s⊗ ν)ns⊗ ν

= µ− ν + p(s,ν)ν ≤ µ.

⊓⊔
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It turns out that the casep(s,ν) = 1 is equivalent to a form of recurrence.

Definition A.3.1. Recurrence

A x∗-irreducible Markov chainX is called,

(i) Harris recurrent, if the return time (A.14) is finite almost-surely from each ini-
tial condition,

Px{τx∗ <∞} = 1, x ∈ X.

(ii) Positive Harris recurrent, if it is Harris recurrent, and an invariant measureπ
exists.

For a proof of the following result the reader is referred to [388]. A key step in
the proof is the application of PropositionA.3.3.

Proposition A.3.9. Under the conditions of PropositionA.3.8,

(i) p(s,ν) = 1 if and only ifPx∗{τx∗ < ∞} = 1. If either of these conditions hold
thenGs(x) = Px{τx∗ <∞} = 1 for eachx ∈ Xx∗ .

(ii) µ(X) <∞ if and only ifEx∗ [τx∗ ] <∞. ⊓⊔

To solve Poisson’s equation (A.9) we again apply PropositionA.3.2. First note that
the solutionh is not unique since we can always add a constant to obtain a newsolution
to (A.9). This gives us some flexibility:assumethatν(h) = 0, so that(R− s⊗ ν)h =
Rh. This combined with the formulaRh = h − Rf + η given in (A.20) leads to a
familiar looking identity,

[I − (R− s⊗ ν)]h = Rc̃.

Provided the inversion can be justified, this leads to the representation

h = [I − (R− s⊗ ν)]−1Rc̃ = GRc̃. (A.31)

Based on this we define thefundamental matrix,

Z :=GR(I − 1 ⊗ π), (A.32)

so that the function in (A.31) can be expressedh = Zc.

Proposition A.3.10. Suppose thatµ(X) <∞. If c : X → R is any function satisfying
µ(|c|) < ∞ then the functionh = Zc is finite valued on the support ofν and solves
Poisson’s equation.
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Proof. We haveµ(|c̃|) = ν(GR|c̃|), which shows thatν(GR|c̃|) < ∞. It follows that
h is finite valued a.e.[ν]. Note also from the representation ofµ,

ν(h) = ν(GRc̃) = µ(Rc̃) = µ(c̃) = 0.

To see thath solves Poisson’s equation we write,

Rh = (R− s⊗ ν)h = (R− s⊗ ν)GRc̃ = GRc̃−Rc̃,

where the last equation follows from LemmaA.3.7 (ii). We conclude thath solves the
version of Poisson’s equation (A.20) for the resolvent with forcing functionRc, and
PropositionA.3.2 then implies thath is a solution forP with forcing functionc. ⊓⊔

A.3.3 Near-monotone functions

A function c : X → R is callednear-monotoneif the sublevel set,Sc(r) := {x : c(x) ≤
r} is finite for eachr < supx∈X c(x). In applications the functionc is typically a cost
function, and hence the near monotone assumption is the natural condition that large
states have relatively high cost.

The functionc = 1{x∗}c is near monotone sinceSc(r) consists of the singleton
{x∗} for r ∈ [0, 1), and it is empty forr < 0. A solution to Poisson’s equation with
this forcing function can be constructed based on the samplepath formula (A.16),

h(x) = Ex

[τx∗−1∑

t=0

1{x∗}c(X(t)) − π({x∗}c)
]

= (1 − π({x∗}c)Ex[τx∗ ] − 1x∗(x) = π(x∗)Ex[σx∗ ]

(A.33)

The last equality follows from the formulaπ(x∗)Ex∗ [τx∗ ] = 1 (see (A.15)) and the
definitionσx∗ = 0 whenX(0) = x∗.

The fact thath is bounded from below is a special case of the following general
result.

Proposition A.3.11. Suppose thatc is near monotone withη = π(c) <∞. Then,

(i) The relative value functionh given in (A.31) is uniformly bounded from be-
low, finite-valued onXx∗ , and solves Poisson’s equation on the possibly larger set
Xh = {x ∈ X : h(x) <∞}.

(ii) Suppose there exists a non-negative valued function satisfying g(x) < ∞ for
somex ∈ Xx∗, and the Poisson inequality,

Dg (x) ≤ −c(x) + η, x ∈ X. (A.34)

Theng(x) = h(x) + ν(g) for x ∈ Xx∗, whereh is given in (A.31). Consequently,
g solves Poisson’s equation onXx∗ .
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Proof. Note that ifη = supx∈X c(x) thenc(x) ≡ η on Xx∗, so we may takeh ≡ 1 to
solve Poisson’s equation.

We henceforth assume thatη < supx∈X c(x), and defineS = {x ∈ X : c(x) ≤ η}.
This set is finite sincec is near-monotone. We have the obvious boundc̃(x) ≥ −η1S(x)
for x ∈ X, and hence

h(x) ≥ −ηGR1S (x), x ∈ X.

LemmaA.3.7and (A.30) imply thatGR1S is a bounded function onX. This completes
the proof thath is bounded from below, and PropositionA.3.10establishes Poisson’s
equation.

To prove (ii) we maintain the notation used in PropositionA.3.10. On applying
LemmaA.3.6 we can assume without loss of generality that the pair(s, ν) used in the
definition ofG are non-zero onXx∗ . Note first of all that by the resolvent equation,

Rg − g = RDg ≤ −Rc̃.
We thus have the bound,

(R− s⊗ ν)g ≤ g −Rc̃− ν(g)s,

and hence for eachn ≥ 1,

0 ≤ (R − s⊗ ν)ng ≤ g −
n−1∑

i=0

(R− s⊗ ν)iRc̃− ν(g)
n−1∑

i=0

(R − s⊗ ν)is.

On lettingn ↑ ∞ this gives,

g ≥ GRc̃+ ν(g)Gs = h+ ν(g)h0,

whereh0 :=Gs. The functionh0 is identically one onXx∗ by PropositionA.3.9, which
implies thatg − ν(g) ≥ h onXx∗ . Moreover, using the fact thatν(h) = 0,

ν(g − ν(g) − h) = ν(g − ν(g)) − ν(h) = 0.

Henceg − ν(g) − h = 0 a.e.[ν], and this implies thatg − ν(g) − h = 0 on Xx∗ as
claimed. ⊓⊔

Bounds on the potential matrixG are obtained in the following section to obtain
criteria for the existence of an invariant measure as well asexplicit bounds on the
relative value function.

A.4 Criteria for stability

To compute the invariant measureπ it is necessary to compute the mean random sum
(A.15), or invert a matrix, such as through an infinite sum as in (A.24). To verify the
existenceof an invariant measure is typically far easier.

In this section we describe Foster’s criterion to test for the existence of an invari-
ant measure, and several variations on this approach which are collectively called the
Foster-Lyapunov criteriafor stability. Each of these stability conditions can be inter-
preted as a relaxation of the Poissoninequality(A.34).
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x

∆(x)

X(t)

(x, V (x))

V (X(t))

Figure A.1:V (X(t)) is decreasing outside of the setS.

A.4.1 Foster’s criterion

Foster’s criterion is the simplest of the “Foster-Lyapunov” drift conditions for stability.
It requires that for a non-negative valued functionV on X, a finite setS ⊂ X, and
b <∞,

DV (x) ≤ −1 + b1S(x), x ∈ X. (V2)

This is precisely Condition (V3) (introduced at the start ofthis chapter) usingf ≡ 1.
The construction of theLyapunov functionV is illustrated using the M/M/1 queue in
Section3.3.

The existence of a solution to (V2) is equivalent to positiverecurrence. This is
summarized in the following.

Theorem A.4.1. (Foster’s Criterion) The following are equivalent for ax∗-irreducible
Markov chain

(i) An invariant measureπ exists.

(ii) There is a finite setS ⊂ X such thatEx[τS ] <∞ for x ∈ S.

(iii) There existsV : X → (0,∞], finite at somex0 ∈ X, a finite setS ⊂ X, and
b <∞ such that Foster’s Criterion (V2) holds.

If (iii) holds then there existsbx∗ <∞ such that

Ex[τx∗ ] ≤ V (x) + bx∗ , x ∈ X.

Proof. We just prove the implication (iii)=⇒ (i). The remaining implications may be
found in [367, Chapter 11].
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Take any pair(s, ν) positive onXx∗ and satisfyingR ≥ s ⊗ ν. On applying
PropositionA.3.8 it is enough to shown thatµ(X) <∞ with µ = νG.

Letting f ≡ 1 we have under (V2)DV ≤ −f + b1S , and on applyingR to both
sides of this inequality we obtain using the resolvent equation (A.19), (R − I)V =
RDV ≤ −Rf + bR1S , or on rearranging terms,

RV ≤ V −Rf + bR1S . (A.35)

From (A.35) we have(R−s⊗ν)V ≤ V −Rf+g, whereg :=bR1S . On iterating
this inequality we obtain,

(R− s⊗ ν)2V ≤ (R − s⊗ ν)(V −Rf + g)

≤ V −Rf + g

−(R− s⊗ ν)Rf

+(R− s⊗ ν)g.

By induction we obtain for eachn ≥ 1,

0 ≤ (R − s⊗ ν)nV ≤ V −
n−1∑

i=0

(R− s⊗ ν)iRf +
n−1∑

i=0

(R− s⊗ ν)ig .

Rearranging terms then gives,

n−1∑

i=0

(R− s⊗ ν)iRf ≤ V +

n−1∑

i=0

(R− s⊗ ν)ig,

and thus from the definition (A.24) we obtain the bound,

GRf ≤ V +Gg. (A.36)

To obtain a bound on the final term in (A.36) recall thatg := bR1S. From its
definition we have,

GR = G[R − s⊗ ν] +G[s⊗ ν] = G− I + (Gs) ⊗ ν,

which shows that
Gg = bGR1S ≤ b[G1S + ν(S)Gs].

This is uniformly bounded overX by LemmaA.3.7. Sincef ≡ 1 the bound (A.36)
implies thatGRf (x) = G(x,X) ≤ V (x) + b1, x ∈ X, with b1 an upper bound onGg.

Integrating both sides of the bound (A.36) with respect toν gives,

µ(X) =
∑

x∈X

ν(x)G(x,X) ≤ ν(V ) + ν(g).

The minorization and the drift inequality (A.35) give

sν(V ) = (s⊗ ν)(V ) ≤ RV ≤ V − 1 + g,
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which establishes finiteness ofν(V ), and the bound,

ν(V ) ≤ inf
x∈X

V (x) − 1 + g(x)

s(x)
.

⊓⊔

The following result illustrates the geometric considerations that may be required
in the construction of a Lyapunov function, based on the relationship between the gra-
dient∇V (x), and thedrift vector field∆: X → R

ℓ defined by

∆(x) := E[X(t+ 1) −X(t) | X(t) = x], x ∈ X. (A.37)

This geometry is illustrated in FigureA.1 based on the following proposition.

Proposition A.4.2. Consider a Markov chain onX ⊂ Z
ℓ
+, and a C1 function

V : R
ℓ → R+ satisfying the following conditions:

(a) The chain is skip-free in the mean, in the sense that

bX := sup
x∈X

E[‖X(t + 1) −X(t)‖ | X(t) = x] <∞;

(b) There existsε0 > 0, b0 <∞, such that,

〈∆(y),∇V (x)〉 ≤ −(1 + ε0) + b0(1 + ‖x‖)−1‖x− y‖, x, y ∈ X. (A.38)

Then the functionV solves Foster’s criterion (V2).

Proof. This is an application of the Mean Value Theorem which asserts that there exists
a stateX̄ ∈ R

ℓ on the line segment connectingX(t) andX(t+ 1) with,

V (X(t+ 1)) = V (X(t)) + 〈∇V (X̄), (X(t + 1) −X(t))〉,

from which the following bound follows:

V (X(t+ 1)) ≤ V (X(t)) − (1 + ε0) + b0(1 + ‖X(t)‖)−1‖X(t+ 1) −X(t)‖

Under the skip-free assumption this shows that

DV (x) = E[V (X(t+1)−V (X(t)) | X(t) = x] ≤ −(1+ε0)+b0(1+‖x‖)−1bX , ‖x‖ ≥ n0.

Hence Foster’s Criterion is satisfied with the finite set,S = {x ∈ X : (1+‖x‖)−1bX ≥
ε0}. ⊓⊔
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A.4.2 Criteria for finite moments

We now turn to the issue of performance bounds based on the discounted-cost defined in
(A.2) or the average costη = π(c) for a cost functionc : X → R+. We also introduce
martingale methods to obtain performance bounds. We let{Ft : t ≥ 0} denote the
filtration, or history generated by the chain,

Ft := σ{X(0), . . . ,X(t)}, t ≥ 0.

Recall that a random variableτ taking values inZ+ is called astopping timeif for each
t ≥ 0,

{τ = t} ∈ Ft.
That is, by observing the processX on the time interval[0, t] it is possible to determine
whether or notτ = t.

The Comparison Theorem is the most common approach to obtaining bounds on
expectations involving stopping times.

Theorem A.4.3. (Comparison Theorem) Suppose that the non-negative functions
V, f, g satisfy the bound,

DV ≤ −f + g. x ∈ X. (A.39)

Then for eachx ∈ X and any stopping timeτ we have

Ex

[τ−1∑

t=0

f(X(t))
]
≤ V (x) + Ex

[τ−1∑

t=0

g(X(t))
]
.

Proof. DefineM(0) = V (X(0)), and forn ≥ 1,

M(n) = V (X(n)) +

n−1∑

t=0

(f(X(t)) − g(X(t))).

The assumed inequality can be expressed,

E[V (X(t + 1)) | Ft] ≤ V (X(t)) − f(X(t)) + g(X(t)), t ≥ 0,

which shows that the stochastic processM is asuper-martingale,

E[M(n + 1) | Fn] ≤M(n), n ≥ 0.

Define forN ≥ 1,

τN = min{t ≤ τ : t+ V (X(t)) + f(X(t)) + g(X(t)) ≥ N}.

This is also a stopping time. The processM is uniformly bounded below by−N2

on the time-interval(0, . . . , τN − 1), and it then follows from the super-martingale
property that
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E[M(τN )] ≤ E[M(0)] = V (x), N ≥ 1.

From the definition ofM we thus obtain the desired conclusion withτ replaced by
τN : For each initial conditionX(0) = x,

Ex

[τN−1∑

t=0

f(X(t))
]
≤ V (x) + Ex

[τN−1∑

t=0

g(X(t))
]
.

The result then follows from the Monotone Convergence Theorem since we have
τN ↑ τ asN → ∞. ⊓⊔

In view of the Comparison Theorem, to boundπ(c) we search for a solution to (V3)
or (A.39) with |c| ≤ f . The existence of a solution to either of these drift inequalities
is closely related to the following stability condition,

Definition A.4.1. Regularity

Suppose thatX is a x∗-irreducible Markov chain, and thatc : X → R+ is a given
function. The chain is calledc-regular if the following cost over ay-cycle is finite for
each initial conditionx ∈ X, and eachy ∈ Xx∗:

Ex

[τy−1∑

t=0

c(X(t))
]
<∞.

Proposition A.4.4. Suppose that the functionc : X → R satisfiesc(x) ≥ 1 outside of
some finite set. Then,

(i) If X is c-regular then it is positive Harris recurrent andπ(c) <∞.

(ii) Conversely, ifπ(c) < ∞ then the chain restricted to the support ofπ is c-
regular.

Proof. The result follows from [367, Theorem 14.0.1]. To prove (i) observe thatX is
Harris recurrent sincePx{τx∗ <∞} = 1 for all x ∈ X when the chain isc-regular. We
have positivity andπ(c) <∞ based on the representation (A.15). ⊓⊔

Criteria forc-regularity will be established through operator manipulations similar
to those used in the proof of TheoremA.4.1 based on the following refinement of
Foster’s Criterion: For a non-negative valued functionV on X, a finite setS ⊂ X,
b <∞, and a functionf : X → [1,∞),

DV (x) ≤ −f(x) + b1S(x), x ∈ X. (V3)

The functionf is interpreted as a bounding function. In TheoremA.4.5 we consider
π(c) for functionsc bounded byf in the sense that,

‖c‖f := sup
x∈X

|c(x)|
f(x)

<∞. (A.40)
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Theorem A.4.5. Suppose thatX is x∗-irreducible, and that there existsV : X →
(0,∞), f : X → [1,∞), a finite setS ⊂ X, andb < ∞ such that (V3) holds. Then for
any functionc : X → R+ satisfying‖c‖f ≤ 1,

(i) The average cost satisfies the uniform bound,

ηx = π(c) ≤ b <∞, x ∈ X.

(ii) The discounted-cost value function satisfies the followinguniform bound, for
any given discount parameterγ > 0,

hγ(x) ≤ V (x) + bγ−1, x ∈ X.

(iii) There exists a solution to Poisson’s equation satisfying, for someb1 <∞,

h(x) ≤ V (x) + b1, x ∈ X.

Proof. Observe that (ii) and the definition (A.6) imply (i).
To prove (ii) we apply the resolvent equation,

PRγ = RγP = (1 + γ)Rγ − I. (A.41)

Equation (A.41) is a restatement of Equation (A.29). Consequently, under (V3),

(1 + γ)RγV − V = RγPV ≤ Rγ [V − f + b1S ].

Rearranging terms givesRγf + γRγV ≤ V + bRγ1S. This establishes (ii) since
Rγ1S (x) ≤ Rγ(x,X) ≤ γ−1 for x ∈ X.

We now prove (iii). Recall that the measureµ = νG is finite and invariant since
we may apply TheoremA.4.1when the chain isx∗-irreducible. We shall prove that the
functionh = GRc̃ given in (A.31) satisfies the desired upper bound.

The proof of the implication (iii)=⇒ (i) in TheoremA.4.1 was based upon the
bound (A.36),

GRf ≤ V +Gg,

whereg := bR1S. Although it was assumed there thatf ≡ 1, the same steps lead to
this bound for generalf ≥ 1 under (V3). Consequently, since0 ≤ c ≤ f ,

GRc̃ ≤ GRf ≤ V +Gg.

Part (iii) follows from this bound and LemmaA.3.7with b1 := supGg (x) <∞. ⊓⊔

PropositionA.4.2can be extended to provide the following criterion for finitemo-
ments in a skip-free Markov chain:

Proposition A.4.6. Consider a Markov chain onX ⊂ R
ℓ, and a C1 function

V : R
ℓ → R+ satisfying the following conditions:
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(i) The chain is skip-free in mean-square:

bX2 := sup
x∈X

E[‖X(t + 1) −X(t)‖2 | X(t) = x] <∞;

(ii) There existsb0 <∞ such that,

〈∆(y),∇V (x)〉 ≤ −‖x‖ + b0‖x− y‖2, x, y ∈ X. (A.42)

Then the functionV solves (V3) withf(x) = 1 + 1
2‖x‖. ⊓⊔

A.4.3 State-dependent drift

In this section we consider consequences of state-dependent drift conditions of the form

∑

y∈X

Pn(x)(x, y)V (y) ≤ g[V (x), n(x)], x ∈ Sc, (A.43)

wheren(x) is a function fromX to Z+, g is a function depending on which type of
stability we seek to establish, andS is a finite set.

The functionn(x) here provides the state-dependence of the drift conditions, since
from anyx we must waitn(x) steps for the drift to be negative.

In order to develop results in this framework we work with a sampled chain̂X.
Usingn(x) we define the new transition law{P̂ (x,A)} by

P̂ (x,A) = Pn(x)(x,A), x ∈ X, A ⊂ X, (A.44)

and letX̂ denote a Markov chain with this transition law. This Markov chain can be
constructed explicitly as follows. The timen(x) is a (trivial) stopping time. Let{nk}
denote its iterates: That is, along any sample path,n0 = 0, n1 = n(x) and

nk+1 = nk + n(X(nk)).

Then it follows from the strong Markov property that

X̂(k) = X(nk), k ≥ 0 (A.45)

is a Markov chain with transition laŵP .
Let F̂k = Fnk

be theσ-field generated by the events “beforenk”: that is,

F̂k := {A : A ∩ {nk ≤ n} ∈ Fn, n ≥ 0}.

We let τ̂S denote the first return time toS for the chain̂X. The timenk and the event
{τ̂S ≥ k} areF̂k−1-measurable for anyS ⊂ X.

The integernτ̂S is a particular time at which the original chain visits the set S.
Minimality implies the bound,

nτ̂S ≥ τS. (A.46)



Control Techniques for Complex Networks Draft copy April 22, 2007 560

By adding the lengths of the sampling timesnk along a sample path for the sampled
chain, the timenτ̂S can be expressed as the sum,

nτ̂S =

τ̂S−1∑

k=0

n(X̂(k)). (A.47)

These relations enable us to first apply the drift condition (A.43) to bound the index at
which X̂ reachesS, and thereby bound the hitting time for the original chain.

We prove here a state-dependent criterion for positive recurrence. Generalizations
are described in the Notes section in Chapter10, and Theorem10.0.1contains strength-
ened conclusions for the CRW network model.

Theorem A.4.7. Suppose thatX is a x∗-irreducible chain onX, and letn(x) be a
function fromX to Z+. The chain is positive Harris recurrent if there exists somefinite
setS, a functionV : X → R+, and a finite constantb satisfying

∑

y∈X

Pn(x)(x, y)V (y) ≤ V (x) − n(x) + b1S(x), x ∈ X (A.48)

in which case for allx
Ex[τS ] ≤ V (x) + b. (A.49)

Proof. The state-dependent drift criterion for positive recurrence is a direct conse-
quence of thef -regularity results of TheoremA.4.3, which tell us that without any
irreducibility or other conditions onX, if f is a non-negative function and

∑

y∈X

P (x, y)V (y) ≤ V (x) − f(x) + b1S(x), x ∈ X (A.50)

for some setS then for eachx ∈ X

Ex

[τS−1∑

t=0

f(X(t))
]
≤ V (x) + b. (A.51)

We now apply this result to the chain̂X defined in (A.45). From (A.48) we can
use (A.51) for X̂, with f(x) taken asn(x), to deduce that

Ex

[τ̂S−1∑

k=0

n(X̂(k))
]
≤ V (x) + b. (A.52)

Thus from (A.46,A.47) we obtain the bound (A.49). TheoremA.4.1 implies thatX is
positive Harris. ⊓⊔

A.5 Ergodic theorems and coupling

The existence of a Lyapunov function satisfying (V3) leads to the ergodic theorems
(1.23), and refinements of this drift inequality lead to stronger results. These results are
based on the coupling method described next.
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A.5.1 Coupling

Couplingis a way of comparing the behavior of the process of interestX with another
processY which is already understood. For example, ifY is taken as the stationary
version of the process, withY (0) ∼ π, we then have the trivial mean ergodic theorem,

lim
t→∞

E[c(Y (t))] = E[c(Y (t0))], t0 ≥ 0 .

This leads to a corresponding ergodic theorem forX provided the two processes couple
in a suitably strong sense.

To precisely define coupling we define a bivariate process,

Ψ(t) =

(
X(t)

Y (t)

)
, t ≥ 0,

whereX andY are two copies of the chain with transition probabilityP , and different
initial conditions. It is assumed throughout thatX is x∗-irreducible, and we define the
coupling timefor Ψ as the first time both chains reachx∗ simultaneously,

T = min(t ≥ 1 : X(t) = Y (t) = x∗) = min
(
t : Ψ(t) =

(x∗
x∗

))
.

To give a full statistical description ofΨ we need to explain howX andY are
related. We assume a form of conditional independence fork ≤ T :

P{Ψ(t+ 1) = (x1, y1)
T | Ψ(0), . . . ,Ψ(t);Ψ(t) = (x0, y0)

T, T > t}

= P (x0, x1)P (y0, y1).
(A.53)

It is assumed that the chains coellesce at timeT , so thatX(t) = Y (t) for t ≥ T .
The processΨ is not itself Markov since givenΨ(t) = (x, x)T with x 6= x∗ it is

impossible to know ifT ≤ t. However, by appending the indicator function of this
event we obtain a Markov chain denoted,

Ψ∗(t) = (Ψ(t),1{T ≤ t}),

with state spaceX∗ = X × X × {0, 1}. The subsetX × X × {1} is absorbing for this
chain.

The following two propositions allow us to infer propertiesof Ψ
∗ based on prop-

erties ofX. The proof of PropositionA.5.1 is immediate from the definitions.

Proposition A.5.1. Suppose thatX satisfies (V3) withf coercive. Then (V3) holds
for the bivariate chainΨ∗ in the form,

E[V∗(Ψ(t+ 1)) | Ψ(t) = (x, y)T] ≤ V∗(x, y) − f∗(x, y) + b∗,

with V∗(x, y) = V (x) + V (y), f∗(x, y) = f(x) + f(y), andb∗ = 2b. Consequently,
there existsb0 <∞ such that,

E

[T−1∑

t=0

(
f(X(t)) + f(Y (t))

)]
≤ 2[V (x) + V (y)] + b0, x, y ∈ X.

⊓⊔



Control Techniques for Complex Networks Draft copy April 22, 2007 562

A necessary condition for the Mean Ergodic Theorem for arbitrary initial condi-
tions is aperiodicity. Similarly, aperiodicity is both necessary and sufficient forx∗∗-
irreducibility of Ψ∗ with x∗∗ := (x∗, x∗, 1)T ∈ X

∗:

Proposition A.5.2. Suppose thatX is x∗-irreducible and aperiodic. Then the bivari-
ate chain isx∗∗-irreducible and aperiodic.

Proof. Fix anyx, y ∈ X, and define

n0 = min{n ≥ 0 : Pn(x, x∗)Pn(y, x∗) > 0}.

The minimum is finite sinceX is x∗-irreducible and aperiodic. We haveP{T ≤ n} =
0 for n < n0 and by the construction ofΨ,

P{T = n0} = P{Ψ(n0) = (x∗, x∗)T | T ≥ n0} = Pn0(x, x∗)Pn0(y, x∗) > 0.

This establishesx∗∗-irreducibility.
Forn ≥ n0 we have,

P{Ψ∗(n) = x∗∗} ≥ P{T = n0, Ψ∗(n) = x∗∗} = Pn0(x, x∗)Pn0(y, x∗)Pn−n0(x∗, x∗).

The right hand side is positive for alln ≥ 0 sufficiently large sinceX is aperiodic. ⊓⊔

A.5.2 Mean ergodic theorem

A mean ergodic theorem is obtained based upon the followingcoupling inequality:

Proposition A.5.3. For any giveng : X → R we have,
∣∣E[g(X(t))] − E[g(Y (t))]

∣∣ ≤ E[(|g(X(t))| + |g(Y (t))|)1(T > t)].

If Y (0) ∼ π so thatY is stationary we thus obtain,

|E[g(X(t))] − π(g)| ≤ E[(|g(X(t))| + |g(Y (t))|)1(T > t)].

Proof. The differenceg(X(t)) − g(Y (t)) is zerofor t ≥ T . ⊓⊔

Thef -total variation normof a signed measureµ onX is defined by

‖µ‖f = sup{|µ(g)| : ‖g‖f ≤ 1}.

Whenf ≡ 1 then this is exactly twice thetotal-variation norm: For any two probability
measuresπ, µ,

‖µ− π‖tv := sup
A⊂X

|µ(A) − π(A)|.

Theorem A.5.4. Suppose thatX is aperiodic, and that the assumptions of Theo-
remA.4.5hold. Then,
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(i) ‖P t(x, · ) − π‖f → 0 ast→ ∞ for eachx ∈ X.

(ii) There existsb0 <∞ such that for eachx, y ∈ X,

∞∑

t=0

‖P t(x, · ) − P t(y, · )‖f ≤ 2[V (x) + V (y)] + b0.

(iii) If in additionπ(V ) <∞, then there existsb1 <∞ such that

∞∑

t=0

‖P t(x, · ) − π‖f ≤ 2V (x) + b1.

The coupling inequality is only useful if we can obtain a bound on the expectation
E[|g(X(t))|1(T > t)]. The following result shows that this vanishes whenX andY

are each stationary.

Lemma A.5.5. Suppose thatX is aperiodic, and that the assumptions of Theo-
remA.4.5hold. Assume moreover thatX(0) andY (0) each have distributionπ, and
thatπ(|g|) <∞. Then,

lim
t→∞

E[(|g(X(t))| + |g(Y (t))|)1(T > t)] = 0.

Proof. Suppose thatX, Y are defined on the two-sided time-interval with marginal
distributionπ. It is assumed that these processes are independent on{0,−1,−2, . . . }.
By stationarity we can write,

Eπ[|g(X(t))|1(T > t)] = Eπ[|g(X(t))|1{Ψ(i) 6= (x∗, x∗)T, i = 0, . . . , t}]

= Eπ[|g(X(0))|1{Ψ(i) 6= (x∗, x∗)T, i = 0,−1, . . . ,−t}] .

The expression within the expectation on the right hand sidevanishes ast → ∞ with
probability one by(x∗, x∗)T-irreducibility of the stationary process{Ψ(−t) : t ∈ Z+}.
The Dominated Convergence Theorem then implies that

lim
t→∞

E[|g(X(t))|1(T > t)] = Eπ[|g(X(0))|1{Ψ(i) 6= (x∗, x∗)T, i = 0,−1, . . . ,−t}] = 0.

Repeating the same steps withX replaced byY we obtain the analogous limit by
symmetry. ⊓⊔

Proof of TheoremA.5.4. We first prove (ii). From the coupling inequality we have,
with X(0) = x,X◦(0) = y,

|P tg (x) − P tg (y)| = |E[g(X(t))] − E[g(Y (t))]|

≤ E
[(
|g(X(t))| + |g(Y (t))|

)
1(T > t)

]

≤ ‖g‖fE
[(
f(X(t)) + f(Y (t))

)
1(T > t)

]
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Taking the supremum over allg satisfying‖g‖f ≤ 1 then gives,

‖P t(x, · ) − P t(y, · )‖f ≤ E
[(
f(X(t)) + f(Y (t))

)
1(T > t)

]
, (A.54)

so that on summing overt,

∞∑

t=0

‖P t(x, · ) − P t(y, · )‖f ≤
∞∑

t=0

E
[(
f(X(t)) + f(Y (t))

)
1(T > t)

]

= E

[T−1∑

t=0

(
f(X(t)) + f(Y (t))

)]
.

Applying PropositionA.5.1completes the proof of (ii).
To see (iii) observe that,

∑

y∈X

π(y)|P tg (x) − P tg (y)| ≥
∣∣∣
∑

y∈X

π(y)[P tg (x) − P tg (y)]
∣∣∣ = |P tg (x) − π(g)|.

Hence by (ii) we obtain (iii) withb1 = b0 + 2π(V ).

Finally we prove (i). Note that we only need establish the mean ergodic theorem in
(i) for a single initial conditionx0 ∈ X. To see this, first note that we have the triangle
inequality,

‖P t(x, · )−π( · )‖f ≤ ‖P t(x, · )−P t(x0, · )‖f+‖P t(x0, · )−π( · )‖f , x, x0 ∈ X.

From this bound and Part (ii) we obtain,

lim sup
t→∞

‖P t(x, · ) − π( · )‖f ≤ lim sup
t→∞

‖P t(x0, · ) − π( · )‖f .

Exactly as in (A.54) we have, withX(0) = x0 andY (0) ∼ π,

‖P t(x0, · ) − π( · )‖f ≤ E
[(
f(X(t)) + f(Y (t))

)
1(T > t)

]
. (A.55)

We are left to show that the right hand side converges to zero for somex0. Applying
LemmaA.5.5we obtain,

lim
t→∞

∑

x,y

π(x)π(y)E
[
[f(X(t)) + f(Y (t))]1(T > t) | X(0) = x, Y (0) = y

]
= 0.

It follows that the right hand side of (A.55) vanishes ast → ∞ whenX(0) = x0 and
Y (0) ∼ π. ⊓⊔

A.5.3 Geometric ergodicity

TheoremA.5.4 provides a mean ergodic theorem based on the coupling timeT . If we
can control the tails of the coupling timeT then we obtain a rate of convergence of
P t(x, · ) to π.

The chain is calledgeometrically recurrentif Ex∗ [exp(ετx∗)] < ∞ for someε >
0. For such chains it is shown in TheoremA.5.6that for a.e.[π] initial conditionx ∈ X,
the total variation norm vanishes geometrically fast.
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Theorem A.5.6. The following are equivalent for an aperiodic,x∗-irreducible Markov
chain:

(i) The chain is geometrically recurrent.

(ii) There existsV : X → [1,∞] withV (x0) <∞ for somex0 ∈ X, ε > 0, b <∞,
and a finite setS ⊂ X such that

DV (x) ≤ −εV (x) + b1S(x), x ∈ X. (V4)

(iii) For somer > 1,

∞∑

n=0

‖Pn(x∗, ·) − π(·)‖1r
n <∞.

If any of the above conditions hold, then withV given in (ii), we can findr0 > 1 and
b <∞ such that the stronger mean ergodic theorem holds: For eachx ∈ X, t ∈ Z+,

‖P t(x, · ) − π( · )‖V := sup
|g|≤V

∣∣Ex[g(X(t)) − π(t)]
∣∣ ≤ br−t0 V (x). (A.56)

⊓⊔

In applications TheoremA.5.6 is typically applied by constructing a solution to
the drift inequality (V4) to deduce the ergodic theorem in (A.56). The following result
shows that (V4) is not that much stronger than Foster’s criterion.

Proposition A.5.7. Suppose that the Markov chainX satisfies the following three
conditions:

(i) There existsV : X → (0,∞), a finite setS ⊂ X, andb < ∞ such that Foster’s
Criterion (V2) holds.

(ii) The functionV is uniformly Lipschitz,

lV := sup{|V (x) − V (y)| : x, y ∈ X, ‖x− y‖ ≤ 1} <∞.

(iii) For someβ0 > 0, b1 <∞,

b1 := sup
x∈X

Ex[e
β0‖X(1)−X(0)‖] <∞.

Then, there existsε > 0 such that the controlled process isVε-uniformly ergodic with
Vε = exp(εV ).

Proof. Let ∆̃V = V (X(1)) − V (X(0)), so thatEx[∆̃V ] ≤ −1 + b1S(x) under (V2).
Using a second order Taylor expansion we obtain for eachx andε > 0,
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[Vε(x)]
−1PVε (x) = Ex

[
exp

(
ε∆̃V

)]

= Ex

[
1 + ε∆̃V + 1

2ε
2∆̃2

V exp
(
εϑx∆̃V

)]

≤ 1 + ε
(
−1 + b1S(x)

)
+ 1

2ε
2
Ex

[
∆̃2
V exp

(
εϑx∆̃V

)]
(A.57)

whereϑx ∈ [0, 1]. Applying the assumed Lipschitz bound and the bound1
2z

2 ≤ ez for
z ≥ 0 we obtain, for anya > 0,

1
2∆̃2

V exp
(
εϑx∆̃V

)
≤ a−2 exp

(
(a+ ε)

∣∣∆̃V

∣∣)

≤ a−2 exp
(
(a+ ε)lV

∥∥X(1) −X(0)
∥∥)

Settinga = ε1/3 and restrictingε > 0 so that(a + ε)lV ≤ β0, the bound (A.57) and
(iii) then give,

[Vε(x)]
−1PVε (x) ≤ (1 − ε) + εb1S(x) + ε4/3b1

This proves the theorem, since we have1− ε+ ε4/3b1 < 1 for sufficiently smallε > 0,
and thus (V4) holds forVε. ⊓⊔

A.5.4 Sample paths and limit theorems

We conclude this section with a look at the sample path behavior of partial sums,

Sg(n) :=

n−1∑

t=0

g(X(t)) (A.58)

We focus on two limit theorems under (V3):

LLN TheStrong Law of Large Numbersholds for a functiong if for each initial con-
dition,

lim
n→∞

1

n
Sg(n) = π(g) a.s.. (A.59)

CLT The Central Limit Theoremholds forg if there exists a constant0 < σ2
g < ∞

such that for each initial conditionx ∈ X,

lim
n→∞

Px

{
(nσ2

g)
−1/2Sg̃(n) ≤ t

}
=

∫ t

−∞

1√
2π
e−x

2/2 dx

whereg̃ = g − π(g). That is, asn→ ∞,

(nσ2
g)

−1/2Sg̃(n)
w−→ N(0, 1).

The LLN is a simple consequence of the coupling techniques already used to prove
the mean ergodic theorem when the chain is aperiodic and satisfies (V3). A slightly
different form of coupling can be used when the chain is periodic. There is only room
for a survey of theory surrounding the CLT, which is most elegantly approached using
martingale methods. A relatively complete treatement may be found in [367], and the
more recent survey [282].

The following versions of the LLN and CLT are based on Theorem17.0.1 of [367].
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Theorem A.5.8. Suppose thatX is positive Harris recurrent and that the functiong
satisfiesπ(|g|) <∞. Then the LLN holds for this function.

If moreover (V4) holds withg2 ∈ LV∞ then,

(i) Letting g̃ denote the centered functioñg = g −
∫
g dπ, the constant

σ2
g := Eπ[g̃

2(X(0))] + 2

∞∑

t=1

Eπ[g̃(X(0))g̃(X(t))] (A.60)

is well defined, non-negative and finite, and

lim
n→∞

1

n
Eπ

[(
Sg̃(n)

)2]
= σ2

g . (A.61)

(ii) If σ2
g = 0 then for each initial condition,

lim
n→∞

1√
n
Sg̃(n) = 0 a.s..

(iii) If σ2
g > 0 then the CLT holds for the functiong.

⊓⊔

The proof of the theorem in [367] is based on consideration of the martingale,

Mg(t) := ĝ(X(t)) − ĝ(X(0)) +

t−1∑

i=0

g̃(X(i)), t ≥ 1,

with Mg(0) := 0. This is a martingale since Poisson’s equationP ĝ = ĝ − g̃ gives,

E[ĝ(X(t)) | X(0), . . . ,X(t− 1)] = ĝ(X(t− 1)) − g̃(X(t− 1)),

so that,
E[Mg(t) | X(0), . . . ,X(t− 1)] = Mg(t− 1).

The proof of the CLT is based on the representationSg̃(t) = Mg(t) + ĝ(X(t)) −
ĝ(X(0)), combined with limit theory for martingales, and the boundson solutions to
Poisson’s equation given in TheoremA.4.5.

An alternate representation for the asymptotic variance can be obtained through the
alternate representation for the martingale as the partialsums of a martingale difference
sequence,

Mg(t) =
t∑

i=1

∆̃g(i), t ≥ 1,

with {∆̃g(t) := ĝ(X(t)) − ĝ(X(t − 1)) + g̃(X(t − 1))}. Based on the martingale
difference property,

E[∆̃g(t) | Ft−1] = 0, t ≥ 1,
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it follows that these random variables are uncorrelated, sothat the variance ofM g can
be expressed as the sum,

E[(Mg(t))
2] =

t∑

i=1

E[(∆̃g(i))
2], t ≥ 1.

In this way it can be shown that the asymptotic variance is expressed as the steady-state
variance of∆̃g(i). For a proof of (A.62) (under conditions much weaker than assumed
in PropositionA.5.9) see [367, Theorem 17.5.3].

Proposition A.5.9. Under the assumptions of TheoremA.5.8the asymptotic variance
can be expressed,

σ2
g = Eπ[(∆̃g(0))

2] = π(ĝ2 − (P ĝ)2) = π(2gĝ − g2). (A.62)

⊓⊔

A.6 Converse theorems

The aim of SectionA.5 was to explore the application of (V3) and the coupling method.
We now explain why (V3) isnecessaryas well as sufficient for these ergodic theorems
to hold.

Converse theorems abound in the stability theory of Markov chains. Theo-
rem A.6.1 contains one such result: Ifπ(f) < ∞ then there is a solution to (V3),
defined as a certain “value function”. For ax∗-irreducible chain the solution takes the
form,

PVf = Vf − f + bf1x∗ , (A.63)

where the Lyapunov functionVf defined in (A.64) is interpreted as the ‘cost to reach
the statex∗’. The identity (A.63) is a dynamic programming equation for theshortest
path problemdescribed in Section9.4.1.

Theorem A.6.1. Suppose thatX is ax∗-irreducible, positive recurrent Markov chain
onX and thatπ(f) <∞, wheref : X → [1,∞] is given. Then, with

Vf (x) := Ex

[σx∗∑

t=0

f(X(t))
]
, x ∈ X, (A.64)

the following conclusions hold:

(i) The setXf = {x : Vf (x) <∞} is non-empty and absorbing:

P (x,Xf ) = 1 for all x ∈ Xf .

(ii) The identity (A.63) holds withbf := Ex∗

[ τx∗∑

t=1

f(X(t))
]
<∞.
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(iii) For x ∈ Xf ,

lim
t→∞

1

t
Ex[Vf (X(t))] = lim

t→∞
Ex[Vf (X(t))1{τx∗ > t}] = 0.

Proof. Applying the Markov property, we obtain for eachx ∈ X,

PVf (x) = Ex

[
EX(1)

[σx∗∑

t=0

f(X(t))
]]

= Ex

[
E

[ τx∗∑

t=1

f(X(t)) | X(0),X(1)
]]

= Ex

[ τx∗∑

t=1

f(X(t))
]

= Ex

[ τx∗∑

t=0

f(X(t))
]
− f(x), x ∈ X.

On noting thatσx∗ = τx∗ for x 6= x∗, the identity above implies the desired identity in
(ii).

Based on (ii) it follows thatXf is absorbing. It is non-empty since it containsx∗,
which proves (i).

To prove the first limit in (iii) we iterate the idenitity in (ii) to obtain,

Ex[Vf (X(t))] = P tVf (x) = Vf (x) +
t−1∑

k=0

[−P kf (x) + bfP
k(x, x∗)], t ≥ 1.

Dividing by t and lettingt→ ∞ we obtain, wheneverVf (x) <∞,

lim
t→∞

1

t
Ex[Vf (X(t))] = lim

t→∞
1

t

t−1∑

k=0

[−P kf (x) + bfP
k(x, x∗)].

Applying (i) and (ii) we conclude that the chain can be restricted toXf , and the re-
stricted process satisfies (V3). Consequently, the conclusions of the Mean Ergodic
TheoremA.5.4hold for initial conditionsx ∈ Xf , which gives

lim
t→∞

1

t
Ex[Vf (X(t))] = −π(f) + bfπ(x∗),

and the right hand side is zero for by (ii).
By the definition ofVf and the Markov property we have for eachm ≥ 1,

Vf (X(m)) = EX(m)

[σx∗∑

t=0

f(X(t))
]

= E

[ τx∗∑

t=m

f(X(t)) | Fm
]
, on{τx∗ ≥ m}.

(A.65)
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Moreover, the event{τx∗ ≥ m} is Fm measurable. That is, one can determine if
X(t) = x∗ for somet ∈ {1, . . . ,m} based onFm :=σ{X(t) : t ≤ m}. Consequently,
by the smoothing property of the conditional expectation,

Ex[Vf (X(m))1{τx∗ ≥ m}] = E

[
1{τx∗ ≥ m}E

[ τx∗∑

t=m

f(X(t)) | Fm
]]

= E

[
1{τx∗ ≥ m}

τx∗∑

t=m

f(X(t))
]
≤ E

[ τx∗∑

t=m

f(X(t))
]

If Vf (x) < ∞, then the right hand side vanishes asm → ∞ by the Dominated Con-
vergence Theorem. This proves the second limit in (iii). ⊓⊔

Proposition A.6.2. Suppose that the assumptions of TheoremA.6.1hold: X is ax∗-
irreducible, positive recurrent Markov chain onX with π(f) < ∞. Suppose that there

existsg ∈ Lf∞ andh ∈ L
Vf
∞ satisfying,

Ph = h− g.

Thenπ(g) = 0, so thath is a solution to Poisson’s equation with forcing functiong.
Moreover, forx ∈ Xf ,

h(x) − h(x∗) = Ex

[τx∗−1∑

t=0

g(X(t))
]
. (A.66)

Proof. LetMh(t) = h(X(t)) − h(X(0)) +
∑t−1

k=0 g(X(k)), t ≥ 1,Mh(0) = 0. Then
Mh is a zero-mean martingale,

E[Mh(t)] = 0, and E[Mh(t+ 1) | Ft] = Mh(t), t ≥ 0.

It follows that the stopped process is a martingale,

E[Mh(τx∗ ∧ (r + 1)) | Fr] = Mh(τx∗ ∧ r), r ≥ 0.

Consequently, for anyr,

0 = Ex[Mh(τx∗ ∧ r)] = Ex

[
h(X(τx∗ ∧ r)) − h(X(0)) +

τx∗∧r−1∑

t=0

g(X(t))
]
.

On rearranging terms and subtractingh(x∗) from both sides,

h(x) − h(x∗) = Ex

[
[h(X(r)) − h(x∗)]1{τx∗ > r} +

τx∗∧r−1∑

t=0

g(X(t))
]
, (A.67)

where we have used the fact thath(X(τx∗ ∧ t)) = h(x∗) on{τx∗ ≤ t}.

Applying TheoremA.6.1 (iii) and the assumption thath ∈ L
Vf
∞ gives,
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lim sup
r→∞

∣∣∣Ex
[(
h(X(r)) − h(x∗)

)
1{τx∗ > r}

]∣∣∣

≤ (‖h‖Vf
+ |h(x∗)|) lim sup

r→∞
Ex[Vf (X(r))1{τx∗ > r}] = 0.

Hence by (A.67), for anyx ∈ Xf ,

h(x) − h(x∗) = lim
r→∞

Ex

[τx∗∧r−1∑

t=0

g(X(t))
]
.

Exchanging the limit and expectation completes the proof. This exchange is justified
by the Dominated Convergence Theorem wheneverVf (x) <∞ sinceg ∈ Lf∞. ⊓⊔
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[13] E. Altman, T. Jiménez, and G. Koole. On the comparison of queueing systems
with their fluid limits. Probab. Engrg. Inform. Sci., 15(2):165–178, 2001.

[14] V. Anantharam. The stability region of the finite-user,slotted ALOHA system.
IEEE Trans. Inform. Theory, 37:535–540, 1991.

[15] E. J Anderson. A Continuous Model for Job-Shop Scheduling. PhD thesis,
University of Cambridge, Cambridge, UK, 1978.

[16] E. J. Anderson. A new continuous model for job-shop scheduling. International
J. Systems Science, 12:1469–1475, 1981.

[17] E. J. Anderson and P. Nash.Linear programming in infinite-dimensional spaces.
Wiley-Interscience Series in Discrete Mathematics and Optimization. John Wi-
ley & Sons Ltd., Chichester, U.K., 1987. Theory and applications, A Wiley-
Interscience Publication.

[18] E. J. Anderson and P. Nash.Linear programming in infinite-dimensional
spaces. Wiley-Interscience Series in Discrete Mathematics and Optimization.
John Wiley & Sons Ltd., Chichester, 1987. Theory and applications, A Wiley-
Interscience Publication.

[19] L.-E. Andersson, G. Z. Chang, and T. Elfving. Criteria for copositive matri-
ces using simplices and barycentric coordinates. InProceedings of the Work-
shop “Nonnegative Matrices, Applications and Generalizations” and the Eighth
Haifa Matrix Theory Conference (Haifa, 1993), volume 220, pages 9–30, 1995.

[20] A. Arapostathis, V. S. Borkar, E. Fernandez-Gaucherand, M. K. Ghosh, and S. I.
Marcus. Discrete-time controlled Markov processes with average cost criterion:
a survey.SIAM J. Control Optim., 31:282–344, 1993.

[21] K. J. Arrow, Theodore Harris, and Jacob Marschak. Optimal inventory policy.
Econometrica, 19:250–272, 1951.

[22] K. J. Arrow, S. Karlin, and H. E. Scarf.Studies in the mathematical theory of
inventory and production. Stanford Mathematical Studies in the Social Sciences,
I. Stanford University Press, Stanford, Calif., 1958.

[23] S. Asmussen.Applied Probability and Queues. John Wiley & Sons, New York,
1987.

[24] S. Asmussen. Queueing simulation in heavy traffic.Math. Oper. Res., 17:84–
111, 1992.



Control Techniques for Complex Networks Draft copy April 22, 2007 578

[25] B. Ata and S. Kumar. Heavy traffic analysis of open processing networks with
complete resource pooling: Asymptotic optimality of discrete review policies
complete resource pooling: asymptotic optimality of discrete review policies.
Ann. Appl. Probab., 15(1A):331–391, 2005.

[26] R. Atar and A. Budhiraja. Singular control with state constraints on unbounded
domain.Ann. Probab., 34(5):1864–1909, 2006.

[27] R. Atar, A. Budhiraja, and P. Dupuis. On positive recurrence of constrained
diffusion processes.Ann. Probab., 29(2):979–1000, 2001.

[28] D. Atkins and H. Chen. Performance evaluation of scheduling control of queue-
ing networks: fluid model heuristics.Queueing Syst. Theory Appl., 21(3-4):391–
413, 1995.

[29] F. Avram, D. Bertsimas, and M. Ricard. Fluid models of sequencing problems
in open queueing networks: an optimal control approach. Technical Report,
Massachussetts Institute of Technology, 1995.

[30] F. Avram, D. Bertsimas, and M. Ricard. An optimal control approach to opti-
mization of multi-class queueing networks. In F. Kelly and R. Williams, editors,
Volume 71 of IMA volumes in Mathematics and its Applications, New York,
1995. Springer-Verlag. Proceedings of Workshop on Queueing Networks of the
Mathematical Inst., Minneapolis, 1994.

[31] Y. Azar, A. Z. Broder, A. R. Karlin, and E. Upfal. Balanced allocations.SIAM
J. Comput., 29(1):180–200 (electronic), 1999.

[32] K. Azuma. Weighted sums of certain dependent random variables. Tôhoku
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Bellman-Grownwall Lemma,449
Bottleneck,51, 111, 223

B. resource,223, 249
Dynamic b.,118, 276

Brownian motion,23
CBM, 191, 360
Reflected (RBM),23, 39, 71

Busy time,36

Central Limit Theorem,29, 566
Asymptotic variance,30, 487, 568
CLT for martingales,27
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Equivalent to a quadratic,438
Ergodicity,560

V -uniform,331
Examples

Air traffic scheduling,237
ALOHA communications model,45,

226, 242, 265, 434, 535
Complex demand-driven model,278,
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Kumar-Seidman-Rybko-Stolyar model,
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Kumar-Seidman-Rybko-Stolyar model
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queue,133
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242, 245, 248, 255, 441
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Exchangeable state,175, 244
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First entrance time,324, 544
First return time,324, 544
Fluid estimator,511
Fluid limit model,438, 449
Fluid model,18, 40
Fluid-scale asymptotic optimality,439
Forcing function,542
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Free process,66
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Fundamental matrix,370, 550

Generator,319, 540
Differential g.,361
Extended g.,361
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Greedy (see ‘myopic’),42, 122

Harris recurrent,550
Heavy traffic,71
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High-priority h.-l.,281
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I. process,164, 168
I. rate,111

Input-queued switch,238
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x∗-i., 319, 485, 541

Klimov model,41
Generalized K. index,178, 288
K. index,42

Kolmogorov’s inequality,25

Lagrangian relaxation,383
Large deviations principle,64, 488

Rate function,89
Law of Large Numbers,447, 566
Leontief,235
Lindley recursion,65
LInear program,20

Dual,20, 176
Primal,20

Little’s Law, 162
Load,31, 38, 62
Log moment generating function,64
Logarithmic regret,256
Loynes construction,67
Lyapunov drift condition,542
Lyapunov function,319, 553

M/G/1 queue,37
M/M/1 queue,37

Finite waiting room,433, 470
Markov chain,27

Strong M. property,28
Transition matrix,27

Markov Decision Process,374
Martingale,25

M. Convergence Theorem,25
M. difference sequence,25
Super m.,25, 556

Maximal back-pressure,234
Maximal flow,229

MaxWeight,234
h-m. policy,148
M. matching,239

Min-Cut Max-Flow Theorem,229
Minimal

R-minimal,169
M. process,169
M. solution,169
M. time to reachx2 from x1, 219

Minorization condition,545
Moment generating function,500
Monte-Carlo estimator,138, 485
Multi-objective optimization,389
Multimodularity, 432
Myopic, 42, 107

Near-monotone,320, 498, 551
Network load,111, 215
News-vendor problem,314
Non-idling, 36

Weakly,328

Occupation measure,381
Optimal

Average-cost o.,108
Optimality equation

Average cost,108, 375
Discounted-cost,107, 394
Total-cost,392

Optimization
Multi-objective o.,389

Ordinal estimation,534

PAC criterion,487
Path-wise optimal,117

P. o. in the mean,196
Periodic review,152
Phase-type distribution,155, 372, 483, 535,
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Poisson process,24
Poisson’s equation,29, 320, 475

CRW queue,63
Forcing function,29, 320
Poisson inequality,106, 323, 404, 551

Policy,105
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h-myopic,107
Admissible,110
Affine, 199
Back-pressure,146, 234
Buffer priority, 50
Discrete-review (DR),142, 339
First-Buffer First-Served,50
GTO,122, 294
GTO with maintenance,286
GTO with-breakdowns,285
GTO-B,285
GTO-DR,144
GTO-M, 286
Infinite-horizon optimal,295
Last-Buffer First-Served,50, 130, 198
Markov,105
MaxWeight,234, 322
MaxWeight matching,239
MaxWeight with hedging,259
Myopic, 50, 120, 294
Myopic Discrete Review,144
Myopic for workload model,185, 189
Non-idling, 36, 118
Optimal

Path-wise,42
Average-cost,375
Discounted-cost,107, 394
SPP,407
Time-optimal,51
Total-cost,407

Priority, 50
Randomized stationary,105
Regular,320, 375
Round-robin p.,143
Shortest expected delay (SED),58
Stationary,105
Work-conserving,169

Pollaczek-Khintchine formula,64
Pooled resource,223
Positive recurrent,64

Harris,550
Potential matrix,525, 546
Probably almost correct criterion,487
Processor-sharing model,46

Pull model,267

Quadratic estimator,508

Random walk,22
Reflected r.w.,22

Rate function,89
RBM, 71

Generator,361
Invariant measure,85
Poisson’s equation,85

Re-entrant line,49, 103
Regular

c-r., 557
f -r., 320
R. policy,320

Renewal process,24
Resolvent,82, 540

Equation,545, 547
R. matrix,370, 544

Resource,17, 214
Bottleneck r.,249
Exit-r., 270
Pooled r.,223
Supply-r.,270

Resource pooling,223, 229
Reversible,323, 485
Round-robin,143
Routing matrix,100

Safety-stock,101, 136, 461
Server,17
Shadow function,490
Shortest path problem (SPP),392, 568
Simultaneous resource possession,236
Single server queue

GI/D/1, 95
GI/G/1,36
GI/M/1, 95
M/M/∞, 96, 535
M/M/n, 96, 534
M/M/1, 30, 77

Skip-free,555
in mean-square,328, 559
in the mean,555

Skorokhod map,62, 66, 193
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Stability, 10, 31, 106
Stabilizable,110, 214
Stabilizing,108, 321
Starvation,59
State space collapse,175
Station,99

Homogeneous s.,110
Steady-state mean,29
Stochastic approximation,486
Stopping time,28, 556
Strongly consistent,486

Tandem queues,123
Temporal difference (TD) learning,491,

516
Temporal differences,524
Terminal penalty function,402
Total cost,63, 392
Total-variation norm,562

f -t.-v. n.,562
Traveling salesman problem,232

Unconstrained process,201
Uniformization

M/M/1 queue,37
Networks,103

Value function
Discounted-cost,81, 107, 394, 540
Fluid, 19
Fluid (discounted),117
Fluid (total cost),116
Relative,29, 108, 375, 542
Total cost,52

Value iteration,233
Vector load,111
Virtual buffer, 17
Virtual station,54

Weak convergence,27
Weakly unstable,439
Workload,3, 223

CBM w. model,360, 474
Unconditional w.,160
Units of inventory,163

Units of time,51
Virtual w. process,55
W. matrix,111, 240, 274
W. process,111, 240
W. relaxation,3, 159, 240
W. relaxation for CRW model,189
W. space,167, 240
W. space for CRW model,189
W. vector,51, 111, 218, 271


