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The Problem: We study the problem of finding a maximum likelihood distribution among Markov networks of
bounded tree-width.

Motivation: One of the challenges of unsupervised learning, given a sample of observations, is to determine the
distribution law from which the samples were drawn. The predicted distribution can be used to make predictions
about future, partially observed data. In order for such a prediction to be useful, it must be realizable in a model
allowing efficient calculations of marginal probabilities.

One popular class of such models are Markov networks, which use an undirected graph to represent dependencies
among variables. Markov networks of low tree-width (i.e. having a triangulation with small cliques ) allow efficient
computations, and are useful as learned probability models [8]. A well studied case is that in which the dependency
structure is known in advance. In this case the underlying graph is built based on prior knowledge, and a maximum
likelihood Markov network over this specific graph is sought [5].

However, in many situation the structure is not known in advance. We we must then learn, from the data,
both the graph structure, and the parameters of the Markov network over the graph. Given a target complexity,
specified as a maximum allowed tree-width k, and determined by the amount of training data and the available
computational resources for using the model, the maximum likelihood Markov network over any graph of tree-
width at most &, is sought.

A classic result in the field is that of Chow and Liu [1], who in 1968 gave an efficient algorithm for finding
the maximum likelihood Markov tree (trees are graphs of tree-width one). Chow and Liu’s algorithm is commonly
used for learning a distribution from data. However, in many cases there is enough training data and computational
resources available to justify using Markov networks of higher tree-width. We would thus like to extend the work
of Chow and Liu to finding maximum likelihood Markov networks of higher tree-width.

Previous Work: Chow and Liu [1], showed how the maximum likelihood Markov tree problem can be cast as a
combinatorial problem of finding the maximum weight tree. This combinatorial problem is well-studied and linear-
time algorithms for it are known. This leads to very efficient algorithms for the maximum likelihood Markov tree
problem.

The problem of finding a maximum likelihood Markov network of bounded tree width is discussed in [5].
However, work on the problem has focused mostly on local search heuristics, without any performance guarantees
or bounds on the complexity of the problem. Most notably, Malvestuto [4] suggested local search heuristics that
employ the notion of a maximal acyclic hypergraph, which we call hypertrees in this work.

Approach: Similar to the work of Chow and Liu, we are able to cast the learning problem as a combinatorial
optimization problem on graphs. We show that learning a maximum likelihood Markov network of bounded
tree-width is equivalent to finding a maximum weight hypertree. This equivalence gives rise to global, integer-
programming based, approximation algorithms with provable performance guarantees, for the learning problem.

The equivalence also allows us to study the computational hardness of the learning problem. We show that
learning a maximum likelihood Markov network of bounded tree-width is NP-hard, and are able to provide bounds
on the hardness of finding approximate solutions.

Impact: Estimating tractable density models from data is an important and ubiquitous problem. For low tree-
width Markov networks, we have provided a combinatorial characterization of the problem structure, established
a preliminary hardness result concerning the associated estimation problem, and developed approximation algo-
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rithms with provable performance guarantees. This is a substantial extension of the work of Chow and Liu on
maximum likelihood Markov trees.

We achieved these results by introducing algorithm-theoretic techniques, such as integer programming, ran-
domized rounding and approximation ratio proofs, to a machine learning problem.

Another interesting insight that is gained by casting the maximum likelihood problem as a maximum hypertree
problem, is the decomposition of the likelihood in terms of local contributions, or weights, of subsets of variables.
The resulting information decomposition is not reducible to multivariate mutual information and differs from other
recently introduced decompositions [2].

Future Work: Our understanding of the maximum likelihood Markov network problem is not complete. There is
a large gap between the performance guarantee for the approximation algorithm and the known complexity bounds
for the problem. It is unclear whether we can achieve arbitrarily small approximation ratios, independent of the
target tree-width.

The proposed information decomposition in terms of weights over subsets of variables is also not fully under-
stood. We were able to derive a necessary condition for the weights to correspond to some underlying distribution
but the condition may not be sufficient.

We are currently also investigating practical algorithms for estimating low tree-width Markov networks. The
algorithms, motivated by our theoretical analysis, combine a global initialization heuristic with greedy methods for
building hypertrees. The theoretical understanding of the problem structure also enables to define more “global”
greedy steps, but further research into special dynamic data structures is needed in order to efficiently implement
them.
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