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For a graph G, let Z(G,A) be the partition function of the monomer-dimer system
defined by ", m(G)A¥, where my(G) is the number of matchings of size k in G. We
consider graphs of bounded degree and develop a sublinear-time algorithm for estimating
log Z(G, A) at an arbitrary value A > 0 within additive error en with high probability. The
query complexity of our algorithm does not depend on the size of G and is polynomial
in 1/¢, and we also provide a lower bound quadratic in 1/€¢ for this problem. This is
the first analysis of a sublinear-time approximation algorithm for a #P-complete problem.
Our approach is based on the correlation decay of the Gibbs distribution associated with
Z(G, A). We show that our algorithm approximates the probability for a vertex to be
covered by a matching, sampled according to this Gibbs distribution, in a near-optimal
sublinear time. We extend our results to approximate the average size and the entropy
of such a matching within an additive error with high probability, where again the query
complexity is polynomial in 1/€¢ and the lower bound is quadratic in 1/€. Our algorithms
are simple to implement and of practical use when dealing with massive datasets. Our
results extend to other systems where the correlation decay is known to hold as for the
independent set problem up to the critical activity.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

The area of sublinear-time algorithms is an emerging area of computer science which has its root in the study of mas-
sive datasets [6,26]. Internet, social networks or communication networks are typical examples of graphs with potentially
millions of vertices representing agents, and edges representing possible interactions among those agents. In this paper, we
present sublinear-time algorithms for graph problems. We are concerned more with problems of counting and statistical in-
ference and less with optimization. For example, in mobile call graphs, phone calls can be represented as a matching of the
graph where each edge has an activity associated with the intensity of the interactions between the pair of users. Given such
graphs, with local activities on edges, we would like to answer questions like: What is the size of a typical matching? What
is for a given user the probability of being matched? As another example, models of statistical physics have been proposed
to model social interactions. In particular, spin systems are a general framework for modeling nearest-neighbor interactions
on graphs. In this setting, the activity associated with each edge allows to model a perturbed best-response dynamics [2].
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Again in this setting, it is interesting to compute estimations for the number of agents playing a given strategy or the
probability for an agent in the graph to play a given strategy at equilibrium.

There are now quite a few results on sublinear-time approximation algorithms for graph optimization problems: mini-
mum spanning tree weight [5], minimum set cover [23], maximum matching [23,34] and minimum vertex cover [23-25].
There are also a couple of works on sublinear-time algorithms for statistical and counting problems, e.g., approximating the
average degree of a graph [7,11] and approximating the number of occurrences of a certain structure (such as a star) in
a graph [12]. Our focus in this paper is on the algorithmic problems arising in statistical physics and classical combina-
torics [32]. We now present the monomer—dimer problem which will be the main focus of our paper.

Let G = (V, E) be an undirected graph with |V | =n vertices and |E| = m edges, where we allow G to contain parallel
edges and self-loops. We denote by N(G, v) the set of neighbors of v in G. We consider bounded degree graphs with
maxy |[N(G, v)| < A. In a monomer-dimer system, the vertices are covered by non-overlapping arrangement of monomers
(molecules occupying one vertex of G) and dimers (molecules occupying two adjacent vertices of G) [13]. It is convenient
to identify monomer-dimer arrangements with matchings; a matching in G is a subset M C E such that no two edges
in M share an endpoint. Thus, a matching of cardinality |M| = k corresponds exactly to a monomer-dimer arrangement
with k dimers and n — 2k monomers. Let M be the set of matchings of G. To each matching M, a weight 1! is assigned,

where A > 0 is called the activity. The partition function of the system is defined by Z(G, %) = 3"y ™/, and the Gibbs

distribution on the space M is defined by 7¢ , (M) = % The function Z(G, A) is also of combinatorial interest and called

the matching polynomial in this context [21]. For example, Z(G, 1) enumerates all matchings in G. From an algorithmic
viewpoint, no feasible method is known for computing Z(G, A) exactly for general monomer-dimer system; indeed, for any
fixed value of A > 0, the problem of computing Z(G, A) exactly in a graph of bounded degree A is complete for the class #P
of enumeration problems, when A > 5 (see [30]). The focus on computing Z(G, 1) shifted to finding approximate solutions
in polynomial time. For example, the Markov Chain Monte Carlo (MCMC) method yields a provably efficient algorithm for
finding an approximate solution. Based on the equivalence between the counting problem (computing Z(G, 1)) and the
sampling problem (according to 7r¢ ;) [16], this approach focuses on rapidly mixing Markov chains to obtain appropriate
random samples. A Fully Polynomial-time Randomized Approximation Scheme (FPRAS) for computing the total number of
matchings based on MCMC was provided by Jerrum and Sinclair [14,27].

Another related problem in the monomer-dimer system is the average size of a matching sampled according to 7 ;,
defined by E(G,A) = > yepm M| 76 5.(M). Sinclair and Srivastava recently proved in [29] that for any fixed value of A > 0,
the problem of computing E(G, 1) exactly in a bounded degree graph (allowing parallel edges) is #P-hard, for any maximum
degree A > 5. Thus again we are interested in finding approximate solutions to this problem.

In order to study sublinear-time approximation algorithms for these problems, we use the approach based on the concept
of correlation decay originating in statistical physics [22] and which has been used to get a deterministic approximation
scheme for counting matchings in polynomial time [1]. It follows already from [13] that the marginals of the probability
distribution 7 ; are local in nature: the local structure of the graph around a vertex v allows to compute an approximation
of the corresponding marginal. In the computer science literature, this property follows from the so-called correlation decay
property. Our algorithm is then simple to understand: we need only to sample a fixed number of vertices, approximate the
marginals associated with these vertices locally and then from these values output an estimate for the desired quantity. The
correlation decay property also holds for other systems such as the independent set problem [31], the coloring problem [8],
and the two-state spin system [19,20,28]. In Section 6, we extend our technique to the independent set problem. We believe
that similar extensions can be done for other systems as soon as the correlation decay property holds.

A graph G is represented by two kinds of oracles D and N such that D(v) returns the degree of v € V and N(v,i)
returns the ith (with 1 <i <D(v)) neighbor of v € V. The efficiency of an algorithm is measured by its query complexity,
Le. the total number of accesses to D and N /. Let VAL denote a real value associated with the graph. We say that VAL is an
e-approximation of VAL if VAL — € < VAL < VAL + ¢, where € > 0 is specified as an input parameter. An algorithm is called
an e-approximation algorithm for VAL if for any graph G, it computes an e-approximation of VAL with high probability (e.g.,
at least %). In our model, we consider the case of constant maximum degree A as € tends to zero, i.e., we always first take
the limit as € — 0 and then the limit A — oc.

Our main contribution (Theorem 6) is an en-approximation algorithm for log Z(G, ) in a graph G of bounded degree A.
The query complexity of the algorithm is f)((l/e)o(*/z)), which does not depend on the size of the graph. From the relation
between the partition function and the matching statistics, we then obtain en-approximation algorithms for the average size
of a matching and the entropy of 7¢ ; with the same query complexity as before. We also provide the £2(1/€2) query lower
bound for en-approximation algorithms for log Z(G, 1) and the other two problems.

The main tool of the above algorithms is the approximation of the marginal p¢ ;(v), which is the probability that the
vertex v is not covered by a matching under the Gibbs distribution. We estimate p¢ ,(v) for an arbitrary vertex v € V
within an error of € > 0 with near-optimal query complexity 0 ((1/€)0~/2)).

The rest of the paper is organized as follows. In Section 2, we prove our first main result concerning local computa-
tions for matchings. Based on this result, we construct an en-approximation algorithm for log Z(G, 1) in Section 3 and
en-approximation algorithms for the average size of a matching and the entropy of 7¢; in Section 4. We also provide
query lower bounds in these two sections. In Section 5, we give some applications of our technique for approximating
the permanent of constant degree expander graphs and the size of a maximum matching (in this last case, our algo-
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