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Abstract

We consider estimation of the emission parameters in hidden Markov models. Commonly,
one uses the EM algorithm for this purpose. However, our primary motivation is the Philips
speech recognition system wherein the EM algorithm is replaced by the Viterbi training
algorithm. Viterbi training is faster and computationally less involved than EM, but it is
also biased and need not even be consistent. For this reason we propose an alternative to
the Viterbi training — adjusted Viterbi training — that has the same order of computational
complexity as Viterbi training but gives more accurate estimators. Elsewhere, we studied the
adjusted Viterbi training for a special case of mixtures with relevant simulations ascertaining
the theory. This paper shows how the adjusted Viterbi training is also possible for more
general hidden Markov models.
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1 Introduction

We consider a set of procedures to estimate the emission parameters of a finite state hid-
den Markov model given observations 1, ..., x,. Thus, Y is a Markov chain with (finite)
state space S, transition matrix (P;;), and initial distribution 7. To every state [ € S
there corresponds an emission distribution P, with density f; that is known up to the
parametrization f;(x;6;). When Y reaches state [, an observation according to P, and
independent of everything else, is emitted.

The standard method for finding the maximum likelihood estimator of the emission
parameters #; is the EM-algorithm that in the present context is also known as the
Baum-Welch or forward-backward algorithm [1, 2,7, 8, 15,16]. Since the EM-algorithm
can in practice be slow and computationally expensive, one seeks reasonable alterna-
tives. One such alternative is Viterbi training (VT). VT is used in speech recognition
7, 12, 16, 17, 18, 19], natural language modeling [13], image analysis [11], bioinformat-
ics [4, 14]. We are also motivated by connections with constrained vector quantization
13,5]. The basic idea behind VT is to replace the computationally costly expectation (E)
step of the EM-algorithm by an appropriate maximization step with fewer and simpler
computations. In speech recognition, essentially the same training procedure was already
described by L. Rabiner et al. in [9, 17] (see also [15, 16]). Rabiner considered this proce-
dure as a variation of the Lloyd algorithm used in vector quantization, referring to Viterbi
training as the segmential K-means training. The analogy with the vector quantization is
especially pronounced when the underlying chain is simply a sequence of i.i.d. variables,
observations on which are consequently an i.7.d. sample from a mixture distribution. For
such mixture models, VT was also described by R. Gray et al. in [3], where the training
algorithm was considered in the vector quantization context under the name of entropy
constrained vector quantization (ECVQ).

The VT algorithm for estimation of the emission parameters of the hidden Markov model
can be described as follows. Using some initial values for the parameters, find a realization
of Y that maximizes the likelihood of the given observations. Such an n-tuple of states is
called a Viterbi alignment. Every Viterbi alignment partitions the sample into subsam-
ples corresponding to the states appearing in the alignment. A subsample corresponding
to state [ is regarded as an i.i.d. sample from P, and is used to find fi;, the maximum
likelihood estimate of ;. These estimates are then used to find an alignment in the next
step of the training, and so on. It can be shown that in general this procedure converges
in finitely many steps; also, it is usually much faster than the EM-algorithm.

Although VT is computationally feasible and converges fast, it has a significant dis-
advantage: The obtained estimators need not be (local) maximum likelihood estimators;
moreover, they are generally biased and inconsistent. (VT does not necessarily increase
the likelihood, it is, however, an ascent algorithm maximizing a certain other objective
function.) Despite this deficiency, speech recognition experiments do not show any signif-
icant degradation of the recognition performance when the EM algorithm is replaced by
VT. There appears no other explanation of this phenomena but the “curse of complexity”



of the very speech recognition system based on HMM.

This paper considers VT largely outside the speech recognition context. We regard the
VT procedure merely as a parameter estimation method, and we address the following
question: Is it possible to adjust VT in such a way that the adjusted training still has
the attractive properties of VT (fast convergence and computational feasibility) and that
the estimators are, at the same time, “more accurate” than those of the baseline proce-
dure? In particular, we focus on a special property of the EM algorithm that VT lacks.
This property ensures that the true parameters are asymptotically a fixed point of the
algorithm. In other words, for a sufficiently large sample, the EM algorithm ”recognizes”
the true parameters and does not change them much. VT does not have this property;
even when the initial parameters are correct (and n is arbitrarily large), an iteration of
the training procedure would in general disturb them. We thus attempt to modify VT in
order to make the true parameters an asymptotic fized point of the resulting algorithm.
In accomplishing this task it is crucial to understand the asymptotic behavior of P/, the
empirical measures corresponding to the subsamples obtained from the alignment. These
measures depend on the set of parameters used by the alignment, and in order for the
true parameters to be asymptotically fixed by (adjusted) VT, the following must hold:
If A" is obtained by the alignment with the true parameters, and n is sufficiently large,
then i, the estimator obtained from P/, must be close to the true parameters. The latter
would hold if

P'= P, as. (1)

and if the estimators [i; were continuou@ at P, with respect to the convergence in (1). The
reason why VT does not enjoy the desired fixed point property is, however, different and is
that (1) need not in generally hold. Hence, in order to improve VT in the aforementioned
sense, one needs to study the asymptotics of the measures P/*. First of all, one needs to
know if there exists any limiting probability measures (); such that for every [ € S

P'=Q;, e85 as. (2)

If such limiting measures exist, then under the above continuity assumption, the estima-
tors fi; will converge to p;, where

pi = argmax / In fi(6h, ©)Qi(dx).

Taking now into account the difference between p; and the true parameter, the appropri-
ate adjustment of VT, so called adjusted Viterbi training (VA) can be defined (§2.2).

Let us briefly introduce the main ideas of the paper. Let X stand for the observable
subprocess of our HMM. The core of the problem is that the alignment is not defined for
infinite sequences of observations, hence the asymptotic behavior of P is not straight-
forward. To handle this, we introduce the notion of barrier (§3). Roughly, a barrier
is a block of observations from a predefined cylinder set that has the following prop-
erty: Alignments for contiguous subsequences of observations enclosed by barriers can be

Loosely speaking, the requirement is that ji; is consistent.



performed independently of the observations outside these enclosing barriers. A simple
example of a barrier is an observation z that determines, or indicates, the underlying
state: x, = 2z = y, = [, v < n. This happens if z can only be emitted from [. This also
implies that any Viterbi alignment has to pass through [ at time u, and in particular, the
alignment up to u does not depend on the observations after time u. If a realization had
many such special z’s, then the alignment could be obtained piecewise, gluing together
subalignments each for each segment enclosed by two consequitive z’s.

Barriers are a generalization of this concept. A barrier is characterized by containing
a special observation termed a node (of order r > 0). Suppose a barrier is observed with
x, being its node. Now, the definition of the node guarantees the existence of state [ such
that any alignment passes through [ at time u independently of the observations outside
the barrier.

In Lemma 3.1, we prove (under certain assumptions) the existence of a special subse-
quence, or a block, of Y states such first, the subsequence itself occurs with a positive
probability, and second, with a positive probability, it emmits a barrier. Hence, by ergod-
icity of the full HMM process, almost every sequence of observations has infinitely many
barriers emitted from this special block. Next, we introduce random times 7;’s at which
such nodes are emitted. Note that 7;’s are unobservable: We do observe the barriers but
without knowing whether or not the underlying MC is passing throught that special block
at the same time. It is, However, not difficult to see that the times T; = 7; — 7,_; are
renewal times, and furthemore, the process X is regenerative with respect to the times 7;

(Proposition .

Recall that almost every sequence of observations has infinitely many barriers and that
every barrier contains a node. For a generic such sequence, let u; be the times of its nodes.
Note that u;-s are observable and that also every for all j = 1,2,..., 7; = u; for some ¢ > j
(there may be more nodes than those emitted from the special block). Using these u;’s as
dividors, we define infinite alignment piecewise (Definition . Formally we have defined
a mapping v : X*° — §°°, where X'* is the set of all possible observation sequences, and
S is the set of all possible state-sequences. Hence, V' = v(X) is a well defined alignment
process. We consider the two-dimensional process Z := (X, V), and we note that this
process is also regenerative with respect to 7;’'s. We now define empirical measures )}
that are based on the first n elements of Z (Definition [4.2). Using the regenerativity, it
is not hard to show that there exists a limit measure (); such that Q] = @, a.s and
P = @, (Theorem [4.4). This is the main result of the paper.

To implement VA in practice, a closed form of @Q); (or [i;) as a function of the true pa-
rameters is necessary. The measures (); depend on both the transition and the emission
parameters, and computing (); can be very difficult. However, in the special case of mix-
ture models, the measures ); are easier to find. In [10], VA is described for the mixture
case. The simulations in [10] verify that VA indeed recovers the asymptotic fixed point
property. Also, since the appropriate adjustment function does not depend on the data,



each iteration of VA enjoys the same order of computational complexity (in terms of the
sample size) as the baseline VT. Moreover, for commonly used mixtures, such as, for
example mixtures of multivariate normal distributions with unknown means and known
covariances, the adjustment function is available in a closed form requiring integration
with the mixture densities. Depending on the dimension of the emission, the number of
components, and on the available computational resources, one can vary the accuracy of
the adjustment. We reiterate that, unlike the computations of the EM algorithm, com-
putations of our adjustment do not involve evaluation and subsequent summation of the
mixture density at every data point. Also, instead of calculating the measures (); exactly,
one can easily simulate them producing in effect a stochastic version of VA. Although
simulations do require extra computations, the overall complexity of the stochastically
adjusted VT can still be considerably lower than that of EM, but this, of course, requires
further investigation.



2 Adjusted Viterbi training

In this section, we define the adjusted Viterbi training and we state the main question of
the paper. We begin with the formal definition of the model.

2.1 The model

Let Y be a Markov chain with finite state space S = {1,..., K'}. We assume that Y is
irreducible and aperiodic with transition matrix P = (p;;) and initial distribution 7 that
is also the stationary distribution of Y. We consider the hidden Markov model (HMM),
in which to every state [ € S there corresponds an emission distribution P, on (X,B). We
assume X and B to be a separable metric space and the corresponding Borel o-algebra,
respectively. Let f; be the density of P, with respect to some reference measure A\ on
(X, B), which one for concreteness may want to specialize to the Lebesgue measure.

In our model, to any realization yi,ys.,... of Y there corresponds a sequence of inde-
pendent random variables, X, Xs,..., where X,, has the distribution FP,,. We do not
know the realizations y, (the Markov chain Y is hidden), as we only observe the process
X = Xi, X, ..., or, more formally:

Definition 2.1 We say that the stochastic process X is a hidden Markov model if there
is a (measurable) function f such that for each n,

X, = f(Yn,en), where ey, es, ... arei.i.d. and independent of Y. (3)

Hence, the emission distribution P, is the distribution of f(l,e,). The distribution of X
is completely determined by the chain parameters (P,7) and the emission distributions
P, 1 € S. Moreover, the processes Y and X have the following properties:

e given Y,,, the observation X,, is independent of Y,,, m # n. Thus, the conditional
distribution of X,, given Y;,Y5 ... depends on Y,, only;

e the conditional distribution of X, given Y,, depends only on the state of Y,, and not
on n;

e given Yq,...,Y,, the random variables X1,..., X, are independent.

The process X is also mixing and, therefore, ergodic.

2.2 Viterbi alignment and training

Suppose we observe xy,...,x,, the first n elements of X. Throughout the paper, we
will also use the shorter notation x; _,. A central concept of the paper is the Viterb:
alignment, which is any sequence of states ¢;., € S™ that maximizes the likelihood of
observing z_,. In other words, the Viterbi alignment is a maximum-likelihood estimate
of the realization of Yi,... Y, given x,...,x,. In the following, the Viterbi alignment



will be referred to as the alignment. We start with the formal definition of the alignment.
First note that for any sequence q;._,, € S™ of states and sets B, e Bi=1,...,n,

P(Xl € B17"'7Xn € Bn7Y1 :q17"'7Yn ZQTL) :P(}/l _q177Yn_qn)H/ fqid>\7
i=1 Y Bi
and define A(qy, ..., qn;21,...,x,) to be the likelihood function:

def . 2
A(Ql...n; xl...n) = P(Y; =i 1= 17 ce >n) H qu(xl)
=1

Definition 2.2 For each n > 1, let the set of all the alignments be defined as follows:
V(zi.n) ={veS": Yw e S" Av;z1.n) 2 AMw;21..0)}- (4)

Any map v : X" — V(x1._,) as well as any element v € V(z1,...,x,) will also be called
an alignment.

Note that alignments require the knowledge of all the parameters of X: (m, P) and P,
Vi e S.

Throughout the paper we assume that the sample x;_ is generated by an HMM with
transition parameters (m, P) and with the emission distributions f;(x;6}), where 6* =
(07, ...,05) are the unknown true parameters. We assume that the transition parameters
P and 7 are known, but the emission densities are known only up to the parametrization
fi(:0;), 0, € ©,. In this case, the likelihood function A as well as the set of alignments
VY can be viewed as a function of #. In the following, we shall write Vy for the set of
alignments using the parameters 6. Also, unless explicitly specified, vy € V, will denote
an arbitrary element of V.

The classical method for computing MLE of 6* is the EM algorithm. However, if the
dimension of X is high, n is big and f;’s are complex, then EM can be (and often is)
computationally involved. For this reason, a shortcut, the so-called Viterbi training is
used. The Viterbi training replaces the computationally expensive expectation (E-)step
by an appropriate maximization step that is based on the alignment, and is generally
computationally cheaper in practice than the expectation. We now describe the Viterbi
training in the HMM case.

Viterbi training

1. Choose an initial value 6° = (05, ...,0%).

2. Given 6/, obtain alignment



and partition the sample zy,...,x, into K sub-samples, where the observation x
belongs to the (" subsample if and only if v, = I. Equivalently, we define (at most)
K empirical measures

A : > iy Lasa(i, i)
PrA; 0 2y ) = = , AeB, [e€&s. 5
A t.n) > iz Li(vi) )

3. For every sub-sample find MLE given by:

/iln(ej, Ty.n) = arg gneg(/ln fl(gl,x)]f’l"(d:c; 9j7$1...n)7 (6)
€0,
and take ' |
el]+1 = /21(937551...11)7 l c S

If for some [ € S v; # [ for any i = 1,...,n (I** subsample is empty), then the

empirical measure pl" is formally undefined, in which case we take 67 = Qlj . We
will be omitting this exceptional case from now on.

The Viterbi training can be interpreted as follows. Suppose that at some step j, 67 = 6*
and hence vy; is obtained using the true parameters. The training is then based on the
assumption that the alignment vy _,, = v(z._,) is correct, i.e., v; = Y;, i = 1,...,n. In this
case, the empirical measures ]51", [ € S would be obtained from the i.i.d. sample generated
from P, (6*), and the MLE £,"(0*, X _,) would be a natural estimator to use. Clearly,
under these assumptions (0%, X;_,,) = P(6*) a.s. ("= denotes the weak convergence
of probability measures) and, provided that {f;(;6) : 6 € ©,;} is a P-Glivenko-Cantelli
class and O, is equipped with some suitable metric, lim,, ., 4"(0*, X1_,) = 0; a.s. Hence,
if n is sufficiently large, then ]5[‘ ~ P, and

07 = (0 2y ) =0 =0, VI
i.e. 7 = 0* would be (approximately) a fixed point of the training algorithm.

A weak point of the foregoing argument is that the alignment in general is not correct
even when the parameters used to find it, are. So, generally v; # Y;. In particular, this
implies that the empirical measures P"(6*,x;._,) are not obtained from an i.i.d. sample
from P,(6*). Hence, we have no reason to believe that E”(G*,len) = P(0*) a.s. and
lim,, o0 (27 (6%, X1. ) = 0f a.s. Moreover, we do not even know whether the sequences of
empirical measures {P(6*, X, )} and MLE estimators {/}(6*, X1.,)} converge (a.s.)
at all.

In this paper, we prove the existence of probability measures Q;(6,6*) (that depend on
both #, the parameters used to obtain the alignments, as well as #*, the true parameters
used to generate the training samples), [ € S, such that for every I

~

PMO*, X1 ) = Qu(07,07), as. (7)



for a special choice of the alignment vg« € Vy« used to define pl”(ﬁ*, z1.n)- (In fact, adding
certain mild restrictions on P;, one can eliminate the dependence of the above result on
the particular choice of the alignment vy« € Vp«.) We will also be writing Q,(6) for Q,(6, 0)
whenever appropriate.
Suppose also that the parameter space ©; is equipped with some metric. Then, under
certain consistency assumptions on classes F; = {f1(0;) : 0, € ©,}, the convergence
lim ﬂl(e*,len) = /,61(9*) a.s. (8)

n—od

can be deduced from (7), where

u(0) < arg max / In fi(; 6) Qi (dx; 6). (9)

9;6@;

We also show that in general, for the baseline Viterbi training @Q;(0*) # F,(0*), implying
w(6%) # 07, In an attempt to reduce the bias 6 — p;(0*), we next propose the adjusted
Viterbt training.

Suppose (7) and (8) hold. Based on (9), we now consider the mapping
O (), [=1,...,K, (10)

The calculation of 1;(#) can be rather involved and it may have no closed form. Nonethe-
less, since this function is independent of the sample, we can define the following correction
for the bias:

Al(Q)zﬁl—m(H), lzl,,K (11)

Thus, the adjusted Viterbi training emerges as follows:

Adjusted Viterbi training

1. Choose an initial value §° = (62,...,6%).

2. Given 67, perform the alignment and define K empirical measures ]5[‘(93' ,0%) as in

).
3. For every P09,z ), find 47 (69, x_,) as in (6).

4. For each [, define ' 4 )
07 = (07, 21.0) + Ai(67),

where A; as in (11)).
Note that, as desired, for a sufficiently large n, the adjusted training algorithm has 6* as its
(approximately) fixed point: Indeed, suppose 67 = 6%, then (67,21 ) = (0%, 21 ).
Recalling (8), it then follows that 4"(6*, z1._,) ~ w(6*) = w(67), for all [ € S. Hence,

07" = (0, 21.0) + N(07) = u(07) + A7) = 0 = 07, L €S (12)



In [10], we considered i.i.d. sequence Xi, X, ..., where X; has a mixture distribution,
i.e. the density of X; is Zfil pifi- Here p; > 0 are the mixture weights. Such a se-
quence is an HMM with the transition matrix satisfying p;; = p; V4,j. In this partic-
ular case, the alignment and the measures (); are easy to find. Indeed, for any set of
parameters 0 = (6y,...0k), the alignment vy can be obtained via a Voronoi partition

S(0) = {S,(0),...,Sx(0)}, where

S1(0) = {z : prfi(x;01) > p; fi(%:0;), Vi€ S} (13)
Si0) ={z :pifilx;0) > pifi(x;0;), VieSIN(S1U...US), [=2,...,K. (14)

Now, the alignment can be defined pointwise as follows: vg(x1,...,2,) = vg(x1) - - - vo(xy),
where vg(x) = [ if and only if z € S;(9).

The convergence now follows immediately from the strong law of large numbers as
H"(Q*,len) = Q;(0*) a.s., where

q(@;0%) o< fa;0%) g9+ = (Zpifi(x;e*))lsl(g*), l=1,....K

are the densities of respective Q;(0%).

Thus, in the special case of mixtures, the adjustments A; are easy to calculate and the
adjusted Viterbi training is easy to implement. Simulations in [10] have largely supported
the expected gain in estimation accuracy due to the adjustment A with a small extra
cost for computing A. Indeed, this extra computation does not affect the algorithm’s
overall computational complexity as a function of the sample size, since A depends on
the training sample only through 67, the current value of the parameter.

Due to the time-dependence in the general HMM, the convergence (7)) does not follow
immediately from the law of large numbers. However, the very concept of the adjusted
Viterbi training is based on the existence of the ();-measures. Thus, in order to generalize
this concept to an arbitrary HMM, one has to begin with the existence of the );-measures,
which is the objective of this paper.
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3 Nodes and barriers

In this section, we present some preliminaries that will allow us to prove the convergences
(7) and (8). We choose to introduce the necessary concepts gradually, building up the
general notions on special cases that we find more intuitive and insightful. For a compre-
hensive introduction to HMM’s and related topics we refer to [7,/15, 16], and an overview
of the basic concepts related to HMM’s follows below in §3.1. We then proceed to the
notion of infinite (Viterbi) alignment (§4.2)), developing on the way several auxiliary no-
tions such as nodes and barriers.

Throughout the rest of this section, we will be writing f; and V for fi(-;6;), the true
emission distributions, and Vy«, the set of alignments with the true parameters, respec-
tively.

3.1 Nodes
3.1.1 Preliminaries

Let 1 <uyp < ug < ... <wu, <n. Given any sequence a = (ai,...,ay), Write a,,. ., for
(Gyys - -, Gy, ) and define also the following objects:

St () S Ly e 5™ vy = (s 1))

UL ... Uk

Next, given observations x;_,, let us introduce the set of constrained likelihood maximiz-
ers defined below:

W (zy n) = {v e S(n):Vw e S (n) Av;zy ) > AMw;z1.,)}.

Next, define the scores
01 (u) ' max Ag; 1 0), (15)
qeSt (u)
and notice the trivial case: 0;(1) = mfi(z1). Then, we have the following recursion (see,
for example, [16]):

85+ 1) = max(&w)py) fy (). (16)

The Viterbi training as well as the Viterbi alignment inherit their names from the Viterbi
algorithm, which is a dynamic programming algorithm for finding v € V(1. ,). In fact,
due to potential non-uniqueness of such v, the Viterbi algorithm requires a selection rule
as part of its specification. However, for our purposes we will often be manipulating by
V(x1..,) as opposed to by individual v’s, in which case we will also be identifying the
entire V(1. ,) with the output of the algorithm. This algorithm is based on recursion
(16) and on the following relations:

t(u,j) ={l € §:¥ie S a(up; = &(wpi}, uw=1,...,n—1, (17)
V(r1.n)={veS":0,,(n) > dn) Vies v, € t(u, qu) 1 <u<n}. (18)

11



It can also be shown that
Wz ) ={veS(n): vy €t(u,vup) u=1,...,n—1}. (19)
We shall also need the following notation:

VzlLllquzk ('rln) - {U S V(Iln) S Vuiuig.uy, = (l17 R lk)}

and will use subscript (I) to refer to alignments obtained using (p;;)ies (instead of ) as
the initial distribution. Thus V) (21..,) stands for the set of all such alignments, and

V(l)gllzk (xln) = {U € V(l)('rln) : Uuiuiﬂu.uk = (lla s 7lk:)}

Similarly, W(l)ijl'::.lzk (x1..,) will be referring to the constrained alignments obtained using

(p1i)ies as the initial distribution. The following Proposition and Corollary reveal more
structure of the alignments.

Proposition 3.1 Let 1 < u < n, then

qu(xln) = W, (21.4) X V(l)<x’u+1.“n)7 (20)
Vi(ifln) 7é 0= Vi<xln) = Wi($1n) (21)

Proof. The Markov property implies: for any ¢ = (q1,...,qn)-

where .
A(qu—i-lna zu—i—ln“) = P(Yu—i-ln = QU+1n’Yu = l) H fqz(zz)
i=u+1

Thus, (20) follows from the equivalence between maximizing A(q; ;. ,) over S.(n) on
one hand, and maximizing A(q_u;%1.0) and A(Guit.n; Tu.n|l) over S** and S!(n),
respectively and independently, on the other. (21) follows immediately from the definitions
of the involved sets. m

Corollary 3.1

Vi(‘“ﬂ) # 0 and Vi(xlu) # 0= V’lll,(‘rln> = Vi(xlu) X V(l)(th-&-l.un)' (22)

Proof. The hypotheses of (22) together with (21) imply V.(z1.,) = W!(x;. ,) and
V! (z1.4) = W (21, ). The latter statements and (20) yield the claim. m

3.1.2 Nodes and alignment

We aim at extending the notion of alignment for infinite HMM’s. In order to fulfil this
objective, we investigate properties of finite alignments (e.g. Propositions and
and identify necessary ingredients (e.g. “node”, and “barrier”) for the development of the
extended theory. We start with the notion of nodes:

12



— O ct» W\

v =2 ve=1 wv3=2 Uyl =2 Vy =2 Uyy1 =1 Up1 =3 Up = 2

Figure 1: An example of the Viterbi algorithm in action. The solid line corresponds to the final
alignment v;_,. The dashed links are of the form (k,1) — (k+ 1, ) with [ € t(k, j) and are not
part of the final alignment. E.g., (1,3) — (2,2) — (3,3) is because 3 € ¢(1,2), 2 € #(2,3). The
observation z,, is a 2-node, since we have 2 € t(u,j) Vj € S. We also see that vy_,, is fized.

Definition 3.1 For 1 < u < n, we call x,, an l-node if

S(uw)p; > 0;(w)pi;, Yi,j e S. (23)
We also say that x, is a node if it is an [-node for somel € S.
Figure 1 illustrates the newly introduced notion.

Proposition 3.2

T, 18 an l-node <= 1€ t(u,j) Vj € S, (24)
= V(wia) #0, (25)
= Yo eV(ry,), Y € V(21 W) (v* Vus1.m) € V(1 0), (26)
= Right hand side of (22). (28)

Whether ., is a node does not depend on x;, © > u.

Proof. The final statement follows immediately from Definition and (15)), and
also follows immediately from Definition and (17). Summing both sides of (23) over
7 €S, we obtain

o(u) =2 6;(u), Vi€Ss, (29)

hence, (25) holds by (18). Note that (26) means that any alignment v € V(z;_,,) can be
modified by setting v, = [ and taking v} € t(i,v;41) for i = u —1,u —2,...,1, and the
modified string remains an alignment, i.e. belongs to V(z1_,). Such a modification is

13



evidently always possible, i.e., (v*,vy41..) is well-defined since V' (x1._,) # 0. For u =n
this holds trivially, for u < n this follows from (24) (as the latter implies | € ¢(u, vy11)
for any value of v,1), and (18). Also, (26) implies (27). Finally, given (25) and (27),
Corollary yields (28)). m

Remark 3.2 Note that a modification of v € V(1. ., ) possibly required to enforce v, =1
when x, is an l-node (see proof of (26) above) depends only on 1, ...,y 1. Thus, if x,
is an l-node and if v* € V(21 4, ), then for any n > u and any T, 1, .., T, always

guarantees an alignment v € V(x1,_,) with vy, = v*, in which case we can call v* fixed,

meaning that v* can be kept as the substring of the first u components for any alignment
based on the extended observations.

The fact that v € V(z1.,) in general does not imply v, € V(x1.,) complicates the
structure of the alignments and furthermore emphasizes the significance of nodes in view

of and Remark

Corollary 3.2 Suppose the observations x1, ..., x, are such that for some 1 < uy < ug <
- <up <n, the observations x,,, are l;-nodes, 1 =1,...,k —1. Then

@ ?é Vlll,lll’i;-.-l-]’cuk (x1n> =
= Vill<$1-..u1) X V(ll)li2 (Tug41.up) X 0 X V(lkfl)lzk (Tup_ 1 41.) X Vi) (@upt1..m)- (30)
Proof. By (25),
Vi(o1.0,) #0, i=1,...k

By (27)
Vi (@1.0) 0, V() #0 i=1,... k-1

From (26)), it now follows
VE (21 ) #0, i=2,...k—1.

Wi Wit1

Now use (22) to decompose

Use (22) again to decompose

_ _ l
Vilﬁc,lllﬁk (xlwg) = Vii,ll (Il...uk_l) X V(lk,_l);z]C (xuk—1+1---u/rg)'

Proceeding this way, we obtain (30). m

Corollary guarantees the existence of an alignment v(z;_,) that can be constructed
piecewise, i.e.

(/017 R ,Uk+1) S V(mln)a (31)
where

l l l
v € Vull (xl...u1)> Vg € V(h)ig (-Iul—i—l..,uz)a ce, U € V(lk,l)ukk (-Iuk,l—i-l..,uk.)avk—i-l € V(lk)(ajuk—ﬁ—lun)
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3.1.3 Proper alignment

If the sets V(liil)zi(xui_ﬁlmui), i=2,...,k as well as V,)(Zu,+1..n) have a single element
each, then the concatenation (31) is unique. Otherwise, a single v; will need to be selected
from V(li_l)lqii(xm—1+1mui)' Thus, suppose that (Tu,_,41..4;) = (Tu;_141.4;), and l; =
for some j # i. Ignoring the fact that the actual probability of such realizations may
well be zero in most cases, for technical reasons we are nonetheless going to be general
and require that the selection from any V(q)ul . A(xu+1,._u+A) for which z, and z,,. A are
g and [ nodes, respectively, be made independently of u. To achieve this, we impose

the following (formally even more restrictive) condition on admissible selection schemes
{wt(zy m) : R™ — W(q)él(azlmm), m=1,...,n, q,l € S}

Vg, VL€ S, Ym <n, Vo, _, €R": wy_, = w21 ) = wi_pm = W (21 ). (32)

The condition (32) above simply states that the ties are broken consistently.

Definition 3.3 The alignment (31) based on ly,. ..l nodes x,,, ..., x,
if for everyt=2,...k—1

. s called proper

Lil;
Uy =W et (ajui+1...ui+1)7

where {w®(z1. ) : R™ — W(q)fﬂ(xl_,_m), m=1,...,n, q,l € S} is some selection scheme
satisfying (32).

Clearly, there may be many such selection schemes and the following discussion is valid
for all of them (provided the choice is fixed throughout). One such selection scheme is
based on taking maxima under the reverse lexicographic order on S™ (for any positive
integer m). According to this order <, for a,b € S™, a < b if and only if for some i,
1 <i<m,a; <b and a; =b; for j =i+ 1,...,m. (Clearly, if neither ¢ < b nor b < a,
then a; = b; for j = 1,...,m, in which case a and b are defined equal for this order.) It
is immediate to verify that holds for

w (21 m) “ max. Wigm(@1.m), 1<m <n, q,l €8S. (33)

For the sake of concreteness, we are going to refer to this particular selection scheme as
the selection and base all proper alignments on it. Also, since Definition does not
concern the initial or terminal components of the concatenated alignment (31), we extend
the selection (again, purely for the sake of concreteness of the presentation) to the initial

and terminal components of the concatenated alignment (31). Thus, to specify the initial

component we have w™(x1._,) def max W' (21.m), 1 <m < n, forall l € S and for

all 7, probability mass functions on S. To be concise, we will write VW for the selected
element of W for any W C S™ (where W generally depends on z._,,). In particular, the
final component is then specified via V1 (T1..m)-

Example 3.4 Consider an i.i.d. sequence Xy, Xs,..., where X1 has a mizture distribu-
tion, i.e. the density of X1 is Zfilpzfz Here p; > 0 are the mixture weights. Such a
sequence is an HMM with the transition matriz satisfying p;; = p; Vi,j. In this case, an
observation x, is an l-node if

o(u) > di(u), Vi
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In particular, this means that every observation is an l-node for some |l € S. Then (16)
becomes

i(u+1) = mjaX(% (W)pifi(Turr) X pifi(uyr), Vi
and
G(u) > 0i(u), Vi <= pfilz.) > pifi(ra), Vi (34)

Thus, in a mizture-model, any observation x.,, is a node, more precisely it is an [-node for
any | = argmax; (p;f;(z,)). For this model, the alignment can naturally be concatenated
pointwise: v(xy ) = (v(x1),...,v(x,)), where

v(z) = arg mlaxpifi(m)- (35)

The alignment will be proper if ties in (35) are broken consistently, which is, for ezample,
the case when using the selection .

3.2 rt"-order nodes

The concept of nodes is both important and rich, but the existence of a node can also be
restrictive in the following sense: Suppose x;_,, is such that d;(u) > 0 for every ¢. In this
case, (23) is equivalent to

o(u) > max (mjax (g—jj) 5Z(u)>

and actually implies p;; > 0 for every j € S. Hence, one cannot guarantee the existence
of an [-node for an arbitrary emission distribution since an ergodic P in general can have
a zero in every row, violating the above positivity constraint on the {** row of P. We
now generalize the notion of nodes in order to eliminate the aforementioned positivity
constraint and to still enjoy the desirable properties of nodes. We need some additional
definitions: For each u > 1 and r > 1, let

pz(;) (u) = qlm.ae%qr Pigy far (Tut1)Parga fas (Tut2)Pasgs - - - Par—vgv fa (Tutr)Pg,j- (36)

Also, for each u > 1 define pg»)) (u) = pi;, and notice

(r)

pij (u) = max pig(u) (w1 )pg; (1 + 1),

The recursion (16)) then generalizes to
di(u+1) = m;cmx(di(u — r)pl(;)(u — 7)) fi(@us1), T <u.

For r > 1 and u +r < n define
t0(u, ) ={l € S:Vie S qupl " > 6w}, (37)
t(u, J) = {tD(u,j): jeJy, JcCS&.
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----- LToy—1 Lo, Tu+1 Loy4-2 Lou+3 e

Figure 2: In this example, z, is a 2¢ order 2-node, z,_; is a 3%order 3-node. Thus, for given
Z1..n, the alignment includes v, = 2. However, unlike in the case of ordinary nodes (of order 0),
Zy+1 can now destroy the property of x, being the (second order) node.

It can be verified that for 1 < ¢, r,¢q+r <n—u
D, ) = 9 (u, 17 (u + g, 7)), (38)

where t((u, §) coincides with t(u, j) (18)). Thus, I; € @ (u, t™)(u + ¢, 7)) in implies
the existence of Iy € tU)(u + ¢, §) such that I, € t@(u,l5). In short,

1, £ (4 ,9)) = Upeat ura (0.1
Note that with this new notation, (18) and (19) can be rewritten respectively as follows:
V(x1,. .. x,) ={v e S™:8,,(n) > 6(n)Vie S v, €t (uuv,)l<u<n} (39
Wiz, .. z,)={veS (n): v, et (ul)l<u<n} (40)
We now generalize the concept of the node:

Definition 3.5 Let 1 <r <n,u<n-—r andletl € S. We call x, an l-node of order r
if
a(wp () > di(u)ply) (w), Vi,j € S. (41)

We also say that x, is a node of order r if it is an l-node of order r for some l € S.

Note that a 0'-order node is just a node. One immediately obtains the following proper-
ties of the (generalized) nodes:

Proposition 3.3 Let 0 <r, 1 < q such that r+q < n —u, then
1. If z, is an r'"-order l-node, then it is also an l-node of order r + q.

2. If xyiy is an r'-order l-node, then x., is an (r + q)"-order I'-node for any I €
@ (u, 1),

17



Next, we generalize Proposition 3.2:

Proposition 3.4

z, is an l-node of order r <= 1€tV (u,j)Vj e S, (42)

w1 <mn,x, is an l-node of order r = Vv € V(1. ,),Yv* € Wh(x1._4,)
S0 € WL (@1 rn) 7 = 0 (V) € V() (43)
= V(1) # 0, (44)

Finding vl | .. and v € Wi(zy ) in for given v € V(x1._,) does not require
knowledge of any of xyiri1.n- Finally, whether x, is an l-node of order r depends on
X1y .oy Tysr only, i.e. it does not depend on any x; for v > u+r.

Proof. The final statement follows immediately from Definition 3.5 and relations (15) and
(36). (42) also follows immediately from Definition[3.5 and . In order to see (43), note
that applying (38) with ¢ = 1 to I € tU*+ (u, v,qr41) once gives us ¥, € £ (w41, Vyppi1).
Applying then (38) with ¢ = 1 to @; € t" " (u + 4, vyypq1) successively for i = 2,...,r
proves the existence of the entire ¥, € S” such that [ € t(u,v}), ¥} € t(u+ 1,7y), ...,
U1 € tlu+r —1,7,), O € t(u,Vyqry1). Thus, recalling (40), o = v}, ., for some
v e W, e (@1 wgrs1). Since vf € t(i,vf,y) fori =1,...,u—1 (v* € W.(z; ) and
(19)), and v; € t(i,v;41) for i = u+r+1,...,n—1and 6,,(n) > d§;(n) Vj € S (v € V(z1..n)
and (18)), one gets (v*, v, Vuyri1..n) € V.(21.,). Evidently, v' above involves no x; for
i > u+ r. Thus, unlike in (26), in addition to setting v, = [ and taking v} € ¢(,v;41) for
i=u—1,u—2,...,1 we may have to “realign” u+ 1%, ..., v+ r'* components in order
for the modified string to remain in V(x;_,). Moreover, v* need not belong to V(x;._,).
Clearly, (43) implies (44). Finally, given (44), Proposition 3.1 yields (45). m

Corollary 3.3 For any fized s € S, Proposition |3.4 remains valid after replacing m by
(psi)ies, wherever appropriate. In particular,

u+r < n,x, is an l-node of orderr = () # V(S)L(xl...n) =

= W(S)L(xlu) X v(l)(xu—&—ln)

Corollary 3.4 Let u;+r; <wujpt=1,...,k—1, and up + rp < n, and suppose xy. , 1S
such that the observations x,, are l;-nodes of order r;, fori=1,..., k. Then

lilg--d
0 #Viioh, (@10) =
= Will (ffl...ul) X W(ll)fi(l'ul-&-l...ug) XX Vv(lk_l)lz,€ ('ruk—1+1---uk) X V(lk)(xuk+1---n)’ (46)

Proof. By (44), we have
Vi(z,)#0 i=1,...,k
Hence,
@ 7£ Villlizlzk (‘Z'l...n)-
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By (45),

Vllllek (xln) = Wil,bll (xl...ul) X V(ll)l?”lk (xu1+1-~-n)'

ULU2 Uk U2 UL

Apply Corollary [3.3/to get

loly _ la I3+l
V(h)w"'uk (xu1+1...n) = W(ll)u2 («ru1+1...u2) X V(lz)u3~-~uk (xu2+1...n)7

and repeat similarly to get

Lig1+li _ lit1 ligalg
(ll)ul+luk (xuﬁ-ln) - W(lz)u1+l (xuz—l-lul_,.l) X V(l1+1)u1+2U1€ (xul_;_l—&—ln)

fori=2,...,k — 1, yielding the desired result. =

Thus, the assumptions of Proposition [3.4 and Corollary [3.4 establish the existence of
piecewise alignments

V= (Ul, Ce ,?Jk_H) € V(l’ln), (47)

l l2 lk
where v1 € W (T1..u,), V2 € W(ll)uz(xulﬂmm),..., v, € W(lkfl)uk(:z:ukfﬁl,_,uk), Upp1 €

Vi) (@up+1..n). Moreover, for every i = 1,...,k, the vectors w(i) def (v1,...,v;) satisfy
w(i) € Wi (21..4,) and w(i)1,.4,, = w(i — 1), i=2,..., k. Since w(i) does not depend
ON Ty, tr;+1,-- -, Ty and as long as xy, ..., x4+, are such that z,, is a node of order-r;, an
alignment v(z;_,) can always be found such that vy _,, = w(i).

Definition 3.6 Any alignment of the form in 15 called a piecewise alignment based

on nodes Ty, , . .., T,, of ordersry,..., 1y, respectively.

Recall that we have previously fixed the selection scheme V (33). Based on this selection
scheme, we will concern ourselves in §4.2 with proper (Definition piecewise (Defini-
tion alignments (that are based on nodes of possibly non-zero orders) formally defined
as follows:

Definition 3.7

def
v(Ea) (YW (@), VW2 (T ),
l
\/W(lk_l)ukk ('r“kfl‘i‘l-uuk)’ \/V(lk)<xuk+1mn)) S Vvljllsk (Il...n),

for k>0, and v(xy._,) def VV(x1..n) for k= 0.

To summarize the above, recall that by defining nodes (of various orders) we aim at ex-
tending alignments at infinitum, and we would like to do this for as wide class of HMMs
with irreducible and aperiodic hidden layers as possible. Having [-nodes of order 0 im-
mediately restricts the transition probabilities by requiring p;; > 0 for V5 € S. However,
this restriction disappears with the introduction of nodes of order r for sufficiently large
r. Indeed, suppose that Vu 0 < v < n, §;(u) > 0 Vj € S (which in particular implies
fi(z,) >0Vj e SVu0<u<n). Then, z, being an [-node of order r and irreducibility
of the underlying chain imply pl(;)(u) > 0Vj € S. The latter in turn implies that r;; > 0
for every j € S, where ry; is the entry lj of P". Thus, having an [-node of order r for
some r does not impose any restriction on P: by virtue of irreducibility and aperiod-
icity of P, there always exists ry such that P has all of its entries positive for every r > rg.
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3.3 Barriers

By Corollary 3.4, x,, being a node of order r fixes the alignment up to u for any possible
continuation of xy_,.,. However, changing the value of an observation before x,,.1, say
X1 O Xyy., can prevent x, from being the node. Moreover, in general nothing guarantees
that for an arbitrary prefix =} , € S*, w + u-th element of (2} ,, %1 .1r) would be a
node of order r. On the other hand, a block of observations y;_, € S* (k > r) can be
such that for any w > 0 and for any z} , € S*, w+ k — r-th element of (] .11 1) is a
node of order r. y;_; in that case will be called a barrier.

Definition 3.8 A block of observations y,_j € X* (k > r) is called an l-barrier of order
r if for any w > 0 and for any x| , € X", w+ k — r-th element of (| ,,vy1..x) is an
l-node of order r.

3.4 Existence of barriers

In this section, we state the main technical result of the paper. For each i € S, we denote
by G; the support of P;.

Definition 3.9 We say that a subset of states C' C S is a cluster, if, simultaneously,
miél Pj(ﬁieCGi) > 0, and Pj(mieCGi) =0 Vj € C.
je

Hence, a cluster is a maximal subset of states such that the corresponding emission distri-
butions have a ”detectable” intersection of their supports. The clusters are not necessarily
disjoint and a cluster can consist of a single state. In this latter case the state is not hid-
den: Any emission from this state indicates that state. If K = 2, then, for an HMM,
there is only one cluster (otherwise the underlying Markov chain would not be hidden as
all observations reveal their states). In many cases in practise there is only one cluster,
that is S.

A proof of Lemma (3.1 below is given in the Appendix.

Lemma 3.1 Assume that for each statel € S,

P (s oy max(on} > mox(fo) max{p}) ) > o (15)

Moreover, assume that there exist a cluster C' C S and a finite integer m < oo such that
the m-th power of the sub-stochastic matriz Q = (p;j)ijec has all of its entries non-zero.
Then, for some integer M and r, M > r > 0, there exists a set Y = Y1 X ---x Yy C XM,
an M -tuple of states g1y € S™, and a state | € S, such that every vector y,_ay € Y is
an l-barrier of order r , qp—r =1 and

P((Xl,...,XM)Ey

}/IZQIJ"‘7YMZQM>>O7 P(Y1:(J17;YM:(JM>>O

Lemma [3.1 implies that P((Xi,...,Xy) € V) > 0. Every element of Y is a (r-order)
barrier. By the ergodicity of X, a.e. realization of X therefore has infinitely many [-
barriers of order r, hence each such realization also has infinitely many [-nodes of order
r.

20



3.4.1 Separated barriers

If we were to apply Corollary to a realization with infinitely many [-nodes of order
r, we would first need to ensure that w;; 1 > u; +r for ¢ = 1,2,..., where u;’s are the
locations of the nodes. Obviously, one can easily select a subsequence of those nodes
to enforce this condition. For some technical reasons related to the construction of the
infinite alignment process (§4)), we, however, choose first to define special barriers for which
the above ”separation” condition is always satisfied. Then, we give a formal statement
(Lemma 3.2 below) guaranteeing that these separated barriers also occur infinitely often.
Let Y € XM and M and r be as in Lemma 3.1 and Tj j+m—1 € Y, i.e. is an [-barrier of
order r for some [ € S and some j > 0, and z4—,—1 is an [-node of order r. However,
it might happen that for some ¢, j <7 < j+7r x; ;11 is also in Y. Then x5 1 i
another node of order r. In this case, i + M —r —1—(j+ M —r —1) <r and Corollary
3.4 can not be used (in the presence of ties) with these two nodes simultaneously.

Definition 3.10 Let Y C X* such that all its elements are l-barriers of order r (r < k),
and let y1_, € Y. We say that yi. i is a separatedr™ order 1-barrier relative to Y if for
any w, 1 <w <r, and for any y; ,, € X" the concatenated block (Y| V1. k—w) € V-

In other words, a barrier is separated, if the distance from the previous barrier is at least
r + 1. Next, Lemma 3.2 (proven in Appendix) shows that a.e. realization of X has
infinitely many separated barriers.

Lemma 3.2 Suppose the assumptions of Lemma are satisfied. Let M, r, Y C XM
and qi..p be as promised by Lemma 3.1. Then, for some N > M, there exist a set
V=V X x Yy xY C XN, an N-tuple of states ¢* = (¢} n_ar> @1..0) € SV, and
a state | € S such that every vector y1..n € Y* is an l-barrier of order r, and moreover
YN—m+1..N € Y is a separated r'"-order I-barrier relative to Y, qa—r = | and

P((Xl,...,XN) ey |mi,.... Yn) :q*>> 0, P((Yl,...,YN) :q*) > 0.

3.4.2 Counterexamples

The condition on C in Lemma 3.1 might seem technical and even unnecessary. We next
give an example of an HMM where the cluster condition is not fulfilled and no barriers
can occur. Then, we will modify the example (Examples(3.12(3.13) to enforce the cluster
condition and consequently gain barriers.

Example 3.11 Let K = 4 and consider an ergodic Markov chain with transition matrix

3 00 3
0 1 L9
P=11 2 %
3 050
050 3

Let the emission distributions be such that (48) is satisfied and G1 = G5 and G3 = G4 and
G1N G5 =10. Hence, in this case there are two disjoint clusters Cy = {1,2}, Cq := {3,4}.
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The matrices QQ; corresponding to C;, 1 = 1,2 are

1

o=

= O

)

Evidently, the cluster assumption of Lemma|3.1 is not satisfied. Note also that the align-
ment cannot change (in one step) its state to the other one of the same cluster. Due
to the disjoint supports, any observation indicates the corresponding cluster. Hence any
sequence of observations can be regarded as a sequence of blocks emitted from alternating
clusters. However, the alignment inside each block stays constant.

In order to see that no xz, can be a node (of any order) for 1 < u < n, recall t(u,7) (17)
and t(u, 7)) (38), and Proposition|3.4. Specifically, note that in this setting for any j € S
t(u, j) contains exactly one element, hence for anyr > 1, t(u, 7)™ defines a function from
S to S. Now, it is easy to see that depending on x.,, t(u,j) belongs to a single cluster
C(zy) for all j € S. In particular, there are i,j € C' C S for some cluster C' such
that i # j. Given this particular transition matriz, evidently t(u,i) # t(u,j). Hence, x,
cannot be a (zero order) node (by (42)). Now, starting with u+ 1 (instead of u), the same
argument establishes that for some i,j € S, t(u+ 1,i) # t(u+ 1,7) but are in one clus-
ter. Applying the same argument again but now to t(u+ 1,7) and t(u+ 1,7), we get that
t(u, t(u +1,7)) # t(u, t(u+1,7)), i.e. t@(u,i) #t®(u,5). Consequently x,, cannot be a
first order node (42); and so forth and so on recursively for any r such that 0 < r < n—u.

Example 3.12 Let us modify the HMM in Example 3.11 to ensure the assumptions of
Lemmal3.1 hold. At first, let us change the transition matriz. Let 0 < € < % and consider
the Markov chain'Y with transition matrix

1

53— € € 0%
€ %—6%0
3 0 5 0
0 3 03

Let the emission distributions be as in the previous example. In this case, the cluster
C1 satisfies the assumption of Lemma 3.1 As previously, every observation indicates
its cluster. Unlike in the previous example, nodes are now possible. To be concrete, let
e = 1/4, fi(x) = exp(—2)u0, folt) = 2exp(~20)yz0, and fs(z) = exp(x)ezo, fo(x) =
2exp(2x)z<o. It can then be verified that, for ezample, if 1 =1, x9 = 1 then xy is a 1-node
of order 2. Indeed, in that case any element of Y = (0, +00) x (log(2), +00) x (0, 4+00) is
a 1-barrier of order 2.

Example 3.13 Another way to modify the HMM in Example 3.11 to enforce the assump-
tions of Lemmal3.1 is to change the emission probabilities. Assume that the supports G;,
i=1,...,4 are such that P;(N}_;G;) > 0 for all j € S, and (48) holds. Now, the model
has only one cluster that is S = {1,...,4}. Since the matriz P? has all its entries positive,
the conditions of Lemma 3.1 are now satisfied. A barrier can now be constructed. For
example, the following block of observations,

P
1522523, Y1y« + - s Yky 215 29y 23, (49)
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where z;, 2} € ﬁ?zlGj, 1 =1,2,3, y; € X, 1 =1,...k and k s sufficiently large, is a
barrier (see proof of Lemma[3.1). The construction of barriers in this case is possible
because of the observations z; and z.. These observations can be emitted from any state
(i.e. from any distribution P;, i = 1,...,4) and therefore do not indicate any proper
subsets of S. They play a role of a buffer allowing a change in the alignment from a given
state to any other state (in 3 steps). The HMM in Example!|3.11 does not have r-order
nodes, because such buffers do not arise. The cluster assumption in Lemma 3.1 makes
these buffers possible.

23



4 Alignment process

Let 150 = x1,29,... be a realization of X. If for some r < 0o 1, contains infinitely
many r-order nodes, then Corollary 3.4 paves the way for defining an infinite alignment
for Tis.

4.1 Preliminaries

Throughout this Section, we work under the assumptions of Lemma Let M > 0,
YCc XM r>0,and | € S as promised by Lemma Then, by Lemma for some
N > r > 0, there exist Y* = V' x Y C XV for some V' € XN~M and an N-tuple of
states ¢* = 1. n € S such that for every n,

(Voo Yo 1) =") >0, P((Xas oo, Xugn1) € V' (Va0 Vo) =47) >0

hence every z,, ,.n_1 € Y* is (ends with) a separated barrier from ).

Denote P((Xn, ooy Xoano1) € y*) by v*, thus v* > 0, and define
Up=Xn, -, Xoan-1);, Dpn= 0, .., Yoin_1). (50)

Let F, :=o(Y1,...,Y,, Xy,...,X,). Define stopping times v,, vy, vs, ..., Ro, R1, R, ...,
and g, 01,9, ..., of the filtration {F, n_1}7°, as follows:

Vo:=min{n > 1:U, € V", D, =¢q"}, vi:=min{n>v;1:U, €Y', D, =q"}; (51)

Yo :=min{n >1:U, € Y}, 0, :=min{n >9,1:U, € Y*}; (52)
Ry:=min{n >1: D, =¢"}, R;:=min{n>R,_1: D, =q"}. (53)
We use the convention min) = 0 and max® = —1. Note the difference between v and

R and ¥: The stopping times v} are observable by looking at the X process only; the
stopping times R are observable by looking at the Y process only; the sopping times v
require the knowledge of the full two-dimensional process (X,Y). Clearly ¥; < v;, and
Ri S V.

From (53), it follows that the random variables Rg, (R; — Rp), (R2 — R1),... are inde-
pendent and (R; — Ry),(Rs — Ry),... are identically distributed. The same evidently
holds for the random variables vy, (11 — 1), (v2 — 11), . ... In Appendix, we prove that all
the latter ones have finite expectations, and, therefore, are stationary renewal times:

Proposition 4.1 E(v;—vy) < oo and for any ©" (not necessarily equal to m, the invariant
distribution) initial distribution of Y, Epvy < oo.

To every v;, ©=20,1,... there corresponds an r-order [-barrier. This barrier occupies the
interval [v; + N — M,v; + N — 1]. By Definition 3.8, X, is an [-node of order r, where

=v;+(N—-1)—r, i=0,1,...
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Define

TO déf 70, Tidéf Ti — Ti—1 — (Vi_Vi—l)y 221,2, (54)
From Proposition 4.1, it immediately follows E.T; < oo, E+T, < oo, where 7’ is any
initial distribution of Y. Thus 7T}, i = 0, 1, ... correspond to a delayed renewal process [6].

Let ug, uy,us, ... be the locations of the r-order l-nodes corresponding to the stopping
times 9, i.e.

w=9+(N-1)—r, i=0,1,2,.... (55)
Clearly, every 7; is also a u; for some j > i. Also, since the barriers are separable,
U; > Uj—1 + T

4.2 Alignments

We next specify the alignments v(x;._,,) € V(x1._,), and define v(z;_ ) and the measures
P corresponding to v(x;_,).
Let k(z1..,) be the number of x,,, z,,,. .., Tuie, 1 all I nodes of order r such that

u; > uoq +rfori=1,... k(z1.,) — 1, and ug(, ,)-1 +7 < n. Recall (Definition [3.7)
that based on the selection V (33), we single out the following proper piecewise alignment:

U<x1mn) = vaxio(xlmuo)?V1ﬁ%051(xuo+1mul)7"‘
VW(l)zlLk,l(‘TUk_z-i-l---Uk—J’ %0 (Tuy_141..m)) € Vzlign.l..uk,l(xl---n):

for k = k(z1.,) > 0, and v(z1._,) = VV(z1.,) for K = 0. Corollary [3.4 makes it possible
to define the infinite proper piecewise alignment that will be consistent with Definition
3.7 (in the sense of (56) below). Namely, we state

Definition 4.1

def
V(@1 .00) = (\/Wio (@1...u0) \/W(l)zlu (Tugt1ou)s -5

for all x15 that contain infinitely many .y, %y, ..., l-nodes of order r, which is the

case a.s. (Lemmas and [3.2). (For all other realizations, let us adopt v(x1. o) o

(VWL (@1...0) \/)/V(l)llt1 (Tugt 1oy )s - - - s \/W(l)l (Tugypt1. g1 )s 1, 1,...), where k is the to-

Uk—1
tal number of | nodes of order r in the given realization.)

Note that for every x,, observed in (z1,...,z,)
V() 1oy = V(T1,y oy )1y - (56)
Let us now formally define the empirical measures P/* which are central to this theory:

Definition 4.2 Let = V] | =v(Xy,...,X,) (where v is as in Definition|3.7). For each
state I € S that appears in V/, V5, ... V! define the empirical [-measure

i S L(Xa VY
Pln(A, Xl...n) d:f 21_1 A><l( 7%)’ AcB.

E?:l Il<vz‘/>
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For otherl € S (i.e. suchthatl # V! fori=1,...,n), define P" to equal some arbitrarily
chosen (probability) measure P*.

The infinite alignment allows us to define the alignment process:

Definition 4.3 The encoded process V dof v(X) will be called the alignment process.

(Of course, the definition of V' above is sensible only because X has infinitely many w;-s
a.s..) We shall also consider the 2-dimensional process

def

7 (X, V).

Using Z, we define a related quantity ] as follows: Let Vi, ..., V,, be the first n elements
of the alignment process. In general

V()10 (21, .., T0),

hence V/ need not equal V;. For every [ € S, we define

e 7,1_ I X (Xz V;) Zn_ IA><Z<Zi)
! A7Z n d:f Zl_l nA l 7 = z_r% 5
Ql ( b ) Zi:l [l(Vi) Zi:l Il(v)

(As in Definition 4.2, if | # V;, i =1,...,n, then Q7 def P*)

AeB.

4.3 Regenerativity
To prove our main theorem, we use the fact that Z is a regenaritive process:
Proposition 4.2 The processes V', X, and Z are regenerative with respect to 7.

The proof is given in the Appendix.

qi qi yz? ? 17'--,N.

Thus, P;; is the measure P(;- conditioned on });. Recall also that qy_, = L.

Define new processes

yr (V)21 where Y{ =gy pq1,..., Y =qn, and Y[, YV, ... (57)

7

is an S -valued Markov chain with transition probability matrix P and initial

distribution (pgy;)jes;

xr (X])2, is a modified HMM with Y" as its underlying Markov chain and

)

Pyr (i >r) and P;me (1 <i <r) as its emission distributions;
yr (V)2 o v(X"), where v is as in Definition [4.1; (58)

)
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7r (X v, (59)

Note that the process X" is not exactly an HMM as defined in Definition 2.1 because
the first r-emissions are generated from distributions that differ from the distributions
of the rest. However, conditioned on the underlying Markov Chain Y, all emissions are
still independent. Also note that in the definition of V", the alignment is still based on
the original HMM X, i.e. the definition of v(xy,...,x,) relies on the distributions P,
qu?' < Pqn (given Yiin= Q1n)

Finally, note that for » = 0, the process Y is essentially our original Markov chain
except fro the initial distribution being (p;);jes (instead of 7). Similarly, X is the HMM
in the sense of Definition 2.1/ with Y as its underlying Markov chain. Therefore, Z° is
the process Z, with (pj;);jes as the initial distribution of its Y-component.

Finally we define analogues of vy and 7y:

v défmin{n >1:(Y,,....Y  v)=¢" (X),.... X nyo1) € y*)}

e (N=1) = (60)
Note that the random variable 7} has the same law as T; (54), ¢ > 1. The barriers in
Y* end by (length M) [ barriers of order r from YV = VYn_p41 X Yn-nms2 X -+ X Yy
that are separated relative to ) (Definition [3.10, Lemma 3.2). Therefore, v > r. This
means that the laws of v, 7], 1o + 7, and 79+ would all be equal if Y had (pqg,,i)ies for
the initial distribution. Recalling that any initial distribution 7 of Y yields E, (1) < oo
(Proposition , we obtain

ETy=FEty =E,,(vo+(N—1)—r+r) < oo. (61)

The above observations will allow us to prove (see Appendix) the following theorem which
is the main result of the paper:

Theorem 4.4 If X satisfies the assumptions of Lemma 3.1, then there exist probability
measures Q;, | € S such that

P'=Q, as, Q=CQ, as

and for each A € B,
X P(Zr € Ax 1,17 > i)
A) = == ! i . 62
R SR I ) 2

where V', Z", and 7} are defined in (58), (59), and (60), respectively.

Corollary 4.1 Suppose X satisfies the assumptions of Lemma|3.1 with r = 0. Then, for
each | € S (62) takes form

Q (A) B Z?il Pl(Zj € A x i,TO > j)
l - %) . . )
Zj:l P,(V; =1i,7, > j)

where P, stands for initial distribution of Y equal (pi;)jes-

(63)
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5 Appendix

5.1 Proof of Lemma 3.1

Work in progress.

5.2 Proof of Lemma 3.2
Work in progress.

5.3 Proof of Proposition (4.1

We define blocked processes
U;:(X(mfl)NJrlv"'aXmN)v Dfn:(}/(mfl)NJrla"')YmN% m:1727"'7
and stopping times

voi=min{m >1:0’ ¢ Y* D! =Q*} (64)
b

v = min{m > v, : U} € Y*, D} = Q*};

RS :=min{m >1: D’ = Q*}, (65)
Rt :=min{m > R;_,: D}, =Q"}.

The process D? is a finite MC, since Y is non-periodic and irreducible, the same holds for
Db Hence (D° U®) is a HMM.

Since Y is stationary, * occurs in every possible integer-interval with the same prob-
ability; so Q* belongs to the state space of D°. Since DY is irreducible and finite,
then every state is visited infinitely often, a.s. This means that for every i = 1,2,...,
P(R? — R® | < o0) = 1 and then, of course, P(R; — R;_; < o) = 1.

If D! = @Q*, then by Lemma 3.2, U € Y* with probability 4* > 0. This means that for
every i =1,2,..., P(v? — 1P| < 00) =1 and this means P(y; — v;_; < 00) = 1.

The chain D? has finite state space and is ergodic. Hence, for any initial distribution of D*,
we have E(Ry) < NE(R}) < oo. Every initial distribution 7 of ¥ induces an initial dis-
tribution of D’. Thus, for any 7, E(Ry) < co. Now, obviously, Evy = v* ' E(Ry) < oo.
This proves the second statement.

To prove the first statement, consider the blocked Markov chain D’ with initial dis-
tribution concentrated on Q*. The fact that E(Ry) < NFE(R}) < oo with any initial dis-
tribution implies that F(R; — Ry) < oo and, hence, E(v; — 1) = (v*) ' E(R; — Ry) < 0.

5.4 Proof of Proposition 4.2

Recall the definition of stopping times 7. By definition, for each i the underlying Markov
chain satisfies Y, = [. Hence, the behavior of X after 7; does not depend of the behavior
of X up to 7;. With the fact that T; are renewal, this establishes the regenerativity of
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X. To every 7; corresponds a r-order [-node. Moreover, since 7; is always a u;, for some
J > 1, it means that all the nodes corresponding to 7;-s are also used to fix the alignment in
Definition Therefore, the alignment up to 7; does not depend on the alignment after
7;. In other words, the piece of alignment process corresponding to the 7T; is a function of
the piece of X corresponding to the 7;. Formally

(Verserna+1,...,1)=vpy(Xs:semq+1,...,7).

So, the process Z is regenerative with respect tor.

5.5 Proof of Theorem 4.4

At first note that the right side of (62) defines a measure.
The proof uses the regenerativity of Z in the most standard way. For every n > 7, and
A € B, and for every [ € S.

1 n 1 To 1 Tk(n) 1 n
nz; Axi(Z;) nz; Axi( )+n-2r1 Axi( )+n, ZH axi(Zi)
i= i= i=To =Tk (n)

where k(n) = max{k : 7 < n} stands for the renewal process. Now, since 7, < 00, a.s.,
we have

Let p:= E7}. By (61), 1t < co. Then

N Th(n) T(n)+1
n - n

— 0, a.s..

Finally, since Z is a regenerative process with respect to the 7,, 7, ..., we have

where
Tk

&= Y LaalZ), k=12,

=TE_1+1
are i.i.d. random variables. Denote m;(A) := E¢, < u < oo (and drop the A, because it
is fixed). Then, as n — oo, we have

k(n
n

)
1
) — u  and ) §e — My, as.

k=1

Let us calculate m;. Clearly,

7
mi=E> Lua(Z]).
=1
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Now

EZIsz ZE Z]Axl Dl =7)P(5 = J)

ZZ P(Z] € Ax g = j)P(r; = j)

Z (Z7 € Axllry = j)P(ry = j)+ Y _P(Zy € Ax Ity = j)P(rf = j) +
j=1 j=2
—P(Zl e Ax, 7> 1) +P(Z, e Ax 1,70 >2)+---

:ZP(ZZGAXZ,ngi)SZP(TSZZ'):M<OO
i=1 i=1

Similarly,

L

1 " 1 > wg

— L") — — PV =l75>1)= — <1, as. 66

S S HOT) = S POT =17 2 (66)
Hence, we have shown that for each [ € S and for every A € B

m(A) X P(Zr e Ax 1 >i)

Qr'(A) — o if; P L) a.s. (67)

The theory of weak convergence of measures (recall X was assumed to be a separable
metric space) now establishes Q} = @, a.s..

It remains to show that, for all [ € S and A € B

pr(ay — A (68)

Wy

For this consider the sum )" | Tay(X;, V/). Since V/ =V, if i < 73, we get, as n — oo

1 = 1 < m
— Z Lasa(Xi, V) Z Iasa(Z Z Lia(Z)+= > Laa(Xi, V) — — as.
i=To+1 n 1=, +1 H
o k(n)
Similarly,
—Z[l Zpl(m 7 >0) = 2 as. (69)
M i1 H

These convergences prove (68).
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