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REVERSIBLE MARKOV CHAINS AND SPANNING TREES
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Abstract

For a finite continuous-time Markov chain, we prove a sufficient condition for reversibility
in terms of a spanning tree and the corresponding fundamental cycles of the chain’s
transition graph. We demonstrate how this sufficient condition can be used to construct
reversible Markov chains given the transition graph.
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1. Introduction

In this paper we consider reversible continuous-time Markov chains; for a general back-
ground on Markov chains in continuous time, see, for example, [5]. We begin with a simple ex-
ample. Let X (¢), t > 0, be a birth—death process taking values in a finite set § = {0, 1, ..., N},
with birth rates {A;} and death rates {u;}, i € 4. The A; and u; are all positive except
Anv = o = 0. Let m(i) denote the stationary probabilities of X (). We then have the
following well-known formulae (see [5]):

i—1
n(i) =m0 [] Moo, (1)

=0 Mk+1

N i—1 )Lk —1
n(0)=<1+2n ) . 2)

iz ko M1

Denoting by ¢ (i, j) the entries of the generator of X (¢), we have

q,i+1) =4,
q@,i—1) = pu,
q(, j) =0, j#ELi—1,i+1.

It follows from (1) and (2) that 7 (i)g (i, j) = 7 (j)q(j,i) for all i, j € 4. For an irreducible
Markov chain, this relation is the definition of reversibility; thus, birth—death processes are
reversible continuous-time Markov chains. Obviously, for the process defined above, changing
the A; or w; will not affect reversibility. However, if the transition structure of a Markov chain is
more complex than that of a birth—death process, whether the chain is reversible or not depends
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on the actual values of the transition rates. In this paper, we study conditions of reversibility
for continuous-time Markov chains.

The notion of reversibility has proved to be very important for both the theory and the
applications of Markov chains; see [1], [6]. One of the reasons for this is the fact that many
problems which are difficult or even intractable in the general case can be (sometimes relatively
easily) solved for reversible Markov chains (see [ 1] and references cited therein). Anotherreason
is that some modeling problems require the use of reversible Markov chains. This is the case
in chemical physics since the property of reversibility is a reflection of the physical principle of
detailed balance (see [9]). As an example, we point out that reversible continuous-time Markov
chains are widely used in ion channel modeling as in [2], [3].

For a continuous-time Markov chain, it is indeed necessary to be able to establish that the
chain is reversible directly from its transition rates. The usual way of doing this is through
the use of Kolmogorov’s criterion: a Markov chain is reversible if and only if, for each cycle
in the state space, the product of the transition rates is independent of the direction in the
cycle (see [6]). In this paper we consider a sufficient condition for reversibility based on the
notions of a spanning tree and fundamental cycles of a graph. We call this the fundamental
cycle condition. We show that a Markov chain is reversible if the product of the transition rates
is independent of the direction in the cycle for all the fundamental cycles that correspond to
some spanning tree of the transition graph. The proof of the fundamental cycle condition that
we give here is independent of Kolmogorov’s criterion, allowing us to obtain the latter as a
simple corollary.

If we wish to use reversible continuous-time Markov chains for modeling the behaviour
of real-world systems, we need methods of constructing reversible Markov chains. Suppose
that we are given a transition graph that contains cycles. The objective is to give values to
the transition rates in such a way that the resulting chain is reversible. We show that the
fundamental cycle condition can be effectively used to solve this problem. It should be noted
that the discrete-time counterparts of our results can be easily obtained in a similar manner.

2. The fundamental cycle condition

In this section we prove the fundamental cycle condition. We first introduce some notation
and definitions. Let 4 denote an arbitrary finite set of numbers, with cardinality n > 2. Consider
ahomogeneous, continuous-time Markov chain, X (¢), ¢ > 0, with state space 4§ and irreducible
generator  whose entries we denote by ¢ (i, j), i, j € 4. Since the chain X (¢) is irreducible,
it has a unique stationary distribution, and the stationary probabilities are positive for every
state. Suppose that, wheneveri # j, g (i, j) > 0implies that g(j, i) > 0. Define the transition
graph, I', for the chain X (¢) as a nondirected graph with vertex set 4 and edge set & such that,
wheni # j, (i, j) € & if and only if g (i, j) > 0. Note that the graph I'" is connected.

Let A be a spanning tree of I with edge set £, and let Z(¢), ¢+ > 0, be a Markov chain
with transition graph A, the corresponding transition rates being equal to those of X (¢). Every
spanning tree of I" defines a system of fundamental cycles of I' (for a background on spanning
trees and fundamental cycles, see [4, Chapters 7 and 9]). For every edge (k,I) € § \ F, the
corresponding fundamental cycle is formed by (k, /) and the unique path in A from k to /.

We call the Markov chain X (¢) reversible if there exist positive numbers y (i), i € 4, such
that, for all i, j € &, y(i)q(i, j) = y(j)q(J, i); these are the well-known detailed balance
conditions. This definition of reversibility was used by Aldous and Fill [1] (see also references
cited therein); Kelly [6] gave a definition which involves time reversal and implied that the
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process is in equilibrium. Theorem 1.3 of [6] showed that these two definitions are closely
related. To formulate the fundamental cycle condition, we need the following condition.

Condition 1. Foracycleiy, iz, ..., ip,i1inT, the corresponding transition rates satisfy
qi1,i2)qi2,13) - qip—1,ip)qip, i1) = qi1,ip)qip, ip—1) -+ - q(i3,i2)q (@2, i1).  (3)

We shall assume that the numbers y (i) are such that ) ;_, ¥ (i) = 1. Itis easy to prove that
the probability vector y = [y (i)] is the stationary distribution of X (¢), that is, QTy =0. In
what follows we make use of the following important fact.

Proposition 1. (See [6, Lemma 1.5].) If T is a tree, then X (t) is reversible.
Proof. If T is a tree, then A = I', so we need to prove that Z () is reversible. Let r and v

be distinct states in 4, and let the path r, ji, jo, ..., j4, v be the unique path from r to v in A.
Define 7 (i), i € 4, by

B ’ 4
n(r) 1+ Zve&\{r} p(r, v) ( )
7() =) pr,v), ves\{rh 5)
where
p(r,v) = q(r, ingGis j2) - qGa—1, ja)gGa, v) o

~qGngGas 1) qGas ja=1q, ja)

The probability distribution r = [ (i)] satisfies the detailed balance conditions for Z(¢) (for
all pairs of adjacent vertices, consider the corresponding unique paths from » and use (4)—(6)).
Therefore, Z(t) is reversible.

Proposition 2. If X (¢) is reversible, then (4)—(6) also provide expressions for the stationary
probabilities of X (t).

Proof. Suppose that X (¢) is reversible, and consider the Markov chain Y (¢) whose transition
graph, E, is derived from I' by deleting one of the edges in & \ ¥ . Let the transition rates for
the edges in E be the same as for the corresponding edges in I'. It is clear that the stationary
distributions of X (¢) and Y (¢) coincide, since the stationary probabilities for X (¢) also satisfy
the detailed balance conditions for Y (¢). If we continue removing the edges belonging to & \ ¥,
we shall eventually obtain a Markov chain with transition graph A and stationary probabilities
given by (4)—(6); therefore, this is also the stationary distribution of X (¢).

It is worth noting that, for the stationary distribution of a reversible Markov chain, more
general formulae can be obtained (see [6, proof of Theorem 1.7]), but the tree formulae (4)—(6)
are of particular use if we want to construct a reversible Markov chain by giving values to the
transition rates for the edges in some spanning tree (see Sections 3 and 4).

Theorem 1. (The fundamental cycle condition.) The Markov chain X(t) is reversible if
Condition 1 is satisfied for every cycle in some system of fundamental cycles.
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Proof. Suppose that Condition 1 is satisfied for every cycle in the system of fundamental
cycles defined by A. As we have shown above, the chain Z(t) is reversible, that is, for all pairs
(i, j) € F, the detailed balance conditions are satisfied:

w()q, j) =m(q(j,1). )
For all k,1 € 4, there is a unique path in A from & to [, say k, i1, i2, ..., i, [. For this path,
from (7) we obtain that
.. q(i1, k)
wk) =m@1)———
qk,iy)
. qiz, iDg (i1, k)
=)

q (i, i2)q(k, i)

qU,ir)qGr,ir—1)---qi2,i1)q (1, k)

- - - — —. ®)
q(r,Dq(iy—1,iy)---q(i1,12)gk, 1)

=m(l)
Suppose now that (k, /) € & \ ¥. By the theorem’s assumption on the fundamental cycles,

q(k, i)q (i1, i2) - qlir—1,i)qr, D k) = U, ir)q Gy ir—1) - - - q (2, i1)q (1, K)g (K, D).

This, together with (8), gives w(k)q(k,l) = mw(l)q(l, k), which shows that the distribution
satisfies the detailed balance conditions for X (¢). Therefore, X (¢) is reversible.

Remark 1. The detailed balance conditions imply that, if X (¢) is reversible, then Condition 1

is satisfied for all cycles. Indeed, in this case, for the cycle i1, iz, ..., ip, i1, we have that
. . qi2,i1)
y() =y@2)——
q(i1,i2)

_ J/(1.3)Q(l'3, i2)q (i, i1)
q(iz, i3)q (i1, i2)

g, ip)qlp,ip—1)---q(i3,i2)q(i2, i1)
=y()——F— . —
qp,i1)qlp—1,ip) -+ qiz,i3)q (i1, i2)

which is equivalent to (3). Therefore, Kolmogorov’s criterion for reversibility (for a finite state
space) is a corollary to Theorem 1.

3. Constructing reversible Markov chains

One advantage of the fundamental cycle condition is that in many cases it is much easier to
check that Condition 1 holds for fundamental cycles than to check that it holds for all cycles in
the graph. Consider now the problem of constructing a reversible Markov chain, X (¢), given a
transition graph, I', that contains cycles. If we know a spanning tree, A, then we can express
the ratios of transition rates for the n — 1 edges in & \ ¥ in terms of the corresponding ratios
for the edges in ¥ using Condition 1 for the fundamental cycles. By Theorem 1, this will make
X (t) a reversible Markov chain, and the ratios of the transition rates that correspond to the
edges in ¥ can be arbitrary positive numbers. But is it possible to express some of the ratios
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for the edges that are not necessarily in & \ ¥ in terms of other such ratios if we know the
spanning tree A? Below we treat this question in a general setting.
Let m be the cardinality of &. The spanning tree A defines v =m —n + 1 > 1 fundamental

cycles ij1, i, ..., i1, i1 of length A; for I = 1, ..., v. Each of these cycles, together with
Condition 1, gives an equation for the corresponding transition rates: the fundamental cycle
i1, 12, ..., i1y, i has the corresponding equation

q(in, in)qn, i) - qn, in) 1
q (i, in)q s, i) -+ - qn, in,) ’

Denoting K (i, j) = log(q(i, j)/q(j, 1)), we arrive at the following system of linear algebraic
equations:
K1, i12) + K2, i13) + - -+ + K(i1n,, i11) =0,
K (i21,i22) + K (io2, i23) + - - - + K (i2p,, i21) =0,
(©))

K(ivh iv2) + K(iv2, iv3) +--- 4+ K(iv)»,)’ ivl) =0.

Now we number all the edges in & consecutively from 1 to m, and let n(i, j) be the number
of the edge (i, j). Define the vector k = [k(i)] of dimension m as follows: for all (i, j) € &,
set k(n(i, j)) equal to either K (i, j) or K(J, i) (the choice is free). Let ® = [¢(v, w)] be a
matrix of dimension v x m defined in the following way. For each (v, w), the entry ¢ (v, w)
corresponds to the vth fundamental cycle (the vth equation in (9)) and the wth edge of the
transition graph. Let (i, j) be the wth edge, i.e. n(i, j) = w. If (i, j) does not belong to the
vth fundamental cycle, then neither K (i, j) nor K (j, i) are terms in the vth equation in (9). In
this case, ¢ (v, w) = 0. Suppose now that K (7, j) is a term in the vth equation in (9). In this
case, if k(w) = K (i, j), then ¢ (v, w) = 1 and, if k(w) = K(j, i), then ¢ (v, w) = —1. The
system (9) can be written in the matrix—vector form

ok = 0. (10)

The rank of @ is equal to v since the columns of @ that correspond to the edges in & \ &
are linearly independent (every edge in & \ ¥ belongs to only one fundamental cycle). If we
find another system of v linearly independent columns of ®, then we can uniquely express the
corresponding values k(i) in terms of other such quantities, and our problem will be solved.
For example, consider the first v columns of ®, denoted by ¢(1), ¢(2), ..., ¢(v). Partition &
and kT as follows:

e=[d &], Kk =[k k']
where

d=[p() ¢ ... d0]. k' =[k() k@) ... kW]

and @ and k| account for the remaining entries. The system (10) can be written as
ok = —dk. (1n
If the columns ¢ (i) are linearly independent, then
k=-o"'ok. (12)

Using this expression, we determine k for arbitrary k.
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The following theorem provides a criterion for the linear independence of v columns of ®.

Theorem 2. Let A be a subset of & of cardinality v. The columns of ® that correspond to the
elements of A are linearly independent if and only if the edges in & \ A form a spanning tree
of .

Proof. Without loss of generality, consider the first v columns of ®. Suppose that the edges
that correspond to the columns of ® form a spanning tree of I". If we are given the ratios of the
transition rates for the edges in ¥, then, by using Condition 1 for the fundamental cycles, we
can find the corresponding ratios for the edges in & \ ¥ . In other words, the system (11) has
a unique solution, IAc, for every k. As is well known, a system of v linear algebraic equations
with v unknowns has a unique solution if and only if the matrix of coefficients of the system is
nonsingular. Hence, the columns of ® are linearly independent.

Suppose now that the columns of ® are linearly independent, and the edges that correspond
to the columns of @ do not form a spanning tree of I'. Then these edges form a graph, ©, with
m —v =n— 1edges and n’ < n vertices. A tree can be defined as a connected graph with u
vertices and u — 1 edges (see [4, Chapter 7]). If ® were a tree, it would be one spanning all
vertices of I, i.e. its spanning tree, which contradicts our assumption. Suppose that ® contains
C > 1 connected components each of which is a tree. Let these trees have ny, ..., nc vertices,
¢, ni = n’. In this case the number of edges in @ should be equal to

C C
Z(ni—1)=2n,-—C=n’—C.

i=1 i=1

This is less than the actual number n — 1; thus, we have come to a contradiction. Hence, at
least one connected component of ® is not a tree (this is also true if the connected component is
unique). A tree is a connected graph with no cycles; therefore, ® necessarily contains a cycle.

We now choose the transition rates for k in such a way that Condition 1 for this cycle is not
satisfied. But since the columns of @ are linearly independent, for this choice of k the system
(11) has a solution, IQ, and the chain X (¢) with the corresponding transition rates is reversible
by Theorem 1. Therefore, Condition 1 must be satisfied for all cycles in I' (see Remark 1). We
have come to a contradiction, which completes the proof.

Theorem 2 in fact states that the only consistent way to construct a reversible Markov chain
is to find a spanning tree and use Condition 1 for the fundamental cycles. But it also gives
more—it allows us to find (to guess) another spanning tree if we have already found one. This
may be useful in certain situations, for example if we want to replace some edges in A. And
if we have found another spanning tree, we do not need to determine the fundamental cycles
in order to construct a reversible Markov chain; all we have to do is use the corresponding
analogue of (12).

The fundamental cycle condition can be used to construct reversible Markov chains from
reversible Markov chains by changing some of the transition rates. Suppose that X (¢) is
reversible, and we change the ratio of the transition rates for some edge (i, j) € & What needs
to be done in order to preserve the property of reversibility? If we know the matrix ®, we can
then identify the fundamental cycles to which the edge (i, j) belongs, and change the transition
rates for the corresponding edges in & \ ¥ in order for Condition 1 to be satisfied for each of
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these cycles. The resulting Markov chain will be reversible by Theorem 1. If the fundamental
cycle to which the edge (i, j) belongs consists of edges that belong to no other cycle, then,
in order for Condition 1 to be satisfied, we may change the transition rates for any other edge
in this cycle. If the edge (i, j) does not belong to any fundamental cycle (the corresponding
column of @ is a zero vector), then changing the transition rates for this edge will not affect
reversibility.

Our spanning tree method can also be used to construct reversible Markov chains with a
given stationary distribution. If we have a probability distribution o, then we give values to
the transition rates for the edges in the spanning tree so that the detailed balance conditions are
satisfied for . Then, using Condition 1, we give values to the transition rates for the edges
which are not in the spanning tree. The resulting Markov chain is reversible, and its stationary
distribution is 0.

4. Finding a spanning tree

Christofides [4, Chapter 7] described an algorithm that generates all spanning trees of a
nondirected graph (for other algorithms, see references therein). So, if we do not want all
spanning trees, finding some spanning tree of a graph in not a problem (see also [8, Chapter 2]).
But we might be interested in the special case where the spanning tree has a linear structure. As
follows from (4)—(6), in this case, for the stationary distribution, we can obtain simple formulae,
which are similar to the expressions (1) and (2) for a birth—death process. It is easily seen that
finding such a spanning tree is equivalent to finding a Hamiltonian path, i.e. an elementary path
spanning all vertices of I". This problem also has an algorithmic solution; one of the possible
ways of solving it is considered below.

Consider the directed graph, T, obtained from I' by replacing each edge with a pair of arcs
having opposite orientations. Now add a vertex to I" and connect this vertex to every other vertex
with a pair of arcs having opposite orientations. In the resulting graph, A, it is possible to find
a Hamiltonian cycle (a simple cycle spanning all the vertices) or prove that it does not exist by
using one of the algorithms described in [4, Chapter 10]. The graph I contains a Hamiltonian
path if and only if A contains a Hamiltonian cycle. If we have found a Hamiltonian cycle in
A, then, removing the added vertex together with the incident arcs, we get a Hamiltonian path
in"and I'. Also, I' contains a Hamiltonian path if it contains a Hamiltonian cycle. It is worth
noting that methods for generating random spanning trees and Hamiltonian cycles exist (see,
for example, [7] and references cited therein).

If we are using the formulae (4)—(6) for the stationary distribution, we would probably want
to find a spanning tree in which the paths from the vertex » to other vertices are as short as
possible. Using Dijkstra’s algorithm [8, Chapter 3], it is possible to find the shortest paths from
r to all other vertices in I'. The edges in the corresponding paths in I" form a spanning tree of
I". It is also possible to choose r to be a centre of I, i.e. a vertex such that the distance from
this vertex to the farthest vertex is minimal [8, Chapter 8].

Sometimes we may need to establish that some set of edges forms a spanning tree of I'.
As stated above, if we have already found a spanning tree, then we can use Theorem 2. If we
have not, we can use the following criterion [10, Corollary 2 to Theorem 3.3.1]: n — 1 columns
of the incidence matrix of I" are linearly independent (using modulo 2 arithmetic) if and only
if the corresponding edges form a spanning tree of I'. It is clear that, if n >> v, then it may
be much more efficient to use Theorem 2. One important feature of Theorem 2 is that it is
formulated in terms of the usual arithmetic operations, which allows us to use standard linear
algebra routines.



114

A.Yu. MITROPHANOV

Acknowledgement

The author would like to thank the referee for helpful remarks which improved the presen-
tation.

(1]
(2]
(3]

(4]
(5]
(6]
(71

(8]
[9]
[10]

References

ALDOUS, D. J. AND FILL, J. A. (2004). Reversible Markov Chains and Random Walks on Graphs. In preparation.
Available at http://www.stat.berkeley.edu/users/aldous/.

BaLL, F. AND YEO, G. (2000). Superposition of spatially interacting aggregated continuous time Markov chains.
Methodol. Comput. Appl. Prob. 2, 93-116.

BaLL, F. G., MILNE, R. K. AND YEO, G. F. (2000). Stochastic models for systems of interacting ion channels.
IMA J. Math. Appl. Med. Biol. 17, 263-293.

CHRISTOFIDES, N. (1975). Graph Theory. An Algorithmic Approach. Academic Press, London.

KARLIN, S. (1967). A First Course in Stochastic Processes. Academic Press, London.

KELLY, F. P. (1979). Reversibility and Stochastic Networks. John Wiley, London.

MARCHAL, P. (2000). Loop-erased random walks, spanning trees and Hamiltonian cycles. Electron. Commun.
Prob. 5,39-50.

MINIEKA, E. (1978). Optimization Algorithms for Networks and Graphs. Marcel Dekker, New York.

VAN KAMPEN, N. G. (1981). Stochastic Processes in Physics and Chemistry. North-Holland, Amsterdam.
ZYKOV, A. A. (1987). Foundations of Graph Theory. Nauka, Moscow (in Russian).



