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SUMMARY

The Markov Chain Monte Carlo (MCMC) method has been widely used in practice
since the 1950’s in areas such as biology, statistics, and physics. However, it is only in the
last few decades that powerful techniques for obtaining rigorous performance guarantees
with respect to the running time have been developed. Today, with only a few notable
exceptions, most known algorithms for approximately uniform sampling and approximate
counting rely on the MCMC method. This thesis focuses on algorithms that use MCMC
combined with an algorithm from optimization called simulated annealing, for sampling
and counting problems.

Annealing is a heuristic for finding the global optimum of a function over a large search
space. It has recently emerged as a powerful technique used in conjunction with the MCMC
method for sampling problems, for example in the estimation of the permanent and in
algorithms for computing the volume of a convex body. We examine other applications of
annealing to sampling problems as well as scenarios when it fails to converge in polynomial
time.

We consider the problem of randomly generating 0-1 contingency tables. This is a
well-studied problem in statistics, as well as the theory of random graphs, since it is also
equivalent to generating a random bipartite graph with a prescribed degree sequence. Previ-
ously, the only algorithm known for all degree sequences was by reduction to approximating
the permanent of a 0-1 matrix. We give a direct and more efficient combinatorial algorithm
which relies on simulated annealing. An interesting aspect of the annealing algorithm we
define is that the high temperature distribution for the annealing is defined algorithmically.

Simulated tempering is a variant of annealing used for sampling in which a tempera-
ture parameter is randomly raised or lowered during the simulation. The idea is that by
extending the state space of the Markov chain to a polynomial number of progressively

smoother distributions, parameterized by temperature, the chain could cross bottlenecks in
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the original space which cause slow mixing. The conventional wisdom is that tempering
could speed up the convergence time exponentially, or at worst, it could be slower by at
most a polynomial in the number of distributions. We first show that simulated tempering
mixes torpidly for the 3-state ferromagnetic Potts model on the complete graph. The torpid
mixing is caused by a first order phase transition, a fundamental difference in the behavior
of this model from the Ising model, for which simulated tempering is known to converge at
all temperatures. Moreover, we disprove the conventional belief and show that simulated
tempering can converge at a rate that is slower than the algorithm at a fixed temperature

by at least an exponential factor.



CHAPTER I

INTRODUCTION

Counting problems arise naturally in mathematics as well as computer science. Counting
the number of primes less than a number n and counting the number of partitions of n
into positive integers are two well-studied problems in number theory [41]. In enumerative
combinatorics, counting problems from different areas of discrete mathematics are studied
and the goal is to obtain closed form expressions or asymptotics for the number of objects
of a given size that satisfy a certain property [81]. Algorithms for counting problems can
be useful when there is no closed form expression known.

One of the aims of theoretical computer science is to classify the computational com-
plexity of algorithmic tasks. In this setting, a counting problem is a particular type of
computational problem where the objective is to count the number of objects satisfying
a given property. We are interested in efficient algorithms for counting that run in time
that is polynomial in the size of the objects, even though the number of objects may be
exponential in the size. There is a large body of ongoing work dedicated to understanding
the complexity of counting problems. A well-studied problem in combinatorics and com-
puter science is that of estimating the permanent of a 0-1 matrix, which is equivalent to the
problem of counting perfect matchings in a bipartite graph, #BiP-PERFECT-MATCHING.
This problem has played a pivotal role in our understanding of the complexity of counting
problems [87].

Computational counting problems arise naturally from many different areas. Given a
graph G, what is an algorithm for the problem #PERFECT-MATCHING, counting the number
of perfect matchings G contains? In a continuous setting, natural problems that arise in
geometry include computing the volume of a convex body (#VOLUME) and integrating a
multidimensional function. In statistical mechanics, computing an average over energies of

configurations of particles (a function of “microscopic” interactions between particles) as a



function of temperature gives information about “macroscopic” thermodynamic properties
of the system. Examples of problems studied in this context include computing the partition
function of the Ising model [46], computing the number of “dimer coverings” or perfect
matchings of a lattice [32], or counting the number of self-avoiding walks in a lattice [63].
For a large class of natural problems, Jerrum, Valiant and Vazirani [48] demonstrated there

is a close connection between the complexity of counting and sampling algorithms.

1.1 The Computational Complexity of Counting

Formally, a counting problem aims to compute a function f : ¥* — N from strings over
an alphabet ¥ to the natural numbers. We can ask whether polynomial time counting
algorithms exist for counting problems whose decision version is solvable in polynomial time.
Over 150 years ago, Kirchoff [55] showed that the number of spanning trees of a graph is
given by the determinant of its Laplacian, a matrix related to the adjacency matrix of the
graph (see [90] for a proof). This formulation gives a polynomial time algorithm for counting
the number of spanning trees, since the determinant can be computed in polynomial time by
Gaussian elimination. In 1961, Fisher, Kasteleyn and Temperley [31, 53, 84] independently
gave a polynomial time algorithm for computing the number of perfect matchings of a lattice.
Their technique generalizes to counting the number of perfect matchings of any planar
graph. Interestingly, both these problems can be reduced to the problem of computing a
determinant.

Unfortunately, these are among the few problems for which exact counting algorithms
are known. An explanation for this is given by Valiant’s theory of #P-completeness [87].
Valiant defined the counting class #P to be the class of counting problems f where f
is the number of accepting computations of a non-deterministic polynomial time Turing
Machine. The class #P includes #SAT, the problem of computing the number of satisfying
assignments to a SAT formula. A problem is said to be #P-complete if it is in #P and if
every problem in #P is polynomial time reducible to it (see [71] for more details). Valiant
showed that #PERFECT-MATCHING, whose decision version is in P, is #P-complete. Thus

an algorithm for #PERFECT-MATCHING would imply an algorithm for #SAT. Since the



latter is at least as hard as SAT, one does not expect an efficient algorithm for #PERFECT-
MATCHING, or indeed for any #P-complete problem.

Many natural problems with decision versions in P, such as computing the number of
matchings of all sizes (#MATCHINGS), counting the number of independent sets (#IS),
or #VOLUME, are #P-complete. Often the problems remain #P-complete even when re-
stricted to natural classes of graphs, such as #MATCHINGS for lattices or bipartite graphs
[42, 44]. Therefore, much of the algorithmic work on counting problems has focused on

obtaining efficient approximations.
1.1.1 Counting by Sampling

One very successful approach to obtaining efficient approximation algorithms has been
through the connection between approximate counting and approximately uniform sampling
established by Jerrum, Valiant and Vazirani [48]. They showed that for “self-reducible”
problems (explained below), approximating the size of the set Q can be reduced to sam-
pling elements of €} approximately uniformly at random, and vice-versa. Informally, a
self-reducible function is one which can be expressed in terms of the same function for
a smaller input. For example, #SAT is self-reducible since the number of satisfying as-
signments to a SAT formula is the sum of the number of assignments to the smaller SAT
instances obtained by setting the first variable to 1 and then to 0. A formal treatment of
self-reducibility as well as the equivalence between approximate counting and sampling can
be found in [80].

In general, the equivalence can be phrased in the language of partition functions. In
statistical mechanics, one objective is to study the behavior of large collections of interacting
particles. The particles can be in certain allowed configurations, and each configuration has
an associated weight. Let ) be a set of allowable configurations, and let the weight of x € Q2
be w(x). The weight can be a function of a temperature parameter. The partition function
is defined to be the sum

Z=> wx). (1)

e

If all the weights are 1, then the partition function is just |Q2|. The partition function



is significant for physical systems because thermodynamic properties of the system such
as specific heat and heat capacity are functions of the derivatives of log(Z) [35]. We are

interested in efficient algorithms for approximating the partition function of a system.

Definition 1.0.1. A fully polynomial time randomized approximation scheme or FPRAS,
for computing f : ¥* — N is a randomized algorithm A(-) which on input x € ¥* outputs a

number f such that
1-e)f(x) < f<(1+e)f(x)
with probability at least 1 — § and runs in time that is polynomial in n,e~' and log(6~1).

Definition 1.0.2. A fully polynomial approximately uniform sampler or FPAUS for sam-
pling from Q with distribution 7, is a randomized algorithm A(-) which takes as input x and
outputs an element of Q0 according to some distribution whose variation distance! from 7 is

at most € and takes time that is polynomial in n and e~

Theorem 1.1 ([48]). For self-reducible functions, almost uniform generation and random-

1zed approximate counting can be reduced to one another.

As an example, suppose that 2 is the set of all independent sets of a graph G = (V, E).
Recall that an independent set I C V in graph is a subset of the vertices such that no two
vertices in I are adjacent. For a parameter A > 0, the weight of an independent set [ is
defined to be w(I) = AVI. The partition function is

Za(h) =) Al

IeQ

When A =1, Zg(A) counts the number of independent sets in the graph.

The equivalence between approximate counting and approximate sampling implies an
FPRAS for Zg(A) if we have an FPAUS for sampling from €2 according to the distribution
7w where w([) is proportional to w(I). For the partition function Zg(\), self-reducibility
means that Zg(\) can be expressed as a sum of partition functions for smaller graphs as

follows

Za(N) = Za\w(N) + A\ foun (o)} (A)-

Y This measure of distance between distributions is defined in Section 1.3.



The first term on the right hand side corresponds to the independent sets not containing v,
which are exactly the independent sets of the graph G\ v, the graph obtained by deleting v
and the edges containing it, from G. The second term corresponds to the independent sets
containing v, which are the independent sets of the graph where v and its neighbors N (v)
are deleted.

The equivalence between approximate counting and approximate sampling is more gen-
eral, and is known to hold for a variety of problems which are not self-reducible, such as
#VOLUME, or the problem of counting the number of k-colorings of a graph.

Thus, the problem of obtaining efficient approximate counting algorithms for many
problems of interest can be reduced to designing an approximate sampling algorithm. One
of the most powerful techniques we have for approximate sampling from a set is to use a

randomized algorithm based on simulating a Markov chain on the set of objects.

1.2 Markov Chains

Markov chains were first studied in 1906 by the Russian mathematician Andrey Markov,
who was interested in the extension of the law of large numbers to dependent events. A
Markov chain is a sequence of random variables X, X1, -+ taking values in a finite set 2
satisfying the “Markov property”, meaning that conditioned on the current state at time ¢,
the state at t 4+ 1 is independent of the state at time ¢ — 1 and all previous times. Markov
chains can be used to model a variety of stochastic phenomena such as Brownian motion,
birth-death processes, gambling problems, shuffling decks of cards and queuing processes.
They are applied in several areas of computer science and in other disciplines such as biology
and statistical physics. For instance, the web-search algorithm employed by Google can be
viewed as a Markov chain on an appropriately defined graph of web-pages [13]. In biology,
genetic mutations, genome rearrangement and population processes are typically modeled
as Markov chains [25].

The classical theory of Markov chains did not include a consideration of the rate of
convergence, and it turns out that this plays an important role in the design of efficient

sampling algorithms. Much of the theoretical analysis of Markov chains in computer science



has been on the Markov chain Monte Carlo (MCMC) method for randomly generating com-
binatorial objects. The idea is to construct a graph called the Markov kernel whose vertices
are the states in {2 and whose edges are determined by defining a neighborhood structure for
each state. Often, a natural choice for the kernel is to connect two combinatorial objects if
one is a small perturbation of the other. The Markov chain performs a random walk on the
Markov kernel, by choosing a random neighbor to move to from the current state according
to fixed transition probabilities.

We are interested in designing efficient MCMC algorithms for sampling from the space
Q according to a distribution 7. At a high level, this means that the number of steps
required for the Markov chain to output a sample from a distribution that is “close” to w

is polylogarithmic in the size of 2.
1.2.1 Markov Chain Basics

Let M = (X;)52, be a stochastic process on the finite space (2. Let P be a non-negative
stochastic transition matriz of size || x || where the rows and columns are indexed by

the states of 2. That is, it satisfies the constraint that

Z P(zj,zj) =1 for every z; € Q.
l’jEQ
The stochastic process M is a Markov chain if for every time ¢, and states xg,--- , x¢

P[Xt = xt’Xt—l =T4_1, - ,Xp = xo} = P[Xt = 33t|Xt—1 = xt—l] = P($t—ly$t)-

We will consider only Markov chains which are time homogeneous, so that for any time tg
and pair of states x, 2/,

P[Xt0+1 = IE|Xt0 = IE/] = P(IE,I',).

Together with the Markov property, time-homogeneity implies that the t-step transition

probabilities are given by
P[ X1t = 2| Xy, = 2] = P'(z,2").

A Markov chain is ergodic if it satisfies the following two technical conditions:



i) Irreducibility: For every x, 2’ € €, there exists a time ¢ such that P!(z,2’) > 0.
ii) Aperiodicity: For every z € Q, ged(t : P'(z,z) > 0) = 1.
A distribution 7 on 2 is stationary if 7P = .

Theorem 1.2 (Fundamental Theorem of Markov Chains, [30]). An ergodic Markov

chain on a finite space ) has a unique limiting stationary distribution w, that is,

tlim P'(z,2') = 7(z") for every z, 2’ € Q.
—00

A distribution p is reversible with respect to the transition matrix P of a Markov chain

if for every z,2’ € Q,

p(@)P(z,a') = p(a") P2/, ). (2)
Then the following can easily be verified.

Theorem 1.3. If the distribution p is reversible with respect to P, then it is a stationary

distribution.

We can use the above fact to define a Markov chain with the desired stationary distri-
bution. This is the principle of the Metropolis-Hastings Markov chain [70]. Let P and p be
the transition matrix and stationary distribution of an irreducible Markov chain on 2. We

can construct a transition matrix ) with stationary distribution 7 on €2 as follows. Define

= S Plo2)min (G 1) ity =

Then, it can be checked that 7 is reversible with respect to () and hence is a stationary
distribution.

Suppose we wish to sample weighted independent sets in G with parameter A according
to the distribution 7(I) < w(I). The heat bath Glauber dynamics Markov chain Mg is given

as follows. Let I; denote the independent set at time .

1. Choose v € V uniformly at random.



2. With probability 1%\ attempt to add v to I;. If I; Uv is an independent set, set

Ii11 = I; Uv, otherwise, set Iy = I.
3. With probability HLA’ set I11q1 = 1.

Theorems 1.2 and 1.3 imply that Mg will converge in the limit to the distribution 7.
Heat bath Glauber dynamics is a general Markov chain used for sampling in a class of

models called spin systems which we introduce next.

1.2.2 Spin Systems and Glauber dynamics

In statistical mechanics, spin systems are used to model the behavior of finite collections of
interacting particles. We are interested in sampling from configurations of the spin system
to understand the properties of “typical” configurations. A spin system consists of an
underlying graph G = (V, E) and a set of q spins. The set of configurations is Q C [¢]"" and
each x € () satisfies some local constraints at each vertex. Each configuration has a weight
and the objective is to sample from the configurations with probabilities proportional to
these weights. We illustrate below with some examples. The third example, the ¢-state
Potts model, will be the focus of Chapter 4.

Independent Sets: The set of spins is {0,1}, and ¢ = 2. A vertex is assigned 1 if it is
in the independent set and 0 if not. The local constraint is that for each edge (i,j) € F,
x(i) + x(j) < 1. The weight of a configuration z is given by w(x) = >,y x(i). We wish to

sample from the distribution 7 on 2 given by
Aw(@)

m(x) = 7o)

The parameter X is also referred to as the activity or fugacity.

Ising Model: The Ising model was first defined in the 1920’s to study ferromagnetism
in solids. It is now studied in a much broader context [17]. The set of spins is {—1,+1}
corresponding to the magnetic moment of an atom of the solid. The set of states €2 is an
assignment of spins to each vertex of G. In the case without any external magnetic field,

the Hamiltonian of a configuration x is given by



Define the inverse temperature to be g = ,%T, where k is Boltzmann’s constant. The Gibbs

distribution at inverse temperature 3 is given by

Z(B)

where Z () = Zye{il}" ePH®) | the normalizing factor, is the partition function.

ma(r) =

Note that when @ > 0, configurations with a large number of edges with the same spin
on both endpoints are favored in the stationary distribution. For large values of 3, a typical
configuration will have large components of vertices of the same spin with small clusters of
the opposite spin. At small values of § the spins in a typical configuration will look fairly
independent.
g-state Potts Model: The g-state Potts model was defined by R.B. Potts in 1952 [72], and
generalizes the Ising model to more than two spins. It models particles of a crystalline solids
and was defined in order to understand the behavior of ferromagnetism and other solid-state
phenomenon. The set of spins is {1,--- ,q}. The space Q2 of the g-state ferromagnetic Potts
model is the set of all ¢ g-colorings of G. The Hamiltonian of a configuration x is given by

H(w)= Y J-8(x(i)x(5)),

(1) €E(G)
where ¢§ is the Kronecker-6 function that takes the value 1 if its arguments are equal and
zero otherwise. When J > 0 the model corresponds to the ferromagnetic case where neigh-
bors prefer the same color, while J < 0 corresponds to the anti-ferromagnetic case where
neighbors prefer to be differently colored. The Gibbs distribution at inverse temperature (3
is given by

(BH(@)

mg(x) = Z(6)

where Z(8) = 3_, g ePh) is the partition function. Note that when J < 0, in the limit
as 8 — oo, the distribution tends to the uniform distribution over proper g-colorings of G.

In each of these cases, there is a natural way to define a neighborhood structure on states.
Two independent sets are adjacent if they differ by exactly one vertex. Configurations of
the Ising and Potts model are adjacent if the spin at exactly one vertex differs. Glauber

dynamics is a random walk on the graph of configurations defined by these adjacencies.



The heat bath Glauber dynamics Markov chain can be defined for sampling from the

distribution 7 for a spin system as follows. Let X; denote the configuration at time ¢.
1. Choose i € V uniformly at random.

2. Choose X;1; with the conditional distribution 7(-| X;(j) j # ¢) conditioned on X;41(j) =

X¢(4) for every j # i.

The fundamental theorem of Markov chains (Theorem 1.2) guarantees that Glauber
dynamics will converge to the Gibbs distribution in the limit. Although the above exposition
focused on sampling from the Gibbs distribution for spin systems, in fact, by the general
principle used in the Metropolis-Hastings algorithm, we can construct a Markov chain which
converges to the desired stationary distribution in the limit. However, from an algorithmic
perspective this is not sufficient. We would like to bound the number of steps the Markov
chain must be run until we obtain samples from a distribution which is a good approximation
to the stationary distribution and this can vary significantly for different Markov chains.

The algorithmic issues are made precise below.

1.3 Markov Chain Monte Carlo - Algorithmic Considera-
tions

In order to get efficient algorithms for sampling and counting, we need to guarantee that the
Markov chain reaches, or gets “close” to the stationary distribution in a reasonable amount
of time. By reasonable, we mean that the time should grow at most polylogarithmically in
|2]. Typically, |€2| is exponentially large in the size of the object we wish to generate. For
instance, the number of independent sets can be an exponential in the number of vertices of
the graph but we would like the mixing time to be bounded by a polynomial in the number
of vertices. The rate of convergence of the Markov chain to the stationary distribution is
quantified by the mixing time, as defined below.

The total variation distance (or variation distance) between two distributions u, v on
is given by

du(p,v) = 5 3 lu(e) — wa)|.

e

10



The mizing time from the starting state z, 7,(d) is given by
7:(8) = min{t > 0 | dy, (P'(z,-),7) < 6}

If the mixing time 7,(0) from any starting point is bounded by a polynomial in n and
Ind~!, then the chain is rapidly mizing. If the mixing time from any state is bounded from
below by an exponential in n® for any € > 0, the chain is torpidly mizing. The requirement
that the mixing time be polynomial has resulted in an extensive study of the mixing rate
of Markov chains, producing a wide array of techniques for proving both rapid and torpid
mixing (See the survey by Randall [73] and the monograph by Jerrum [43] for a comprehen-
sive introduction). There is now a large body of work on methods for bounding the mixing
time of a Markov chain such as coupling, spectral gap characterization, conductance and
isoperimetry, multicommodity flows, comparison, and decomposition. Some of these which
are used in the work in this thesis are explained in more detail in Chapter 2.

These techniques have been applied with great success to the analysis of the mixing time
for natural Markov chains for many central problems including computing the partition
function for the ferromagnetic Ising model [46], computing the volume of a convex body
[28], sampling k-colorings of a graph when the maximum degree is large [88] and estimating
the permanent of a 0-1 matrix [47]. On the negative side, it has been shown that there
are instances where Markov chains such as Glauber dynamics, which make “local” updates,

will mix torpidly [12, 27, 67, 74, 85].
1.3.1 Torpid Mixing of Local Markov Chains

Torpid mixing for Glauber dynamics is a feature of systems which exhibit phase transitions
(see Section 4.1.1) where there is an abrupt change in what typical configurations look like.
For example, in the Ising model, at low temperatures, typical configurations are “ordered”,
with most of the spins of the same kind. As the temperature is increased, at a critical point
most of the weight of the Gibbs distribution is on configurations that are “disordered,”
where the spins appear independent. In the ordered phase, there may be multiple classes of
configurations that dominate in the Gibbs measure. In the Ising model at low temperature,

one type of configuration that dominates the measure is when most of the vertices have spin

11



+1 (the other type being when most spins are —1). In this scenario, Glauber dynamics mixes
torpidly. At a high level, this is because for the Markov chain to go from configurations that
are predominantly +1 to those that are predominantly —1, it must pass through balanced
configurations that are highly unlikely in the distribution [67, 85].

Other examples of this phenomenon include the torpid mixing of Glauber dynamics
for independent sets of the lattice Z? for large enough \ [74], independent sets and the
g-state Potts model on the lattice Z¢ in a region around certain critical values of A and
B respectively [12], Glauber dynamics for sampling independent sets of the d-dimensional
hypercube for large enough A [34], and Glauber dynamics for sampling independent sets in
graphs of maximum degree at least 6 [27].

From the perspective of rapid mixing, what these examples have in common is that there
is a “bottleneck” or “cut” in the distribution over the space. Roughly, there are two or more
regions in the space containing most of the probability mass of the stationary distribution,
separated (in the sense that deleting these states from the Markov kernel would disconnect
it) by a region with exponentially small measure. Local Markov chains fail to cross this
cut in the state space in polynomial time. This intuition can be formalized by using the
fact that the minimum cut in the state space in fact characterizes the mixing time. The
conductance ® (see Chapter 2 for precise definitions) is the minimum over all subsets S C Q
of the probability of the Markov chain leaving the set conditioned on being in S. Jerrum
and Sinclair [49] showed that the mixing time of a reversible Markov chain is polynomial if
and only if the conductance is at least inversely polynomial. To prove torpid mixing, it is
sufficient to show that the conductance is smaller than any inverse polynomial.

It can be shown that if ) can be partitioned into three disjoint sets S1,.S2, 53 such that
states of S1 and S5 are connected by the Markov chain only through states of S5, then the

conductance ® is bounded by

o (s s )

Consider the case of independent sets of a bipartite graph. In [27] it is shown that
there are bipartite graphs of degree 6 for which any chain that adds and deletes at most

some constant fraction of the vertices will mix torpidly. We present a simplified argument
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here, showing that there are bipartite graphs of some constant degree for which Mj;g mixes
torpidly.

The idea is that in a dense bipartite graph, large independent sets will have most vertices
in one bipartition or the other. The independent sets which are roughly balanced will have
to be small in size by the assumption on density. The following theorem shows that there

exist constant degree bipartite graphs that are sufficiently dense.

Theorem 1.4 ([75]). For every 0 < § < 1 and sufficiently large n, there is a bipartite
graph ([n],[n], E) of degree O(6'poly(log(6~1))) such that for every pair of subsets A C
[n], B C [n] of the two partitions, if |A| > dn or |B| > dn, there is at least one edge in the

graph induced by AU B.
The above theorem follows by a probabilistic argument.

Theorem 1.5. There exists 0 < § < 1 such that for sampling independent sets of the graph
above with the parameter §, the Glauber dynamics Markov chain Mg has exponentially

small conductance.

Proof. We define a cut with exponentially small conductance as follows: Let S; be the
independent sets with greater than dn vertices in the left bipartition. The set S consists of
independent sets where the left bipartition has exactly dn vertices. We set S3 = Q\ S\ Sa.
Note that S5 contains no independent sets with more that dn vertices in the right bipartition.
To reach such an independent set from S, the Markov chain must pass through .Ss.

We can bound the sizes of these sets as follows. Then,

s () <(5)”

and 51,53 > 2. Hence, for § sufficiently small,

|52 —(n)

<e

~ min(|Sa], [Ss]) T

O

Thus, in order to make effective use of the counting-sampling paradigm for such prob-

lems, one needs to either design Markov chains which modify the states in a non-local
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fashion, or to modify the existing local sampling scheme so that it can overcome the bottle-
necks which cause it to mix torpidly. Simulated annealing, a heuristic for optimization, as
well as simulated tempering, a Markov chain algorithm are methods that attempt to take

this latter approach.

1.4 Annealing and Sitmulated Tempering

Simulated annealing is a heuristic for optimization over a large search space that attempts
to improve on local search which can get trapped in local optima [15, 56]. Annealing uses a
temperature parameter so that at high temperatures, with some non-zero probability, the
algorithm makes unfavorable moves that allow it to move out of local optima. The annealing
starts at high temperature and gradually the temperature is lowered so that unfavorable
moves become less and less likely.

We first define the annealing algorithm in the context of optimization and then in the

context of MCMC algorithms for sampling.
1.4.1 Annealing in Optimization

Let H be a function defined over the finite search space 2. In an optimization problem, we
would like to find « € €2 such that H(z) = maxyecq H(y). Let P be the transition matrix of a
Markov chain defined on €. Let T} denote the temperature at time ¢. The sequence (73)52,
is a cooling schedule if tlgglo T; = 0. Let 8 = 1/T be an inverse temperature parameter. The

transition probabilities at temperature § are given by

Pl yymin (1 259) ity £

1=3, . Ps(z,2) ify==x

Ps(z,y) =

The simulated annealing algorithm is defined as follows. Start at an arbitrary point xg in

Q. For each timet=1,---T,
i) Let 8 = 1/T; the inverse temperature as defined by the cooling schedule.

ii) From the current point x;_1, choose the point X; according to the distribution on states

given by Pg(x—1,-).
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The algorithm thus defines a random sequence of states (X;);2;. When T is large, the
moves are made with less regard for improvement in the function, but as T’ decreases, unfa-
vorable moves become less likely. At the high temperature, the dynamics converges to the
uniform distribution over €. As the temperature becomes lower, the limiting distribution

of the dynamics becomes more biased towards the optimal states. Let

O={z:Hx) = HléiXH(Z/)}

be the set of global maxima. The simulated annealing algorithm is convergent if
lim P[X; € Q] = 1.
t—o00

A heuristic justification given for annealing is that performing unfavorable moves with
some probability will allow the local algorithms to cross the barriers that cause it to get
trapped at local optima at low temperatures. There are only a few settings where the
convergence of the algorithm has been analyzed [40, 54, 51|, although for the graph bisection
problem studied in the last work, it was shown by Carson and Impagliazzo [14] that local

search also suffices and annealing is not required.
1.4.2 Annealing in the MCMC Framework

A relatively recent development has been the analysis of algorithms using annealing in con-
junction with MCMC for sampling and counting problems. Two examples are the simulated
annealing algorithm of Jerrum, Sinclair and Vigoda for estimating the permanent [47] and
the algorithm of Lovasz and Vempala for computing the volume of a convex body [59],
which is currently the fastest algorithm for that problem.

Suppose that we wish to sample from 2 at an inverse temperature 8* so that 7(z)
e H(@) Tf the Markov chain on Q is symmetric, i.e., P(z,y) = P(y,z), then the Markov
chain with transition matrix Pg+« as defined above will converge to m. The annealing algo-
rithm is defined as before, that is, at each time, we take a step from the current state using
the transition probabilities at the temperature specified by the cooling schedule. In this case

we say the simulated annealing algorithm converges if starting with an initial distribution
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X over states
tligloxopﬁl X oo X Pﬁt = T3*.

The following toy example illustrates how annealing can help overcome bottlenecks for
local Markov chains. Let = [n] and for each 1 <i < n—1, let i be adjacent to i+ 1 in the
Markov kernel. Suppose for some §* we are interested in sampling from the distribution

*
el n

1 s
m le—n/Q.

(1) =

We can abstract out the important ideas by thinking of just 3 points on a line, where

the stationary probabilities of the end points are %%Lnn“ while the stationary probability of

the middle point is m.

Suppose that at temperature §* > 0, we start with the probability mass entirely on one
endpoint so that zo = (1,0,0). If we apply the transition matrix Pg« repeatedly to zo, we
find that the time taken for the distribution to come within 1/4 in variation distance of the
stationary distribution is exponentially large. This corresponds to the fact that starting
at the endpoint with exponentially large mass, we would have to wait for exponential time
before a move to the middle point is accepted.

We define an annealing algorithm for the sampling problem. The cooling schedule

consists just of two temperatures, 0 and (*. For some constants C7,Cs, the schedule is

given by 8; = 0 for t < C1n? and B = B* for Cin? <t < Con?.

Theorem 1.6. The simulated annealing algorithm converges to within € of the distribution

wg= in time O(n*Ine™ 1),

A sketch of the proof is as follows. The transition matrix Pg of the chain at temperature

0 is given by

where o = 57

16



After first N = Cyn? steps, the distribution is uniform over each of the points, since
the transition matrix at 8 = 0 is just the reflecting random walk on the line. Now, if we
iterate the matrix Pg«, it can be calculated that the variation distance from the stationary
distribution decreases at the rate of roughly 1/3 in each step. Thus in O(Ine~!) steps we
would be within ¢ of the stationary distribution. Going back to the line on n points, taking
into account that it takes O(n?) time to mix on either half of the line, we get that after
O(n?Ine~!) steps of running the chain at 3* the distribution is at most ¢ in distance away
from mg+. In this case, the speedup in the convergence time was because annealing at 3 = 0

gave us a good starting distribution for the Markov chain at §*.
1.4.3 Simulated Tempering

The simulated tempering Markov chain [65] is a variant of annealing where the temperature
is chosen randomly in each time step. Suppose that we wish to sample from the distribution
my at a temperature Bys. To use simulated tempering, we define a sequence of distributions
Tpm—1, , 7T, parameterized by inverse temperatures Gyr—1, -+, 00 = 0. The state space
of the tempering chain is 2 x [M], a tuple consisting of a state and a temperature. Suppose
that we are in the state (x,7). At each step of the chain, either the temperature is kept
fixed at 3; and the first co-ordinate, i.e., the state is randomly updated or we attempt to
randomly change the temperature to 3;11 or 5;—1 keeping the state fixed. We describe the
transitions of the chain precisely in Section 4.2.1 of Chapter 4.

The heuristic justification for this Markov chain is that by extending to a polynomial
number of smoother distributions at lower inverse temperatures, the Markov chain may be
able to cross bottlenecks at low temperatures without paying a large penalty in the running
time.

Annealing and tempering provide a generic framework that can be applied in principle
to any sampling problem. However, issues such as how to choose the distributions for tem-
pering or how to choose the cooling schedule are not addressed and depend on the specifics
of the problem at hand. Nevertheless, such techniques have been successfully applied to

the estimation of the permanent [47] and the computation of volume [59]. These methods
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are also popular in practice and this strongly suggests the need for a better understanding
of the power and limitations of these techniques. In particular, we would like to answer

questions of the following kind:

1. For which problems can annealing and tempering speed up the mixing rate of a Markov

chain?

2. Can one apply these techniques to any torpidly mixing chain and hope that we will
only do better with regard to mixing time, or not worse by more than a polynomial

in the number of temperatures?

1.5 Contributions of This Thesis

In this thesis we address the questions above and the contributions are two-fold. On the
positive side, we demonstrate the power and flexibility of the annealing method by applying
it to the problem of sampling and counting labeled bipartite graphs with given degrees. Un-
like previous approaches, the annealing algorithm required a careful choice of the starting
distribution for annealing. The main novelty was that the starting distribution was found
using a combinatorial algorithm. Our algorithm bypasses the reduction to computing the
permanent thus improving on the previously best known running time. Finally, our algo-
rithm can be extended to the case of sampling subgraphs with given degrees of an input
graph. This work appears in Chapter 3 and is based on joint work with Ivona Bezdkova and
Eric Vigoda and appeared in Random Structures and Algorithms, 2007 [7]. A preliminary
version appeared in Proceedings of the Symposium on Discrete Algorithms, 2006.

On the negative side, we disprove the belief that these heuristics can always be tried in
practice since they can only improve the mixing time of fixed temperature algorithms, or
at worst slow them down by a polynomial factor. We show that the mixing time for the
simulated tempering Markov chain for sampling from configurations of the 3-state ferro-
magnetic Potts model on the complete graph is exponentially large. Our analysis reveals
that the torpid mixing is due to a first order phase transition in the system, at a critical
inverse temperature. Moreover, simulated tempering will mix exponentially slowly regard-

less of the intermediate temperatures chosen to define the tempering algorithm. Finally,

18



the mixing rate is actually slower by an exponential factor compared to the mixing time of
the Metropolis algorithm at a fixed temperature. This work appears in Chapter 4 and is
based on joint work with Dana Randall and appeared in the Proceedings of the Symposium

on Discrete Algorithms, 2004 [9].
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CHAPTER II

MARKOV CHAIN BACKGROUND

In this chapter we state some of the now classical techniques for bounding the mixing time
of a Markov chain. These will be the main tools we use in the analysis of the Markov chains

we study subsequently.

2.1 FEigenvalue Gap

The inverse of the spectral gap of the transition matrix of a Markov chain characterizes the
mixing time. Let Ao, A1, ..., Ajg/—1 be the eigenvalues of an ergodic reversible Markov chain
with transition matrix P, so that 1 = Ag > |A\1| > |A;| for all ¢ > 2. Let the spectral gap be

Gap(P) = Ao — M.

Theorem 2.1 ([1, 24]). For é >0,
i) 72(6) < ooy 0 (5)-

. |A1] 1
0)> ———In| —|.
it) mﬁxrm( ) > 5Gap(P) n{ 55
However, in general, the eigenvalue gap is not easy to compute since the size of the

transition matrix is large.

2.2 C(Conductance

The conductance, introduced by Jerrum and Sinclair, provides a measure of the mixing rate
of a chain [49]. The conductance is in fact related to the spectral or eigenvalue gap (see for
example [80]), a connection which was studied independently by Lawler and Sokal [57]. A
similar relationship between the second largest eigenvalue and the “expansion” of a graph
was established by Alon [2] and Alon and Milman [3].

Bounding the conductance often gives an easier means for bounding the gap, in order
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to bound the mixing time. For S C €, let

m(x)P(z,y)
Po— E B z€Sy¢sS
ST 0s m(S)
Then, the conductance is given by
®= min Pg.
S:m(5)<1/2

Jerrum and Sinclair [49] showed that the conductance upper and lower bounds the

mixing time.

Theorem 2.2. For any reversible Markov chain with conductance ®

1-29
29

2 1
Ine! < mﬁxm(é) < 2 <1n51 +1In 7Tmin>

where T = mig m(x). Thus, to lower bound the mixing time it is sufficient to show
xTE

that the conductance is small.

2.3 Multicommodity Flow

The multicommodity flow method for bounding the mixing rate of Markov chain 9T was
introduced by Sinclair in [79]. Multicommodity flow is roughly a dual notion to the conduc-
tance and it characterizes rapid mixing as well. Here we state the upper bound on mixing
time in terms of the congestion of the multicommodity flow. Let X denote the Markov
kernel underlying 9t so that T' = (M, M') is an edge of K if P(M,M’) > 0. Let Prr be
the set of all directed paths from I to F' in . A flow in the Markov kernel is a function

g: U Prr — RY such that > pepp 9(p) = m(I)w(F). The congestion of the flow g
I,FEQ,I#F
is defined as:

1
plo) =Llg) | max § BRI g;g(p)

where ¢(g) is the length of the longest path p such that g(p) > 0. Note, the summation
is over all p € Uy pPrr, and T is restricted to be an edge of the Markov kernel so that
P(M,M") > 0.

This implies the following bound on the mixing time, from [79],
72(6) < p(g)(log w(z) " +log ).
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Multicommodity flow is a generalization of the canonical paths method [24, 79] where
all the flow between two states is sent along a single path.

Two auxiliary techniques we make use of are Comparison and Decomposition, which are
methods for bounding the spectral gap of one Markov chain in terms of the spectral gap of

related Markov chains.

2.4 Comparison

The comparison theorem of Diaconis and Saloff-Coste [23] is useful in bounding the mixing
time of a Markov chain when the mixing time of a related chain on the same state space is
known.

Let My and My be two Markov chains on €). Let P; and m; be the transition matrix
and stationary distributions of 9t and let P» and ma be those of My. Let E(Pr) = {(z,y) :
Pi(z,y) > 0} and E(P2) = {(z,y) : P2(z,y) > 0} be sets of directed edges. For z,y € Q
such that P>(x,y) > 0, define a path vy, a sequence of states x = xg,- -,z = y such that
Pi(xi,xi41) > 0. Let I'(z,w) = {(z,y) € E(P) : (2,w) € Yz} denote the set of endpoints

of paths that use the edge (z,w).

Theorem 2.3. (Diaconis and Saloff-Coste [23])

1
Gap(Py) > 1 Gap(P),

where

N 1
= max N N
(zw)eB(P) | m(2)Pi(z,w)

S ey lma(@) Pl y)

I'(z,w)
2.5 Decomposition

Decomposition theorems are useful for breaking a complicated Markov chain into simpler
chains that are easier to analyze [62, 66, 50]. Let 9 be a Markov chain with transition
matrix P. Let Qi,---,Q,, be a disjoint partition of Q2. For each i € [m], define the Markov

chain IM; on 2; whose transition matrix P;, the restriction of P to €); is defined as

o Py(z,y) = P(z,y), ifz#yandaz,yeQ;
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o P(x,x)=1- Z Pi(z,y), Ve,
yediyFe

The stationary distribution of 9; is m;(A) = W(QL_)' . Define the projection P to be the

transition matrix on the state space [m]:

Pli,j) = -~ 3 wl@)P(a.y).

W(QZ) xEQi,yEQj

The decomposition theorem says that the spectral gap of the chain 9 is at least one
half the product of the spectral gap of the projection chain and the spectral gap of the

slowest restriction chain.

Theorem 2.4. (Martin and Randall [66])

Gap(P) > %Gap(ﬁ) (min Gap(B)) .

i€[m]
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CHAPTER III

A SIMULATED ANNEALING ALGORITHM FOR
RANDOMLY GENERATING BINARY CONTINGENCY

TABLES

3.1 Introduction and Motivation

Given a pair of non-negative integer sequences r = ry,...,7, and ¢ = c1,...,Cp, a binary
contingency table satisfying the sequences r,c is a 0-1 matrix where the i-th row sums to
r; and the j-th column sums to ¢;, for all 1 < i < n,1 < j < m. We can also think of
the binary contingency table as the adjacency matrix of a bipartite graph G = U UV with
vertex set U = {uq,...,u,} indexing the rows and V' = {v1,..., v, } indexing the columns.
Then the vertices u; have degree r; and the vertices v; have degree c;. We will use the
matrix and graph views interchangeably throughout.

Gale and Ryser gave a necessary and sufficient condition on the row and column sums
for such a matrix to exist. For 0 < k& < max(n,m) = M, let ¢; be the number of column

sums that are at least as large as k.

Theorem 3.1 ([33, 76]). There is a binary contingency table with row sums r1 > -+ > 1y,

and column sums ¢y > - -+ > ¢y if and only if for each 1 < k < M,

k k
DILEPIL (3)
i=1 i=1
where r; or ¢; are 0 if i > n or m respectively.

Clearly this condition can be checked in time that is polynomial in n and m. It is well
known that a simple greedy algorithm can be used to construct a matrix with the given
row and column sums (if one exists) in polynomial time. In his paper, Ryser remarks that
a more difficult problem is to determine the number of such matrices N(r,c). Interestingly,

it is not known to be #P-hard to compute N (r,c). However, at this time, all algorithms
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for computing N (r,c) obtain only approximations to it, and are randomized. Thus it may
very well be that there is a deterministic algorithm for computing N (r, ¢) exactly which has
so far eluded us. In addition to computing N (r,c), we are also interested in the problem of
generating a uniformly random bipartite graph with a given degree sequence.

Counting and sampling the number of binary contingency tables satisfying given marginals
is an important problem in statistics [21, 22]. The number of binary contingency tables sat-
isfying given marginals can be used to analyze the dependence between variables in the
data that the table represents [77, 6]. In the theory of random graphs, an algorithm for
generating a random graph with given degrees is useful if one wants to make a statement

about typical properties of such graphs [54].

3.2 Previous Algorithmic Work

There have been two broad approaches to randomly generating bipartite graphs with a
given degree sequence. In the Markov chain Monte Carlo approach, the idea is to define a
Markov chain on the space of desired graphs so that after running the chain a sufficiently
long time, we generate graphs with the required degrees almost uniformly at random.

The second approach has focused on defining efficient algorithms for generating a graph
with the required degrees with ezactly uniform probabilities. For example, a naive method,
which is far from efficient, is to randomly, with equal probability choose each entry in the
matrix to be 0 or 1 and reject the matrices which violate the required marginals. Clearly,
every matrix is generated with the same probability.

Both the above methods have been applied to the problem of randomly generating graphs
with a given degree sequence, i.e., without the bipartiteness restriction. In most cases there
is a natural extension of the algorithm to the case when we restrict to bipartite graphs, so
for simplicity, we only state the results for graphs.

Jerrum and Sinclair use a Markov chain approach in [45] to generate graphs with given
degrees approximately uniformly at random. The Markov chain 9t; they defined (a weighted
version of which will be the basis of our algorithm, see Section 3.6) uses auxiliary states

which are graphs with degrees close to the required degrees. They show that if the degree
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sequence is stable, that is, under small perturbations of r, ¢, the number of graphs does not
change by more than a polynomial in the number of vertices, then 9t; mixes in polynomial
time. The same arguments can be extended to the bipartite graph sampling problem. There,
examples of stable degree sequences include regular degrees, when for all ¢, 7, r; = ¢;; and
“bounded” sequences, when for all i,j, rj,¢; < y/n. In fact the regularity condition for
bipartite graphs can be relaxed to the degrees being regular in one bipartition, but not
necessarily the other.

A second Markov chain 9t can be defined on the space of binary contingency tables,

which chooses two columns and two rows and attempts to add the matrix

to the 2 x 2 matrix defined by the chosen rows and columns. This is known as the Diaconis
or “switch” Markov chain. It can be shown that these moves connect the space of all the
tables with the given marginals. Kannan, Tetali and Vempala [52] showed that 9y mixes
in polynomial time for regular sequences; for sequences where r; = ¢; = d and m = n, the
mixing time of the chain is bounded by O*(n'3d'3), neglecting logarithmic factors.

Observe that in the bipartite graph corresponding to a 0-1 table, moves of My pick
two vertices in each of the bipartitions, say i1,42 and j1, jo and attempt to add the edges
(i1,71), (i2, j2) and delete the edges (i1, j2), (i2,71). The move succeeds if and only if there
are exactly two edges in the induced subgraph, and it “switches” how the vertices are
connected. Cooper, Dyer and Greenhill [19] show that the analogous Markov chain on
graphs with the required degree sequence that performs switches of pairs of edges mixes in
polynomial time. They obtain a mixing time of O*(nd!®) for the Markov chain.

The first polynomial time algorithm for approximating N(r,c) was given by Jerrum,
Sinclair and Vigoda in [47], where they give an FPRAS for estimating the permanent of
a 0-1 matrix. It is known by a reduction due to Tutte [86] that computing N(r,c) can
be reduced to computing the permanent of a 0-1 matrix. The basis of their algorithm is a
Markov chain which can also be used to approximately uniformly generate random bipartite

graphs with the given degree sequences. The reduction from a degree sequence of size n+m
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results in a permanent computation for a matrix of size O(n? +m?). Combined with recent
improvements for the running time of the permanent algorithm in [8], this results is a mixing
time of O*(n'?).

The mixing times of the above Markov chains are large polynomials and would have to
be tightened much more before there is any hope of practical MCMC algorithms. Next, we
discuss two alternative methods of random generation, using the configuration model and

importance sampling, both of which usually have very reasonable running times.
3.2.1 The Configuration Model

Consider the following simple algorithm of Bender and Canfield and Bollobds [5, 11] for
generating a random regular graph with degree d. Clone each vertex into d copies and take
a random perfect matching on the resulting nd vertices. Next, shrink all the clones into
one vertex, resulting in a multigraph. It is not difficult to see that all simple graphs can be
constructed in an equal number of ways. If we reject the sample if the graph is not simple,
this would give the correct distribution over graphs. Unfortunately, the probability of the
graph being simple is bounded by e~/ 4 so the sampling algorithm would be polynomial
only if d = O(In'/?(n)).

To go beyond the low degree barrier, Steger and Wormald [82] defined a modification
to the configuration model which builds the random matching one edge at a time, avoiding
loops and multiple edges. For this algorithm, the difficulty is in showing that the distribution
over simple graphs obtained is uniform. Steger and Wormald showed that the distribution
was uniform for degrees d = o(n'/?®). Kim and Vu [54] improved this and demonstrated
that for d = o(nl/ 3) the distribution is asymptotically uniform. They conjecture that the
distribution is uniform even beyond o(n'/3). The running time of this algorithm is only
O(nd?). These arguments can usually be extended to the case of non-regular degrees,
though the analysis becomes complicated and there may be restrictions on the deviations of
the degrees from the average. This approach for random generation also has the attraction
that it can be used to prove properties of random regular graphs, which is not the case for

MCMC algorithms.
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3.2.2 Importance Sampling

Importance sampling is a general purpose technique that is used to reduce the variance of
an estimator for a quantity [58]. Suppose that our objective is to estimate the expectation
of a function f on  with respect to the distribution 7. The expectation is given by

F=Ealf] =) f(@)r(x)

€N

and can be estimated by taking samples 1, ,x, drawn according to the distribution 7

and computing

n

> flaim ().

i=1
In the limit, as the number of samples n — oo, the above quantity will converge to the
expectation f. However, the number of samples that must be taken in order to approximate
f depends on the variance of the estimator.
Instead, suppose we draw the x; according to another distribution u on 2. Then, fTW is
an estimator for f since

5 [17] - 1m0 g

€N

A guideline for choosing p is to put more weight where 7 is concentrated and f is also
large. For example, if p had the same shape as f - 7w, then the variance of the estimator
would be zero. In practice, importance sampling with a distribution p may also be useful if
it is not known how to generate samples according to the distribution 7, but we still wish
to estimate f.

If the function f over the space of binary contingency tables is uniform and takes value
1/N(r,c), then its expectation is just the number of tables N(r,c). In order to estimate
N(r,c), Chen et al., [16] proposed a sequential importance sampling algorithm where the
columns are filled in sequentially according to a distribution given by asymptotics for the
number of 0-1 contingency tables [38] (the resulting distribution over tables is the im-
portance sampling distribution). Subsequently Blanchet [10] analyzed the proposed algo-

rithm and showed that it can be used to generate uniformly random bipartite graphs with
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dmaz = o(DY*) in time O(D?), where D is the number of edges in the graph. Bayati,
Kim and Saberi [4] give a very efficient importance sampling algorithm when the maximum
degree is dpmazr = O(Dl/ 4=¢). The expected running time of their algorithm is O(Dd,nqz)-

Importance sampling is used widely in practice, often without rigorous guarantees and
Bezakova et al., in [8], show that examples can be constructed which violate the regular-
ity conditions above, where importance sampling will require exponentially many trials to
produce a good estimate of N(r,c).

Our emphasis is on algorithms that are provably efficient for arbitrary degree sequences.
More precisely, we are seeking an FPRAS for N(r,¢). Until now, the only method known
for approximating N (r,c) was by reducing the problem to approximating the permanent
[47, 45]. We present a new algorithm for binary contingency tables with arbitrary degree
sequences, by directly exploiting the combinatorial structure of the problem. The resulting

algorithm is faster than permanent-based algorithms, although it is still far from practical.

3.3 High Level Description of the Algorithm

Our algorithm is very much inspired by the permanent algorithm of Jerrum, Sinclair, and
Vigoda [47], but requires an interesting algorithmic twist. The new algorithmic idea relies
on a combinatorial property of bipartite graphs satisfying a given degree sequence.

The basis of our algorithm is a Markov chain which walks on bipartite graphs with the
desired degree sequence and graphs with exactly two deficiencies. We say a graph has a
deficiency at vertices u; and v; if they have degree 7(i) — 1 and ¢(j) — 1, respectively, and
all other vertices have the desired degree. The number of graphs with the desired degree
sequence might be exponentially fewer than the number of graphs with two deficiencies (see
[52] for an explicit example). Thus, we need to weight the random walk defined by the
Markov chain so that graphs with the desired degree sequence are “likely” in the stationary
distribution.

Let w(i, j) denote the ratio of the number of graphs with the desired degree sequence
versus the number of graphs with deficiencies at u; and v;. It turns out that given rough

approximations to w(i, j), for all 4, j, the Markov chain weighted by these ratios quickly
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reaches its stationary distribution, and samples from the stationary distribution can then
be used to get arbitrarily close estimates of w(i,j). This type of bootstrapping procedure
for recalibrating the ratios w(i, j) was central to the algorithm for the permanent.

For the permanent there is an analogous Markov chain on perfect matchings and match-
ings with at most two unmatched vertices (or holes) where the corresponding ratios, denoted
as w(i, j), are the number of perfect matchings divided by the matchings with holes at u;, v;.
In the case of the permanent, a bootstrapping algorithm for computing the ratios @ yields
a natural simulated annealing algorithm. Consider an unweighted bipartite graph G that
we wish to compute the number of perfect matchings of. In the complete bipartite graph,
denoted as Gy, it is trivial to exactly compute the ratios w(i, j) for every i,j. From Gy, we
then slightly decrease the weight of edges not appearing in GG, constructing a new weighted
graph G1. Using w for Gy we use the bootstrapping to closely estimate w for Gi. Then
we, alternately, decrease (slightly) the weight of non-edges of G creating a new graph Gj,
and then use the estimates of @ for G;_1 to bootstrap w for G;. A crucial element of this
algorithmic approach is that the quantities w(i, j) are trivial to compute in the initial graph,
which in this case is the complete bipartite graph.

For contingency tables, what is a starting instance where we can easily estimate the
corresponding ratios w(i,7)’s? Recall that our final goal is to sample subgraphs of the
complete bipartite graph with a given degree sequence. It is not clear that there is some
trivial graph which we can use to start the simulated annealing algorithm. This is the key
problem we overcome.

We prove that if we construct a graph G* with the desired degree sequence using a
particular Greedy algorithm, then we can estimate the ratios w(i, j) in the weighted com-
plete bipartite graph where edges of G* have weight 1 and non-edges have sufficiently small
(non-zero) weight (call this graph Gp). Our aim is to estimate the ratios when all the edge
weights are 1. Once we have estimated the ratios for Gy, they can be used to bootstrap the
annealing algorithm in order to compute the ratios for the graphs Gi,Gs - with larger
and larger weights on the non-edges of G*, until the edge weights are all 1. A high-level

outline of the bootstrapping algorithm to compute the ratios is shown in Figure 1 and a
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Bootstrapping Algorithm.

Input: Degree sequences r,c and parameters 0 <e <1.
Output: A 1+ ¢ approximation to the ratios w(i,j).
1. Initialize k=0, A\ =e(nm)~P.

2. Let Gy be the weighted graph with edges weights of 1 on the
edges of G* and )\, on the non-edges.

3. For each pair 4,j, compute a 1+ ¢ approximation to w(i,j) for
Gy, denoted by wp(s,J).

4. While Ay < 1, for each 4,5 such that there are graphs with
the required degree sequence with deficiencies at u; and vj,

e Let A1 = Ag (1 + %) .

e Start with a constant factor approximation to wg4; by
setting wgy1(4,7) := wi(3, 7).

e Boost the constant factor approximation to wgi1(é,j) to a
(1 £ ¢) factor approximation by sampling.

e Set k:=k+1.

Figure 1: Bootstrapping algorithm

more precise description can be found in Sections 3.4.3 and 3.7.1 (it may be helpful to skim
these before proceeding).

The algorithm to estimate the ratios for Gy follows from the following property of G*.
For every pair of vertices u;, v;, there is a short alternating path between u; and v;, or there
is no graph with the degree sequence with deficiencies at u;,v;. (An alternating path is a
path which alternates between edges and non-edges of G*.) Moreover, the alternating path
is of length at most 5, which implies an easy algorithm to count the number of minimum
length alternating paths. This in turn gives a polynomial time algorithm for estimating
the ratios w(i, j) to within a small relative error if the weights on the non-edges of G* are
sufficiently small. The above combinatorial fact is the main result of this work. Interestingly
this combinatorial property fails to hold for many other natural variants of Greedy and max-
flow algorithms for constructing a graph with a specified degree sequence.

The algorithmic consequence of our work is an O((nm)2D3dmyax log®(n 4+ m)) time al-
gorithm to approximately count the number of bipartite graphs with the desired degree

sequence, where D = > r(i) = > c(j) is the total degree (or total number of edges) and
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dmax = max{max; r(i), max; c(j)} is the maximum degree. In the worst case this translates
to an O(n''log®n) algorithm for an n x n matrix since D = O(n?) and dyax = O(n).
Moreover, we can count subgraphs with the given degrees of any input graph, rather than
only the complete bipartite graph (see Section 3.4.5 for a discussion of this extension). The

following is a precise statement of our main result.

Theorem 3.2. For any labeled bipartite graph G = (UUV, E) where U = {uy,...,u,} and
V =A{v1,...,u}, any degree sequence r(1),...,r(n);c(1),...,c(m), and any 0 < e,n < 1,
we can approrimate the number of labeled subgraphs of G with the desired degree sequence
(i.e., u; has degree r(i) and v; has degree c(j), for alli, ) in time O((nm)? D3dyayx log® (nm/e)
e 2log(1/n)) where D =", r(i) = >_j¢(j) is the total degree and dmax = max{max; (i),

max; c(j)} is the mazimum degree. The approximation is guaranteed to be within a multi-

plicative factor (1 £ ¢) of the correct answer with probability > 1 — 1.

The permanent is a special case of the problem statement in Theorem 3.2 when m =n
and for 1 <4 <n, r; = ¢; = 1. In fact, the problem statement is not a generalization of the
permanent, but is equivalent to it, since it can be reduced to computing the permanent by
a reduction similar to the Tutte reduction. However, as mentioned, the reduction causes
a quadratic increase in the size of the instance. The running time of our algorithm when
the degrees are all constant is O(n” log® n) which matches the running time of the fastest
algorithm for the permanent [8].

In Section 3.4 we give the basic definitions and present a high level description of our
simulated annealing algorithm. This section aims to motivate our work on the particular
variant of the Greedy algorithm we study. We prove our main result about short alternating
paths in the graph constructed by a particular variant of Greedy in Section 3.5. In Section
3.6 we analyze the mixing time of the Markov chain which is used in the simulated annealing
algorithm. We conclude with the details of the simulated annealing algorithm in Section 3.7.
For completeness we sketch the standard reduction from counting to sampling in Section

3.8. Finally we give a breakup of the running time stated in Theorem 3.2 in Section 3.9.
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3.4 Preliminaries

3.4.1 Definitions

We use U and V to denote the partitions of vertices of the bipartite graph on n+m vertices.
The desired degree sequences are denoted by r and ¢ where r : U — Ng,c: V — Ny, and
Ny is the set of non-negative integers.

For every vertex v € V(G), let N(v) denote its neighborhood and let N(v) =V \ N(v)
ifve U, and N(v) = U\ N(v) if v € V. We will use a and u to denote vertices in U and b

and v to denote vertices in V.

Definition 3.2.1. We say that a bipartite graph with partitions U, V corresponds to the
degree sequences 7 : U — No, ¢ : V — Ny ifdeg(a) = r(a) for everya € U and deg(b) = ¢(b)
for every b € V. A pair of degree sequences r, c is feasible if there exists a corresponding

bipartite graph.

Let P = P(r,c) be the set of all graphs corresponding to r,c. Recall, our overall aim
is to approximate |P|. By a standard reduction [48] this can be done by sampling almost
uniformly at random from P.

It is easy to construct a graph with the desired degree sequence, or determine that no
such graph exists, using a Greedy algorithm (of which there are many valid variants) or a
max-flow algorithm. We study one such variant of Greedy in Section 3.5. Hence, we can
assume that r, ¢ defines a feasible degree sequence.

In our simulated annealing algorithm, graphs with the desired degree sequence, except
at two vertices, called holes (or deficiencies), will play a central role. This is akin to the

role of near-perfect matchings in algorithms for the permanent.

Definition 3.2.2. Letu € U,v € V and let r, ¢ be a pair of degree sequences on U, V. We

define degree sequences with holes at u,v as follows:

r(a) ifa#u ((p) c(b) ifb#£wv
r(a)—1 ifa=u cb)—1 ifb=w

r(“)(a) =

We say that u,v is a pair of feasible holes for the degree sequences r, ¢ if the pair of

sequences 1, V) is feasible.
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Let N (u,v) be the set of all graphs corresponding to 7(*), ¢() where v € U, v € V, and
let N' = Uy N (u,v). Let Q = Q(r,¢) = PUN.

3.4.2 High-level Description of the Annealing

We give a rough description of the simulated annealing algorithm for binary contingency
tables. This is not the novel aspect of the algorithm as it is very much inspired by algorithms
for the permanent. Our emphasis in this section is to motivate our main result about the
graph constructed by the Greedy algorithm.

The simulated annealing algorithm will consider a sequence of activities on edges of the
complete bipartite graph, i.e., for all pairs (x,y) where = € U,y € V. There will be a
subgraph corresponding to the Greedy algorithm which always has activity 1 on each edge,
and the other edges will initially have activities A = 0, and these edges will slowly increase
their activities to A = 1. More precisely, let G* denote the graph with the desired degree
sequence constructed by Greedy algorithm which is formally defined in Section 3.5. (The
details of this graph are not relevant at this stage.) For a positive parameter A\, we define

the activity of edge e = (x,y), x € U,y € V, as:

1 ifee E(G")
Ae) =
A ifed E(GY)

The activity of a graph G € () is then defined as:

AMG) = H Ae) = ABGNEE)]
e€E(G)

Finally, the activity of a set of graphs is A(S) = >_nc g AMG).
3.4.3 Bootstrapping

A key quantity is the following collection of ideal weights:

These weights are “ideal” in the sense that given close approximations to them, there is
a Markov chain which can be used to efficiently generate samples from P weighted by

A. Thus, using these ideal weights for A = 1 we can efficiently sample graphs with the
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desired degree sequence. Given rough approximations to the ideal weights w* (say within a
constant factor), samples from the Markov chain can be used to boost these weights into an
arbitrarily close approximation of the ideal weights. This is the bootstrapping procedure
and the same approach was used for the approximation of the permanent.

Using the bootstrapping procedure (further details of which can be found in Section
3.7.1) to refine rough estimates of the ideal weights we can obtain a simulated annealing
algorithm for sampling binary contingency tables. We start with Ag close to 0 (specifically
with A\g = e(nm)~P), where D is the total number of edges. For a particular choice of G*,
it turns out to be possible to compute a (1 + ¢) approximation of the ideal weights wj‘\o in
a straightforward manner. We will then raise A slightly to a new value A\;. For example,
suppose we set A\ = (1 + ln(21/4)/D) Ao- Then for any graph G, A\;(G) is within a factor
of 21/4 of A\g(G). This implies that A\;(P) and A\; (N (u,v)) will be within a factor of 21/4
respectively of Xg(P) and Ag(N'(u,v)). Then, the ideal weights w} for Ag will be a v/2-
approximation to the ideal weights for A;. We use the bootstrapping procedure to boost
these to get arbitrarily close estimates of w},. We can then continue to alternately raise
A by a factor (1 + ln(21/4)/D), and then bootstrap new estimates of the ideal weights. In
O(D?log(mmn)) steps, A becomes 1 and we will have a suitable approximation of the ideal
weights for A = 1. It turns out that we can use a more efficient algorithm for updating A,
so that the ideal weights are still constant factor approximations for the successive ideal
weights, see Section 3.7.2.

Algorithms for the permanent use a similar simulated annealing approach, but instead
start at the complete bipartite graph and slowly remove edges not appearing in the input
graph. We instead start at a graph which depends on the desired degree sequence. We then

slowly add in non-edges until we reach the complete bipartite graph. In some sense we are

doing a reverse annealing.
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3.4.4 Estimating Initial Weights

Now we can address how we estimate the ideal weights for A sufficiently small. Note, A(P)

and A(NV(u,v)) are polynomials in A. In particular,

D

AP) = pAPF,

k=0
where p denotes the number of graphs corresponding to r, ¢ which contain exactly k edges
of G*. Similarly,

D—-1

AW (u,0)) = 32 ppaP 1 F,

k=0

where pZ’v is the number of graphs corresponding to (), ¢(*) which contain exactly k edges
of G*.

For A sufficiently small, to approximate A(N(u,v)), it suffices to determine the leading
non-zero coefficient, i.e., p;"* such that p;’* = 0 for & > j. Note that the sum of all the
coefficients in the polynomial is at most (nm)”. Then, for A < ¢/(nm)P, for some £ > 0,

we claim that z,,, = pj""AP~177 is a (1 4 ¢) approximation to A(N(u,v)). Formally,

j—1
Tup S AN (w,v)) = Typ+ ZPZWAD—I—k
k=0
j—1
<y + AP szyv
k=0
S xu;u + EADijil
< (14¢e)zye

The second to last inequality follows because A(nm)P < e. The last inequality follows
since Ty, > A\P—1=7,

The graph G* constructed by Greedy has degree sequence r, ¢, and hence it has exactly
one subgraph (G* itself) that has this degree sequence. Thus, the constant term of \(P)
is 1 and we can approximate A(P) by 1. For v € U,v € V, if (u,v) € E(G*), then the
subgraph with edges E(G*) \ (u,v) has holes at u,v, and this is the only subgraph with

degree sequence r® () In this case we can also approximate AN (u,v)) by 1.

36



If (u,v) € E(G*), then there is no subgraph of G* with holes at u, v, i.e., degree sequence
r® ) g0 that p%il = 0. Note, we cannot approximate A(N(u,v)) by 0, since we need an
approximation that is close within a multiplicative factor. We instead need to determine a
non-zero coefficient of lowest degree in the polynomial. Since plkf’v is the number of graphs
corresponding to (| ¢(®) with exactly k edges of G*, the degree of the leading non-zero
term in A(N(u,v)) is £ where 2¢ + 1 is the length of the shortest alternating path between
u and v in G*. We prove that for our particular choice of G*, for every w,v there is an
alternating path from u to v of length at most 5, or u,v are infeasible holes (in which case
we do not need to consider their polynomial). Since these alternating paths are so short, in
polynomial time we can simply enumerate all possible such paths, and exactly determine
the leading non-zero coefficient, thereby obtaining a good approximation to A\(N (u,v)).

This will result in the following theorem, whose proof we present in section 3.5.

£

Theorem 3.3. Let r,c be a feasible degree sequence and let € > 0 and A < )T - There
exists a graph G* (independent of € and \) such that for any pair of feasible holes u,v we

can compute a weight w(u,v) satisfying
(1= eyw(u,v) < wi(u,0) < (1+2)w(u,v).

in time O(nmd>

fax) - Overall, the construction of G* together with the computation of w(u,v)

for all feasible holes u,v takes time O((nmdmax)?).

3.4.5 Subgraphs of Arbitrary Input Graph

The above high-level algorithm description applies to the contingency tables problem, where
we are generating a random subgraph of the complete bipartite graph K, ,,, with the desired
degree sequence. Our approach extends to subgraphs of any bipartite graph G = (V| E).
The general algorithm proceeds as in Section 3.4.2. Thus, regardless of G, we construct
G* using the Greedy algorithm and approximate the initial weights. For non-edges of G*,
their activity is slowly raised from A = 0 to A = 1. At this stage all edges have activity A = 1,
and thus we can generate random subgraphs of K, ,, with the desired degree sequence.
Then for non-edges of G, i.e., (u,v) € E, we slowly lower their activity from A(u,v) =1 to

AMu,v) = 0.
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Lowering the activities is analogous to raising the activities, and simply requires that
the weights w* at the previous activities can be used to bootstrap the weights w* at the
new activities. Finally, the algorithm ends with close approximations to the weights w* for
the graph with activities of A(u,v) =1 for all (u,v) € E and A(u,v) ~ 0 for all (u,v) € E.

Therefore, we can generate random subgraphs of G with the desired degree sequence.
3.4.6 Analysis Details

The analysis of the Markov chain underlying the simulated annealing algorithm requires
considerable technical work. It combines many of the ideas in the recent works of Cooper,
Dyer and Greenhill [19], Kannan, Tetali and Vempala [52], Jerrum, Sinclair and Vigoda
[47], and Bezdkovd et al. [8]. This analysis is contained in Section 3.6. In Section 3.7 we
give the details of the simulated annealing algorithm and analyze its running time. In the

next section we prove Theorem 3.3.

3.5 Greedy graph

In this section we prove that in the graph constructed by a variant of the greedy algorithm,
that we call Greedy, for all w,v, either there is a short alternating path from u to v or
there is no graph with holes at u,v. This immediately implies Theorem 3.3. The variant of
the greedy algorithm we analyze uses a specific rule to break ties which will be described

shortly,

Definition 3.3.1. Let G = (U, V, E) be a bipartite graph with partitions U,V and edge set
E, and let w € U, v € V. We say that there erists an alternating path from u to v of
length 2k + 1, if there exists a sequence of vertices u = wq, Wi, . . . , Wak, Wogt+1 = v such that
wo; € U,weir1 €V and (we;, we;y1) € E for every i € {0,...,k}, and (wai—1,we;) ¢ E for

every i € {1,...,k}.

The Greedy algorithm depends on an ordering of the vertices. We need an ordering

which is consistent with the degree sequence in the following sense.

Definition 3.3.2. Fix ¢ : V — Ny and let m be a total ordering on V. We say that m

is consistent with ¢, if for every by, by with c(by) > c(bs), vertex by precedes by in m (i.e.
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bl <r bQ).

We now define the Greedy algorithm which is the focus of our analysis. It can be viewed
as a recursive procedure which matches the highest degree vertex in U, say z, to r(x) highest
degree vertices in V. Then the procedure recurses on the residual degree sequence obtained
from the original sequence by setting the degree of x to zero and decrementing the degrees
of all its neighbors, until all residual degrees equal zero. However, we need to specify how to
break ties when two vertices have the same residual degree. This turns out to be the crucial
aspect of our algorithm. For this purpose we introduce an additional parameter of the
algorithm, a preference relation 7 which is initially consistent with c. For the recursive call
we use a relation 7 induced by 7 on the residual sequence ¢. Here is the formal description

of the algorithm:

Procedure GREEDY(r, ¢, ),
Input: » : U — Ny, ¢ : V — Ny are degree sequences and 7 is a total ordering on V
consistent with c

e Let G = (U,V,0) be a bipartite graph with partitions U, V' and no edges.

o If Y cur(a) # > ey c(b), return “Sequences not feasible”.

o If Y cyr(a) =0, return G.

e Let x € U be a vertex for which r(z) is maximum (if there is more than one, choose
arbitrarily).

e Let Y C V be the first r(x) vertices in the ordering .

e If Y contains a vertex of degree 0, return “Sequences not feasible”.

e For every y € Y, add the edge (z,y) to G.

e Let G := GREEDY(?,¢, ), where

r(a) acU\zx cb)—1 bey
7(a) = é(b) =

0 a=z c(b) beV\Y
and 7 is a total ordering on V defined by: b1 <; be if and only if é(by) > é(b2) or
¢(b1) = ¢(b2) and by < ba.
e Add the edges of G to G and return G.
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Figure 2: The Greedy graph
on the sequence (1,2,2,3,4,5,7),
(1,2,2,3,4,5,7).

Now we are ready to present the main combinatorial result. We claim that in the graph
constructed by Greedy there is a short (constant-length) alternating path between any two
feasible holes. One such graph is depicted in Figure 2. It shows a pair of feasible vertices
as, bs and an alternating path as, be, ag, bg, as, b5 between them of length 5. Notice that
the holes a7, by are infeasible, thus there is no alternating path between them. In contrast
with our main result, in Proposition 3.9 at the end of this section, we construct a family
of graphs which require alternating paths of linear length for certain pairs of holes. Each

graph in this family is an output of a greedy algorithm which breaks ties arbitrarily.

Theorem 3.4. Let r,c be a pair of feasible degree sequences and let w be a total ordering on
V' consistent with c. Let G = (U,V, E) be the graph constructed by GREEDY (r,c, 7). Then
for any pair of feasible holes w € U, v € V' in G there exists an alternating path from u to

v of length <'5.

Proof. We prove the theorem by induction on the number of non-zero entries in r. In the
base case, there is a single non-zero entry in r. For any pair of feasible holes u, v, the
non-zero entry is 7(u) and G contains the edge (u,v). Thus u,v forms an alternating path
of length 1.

For the inductive hypothesis, assume that the theorem is true for every triple (v, , 7’),
where 1/, ¢’ are feasible degree sequences, ' contains fewer non-zero entries than r, and 7’
is a total ordering consistent with /. Let u € U, v € V be a pair of feasible holes for r, c.

Suppose that U = {aq,...,a,} and the edges adjacent to a; € U are added in the i-th
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u=aq,

Figure 3: u=a; andv €Y

%‘353\0‘000

Figure 4: u=a; andv e V\Y

iteration (or recursive call) of GREEDY(r, ¢, m). We say that this is the recursive call when
a; is processed. In the first recursive call x = a;. Recall that Y denotes the set of aq’s

neighbors.

e If u = a;, we construct a short alternating path from u to v as follows (Figures 3,4).

— If v € Y, then (u,v) is an edge in G and thus u,v forms an alternating path of

length 1.

— If v ¢ Y, let w be any neighbor of v. Such a neighbor exists since deg(v) > 0,
since u, v are feasible holes. Since w is the vertex of the highest degree, deg(w) <
deg(u). Hence there exists a vertex z € Y which is not a neighbor of w. (If
not, then deg(w) > 1+ |Y| > deg(u), a contradiction.) Then u, z, w, v forms an

alternating path of length 3.

e Suppose u # a1. Recall that 7, ¢ are the reduced degree sequences corresponding to
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Figure 5: u has a neighbor b € V'\Y

the graph G obtained from G by removing all edges adjacent to a;.

— If u,v are also feasible holes for #, ¢, then we may use the inductive hypothesis
to conclude that there exists an alternating path from u to v in G of length < 5.
Note that the correctness of GREEDY and the assumption that r, ¢ are feasible
imply that 7, ¢ are feasible sequences, and 7 is consistent with ¢ by definition.
Hence we can indeed apply induction. Since G and G differ only in edges adjacent
to a1 and the path in G does not use a; (because é(a;) = 0), the path is also an

alternating path of length <5 in G.
— Suppose that u, v are not feasible holes for 7, ¢. We use the following claim:

Claim 3.5. If u,v are not feasible holes for v, ¢, then v € Y is of degree c(v) =1

and there exists v' € V\'Y also of degree c(v') = 1.

Before we prove the claim, we check what it implies about the existence of a
short alternating path between u and wv.

By the claim, v € Y and there exists another v' € V'\'Y with ¢(v) = ¢(v') = 1. If
u has an edge to a vertex b € V' \ 'Y, then u, b, a;,v forms an alternating path of
length 3 (see Figure 5). Therefore, we may assume that all of u’s neighbors lie in
Y. Let rj, ¢; be the residual degree sequences just before the greedy algorithm for
r, ¢ starts adding edges adjacent to u = a; (i.e., rj, ¢; are GREEDY’s inputs to the
recursive call in which u is processed). In other words, 7}, c; are the parameters
of the j-th recursive call originated from GREEDY(r,c, 7). Let b be a vertex of

the highest remaining degree in V'\ Y at the start of the j-th recursive call (notice
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Figure 6: Vertex b € V' \ 'Y of resid-
ual degree > 1

that V' \ 'Y is nonempty since v’ ¢ Y'). The existence of a short alternating path

follows from this claim:

Claim 3.6. If u,v are feasible, then c;(b) = 1.

The proof of the claim is included in Section 3.5.1. By the claim, for feasible u, v
there is a vertex a € U adjacent to b which is processed after u (see Figure 6).
This follows from the fact that all of u’s neighbors are in Y. Hence, deg(a) <
deg(u), and therefore, there exists y € Y which is a neighbor of u but it is not
a neighbor of a. (If not, then deg(a) > 1+ deg(u), a contradiction.) Then

u,,a,b,a1,v is an alternating path of length 5.

3.5.1 Proofs of Claims 3.5 and 3.6 and Theorem 3.3

To finish the proof of the Theorem 3.4, it remains to prove the two claims. We re-state

both claims, together with their assumptions.

Theorem 3.7 (Claim 3.5). Recall that 7,¢ denote the residual sequences after the greedy
algorithm matches the first vertex a1 € U. Assume that u,v are feasible holes for r,c, where
u # ai. If u,v are not feasible for 7,¢, then v € Y = N(a1) and there exists a vertex

v € V\Y such that c(v) = c¢(v') = 1.

Proof of Claim 8.5. Since u,v are feasible for r,c, there exists a graph with degree se-

quence (¥ ) (the sequence with holes at u,v). Let G) be the graph returned by
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GREEDY (1™ ¢ 7(40)) where 7(%*) is the total order obtained from 7 by repositioning v
right after all the vertices of degree ¢(v) (thus v comes before all vertices of degree ¢(v) —1).
We will compare G(*%) with G to establish conditions under which u, v are feasible for 7, ¢.

Notice that if v ¢ Y or if v € Y but ¢(v) > ¢(b) for every b € V' \ Y, then the neighbor-
hoods of a; in G and G(**) are identical (because the first (a;) = |Y| elements of 7 and
7(4¥) are the same). Thus, in this case, ) (the sequence ¢ with hole at v) is identical to the
sequence g”\), the residual sequence used in the recursive call of GREEDY(T‘(“), c(”),ﬂ'(“’”)).
Moreover, since u # a;, we have #() = r/(“\) . By the correctness of the greedy algorithm,
7’/(“\) ,c/(”\) are feasible. Therefore, if a; has the same neighbors in G and G(*%), we can
conclude that u,v are feasible holes for 7, é.

We are left with the case when v € Y and there exists v' € V' \ Y of the same degree
c(v') = ¢(v). We will show that if ¢(v) > 1, the holes u,v are feasible for 7, ¢é. This implies
the claim.

Suppose ¢(v) = ¢(v') > 1 for v € Y and v' € V' \'Y. Since u,v are feasible for r,c,
by symmetry u,v’ are also feasible for r,c. However, v' ¢ Y and thus, as before, we can
conclude that #(#), (') are feasible and there exists a corresponding graph H. Notice that
&) = ¢(v') — 1 (because v’ € Y is a hole) and that ¢) = ¢(v) — 1 (because v € Y). Since
c(v') = e(v) > 1, vertices v and v’ have the same non-zero degree in H. We will modify H
to obtain H’, a graph corresponding to #(*), é(). This will prove the feasibility of u,v for
7,¢. To get H', we need to decrease the degree of v and increase the degree of v’ by one
while keeping the other degrees intact.

If there is a vertex a € U which is adjacent to v but not v' in H, we may simply set
H' = HU (a,v') \ (a,v). If there is no such a, then the neighborhood sets of v and v’ in
H are identical (see Figure 7). If there is a vertex y € Y for which there exists a neighbor
a of v/ (and v) in H which is not adjacent to y, then we construct H' as follows. Since
y €Y, and v' ¢ Y is of the same degree in G as v € Y, by the definition of ¥ we have
c(y) > ¢(v) = ¢(v'). Therefore the degree of y in H is not smaller than the degree of v/

in H, i.e. ¢)(y) > &) (v). Thus there must exist 3’s neighbor o’ in H which does not

neighbor v'. It suffices to set H' = H U {(a,y), (¢’,v")} \ {(a,v), (¢’,y)} (see Figure 7).
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Figure 7: Neighborhoods of v, v’ are
identical

Figure 8: Every y € Y is adjacent
to a
The last case happens when v and v share the same set of neighbors in H and every
y €Y is adjacent to every neighbor of v (see Figure 8). By contradiction we will show that
this case never happens. Notice that since r(a) < r(a1) for every a € U and the degree of a
in H remains r(a) except for u # a; which decreases by one, the degree of every a € U in
H is upper bounded by r(a1), i.e. for all a € U, #()(a) < [Y]. Let a be any neighbor of v/
(by the assumption c(v') > 1, the neighborhood set of v is non-empty). Then a is adjacent

to every vertex in Y U {v'} and therefore #(*)(a) > |V, a contradiction. O

Theorem 3.8 (Claim 3.6). Let u # a; and v € Y be such that c(v) = c(v') = 1 for
some v' € V\'Y. Suppose GREEDY (r,¢,T) processes vertices from u in order ay,...,an.
Let r;, ¢;, m; be the parameters to the i-th recursive call of GREEDY, i.e. the call when a; is

processed. Let w=a;. If ¢j(b) =0 for allb e V \'Y, then u,v are not feasible for r,c.
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@
e

Figure 9: Constructing G and G(*) in k-th iteration

Proof of Claim 3.6. Since c(v) = 1, for every b € V' \'Y we have ¢(b) < 1. Let bpax € V\Y
be the vertex of degree 1 ordered last in 7 (there is at least one such vertex, since ¢(v') = 1).
We create 7' by swapping the positions of v and byax in m. Notice that this ordering is
consistent with ¢(*), the sequence obtained from ¢ by decreasing the degree of v by one.
We will compare the execution of GREEDY (7, ¢, 7) and GREEDY (r("), ¢() ') (see Figure 9).
The idea is that both executions will behave similarly, with the roles of v and by,,x reversed.
Once GREEDY(r, ¢, m) gets to matching byax to a vertex ay from U, GREEDY(T(“), @), ')
will attempt to match ai to a vertex in V of residual degree zero and it will fail. Thus, by
the correctness of GREEDY, u,v cannot be feasible holes for r,c. We describe the idea in
detail below.

Notice that GREEDY(r, ¢, ) and GREEDY(T(“),C(”),W’) process all vertices a; for i < j
in the same order (assume that if the second execution has multiple choices for x, it chooses
the same x as the first execution, if possible). This follows from the fact that the only
vertex whose degree is changed is vertex a; and its degree only decreased. Moreover, the
order of processing vertices of U is independent of ¢ (or ¢(*)), assuming the executions do
not fail.

gu), cgv), 7} be the parameters of the i-th recursive call originated from

Let r;,c;,m and r
GREEDY (r, ¢, ) and GREEDY (r(®), ¢(*) 7’), respectively. Let a; € U be the vertex matched
t0 bmax by GREEDY (7, ¢, 7). By the assumption of the claim, ¢j(bmax) = 0, and hence k < j,

i.e. aj is processed before u = a;. By induction on ¢ one can verify that for ¢« < k the

following hold:
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1. rgu)(a) =r;(a) for a € U \ {u} and r(® (u) = ri(u) — 1.

2. cl(v)(b) = ¢;(b) for b € V' \ {v, bmax } cgy)(bmax) = ¢i(v), ¢i(bmax) = 1 and cgv) (v) = 0.

3. Let supp(f) ={z | f(z) # 0}.

o If v € supp(c;), then supp(c;) = supp(cgv)) U{v}. The total order m; restricted to
(v)

supp(¢;) and the total order 7} restricted to supp(c; ') U{v} are identical except

that the positions of v, byyax are reversed.
o If v ¢ supp(c;), then supp(c;) \ {bmax} = supp(cl(-v)), and the orderings m; re-
stricted to supp(c;) and 7} restricted to supp(cgv)) U{v} are identical except that

bmaz appears in m; where v appears in 7.

4. For every b >r. bmax, ¢i(b) = 0. In words, byax is the last vertex of degree 1 in m, if

it is indeed of degree 1.

For the induction, the base case ¢ = 1 is clear in each case. The case of i = 2 also follows
in each case, and it can be checked that it holds for the second claim in 3. Now assume the

claims are true up to some 2 < i < k — 2. We show that they hold for (i + 1).

1. Since only the degree of a; # u decreases in both sequences by r;(a;) = rgu)(ai).

2. Since byax is matched only in the k-th recursive call, ¢;11(bmax) = ¢;(bmax) = 1. Also,
cgi)l(v) cgv) (v) = 0. For ¢ = 1, when v is matched by the outermost recursive
call of GREEDY (7, ¢, T), bmax is matched by GREEDY (1%, ¢(), 7'), hence cgi)l(bmax) =

ci+1(v). Tt follows that cl(-i)l

(b) = cit1(b) for b € V' \ {v, byax } since if the statement is
true for ¢ and the orderings are identical on vertices of non-zero residual degree other
than v, bpax by 3., then exactly the same set of vertices are used by both in the i-th

recursive call.

3. This part is true by the definitions ;1 = 7; and 7, ; = #; and the fact that 1, 2,

and 3 hold for 3.

4. This is clear by the definition of the orderings 711 and wj ; and the fact that

Ci(bmax) =1.
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Therefore aj, is joined to the first r(ay) elements in 7, by GREEDY(r, ¢, m), and by 4. the
last of them is bpay. However, by 3., the execution of GREEDY(r), ¢(*), 7’) will attempt
to connect aj to v (or some vertex with remaining degree 0), which is impossible since
c,(cv) (v) = 0. Thus, GREEDY(r(®), () 7') fails to construct a corresponding graph, and

hence u, v are not feasible holes for r, c. O

This finishes the proof of the Theorem 3.4. As mentioned earlier, Theorem 3.3 is a

corollary of the theorem.

Proof of Theorem 8.3. We will prove that for the greedy graph G* for any € > 0 and any
A< W we can efficiently estimate w*(u,v) = A(P)/ANN (u,v)) (within a 1 + ¢ factor)
for every feasible u,v. We have already observed that A\(P) and A(N (u,v)) are polynomials
in \. We will show how to approximate A\(P) and A(N (u,v)).

First we observe, that each of A(P) and A(N (u, v)) has a positive small-degree coefficient.
In particular, the absolute coefficient of A(P) is 1, since Gy is the only graph corresponding
to r,c sharing exactly D edges with G*. Moreover, by Lemma 3.4, there exists a graph
G’ € N(u,v) which can be obtained from G* by swapping the edges of an alternating path
of length < 5. Therefore G’ shares at least D — 3 edges with G* and thus the coefficient of

x? for some d < 2 in A(N(u,v)) is positive. Moreover,

Pl (') < )

where the first inequality follows from the fact that (”gl) counts the number of bipartite

graphs (with partitions of sizes n,m) with exactly D edges. Thus,

D-1 D-1
LSAP) =1+ > pAP P <142) pp <14 A(nm)P <1+¢
k=0 k=0

To approximate A(N(u,v)), we will enumerate all graphs corresponding to r () which
share at least D — 3 edges with G*. This can be done by going through all possible al-
ternating paths from u to v of length < 5 and through all alternating cycles of length 4
(corresponding to the case when the symmetric difference of G* and the graph with the

degree sequence () ¢(*) consists of the edge (u,v) and a 4-cycle). This way, for fixed u, v,
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in time O(nmd>

< ax) We can compute

Ly = p,glil + p%ig)\ + p%33)\2-

Then, 2, is a (1 + €)-approximation of A\(N (u,v)):

D—4 D—4
Tup < AN (4, 0)) = @y + Z pZ’v)\Dflfk < Tyy+ 23 Z P < @y + eX? < (14 )T,
k=0 k=0

where the last inequality follows from x,, , > A? since there exists j € [3] for which p%’qi ;2 1.
Therefore in time O((nmdmax)?) We can compute ,, for every u,v and 1/, is a

(1 + ¢)-approximation of w3 (u,v). O

Finally, we present a family of graphs, each resulting from a greedy algorithm breaking
ties arbitrarily, which for some feasible holes u, v require an alternating path from u to v of
linear length. This is in contrast to the result above showing that by choosing the rule for
breaking ties in the algorithm carefully, each feasible pair of holes is joined by a constant

length alternating path in the resulting graph.

Proposition 3.9. For every n > 0, there exist degree sequences 1y, ¢y and corresponding
graphs Gy, such for some feasible pair of holes u, v, there is no alternating path from u to v

of length < 2n in Gy,.

Proof. Denote the vertices in the two bipartitions by U = {u1, - ,up+1}and V = {vg, -, vp41}-
For n =0, let rg = ¢9 = (1). Forn > 11let r, = ¢, = (1,1,2,3,...,n). Construct G,

inductively as follows.

1. If n =0, set E(Gy) = {(u1,v1)}.
2. If n =1, set E(Gyn) = {(u1,v2), (uz,v1)}
3. Forn > 2,

i) Set B(Gn) = |J (unri,0) U |J  (w,0n40).

veU\{v1} ueV\{u1}
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ii) The degree requirements of ug, Up+1, V2, Unt+1 are now satisfied. The residual degree
sequence is of the form r,_9, c,_o on the vertices uy,us, -+ ,u, and vy, v3, -+ , vy if
n >3, and on uy, vy if n = 2.
e If n > 3, construct the graph G/, _, on U’ = {ug,uy, - ,un} = {uf, -+ ,u,,_4}
and V' = {vs,v1, - o5} = {v], -+ ,vl,_1}. (Note that the order of u;,us and
vy, v3 are reversed, so that u,, v, will be joined to all the vertices of V', U’
except v3, us respectively.)

e If n =2, construct the graph G/,_, on U’ = {u;} and V' = {v; }.

i) Set B(G) = E(Gp) U E(G_,).

For every n > 1, usg, v is a pair of feasible holes. In the base cases, we can check that ,
the shortest alternating path in Gg from wo to ve is of length 1, us,ve, and the shortest
alternating path in G from wg to wve is of length 3, uo, v, u1,v2. In Ga, the shortest
alternating path from us to vy is of length 5, wus, v3, u1, v1, us, v2. Assume the statement is
true for all k < n for n > 3. We claim that the shortest alternating path from wus to ve in
Gy, is of length > 2n + 1. Any alternating path from us to v9 must begin with the sequence
of vertices ug, vp+1,u1, and end with vy, u,41,v2, and consist of an alternating path from
uy to v1, not using the vertices ug, un+1,v2, Vpt1. Le., an alternating path in G/, _, from u,
to v4. By induction, the path in G),_, has length > 2n — 3, and hence any alternating path

in G,, from wuy to vg has length 2n + 1. O

3.6 The Markov Chain

Our Markov chain is analogous to the chain used in algorithms for the permanent [44, 47]
and is also an appropriately weighted version of the Markov chain defined in [45]. Recall
that P denotes the set of graphs with the required degree sequence, and N (u,v) denotes
the set of graphs with deficiencies at u,v and N' = U, ,N (u,v). The state space of the
chain is Q = PUN.

The Markov chain is characterized by an activity A\ > 0 and a weight function w :
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U xV — R*. The weight of a graph G € Q is defined as

Ne) itGeP
w(G) =
MGw(u,v) if G € N(u,v)

The transitions G; = (U, V, Ey) — Giy1 = (U, V, Ei41) of the Markov chain M C are:

1. If G¢ € P, choose an edge e uniformly at random from F;. Set G' = Gy \ e.

2. If Gy € N(u,v), choose an edge e = (x,y) uniformly at random from the multi-set’

E; U{(u,v)} and choose W uniformly from U, V.

(a) If e = (u,v) and (u,v) & E, let G' = Gy U (u,v).
(b) If W =U and (u,y) € Ey, let G' = G\ (z,y) U (u,y).
(¢) W =V and (z,v) € Et, let G = G\ (z,y) U (z,v).

(d) Otherwise, let G' = Gy.
3. With probability min{1, w(G’)/w(G;)}, set Gi11 = G'; otherwise, set Gi11 = Gy.

It is straightforward to verify that the stationary distribution 7 of the chain is propor-
tional to the weights w, i.e., for G € Q, 7(G) = w(G)/Z where Z = "~ w(G). The main
result of this section is to show that if the weights w(u,v) are within a constant factor of
their ideal values w*(u,v), MC mixes in polynomial time.

We continue with some standard definitions before formally stating the main result
on the convergence time of the Markov chain. The total variation distance between two
distributions u, v on € is given by

dul,v) = 3 3 () — v(@)

e

Let P denote the transition matrix of the chain M C, and thus P!(z, -) denotes the distribu-
tion after ¢ steps of the chain, with starting state x. The mizing time 7,,(§) of M C starting

at state x € () is defined as
7:(8) = min{t > 0 | dy,(P*(z,-),7) <}

We can now state our main result on the mixing time of MC.

Tt may be that (u,v) is already in the set of edges E:.
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Theorem 3.10. Assuming the weight function w satisfies inequality
w*(u,0)/2 < w(u,v) < 2w (u,v) (4)

for every feasible hole pattern w € U,v € V, then the mixing time of the Markov chain MC
started at G is 7(0) = O(nmD?*d 0 (In(1/7(G)) +log §71)), where dppar = max{max; r(i),
max; c(j)}.

3.6.1 Analyzing the mixing time

We will bound the mixing time of M C using the multicommodity flow method, see Chapter
2. To define the flow g, for each I, F' € € x 2 we must specify how to route the flow along
directed paths going from I to F. As in [47] it is convenient to first define a flow f between
all pairs I € Q and F € P. The flow f can be extended to a flow g between all pairs by
routing the flow between a pair of near-perfect tables I, F' through a random perfect table.
Extending the flow from f to g causes only a modest increase in the congestion. If p(f)

denotes the congestion restricted to pairs (I, F') € Q x P, then

m(N)
m(P)

plg) <2 p(f) < 8nmp(f) (5)

The first inequality follows by a result of Schweinsberg, Corollary 3 in [78]. The second
inequality follows assuming by (4) that the weights w(u,v) approximate the ideal weights
w*(u,v) up to a factor of 2. Hence it will suffice to define the flow f, which we do in the

next section, and bound p(f) to bound the mixing time.
3.6.2 Defining the Canonical Flow

We use the flows defined by Cooper, Dyer and Greenhill [19]. Therefore, we follow their
notation. Let I, F' be perfect or near-perfect contingency tables. We wish to define a set
of canonical paths between them by decomposing H = I @ F into a sequence of edge-
disjoint alternating circuits. Different circuit decompositions will correspond to distinct
paths. A circuit of H is a sequence of vertices wy, - - -, wy, such that (w;, wi+1), (we, wo) €

FEy, and each of these edges is distinct, though the vertices may be repeated. The set
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Eg = (Er \ Er)U(Er\ Er). Let the edges in Er \ Er be red and the edges in Er \ Ep
be blue. At each vertex, we will choose a pairing of the red and blue edges. A pairing of
I @ F consists of a pairing at every vertex. Let W(I, F') be the set of all such pairings of
I® F. For each pairing in ¥ (I, F'), we will construct a canonical path from I to F, carrying
a total flow of 7(I)w(F)/|¥(I, F)|. We define the pairings and the corresponding circuit

decompositions below.

I,F € P : In this case, at each vertex of H, the red degree is equal to the blue degree. A
pairing is constructed by pairing up the red edges at a vertex with the blue edges at each
vertex. Hence, if the red (and blue) degree in H of a vertex v is v, |¥(I, F)| = 7!
Fix a pairing v € ¥(I,F). We define an edge disjoint circuit decomposition of H, C¥ =
(C’iﬁ Sy C’;p), and then define how to “unwind” each circuit to go from I to F. To simplify
notation, we omit the superscript henceforth. Let the lexicographically smallest edge in
Ep be (wp,w;). Choose the (w;, w;y+1) to be the next edge of the circuit if (w;, w;y1) is
paired with (w;—1,w;) at w; by 1 (so that we choose (w1, ws) if it is paired with (wg,w1)
by ¢ at w;). This procedure terminates with the circuit C; = wy,- - ,wg_1,wr when
the edge (wg,wp) is paired with (wp,w1) at wy. If Ey = Cy, set C = (C1). Otherwise,
generate Cy by starting with the lexicographically smallest edge not in ;. Continue until
Eg =CyU---UCs. Then set C = (Cq,---,Cs). Note that the circuits C1, - - -, Cy are edge
disjoint by construction and the edges of the circuits are alternately blue and red.

The canonical path p¥ corresponding to the pairing 1 is defined by the concatenation
of the sequence of moves which unwind C1,--- ,Cs. Let C, = aq, bg, ..., ag, by be a circuit
whose lexicographically smallest blue edge is (ag, bg). First remove the edge (ag, by). Then
fori =0,...,0—1, slide the edge (a;t+1,b;) into (a;, b;). Finally, add (ag, bs). Since the set of
circuits corresponding to different pairings are distinct, the corresponding canonical paths

are distinct as well. Set f(p¥) = n(I)w(F)/|¥(I, F)| for each path p¥.

IeNand F € P : Suppose I € N(u,v). Then, in the graph H = I @ F, every vertex

except u,v is incident with an equal number of red and blue edges. The vertices u,v are

each adjacent to one more red edge than the number of blue edges. Let the number of red
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edges adjacent to the vertex v in H be ~,. Define the pairing ¢ as follows. At each vertex
other than u, v choose a pairing of red and blue edges. At each of u,v choose one red edge
which remains unpaired, and pair up the remaining red and blue edges. If ¥ (I, F') is the set
of such pairings then, |U(I, F)| = [],cy 7! For each pairing ¢ € ¥(/, F') we decompose
H into a set of circuits C and a walk W as follows. Let (wp,w1) be the red edge adjacent
to u = wg which is unmatched by 1. Choose the edge (w;, w;+1) to be the next edge of the
walk if (w;, w;41) is paired with (w;—1,w;) at w; by 9. The procedure terminates with the
walk W, given by u = wo, - -+ ,wy = v when the red edge (wy_1,w,) which is unpaired by 1
at v is paired with (wy_o, wy—1) at we_1. If Ey = W, we are done, otherwise, start with the
lexicographically smallest unused edge of Er and define the circuits Cy,--- ,Cs. To define
the canonical path corresponding to v, we unwind the walk W and then the circuits C in
their canonical order. To augment the walk ag, by, . . ., as, by, we slide the edges (a;41,b;) to
(a;,b;) for i =0,...,£ — 1. Then we add the edge (a,b). Set f(p¥) = w(I)x(F)/|¥(I, F)|

for each path p¥.
This completes the definition of the flow f between pairs I, F' in 2 x P.
3.6.3 Analyzing the Flow

To prove Theorem 3.10, we analyze the mixing time of the Markov chain which uses the
ideal weights w*(u,v). We will see that the theorem then follows immediately from the
condition (4). By the construction of the flow, ¢(f) < D and ¢(g) < 2D. Hence

_ 1
p(f) < 2DT:I&%M ~ ()P ) g;f(p)

where the sum is over paths p € U(I, F) for I, F' in Q x P. Moreover, by the definition
of the Markov chain MC, for any transition T' = (M, M') which has non-zero probability,

T(M)P(M,M') > 55 min{r(M),r(M’)}. Hence,

R 1
pf) < 4D7 R VATO) min{m (M), 7(M’)} pasz(p) )
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Thus to bound p(g), it is enough if we bound

1
20550\ =) p;f (7)

for every transition (M, M'), since then the bound holds for the reverse transition (M’, M)
as well.

Let T'= (M, M') be any transition of the Markov chain so that P(M, M’) > 0. Let
fr={I,F)eQxP:3¢ eV, F)st. p¥>T}.

We will show that for every transition 7' = (M, M') of the Markov kernel,

3 m(x(F) [$r (I, F)|

7T(M) |\I’(I, F)| = O(dmaa:) (7)

(I,F)efr
By equations (5),(6), and (7), this implies p(g) = O(mnD?dpqs). This then implies the
bound on the mixing time. We divide the proof of (7) into two cases according to the type
of transition, in the following two subsections.

We will use the following notation. For y,u € U and z,v € V distinct, let

~

N(y7$7 (y77})7 (m,u)) = {M GN(yux> : (y77}>7 (l’,u) ¢ M}

Also, let

~

P(u,v) ={P € P: (u,v) &P}

We also require notation for tables with up to 4 deficiencies. For y,u € U and v,z €
V' (not necessarily distinct), let N (y,x, u,v) denote the set of tables with deficiencies at
u, v, x,y. If any of the vertices y, u, v, x are the same, this means the degree at that vertex
is two less than its required degree.

Recall, for a transition T, fr denotes the set of (I, F') €  x P which use T for some of
its flow. Let

7 ={I.F)€ fr:IeN(uv)}
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3.6.3.1 Transitions of Type 2b or 2c.

Lemma 3.11. For a transition T of type 2b or 2c,

3 m(D7(F) [Yr (I, F)|

00 e, By O lhmer)

(LF)efr

To prove the lemma, we use results analogous to the combinatorial lemmas proved in
[8], tailored to the canonical flows in this case. We first state and prove the combinatorial

results and then show how the lemma follows.

Lemma 3.12. Let T be a transition between near-perfect tables, so that M € N (u,v),
M e N(u',v) where u,v/ € U, v €V and M' = M \ (v/,z) U (u,x) for some z € V.
i)
(I, F N
> ToEIADA S M)A AR .. (500, (2, )A)
(I,F)efr ’ yeU
IeP (y,v)#(u,z)

ii) For alls € U

> %A(I)A(F) < Au, 2)AN (5, 2, (2, 1)) A(M)
(ILF)efs"® ’

iii) For alls € U and z € V,

Z %)‘(I)A(F‘) < Z /\(u,x))\(y, z}))\(./\A/'(S,Z,y’x7 (y’v)’ (m,u)))/\(M)
e | ( 3;i(U )

Proof. i) Let I € P (blue), and F € P (red).

Fix a pairing ¢ € Up(I, F) (at z, the edge (u,z) is always paired with (v, z)), which
gives a decomposition of I @ F' into red-blue alternating circuits. Since the pairing cor-
responds to a path from I to F' through the transition 7', the vertices u,v,x lie on some
circuit C. Let y be the vertex adjacent to v in C' so that the edge (v,y) is blue (for the first
sliding transition in the unwinding of C', y is the vertex u so that the order of vertices on
the circuit is v,y,z,u’). Clearly, since (u,z) is an edge of the transition, and (y,v) is the
first removed edge, (y,v) # (u,x). In M, the circuits ordered before C' agree with F', while

the circuits after C' agree with I.
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Define the graph Ey (I, F) = I&F&(MUM)\{(v,y)}. Then Ey(I, F) € N (y, z, (y,v),
(z,u)). Given M and (u,z), we can recover M U M’ = M U (u,x), and from this, given
Ey(I,F) and (y,v), we can recover I & F = (Ey(I,F)U (y,v)) @ (M U M’). We have that

I UF =MUEy,F)J{(u,z),(y,v)}, and hence

1 1
w7 ) W) = g ADAME L F)Au, 2)A(y, v) (8)

Let W' (Ey(I,F)) be defined as the set of triples (I’, F',¢’) with ¢/ € ¥(I', F') such
that £, (I', F') = Ey(I, F). We claim that [¥'(Ey (I, F))| < |¥(f, F)|. Assuming this, we
claim the lemma follows. If we add up (8) for each (I,F) € fr such that I € P, and
each ¢ € Up(I, F), then on the left hand side, each term A(I)A(F) is counted |VUr (I, F)|
times. On the right hand side of (8), for every graph E € Ji\/'(y,x, (y,v), (z,u)) such that

E = Ey(I, F) for some I, F, 1, the term A(E)A(M)A(u,z)A(v,y) is counted |¥'(E)| times.

Formally,
Yr(l, F (U (Eyr .71
Z ”‘M(f F>)‘|/\(I))\(F) = Z —|\Il(?’(F’)]) Au, )My, v)A(E)A(M)
@Eyepr BeN (y,2.(y),(xu)) ’
fep E=E,(I',F")

IN

> AN BN
Eeﬁ(yﬂ?,(yvv)?(xvu))
E=E(I',F")

ST M 2)A, AN (g . (9, 0), (@, u))A(M)

yeU
(y,0)#(u,x)

IA

Suppose that from Ey and T" we recover H = I & F'. Then H has even degree at every
vertex. Color an edge of H green if it is in M and yellow if it is in Ey. To bound the
number of triples |¥/(Ey)|, we use the fact that the pairing 1 of red and blue edges is a
pairing of yellow and green edges at most vertices. A pairing of the yellow and green edges
defines a decomposition of I & F = I' & F’ into alternating circuits, and further, using the
transition 7' we can recover I’ and F’. Thus the number of triples |¥/(Ey)| is bounded by
the number of yellow-green pairings.

In H, every vertex except possibly w,v,x,y has equal yellow and green degree. Two

edges of H remain uncolored, (u,x) and (y,v).
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2)

Suppose u # y,v # x. The vertices y, x have one extra green degree and u,v have one
extra yellow degree. To define the pairings at each vertex of H, define the pairings as
usual for all vertices except z,y,u,v. At w, think of (u,z) as a green edge, while at
x, think of it as a yellow edge. At y, think of (y,v) as a yellow edge, while at v think
of it as a green edge. This ensures that there is a yellow-green pairing corresponding
to the original red-blue pairing, because we know that in the red-blue pairing at v, the
edge (v,y) was paired with a red edge (from F'), which is now colored yellow (from Ey,).
Similar arguments can be made at the vertices y, u, z. In addition, at x, we know from T’
that the edge (u,z) should be paired with (u/,x). The number of yellow green pairings
is at most |¥(I, F')|, since if we take into account the “bicolored” edges (v,y) and (u, z),
the number of yellow green pairings at each vertex is at most the number of red-blue

pairings originally.

Suppose that v # y,v = x. Then in H at every vertex except u,y, the green degree
is equal to its yellow degree. Meanwhile, y has an extra green degree and u an extra
yellow degree. The pairings at each vertex are constructed as in the previous case, with
the same rules for the edges (u,x) and (v,y). Again, it can be seen that the number of

yellow-green pairings is the same as the number of red-blue pairings.

Suppose u = y. Note that this implies v # x. Every vertex in H except v,z has equal
yellow and green degree, but again, coloring the edges (v, y) and (u, z) as before to define
the pairings at v, y,  can be used to show that the number of yellow green pairings that

we can construct are at most |¥ (I, F)|.

Note that once the bicolored edges are taken into account, in each of the above cases,

every vertex of H has green degree equal to yellow degree.

i1) Let I € N'(s,v) (blue) and F € P (red).

~

Fix a pairing ¢ € ¥p(I,F) and define Ey(I,F) = I ® F & (M UM'). Then E; €

N(s,z,(z,u)). We claim |V'(E (I, F))| < |¥(I,F)|. Suppose that from Ey (I, F) and T we

recover H = I @ F. Then H has even degree at every vertex except s,v. Color an edge of H
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green if it is in M and yellow if it is in Ey (I, ). The edge (u,x) of H remains uncolored.

We can show the bound on |¥'(Ey,(I,F))| by exactly the same steps as i), by sub-
stituting y in that case, with s here. The only difference is that we no longer take into
consideration the edge (s,v) for constructing the pairings, as it is not in H. Notice that
here, the fact that s and v have extra red degree will be compensated for by considering
(u, z) to be bicolored for the purposes of constructing the yellow-green pairing. This results
in s having a green edge and v having a yellow edge remaining effectively unpaired in the
yellow-green pairing of H. Note that the red edges which were adjacent to s, v in the circuit
being unwound will appear yellow adjacent to v and green adjacent to s in the yellow-green
coloring of H. Thus the pairing red-blue 1 does indeed correspond to a yellow-green pairing

in H.

iii) Let I € N(s,2) (blue) and F € P (red).

Fix a pairing ¢p € ¥p(I,F). Then, ¢ decomposes I & F' into a sequence of red-blue
alternating circuits and an alternating walk from s to z whose initial and final edges are
red. Since T is a transition along the path corresponding to % from I to F, u,v,x lie on
some circuit C. Let y be the vertex adjacent to v in C' so that the edge (v,y) is blue.

Define the graph Ey (I, F) = I®F&(MUM')\{(v,y)}. Then Ey (I, F) € N (s, z,y,z, (y,v),
(x,u)). Suppose that from Ey, (I, F) and T' we recover H = I & F. Then H has even degree
at every vertex except s,z. Color an edge of H green if it is in M and yellow if it is in
Ey(I,F).

First assume that the vertices w,v,s,z,x,y are distinct. Then, every vertex except
u, v, S, 2,2,y has equal yellow and green degree in H. Both s and 2z have one green degree
more than their yellow degree. This is because they are the endpoints of a walk which has
already been unwound, and hence the red edges adjacent to s,z which are left unpaired by
1 both appear in M and are green. Two edges of H remain uncolored, (u,x) and (y,v).
The vertices y,z have one extra green degree and u,v have on extra yellow degree. To
define the pairings at each vertex of H, define the pairings as usual for all vertices except

x,y,u,v. At u, think of (u,x) as a green edge, while at z, think of it as a yellow edge. At
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y, think of (y,v) as a yellow edge, while at v think of it as a green edge. The number of
yellow green pairings that we can construct are at most |¥(7, F')|.

Now, in case the vertices are not distinct, there are in all 21 possibilities, taking into
account the bipartition the vertices are in and the fact that (u,z) # (v,y). However, in
each case, suppose that at u, we think of (u,z) as a green edge, while at x, we think of it as
a yellow edge and at y, we think of (y,v) as a yellow edge, while at v think of it as a green
edge. Then, except at s, z, the yellow degree at every vertex is equal to the green degree in
H. At s, z, the green degree exceeds the yellow degree by 1. Hence, the number of yellow

green pairings we can construct are at most |¥ (I, F)|. O
Lemma 3.13. i) Letu,y € U and v,z € V such that (y,v) # (u,x).

A, 2) AN (1,0)) D AW, Y AN (5, 2, (3,), (2,1))) < 6dmagA(P)>
)

ii) Let s,u € U and v,z € V.

A, ) AN (u, v))AN (s, 2, (s, 1)) < ANP)AN (s, v))

iii) Fiz s€ U,z € V. Let u,y € U and v,x € V such that (y,v) # (u,x).
)\(U,.T))\(N(U,U)) Z)\(v,y))\(./{\/'(s,z,y,x, (y,v), (x,u))) S Qdmag;)\(P))\(N(S,Z))
y

Proof. i) Let Ny € N(u,v) and Ny € Uy/v(y,:c, (y,v), (xz,u)). We will consider the
symmetric difference N1 @ Ny and define a modified (multi)graph H'(Ni, Na) and a set
of pairings of H', W(Ny, N3). From N, Ny and a pairing in W(Ny, No) we construct
graphs N3 € P and Ny € P, and a pairing of H'(N3, Ny). The graphs will satisfy
Ny U Ny U {(u,z),(v,y)} = N3 U Ny where the union takes into account multiplicities.
Given N3, N4, and the pairing of H'(N3, Ny) we will be able to reconstruct Ny, N2 and the
original pairing given an additional 3 X [dqz] X {0, 1} amount of information. We then show
that the number of pairings of H'(N3, Ny) is at most the number of pairings of H'(Ny, Na),
and this implies the claimed inequality.

First assume the vertices u,y and v,z are distinct. Consider the symmetric difference

H = Ny @& Ny so that the edges from N are blue, and those from Ns are red. Then, z,y
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each have blue degree 1 more than their red degree while u,v have red degree one more
than their blue degree. We will fix a pairing of the red and blue edges as follows. The
graph H may or may not contain the edges (u,x), (v,y) depending on whether or not they
are present in Ni. If either is present, it is colored blue. To define pairings at each vertex,
first add the uncolored edges (u,z), (v,y) to H, i.e. let H = H U {(u,z), (v,y)} and retain
the color of all the edges from H. Note, H' may have double edges. To define the pairings
at u, v, think of both the uncolored edges (u,z), (v,y) as blue and define an exact pairing
of the red and blue edges. At y,z, we think of the uncolored edges as red and define an
exact pairing of the red and blue edges at these vertices such that the red edge (x,u) (resp.
(y,v)) is always paired with the blue (z,u) (resp. (y,v)), if it is present, for example, see
Figure 10 a). For all other vertices, the red degree is equal to the blue degree, and we pair
them up. Call this pairing in H’ ¢, and let the set of pairings be W(Ny, Na).

Then 1 defines a decomposition of H' into alternating circuits of even length. These
are shown for the example in Figure 10 b). The idea of the map is to traverse the circuits
and put edges alternately in N3 € P and N4 € P. For each circuit not containing the
uncolored edges, put edges alternately in N3 and N4, making the convention that the blue
edges are put into Ny and the red edges into N3. There is only one way for a circuit
to contain the uncolored edges; such a circuit must contain both. (There cannot be two
distinct circuits each containing one uncolored edge, since the circuit is even, and the edges
alternate red-blue, ignoring the uncolored edge). For the circuit containing the uncolored
edges, put edges alternately in N3 and N4 starting with the uncolored (y,v) in N3. Edges
which are in both Ny, Ny are added to both N3, Ns. Note that this set never includes the
edges (u,z), (v,y), so we never attempt to add them to N3 or Ny twice. By the definition
of ¢, if H' has any double edges, then both copies do not go into the same graph since they
appear consecutively in a circuit or walk. Then, N3 € P and N4 € P. The bit b of the
map is set to 1 if the blue edge (v,y) was present in N(u,v) and was traversed after the
uncolored (v,y). The set [dnq] is used to encode the vertex y.

To invert the map, consider two tables, N3 € P and Ny € P, and their symmetric

difference N3 @ Ny. If the pairing ¢ of H' was known, we claim we can recover Np, No
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a)

b)

Figure 10: a) The graph H’, b) Decompositions of H' into alternating circuits
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uniquely. We can reconstruct H' as follows. If (u,z) (resp. (y,v)) appears in N3 @& Ny,
then it was not present in Ny, and hence appears once in H'. On the other hand, if (u,x)
(resp. (y,v)) does not appear in N3 @ Ny, then it was present in N7, and hence appears as
a double edge in H’. Thus, we can reconstruct H' from N3 @ N4 by adding in two copies
of the edge if necessary. If 1) was known, we could partition the edges of H' into Ny, Ny as
follows. The pairing ¢ determines the decomposition of H' into alternating circuits. There
will be exactly one circuit which contains the edges (u, z) and (v,y). For the other circuits
and the walk, we put the edges coming from N3 into No, and the edges from N, into Ny. If
there is a circuit containing (u, ), (v,y), proceed as follows. If (y,v) does not appear as a
double edge, start with the edge in the circuit after (y,v), and put edges alternately in Ny
and Ny, and also skipping one copy of the edge (u,z). If (y,v) appears twice in the circuit,
we can determine which copy was the uncolored one by looking at the bit b. If b is 1, it is
the first one, and if b is 0, it is the second one. Proceed as before, start with the edge after
the uncolored (v,y), and assign edges alternately to N7 and Na, and also skip one copy of
(u, x). Finally, put all other common edges of N3, Ny into both N; and No.

Color the edges of H' green if they come from N3, and yellow if they come from Nj.
Since we do not have the pairing ¢ of H’, instead, we use the fact that a pairing of the
original red and blue edges is a pairing of the yellow and green edges of H' at all the
vertices. We know that at x,y if there is a double edge, they are colored yellow, and green,
and must be matched. Also, at u,v the double edges are not paired. Hence the number
of valid yellow-green pairings in H’ is at most as the number of original red-blue pairings
|¥ (N1, N2)|, and so there cannot be too many initial pairs of tables mapping to N3, Ny.
This is illustrated with an example in Figure 11.

In the case that the vertices are not distinct, there 2 other possibilities :
a) u=y,v#x
b) u 7& Yy, v=x

The two cases are symmetric, except that in the second case, we have to keep track of y so

we only give the argument for a). Let Ny € N (u,v) (blue) and Ny € N (u, z, (u,v), (z,u))
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Figure 11: Graphs Ni, N which map to a pair N3, Ny € P
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(red). Then, in H = N; @ Ny, the vertex u has equal red and blue degree, while v has
1 extra red degree and x has 1 extra blue degree. Also, if the edges (u,v) or (u,x) are
present, they are blue. Construct H' as before, and define the pairings as before. Thus at
x we think of the uncolored (u,x) as red (and pair it with the blue (u,z) if it is present),
while at u we think of it as blue. At v, think of the uncolored (u,v) as blue, while at u, we
think of it as red, and always pair it with the blue (u,v) if it is present. The remainder of
the argument is the same as when the vertices are distinct.

Now, given which case we are in (there are 3 cases in all), and N3, Ny € P, and the ver-

tex y, the inequality follows since the number of yellow-green pairings is at most |W(Ny, Na)|.

it) Let Ny € N(u,v) and Ny € Uy/\A/(s,as7 (z,u)). As before, we will define a modified
(multi)graph H'(Ny, Na) and a set of pairings of H', W(Ny, N2). From Nj, N2 and a pair-
ing in W(Ny, N2) we will construct graphs N3 € N (s,v) and Ny € P, and a pairing of
H'(N3, Ny). The graphs will satisfy N1 U Ny U (u,z) = N3 U Ny, taking into account the
multiplicity of the edges. Given N3, Ny, and the pairing of H'(N3, Ns) we will be able to
reconstruct N1, No and the original pairing given a constant amount of additional informa-
tion. We then show that the number of pairings of H'(N3, N4) is at most the number of
pairings of H'(Ny, N3), and this implies the claimed inequality.

First assume the vertices s, x,u, v are distinct. Consider the symmetric difference H =
N1 @ Ny so that the edges from N; are blue, and those from N» are red. In H, s,x each
have blue degree 1 more than their red degree while u,v have red degree one more than
their blue degree. Let H' = HU{(u,x)} and retain the color of all the edges from H leaving
the new edge (u,x) uncolored. Define a pairing 1) of H' as follows. At s, choose one blue
edge which remains unpaired, and pair up the remaining red and blue edges. At v, choose
one red edge to remain unpaired and pair up the others. To define the pairing at u, think
of the uncolored edge (u,x) as blue and define an exact pairing of the red and blue edges.
At x, we think of the uncolored edge as red and define an exact pairing of the red and blue
edges at these vertices such that the red edge (z,u) is always paired with the blue (x,u), if

it is present. For all other vertices, the red degree is equal to the blue degree, and we pair
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them up as usual. Let the set of such pairings be ¥(Ny, Na).

Then ) defines a decomposition of H’ into circuits of even length and a walk of odd
length from s to v whose initial edge is blue, final edge is red, and contains the uncolored
edge (u,x), since the length of the walk is odd. The idea of the map is the same as in the
previous case, to put edges from the circuits and walks alternately in N3 and Ny with the
same color conventions as before. When we traverse the walk, starting with N, we put each
edge alternately into N3 and N4. Then, N3 € N (s,v) and Ny € P.

To invert the map, consider the symmetric difference N3 @& Ny. If the pairing ¢ of H'
was known, we can recover N, No uniquely. We can reconstruct H' as follows. If (u,x)
appears in N3 @ Ny, then it was not present in Ny, and hence appears once in H'. On
the other hand, if (u,x) does not appear in N3 @ Ny, then it was present in N7, and hence
appears as a double edge in H’. Thus, we can reconstruct H' from N3 & N4 by adding in
two copies of the edge if necessary. If 1) was known, we could partition the edges of H’ into
Ni, No. The pairing ¢ determines the decomposition of H' into circuits and a walk of odd
length. The walk contains (all the copies of) the edge (u,z) since the circuits are all even
length. For each circuit as well as the walk, we put the edges coming from N3 into No, and
the edges from Ny into V7. Put all other common edges of N3, N4 into both N; and Ns.

Color the edges of H' green if they come from N3, and yellow if they come from Nj.
Since we do not have the pairing 1 of H’, instead, we use the fact that a pairing of the
original red and blue edges is a pairing of the yellow and green edges of H' at all the vertices.
We know that at x if there is a double edge, they are colored yellow, and green, and must
be matched. Also, at u, the double edges are not paired.

If the vertices are not distinct, there are 3 cases:

a) u = s,v # x. In this case, add the uncolored (u,x) to H. At u, think of the uncolored
edge as blue, and fix a pairing by leaving out one blue edge. At z, fix the pairing by
always pairing the uncolored/red (u,z) with the blue copy of (u,x) if it is present. Now
in H', v has one extra red degree, while u has an extra blue degree taking into account
the uncolored (u,z). Hence the pairing determines an alternating walk from s to v

with initial edge blue, and final edge red, containing the uncolored edge, and alternating
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circuits. Put the edges along the walk alternately in N3 and N4. Thus we ensure N3, Ny
each contain at most one copy of (u,z). Inverting the map is easy if the pairing of H' is

known, and we can bound the number of yellow-green pairings as before.

b) u # s,v = x. In this case the argument is similar to the above, except that in H’, to fix

a red-blue pairing, think of the the uncolored edge (u,z) as blue at u and red at x.

¢) u=s,v = . This case becomes trivial. Let Ny € N(u,v) and Ny € N'(u,v, (v, u)). Set
N3 = Ny and Ny = Ny U (u,x). Clearly, Ny € P, N3 € N(s,v), and the map is easily

invertible.

Hence the number of yellow-green pairings in H' is at most the number of original red-
blue pairings |¥(NV1, N2)|. Given which case we are in (which is a factor of 4), the inequality

follows.

iii) Let Ny € N (u,v) and Ny € U, ./(\/'(s, 2,9, x, (y,v), (z,u)). Asbefore, we define a modified
(multi)graph H'(N7, Na) and a set of pairings of H', W(Ny, N3). From Nj, Ny and a pairing
in W(Ny1, N2) we construct graphs N3 € PP and Ny € P, and pairing of H'(N3, Ng). The
graphs will satisfy N1 U Na U {(u, z), (v,y)} = N3 U Ny, taking into account multiplicity of
edges. Given N3, Ny, and the pairing of H'(N3, Ny) we will be able to reconstruct Ny, No
and the original pairing given an additional [dy,e.] X {0,1} amount of information. We
then show that the number of pairings of H'(N3, Ny) is at most the number of pairings of
H'(N7, N2), and this implies the claimed inequality.

First assume the six vertices are distinct. Consider the symmetric difference H = N1®No
so that the edges from NNj are blue, and those from Ny are red. Then, s, z,z,y each have
blue degree 1 more than their red degree while u,v have red degree one more than their
blue degree. Define H' as in 7). We will fix a pairing v of the red and blue edges in H' as
follows. At s, z, choose one blue edge which remains unpaired, and pair up the remaining
red and blue edges. The pairing at all other vertices is defined as in 7). Let the set of such
pairings be ¥(Ny, Na).

Then v defines a decomposition of H' into circuits of even length and a walk of odd
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Table 1: Enumeration of 21 cases

U Y, V£ T | U=y, vF£T uF£Yv==uc

s=u ® 2=y ® 2=y ez=v==z
ez=ux ez==z ez Fv,x
oz F v, ez Fu,x

s=y ® 2=y e z=1
ez=x Counted in the case s=u | ® z Z v,
oz £,

sEu,y | ez=wv e z=v e z=0
ez=x ez=x oz Fu
ez F v, ez Fux

length from s to z whose initial and final edges are blue. Traverse the walk, and starting with
N4 put each edge alternately into N3 and Ny. The rest of the edges of H' are partitioned
as in 7). Then, N3 € N(s,z) and Ny € P. The bit b of the map is set to 1 if the blue edge
(v,y) was present in N (u,v) and was traversed after the uncolored (v,y). The set [dmaq] is
used to encode the vertex y.

We can reconstruct H' using the symmetric difference N3& Ny and the edges (u, z), (v, y)
exactly as in 7). Since we do not have the pairing ¥ of H', to recover N1, Ny we use the fact
that a pairing of the original red and blue edges is a pairing of the yellow and green edges
of H' at all the vertices. Color the edges of H’' green if they come from N3, and yellow if
they come from N4. We know that at x,y if there is a double edge, they are colored yellow,
and green, and must be matched. Also, double edges at u or v are never paired. Hence the
number of yellow-green pairings in H' is at most the number of original red-blue pairings
| W (N1, N2)l.

Lastly, we handle the various cases in which the vertices are not distinct. There are 21
possible distinct cases depending on which of the vertices u, y,v, z, s, z are the same. These
are enumerated in Table 1 for completeness.

In each of these cases, when we add the uncolored edges (u,x), (v,y), so that we think
of them as red at y and x and blue at u and v, in order to define the pairing of H’, we find
that each of s, z have 1 extra blue degree, and at every other vertex, the blue degree equals
the red degree. Then, we can restrict to the same kinds of pairings as in the case when the

vertices are distinct, and the lemma follows, once we factor in which of the 22 cases we are
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in, and the vertex y is known in each case.

Note that in some of the cases, the map can be defined by adding the edges (u, x), (v, y)
to the tables, but the map can be defined in this way through the pairings as well. Since
the map is defined in the same way in each case, we do not even need to retain information

about which of the 22 cases we are in, and the bound now follows. O

With the above inequalities in hand, the proof of Lemma 3.11 is a matter of plugging

them in to the expressions which bound the congestion through a transition.

Proof of Lemma 3.11. When T is a transition of type 2b or 2¢ the flow through 7" can come
from 3 sources. First, due to being on an alternating circuit between pairs of perfect tables.
Second, the congestion due to being on the augmenting walk between a near-perfect table
and a perfect table. Lastly, due to being on an alternating circuit between a near-perfect
table and a perfect table. The proof of the bound is similar in each of these cases, and
the bottleneck is the third case. In each case, let T = (M, M'), where M € N (u,v) and
M’ € N(u/,v), with = as the pivot vertex, so that M' = M U (u,z) \ (v, z).

We can bound the congestion due to (I, F') € P x P through T as follows.

VI, F)|w()n(F
s

_ b 3 (W (1, F)[ AMDAF) AN (u, v))
(L E) AM) AP)

1
(By Lemma 3.12,i) < ——— Z AMu, 2) ANy, v)

W@ 2
(y,0)#(w,2)
(By Lemma 3.13,1) < Gd%é\)(?)
deaz
S T
nm

Next, we bound the congestion due to (I, F) € N x P through 7" when T is on the

alternating walk. Note that in this case at least one of the holes of I, v is the same as a
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hole of M.

[Wr(L, )| 7(1)n(F)
2. 2 MR <00)
_ N (u,v)) W (L, )| ADACF)
) w(ﬂ)ZA ) (,ﬂzef;,v L) AM)

(By Lemma 3.12, ii)

IN

) A0 o Ao 5.0

w(Q)
4n)\(77
By Lemma 3.13,ii) <
( ) ()
4
< =
m

Lastly, we bound the congestion due to (I, F) € N’ x P when T is on an alternating

circuit.

|Ur(I, F)| ()7 (F)
UZV , §f WL F) (M)

u,v)) (W (L, F)| AUDAE)
ZA N (s, 2)) 2 !‘I’T(I,F)I A(M)

(IF)efs®
AN (u, v)) N
: mszj““’”w.s,z» S A 0], )

y
(yv)#(u,z)
(By Lemma 3.12, iii)

2dmaznm\(P)
w(€2)
(By Lemma 3.13, iii)

IN

< 2dmaz

Adding the congestion from each of these sources, the congestion through a sliding

transition 7" is bounded by O(daz)- O
3.6.8.2 Transitions of Type 2a or 1.

Lemma 3.14. For a transition T of type 2a or 1,

w(I)r(F) [Ur (L F)|
> o e - 0w ®)
(I,F)efr
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To prove the lemma, we again tailor the corresponding combinatorial inequalities of [8]
for the case of canonical flows. We first state and prove the combinatorial results and then

show how the lemma follows.

Lemma 3.15. Let T = (M, M') be a transition between a near-perfect table in N'(u,v) and
a perfect table, so that the edge (u,v) is either deleted or added. Let N be the near-perfect

table of M and M’. Then,

1)
|Wr (I, F)| N
,IGP

ii) For alls €U and z €'V,

> %/\(I)A(F) < A, 9)AN (5, 2, (,0))) A(N)
(I,F)efs? ’

Proof. i) Let I € P (blue) and F' € P (red).

Fix a pairing ¢ € ¥p(I, F). Define the graph Ey(I,F) =1 & F & (M U M’). Then,
Ey(I,F) € P(u,v). Given Ey(I,F),T and 1, we can recover I and F. Since [ UF =

NUE(,F)U (u,v),

1 1
o, By M) = g A E FDA)

As before, color the edges of I ® F yellow and green depending on whether they come from
Ey or M. The number of yellow-green pairings of I @ F' is bounded by ¥(I, F'), and the

inequality follows.

i1) Let I € N (s,z) (blue) and F € P (red).

Fix a pairing ¢ € ¥p(I, F). Define the graph Ey(I,F) =1 @& F & (M U M’). Then,
Ey(I,F) € ./\A/(s,z, (u,v)). Given Ey(I,F),T and v, we can recover I and F. Since

IUF=NUE(,F)U (u,v),

1 1
T MDA (F) = m/\(%”))\@w([a F)AN)

71



As before, color the edges of I @ F yellow and green depending on whether they come from
Ey or M. The number of yellow-green pairings of I @ F' is bounded by ¥(I, F'), and the

inequality follows. O
Lemma 3.16. i) Letu € Uyv € V. Then,

)\(u,v))\(ﬁ(u,v)))\(J\/(u,v)) < A(P)?

ii) FixrseU,z€ V. Letu e Uyv € V. Then,

~

Au, V)ANN (s, 2, (u, V) VAN (u, v)) < AN (s, 2))A(P)

Proof. i) Let Ny € N'(u,v) (blue) and Ny € P(u,v) (red).

Consider the symmetric difference H = Ny @& N»o. Both u,v have red degree one more
than their blue degree. H may or may not contain the edge (u,v). If it is present, it is
colored blue. We define a red-blue pairing of H to partition the edges into two perfect
tables N3, Ny. To define the pairing, we first define the multigraph H' = H U (u, v), so that
the new edge (u,v) is colored blue. Now, let ¥4,,q be the set of possible pairings of H' so
that for ¢ € W04, the corresponding decomposition of H' into alternating circuits, there
is not circuit containing both copies of (u,v). In case H' contained only one copy of (u,v)
all pairings are 'good’. If H' did indeed contain two copies of (u,v), we claim that |¥ 04|
is at least 1/2 fraction of all possible pairings. To see this, take any pairing whose circuit
decomposition contains a circuit with both copies of (u,v). From this pairing, we can obtain
a 'good’ pairing by switching the red edges that the blue copies of (u,v) are paired with at
u. Note that two such distinct pairings will always give distinct 'good’ pairings.

Now, fix 1 € Wyn0q. Let C1,Co be the circuits containing the edge (u,v). For every
other circuit, send all the blue edges to N3 and the red edges to N4y. Do the same for
the circuit of C1,Cs in which for the edge (u,v), v is adjacent to a lower numbered vertex
through a red edge. For the remaining circuit, put the red edges in N3, and the blue edges
in N4. Lastly, put all edges in N1 N Ny into both N3, N4. Then, N3, Ny € P.

As before, we can recover the uncolored H’ from N3, Ny. If the pairing of H' was known,

the map can be inverted, and Nj, No recovered. Since the pairing is not known, proceed
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as follows. Color the edges of H' green if they are from N3 and yellow if from Ny. Now
the total number of yellow-green pairings is equal to the total number of possible red-blue
pairings. However, we can eliminate the ones in which, say at u the copies of (u,v) are
paired, since this would give a cycle decomposition which was impossible for a pairing from
U o0a- 1f the yellow degree of u in H is d > 2 (which is the case if there were 2 (blue) copies
of (u,v) in H'), this eliminates at least (d — 1)!/(d!) > 1/2 of all yellow-green pairings.

Hence not too many Ny, N pairs can map to N3, Ny.

i7) In the case that s # u and z # v, the proof is analogous to the previous case. The other

cases are:

a) s =u,z #v. Let Ny € N(u,v) be blue and No € N (s, z, (u,v)) be red. Then, in the
symmetric difference, u has equal red and blue degree, v has 1 extra red degree, and
z has one extra blue degree. If we add an extra blue edge (u,v), then s has an extra
blue degree while v get equal red and blue degree. Hence in a pairing of H’, there is an
alternating walk from s to z whose initial and final edges are blue. As before, to take
care that the two copies of (u,v) don’t end up in the same table, we can exchange the
pairing at one end, say u (on either the walk or any circuit), to get a pairing where the

two edges are not part of the same circuit or walk.
b) s # u,z = v. The argument in this case is similar to a).

¢) s =u,z =wv. This case is trivial. If N; € N (u,v) and Ny € N(s, z) such that the edge
(u,v) is not present in Na, set N3 = Ny € N(s,z2), and set Ny = No U (u,v) € P. The

map is clearly invertible.

Since in all, there are 4 cases, accounting for a factor of 4, given which case we are in, we

obtain the claimed bound. O

We now plug the above bounds into the expressions for congestion through a transition

of the chain which either adds or deletes an edge.
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Proof of Lemma 3.14. Let T be a transition which either adds or deletes an edge (a move
in the Markov chain of type 1 or 2a). In each case, let T = (M, M'), where M € N (u,v)
and M’ € P (the proof in the case that the transition deletes an edge is along the same
lines, with the appropriate modification to Lemmas 3.15 and 3.16). We bound the left hand
side of (9) by bounding the contribution firstly, due to a pair of perfect tables, and secondly
due to a near perfect and a perfect table.

We bound the congestion through T' due to (I, F) € P x P as follows.

3 Yo (I, F)| m(I)7(F)

(L Pefr U(I,F)| (M)
IeP
Ly (L E) ADME) NN )
w®) 5, WEE AM) - A(P)
Tep
i 1 5 AN (u,v))
(By Lemma 3.15,1) < m)‘(uav))\(P(u,v)) v
(By Lemma 3.16,1) < 2‘)(_7;2;
< L

Next, we bound the congestion through 7" due to (I, F) € N x P.

Ur(I, F)|w(l)n(F
3 Z Ur(L, F)| n(I)m(F)

SEUZGV (IF 6fsz |\Ij(‘[’ F)| Tr(M)

(W (L, F)| AUDAEF)

B 1 AN (u,v))
T (@) 2 W) 2

Pyers W(I,F)|  AM)
(By Lemma 3.15, ii)) < w(lg) Z A(u, v)AN (s, 2, (u, v))) ;((i\v[((;‘: Z))
(By Lemma 3.16, i) < 4”31(?2()7’)

< 4

Adding the congestion from each of these sources, the congestion through a transition

that adds or deletes an edge is bounded by O(1). O
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Lemmas 3.11 and 3.14 imply the Inequality (7). It can be seen from the proofs of
the lemmas in this section, that if the weights w(u, v) satisfy (4), the bound holds for the
weights w up to a small constant factor. Hence, we have that p(f) = O(nmD?dmayz).
This implies that the mixing time of the chain started at G is bounded by 7¢(d) =

O(nmD?*d a0 (In(1/7(G)) +1og 6 1)). This completes the proof of Theorem 3.10.

3.7 Approximating Ideal Weights by Simulated Annealing

Recall that our goal is to find the ideal weights w3 (u,v) (or, rather, a constant factor
approximation of the ideal weights) for A = 1.

As mentioned earlier, we will do this by progressively increasing the value of A\. We start
with A close to 0, for which it is possible to compute a (1 + &) approximation of the ideal
weights in a straightforward manner, see Theorem 3.3. However, later in the algorithm
we will only have a constant factor, say 2, approximation of the ideal weights. We will
use samples of the corresponding Markov chain to obtain a better approximation of the
ideal weights; this in turn allows us to increase the value of A slightly so that the improved
approximation of the ideal weights of the old A sufficiently approximates the ideal weights
of the new A. Eventually, A becomes 1 and we will have a suitable approximation of the

ideal weights for A = 1. In this section we discuss these steps in more detail.
3.7.1 Bootstrapping

For each pair u,v suppose we have weights wy(u,v) which are a 2-approximation to the
weights w3 (u,v). That is, suppose that w}(u,v)/2 < wy(u,v) < 2w3(u,v). We want to
use the Markov chain to tighten this approximation to a factor ¢ € (1,2). The following
computation closely mimics the computation of [47, Section 3.

Recall, that 7 denotes the stationary distribution of the Markov chain. To simplify
notation, we will omit the subscript A. Recall, that for a given activity A the ideal weights
are defined as wi(u,v) = A(P)/AN(u,v)). Note that if w(u,v) = w*(u,v) for every

u € U,v eV, then

w(N (u,v)) = w* (u, V) AN (u,v)) = A(P) = w(P).
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Thus for the Markov chain run with weights w = w®*, the stationary distribution of the

chain satisfies 7(N (u,v)) = w(P). For arbitrary weights w, note that

w(u, V) AN (u,v))  w(u,v)A(P) - w(u,v)
TN (v, v)) = w(Q) w(Q)w*(u,v) (P)w*(u, v)
Rearranging terms, we have
m(P)

w*(u,v) = fw(u,v)ﬂ (10)

(N (u, v))
This implies a bootstrapping procedure to boost rough approximations to w* into arbitrar-
ily close approximations. By sampling from the stationary distribution of the chain with
weights w, we can estimate m(P)/7(N (u,v)), and thus using (10) we can estimate w*(u,v).
Here are the details. The idea is to obtain a c¢'/2-approximation of both m(P) and
(N (u,v)). Then we will have a c-approximation, say z, of 7(P) /7 (N (u,v)) = w*(u,v) /w(u,v).
In other words,

w*(u,v)

z/e < <cz

w(u,v)
and thus it suffices to set the weight approximations wpew(u,v) = w(u,v)z to get c-
approximations of w*(u,v).

We can use the indicator random variables X and X, , for the events “a sample from
7 is in P” and “a sample from 7 is in N (u,v)” as estimators of m(P) and 7(N(u,v)).
However, by running the Markov chain we cannot obtain a sample from 7, rather a sample
from 7 which is d-close to 7 in total variation distance. Thus, E[X] = #(P) and E[X,, ] =
(N (u,v)). It is sufficient to set ¢ so that #(P) and #(N(u,v)) approximate 7(P) and
(N (u,v)), respectively, by a factor of ¢!/, Then we can use several samples of X and

1/4 Thus, overall we obtain

Xy, to approximate 7 (P) and 7 (N (u, v)) to within a factor of ¢
a c-approximation of the ratio m(P)/m(N (u,v)).

First we sketch how to set d so that # is within a factor of ¢!/ of 7. Recall that the
distribution 7 is defined by a weight function w which is a 2-approximation of the ideal
weights w*. Thus, 4/(nm) > 7(P), 7(N(u,v)) > 1/(4nm) and we can set § = O(1/(nm))
so that #(P), #(N(u,v)) = ©(1/(nm)) and #(P) and #(N (u,v)) are c¢'/*-approximations

of m(P) and 7(N (u,v)).
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To obtain a ¢/* approximation of #(P) we approximate E[X] within a factor of ¢!/*

by averaging s random variables Xi,...,X;. By the Chernoff bounds, since F[X] =
O(1/(nm)), it suffices to take s = O(nmlog (') samples to approximate E[X] = #(P)
with probability > 1 — ¢. Analogous arguments hold for E[X,, ,].

Putting it all together, the average of the X;’s estimates 7 (P) within a factor of M4 with
probability > 1—¢ and #(P) is within a factor of ¢'/* of 7(P). Thus, we obtain estimates of
m(P) to within a factor of /2 with probability > 1 —¢. Therefore, with probability at least
1 — (nm + 1)¢ we obtain ¢'/2 approximations of all 7(P), m(N (u,v)), resulting in factor of
¢ approximations of w*(u,v) for every u,v. Since we do the bootstrapping for every \;, if
the number of phases is ¢, the overall probability of success is > 1 — (nm + 1)¢¢ which we

want to be, say, 4/5. It suffices to set ( = ©(1/((nm + 1)¢)).

3.7.1.1 Warm Starts

For a fixed A the improved approximation of the ideal weights includes running the Markov
chain s = O(nmlog(~!) = O(nmlog(nm)) times. By Theorem 3.10 the mixing time of
the Markov chain started at graph G is O(nmD?dq,(In(1/7(G)) + logé~1)). The term
log 7(G) ™! comes from the fact that the starting distribution is concentrated on the state
G. The graph G* seems to be a good starting point since A(G*) = 1 and thus log 7(G*)~! =
O(Dlog(nm)). If we start the chain at G* we need to take O(nmD?dq,(In(1/7(G*)) +
log6~1)) steps of the chain per sample. The standard method of warm starts can be
used to avoid the logm(G*)~! term in the running time. The idea is to obtain the first
sample by taking O(nmD?d g, (In(1/7(G*)) +log §~1)) steps, but all subsequent samples
are obtained by running the Markov chain started at the previous sample. This way, the
chain is effectively started from a distribution close to the stationary distribution and thus
the subsequent samples each take only O(nmD?dq;(log §~1)) steps. The same idea is used

in [47].
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3.7.2 Total Number of Phases

We specify a sequence e(nm)™” = A\ < --- < Ay = 1 such that

1 w3 (u,v .
— < # <2 for every ¢ € [¢ — 1] and every u,v
\/§ w)\H_l (uv ’U)

Then, if wnew(u,v) is a V/2-approximation (remember that we are free to choose any con-
stant ¢ € (1,2)) of w} (u,v), then by the above, wnew (u,v) is also a 2-approximation of
w}“\iﬂ(u,v). Therefore we can increase A from A; to A\;11 and still be able to use Theo-
rem 3.10.

We obtain the above sequence of A’s by reversing the output produced by the algorithm
of [8] for computing the cooling schedule A. It constructs a A-sequence of length ¢ =
O(D log D log(nm)) with the additional property that \;y1() is within a factor of 21/4 of
A\i(P) and Ajy1 (N (u,v)) is within a factor of 21/4 of X\;(N (u,v)) for every u,v and i € [( —1]

D

(see Lemmas 2 and 3 of [8], notice that in our case s = D and v = (nm)"” since we may

assume that € > 1/(nm)P). Thus, 1/v2 < wy, (u,v)/wiiﬂ(u » < V2, as required.

3.8 Counting by Sampling

In this section, we sketch a standard reduction from counting to sampling. Our goal is to

estimate |P|. For any sequence A1, ..., Ay,

Pl wn,(Q) wa (9w (@)
W () wn,, () wy, (@) wa, (9

Pl = wx, (€2)

Let us fix the A-sequence from the previous section. We first estimate
wx, () = M (P) + Y wa, (u,0) A1 (N (u, v))
u
where 1 < A\(P) < 14¢ and 4, < M(N(w,v)) < (1 +€)zy, for every u, v, see Theorem
3.3. Since wy, (u,v) = 1/x,,,, we get that nm+1is a (1 +¢) approximation of wy, (€2). We
define s, := |P|/wy, () and s; := wy, () /wy,_, (2) and we will use samples of the Markov
chain to estimate each s; within a factor of e/ (2 and s, within a e/2 factor. Then, if s/,
and s, denote the estimates for s, and the s;, the quantity (nm+ 1)s.s} ... s, estimates |P]

within a factor (1 +¢)e® =1+ ¢/, as required.
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Recall that with probability > 4/5 the weights w,, correctly approximate the ideal
weights w}, for every i, see Section 3.7.1. In what follows we will assume that the weights
w are correct estimates of w* for every A;.

Notice that since Ay = 1 and each w(u,v) is within a factor of 2 of w*(u,v), we have
that |P| = wy,(P) is within a constant factor of wy,(2)/(nm + 1). Thus, s, = O(1/(nm)).
By a similar argument, s; = O(1) for each i. Therefore we can estimate the s; as follows.
We take a random sample X of the Markov chain for A; and consider the value of est(X) :=
w;(M) /w;—1(M). The expectation of this value is exactly s;. Then we take O(fe~2) samples
of the Markov chain for \; with the variation distance 6 = O(¢/¢) and average their est;(X)
values, obtaining est;. By the Chebyshev’s inequality, Hsz est; estimate Hf:z s; within an
e%/? factor with a probability > 11/12 (for suitable constants within the O notation).

Similarly, we sample X by the Markov chain for Ay and § = O(e) and define est,(X) to
be indicator variable for the event X € P. Then the expectation of est.(X) is s, and we

¢/2 of s, with probability

average the values of O(nme~2) samples to get within a factor e
> 11/12. Then, (nm + 1)est, Hf:g est; approximates |P| within a factor of (1 + ¢)e® with
probability > 5/6.

Thus, with probability > 4/5 we have correct estimates w of the ideal weights w* and
conditioned on the correct weight estimates, the algorithm outputs a (14 ¢’)-approximation
of |Q| with probability > 5/6. Unconditionally, with probability > 2/3, the algorithm

produces an answer within (1 4 ¢’) factor of |Q].

See [47] and [8] for details of this computation.

3.9 Proof of Correctness of the Algorithm

We now recall the statement of our main theorem, and conclude its proof.

Theorem 3.2. For any bipartite graph G = (U UV, E) where U = {uq,...,up} and V =
{v1,...,vn}, any degree sequence r(1),...,r(n);c(1),...,c(m), any 0 < e,n < 1, we can ap-
proximate the number of subgraphs of G with the desired degree sequence (i.e., u; has degree
(i) and vj has degree c(j), for all i,5) in time O((nm)?D3dyax log® (nm/e)e=2log(1/n))

where D = 37, r(i) = 2, c(j) is the total degree and dmax = max{max; r(i), max; c(j)} is
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the maximum degree. And, the approximation is guaranteed to be within a multiplicative

factor (1 £ ¢) of the correct answer with probability > 1 — 1.

Proof. The theorem states that we can approximately count the number of bipartite graphs
with a given degree sequence which are subgraphs of any given bipartite graph G. In the
previous sections we dealt with the case when G' = K, ,,, the complete bipartite graph on
n—+m vertices. If G is not complete, we can perform the annealing algorithm in two stages.
In the first stage, we run the simulated annealing algorithm described previously. Thus, we
estimate the ideal weights for A = 1 for the complete graph at the end of the first stage. In
the second stage, we do the simulated annealing starting with the weights at the end of the
first stage (notice that now all edge activities are 1). However, the annealing will decrease
the activities of edges not present in G from 1 to A =~ 0 (hence, we may be decreasing the
activities of different edges than the ones whose activities were previously increased). The
analysis of the annealing algorithm and the mixing time of the Markov chain remain the
same. Thus, the two stage process only doubles the running time.

Now we break up the running time in the first stage. Initially, we spend O((nmdmax)?)
time to construct the Greedy graph G* and to approximate the initial weights, see The-
orem 3.3. We need ¢/ = O(Dlog?(nm)) intermediate temperatures for the simulated an-
nealing (Section 3.7.2). As discussed in Section 3.7.1, at each temperature we need to
generate O(nmlog(nm)) samples from the stationary distribution of the Markov chain in
order to do the bootstrapping. By Theorem 3.10, see also Section 3.7.1.1, each sample takes
O(D*nmdpmax log(nm)) steps of the Markov chain (recall that we set § = ©(1/(nm)), Section
3.7.1). Thus, as discussed in Section 3.7.1, with probability > 4/5 in time O((nm)?D3dmax
log*(nm)) we compute correct approximations of the ideal weights w* for A = 1. Therefore,
we can generate a random bipartite graph with the desired degree sequence, from a distri-
bution within variation distance < ¢ of uniform, in time O((nm)2D3dpay log*(nm/5)). The
computation of the initial weights is absorbed by this quantity.

For the counting, see Section 3.8, we use O(nme~2) samples of the Markov chain to ap-

proximate s* and for every intermediate temperature we need O(¢e=2) = O(D log?(nm)s~2)
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samples to approximate the corresponding s;. Taking into account the mixing time of the
Markov chain, the counting phase takes time O(D*nmdpay log® (nm/e)e2). Thus, the final
running time of the algorithm including the weight estimation phase is O(D3(nm)?dmax

log®(nm/e)e=2). With probability > 2/3 the algorithm outputs a (1 + ¢) approximation of
the number of bipartite graphs with the desired degree sequence. This can be boosted to
probability > 1 — 1 by running the algorithm O(logn~!) times and outputting the median

of the resulting values. O

3.10 Conclusions

We have presented an algorithm for counting and sampling binary contingency tables for
arbitrary degree sequences. While our algorithm has many similarities to the permanent
algorithm of [47], the new algorithm relies on a surprising combinatorial property of the
greedy graph that allows us to start the annealing process.

The Diaconis or “switch” Markov chain does not use the auxiliary states that the Markov
chain we analyze uses. An interesting open problem is the efficiency of the Diaconis chain
on arbitrary degree sequences. Does there exist a degree sequence for which the chain
converges slowly to the stationary distribution, or is the mixing time polynomial for all

degree sequences?
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CHAPTER IV

SIMULATED TEMPERING MIXES TORPIDLY FOR THE
3-STATE FERROMAGNETIC POTTS MODEL

Simulated tempering, like annealing, attempts to speed up the convergence time of a tor-
pidly mixing Markov chain by defining the chain on an extended space parameterized by
temperature. In this chapter, we study the simulated tempering Markov chain for sampling
from the Gibbs distribution for the 3-state Potts model. Our results show that in this case,
simulated tempering is not successful in overcoming the bottleneck that causes the fixed
temperature algorithm to be slow. This suggests a limitation of the method and a need for

finding better ways to define the tempering distributions.

4.1 Introduction

Glauber dynamics and local Markov chains like the Metropolis-Hastings algorithm are
known to mix torpidly for sampling from spin systems where there are multiple modes
in the stationary distribution [67, 85]. The modes usually correspond to different classes
of ordered configurations which are predominant in the stationary distribution. The torpid
mixing is due to bottlenecks in the state space where the Markov chain takes exponential
time to cross from one mode to another since it must pass through a set of configurations
enroute that is highly unlikely in the stationary distribution.

Simulated tempering and its variant swapping are Markov chain algorithms that attempt
to overcome the bottleneck to rapid mixing at low temperature by allowing the Markov
chain to spend some fraction of the time at higher temperatures where the Markov chain is
known to mix rapidly. The chain alternates between moves of the local Markov chain at its
current (fixed) temperature and randomly changing the temperature by a small amount.
The intuition is that it should speed up the mixing time at low temperatures if the chain

is “well mixed” on the space at higher temperatures and the intermediate temperatures
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interpolate between these two extremes.

In this work, we show that there are natural examples where this intuition can fail. In
particular, the Markov chain mixes rapidly at the high temperature distribution, but due
to a particular type of phase transition in the system, called a first order phase transition,

the simulated tempering chain mixes torpidly below a critical temperature.
4.1.1 Phase Transitions and Torpid Mixing

Phase transitions [35] are phenomena studied in statistical physics and thermodynamics and
refer to the transformation of a system from one phase to another. A phase is characterized
by one or more physical properties of the system, for example, the density or specific heat.
A phase transition is characterized by an abrupt change in the phase of the system when
the temperature is changed by a small amount. A physical example of this is the change
from liquid to gas when water is boiled.

One way to classify phase transitions is based on the non-analyticity of the derivatives
of the free energy with respect to the temperature. If Z(3) is the partition function at
inverse temperature 3 = 1/kT, the free energy is defined to be the quantity —kT log(Z(3)).
The order of the phase transition is given by the lowest order derivative of the free energy
with respect to temperature which is discontinuous. Thus, for example, a first order phase
transition is one where the first derivative of the free energy is discontinuous. The derivatives
of the free energy are relevant because it turns out that they are precisely thermodynamic
quantities like internal energy or specific heat for the system.

The order of the phase transition is also characterized by whether there is a latent
heat involved in the transition. Latent heat is the energy released or absorbed during the
transition. First order phase transitions are associated with latent heat in the following
sense. At the transition temperature, the heat capacity (which is the second derivative
of the free energy) becomes infinite, since the first derivative is discontinuous. This means
that heat can be added, but the temperature does not rise, instead the phase change occurs.
Once the latent heat has been added, the temperature continues to rise again. This implies

that first order phase transitions are associated with co-existence of phase. For example,
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at the boiling point of water, both liquid water and water vapor co-exist. The co-existence
is because the entire system does not complete the phase transition at the same time since
the latent heat cannot be transferred to or from the environment instantaneously for the
entire system. Mathematically, at a very high level, if the first derivative is discontinuous,
it implies that in the distribution, the location of the modes in the ordered phase does
not change in a smooth way to the location of the mode in the disordered phase. Rather,
there is a critical temperature at which both types of modes, ordered and disordered, must
co-exist [35].

Continuous phase transitions or second order phase transitions, do not exhibit phase co-
existence. An example of this type of phase transition is the ferromagnetic phase transition
in iron where the magnetization (the first derivative of the free energy) changes continuously
with the field strength, the analogue of temperature.

Systems with phase transitions are known to exhibit torpid mixing at low temperatures.
As we will see, the order of the phase transition, or specifically the coexistence of phase can

also cause a difference in the behavior of sampling algorithms.
4.1.2 The Mean-field Potts Model

Recall the definition of the g-state Potts model from Section 1.2.2, in Chapter 1 The mean-
field Potts model refers to the Potts model where G is the complete graph on n vertices.
Mean-field models are studied in physics because they often share the same characteristics of
systems in high dimensions [35]. Mean-field models are studied in computer science because
even in simple cases, the behavior of sampling algorithms for them is not fully understood.
The Swendsen-Wang algorithm [83] is an algorithm proposed as an alternative to Glauber
dynamics for sampling from configurations of the g-state Potts model. Cooper et al. [18]
considered the mean-field Ising model and showed that Swendsen-Wang algorithm mixes
rapidly at all temperatures except possibly near the critical point. Gore and Jerrum [39]
showed that the Swendsen-Wang algorithm mixes torpidly on the mean-field Potts model for
q > 3 at the critical temperature. The complexity of Swendsen-Wang at the critical point

for the Ising model remains unresolved. Interestingly, Madras and Zheng [64] analyzed
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simulated tempering for the mean field Ising model and showed that it mixes rapidly at all
temperatures, including the critical temperature. In the next section we define the simulated
tempering and its variant swapping, and then describe our results for the mean-field Potts

model.

4.2  Simulated Tempering and Swapping Algorithms

Recall that for the Potts model, the Gibbs distribution at temperature g is given by

BH ()

™ = 7

where

H(z)= > J-6(x(),z()))

(1.9)€E(G)

is the Hamiltonian.

We will consider the 3-state ferromagnetic mean-field Potts model, where ¢ =3, J > 0
and the underlying graph is complete. Let {2 denote the space of all 3" configurations and
suppose that we want to sample according to the Gibbs distribution at 5* > 0,

o H(2)

Z(6*)

() =

The local Markov chain underlying the simulated tempering algorithm that we will
consider is the Metropolis-Hastings algorithm [70]. The Markov kernel K is the graph
where there is an edge between pairs of configurations x,y €  which differ in the spin of
only one vertex. For (z,y) € E(K) let

e -y 2288

where A is the maximum degree of K. It is easy to verify that mg is the stationary
distribution. It is well known by methods similar to those in [67, 85] that the Metropolis
Markov chain mixes torpidly for low values of 3*. We analyze whether simulated tempering

could speed up mixing.
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4.2.1 Simulated Tempering Markov Chain

Simulated tempering was defined by Marinari and Parisi, and Geyer and Thompson [37,
65]. For sampling from the distribution 73 above, the algorithm is as follows. Let 0 =
Bo < --- < PBm = [* be a set of inverse temperatures. Let mg,---,7g,, = mg+ be the
corresponding distributions over 2. The state space of the simulated tempering chain at
By with intermediate temperatures 31, -- - Bp—1 is Q= Qx {0,---, M}, which we can
think of as the union of M 4+ 1 copies of the original state space €2, each corresponding to
a different inverse temperature. The choice of Gy = 0 corresponds to infinite temperature
where the Metropolis algorithm converges rapidly to the stationary (uniform) distribution,
while 3 is the inverse temperature at which we wish to sample. The distributions g,
interpolate between the extremes.

The stationary distribution of the tempering chain 7, is chosen to be uniform over temper-

atures, and the conditional distributions are the fixed temperature Gibbs distributions:

1

= 715 Q.
M+17rgl(x), T €

#(z, 1)

The tempering Markov chain consists of two types of moves: level moves, which update the
configuration while keeping the temperature fixed, and temperature moves, which update
the temperature while remaining at the same configuration. In each step of the chain, with

probability 1/2 we choose one of the types of moves to perform.

e A level move connects (z,i) and (2/,i), where x and 2’ are connected by one-step transi-
tions of the Metropolis algorithm on €2 at inverse temperature 3;. The move P((z,1), (z',4))

is accepted with probability

Here P;(x,2') is the Metropolis probability of going from x to 2" according to the stationary

probability 7g,.

e A temperature move connects (z,17) to (z,i+1). For a temperature move, we randomly

choose to move the temperature up or down, and the move ]3((33, i), (x,i £ 1)) is accepted
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with probability

L 7(z, i+ 1)) L < Z(Bi)  (8ier—BH( )>
— min 1’/\7, = — min 1,78 i1 T )
2 < (i) 2 Z(Bix1)

We will fix M, the number of temperatures to be a polynomial growing at least as Q(n).
Since M is a polynomial, for every 0 < i < M, 7(€2,1) is at least an inverse polynomial frac-
tion. It can be verified that the lower bound on M ensures that the transition probabilities

are not too small, by bounding the size of the ratio Zi(?ﬂ ﬁ) Notice that while the expo-

nential factor is simple to calculate given x and ¢, it is not clear that we can compute the
ratio of partition functions, which we need in order to compute the transition probabilities.
The swapping algorithm, also an aggregate chain using these temperatures, circumvents

this difficulty in implementing temperature moves.
4.2.2 Swapping Markov Chain

The swapping algorithm, also sometimes known as Metropolis Coupled Markov Chain
Monte Carlo was introduced by Geyer [36].

The state space is the product space Q= QM+ " the product of M + 1 copies of the
original state space, corresponding to inverse temperatures Gy < --- < Bur.

Let mpr(x) = w(x) be the distribution from which we wish to sample and let my(x) = ﬁ
(the uniform distribution), for x € 2. A configuration in the swapping chain is an (M +1)-
tuple x = (xg, -+ ,xp) € ﬁ, where each component represents a configuration chosen from

the #*" distribution. The probability distribution 7 is the product measure
M
#(z) = [[ mp, (zi).
i=0
The swapping chain also consists of two types of moves:

e A level move connects x = (g, ,x;, -+ ,xp) and 2’ = (xg, -+ , 2}, -+ ,xp) if x and

77
«' agree in all but the i*" components, and z; and x, are connected by one-step transitions
of the Metropolis algorithm on 2. The move ]3(3:, ') is accepted with probability

RN S R
2(M+1)PZ($’:C) - 2(M+1) <17 ﬂgi(m))'
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e A swap move connects x = (g, ,Tj, Tit1, - ,Tp) tox’ = (T, -+, Tig1, Ty, TM),
i.e., it interchanges the i** and i + 1% components, with the appropriate Metropolis prob-

abilities on 7. In particular,
~ 1 (2)
Pz,2) = ——min(1
) = e (156)
1 . ( 7Tz‘+1(96z‘)7T51-(96i+1)>
= ———min (1,
2(M—|—].) ﬂ'ﬁi ($i)wi+1(mi+1)

1
— ——  min (1. Bt =B (H@i)—H(zit1) )
2(M+1)m1n<,e )

)

Notice that now the normalizing constants cancel out. Hence, implementing a move
of the swapping chain is straightforward, unlike tempering where good approximations for
the partition functions are required. Zheng proved that fast mixing of the swapping chain
implies fast mixing of the tempering chain [91], although the converse is unknown.

For both tempering and swapping, it is important that successive distributions 7g, and
7g,,., have sufficiently small variation distance so that temperature moves are accepted
with nontrivial probability. Hence, M must be sufficiently large. However, M must be
small enough so that it does not cause the running time to grow too much. Setting M to

be a polynomial which is £2(n) ensures both these constraints are satisfied.

4.2.3 Importance Sampling

As an alternative to simulated tempering, Madras and Piccioni [61] proposed importance

sampling using the following distribution over €Q:

Y 75,(2)
Tav(7) = M1

i=0
They showed that the simulated tempering Markov chain is identical in distribution to the
Metropolis Markov chain defined according to the distribution 7,,. In some sense, simulated
tempering is doing importance sampling using the average of the simulated tempering dis-
tributions. As described in Section 3.2.2, we would like to choose the importance sampling
distribution so as to ensure the corresponding unbiased estimator has low variance. At a
high level, our slow mixing result can be viewed as saying that at low enough temperature,

the average of the tempering distributions is not a good choice for the importance sampling

distribution for the 3-state Potts model.
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4.3  Summary of Results.

We show that the simulated tempering and swapping Markov chains require exponential
time to converge for sampling from the 3 state mean-field ferromagnetic Potts model. We
show that no matter how the interpolating temperatures for the algorithms are chosen, the

chain will still take exponential time to converge.

Theorem 4.1. Let 3. = 21;;2. There is a constant ¢y > 0 such that for any set of
intermediate temperatures, the tempering chain on € at temperature B. has mixing time

T(e) > €™ 1In(1/e).

The torpid convergence of the tempering chain is caused by a first-order phase transition
in the 3-state ferromagnetic Potts model. In the Potts model, there is a critical temperature
which exhibits coexistence of the ordered and disordered phases. In contrast, the Ising model
has a second-order phase transition, and there is no phase coexistence, and this distinguishes
why simulated tempering mixes rapidly for the Ising model [64] and not the Potts model.

The second result that we show is that there are even cases when the mixing time
of the tempering algorithm will be significantly slower than that of the fixed temperature
Metropolis algorithm. This disproves the conventional wisdom that tempering can be in the
worst case slower by a factor polynomial in the number of temperatures. Let Q pgp denote
the subset of ) consisting of configurations where the majority of vertices are red. On the
restricted space Qrgp, we show that tempering can slow down the Metropolis algorithm at

a fixed temperature by an exponential multiplicative factor.

Theorem 4.2. Let lenz < B < % There are constants cg, cs (which may depend on [*)
such that 0 < co < c3 and the Metropolis chain on Qrap at 5% has mizing time 7(g) <

e 1In(1/e) while the mizing time of the tempering chain is bounded by T(g) > e®™In(1/¢).

4.4 Torpid mixing of Simulated Tempering

In this section we show the main result, Theorem 4.1, which states that there is a tem-
perature (3. at which simulated tempering for the 3-state ferromagnetic Potts model mixes

torpidly regardless of the intermediate temperatures we choose.
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We prove the lower bound on the mixing time of the tempering chain by bounding the
conductance. The state space of the tempering chain is 2 x [M +1]. To show torpid mixing,
it is enough to exhibit a cut in the state space whose conductance is small. The cut we
construct depends only on the number of red, blue and green vertices in the configuration.
Hence, for the purpose of defining the cut, it is convenient to view the state space of
configurations as equivalence classes of colorings according to the number of vertices of each
color. Furthermore, the cut we define will induce the same cut on €2 at each temperature.

It is convenient for the exposition to make the following change of variable using the
fact that for the 3-state ferromagnetic Potts model, the underlying graph is complete. Let
x1,22, and x3 be the number of vertices assigned red, green and blue respectively in the
configuration x € {2. The Gibbs distribution at E with Hamiltonian H is given by

()
m5(x) = w521, 2, 43) = Wv
For the complete graph, H(z) = $(z1(z1 — 1) + z2(z2 — 1) + z3(z3 — 1)). Note that since
r1 + T9 + x3 = n, the linear terms will cancel from both the numerator and denominator.
Setting 8 = 3J/2 and H(z) = 2% + 23 + 22, we will work with the following expression for
the distribution

BH ()

T(z) = 70

where Z(3) = >, e#H(®),

Henceforth, we will use this modified Gibbs distribution since we will always work on
the complete graph.

To define the cut, we partition 2 into sets €,, where 0 = (01, 02, 03) is partition of n into
a triple, i.e., 01 + 02 + 03 = n. The set (), contains all colorings with o1, 09 and o3 vertices
colored red, green and blue, respectively. The set ), corresponds to (017;2’03) different
configurations in {2 and hence the Gibbs distribution on partitions ¢ at the temperature
B; (that is, the stationary distribution of the tempering chain, conditioned on being at the
temperature [3;) is given by

(11)

n > eﬁi(tf%-‘rﬂg-ﬂf%)

)= ( Z05)

01,02,03
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The idea for defining the cut with small conductance comes from the following properties
of the stationary distribution conditioned on the sets ). There is a critical temperature (.

where the Gibbs distribution exhibits the coexistence of two modes. There is a “disordered”

mode in the distribution at (%, L3 %), this mode is present because though these configu-
rations have small energy, the number of configurations (given by the multinomial term in

Equation (11)) is large. At [, there are also “ordered” modes at (2” n "), (” 2n "),

3766 6°3°6
(” © %") These modes are present because configurations with a predominant number
vertices having the same color (red, or green or blue) are favored in the Gibbs distribution,
though there are not as many of these configurations. The ordered and disordered modes
are separated by a region whose density is exponentially smaller than both the modes,
where neither the multinomial nor the energy term dominates. As the inverse temperature
is decreased below [., the size of the disordered mode grows while the sizes of the ordered
modes decrease. However, the region of exponentially small density remains small at every
temperature. The cut in the state space of the simulated tempering chain at 3. is to take a
region surrounding the ordered mode at each temperature. The conductance of this cut, up
to a polynomial (in M) is bounded by the conductance at the critical temperature where
the modes coexist. This is because in the stationary distribution, the chance of being at
each temperature is equally likely.

In contrast, for the Ising model, there is no temperature at which the ordered and
disordered modes coexist. It is due to the coexistence of the ordered and disordered phases
that simulated tempering can be torpidly mixing for the Potts model while for the Ising
model, it mixes rapidly [64].

We first present a straightforward upper bound on the conductance of the tempering

chain at (..

Theorem 4.3. Let (. = 21;2. There is a constant cq4 > 0 such that the conductance ® of

the simulated tempering chain for the 3-state mean-field ferromagnetic Potts model at .,

cqn

for any set of interpolating temperatures {3;}, fori € I C [M] is at most e~

As a corollary, by Theorem 2.2, the lower bound on mixing time by the inverse of

91



conductance, this implies Theorem 4.1. Later, we will refine this bound in order to compare
it to the upper bound on the mixing time of the Metropolis chain at a fixed temperature
to show Theorem 4.2.

Let A C © be the set of configurations = such that z1,x2, 23 < n/2. Let S = {(x,i) | x €
A Bo<Bi<PB:} Let B={xe A|F2' € Q\ A, P(x,2')# 0} be the boundary of A (the
set of configurations with at least one of x1,z9 or z3 equal to n/2). Our aim is to show
that the conductance of the set S is bounded. Note that it is not true that =(5) < 1/2 and
hence a bound on ®g does not immediately imply a bound on ®. Instead, we will show
that the coexistence of the ordered and disordered phases implies that ® < poly(n)®g. We

start by bounding ®g.

YN ma) > Px,a)

o FS i€l zeB €A
S = = g
Cs Z Z T3, (z)
iel zeA
Z Z ﬂ-ﬁi(x)
< i€l x€B (12)
Z Z T3, (z)
i€l zeA

The last expression above is the ratio of the sum over temperatures of the stationary
probabilities of configurations in the set B (the boundary of the set A) to the sum over
temperatures of the stationary probabilities of the configurations in the set A. In order to
bound this quantity, we will need several technical lemmas which we state in the course of
the proof but prove later to maintain the flow of the argument. The proofs of these lemmas
are gathered in Section 4.4.1.

For 0 < a <1 let Q,, denote the set of configurations €2, where o; = an and oy =
o3 = (1 — a)n/2. In the next step, we show that by losing only a polynomial factor, the
numerator of (12) can be bounded by the sums of the probabilities of the configurations
/2 (the set of configurations on the boundary B with equal numbers of green and blue
vertices), while the denominator is certainly is as large as the weight of the configurations
in Q,,/3 (the set of configurations with equal numbers of red, blue and green vertices). In

particular, we want to show that for some constant c5 > 0,
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ZZ Wﬁi(x) Z ﬂ—ﬁi(Qnﬂ)

1€l x€B il

_ < csNe—
S m@ S mas)

1€l z€A el

(13)

We use the following lemma, which says that along the line where the number of red
vertices is n/2, the distribution at every temperature has a unique maximum at the con-
figurations where the number of green vertices is equal to the number of blue vertices. Let

n

i(x) = mp, (%, n, 5 — a:n) be the continuous function where z is allowed to vary continu-

ously.

Lemma 4.4. For n sufficiently large, the function T;(z) has a unique mazimum in the

range 0 < x < % and attains its maximum at x = i for all i such that B; < f..
This implies the inequality (13). Next, we’ll show that ®g is essentially determined by
the conductance of the cut induced at the highest inverse temperature Gy;.

i(Qny2) < T (Qny2)
i(Qny3) = T (Qny3)”

Lemma 4.5. For every inverse temperature 5; < B, :

TFZ(Q’VZ/Q)

Proof. Note that only the exponential term in T ra) varies with ;. Thus, for some

function h(n), we have

Wi(Qn/2) _ h(n)ﬁm2(H(%&vi)*H(%:%:%))
FZ(QTL/?))
_ h(n)eﬁin2(1/24)
< hpyesrti) o T2
B ﬂ-ﬁc (Qn/?))
O
This implies that the ratio on the RHS of (13) can be bounded as follows
> 75:(Qny2)
; Q
i€l S CGnﬂ-ﬁc( TL/Q) ) (14)
> 75, (Qy3) 75, (Qny3)
el

for some constant cg > 0.
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There are two final steps to bounding the conductance. Firstly, we show that at (.,

TBc (Qn/Q)

T () is exponentially small. Secondly, we show that ® < poly(n)®g. These facts follow

from properties of the stationary distribution proved in Lemmas 4.6 and 4.7.
The following lemma demonstrates that there is a critical temperature at which €, 3
and {2y, /3 both have large weight compared to €2, 5. Also, the configurations €2,,/3 have a

weight that is at least a polynomial fraction of the stationary weight of Q at g..

Lemma 4.6. At 5. = QIn—”Q

7

(1) mp.(Qnys3) = mp. (Qanys) + o(1).

.y 18, (2, —Q(n
(ii) T < e

(iti) 75, (Q)5) > 2=

n

Putting together the bound on ®g from inequality (14) and part ii) of Lemma 4.6, we

obtain that for some constant c; > 0,
(PS é e—C?Tl

Lastly, we show the bound on the conductance. We need the following lemma, which
says that the stationary weight of the configurations on either side of the cut are within a

polynomial factor.

Lemma 4.7. The stationary weight in the tempering chain of the set S is bounded as

#(S) < poly(n)7(S).

Proof.

(By Lemma 4.6 iii)) >



O

With this in hand, we can bound the conductance of the tempering Markov chain at

the temperature G,.

F_
b = =2
S

Cs
Fs
(By Lemma 4.7) < poly(n)=>
Cs
. Fs
(By reversibility) = poly(n)c—
S

< poly(n)e” ™"

This bounds the conductance since ¢ < max(®dg, <I>§) < e“™ for some ¢4 > 0. Finally,
note that if the tempering Markov chain is defined with temperatures 3. > 3;, > --- > 3,
for any {i1,---i;} € {0,--- M — 1}, the same arguments show that the conductance of the
chain will still be exponentially small. This completes the proof of Theorem 4.3.

Zheng [91] has shown that rapid mixing of the swapping Markov chain implies rapid
mixing of the tempering chain. Thus Theorem 4.1 implies that the swapping chain for the

mean-field Potts model mixes exponentially torpidly.

4.4.1 Proofs of Technical Lemmas

Recall that 7;(z) = g, (%,xn, 5 — :Bn) is the continuous function where z is allowed to

vary continuously.
Lemma 4.4. For n sufficiently large, the function 7;(x) has a unique maximum in the

range 0 < z < % and attains its maximum at x = i for all ¢ such that 3; < S..

Proof. Examining 7; on this line, we find

i) = ( n m) eﬂm2<<%>ZZ;;+<%—x> )

2010
Neglecting factors not dependent on x and simplifying using Stirling’s formula, we need to

check for the stationary points of the function




To test the sign of the derivative <W> , we compare the quantities fT/ and %, where

fT = fin(4z — 1) and £ = In(s%) + 132 At x = 1 we have fT =0

g/
T 1 ‘7> and

g # 0, and it can be checked that this is the unique stationary point. Since (. = 21n(2)/n,
Bin < 21In(2). For n > 100,

! 1
Ben(dx —1) > g, T € (0,—),

g 11
c dr — 1 ) T |
Ben(dzr —1) < 33€<4 2)

As (; is decreased, the slope of the line le decreases from the (positive) slope of the line
Ben(4z — 1). Thus, for a maximum at z = %, it is sufficient to check that the above

inequalities hold at (. to prove the lemma for 3; < (3. since % is independent of ;. Il

Lemma 4.6 At 3, = 222

n

(i) 5. (Qny3) = mp. (Qanys) +o(1).

.oy T8 (2, —Q(n
(i) Zefaeszy < e

(i) g, (€ /5) > "=,

Proof. (i) We solve for .. Let mg,(€2,/3) = 73,(2;,/3). Then,

< n >m<% +12) ( n )eﬁi( n2/3)
88/ Z) 0 \%.%5) Z26)

This implies

—~
[\

E
=
—~

o3
=
—~

S
=

HA/S (é) (%!5 (%!5
_ <%>Z)§>? (%) (+067)
_ ?/_é(l+0(n_1))’
which occurs when
g, = 2@ 2 L iom ).

n \/§n2

2ln( ) gives the desired result.

Setting 3. to
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(ii) Let B, = 2In@) Then we have

n

n Bc(3n?/8
o Q) (3 E )
Q EEGER
7Tﬁc( n/3) (375,5)6
nn 3
_ (E!) 26ﬁcn2/24
() (%)
27 8\ % Luiom _
= V5 §> eMn/12 (1 4 O(n7h)
n 12
- % eiﬁln(éﬂ) (1+0(m™) < e~ n),
(iii) Let f. = 211;(2). Consider any general point in the space, which is of the form

(z,y,1 —x —y) for 0 < 2z +y < 1. It can be verified by calculation that the function

f(:U’y) . eﬁcn(x2+y2+(1_x_y)2)

9(2.9) oyl -z —y))maryy(l -z — y) ey

h(ﬂf,y) =

has a global maximum at (1/3,1/3), i.e. h(z,y) < h(1/3,1/3) for all z,y such that 0 <
x +y < 1. This can be shown by checking that h is maximized at (1/3,1/3) over all

stationary points of h(x,y). This implies that mg, (£2,/3) > ﬂﬂ;—gm.

O

4.5 Tempering Can Slow Down Fixed Temperature Algo-
rithms

We have shown that simulated tempering can mix torpidly. In fact, tempering can be slower
than the fixed temperature algorithm by more than a polynomial factor. In this section
we show that just above the critical inverse temperature, on a restricted part of the state
space (2, simulated tempering can be slower than the fixed temperature Metropolis chain
by an exponential factor. The idea is that although exponential, the mixing time of the
Metropolis chain at g* is bounded by the size of the cut at (., while the mixing time of
the simulated tempering chain can be an exponential multiplicative factor worse because
the conductance of the same cut at the higher temperatures is much smaller. Intuitively,
on average, the chain is spends even less time mixing on both sides of the cut at the higher

temperatures than at g*.
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The precise theorem we show is the following. Recall that Qrgp = {x € Q : x; >
T2,73}.

Theorem 4.8. Let 6. = 2@ B* < 2. Assume that the number of distributions for

n 2n

tempering is M = O(n). Then, there are constants 6 > 0 and a < 0 (which may depend
on (3*) such that the simulated tempering algorithm on Qgrgp at 5% mizes only after time

Q(e®=I"). The Metropolis algorithm at temperature 3* mizes in time O(e~*"+e)

. o e . 21n(2) % 3
4.5.1 Torpid Mixing of Tempering for — = < 3* < 5
We start by proving the first part of the theorem above by showing the following bound on
the conductance of the simulated tempering chain. Let ®rap denote the conductance of

the tempering chain on Qrop at inverse temperature 5*.

Theorem 4.9. Let 3. = 2In@) GF < % Then, there exists o < 0 and § > 0 such that

n

Prap < e(afé)nJro(n).

Define the set Krgp = {0 = (01, 02,03) where 01 > 09 > 03, > . 0; =n}. Thus Krgp
is the set of partitions o corresponding to the configurations in Qrgp. For ¢ € Krgp, the
Gibbs distribution is given by

n ) e/Bi(G%+G§+U§)

(o) = ( ZraB(6i)

01,02,03

where Zrap(0;) is the normalizing constant.

Denote by £, the set of points o) = ()\n, @, @), for % < X < li.e., the subset of
Kgrgp with equal numbers of blue and green points (see Figure 12). There exists a constant
Amin (which can be found by differentiating the function, as usual), a value of A between
the ordered and disordered modes where 7g«(0) is minimized along the line ). Let Q.
be the corresponding set of spin configurations. Let i = $* = & where p is a constant

such that 2In(2) < p < % Let A C Qgrgp be the set of configurations = with 21 < Apin.

Let Let S ={(z,i) |z € A, Bo < Bi<pB.}. Let B={x € A| T2’ € Q\ A, P(z,2') # 0} be
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Figure 12: The profile of the probability density function over Krap

the boundary of A. Then, as before, we can bound the conductance of the set S as follows.

M M
Z Z TBi (x) Zﬂ-ﬁi(QAmin)
=0

1=0 zeB =

ds < 7 — < O(n) i (15)
Zzﬂ-ﬁi(‘r) Zﬂ-ﬁi(glﬁ)
i=0 z€A =0

The second inequality above follows from the fact that the distribution at every temperature

is unimodal and is maximized at 2y

min*

21n(2)

Lemma 4.10. Let

< By < % For n sufficiently large, the continuous function
7, () = 73, Aminn, (1 — Apin — @), 2n) has a unique mazimum in the range 0 < x <

1— Anin at x = H% forallie{1,--- ,M}.
Rewriting the last expression in (15), we have
71'5]\4 (Q/\mln)) <7Tﬁ]\/1—1(9)‘min)) . ( ﬂﬂo (QAmin) ))
T3 (kain) ((”ﬁM (050 * 760 (i) * * 765 (i)

) () + () + -+ (e

g (16)

We use the following properties of the stationary distribution to bound the conductance.
The first fact is that the stationary weight of the disordered mode conditioned on being at

a particular temperature is non-decreasing as we decrease 3.

Lemma 4.11. Fori € {1,---, M}, we have mg,(21/3) < 7p,_, (21/3)-
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Proof. This follows from the fact that H (o) is minimized at o1 = 02 = 03 = 1/3. O

Next, we observe that the height of the disordered mode increases faster than the height

at Q)

min

7r/31'_1(91/3) ﬂ—ﬁi—l(mein)

Lemma 4.12. There is a constant d > 1 such that R e
71'[37; (91/3) ﬂ-ﬁi (QAmin)

Proof. Expanding the terms reveals that

T3i-1 (1/3) /7, (21/3) _ Trﬁifl(QI/S)/ﬂ-,@i—l(Q)\min) — o(Bi=Bi-1)(H(,,;, )~ H(Q3))
Recall that 8; — 8,1 = O(=%;) while H(o,,,,.) — H(oq/3) = Q(n?), since Apin is a constant.

The claim follows since M = ©(n). O

Lemma 4.13. The density g« (Q43) is exponentially smaller than mg«(y/3)

. . % 21n(2)
Proof. The claim follows by the setting 3* > =—
* ’I’L2 n
g (Qyz) B iy _ A2 In()
7 (Q2/3) ST (BmLrmy)

O

A corollary of the above lemma is that at the inverse temperature §* the weight of the
set {13 is an exponentially small fraction of the total weight. On the other hand, we know
that at By = 0, the weight is at least a polynomial fraction of the total weight. Therefore,
by Lemma 4.13, the sequence in the denominator of (16) grows from 1 to at least d} for
some constant d; > 1 in M = O(n) terms. Let ds be the smallest constant by which any
two consecutive terms of the sequence in the denominator differ. By Lemma 4.11, and the
previous statement, do > 1.

By Lemma 4.12, the rate of increase of terms in the series in the denominator of (4) is
at least a constant, d > 1, times the rate of increase of terms in the series in numerator.

Hence, for some constant ds > 0, (15) implies

(0] n)WﬁM(Q)\mm) <1 + <%2) 4+ 4 <ddz)d3n>

D
7Tﬂz\/f(Ql/S) 1+d2+"'+ngn

TG (Drin) /. —dsn
" (min(de, d 3.
ar (21/3) (min{ds, &)

Theorem 4.9 now follows by setting 6 = % In(min(ds, d)).
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4.5.2 Proof of the Technical Lemma 4.10

Lemma 4.10 Let MHT(Q) < B < % For n sufficiently large, the continuous function

7, () = 7, Aminn, (1 — Amin — )1, zn) has a unique maximum in the range 0 < z <

1= Amin at @ = £=5min for all i € {1,---, M}.

Proof.

B _ n eﬁin2 ()\min2+x2+(l_)\min_1)2)
mi(z) = Amin®y (1 — Apin — )0, xN Z(5i)

Neglecting factors not dependent on x, we need to check for the stationary points of the

function

eﬂin(x2+(1*)\minfx)2)

(.CE(l — Amin — «T))%$w(1 — Amin — ]})1_>‘7nin_5‘.

-

=
8

=

Q

—~
8

N

Differentiating, we have

f/
= Bin(dx —2(1 — A\pin))

g z 11— Apin — 27
A e .

g n(l — Amin — ) o 2n x(1 — Apin — )

|

21n(2)+e
n

At x = ’\2””" we have J} 0= %, and g # 0, giving a stationary point. Let §* =

for some 0 < € < 3/2 —In(2), and thus f;n < 2In(2) 4+ . For n > 100,

! 1-—- man
B'n(dx — 2(1 — Apin)) > %, T € <0, T)\> )
! 1—- )\mzn
6*n(4w - 2(1 - A’rmn)) < g_7 HS <Ta 1-— Amzn) .
g

As (3; is decreased, the slope of the line fT/ decreases from the (positive) slope of the line
B*n(4z — 2(1 = Amin)). Thus, it is sufficient that the above inequalities hold at 3* = 5 to

prove the lemma for 3; < * since %l is independent of ;. O
4.5.3 Upper bound for the Mixing Time of the Metropolis Algorithm on Qrgp.

The Metropolis Markov chain on 2 at is known to have exponential mixing time and the
same argument also holds on Qrap. We would now like to derive a good upper bound on

this mixing time so that we can compare it to the tempering chain. However, bounding
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the conductance and applying Theorem 2.2 will not be sufficient as the square of the con-
ductance gives too weak a bound. Instead, to obtain the best possible lower bound on the
spectral gap of the Metropolis chain, we appeal to the comparison theorem [23]. We use
this technique to obtain a tight exponential upper bound for the mixing time. Let P be the
Metropolis chain on Qrgp with stationary distribution m = mg«. Then, the second part of

Theorem 4.8 is as follows.

Theorem 4.14. Let 3. < 8* < 2 and let o = In (- (5,0 ) /78 (Q1/3)) < 0. The Markov

chain P mizes in time O(e~"+o),

The comparison theorem of Diaconis and Saloff-Coste is also useful in bounding the
mixing time of a Markov chain when the mixing time of a related chain on the same space,
but with possibly a different stationary distribution is known. Let 9t and 91 be two
Markov chains on ). Let P; and 7 be the transition matrix and stationary distributions
of M; and let P, and w2 be those of My. Let E(P) = {(z,y) : Pi(x,y) > 0} and
E(P) ={(x,y) : Px(z,y) > 0} be sets of directed edges. For x,y € Q such that P»(x,y) > 0,
define a path .y, a sequence of states © = xg, - - -,z = y such that P;(x;, zi+1) > 0. Finally,
let I'(z,w) = {(z,y) € E() : (2,w) € Yzy} denote the set of endpoints of paths that use

the edge (z,w).

Theorem 4.15 ([23])). Let a = min <7T2($)> . Then
T

m1(x)
Gap(P1) > % -Gap(Py),
where
A= (var)neaEX(Pl) m Fgu) Yoy m2(z) Pa(, y)

The idea behind showing the mixing time claimed in Theorem 4.14 is to define a new
distribution 7 on Krap by essentially eliminating the disordered mode. The Metropolis
chain P is defined on RrGB with stationary distribution 7. We will show that the mixing
time of P is at most a polynomial. The comparison theorem then gives the required upper

bound on the mixing time of the Metropolis chain P in Theorem 4.14. For 0 € Krgp define
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w0 (0 ) ZrBc(B%))/Z  if o1 <ten and 7 () > mae (),

g (Q0)ZraB(6%)) 2 otherwise,

7 =Zrap(B) | Y 7 () + D 75 (2)

oeK, og€EKo

is the normalizing partition function and the sets K7, K9 partition Krgp into the flattened
and unchanged configurations respectively.
For a configuration = € Qrgp, we define 7(x) to be uniform over all the configurations

in the same equivalence class, i.e., if = is in the equivalence class o

F(x) = <010”203) _1%(90).

The first step is to show that ]5, the Metropolis chain on the flattened distribution, mixes
in polynomial time. This will follow from an application of the decomposition theorem [66].
The second step will be to use this bound and the comparison theorem to bound the mixing
time of the chain on the original unflattened space. This mixing time of P will be a lower
order term when we compare it to the mixing time of P, which is exponential. Thus, any

polynomial bound on the mixing rate of P will suffice.

Theorem 4.16. The Markov chain P with stationary distribution ™ mizes in polynomial

time.

To apply the decomposition theorem, we partition the space (QQrgp according to the
equivalence classes of configurations, i.e. into the space Krap. Informally, the decomposi-
tion theorem states that the mixing rate of a Markov chain on 2 is at most the product of
the mixing rate of the chain restricted to Q, (the restrictions) and the mixing rate of the
chain on the quadratic sized set Krgp (the projection).

Instead of ﬁ, it will be simpler to bound the mixing time of Q) = ﬁQ, the two step
transition matrix that allows moves of length 0, 1 or 2. We can then infer the polynomial
mixing of P from the polynomial mixing of Q). It is easy to see that @ is rapidly mixing

when restricted to €2, for any o, because two-step moves permute the colors on the vertices
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without changing the total number of each. Hence, we focus on showing the bound on

projection Markov chain ). We will use the canonical path method.
Theorem 4.17. The Markov chain Q on the projection of Krap is rapidly mizing.

Proof. Define canonical paths in the chain Q, {y,,} as follows:

Let 0 = (t1,b1,91) and T = (t2, b2, g2). We assume that t; > to. If not, the path from o to 7

consists of the same vertices as the path from 7 to ¢ but with all edges directed oppositely.
We define the canonical path for ¢; odd and t3, the other case only needs a minor

technical modification due to parity issues. Assume (without loss of generality by the

symmetry of the colors blue and green) by < g1 and be > go. The path 7., is defined

to be (tlvblagl)7(tlyb1 + ]-agl - 1)’ 7(t1a %1_1’ %1“)7 (tl -1, %ﬁla %14_1)’ (tl -
37%1{)’7%%)7'”@27 n;t27nth2)’”' 7(t27b2 - 1792 + 1)7(t27b2792)' It can be shown

that along the path, the distribution is “unimodal”, i.e

Lemma 4.18. For each o = (t1,b1,91), 7 = (t2,b2,92) € Krap, the distribution T attains

a unique maximum on the path v, r.

We defer the proof till the end of this argument. Assuming the lemma, the congestion

of the paths can be bounded as follows.

A = max [Yor | min(7(Qy ), 7(27))
(@.8)eE@) | ™(Qa) P2 (Qa, Q) r(;,ﬁ
1
= max — = Yor | Min(7(Qy ), 7T(2
(a,3)eE@) | min(7(Q0a), T(23)) F(Ea:ﬁ Yol (7( )

Since along every canonical path the distribution is unimodal, and the length of any path
is at most linear in n, and there are at most polynomially many paths I'(a, ) using the

edge (a, 3), A is at most a polynomial in n. O
Corollary 4.19. The Markov chain P on Krap s rapidly mizing.
Proof of Lemma 4.18: Let {; denote the set of 0 € Krgp such that o1 = t. Let £3—, denote

the set consisting of configurations where the number of green and blue vertices are equal.
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Since the space is discrete, because of parity considerations, the canonical paths cannot
simply go along the line /;, then along the line f;—, and finally along /;,, except in the
case that t; and to are both even. For this case, it is sufficient to show that firstly, for all
1/3 <t <1, along the lines ¢;, the maximum is at the intersection with f,—, and secondly,
along the line f,—g4, the distribution is unimodal. The observation is that the second fact

implies that on the portion of the canonical path along ¢;—,4, the distribution is either
i) non-increasing

ii) non-decreasing

iii) non-decreasing and then non-increasing

but not decreasing and then increasing. Then in any of the three case above, it can be
verified that there is a unique local maximum along the path.

In the other cases, when either both ¢; and ¢s are odd, or one is odd and the other
even, the canonical path makes a “diagonal” move to switch parity and we have to argue
that the property of being unimodal is not violated. It turns out that this is implied by the
unimodality of the continuous function 7 on the lines ¢; and ¢;,—,. We first show that along

the lines ¢; and /¢, the distribution 7 is unimodal.

Claim 4.20. Let 5. < B* < % and Ly = {o|loc € Qrap,01 = t}. Then there exists a

constant ng, such that ¥Yn > ng the function 7(c) when restricted to Ly is mazimized at
n—t

o9 = 03 = "5~ and is non-increasing as o3 decreases, Vt such that Ly C Qrgp.

Proof. Consider the original distribution =

n B 2 (1) +a?+(1~t—2)?)
mg (tn,xn, (1 — ¢ —x)n) = (tn Tn (l—t—m)n) Z(Bs)

Neglecting factors not dependent on x, the expression can be simplified using Stirling’s

formula, to check for the stationary points of the function

287 n(x?—(1-t)x))
(2(1—t —a))2av(1 -t — z)(1—t-2)

f(

X
g(x

—
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[~

To test the sign of the derivative we compare the quantities and %, at 3% where

L =28 n2e — (1-1) and £ = In(15=) + 5 sy

At 2 = 1t we have fo =0 = %/, and g # 0, giving a stationary point. For m > 100,
% < x <1—t, we have le < %l, with g # 0. This can be seen by comparing the growth
rate of these functions in the specified interval, given that they take the same value at
T = %, and is true for . < % < % The proof of the lemma now follows from the

definition of 7x. O

Claim 4.21. Let . < B* < % For n sufficiently large, 7g«(S2)) has a unique mazimum

Amaz 0nd is non-increasing on either side of it.

Proof. We examine the continuous extension 7 of the original distribution .

— (i, B (L= Mny n 7 (P 2(132)')
B* < n, 2 ) 2 > - </\n, (1-X)n (1—)\)71) Z(ﬁ*)

2 0 2
Neglecting factors not explicitly dependent on A, asymptotically, we obtain the function

*, 2 —
652" (3X2—2))—AnIn(A)—(1-A)nn(152)

The claim can be verified by differentiating it, solving for the stationary point A;q., and
checking the second derivative. By construction, mg+ is non-increasing on either side of

Amag for £ <A <1 O

Finally, along the “diagonal” portions of the path the change in the value of the distri-
bution will be the net change if we were to move in a continuous fashion horizontally and
then vertically. Since along both these segments the change will be of the same sign if the
segments on either end are of the same type (increasing or decreasing), by the two claims
above, the net change will be positive or negative as required by unimodality. O

The Metropolis chain at §* mixes torpidly, and by the above lemmas we can bound the
mixing time. Note that the proof uses a stronger version of the Comparison Theorem.

To use the comparison theorem to infer a bound on the mixing time of P from that of
P we need good bounds on the parameters A and a. It turns out that A is the insignificant

factor in the mixing time, rather, a determines the mixing time of P. In contrast, most
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previous applications of the comparison theorem consider chains with identical stationary
distributions, so typically the parameter a = 1.

Proof of Theorem 4.14. We will use the refined comparison theorem of Diaconis and Saloff-
Coste, Theorem 4.15. Note that the two Markov kernels are identical, but their stationary
distributions are very different near the disordered state. Since the kernels are identical, we
can simply define trivial canonical paths, i.e., when we decompose a step in the unknown
chain @ with stationary distribution 74« into a path using steps from the known chain @Q
with distribution 7, these paths all have length 1. It can be verified that the Metropolis
transition probabilities on the two chains are always within a polynomial factor of each
other and max, (7(x)/7(z)) is at most a polynomial since flattening the distribution has a

negligible effect on the partition function.

Claim 4.22. For 2In(2)/n < * < 3/3n,

Zras(B%)/poly(n) < Z < Zrpa(B).

Proof. The upper bound is easy to see by the definition of Z. By the construction of the

flattened distribution, 7<Z raB(5*). For the lower bound, we have

Z = Zre(B) | Y 7 Q) + D 7 (Q0)

ogeK, oeKs
> Zrap(B) | D 7 ()

oceKo
> Zras(B*)/poly(n)

The last inequality follows because for 5* > ., the stationary probability on K5 is at least

1/poly(n) of the total measure. O

Hence the parameter A is bounded by a polynomial.
Finally, we can compare the largest variation in the distributions 7 and 7 to bound a.

Let x be any configuration in 0,3, any z. a configuration in o, we have

min

a = - >
g () T+ (Q1/3) mg+($hy3) poly(n)
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Putting these bounds into the comparison theorem (Theorem 4.15) then implies Theo-

rem 4.14.

4.6 Speeding up Simulated Tempering

The slow mixing results of the previous sections give insight into how to speed up the mixing
time of the simulated tempering Markov chain in the special case of the complete graph. It
turns out that in this case, the barrier to mixing at the critical inverse temperature 3. is
essentially the persistence of the disordered mode at the highest temperature.

For every inverse temperature § = £ for some constant y, we define a modified sequence
of simulated tempering distributions to sample from configurations of the 3-state ferromag-
netic Potts model at that temperature. Set M be a polynomial that grows as Q(n). We
define the modified simulated tempering distributions as follows. Let 3; = ﬁﬁ and for
xz € Q let

ePrH ()

pm(z) = mg,, (z) = ma

where

z(ﬁm:Z( " )eﬂw%w%w%)_

o1 09 03
For 0 <i < M — 1, the modified distributions are defined as follows

i—M i

where
Zi=> i (Q)
Note that )
pi(§ds) = p}%\j (-QJ)

Z i1 (Q0)
Theorem 4.23. Let 3 = £ for a constant p > 0. Then, for some constant cg > 0 the

stmulated tempering Markov chain P with the distributions 00, ,pym defined above mizes

in time O(n).
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Proof. The proof makes use of the decomposition theorem. The strategy is to partition
the state space of the tempering chain Q into the sets (Qs,1) (abbreviated (o,17)) for each
equivalence class of configurations ¢ and inverse temperature ;.

The restrictions (the sets (€,7)) are not connected by the chain P since it only moves
between configurations which differ in the spin at exactly one vertex. We can get around
this technicality by first bounding the mixing time of the 2-step chain p2.

For ﬁQ, it is easy to see that each restriction mixes in polynomial time since the accep-
tance probabilities at a fixed temperature are always at least inverse polynomial, by the
choice of (.

We analyze the projection by comparison to the complete graph on the states of the
projection {(o,4)}. For every pair of states (sigma,i) and (o’,7), we define a path using
edges of P? and show that the congestion of these paths is at most a polynomial.

Assume without loss of generality that ¢ < j. The path between (sigma,i) and (¢, j) is
defined to be the sequence of states (o, 1), (,i—1),--- , (0,0),7(0,0'),(c/,0),- -, (sigmd’, j).
Here 7(0,0’) is a sequence of O(n) states that is the set of vertices along a shortest path
using edges of the projection chain in (£2,0) from Q, to £,/, not including the endpoints.

The observations we use to bound the congestion of the paths by a polynomial is as

follows.

i) Let omax be an equivalence class of configurations maximizing pas(€y). For any i,
P31 (Qoma) < Zi < poly(n)pif (Qomae)-
ii) For any edge in the kernel of the Markov chain, the number of paths which are routed
through it is at most O(n*M?) < poly(n), taking into account the possible starting

and ending states.

Then, the congestion of the paths can be bounded as follows. We divide into two cases.
The first where an edge corresponds to a change in the temperature and is of the form
(0,i), (0,7 —1) for some i < i (or (o,j'), (0,5 + 1) for somej’ < j). The second is an edge

corresponding to a pair of adjacent states at the inverse temperature (.
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e Assume that the edge is of the form (o,4’), (0,7 — 1) for some i’ < i. By the observa-

tions i) and ii) above,

i /M j /M
N Vi (L)

min |\ —7y y 5/M
p]y[ (QUtnax) p]\/[ (Qamax)

i’ /M i’ —1)/M
min( PM/ () Pgu V (82,1) >

i/ M » @ —1)/M
pad " Qoma)” oy~ M (@

A < poly(n)

omax ) Omax )

PM(QU) a

< poly(n) [pM (ngax)} K < poly(n)

The other case is analogous.

e Suppose that the edge is a pair of adjacent states at (y. Since for every o, po(€2y) =

O(n~2%), we have

. VM, M,
min (pi'?ﬁ(g( ))apjp/%(é 0)))
A < poly(n) M ML T/ < poly(n)

n

Finally, by applying the comparison theorem, the polynomial mixing time of p? implies that
the mixing time of P is at most a polynomial. This follows since for any two adjacent states
of ]3, the ratio of the stationary probabilities is at least an inverse polynomial. Moreover,
for any edge of the 1-step chain, there are at most a polynomial number of possibilities for

the other step. O

Remarks: Though the above modified tempering algorithm is very specific to the mean-
field Potts model, it shows that there can be a lot of flexibility in deciding the tempering
distributions. Secondly, preliminary calculations indicate that this argument extends to the
case of the g-state Potts model for ¢ > 3. In practice, it is usually the swapping algorithm
and not tempering which is implemented, since one can avoid computing the normalizing
constants. By the slow mixing results of the previous section, the swapping algorithm can
be shown to mix torpidly as well. However, it is possible to define a modified swapping
algorithm for mean-field models and for this algorithm, and in [9] it is shown that for
bimodal mean-field models, it mixes rapidly. Preliminary computations indicate that the
modified swapping Markov chain mixes rapidly for the mean-field ferromagnetic 3-state

Potts model.
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CHAPTER V

CONCLUSIONS AND FUTURE DIRECTIONS

In this thesis, we have examined applications of simulated annealing and tempering to
counting and sampling problems. The annealing algorithm for binary contingency tables
suggests that one could perhaps exploit the combinatorial structure of other problems in
order to apply these techniques when efficient algorithms for sampling are not known. Our
negative results give insight into the mechanisms that can cause tempering and annealing
algorithms to fail. It points to the need for a better understanding of how to design these
algorithms. Below we summarize some problems for which finding algorithms or showing

hardness could give more insight into the use of these methods.

5.1 Matchings and Related Problems

Perfect Matchings: One of the most important open problems in the field of approximate
counting is counting the number of perfect matchings in a graph. The state of the art for
this problem are FPRAS’s in the cases when the graph is bipartite [47], or when the graph is
dense, meaning each vertex is of degree at least n/2 [44]. An annealing algorithm analogous
to the one defined by Jerrum, Sinclair and Vigoda for bipartite graphs can be defined for
this problem as well. The difficulty is in showing the rapid mixing of the Markov chain.
Is there a way to refine the weights that need to be computed to take into account the
presence of odd cycles? A first problem to attempt might be when there are only O(Inn)

odd cycles in the graph.

Graphs With Given Degrees: The problem of counting the number of graphs with a
given degree sequence can be reduced to the problem of counting perfect matchings, just as
in the bipartite case. The reverse reduction is not known. Hence it may be an easier prob-

lem to extend the Markov chain approach to this problem first. At this time, an algorithm
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is known only in the case that the degrees are all nearly equal [45, 19] or when the degrees
are bounded [4, 54]. As in the case of the permanent algorithm of [47], our analysis here of
the convergence of the Markov chain on perfect and near-perfect graphs uses bipartiteness

crucially.

Integer Contingency Tables: A related outstanding open problem is counting inte-
ger contingency tables. Morris proves [68] that if the row and column sums satisfy r; =
Q(n®?mInm) and ¢; = Q(m?®?nlnn), then sampling contingency tables can be reduced
to sampling from a convex body, for which there is a large body of work (see for instance
[59]). Cryan et al., in [20] show rapid mixing for a Markov chain that samples tables if the
number of rows is any constant. Dyer [26] gives an algorithm using dynamic programming,
also in the case where the number of rows is constant. Integer contingency tables with fixed
row and column sums are bipartite multigraphs with given degrees. Can the annealing
approach be extended for sampling from integer contingency tables? Though an analogue
of the greedy graph can be constructed in this case, the analysis of the convergence of the
Markov chain doesn’t go through. This is because the weights of the (multi)graphs must be
defined to take into account the multiplicities of edges and the corresponding combinatorial
inequalities no longer hold. Lastly, can any hardness of approximate counting be shown for

this problem?

5.2 Complexity of Simulated Annealing and Tempering

What is the relative complexity of methods related to annealing? Zheng [91] has shown
that if the swapping Markov chain converges, then so does simulated tempering, but the
converse is not known. Another result of this flavor is by Madras and Piccioni [61] showing
that the simulated tempering Markov chain is equivalent to importance sampling with the
average of the tempering distributions.

Is it clear that if annealing converges then tempering with the same underlying Markov
chain converges as well, i.e., is there any advantage to randomizing the temperature pa-

rameter? It would be interesting to construct natural examples where annealing fails but
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tempering succeeds in sampling. Are there examples where annealing converges, but tem-

pering fails?
5.3 Hardness of Approximate Counting

Independent Sets: It is known that it is NP-hard to approximate the number indepen-
dent sets even in constant degree graphs [60, 27]. An open question is whether this remains
true if the graph is bipartite. Dyer, Frieze and Jerrum, in [27] show that there is a bipartite
graph of maximum degree 6 such that any local Markov chain for sampling independent
sets of the graph will mix torpidly. In Section 1.3.1, we presented a simple argument, with a
worse degree bound, showing torpid mixing of Glauber dynamics for sampling independent
sets of a bipartite graph. Recently, Mossel, Weitz and Wormald [69] showed that for A
greater than a critical A\.(d), with high probability over d-regular bipartite graphs, Glauber
dynamics (or any local Markov chain) will mix torpidly for sampling independent sets with
activity A. The two results above match the upper bound of Weitz in [89] showing that
Glauber dynamics mixes rapidly for sampling from independent sets in graphs of maximum
degree 5, or respectively, sampling independent sets in graphs of maximum degree d with
activity A < A.(d). Mossel et al. [69] conjecture that A\.(d) is in fact the exact threshold
for this computational problem, i.e., that for A > A.(d) it is NP-hard to approximate the
partition function Zg () for a graph G of maximum degree d in time that is polynomial in
the size of G.

An intriguing question is whether for bipartite graphs torpid mixing indicates that the
problem is computationally hard or whether there could be other methods used for sampling
and counting independent sets. The complexity of counting the number of independent sets
in a bipartite graph (#BIs) was first studied in [29] where they show that #BIS is a complete
problem for a class of counting problems in #P. Interestingly, approximating #BIS is known

to be equivalent to a number of other approximate counting problems [29] such as

e Counting the number of antichains in a poset.

e Computing the partition function of the Ising model when the external field is not

uniform. In the most general case for the Ising model where pairs of particles have
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interaction energy J;;, and the magnetic field at a vertex is p;, the Hamiltonian is
given by

H(z)= ) Jye@a(i)+ Y pi(i)

(4,7)€E(G) i€[n]

and the partition function is
ZB) = >, exp(BH(x)).
ze{+1,—1}n
Jerrum and Sinclair [46] gave an FPRAS for the case that all the magnetic fields are

of the same sign.
e Counting the number of stable marriages for a set of preferences.

Can hardness of approximate counting be shown for any of these problems? There are no
sampling schemes known for any of the above problems, though perhaps intricate methods
like annealing have not been much explored. Even showing that there are instances of these
problems where annealing fails would be interesting. In [27] the instance for which Glauber
dynamics mixes torpidly was the basis of for showing that the number of independent sets
is hard to approximate in graphs of maximum degree at least 25. Thus understanding
instances for which Markov chains fail may bring us closer to showing the hardness of

approximate counting.
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