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Abstract: In this paper, we propose an approach to obtain reduced-order models of Markov
chains. Our approach is composed of two information-theoretic processes. The first is a means
of comparing pairs of stationary chains on different state spaces, which is done via the negative,
modified Kullback-Leibler divergence defined on a model joint space. Model reduction is achieved
by solving a value-of-information criterion with respect to this divergence. Optimizing the criterion
leads to a probabilistic partitioning of the states in the high-order Markov chain. A single free
parameter that emerges through the optimization process dictates both the partition uncertainty
and the number of state groups. We provide a data-driven means of choosing the ‘optimal’ value
of this free parameter, which sidesteps needing to a priori know the number of state groups in an
arbitrary chain.

Keywords: Markov chains; value of information; aggregation; model reduction; dynamics reduction;
information theory

1. Introduction

Markov models have seen a widespread adoption in a variety of disciplines. Part of their appeal is
that the application and simulation of such models is rather efficient, provided that the corresponding
state space has a small to moderate size. Dealing with large state spaces is often troublesome,
in comparison, as it may not be possible to adequately simulate the underlying models. Such large-scale
spaces are frequently encountered in reinforcement learning, for instance [1-5].

A means of rendering the simulation of large-scale models tractable is crucial for many
applications. One way of doing this is to reduce the overall size of the Markov-chain state space by
aggregation [6]. Aggregation entails either explicitly or implicitly defining and utilizing a function to
partition nodes in the probability transition graph associated with the large-scale chain. Groups of
nodes, which are related by the their inter-state transition probabilities and have strong interactions,
are combined and treated as a single aggregated node in a new graph. This results in a lower-order
chain with a reduced state space. A stochastic matrix for the lower-order chain is then specified,
which describes the transitions from one super-state to another. This stochastic matrix should roughly
mimic the dynamics of the original chain despite the potential loss in information incurred from the
state combination.

There are a variety of methods for aggregating Markov chains, as we discuss shortly. In this paper,
we develop and analyze a novel approach for aggregating Markov chains, which is composed of two
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information-theoretic processes [7]. The first process entails quantifying the dissimilarity of nodes in
the original and reduced-order probability transition graphs, despite the difference in state space sizes.
The second process involves iteratively partitioning similar nodes without explicit knowledge of the
number of groups.

For the first process, we adopt the reasonable view that nodes in a pair of chains are
dissimilar if their associated rows of the stochastic matrix are sufficiently distinct. We employ an
information-theoretic measure, the negative, modified Kullback-Leibler divergence [8], g(I1, ®) =
E[ylog(IT/®)|IT], to gauge distinctiveness and hence identify candidate nodes in the original chain
for aggregation. Here, I and ® are stochastic matrices associated with two Markov chains, while
7 is the stationary distribution associated with the first chain. This divergence assesses the overlap
between probability distributions. It coincides with the Donsker-Varadhan rate function appearing in
the large-deviations theory of Markov chains [9,10] and measures the “distance’ between two Markov
chains defined on the same discrete state space.

In the aggregation process that we consider, a reduced-order stochastic matrix ® is constructed
on a discrete state space of a different size than that of the stochastic matrix IT associated with the
original chain. To facilitate assessing the negative, modified Kullback-Leibler divergence between
the original and reduced-order models, we construct a so-called joint model that incorporates details
from both models. This model encodes the salient properties of the lower-order transition matrix.
Its corresponding stochastic matrix @, is of the proper dimensionality to compare against rows of the
original transition matrix; © will be specified by ® =0OY, where ¥ is a partition matrix. A byproduct
of using this joint model is that we can sidestep considering all possible liftings of the reduced-order
models to the original space by averaging their dynamics according to a given distribution [11,12].
Our approach therefore avoids having to solve an additional optimization problem, which is a boon
when aggregating chains with large state spaces.

The problem of finding an aggregated Markov chain that captures much of the dynamics in the
original chain can be posed as a cost function that uses the above divergence. For the second process,
we consider the use of an information-theoretic criterion known as the value of information [13-15] to
efficiently segment the probability transition graph. It proves a partition matrix ¥ as the optimal solution of
minimizing E[E[g(IL, ©)[¥]|y]—E[E[log(y/¥)|¥]|«]/ B with respect to ¥, where « =E[¥|7] is a marginal
probability and f is a hyperparameter. This criterion is a constrained, modified free-energy difference
that describes the maximum benefit associated with a given quantity of information in order to minimize
average losses [16,17]. It is an optimal, non-linear conversion between information, E[E[log(y/¥)|¥]|«],
in the Shannon sense [18], and either costs or utilities, E[E[g(IT, ©)[¥]|7], in the sense of von Neumann
and Morgenstern [19].

In the context of aggregating Markov chains, the value of information describes the change in
the distortion between the high-order and low-order transition models that occurs from potentially
modifying the number of state groups and elements of those groups. The number of groups is implicitly
determined by the bounded information that a given row of the original chain’s transition matrix shares
with a corresponding row of the reduced-order chain’s transition matrix. Low information bounds lead
to small numbers of groups with many states per group. A potentially good qualitative partitioning is
often observed in such cases, as the reduced-order chain is parsimonious. Higher information bounds
can lead to large numbers of groups with fewer states per group. The partitioning of the original chain
can be over-complete, as related states may be unnecessarily split to yield a lower free energy.

Directly optimizing the value of information via a gradient-based approach yields a pair of
updates that are iterated in an alternating manner. The first update, a < E[¥|7], revises the marginal
probability. The second update makes use of the marginal probability to adjust the partition matrix
using a modified Gibbs distribution ¥ < xe#8(110) /E[e~F(I10) 4], where the division is element-wise.
The stochastic matrix associated with the joint model @ = (y¥ /E[¥|]) " ITis also changed as a part of
the second update equation.
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The second update relies on the hyperparameter 8, which captures the effect of the information
bound. Increasing B from some base value yields a hierarchy of partitions. Each element of this
hierarchy corresponds to a partition with an increasing information bound amount and hence a
potentially increasing number of state groups. Finer-scale group structure in the transition matrix is
captured as f§ rises. After some value, however, there are diminishing returns on the quality of the
aggregation results. Determining the “optimal” value, in a completely data-driven fashion, is hence
crucial. To find such values for arbitrary Markov chains, we apply perturbation theory. In particular,
we calculate the underestimation error of the information constraint in the value of information that
occurs when considering finite-state chains. We then augment the value-of-information criterion by
subtracting out this overestimation. Finally, we determine a lower bound for B that minimizes the
underestimation error. The corresponding aggregation process empirically avoids fitting more to the
noise than the structure in the stochastic matrix of the high-order model.

As a part of our treatment of the value of information, we furnish convergence and
convergence-rate proofs to demonstrate the optimality of the criterion for the aggregation problem.

The remainder of this paper is organized as follows. We begin, in Section 2, with a survey
of aggregation techniques for Markov chains. Our approach is given in Section 3. In Section 3.1,
we introduce our notation and some fundamental concepts for binary-partition-based aggregation.
In Section 3.1.1, we introduce the concept of a joint model so that the differently sized transition matrices
of the original and reduced-order chains can be compared. We outline, in Section 3.1.2, how this joint
model facilitates the formulation of an minimum-dissimilarity aggregation optimization problem.
Properties of this problem are analyzed for general divergence measures. At the end of Section 3.1.2,
we discuss practical issues associated with this initial optimization problem, which motivates the use of
the value of information. We show, in Sections 3.2.1 and 3.2.2, how this information-theoretic criterion
can be applied to probabilistically partition transition matrices. We also cover how the criterion can be
efficiently solved, how to construct the reduced-order transition matrices after partitioning, and how
to bound the free parameter that emerges from optimizing this information-theoretic criterion. Lastly,
in Section 3.2.3, we furnish a bound on the expected criterion performance. In Section 4, we assess the
empirical capabilities of the value of information for Markov chain aggregation. We begin by covering
our experimental protocols in Section 4.1. In Section 4.2, we present our simulation results for series
of synthetic datasets. We first assess the performance of our value-of-information-based reduction
for multiplier values that are either manually selected or chosen in a perturbation-theoretic manner.
We also comment on the convergence properties. The appropriateness of the Shannon information
constraint over an entropy constraint is additionally investigated in these Sections. Discussions of
these results are given at the end of this Section. We summarize these findings in the broader context of
our theoretical results in Section 5. Additionally, we outline directions for future research. Appendix A
contains all of our proofs.

2. Literature Review

A variety of Markov model aggregation techniques have been proposed over the years. Some of
the earliest work exploited the strong—weak interaction structure of nearly completely decomposable
Markov chains to obtain reduced-order approximations [20,21]. Both uncontrolled [22,23] and
controlled Markov chains [24-26] have been extensively studied in the literature.

The aggregation of nearly completely decomposable Markov chains has been investigated by
Courtois [27] and other researchers [28-30]. Courtois developed an aggregation procedure that yields
an approximation of the steady-state probability distribution with respect to a parameter that represents
the weak interaction between state groups. This process was later augmented to provide more accurate
approximations [31]. It was also combined with various iterative schemes, like the Gauss—Seidel
method, to improve the speed of convergence [32-35]. Years later, Phillips and Kokotovic presented
a singular perturbation interpretation of Courtois” aggregation approach [36]. They developed a
similarity transformation that converts the system into a singularly perturbed form, whose slow model
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coincides with the aggregated matrix found by Courtois” approach. The use of singular perturbation
has also been considered by other researchers [37-39].

There are additional approaches that have been developed. A few are worth noting here, as they
resemble our contributions in various ways [11,12,40-43]. For example, Deng and Huang [41] used
the Kullback-Leibler divergence as a cost function to obtain a low-rank approximation of the original
transition matrix via nuclear-norm regularization. This preserved the cardinality of the state space.
Here, we employ the negative, modified Kullback-Leibler divergence as a means of measuring the
change in the original and modified chains. We, however, consider a modified chain that is of a reduced
order, not the same order. This change should provide more tangible benefits for the simulation of
large-scale systems.

Another scheme that is related to ours is that of Vidyasagar [43]. Vidyasagar investigated
an information-theoretic metric, the variation of information, between distributions on sets with
different cardinalities. Actually computing the metric that he proposed turns out to be computationally
intractable for large-scale systems, though. He therefore considered an efficient greedy approximation
for finding an upper bound of the distance and studied its use for optimal order reduction.
He demonstrated that the optimal reduced-order distribution of a set of a particular cardinality
is obtained by projecting the original distribution. That is, the reduced-order distribution should have
maximal entropy. This condition is equivalent to requiring that the partition function induces the
minimum information loss. In our work, the metric that we consider is tractable for different-cardinality
sets. The partitioning process is not, however, which motivates the use of the value of information for
efficiently finding approximate partitions. An advantage of using the value of information is that it
directly minimizes the information loss, as it relies on a Shannon information constraint that quantifies
the mutual dependence of the high-order and low-order chain states.

In [11,12,40], Deng et al. and Geiger et al. developed two-step, information-theoretic approaches
for Markov chain aggregation. In the first step, the optimal model reduction problem is solved
on the reduced space defined by a fixed partition function. In the second step, Deng et al. [11,40]
select an optimal partition function according to a non-convex relaxation of the bi-partition problem,
while Geiger et al. [12] find an approximate partition using the information-bottleneck method. In both
works, the distortion between the original and reduced-order models was assessed via Kullback-Leibler
divergence. The authors defined an optimization-based lifting procedure so that both chains would
have the same cardinality. The lifting employed by Geiger et al. incorporates one-step transition
probabilities of the original chain, which minimizes information loss. They obtained a tight bound for
lumpable chains. This lifting employed by Deng et al. was based only on the stationary distribution
of the original chain, which maximizes the redundancy of the aggregated Markov chain. Here,
we consider the formation of a joint model based on a similar approach to Deng et al.: we form a
probabilistically weighted average of the entries from the original stochastic matrix. However, our
formulation of this joint model occurs in a more natural manner; see Definitions 4 and 7 for the details.

In [11,40], Deng et al. note that their optimization problem for partitioning state space of the
Markov chains is both non-linear and non-convex. Instead of attempting to solve this problem
for a general number of state groups, they focused on addressing the simpler bi-partition problem.
In contrast, our formulation of the state-partition process using the value of information is convex.
For the case of discrete state spaces, we derive expectation-maximization-like updates for efficiently
uncovering partitions with arbitrary numbers of groups; see Proposition 1. These updates converge at
a linear rate; we refer to Propositions 2 and 3 for details about the iterative error decrease and appeal
to the Picard-iteration theory of Zangwill to establish convergence.

There are other topical differences between these approaches. For example, Geiger et al. [12],
through the use of the information bottleneck, attempt to compress the original-model states
into reduced-model states, in a lossy way, while keeping as much information about the original
transition probabilities as possible. Optimizing the value of information achieves a similar effect,
albeit in a different manner. It limits the information lost during quantization by both bounding
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the divergence between the original and reduced-order models and simultaneously maximizing
the mutual dependence between the states in both models. Despite this similar effect, the value of
information has practical advantages. We prove that the dynamical system underlying the partitioning
process undergoes phase changes, for certain values of the criterion’s single free-parameter, where a
new state-group emerges in the reduced-order model. Between critical values of the free parameter, no
phase changes occur, which implies that only a finite number of distinct values must be considered;
refer to Proposition 3 for the details. For the information bottleneck, investigators would have to sweep
over many parameter values, often far more than we consider, and repeatedly solve the aggregation
problem. Using an information-bottleneck scheme can hence be computationally prohibitive for
large-scale Markov chains.

We further enhance the practicality of the value of information by deriving an expression for
the “optimal” free-parameter value; see Proposition 4 the details. This value performs a second-order
minimization of the estimation error associated with the Shannon-information term in the value of
information. Empirically, using this value causes the partitioning process to fit more to the structure of
well-defined state groups in the original model than outlier states. It also tends to yield parsimonious
partitions that quantize the state space neither too much nor to little.

Our motivation for considering the value of information arose from our use of this criterion
in reinforcement learning. We have previously applied this criterion, in [13-15], for resolving the
exploration-exploitation dilemma in Markov-decision-process-based reinforcement learning. In our
experiments on a variety of complicated application domains, we found that the value of information
would consistently outperform existing search heuristics. We originally attributed this improved
learning rate solely to a systematic partitioning of the state space. That is, groups of states would
be partitioned, according to their action-value function magnitude, and assigned the same action.
The problem of determining an action that works well for an entire group of related states is easier
than doing the same for each state individually. However, it is our hypothesis that there is an
aggregation of the Markov chains underlying the Markov decision processes. The aggregation theory
developed in this paper represents a necessary first step to showing that the criterion can perform
reinforcement learning on a simpler Markov decision process whose dynamics roughly mirror those of
the original problem.

We are not the first to consider the aggregation of Markov chains that appear in
Markov-decision-process-based reinforcement learning, though [1-5]. Aldhaheri and Khalil [2] focused
on the optimal control of nearly completely decomposable Markov chains. They adapted Howard’s
policy-iteration algorithm to work on an aggregated model. They showed that they could provide
optimal control that minimizes the average cost over an infinite horizon. Sun et al. [4] employed
time aggregation to reduce the state space for complicated Markov decision processes. They divided
the original process into segments, by certain states, to form an embedded Markov decision process.
Value iteration is then executed on this lower-order model. In [5], Jia provided a polynomial-time
means of aggregating states of a Markov decision process when the optimal value function is known.
For approximate value functions, he showed how to apply ordinal optimization to uncover a good
state reduction with a high probability of being the correct aggregation. A commonality of these
works is that they are model-based: they assume that the transition probabilities are explicitly known.
Our previous work [14,15], however, focused on model-free learning, where these probabilities are not
available a priori. Model reduction should therefore occur implicitly during the exploration process if
the concepts we develop as part of our aggregation theory extend to Markov decision processes.

3. Methodology

Our approach for aggregating Markov chains can be described as follows. Given a stochastic
matrix of transition probabilities between states, we seek to partition this matrix to produce a
reduced-size matrix which we refer to as an aggregated stochastic matrix. The aggregated stochastic
matrix has an equivalent graph-based interpretation, as it characterizes the edge weights of an
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undirected graph. The vertices in this matrix correspond to states of a reduced-order chain. There is a
one-to-many mapping of a vertex from the aggregated stochastic matrix to the vertices of the original
transition-matrix graph for the high-order chain. Edges of the aggregated stochastic matrix codify the
transition probability between pairs of states in the low-order model.

There are many possible aggregated stochastic matrices that can be formed for a given Markov
chain. We would like to find a matrix that yields the least total distortion for some measure,
particularly the negative, modified Kullback-Leibler divergence, since it is viewed as a measure
of change between Markov chains with many beneficial properties [8]. Due to the different sizes of
the original transition matrix and the aggregated stochastic matrix, though, directly applying this
divergence is not possible. While we could re-define the Kullback-Leibler divergence for probability
vectors with different cardinalities, we have opted to instead transform the aggregated stochastic
matrices so that they are of the same size as the original transition matrix. We specify how to construct
a so-called joint model that encodes all of the dynamics of the reduced-order chain. We provide a
straightforward objective function for constructing a binary partition of the original transition matrix
to uncover the optimal aggregated stochastic matrix.

The objective function that we specify leads to another issue: finding the optimal aggregated
stochastic matrix is not trivial due to the binary-valuedness of the one-to-many mappings. It can
quickly become computationally intractable as the size of the state space rises. To make our aggregation
approach more computationally efficient, we relax the binary assumption by considering an alternate
objective function, which is based on the value of information. Optimization of the value of information
yields a probabilistic partitioning process for finding the aggregated stochastic matrix in a subspace.
A single parameter associated with this function dictates both the uniformity of the probabilistic
partitions and the number of state groups that emerge. In the limit of the parameter value, the solution
of the value of information approaches the global solutions of the original objective function.
A hierarchy of possible partitions, each with a different number of groups, is produced for other
parameter values; these are approximate solutions of the binary-partition-based objective function.

Much of our notation for the theory that follows is summarized in Nomenclature at the end of
the paper.

3.1. Aggregating Markov Chains

3.1.1. Preliminaries

For our approach, we consider a first-order, homogeneous Markov chain defined on a finite state
space. Our analyses of such chains focus on graph-based transition abstractions.

Definition 1. The transition model of a first-order, homogeneous Markov chain is a weighted, directed graph
Ry given by the three-tuple (Vy, Ex, I1) with the following elements

(i) A set of nvertices Va=v5 U... UL representing the states of the Markov chain.

(ii) A set of nxn edge connections E; C VXV between reachable states in the Markov chain.

(iii) A stochastic transition matrix T1 € R,*". Here, [I1];; = 71; ; represents the non-negative transition
probability between states i and j. We impose the constraint that the probability of experiencing a state
transition is independent of time.

The subscripts on the vertices and edges represent the dependence on the matrix 11

Throughout, we assume that all Markov chains are irreducible and aperiodic. As a consequence,
there is a unique invariant probability distribution < associated with the chain such that ¢ 'TT = o '.
We will sometimes write this distribution as y(I1) to denote to which matrix the distribution
is associated.

We are interested in comparing pairs of Markov chains. A means to do this is by considering
given rows of the stochastic transition matrix. We represent the ith row of ITby 71 1., = [7T; 1, ..., i 4.
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7T; 1. is a probability vector describing the chance of transitioning from state v’; to any possible next
states. We assume that 77;; =0 if and only if there is no directed edge from state vl to state v}, and
hence no chance of transitioning between the corresponding states. Note that it does not make sense to
quantify the distortion between columns of the stochastic matrices, since they are not guaranteed to be
state-transition probabilities.

If a pair of transition models for different Markov chains, R; and Ry, have the same number of
states, then they can be compared according to a measure g : R’? x R, — R acting on 7; 1., and ¢; 1.,
Vi. Here, we take this measure to be the negative, modified Kullback-Leibler divergence; the theory
that follows is applicable to many general divergence measures, though.

Definition 2. Let Ry = (Vy, Ex,I1) and Ry = (Vy, Ey, @) be transition models of two Markov chains over
n states. The negative, modified relative entropy, or negative, modified Kullback—Leibler divergence, between
a given set of states for these two chains is a function given by g(7; 1.4, Pi1m) = 27:1 YTt jlog (7t i/ i),
where 7y is the invariant probability distribution associated with R. The divergence rate is finite provided that
IT is absolutely continuous with respect to P.

The modified Kullback-Leibler divergence that we consider includes a term for the stationary
distribution of the Markov chain, which is not present in the standard definition of the Kullback-Leibler
divergence. This is the relative entropy between two time-invariant Markov sources, as defined by
Rached et al. [8], which admits a closed-form expression. Note that much like in the standard definition
of Kullback-Leibler divergence, division by zero can occur for this modified divergence. This event is
largely avoided for our problem, though, since the density in the subspace should be broader than that
in the original space.

Since we are considering the problem of chain aggregation, the state spaces will be different.
One chain R will have n states while another R(P will have m states, with m < n. The dimensionalities
of given rows in the corresponding transition matrices will hence not be equivalent, which precludes a
direct comparison using conventional measures.

To facilitate the application of measures to Ry and R, when they have different discrete state
spaces, we consider construction of a joint model Ry. This joint model defines a joint state space
composed of V;r and V. It consequently possesses a weighting matrix ® with the same number of
columns as I'l, which is outlined in Definition 4 and illustrated in Figure 1.

The joint model relies on the specification of a binary partition function ¢ : Z4 — Z_, which is
given in Definition 3. This function provides a one-to-many mapping between states in V; and V,, and
hence can be seen as a means of delineating which states of the original chain should be combined.

Definition 3. Let Ry = (Vyr, Ex,IT) and Ry = (Vy, Ey, @) be transition models of two Markov chains
over n and m states, respectively. A binary partition function 1 is a surjective mapping between two state
index sets, Zy., and Zq.,,, such that v~ (Zy.,) is a partition of Zy.,. That is, P~ (j) C Zy., is not empty,
) U... U (m) = Z1y, and v=1(j) N~ 1(k) = @, for j # k. It can be seen that a partition of a
state index set induces a binary partition matrix [¥];; = ¢; ;, where ¢;; =1 if i € = 1(j) and ¥ij=01if
i¢ ¢_1 (7). Thus, [¥]1n k= Zz‘eqﬂ (k) i where e; is the ith unit vector. The set of all binary partition matrices

is {Y eRY™([¥];j=1;;€{0,1}, LjLy ¢ij=1}

Definition 4. Let Ry = (Vy, Ex, IT) and Ry = (Vy, Ey, ®) be transition models of two Markov chains over n
and m states, respectively, where m <n. Ry = (Vy, Ey, ®) is a joint model, with m+n states, that is defined by

(i) Awvertex set Vo =V UV, which is the union of all state vertices in R and Ry. For simplicity, we assume
that the vertex set for the intermediate transition model is indexed such that the first m nodes are from R,
and the remaining n nodes are from R

(i) An edge set Ey C VXV, which are one-to-many mappings from the states in the original transition
model Ry to the reduced-order transition model R,.
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(iii) A weighting matrix ©, which is such that ® € R™*", @ = [8],.,,0)1.,,..., 9} 1.,] 7. The partition
function ¢ provides a relationship between the stochastic matrices ® and © of Ry and Ry, respectively.

This is given by @ = Zie¢_1(k) O;x Vj, k, or, rather, ©Y = @, where Yie= Zieq)—l(k) e;.

An illustration of the joint model relative to the other models is provided in Figure 2.

I RQXQ

ciRY V219
129 0.086 0.143 ] 0.169 | 0.120 | 0.138 | 0.141 | 0.150

T2,1:9 0081 0.131 ] 0.193 | 0.150 [ 0.149 | 0.113 | 0.144

73,1:9 0.130 | 0.186 [ 0.136 | 0.141 | 0.141 | 0.167

T41:9 10.125|0.122 | 0.107 0.076 0.223 | 0.245

[ == e
T5,1:9 [0.124 | 0.150 | 0.128 [ 0.064 [ 0:000 | 0.036 | 0.037 | 0.224 | 0.234;

706,1:9 [0.110 | 0.146 | 0.117 0.234 | 0.247

U719 10125 0.142 | 0.120 0.240 | 0.257

T8,1:9 [0.092 | 0.078 | 0.087 | 0.167 | 0.200 | 0.168 | 0.174

79,1:9 {0.090 | 0.092 | 0.094 | 0.168 | 0.192 | 0.162 | 0.171

U119 U319 U119 V3,19

OTeR¥ WwTe{0,1}3%

Figure 1. Depiction of the comparison process for exact, binary aggregation of a nine-state Markov
chain. The transition matrix ® associated with the low-order, three-state Markov chain cannot be
directly compared to the transition matrix IT of the high-order, nine-state chain for general measures g.
For example, we may want to compare the fifth row of I1, 75 1.9, which is highlighted in green, with the
second row of ®, ¢y 1.3: §(775 1.9, ¢2,1:3), which is highlighted in purple. To facilitate this comparison,
we consider a joint model whose accumulation matrix @ is of the proper size for comparison against
I1. © when multiplied with the binary partition matrix ¥ equals the low-order transition matrix ®.
It can be seen that the accumulation matrix ® of the joint model encodes all of the dynamics of ®.
This relationship ensures that (775 1.9, 92.1.9) is actually comparing the dynamics of ITand ®. ® has
been automatically padded with zero entries, by way of the exact aggregation process developed in
Section 3.1, to ensure that it is of the same size as I1. For this example, only the first, fourth, and eighth
entries of any row in IT are relevant for the comparison of the entries in ®. Such entries lead to
the maximal preservation of the information between I'T and ® when using the negative, modified
Kullback-Leibler divergence for g.

@)\ @ v 0=

(Vi En, 1), TTERYX? (Vs Epy ), DERPS (Vg By, ©), R
(a) Original (left) and reduced-order (right) transition model (b) Joint model
Figure 2. Depictions of the various models when using binary-valued partitions for the transition
matrices in Figure 1. In (a), we show the transition model for a high-order, nine-state Markov chain
(right) and its low-order, three-state transition model representation (left) after the aggregation process.
The numbers along the edges represent the probabilities of transitioning to and from pairs of states.
In (b), we show the joint model. The vertices of the joint model represent states in both the high-order
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and low-order chains. The edges between state pairs in both the high- and low-order chains, which are
depicted using dashed lines, are removed. In the joint model, edges are inserted to connect states in the
high-order chain with those in the low-order chain, thereby providing the state aggregation. Note that
the edge weights in the joint model are unknown a priori and must be uncovered.

3.1.2. Partitioning Process and State Aggregation

For any given transition model R;,;, we would like to find, by way of the joint model Ry, another
transition model R, with fewer states that resembles the dynamics encoded by R,. We therefore seek
a Ry with a weighting matrix © that has the least total distortion with respect to the transition matrix
IT of R for some partition. In what follows, we specify how to find R(P'

Before we can define the notion of least total distortion, we must first specify the concept of the
total distortion of © with respect to I1.

Definition 5. Let Ry = (V, Ex,IT), Ry = (Vy, Ey, @), and Ry = (Vy, Ey, ®) be transition models of two
Markov chains over n and m states and the joint model over n+m states, respectively. The total distortion
between 11 and © and hence 11 and P is

n
q(Rn, Rq,) = min@GRTX" < Z p(i)g(ni,lzn/ 191/)(1'),1:71) Ry € R?T(p)

i=1

for some unit-sum weights p(i). We can take these weights to be the invariant distribution of the original
Markov chain, i.e., p(i) =1y;. For this objective function, we have the constraint that R, must be a member of
the set of all joint models for R and R.

It can be seen from Definition 5 that the total distortion is over the set of all possible binary
partitions. We, however, seek the best binary partition. Best, in this context, means that it would yield
an R, with the least total distortion to R;. It hence would lead to a lower-order model R,, that most
resembles R according to the chosen measure g.

Definition 6. Let Ry = (Vy, Ex, I1) and Ryp= (V<P/ Eyp, D) be transition models of two Markov chains over n
and m states, respectively. The accumulation matrix ®=[@{ |, @2 1.0r -, @ 1] for Ry that achieves the
least total distortion to I of Ry, according to g : Rt x R — Ry, is given by

Flime= ), €i>-
(k)

arg mirlqjeRrJtrxm’(DERizxm (q(RH/ R(p)
icyp~1

Here, q : R7™ x RYY*™ — R is the total distortion.

At least one minimizer exists for both assessing total distortion and least total distortion. This is
because both are continuous functions operating on closed and bounded sets and hence, according to
the Weierstrass extreme value theorem, obtain both a maximum and minimum on those sets.

From Definition 5, we can now specify the optimization problem of aggregating a Markov chain
described. This problem can be solved in a two-step process. The first step entails finding the optimal
partition that leads to the least total distortion between the original chain I'T and ®, as described by ©.
The second step involves constructing the corresponding low-order transition matrix ¢ from ©® and ¥.

Definition 7. Let Ry = (Vy, Ex, IT) and Ry = (Vy, Ey, ®) be transition models of two Markov chains over n
and m states, respectively. The optimal reduced-order transition model R, with respect to the original model R
can be found as follows
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(i)  Optimal partitioning: Find a binary partition matrix ¥ that leads to the least total distortion between the
models Ry and Ry. As well, find the corresponding weighting matrix © that satisfies

n
arg min‘PeRT'”,@e]R’_fX” ( 21 p(i)g(ni,lznr ﬁtp(i),lzn) Ry e R7T90r [‘Y]l:n,k = Zl ei) .
1= icp=t(k)

Solving this problem partitions the n vertices of the relational matrix R, into m groups.
(it) Transition matrix construction: Obtain the transition matrix for R, from the following expression:
Pjk = Licy-1(k) Ujk using the optimal weights © and the binary partition matrix ¥ from step (i).

It is important to notice for the first step in Definition 7 that there is no efficient way to find a
Ry with least total distortion to Ry. This is due to the binary nature of the partitions, which leads to
a problem with an NP-hard computational complexity. For practical problems, which may contain
thousands or even millions of states, this aggregation procedure will not be tractable. A more efficient
alternative is therefore required.

3.2. Approximately Aggregating Markov Chains

3.2.1. Preliminaries

A straightforward way to make the aggregation problem more efficient is by approximating
the least total distortion optimization given in Definition 6. This can be effectuated by relaxing
the constraint that the state—state assignments specified by the partition matrix are binary. Instead,
each state from the high-order chain can have a chance to map to states in the low-order chain.
Such changes lead to the notion of a probabilistic partition matrix.

Definition 8. Let Ry = (Vr, Ex,I1) and Ry = (Vy, Ey, @) be transition models of two Markov chains over
n and m states, respectively. A probabilistic partition function i is a surjective mapping between two state
index sets, Z., and Zy.,,, such that =Y (Zy.,,) is a partition of Z.,, which has a given probabilistic chance
of occurring. That is, p~1(j) C Zy., x R is not empty and where =1 (1) U... Uy~ (m) =Z x RT*",
with the real-valued responses being non-negative and summing to one. The probabilistic partition of a state
index set induces a probabilistic partition matrix [‘Y]j’]' = ¢;j, where ;; = Cifi € 1;7_1(]') occurs with
probability . The set of all probabilistic partition matrices for the two chains specified above is given by
{Y eR™[Y];j=1i,€[0,1], TiLy ¢ij=1}

An example of a probabilistic partitioning is given in Figure 3. Here and in Figure 4, U € R ™
is a matrix where [U]; ;= u;;, u; ;= vi;;/ Yj—1 7P j; the proof to Proposition 4 explains how this
matrix arises when finding a probabilistic partition.

As before, we will partition and compare the dynamics for pairs of chains according to rows
of the corresponding stochastic transition matrices. We will, therefore, still encounter issues when
trying to compare transition models R and R, with differing state spaces. We again consider the
construction of a joint model Ry to avoid this issue. The only difference between this joint model
and the one defined for binary-valued partitions is that the weighting matrix has a different form.
The connectivity of the joint-space graph can hence be different.
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Figure 3. Depiction of the comparison process for approximate, probabilistic aggregation of a nine-state
Markov chain. Here, we want to compare the second row of the high-order transition matrix I'T with
the first row of a potential low-order stochastic matrix ®. We show the transition matrix IT associated
with a nine-state Markov chain on the left; four state clusters are visible along the main diagonal.
The corresponding low-order transition matrix ® for a four-state chain is given in the right. As before,
comparisons between I'Tand @ occur by comparing rows of I'T with rows of ®¥. ® can be found via the
joint model weight matrix ® = U "TT and the probabilistic partition ¥: ®=U " IT¥, where [U] ij =Uij,
uij =i/ Yy Yk, The least expect-ed distortion between the high-order IT and low-order
@ transition matrices is determined by way of ® and ¥. When performing exact aggregation, the
dynamics of @ are directly encoded in ©. ¥ is only used to determine which columns of ® can be
ignored. For approximate aggregation, the dynamics of ® are split between ® and Y. This is because
each state in the high-order model can have the chance to map to multiple states in the low-order model.

(Vie, B, 11), TeRYY (Vp, Bp, @), ®eRP4
(Vy, By, 0); R3O peRI¥Y
(a) Original (left) and reduced-order (right) transition model (b) Joint model

Figure 4. Depictions of the various models for the transition matrices in Figure 3 when using
probabilistic partitions. In (a), we show the transition model for a high-order, nine-state Markov
chain (right) and its low-order, four-state transition model representation (left) after the approximate
aggregation process; In (b), we show the joint model defined by @ =U "1 and a relatively low value of
B for this example. As before, eacht edge in both chains is removed and mappings between states in
the two chains are established. For probabilistic partitions, each state in the high-order chain has the
chance to map to more than one state in the low-order chain. This contrasts with the binary-valued
partition case, where each state in the high-order chain could only be associated with a single state in
the low-order chain.

Definition 9. Let R = (Vy, Ex, IT) and Ry = (V, Ey, ®) be transition models of two Markov chains over n
and m states, respectively, where m <n. Ry=(Vy, Eg, ©) is a joint model, with m+n states, that is defined by

(i) Awvertex set Vg =V UV, which is the union of all state vertices in Ry and R,.
(it) An edge set Ey C Vyx Vy, which are one-to-many mappings from the states in the original transition

model Ry to the reduced-order transition model R,.
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(iii) A weighting matrix @ € R} *". The partition function \ provides a relationship between the stochastic
matrices ® and © of Ry, and Ry, respectively. This is given by ¢; ;=3¢ _1 O xxi Vi, j, or, rather, >=0Y,
where ¥ € R"*™ is the probabilistic partition matrix.

An illustration of this joint model is given in Figure 4 for the stochastic matrix presented in
Figure 3. Unlike the joint model for binary-valued partitions, using probabilistic partitions allows for
each state in the high-order chain to map to multiple states in the low-order chain.

3.2.2. Partitioning Process and State Aggregation

For any transition model R,, we, again, would like to find a joint model Ry that facilitates
the construction of another transition model R,. R, should have fewer states than R while still
possessing similar intra-group transition dynamics. Since we are now considering probabilistic
partitions, we instead seek a ® with the least expected distortion to I to ensure that the dynamics of
@ largely match those of I1. Definition 5 is hence modified as follows.

Definition 10. Let Ry = (Vyr, Ex, 1), Ry = (Vy, Ep, @), and Ry = (Vy, Ey, @) be transition models of two
Markov chains over n and m states and the joint model over n—+m states, respectively. The least expected
distortion between 11 and ©® and hence I and ® is

. UL 0<0k hix <1, L3 0 k=1,
q(Rn, R(P) = mln\YGRnxm,®eRmxn 2 Z r)/ilpi,jg(ni,l:nr 19]‘,1:") U lpl’m 5_11 b .
- * i=1j=1 Y Yik=

There are few constraints on the probabilistic partitions in Definition 10, which can make finding
viable solutions difficult. To address this issue, we impose that the partitions should minimize the
information loss associated with the state quantization process. That is, the mutual dependence
between states in the high-order and low-order chains should be maximized with respect to a
supplied upper bound. Simultaneously, the least expected distortion, for this supplied bound,
should be achieved.

Aggregating Markov chains in this fashion can be done via a two-step process similar
to Definition 7.

Definition 11. Let Ry = (Vz, Ex, I1) and Ry = (Vy, Ey, ®) be transition models of two Markov chains over
n and m states, respectively. The optimal reduced-order transition model R, with respect to the original model
Ry can be found as follows:

(i)  Optimal partitioning: Find a probabilistic partition matrix ¥ that leads to the least expected distortion
between the models R and Ry. As well, find the corresponding weighting matrix @ that satisfies

. noom Uity o Yilq i jlog (i / vi) <,
arg min ( Yo N it j8 (i, Ojain) = m” ! Zm
YeRmM \ i=1j=1 0<¥ik Pix <1, Yyl 0ix=1 131  ¢ix=1
@cRM*"

for some positive value of r; r has an upper bound of — Y1 ; yilog(<y;). The variables «, vy, and 1 all have
probabilistic interpretations: a;= p(vl,) and ;= p(v'y) correspond to marginal
probabilities of states v{p and o', while Pij= p(v]%,, |0l,) is the conditional probability of state v'. mapping
to state v]q,.

(it)  Transition matrix construction: Obtain the transition matrix for Ry, from the following expression:
@i j=Yg—1 Ok, using the optimal weights © and the probabilistic partition matrix ¥ from step (i).

The optimization problem presented in Definition 11 trades off between the minimum expected
distortion and the information contained by the states in the low-order chain Ry about those in the
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original, high-order chain R after partitioning. It is hence describing the value of quantizing the
high-order model by a certain amount [16,17]; this is the value of information formulated for Markov
chains, which is, itself, an analogue of rate-distortion theory [18]. Coarsely quantizing I, as dictated by
the parameter r, leads to a parsimonious low-order stochastic matrix ® that may not greatly resemble
the dynamics of II. Finely quantizing I1, again determined by 7, yields a ® that is similar to the
high-order model’s transition matrix I'l yet may contain many redundant details.

In the value of information, the role of the Shannon information term 2;”:1 i Yoy i log(Wii/vi)
is to impose a certain level of randomness, or uncertainty, in the partition matrix to ensure that the
entries can be non-binary. A similar effect could be achieved by considering a Shannon entropy
constraint on the partition matrix — Y./ ¥;i; 9 log(¢; ;). However, a Shannon entropy constraint is
rather non-restrictive on the entries of the partition matrix: it is a projection of Shannon information
that introduces ambiguities. There is hence the potential that a given row P1n,j € R’ could be a
duplicate of another, thereby over-inflating the number of states in the reduced-order chain and
leading to a poor aggregation. We have found, empirically, that Shannon mutual information does not
share this defect, except when all states have a uniform chance of being grouped together in every
group. This is because we are bounding the informational overlap between the original and aggregated
states. Coincident partitions often violate this bound. In the Shannon-entropy case, however, we are
only bounding the uncertainty on the entries of the partition, so there is no direct constraint between
the original and aggregated states.

Definitions 8, 9 and 11 provide a means of approximating the computationally intractable
aggregation process outlined in Section 3.1 Actually solving the constrained optimization problem in
Definition 11 can be efficiently performed in a few ways. Here, we opt to optimize the Lagrangian.
This provides an expectation-maximization-like procedure for specifying the probabilistic partitions Y.

Proposition 1. For a transition model Ry = (Vyr, Ex, I1) over n states and a joint model Ry = (Vy, Ey, ®)
and m-n states, the Lagrangian of the relevant terms for the minimization problem given in Definition 11 is
F(¥,4;1L,0,7) = E[E[g(IL, ©)¥]|y]~E[Dx (v[[¥)[a] /B, or, rather

n m 1 m n
F(Y,411,0,7) = (Z Y Vit i8(7iins l9j,1:n)> ~3 ( Yoy, lﬁi,jlog(lﬁi,j/%))-

i=1j=1 j=1 i=1

Here, B> 0 is a Lagrange multiplier that emerges from the Shannon mutual information constraint in the
value of information. Probabilistic partitions [¥]; ;= ; ;, which are local solutions of VF(¥,a; 11,0, ) =0,
can be found by the following expectation-maximization-based alternating updates

n m
06]‘ — 2 ')’ilr’)i,j/ 1’[;1.’]. «— <w].e.5g(ni,l:n/l9j,1:n)>/< ape_ﬁg(ﬂi,lznrﬁp,ltn)> ,
i=1 p=1

which are iterated until convergence.

Proposition 2 shows that the alternating optimization updates in Proposition 3 yield monotonic
decreases in the modified free-energy associated with the value of information. Global convergence
to solutions can therefore be obtained. Proposition 3 bounds the approximation error as a function
of the number of alternating-optimization iterations. Linear-speed convergence to solutions is hence
obtained, which coincides with the interpretation of the updates as an expectation-maximization-type
algorithm.

Proposition 2. Let Ry = (Vy, Ex,IT) and Ry = (V,y, Ey, @) be transition models of two Markov chains over
n and m states, respectively, where m <n. If [¥*]; j=7; is an optimal probabilistic partition and [a*]j= a7 an
optimal marginal probability vector, then, for the updates in Proposition 1, we have that:
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(i)  The approximation error is non-negative

> 0.

(x e ‘Bg(ﬂ:llnlg]ln) )

Z]m:]“( ) /Sg(ntln jln)

<F(‘{’(k),oc(k);1_[,®,fy) — F(¥*,a%11,0,7) ) Z%log(
]

(ii)  The modified free energy monotonically decreases F(¥ ), a®); 11,0, v) >
F(‘F(kﬂ), a0 11,0, 7v) across all iterations k.
(iii) For any K> 1, we have the following bound for the sum of approximation errors

i=1j=1

Uy
<2F H@’)/) (T*,a*/‘n/®/7> <2271¢1]10g<lp >
ij

In both (i) and (i), F(Y, a; 11,0, v) =E[E[g(IL, ©)|¥]|y] —E[Dkr(v||¥)]/ B is the Lagrangian.

Proposition 3. Let Ry = (Vx, Ex,I1) and Ry = (V,, Ey, @) be transition models of two Markov chains over
n and m states, respectively, where m <n. If [¥*]; j=7; is an optimal probabilistic partition and [a*]j= a7 an
optimal marginal probability vector, then, the approximation error

(F(‘P*’“*;H'G)'”‘F(‘F” (")“®7> EZZ lpz,log(%@)

falls off as a function of the inverse of the iteration count k. Here, the constant factor of the error bound is a
Kullback—Leibler divergence between the initial partition matrix ¥V and the global-best partition matrix ¥*.

As shown in Proposition 1, a Lagrange multiplier § is introduced to account for the mutual
information constraint. The effects of § are as follows. As f tends to zero, minimizing the Lagrangian
is approximately the same as minimizing the negative Shannon information. The information loss
associated with the quantization process takes precedence, albeit at the expense of a potentially poor
reconstruction. In this case, there are few state clusters defined by the partition; that is, there are few
rows in ©. Every state in the high-order transition model R has an almost uniform chance to map
to each state in the low-order model R,. The alternating updates from Proposition 1 yield a global
minimizer of the value of information, which follows from the convexity of the dual criterion and the
Picard-iteration theory of Zangwill [44].

As f is increased, the probabilistic partitions become more binary. Higher probabilities are
therefore assigned for a state in Ry to map to either a small set of states or a single state in R,. This is
because the effects of the Shannon information term are increasingly ignored in favor of achieving
the minimum expected distortion. The value-of-information problem given in Definition 11 therefore
approaches the binary aggregation problem from Definition 7. An increasing number of clusters are
formed by the partition matrix, which increases the number of rows in the weighting matrix © and
hence ®. When B tends to infinity, we obtain a completely binary partition matrix. We hence recover
the least total distortion function given in Definition 6. This binary partition can contain as many
clusters as states in the high-order model R; that is, no aggregation may be performed, so R, is
typically equal to R.

The number of state clusters in the high-order chain, or, rather, the number of distinct rows of
the weight matrix ®, does not increase continuously as a function of . Instead, it increases only for
certain critical values of § where a bifurcation occurs in the underlying gradient flow of the Lagrangian.
Critical values of B can be explicitly determined when using the negative, modified Kullback-Leibler
divergence by looking at the second derivative of the Lagrangian F(¥,a;I1,©, ) at ©.
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Proposition 4. Let Ry = (Vg,En,II) and Ry = (Vy,Ey, ®) be transition models of two Markov
chains over n and m states, respectively, where m < n. Let g(7tj1.y, 0i1.0) = Z]r-‘zl Yi7ti jlog (/0 ),
where Ry = (Vy, Eg, ©) is the joint model. The following hold

(i)  The transition matrix ® of a low-order Markov chain over states m is given by ® =@, where ® =U "T1.
Here, [U];; = vitij/ Yg—1 VkWx,; for the probabilistic partition matrix [Y];; = ;; found using the
updates in Proposition 1.

(ii)  Suppose that we have a low-order chain over m states with a transition matrix ® and weight matrix ©
given by (i). For some By, suppose ®p,, the matrix © for that value of By, satisfies the following inequality
d?/de* F(Y, a; 11, @p,+€Q,Y)|e=0 >0. Here, Q€ R"*" is a matrix such
that y ) 4 ‘7;1;n‘7j,1:n =1and Y| q;;=0 Vi. A critical value B =ming- g, (d?/de* F(Y, «;
IT,05+€Q, 7)le=0 < 0), occurs whenever the minimum eigenvalue of the matrix

n
diag( Pk, 7T 10 /191%,1:71> —B (
i=1 i

is zero. The number of rows in © and columns in ¥ needs to be increased for > ..

n
Wi, (7T 10 /19%1;”)(7Ti,1;n/19£,1;n)T>
=}

Proposition 4 illustrates a major advantage of the value-of-information cost function for
partitioning Markov chains: the number of states in a low-order model does not need to be manually
specified. It is dictated implicitly by the value of the Lagrange multiplier § that captures the effects
of favoring information retainment over achieving a minimal expected distortion. This automatic
increase in the number of state groups is depicted in Figure 5.

Choosing a good value for § is crucial for practical problems. There are a variety of ways
to do this. One such approach entails applying perturbation theory to obtain an upper bound on
B. More specifically, it is known that measurements of Shannon mutual information are always,
on average, improperly estimated when considering finite samples [45]. That is, for finitely sized
state spaces, the probability distributions that comprise the mutual information expression are
approximating, thereby leading to errors that propagate into the aggregation process. Our approach
therefore entails modeling this perturbation error and removing it from the value of information.
This leads to a modified criterion for which a value of B can be determined that minimizes the
estimation error and better fits to the structure of the transition matrix. Such values typically correspond
to the beginning of an asymptotic region of the original value-of-information expression where favoring
a minimum expected distortion over information loss leads to negligible improvements.

Proposition 5. Let Ry = (Vz, Ex,I1) and Ry = (V,;, Ey, @) be transition models of two Markov chains over
n and m states, respectively, where m <n. Rg=(Vy, Eg, ®) is a joint model, with m+n states. The systematic
underestimation of the information cost of the Shannon mutual information term in Definition 11 can be
second-order minimized by solving the following optimization problem

- ( Yty & g $ilog (i /i) i1 D1 Yitii& (i tins ipin) <7, )
veRPm \ + Y VL it /2nlog(2)a | 0< 0k, i <1, ity Gix=1, Tiy $ix=1
OcR*"

where f= oLt &) Xity Yilog (i /vi) /2n.

This corrected version of the value of information has a rescaled slope compared to the original,

where a lower bound on the rescaling is given by log(2)/ ,B—log(z)zz;'ﬂ:l & Ein Yilog (Wi /1) /o Bn.
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Figure 5. An illustration of the phase change property when the Lagrange multiplier § is increased

above three critical values. For 0 < 8 <0.095, all of the states in the original chain are grouped together.
As B is slightly increased beyond this upper threshold, a new state group emerges, as we highlight on
the left-hand side of the figure. For any 0.095 < <0.119, only two state groups are formed. As f is
increased to $>0.119 and > 0.794, three and four state groups are formed, respectively; these results
are shown in the middle and right-hand side of the figure. The “optimal” value of B, predicted by
our perturbation-theory results, is close to f=0.119. This yields a parsimonious aggregation where
the state-groups are compact and well separated. For > 0.794, the original chain is over-partitioned:
near-coincident clusters are defined in ¥. The value of information hence starts to fit more to the noise
in the state transitions than to the well-defined state groupings as f is increased beyond the next critical
point after the ‘optimal” value.

3.2.3. Partitioning Process and State Aggregation

The preceding theory outlines how Markov chains can be aggregated by trading off between
expected distortion and expected relative entropy. We have shown that global-optimal solutions can
be uncovered. However, we have not bounded the aggregation quality of those solutions for arbitrary
problems; such bounds are important for understanding how our approach will behave in general.

Toward this end, we quantify the relationship between stationary distributions of the original
and reduced-order stochastic matrix for nearly-completely-decomposable systems. Many practical
examples of Markov chains are typically nearly-completely-decomposable: groups of states possess
similar transition dynamics where the chance to jump between states within the group is higher than
states outside of the group.

Definition 12. The transition model of a first-order, homogeneous, nearly-completely-decomposable Markov
chain is a weighted, directed graph Ry given by the three-tuple (Vy, Ex, 1) with

(i)  Aset of nvertices Va=vk U... UL representing the states of the Markov chain.

(ii) A set of nxn edge connections E; C Vi x Vi between reachable states in the Markov chain.

(iii) A stochastic transition matrix T1 € R'*". Here, [I1];; = r; ; represents the non-negative transition
probability between states i and j. We impose the constraint that the probability of experiencing a state
transition is independent of time. Moreover, for a block-diagonal matrix IT* with zeros along the diagonal,
we have that 11 =1T*+¢C. Here, IT* € R*" is a completely-decomposable stochastic matrix with m
indecomposable sub-matrix blocks 1T} of order n;.
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Since 1 and IT* are both stochastic, the matrix C € R'*" must satisfy the equality constraint
. n; .

Yii1 Cpoki = — Lji Lgli Cpia; Vpi, for blocks TTf and IT;. That is, they must obey

maxp, (L, |cp,k:|) = 1. Additionally, the maximum degree of coupling between sub-systems 117 and

H]’f, given by the perturbation factor e, must obey e =max; (¥ ;; ZZ’Z 1 ”Pi,qj)~

Proposition 6. Let R = (Vy, Ex,IT) be a transition model of a Markov chain with n states, where IT€ R "
is nearly completely decomposable into m Markov sub-chains.

(i) The associated low-order stochastic matrix ® € R'!™™ found by solving the value of
information is given by ¢; ; = Z;Z:l 22;21 i Vpi/ Zg} Yq:, Where p;, q; represent state
indices p =1, ...,n; associated with block i, while q; represents a state index q=1,...,n; into block j.
The variable 7y, = yp, (IT) denotes the invariant-distribution probability of state p in block i of T1.

(i) Suppose that yp,/ Yq! vq, = vy, (1;) is approximated by the entries of the first left-eigenvector v*(1;) for
block i of IT*. We then have that

1

7( il vy (1) ) ”pwn) —y(IDY
pi=

;=1

~ O(£?)

1

where the first term is the invariant distribution of the low-order matrix «(®), under the simplifying
assumption, and ¥ € R*™ is the probabilistic partition matrix found by solving the value of
information.

Proposition 6 elucidates the behavior of the value-of-information aggregation results: a reduced
Markov chain will have similar long-run dynamics as a projected version of the original Markov
chain. This result is made possible by the work of Simon and Ando [20]. They proved that, for
nearly-completely-decomposable chains, there are two types of dynamics that influence the stationary
distribution: short and long term. In the short term, each completely-decomposable block evolves
almost independently towards a local equilibrium, as if the system was completely decomposable.
In the long run, the entire aggregated chain moves toward the steady state defined by the first
left-eigenvalue of the original stochastic matrix. The equilibrium states attained for each block of the
original stochastic matrix are approximately the same as those for the short-run dynamics.

More specifically, the local-equilibrium states for the short-term dynamics may be closely
approximated by the steady-state vectors of the sub-systems for the completely decomposable
stochastic matrix I1*. The macro-transition probability between blocks II; and I1; of II remains,
in the long term, more or less constant in time and is approximately equal to ®. Hence, the elements of
the steady-state probability vector 1., (1;), where 1., (1;)(®—I,xn) =0, are so-called macro-variables
that yield good approximations to the steady-state probabilities of being in any one state of block
I1;. The so-called micro-variables 1y, (1;) =;(1)v}, (1;) are good approximations to the steady-state
probabilities vy, (1;) of being in any particular state p of block i. That is, as we showed in the previous
section, both the macro- and micro-variables have an ¢;-norm error that is a square of the perturbation
factor compared to those for the original stochastic matrix. The aggregated chain will thus possess
similar long-term dynamics as the original.
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4. Simulations

In the previous section, we provided an information-theoretic criterion, the value of information,
for quantifying the effects of quantizing stochastic matrices associated with Markov chains. We also
provided a first-order approach for optimizing this criterion, which provides a mechanism for
simultaneously partitioning and aggregating chain states. In this section, we assess the empirical
performance of this criterion. The aims of our simulations are multi-fold. First, we ascertain how well
the value of information reduces the complexity of Markov chains when they possess either simple or
complex state-transition dynamics. We also discuss various facets of the criterion within the context of
these results. We then gauge how well the results for the “optimal” free-parameter value, as predicted
via perturbation theory, align with the ground truth. We also illustrate that using Shannon mutual
information, versus Shannon entropy, as a constraint for the expected-distortion objective function,
avoids returning coincident partitions.

4.1. Simulation Protocols

For each of the examples that follow, we adopted the following simulation protocols for
value-of-information-based aggregation. We initialized the aggregation process with a partition
matrix of all ones, ¥ =[1]9«1, signifying that each state belongs to a single group. This is the global
optimal solution of Markov chain aggregation for both the binary- and probabilistic-partition cases.
For the latter case, it coincides with a parameter value p of zero for the value of information. We then
found the subsequent critical values of § and increased the column count of the partition matrix ¥.
We determined which state group would be further split and modified both the new column and an
existing column of ¥ to randomly allocate the appropriate states. This initialization process bootstraps
the quantization for the new cluster and typically achieves convergence in only a few iterations.
It also permits the value of information to reliably track the global minimizer for the binary-partition
aggregation problem case as 8 increases.

For certain problems, a priori specifying a fixed amount of partition updates may not permit
finding a steady-state solution. We therefore run the alternating updates until no entries of the partition
matrix change across two iterations.

4.2. Simulation Results and Analyses

4.2.1. Value-of-Information Aggregation

Aggregation Performance. We establish the performance of value-of-information aggregation
through two examples. The first, shown in Figure 6, corresponds to a Markov chain with nine states
and four state groups with strong intra-group interactions and weak inter-group interactions. This is a
relatively simple aggregation problem. The second example, presented in Figure 7, is of a nine-state
Markov chain with a single dominant state group and six outlying states with near-equal transition
probabilities. This is a more challenging problem than the first, as the outlying states cannot be
reliably combined without adversely impacting the mutual dependence. In both cases, the transition
probabilities were randomly generated through knowledge of a limit distribution -.

In Figures 6 and 7, we provide partitions and aggregated Markov chains for four critical values of
the free parameter 8. The “optimal” value of B, as predicted by our perturbation-theory formulation
of the value of information, leads to four and seven state groups for the first and second examples,
respectively. The associated partitions align with an inspection of the dynamics of the stochastic
matrix: the partitions separate states that are more likely to transition to each other from those that
are not. The ”optimal” aggregated stochastic matrix encodes this behavior well. The remaining
aggregated chains do too for their respective partitions, as they all mimic the interaction dynamics
of the original chain for the given state groups. However, those partitions for “non-optimal” Bs
either over- or under-quantize the chain states, which is illustrated by the plot of expected distortion
E[E[g(I1,®)|¥]|y] versus the critical values of §; these plots are given in Figure 8. That is, for critical



Entropy 2019, 21, 349 19 of 34

Bs before the “optimal” value, there is a steep drop in the distortion, while the remaining s only
yield modest decreases. The “optimal” value of B for both examples, in contrast, lies at the “knee” of
this curve, which is where the expected-distortion minimization, miny E[E[¢(IT, ®)|¥]|7], is roughly
balanced against the competing objective of state-mutual-dependence maximization with respect to
some bound, E[Dky (v[|¥)] <r.

For both examples, we aggregated at critical values of B where the number of state groups
increases. We also considered non-critical values of 8 between two phase changes; a thousand Monte
Carlo trials were conducted for random Bs. For each of these trials, the partitions produced between
two related critical values were virtually identical, up to a permutation of the rows. Only minute,
arithmetic-error-attributed differences were encountered. Such results illustrate the validity of our
theory: only a finite number of critical values for 8 need to be used for reducing finite-cardinality
stochastic matrices.
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Figure 6. Value-of-information-based aggregation for a 9-state Markov chain with four discernible
state groups. We show the original stochastic matrix IT€ R*? with the partitions ¥ € R"*? overlaid
for four critical values of . We also show the resulting aggregation ® € R"™*™, which, in each case,

approximately mimics the dynamics of the original stochastic matrix.
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Figure 7. Value-of-information-based aggregation for a 9-state Markov chain with one discernible state
group and six outlying states. We show the original stochastic matrix IT€ R?*? with the partitions
¥ € R™*9 overlaid for four critical values of 8. We also show the resulting aggregation ® € R"*™,
which, in each case, approximately mimics the dynamics of the original stochastic matrix.

Convergence. In Figure 8, we furnished plots of the decrease in the expected distortion,
E[E[g(TT,©%))[¥(®)]|] across each iteration k = 1,2,.... This provides a means of gauging the
per-iteration solution improvement and hence convergence. We also provided plots of the partition
matrix cross-entropy for consecutive iterations, E[—log(¥*~1))[¥(K)]. The partition cross-entropy is a
bounded measure of change between consecutive partitions and captures how greatly the partition
changed across a single update. Taken together, they offer alternate views of the aggregation
improvement during intermediate stages of the dynamics reduction process. In either example,
the average of these quantities across the Monte Carlo trials exhibits a nearly-linear decrease in their
respective quantities before plateauing, regardless of the critical value of . This finding suggests rapid
convergence to the global solution, which was anticipated from our convergence analysis. That is,
due to how we initialize the partitions, we are roughly ensuring that they are in close proximity to the
next global optima ¥*, up to a permutation of the rows. The Dxp (¥*[|¥(!)) term in the approximation
error bound dominates over the k~! term in this situation and hence few changes in ¥ are needed.
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Figure 8. Expected distortion (blue curves) and cross-entropy (red curves) plots for the aggregation
results in Figure 6, shown in (a), and Figure 7, shown in (b). For both (a,b), the large, left-most plot
shows the expected distortion as a function of the number of state groups m after convergence has
been achieved. The “knee” of the plot in (a) is given for m =4, while for (b) it is at m =7. These “knee”
regions correspond to the “optimal” number of state groups as returned by our perturbation-theoretic

’

criterion. They indicate where there are diminishing returns for including more aggregated state groups.
The smaller four plots in (a,b) highlight the change in the expected distortion and cross-entropy as a
function of the number of alternating-update iterations. These plots highlight a rapid stabilization of
the update process.

To assess the convergence stability of the aggregation process, we performed a thousand Monte
Carlo trials on both examples. In only a very small fraction of the trials did the partitions deviate from
those presented in Figures 6 and 7 by more than a simple permutation. Such occurrences were largely
due to a degenerate initialization of a new partition column whereby no states would be associated
with that new state group. Imposing a constraint that a new group must contain at least a single state
fixed this issue and led to consistent partitions being produced. The expectation-maximization-based
procedure for solving the value of information was then able to discover global optima well in just a
few iterations; the optima often were binary partitions like those presented in Figures 6 and 7.

Avoiding coincident Partitions. The results for the preceding examples indicate that the
Shannon-information constraint, E[Dg (7[|¥*))] < r, has the potential to yield non-coincident
partitions. We now demonstrate using two additional Markov chains that using a Shannon-entropy
penalty, E[—log(¥¥))] <r, is more likely to return partitions with duplicated rows. This unnecessarily
inflates the state-group cardinality, leading to aggregations with redundant details.

Both of these examples are for Markov chains with nine states. The first example, shown in the
top left-hand corner of Figure 9, contains three state groups with a high chance to both jump to states
in different groups and jump to states within a group. Moreover, many of the rows in the matrix
are the same. We anticipate that coincident partitions will easily materialize due to these properties.
The second example is given in the bottom left-hand corner of Figure 9. It contains two state groups
with weakly interacting intra-group dynamics and strong inter-group dynamics. Each group has highly
distinct transition probabilities. We hence expect that returning coincident partitions will be more
difficult than in the first case. As before, the transition probabilities for each matrix were randomly
generated through knowledge of a limit distribution.

Partitions for nine state groups are presented in Figure 9. The partitions in the middle column of
Figure 9 are the results for the Shannon-mutual-information constraint, while those in right column
are for the Shannon-entropy constraint. The Shannon-mutual-information case quantizes the data in
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the manner we would expect for both examples: each state is, more or less, assigned to its own group
so that the original stochastic matrix is exactly recovered. There are hence no degenerate clusters.
For the Shannon-entropy case, three coincident clusters formed for the first problem and this value
of B. Two states from the first state group were incorrectly viewed as being equivalent. Two states
from the second group and three states from the third group were also improperly treated, leading to
further coincident partitions. Four degenerate clusters thus emerged and the original stochastic matrix
could not be recovered; the Kullback-Leibler distortion for this value of 8 and other Bs illustrates this.
For the second problem, every state in the second state group was considered equal. Seven degenerate
groups were thus created, leading to a stochastic matrix with a very different invariant distribution
and hence longer-term dynamics than the original.
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Figure 9. Value-of-information-based aggregation for a 9-state Markov chain with three discernible
state groups (top row) and two discernible state groups (bottom row). The left-most column shows
the original stochastic matrices IT€ R?*°. The middle column gives the partitions ¥ € R%*? found
when using a Shannon mutual information constraint for the expected-distortion objective function.
The right-most column gives the partitions ¥ € R?*? found when using a Shannon entropy constraint
for the expected-distortion objective function. When using Shannon entropy, several columns of the
partition matrix are duplicated for high values of 8, leading to an incorrect aggregation of states.

For these examples, we considered the same number of groups as states to highlight the severity
of the coincident partition issue when using an uncertainty constraint. Coincident clusters were also
observed when the group count was below the number of states.

4.2.2. Value-of-Information Aggregation Discussions

We have illustrated that the value-of-information criterion provides an effective mechanism
for dynamics reduction of Markov chains for these examples. Consistently stable partitions of the
transition probabilities are produced by optimizing this criterion. Such partitions induce reduced-order
chains that do not have duplicate state groups and are often parsimonious representations. We have
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additionally demonstrated that only a finite number of free-parameter values need to be considered
for this purpose, the “optimal” value of which can be discerned in a data-driven fashion.

Aggregation Performance: Binary Partitions. In the previous section, we relaxed the
binary-valued constraint on the partition matrices to avoid exactly solving a potentially
computationally intractable problem. However, our aggregation results for the first two examples
indicate that either binary or nearly-binary partition matrices may still be returned when solving the
value of information. The reason for this is the interplay between the expected distortion and the
Shannon-mutual-information constraint: while the latter does not explicitly preclude their formation,
the former naturally favors binary partitions.

More specifically, non-binary partitions will always have less Shannon mutual information than
binary partitions. This is because the conditional entropy of the states in the original and aggregated
chains increases more quickly than the marginal entropy, which is due to the additional uncertainty in
the non-binary partitions. Hence, for a given upper bound on the Shannon information, if a binary
partition can be formed for that bound, then a corresponding non-binary one can also be formed.
The minimization of the distortion term, however, impedes the formation of non-binary partitions.
In the binary case, provided that the partition reflects the underlying structure of the transitions,
only related probability vectors will be compared to each other. Vastly different rows and columns
of the stochastic and joint stochastic matrices will not factor into the expected distortion, since the
state-assignment probability will be zero if the partition encodes well the underlying transition
structure. Making highly non-binary state-group assignments can raise the expected distortion: the
Kullback-Leibler divergence between two, possibly very distinct, probability vectors may be multiplied
by a non-zero state-assignment probability.

This behavior contrasts with the use of a conditional Shannon entropy equality constraint on the
entries of the partition matrix. Such a constraint directly imposes that the partition matrix should have
a given amount of uncertainty, potentially at the expense of a worse distortion. Non-binary partitions
hence can be more readily constructed.

Aggregation Performance: “Optimal” State Group Count. We considered a perturbation-
theoretic approach for determining the ‘optimal’ number of state groups. The approach operates
on the assumption that, for finitely sized stochastic matrices, there is an error in estimating the
marginal distribution of the original states. This poor estimate leads to a systematic error in evaluating
the Shannon-information term, which we quantified in a second-order sense. In the case of binary
partitions, a second-order correction of this error introduces a penalty in the value of information for
using more aggregated state groups than can be resolved for a particular finitely sized state space.
Values for the free parameter were returned that, for our examples, aligned well with a balance between
the expected distortion of the aggregation and the mutual dependence between states in the original
and aggregated chains.

As shown in our experiments, the value of information monotonically decreases for an increasing
number of state groups. The second-order-corrected version shares this trait, as it is a slope-rescaled
version of the original value of information. Ideally, we would like to further transform this slope-scaled
value-of-information curve so that it possesses an extremum where both terms of the objective function
are balanced. This would lend further credence to the notion that such a free parameter value,
and hence the number of state groups, for any stochastic matrix is “optimal”. In our upcoming work,
we will demonstrate how to perform this transformation. We will show that the value of information
can be written, in some cases, as a variational problem involving two Shannon-mutual-information
terms. Applying the same perturbation-theoretic arguments to this version of the value of information
reveals that the corrected criterion is monotonically increasing up to a certain point, after which it is
monotonically non-increasing and often is strictly decreasing. This inflexion point corresponds to the
‘optimal” parameter value determined here. This value minimizes the mutual dependence between the
original and aggregated states while simultaneously retraining as much information about the original
transition dynamics as possible.
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5. Conclusions

In this paper, we have provided a novel, two-part information-theoretic approach for aggregating
Markov chains. The first part of our approach is aimed at assessing the distortion between original-
and reduced-order chains according to the negative, modified Kullback-Leibler divergence between
rows of their corresponding stochastic matrices. The discrete nature of the graphs precludes the
direct comparison of the transition probabilities according to this divergence, which motivated our
construction of a joint transition model. This joint model encodes all of the information of the
reduced-order Markov chain and is of the proper size to compare against the original Markov chain.
The second part of our approach addresses how to combine states in the original chain, according to
the chosen divergence, by solving a value-of-information criterion. This criterion aggregates states
together if doing so reduces the total expected distortion between the low- and high-order chains and
simultaneously maximizes the bounded mutual dependence between states in the high- and low-order
chains. It thus attempts to find a low-order Markov chain that most resembles the global and local
transition structure of the original, high-order Markov chain.

The value of information provides a principled and optimal trade-off between the quality of the
aggregation, as measured by the total expected distortion, and the complexity of it, as measured by
the state mutual dependence according to Shannon mutual information. The complexity constraint
has dual roles. The first is that it explicitly dictates the number of states in the low-order chain.
We proved that changing the value of a variable associated with this constraint causes the aggregation
process to undergo phase transitions where new groupings emerge by splitting an existing state cluster.
The second role of the constraint is that it relaxes the condition that the partition matrices must be
strictly binary. This relaxation permits the formulation of an efficient procedure for approximately
solving the aggregation problem. While the same effect could be achieved with a Shannon entropy
constraint, it has the tendency to yield coincident partitions. This over-inflates the number of states in
the reduced-order model.

We applied our approach to a series of Markov chains. Our simulation results showed that
our value-of-information scheme achieved equal or better performance compared to a range of
different aggregation techniques. A practical advantage of our methodology is that we have derived
a data-driven expression for the “optimal” value for a parameter associated with the state mutual
dependence constraint. This expression was based upon correcting the underestimation of the Shannon
information term for finitely sized stochastic matrices. Employing this expression fits the partitions
more to the structure of the data than to the noise, ensuring that it tends not to over-cluster states
in the original chain. It also frees investigators from having to supply the number of state groups.
Many existing aggregation approaches rely on the manual specification of the state-group count,
in contrast; a reasonable number of state groups may not be immediately evident for certain problems,
which complicates their effective application.

As we noted at the beginning of the paper, our emphasis is on understanding the effects of
the value of information when it is applied to resolve the exploration—exploitation dilemma in
reinforcement learning. In particular, we seek to address the question of whether the value of
information is implicitly aggregating the Markov chains underlying the Markov decision process
during exploration. Toward this end, our next step will be to show that hidden Markov models can be
reduced in a value-of-information-based manner. Much like our work here, this will entail defining a
joint model that allows for comparisons between pairs of hidden Markov models with different state
spaces. We will need to construct the joint model so that it is Markovian, which will ensure that the
theory in this paper applies with few modifications. Following this, for the Markov-decision-process
case, we will need to show that a lumpable partition of the state space can be defined by the value
of information, where the partition is bounded by the state-transition and cost effects. States in the
same partition will then be viewed as a single state in a reduced-order, aggregated Markov chain.
An aggregated Markov decision process with average cost on the aggregated Markov chain can then be
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obtained. As a part of this effort, we will also quantify the local-neighborhood performance difference
between this aggregated Markov decision process and the optimal one.
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Nomenclature

Ry Weighted, directed graph associated with a stochastic matrix IT

Ve Vertex set for Ry; represents the 7 states of the original Markov chain, with the ith state denoted by v’

Ex Edge set for Ry; represents the reachability between states of the original Markov chain

I A stochastic matrix of size n xn for the original Markov chain; the i-jth entry of this matrix is denoted by
[H] ij= 7'[,‘,]‘

i1 The ith row of IT; describes the chance to transition from state 7 to all other states in the original chain

Ry Weighted, directed graph associated with a stochastic matrix ®

Vo Vertex set for Ry; represents the m states of the reduced-order Markov chain, with the jth state denoted by v/q,

E, Edge set for R,; represents the reachability between states of the reduced-order Markov chain

@ A stochastic matrix of size m x m for the reduced-order Markov chain; the i—jth entry of this matrix is denoted by
[®];j = @i

@j1:m The jth row of ®; describes the chance to transition from state j to all other states in the reduced-order chain
The unique invariant distribution associated with the original Markov chain; the ith entry is denoted by [y]; =1;

7 and describes the probability of being in state v’;
A divergence measure; written either as g(I1, @), when comparing the entirety of I1 to @, or g(77; 1.4, j,1:m), when

8 comparing rows 7t 1., and ¢; 1., of the stochastic matrices
A partition function

¥ A partition matrix; the i—jth entry of this matrix is denoted by [¥]; ; =1;,; and represents the conditional probability
between states v/q, and v,

Ry Weighted, directed graph associated with a stochastic matrix ©

Vi Vertex set for Ry; represents the n+m states of the original Markov chain, with the kth state denoted by v%

Eg Edge set for Ry; represents the reachability between states of the original Markov chain

(C] A stochastic matrix of size m xn; the j-kth entry of this matrix is denoted by [@];x =8; x

u A matrix of size 1 xm; the i—jth entry of this matrix is denoted by [U]; ; =u;,

e A unit vector; the ith unit vector is denoted by e;

q The total distortion; written as (R, Ry) for the weighted, directed graphs R,y and R,

o The marginal probability; the jth entry, [«];=«; describes the probability of being in state v’;,,

r A non-negative value for the Shannon-mutual-information bound

F The value of information

B The corresponding hyperparameter associated with r

Bo, Be The initial and critical values of

Q An m xn offset matrix; the j-ith entry of this matrix is denoted by [Q];; =4,

€ An offset amount

C An 1 xn offset matrix; the p-kth entry of this matrix is denoted by [C], x =cpx

Appendix A

Proposition A1l. For a transition model R = (Vy, Ex,I1) over n states and a joint model Ry=(Vy, Ey, ®)
and m+-n states, the Lagrangian of the relevant terms for the minimization problem given in Definition 11 is
F(Y,a;11,0,v) = E[E[g(IT,©)|¥]|y] —E[Dxw(Y|'¥)]/B, or, rather,

n m

1 n
F(Y,IL0,7) = | Y ) 7iii8(Mivm Bj1n) | — 2| Y&
i—1j=1 P\= '3

wijlog(i/7i)
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Here, B> 0 is a Lagrange multiplier that emerges from the Shannon mutual information constraint in the value
of information. Probabilistic partitions [¥]; ; = ; j, which are local solutions of Vﬁjll:nF (¥, 0;IL,0O,9) =0,
can be found by the following expectation-maximization-based alternating updates

n m
06]‘ — 2'71'(/%,]'1 1’[)1.’]. < <wjeﬁg(ni,1:n/l9j,1:n)>/< Zlocpe_ﬁg(n’i,l:nrﬁp,l:n)> ,
i=1 p=

which are iterated until convergence.

Proof. We can convert the constrained value-of-information into an unconstrained problem using the
theory of Lagrange multipliers. There are five different constraints for which we need to account,

nom 1/{ n
F(Y,&;11,0,v) = (ZZ’lejg(nzlnrﬂ]ln ) _'B<2“j2¢i,jlog(¢i,j/')’i)>

=1 i=1

n.om nom nom
(L En-n)+ (£ Ewu-00) - (L£faw) - (£ Lue)
i=1j=1 i=1j
The first constraint corresponds to the Shannon mutual information term. The remaining constraints
ensure that entries from © and ¥ correspond to valid probabilities.
We can derive the update for the probabilistic partition matrix ¥ by differentiating the Lagrangian and
setting it to zero

a F(‘II/ “; H/®/ ,Y) = <7110g<

le,] ’ng(ﬂz 1:ns ],1 n)
o j

Y
B ﬁl>+7<i+wi—é‘i—ﬂi=0~

&j

Solving for ¢; ; yields ¢;; =}, 'yrtp,/]e*ﬁg(””'"'ﬂﬂ'")/ anl Y fyrlpr,]e*ﬁg(”il‘”’ﬂpl'”) where x; and
w; have been selected such that Y ; ¢;; =1 and }'; ¢;; = 1, respectively. It is apparent that the
update for the marginal probabilities « is encoded in this update for ¥.

We now can show that the update for the marginal probabilities is optimal. For a fixed probabilistic
partition matrix ¥, the following inequality

;1 ; lpz,]10g<ll]l’]> 2 27 lPl,]l g(%)

& i=1j=1 17 Yjr

holds with equality if and only if a; = }3'; 7;¢;;. This result is a consequence of applying the
divergence inequality to }3i" Zmzl '714}1,]10(%(1/]1,]/“]) Y Zmzl %IPZ,]lOg(IPZ,]/ Y 'Wlpj,r) That is,

Z Z Vi ll]lr]log (l)bl]’] > Z Z ')’zq)ljlog <%> Z Z ’)/il[Ji,jlog <Ey_1a]')’r¢],r>

i=1j=1 i=1j=1 1Y Pjr i=1j=1

v

7

>

o

where equality to zero is only obtained if and only if a; =}/ ; ¥;¥; ;. This implies that, for a fixed ¥,
the update for « globally solves the problem min, F(¥,«;I1, ®, ), establishing its optimality.

We now demonstrate that the probabilistic partition update is optimal. For a fixed marginal
probability vector «, the following inequality
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n m e nom l/)lj nom
_Zf)’ilog Z“je 8(7Ti1:n.0j1:n) <2271¢z]10g -3 ZZ 1]g T 1:ns ]111)

i=1 j=1 i=1j=1 i=1j=1

1701. jefﬁg(ni,lznr ],1:n) >

&j

n m
< E ). %4’1',110%(
i=1j=1

holds with equality if and only if ¢; ; = ajefﬁg(”’?tn'ﬁiflm) / 221:1 ape_ﬁg(”frlin’ﬂprlm). This follows from
showing that

ii | (lpl.jeﬂg(”i,l:mﬂj,l:n))
Yipijlog| — ‘

i=1j=1 &j

I
M:
Ms

lPl] 1“;73 ﬁg(nzlnlﬂpln)
_ﬁg(nzlnr ]ln Em lXpe lgg(nllnﬂpln)

’YﬂPz,]lOg (

Il
—_
-.
Il
—_

Il
M:
Ms

Il
—
-
I
—

Yitpi log L
e 7ﬁg(7ri,l:nrl9j,l:n)/ 27;1:1 apefﬂg(ni,lznrﬁp,lzn)
n m 1
+ lo
.Z ];1 lpl'] g <ZZ‘_1 “pe_ﬁg(ni,lznrﬂp,lzn) )
ijlog

1
i=1j=1 ' Z;ranzl Oépe_ﬁg(”f/lm'ﬂﬂ'lm)

n 1
> ) 7ilo
Y vilog ( S -

21:1 ape :Bg(ﬂi/l:nrﬁp,l:n)

Here, we used the divergence inequality in the second-to-last step. As well, we have that the last
step can be written as Y.} ; 7ilog(1/ )" ape —B3(TianOprn)y = _yn vilog(Xiy aje_ﬁg(”i/ltﬂ'ﬂ/,lm)),
where the right-hand side is the de51red expression. Substituting the update for ¥ in the
original inequality leads to equivalency. Hence, for a fixed «, the update for ¥ globally solves
miny F(¥,a;11,0,7). O

Proposition A2. Let Ry = (Vy, Ex,IT) and Ry = (Vy, Ey, P) be transition models of two Markov chains
over n and m states, respectively, where m <n. If [¥*]; ;= l[)l* is an optimal probabilistic partition and
[a*]j=aj jan optimal marginal probability vector, then, for the updates in Proposition A1, we have that:

(i)  The approximation error is non-negative

(k) (k) n }111 “;e_ﬁg(ni,lznrﬁj/lzn)

FYW,a"W;11,0,7) — F(Y*,a";11,0, = i1 — > 0.

< ( ’)/) ( IY)) 1:21 71 Og (Z]m—] a](‘k)efﬁg(ni,l:wﬁj,l:n) )

(ii)  The modified free energy monotonically decreases F(¥%),a®);TT,@, ) > F(¥*+1), ak+1), 11,0, )
across all iterations k.

(iii) For any K> 1, we have the following bound for the sum of approximation errors

i=1j=1

nom l)[)
<2F H o, ’)/) (‘F*,OC*,‘H,@,’)/ > < 2 2711/],/]10%(1/) >
i

Here, F(Y, a;11,©,v) =E[E[¢(IL, ©)[¥]|y]| —E[Dkr(Y|[¥)]/ B is the Lagrangian.

Proof. Parts (i) and (ii) follow immediately from Proposition 3.1. For part (iii), we have the following
equality expressions for iterations k and k+-1 of the expectation-maximization updates
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a('k)e_g(n’i,l:nrﬂj,l:n)/ﬁ )

n o m 1p<k+1) n o m
ViY; 110g< ) = v-lﬁf‘,ilog( !
121]21 ks lP(k) 1:21];1 e ‘Pz‘(,]](‘) p=1 Dé;k)e 8(7ixinOp1n)/ B

(k) “;‘Ke—g(m,tn,ﬂj,l:n)/ﬁ
Z (ni,lzn/lgp,l:n)/ﬁ )

We obtain that the last term in the last inequality expression is non-negative, since, from part (i),
we have that lpfj = vc]*efg(”’?l:”'ﬂff”)/ﬁ/ Z;”:l ué;‘,e*g(”fllﬁn’ﬁpf“”)/ﬁ. We thus have that.

SR v () 40 ‘ot 33 Vi o)
ZZ”Y’P]MA ll](k) = F(T s /'H/@/’)/)_F(‘F s ;H/®7 ZZ’YIIPZJ 1pk o
ij ]

i=1j=1 i)j i=1j=1

(k)
n o m ot
> <F(‘I’(k),oc(k);H,®,'y) —F(‘F*,zx*;l'[,@,'y)) + Y)Y v (1 - gwl'] )

— k)
i=1j=1 a

Since a;ftpi(’];) / vc](k) $;; = 1, it can be seen that Y3, Y37 7i9p];(1 — a]’.‘l/;l.(,];) / “](k) ;) = 0. We hence
recover the following inequality

(k+1)
ll] * *
ZZw]llog< o > > (F(‘If<k>,a<k>;n,®,v) — F(¥",a ;H,®,’y)>,

i=1j=1 i

which holds for any k=1, 2, ... Summing up this inequality up to K, we have that

0 m lP(KH)
(ZF H Q,v)— F(Y*,a%11,0,y > Z Zyltpzjlog(l]())

(K+1)

Since log(lpl] (K+1)

/1/)1(,} )= log(tpl] /l[);'jj) + log(l[sz/l/JS) ), we get the desired inequality.

Proposition A3. Let Ry = (Vy, Ex, 1) and Ry = (Vy, Ey, ®) be transition models of two Markov chains over
n and m states, respectively, where m <n. If [Y*]; =} is an optimal probabilistic partition and [a*];= a7 an
optimal marginal probability vector, then, the approximation error

»\H

nm *
(F(‘I’*,zx*;H,@,fy) —F(¥W,a®;11,0,7) ) y Z Vi) log ( ’%)).

i=1j=1 ¢l]
falls off as a function of the inverse of the iteration count k. Here, the constant factor of the error bound is a
Kullback—Leibler divergence between the initial partition matrix ¥V and the global-best partition matrix ¥*.

Proof. From Propositions A2 (ii) and A2 (iii), we get that

K
k(P(‘Y*,zx*;H, ©,7) — F(¥®,a®); 17, @,’y)) < ( Y F(¥®,a®;11,0,9) — F(¥*,a%11,0, 7)>.
k=1
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The desired inequality follows after dividing both sides by k and substituting the bound obtained in
Proposition 3.2(iii) on the right-hand side of the inequality. [

Proposition A4. Let Ry = (Vz, Ex,I1) and Ry = (V,y, Ey, @) be transition models of two Markov chains
over n and m states, respectively, where m < n. Let g(7Tj1.y, 1) = Z}’Zl vt jlog(7t;;/9;;), where
Ry = (Vy,Ey, ©) is the joint model. The following hold:

(i)  The transition matrix ® of a low-order Markov chain over states m is given by ® =@, where ® =U "TL.
Here, [U];j = vithij/ g1 Vk¥xj for the probabilistic partition matrix [¥];; = ¢;; found using the
updates in Proposition Al.

(ii)  Suppose that we have a low-order chain over m states with a transition matrix ® and weight matrix ©
given by (i). For some By, suppose @p,, the matrix © for that value of o, satisfies the following inequality
d*/de* F(¥,a; 11, ©p,+€Q, 7)|e—o > 0. Here, Q R ™" is a matrix such
that Yy ' 4 qul:nqulrn =1and 27=1 q;,;=0 Vi. A critical value B =ming- g, (d*/de* F(Y,u;
IT,05+€Q, 7)le=0 < 0), occurs whenever the minimum eigenvalue of the matrix

diag( Y ki / 1913,1;71) —p ( Y ki (0 / 0 1) (i 1n / 191%,1;n)T>

i=1 i=1

is zero. The number of rows in ® and columns in ¥ needs to be increased once B> P.

Proof. For part (i), we first substitute the partition matrix update into the Lagrangian F('¥, «; 11,0, ).
After some simplification and when ignoring irrelevant terms, we find that

0 d
a5, (FaTLO.7) = 55 < Z; yilog (; aje P8 (it w))) .
Setting this expression to zero and solving, we arrive at 9;; = ', Yrir,j70r,i- Due to the conditions
that Y31 0, =231, 7t;;=1Vj, wehave 8; ;=)' vru,;, where u, ;=1 ;/ Z;Zl Ypip,- It is apparent
that the entries of ® are non-negative. As well, every entry in ® is a convex combination of a column
in . Therefore, ® is a probabilistic transition matrix.

For part (ii), the second variation of } /" ; ;log (372

1 oc]-efﬁg (i1n%1) ) at the optimal weighting matrix
* is given by

NF(Y, 011,07, 7) = d*/de” F(Y, ;11,05 +€Q,7)|e=0

=Y Y Vit 1 (dia&’( Y e j7tian/ (1975,1:;4)2)
i=1

j=1i=1

- ﬁ ( Z l)’}k,j(ni,lii’l/(l9lt,1:n)2)(7ri,1:n/(19;,1:;1)2)T)> djtn
i=1

2
(& i .
2 Zlyﬂpqu]ln <d1ag< Zwk]nzln/(ﬁkln) )

i=

- B ( é¢k,j(”i,1:n/(191:1:11)2)(”i,l:n/(ﬂlt,l:n)Z)T>> qﬂi”))
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Here, we have used the fact that A2F (¥, a;I1,®*, ) is continuous and strictly positive for By < B.
We have also used the spectral theorem [46] to obtain a lower bound on the lowest eigenvalue for a
self-adjoint operator. Equality to zero, A>F(¥, a; I1,®*, ) =0, can thus only be obtained for g < B, if
and only if

min-eig <diag< Z lPk,]’ni,l:n/ﬂ]%,l;n) -p < Z lpk,j(ﬂfi,lzn/ﬁl%,l:n)(ﬂi,lzn/ﬂ%,lzi'l)—r)) =0.

i=1 i=1

At such a point f, a bifurcation in d?/de* F(¥, a; 11, @EO +€Q, 7)|e=o occurs, for a finite perturbation
term Q, and the minimum is no longer stable. That is, there is a bifurcation on a solution branch that
is fixed by the algebraic group of all permutations on m < n symbols, Sym(m), which follows from
the equivariant branching lemma and the Smoller-Wasserman theorem; this bifurcation is symmetry
breaking. The equivariant branching lemma gives explicit bifurcating directions of the m branching
solutions, each of which has symmetry Sym(m—1). The branches are hence associated with a ® and ¥
of different cardinalities m. O

Proposition A5. Let Ry = (Vy, Ex, IT) and Ry = (Vy, Ey, ®) be transition models of two Markov chains over
n and m states, respectively, where m <n. Ry=(Vy, Eg, ®) is a joint model, with m~+n states. The systematic
underestimation of the information cost of the Shannon mutual information term in Definition 11 can be
second-order minimized by solving the following optimization problem

. ( Yty & i gilog (i /i) i1 D1 Yitii& (i tins Bipgin) <7, )
veRym \ + Y YLy it /2nlog(2)a | 0< 0k, i <1, Tply Gix=1, Tiy $ix=1
OcR*"

where f= oXite &) Xity Yilog (i /vi) /2n.

Proof. Let us assume that we approximate the marginal distribution 7} by 7/ =;+J7;, where v; is
the true marginal, with zero average over all possible realizations. There is hence an underestimation
of the Shannon mutual information E’" 1% Ximq ¥ log(w;; /i), which can be found by taking the
multi-order Taylor expansion about 7;,

S Ewton(%)+ £ 0 (2§ (L) )

=1 i=1 Ti p=2 P(P—l)] g(Z) ]p ! j=lw=1s
>itx'i¢i'10g<%>+l<i2i ”%S(iw %))
- j=1 ]i:1 ’ Yi zplog(z) j=lw=1s=1 lX] "

m n (l)l- . 1 m R/l -1 c )y
> . | /] 22 L0 i P Og(llh,] Yi) .
> ) L i Og< ) " 2plog@)”

For the last and second-to-last steps, we considered only the second-order Taylor series expansion
term. For the last step, we used the following equality Y"1 Y7 p; /0 = Ly Xy pi,].zlog(lﬁi,/ /%),

which is bounded below by b 4 L Vil (i /i) ere, pi; is the joint distribution of the
random variables. It can be seen that the Shannon mutual information term is underestimated
by 25714 Lim1 Viilog(¥i;/ 1) /5 p166(2) bits. The bound on the second-order Taylor expansion hence has
a rescaled slope.
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Plugging the augmented Shannon information term into the value of information Lagrangian,
in place of the original Shannon mutual information constraint, and solving yields following update
for Y,

r
¢1,] eXP <_ ﬁlog<2) (7771 1ins ],1 n 2 2 ;2 Yilis < Z ¢r,j57r>

js=1p=2 th]

1

p—1
T p1 Z Z Yi6YwPw,s ( 2 lpr,](S'Yr) )

(p— 1)')’1 w=1s=

where z is a normalization factor that ensures the entries of ¥ are probabilities. Considering only
the second-order terms from the Taylor expansion and using = oki=1 % R Vijlo8(Wii/ 1) 10y leads to a
second-order minimization of the underestimation of information. [

Proposition A6. Let Ry = (Vy, Ex, IT) be a transition model of a Markov chain with n states, where TT€ R ™"
is nearly completely decomposable into m Markov sub-chains.

(i) The associated low-order stochastic matrix ® € R""*™ found by solving the value of information is given
by ¢i; = ZZ::l 22;21 Tpiai Vpi/ ng Yq:, Where p;, q; represent state indices p=1, ..., n; associated with
block i, while q; represents a state index g=1, ..., n; into block j. The variable yp, =yp, (I1) denotes the
invariant-distribution probability of state p in block i of T1.

(i)  Suppose that yp,/ Yq! vq, = v, (1;) is approximated by the entries of the first left-eigenvector v*(1;) for
block i of IT*. We then have that

~ O(SZ)

1 1
7( Y. v (1) ) npi:‘?i) —y(IDY
pi=1 7;=1

1

where the first term is the invariant distribution of the low-order matrix «y(®), under the simplifying
assumption, and ¥ € R'*™ is the probabilistic partition matrix found by solving the value of information.

Proof. For part (i), we note that the aggregated stochastic matrix for nearly-completely decomposable
chains, obtained via @ =U "T1 and ® =0V, satisfies the implicit equation

m Mg
Prnj = Y. Y i pitn

k=1 }71':1

- 1)

.,")’ . .Bg(np AV 1m

where u;, = — lpﬁ;] Pi and ¢, i = e
q=1 quzl Ps0.0Vsq il Zs _ e P8V isg gl

In what follows, we want to assess the form of the aggregated stochastic matrix ® when it contains m
state groups. However, B dictates the number of state groups in a manner that is dependent on the
original stochastic matrix I'l. We therefore simply consider what happens when  is infinite and note
that the same expression for ® can be obtained for finite 8s. In the former case, we have that

]Ig(np,-,lzn/ﬂj,lcn) = minj/ g(npi,lznrﬂj’,lzn)’ypi

limgsoo 1, = T .
g=1 sq=1 g(nSq,lznlﬂq,lzn) = ming’ g(”s‘/],lzn/ﬁqfrl;y,),ysq

e_ﬁg(npi,l:nlﬂj,lm )—minj’ g(npi,lzn/ﬂ]",l;n)

lim = —
ﬁA)OO l)bpl'] m e_ﬁg(ﬂpi,lznlﬁq,l:n)_mln],g(npi,l:n/ﬁj/rl;n)

q=1
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where [ is the indicator function. Due to the nearly-completely decomposable structure of the Markov

chain, ]Ig(

="Yp,; Vj. Hence,

npi,l:nrﬁj/l:n):minj, g(n’pi,l:n,ﬁj/,l:n ) Vpi
]

y

. . . i YTpi

Mg 00 @i = (limg o ), )TTUMp oo 1) = Y S Y, Mpigs
pim1 i Vi gi=1

Part (ii) follows from the work of Courtois [21]. [
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