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Abstract

Context tree models have been introduced by Rissanen in [25] as a parsimonious generalization
of Markov models. Since then, they have been widely used in applied probability and statistics. The
present paper investigates non-asymptotic properties of two popular procedures of context tree estimation:
Rissanen’s algorithm Context and penalized maximum likelihood. First showing how they are related,
we prove finite horizon bounds for the probability of over- and under-estimation. Concerning over-
estimation, no boundedness or loss-of-memory conditions are required: the proof relies on new deviation
inequalities for empirical probabilities of independent interest. The under-estimation properties rely on
classical hypotheses for processes of infinite memory. These results improve on and generalize the bounds
obtained in Duarte et al. (2006) [12], Galves et al. (2008) [18], Galves and Leonardi (2008) [17], Leonardi
(2010) [22], refining asymptotic results of Biihlmann and Wyner (1999) [4] and Csiszar and Talata
(2006) [9].
© 2011 Elsevier B.V. All rights reserved.

Keywords: Algorithm Context; Penalized maximum likelihood; Model selection; Variable length Markov chains;
Bayesian information criterion; Deviation inequalities

1. Introduction

Context tree models (CTM), first introduced by Jorma Rissanen in [25] as efficient tools
in Information Theory, have been successfully studied and used since then in many fields of
Probability and Statistics, including Bioinformatics [2,5], Universal Coding [27], Mathematical
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Statistics [4] or Linguistics [15]. Sometimes also called Variable Length Markov Chain (VLMC),
a context tree process is informally defined as a Markov chain whose memory length depends on
past symbols. This property makes it possible to represent the set of memory sequences as a tree,
called the context tree of the process.

A remarkable tradeoff between expressivity and simplicity explains this success: no more
difficult to handle than Markov chains, they appear to be much more flexible and parsimonious,
including memory only where necessary. Not only do they provide more efficient models for
fitting the data: it appears also that, in many applications, the shape of the context tree has a
natural and informative interpretation. In Bioinformatics, the contexts trees of a sample have been
useful to test the relevance of protein families databases [5] and in Linguistics, tree estimation
highlights structural discrepancies between Brazilian and European Portuguese [15].

Of course, practical use of CTM requires the possibility of constructing efficient estimators
of the model T generating the data. It could be feared that, as a counterpart of the model
multiplicity, increased difficulty would be encountered in model selection. Actually, this is not
the case, and soon several procedures have been proposed and proved to be consistent. Roughly
speaking, two families of context tree estimators are available. The first family, derived from the
so-called algorithm Context introduced by Rissanen in [25], is based on the idea of tree pruning.
They are somewhat reminiscent of the CART [3] pruning procedures: a measure of discrepancy
between a node’s children determines whether they have to be removed from the tree or not.
The second family of estimators are based on a classical approach of mathematical statistics:
Penalized Maximum Likelihood (PML). For each possible model, a criterion is computed which
balances the quality of fit and the complexity of the model. In the framework of Information
Theory, these procedures can be interpreted as derivations of the Minimum Description Length
principle [1].

In the case of bounded memory processes, the problem of consistent estimation is clear: an
estimator T is strongly consistent if it is equal to Ty eventually almost surely as the sample size
grows to infinity. As soon as 1983, Rissanen proved consistency results for the algorithm Context
in this case. But later, the possibility of handling infinite memory processes was also addressed.
In [9], an estimator 7" is called strongly consistent if for every positive integer K, its truncation
f] k atlevel K is equal to the truncation Tp|x of Tp eventually almost surely. With this definition,
PML estimators are shown to be strongly consistent if the penalties are appropriately chosen and
if the maximization is restricted to a proper set of models. This last restriction was proven to be
unnecessary in the finite memory case [19].

More recently, the problem of deriving non-asymptotic bounds for the probability of incorrect
estimation was considered. In [18], non-universal inequalities were derived for a version of the
algorithm Context in the case of finite context trees. These results were generalized to the case of
infinite trees in [17], and to PML estimators in [22]. Using recent advances in weak dependence
theory, all these results strongly rely on mixing hypotheses of the process.

For all these results, a distinction has to be made between two potential errors: under- and
over-estimation. A context of Ty is said to be under-estimated if one of its proper suffixes appears
in the estimated tree 7', whereas it is called over-estimated if it appears as an internal node of T.
Over- and under-estimation appear to be of different natures: while under-estimation is eventually
avoided by the existence of a strictly positive distance between a process and all processes with
strictly smaller context trees, controlling over-estimation requires bounds on the fluctuations of
empirical processes.

In this article, we present a unified analysis of the two families of context tree estimators.
We contribute to a completely non-asymptotic analysis: we show that for appropriate parameters
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and measure of discrepancy, the PML estimator is always smaller than the estimator given by
the algorithm Context. To our knowledge, this is the first result comparing this two context tree
selection methods.

Without restrictions on the (possibly infinite) context tree Ty, we prove that both methods
provide estimators that are with high probability sub-trees of T (i.e., a node that is not in Ty does
not appear in 7). These bounds are more precise and do not require the conditions assumed in
[18,17,22]. For this purpose, we derive “self-normalized” non-asymptotic deviation inequalities,
using martingale techniques inspired from proofs of the Law of the Iterated Logarithm
[24,8]. These inequalities prove interesting in other fields, as for instance in reinforcement
learning [21,14]. On the other hand, we derive upper bounds on the probability of under-
estimation by assuming classical mixing conditions on the process generating the sample: with
high probability, T contains every node of Ty at moderate height. This result is based on
exponential inequalities derived for a wider class of processes than in [18,17,22].

Our upper bounds on the probability of over- and under-estimation imply strong consistency
of the PML estimators for a larger class of penalizing functions than in [22]. Similarly, in the
case of the algorithm Context the strong consistency can also be derived for suitable threshold
parameters, generalizing the convergence in probability for this estimator obtained previously
in [12].

The paper is organized as follows. In Section 2 we set notation and definitions, we describe
in detail the algorithms and we state our main results. The proof of these results is given in
Section 3. In Section 4 we briefly discuss our results. Appendix A contains the statement and
proof of the self-normalized deviation inequalities and Appendix B is devoted to the presentation
of exponential inequalities for weak dependent processes.

2. Notations and results

In what follows, A is a finite alphabet; its size is denoted by |A]|. AJ denotes the set of all
sequences of length j over A, in particular A? has only one element, the empty sequence. We
denote by A* = |~ AF the set of all finite sequences on alphabet A and A* will denote the set
of all semi-infinite sequences v = (..., v—_3, v_1) of symbols in A. The length of the sequence
w e A*is |lw|. For 1 <i < j < |w|, we denote wl.] = (wj,...,wj) € AJ7F1 and v:éo
denotes the semi-infinite sequence (..., v_p,v_1) € A*. Given v € A*U A* and w € A%,
we denote by vw the sequence obtained by concatenating the two sequences v and w. We say
that the sequence s € A* is a suffix of the sequence w € A* U A if there exists a sequence
u € A* U A% such that w = us. In this case we write w > s or s < w. When |u| > 1 we say
that s is a proper suffix of w and we write w > s or s < w.

Aset T C A* U A™ is a tree if no sequence s € T is a proper suffix of another sequence
w € T. The height of the tree T is defined as

h(T) =sup{|lw| : w e T}.

If h(T) < +oo we say that T is bounded and we denote by |T| the cardinality of T. If
h(T) = +oo we say that T is unbounded. The elements of T are also called the leaves of
T. An internal node of T is a proper suffix of a leaf. For any sequence w € A* U A* and for any
tree T, we define the tree T,, as the set of leaves in T which have w as a suffix, that is

Ty ={ueT:u> w}

Given a tree T and an integer K we will denote by T'|g the tree T truncated to level K, that is
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Tk ={weT:|lw < K}U{we AX: w < u for some u € T}.

Given two trees 71 and 7> we say that T is included in T, (denoted by 71 < T, or T, > Ty) if
for any sequence w € Tj there exists a sequence u € T» such that w < u; in other words, all
leaves of T are either leaves or internal nodes of 7>.

Consider a stationary ergodic stochastic process {X; : ¢ € Z} over A. Given a sequence
w € A* we denote by

pw) =PX|" = w)
the stationary probability of the cylinder defined by the sequence w. If p(w) > 0 we write

plaw) =P(Xo=a | X_| =w).

[w] —

Definition 2.1. A sequence w € A* is a finite context for the process {X,:t € Z} if it satisfies

1. p(w) > 0;
2. for any sequence v € A* such that p(v) > 0 and v > w,

P(Xp=a | X:|lv| =) = p(alw), foralla € A;

3. no proper suffix of w satisfies 1 and 2.

-1

An infinite context is a semi-infinite sequence w_,, € A such that any of its finite suffixes

w_ ; j =1,2,... is a context. In what follows the term context will refer to a finite or infinite
context.

It can be seen that the set of all contexts of the process {X;:t € Z} is a tree. This is called the
context tree of the process. For example, the context tree of an i.i.d. process is A and the context
tree of a generic Markov chain of order 1 is Al = A. In what follows, we will denote by Ty the
context tree of the process {X;:t € Z}.

Let d < n be positive integers. Let X_4+1, ..., X0, X1, ..., X, be a sequence distributed
according to P. For any sequence w € A* and any symbol a € A we denote by N, (w, a) the
number of occurrences of symbol a in X/ that are preceded by an occurrence of w, that is:

N, (w,a) = Z 1{x!~! =w, X; =a}. (2.2)
t=1

t—|w

The sum ) .4 Nu(w, a) is denoted by N, (w).
We will denote by V, the set of all sequences w € A* that appear at least once in the sample,
that is

V, ={we A*: N,(w) > 1}.

Definition 2.3. We will say that a tree T C V), is acceptable if it satisfies the following
conditions:

1. h(T) <d;and
2. every sequence w € A* such that N, (w) > 1 belongs to T or has a proper suffix that belongs
toT.
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Then, our set of candidate trees, denoted by .7, will be the set of all acceptable trees. Our
goal is to select a tree T € .7, as close as possible to Ty, in some sense that will be formally
given below. Note that d may depend on n, so that the set of candidate trees is allowed to grow
with the sample size. The symbols X_4+1, ..., X are only observed to ensure that, for every
candidate tree 7', the context of X; in T is well defined, for every i = 1, ..., n. Alternatively, if
X_4+1, ..., Xo were not assumed observed, similar results would be obtained by using quasi-
maximum likelihood estimators [16]. Given a tree T C U?:] A/, the maximum likelihood of the
sequence X1, ..., X, is given by

Py (X)) = [ [] butalw)™ ™, 24)
weT acA

where the empirical probabilities p, (a|w) are

5 Ny(w, a)
T N 2.5
Pl =75 ) °s5)
if N,(w) > 0 and p,(alw) = 1/|A| otherwise. For any sequence w € A* we define
I@)ML,U)(X?) = l—[ ﬁn(a|w)Ny,(w,a).
acA
Hence, we have
Py 7 (X?) = 1_[ Pyme. o (7).
weT

In order to measure discrepancy between two probability measures over A we use the
Kullback—Leibler divergence, defined for two probability measures P and Q on A by

P(a
Q(a)

D(P; Q) =) P(a)log

acA

ggg; = +o0 if P(a) >

where, by convention, P (a)log g%‘;; = 0if P(a) = 0 and P(a)log
Q(a) =0.

2.1. The algorithm Context

The algorithm Context introduced by Rissanen in [25] computes, for each node of a given
tree, a discrepancy measure between the transition probability associated to this context and the
corresponding transition probabilities of the nodes obtained by concatenating a single symbol to
the context. Beginning with the largest leaves of a candidate tree, if the discrepancy measure is
greater than a given threshold, the contexts are maintained in the tree; otherwise, they are pruned.
The procedure continues until no more pruning of the tree can be performed.

For all sequences w € V), let

Ayw) =Y Nuybw)D(pn(-[bw); pu(-lw)).
b:bweV,

Remark 2.6. We use here the original choice of divergence A, (w) proposed by Rissanen in [25],
but other possibilities have been proposed in the literature (see for instance [4,18]).
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We will denote the threshold used in algorithm Context on samples of length n by §,, where
(8n)neN 18 a sequence of positive real numbers such that 6, — +oo and §,/n — 0 when
n — +oo. For a sequence X’f, let Cy,(X7) € {0, 1} be an indicator function defined for all
w € V), by the following induction:

. : if Ny(w) < 1or|w| > d,
Cu(XT) = Y max{1{A,(w) > 8u). max Cpy (X)), if Ny(w) > 1and |w| <d. 27
€

With these definitions, the context tree estimator f‘c (X ’11) is the set given by

f’C(X’f) ={w € V,:Cyp(X]) = 0and C,(X]) = 1 forall u < w}. (2.8)

2.2. The penalized maximum likelihood criterion

The penalized maximum likelihood criterion for the sequence X is defined by
Tow.(X7) = argmax [log P, 7 (X]) = IT1£ )} 2.9)
Te,

where f(n) is some positive function such that f(n) — +oc and f(n)/n — 0 whenn — oo.
This class of context tree estimators was first considered by Csiszdr and Talata in [9], who
introduced the Bayesian Information Criterion (BIC) for context trees and proved its consistency.
The BIC leads to the choice of the penalty function f(n) = (JA| — 1) log(n)/2. It may first
appear practically impossible to compute Tome (X 1), because the maximization in (2.9) must be
performed over the set of all candidate trees. Fortunately, Csiszar and Talata showed in their
article [9] how to adapt the Context Tree Maximizing (CTM) method [27] in order to obtain
a simple and efficient algorithm computing prL(X'l’). As the representation of the estimator

Tomr (X 1) given by this algorithm is important for the proof of our results, we briefly present it
here. Define recursively, for any w € V,, with |w| < d, the value

vw<X'f)=max{e—f("@ML,w(X’f), I1 wa<X1’>} (2.10)
beA:bweV,
and the indicator
Xw<X7)=Jl{ I va)(Xq’)>e—f<”>I@>ML,w(X;’>}. 2.11)
beA:bweV,

By convention, if {b € A:bw € V,} = @ orif [w| = d then V,,(X7) = e/ M Py, (X7) and
A, (X]) = 0. As shown in [9], it holds that

TomL(XT) = {w € Vy: X, (XT) = 0 and X, (X?) = 1 forall u < w}). (2.12)

2.3. Results

In this subsection we present the main results of this article. First, we show that the empirical
tree given by the algorithm Context is always included in the tree given by the penalized
maximum likelihood estimator, if the threshold §,, is smaller than the penalization function f(n).
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Proposition 2.13. For any n > 1 and all sequences X7, if 8, < f(n) then

Tomr (X]) < To(XT).

In the sequel we will assume that the cutoff sequence of the algorithm Context equals the
penalization term of the penalized maximum likelihood estimator, in order to allow a unified
treatment of the two algorithms. That is, we will assume that §,, = f(n) forany n > 1.

We now state a new bound on the probability of over-estimation that does not require any
mixing hypotheses on the underlying process.

Theorem 2.14. For every n > 1 it holds that
A n 2 2 8n
]P’(T(Xl) < To) >1—e (an log(n) + |A| )n exp (14 (2.15)
where T(X") = Tomp (X" or T(X7) = Tc(XT).
Remark 2.16. Theorem 2.14 is proven without assuming any bound on the height of the hypo-
thetical trees. That is, the result remains valid even if d = —oo. But if the candidate trees have

only a limited number of nodes, possibly depending on n (see, e.g., [25,9]), a straightforward
modification of the proof shows that

P(T(X]) = To) = 1= 2¢ (8 log(n) + A1) k(n) exp <_ |f‘n|2) ’

where k(n) is the maximal number of nodes of a candidate tree. In particular, if the height of the
trees is smaller than a function d(n) (possibly constant) then k(n) = |A|d(”).

The problem of under-estimation in context tree models is very different, and requires
additional hypotheses on the process {X;:t € Z}. For any w € A* with p(w) > 0 define
the coefficient

B(w, r) = max max{| p(alw) — p(aluw)l}.
ueA” acA
The continuity rate of the process {X;:t € Z} is the sequence {f}reN Where

Br = max sup{B(w, r)}.

wEAk r>1

Define also the non-nullness coefficient

@ =) inf {p(aw)). 2.17)

acA

Our under-estimation error bounds will rely on the following assumption.

Assumption 1. The process {X;:t € Z} satisfies the following conditions

1. ap > 0 (weakly non-nullness) and
2. B =) jen Bx < +00 (summable continuity rate).

These are classical hypotheses for processes of infinite memory, which are also referred to as
chains of type A, see for instance [13] and references therein.
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To establish upper bounds for the probability of under-estimation we will consider the
truncated tree Tp|g, for any given constant K € N. Note that in the case Ty is a finite tree,
To| x coincides with Ty for a sufficiently large constant K. The bounds are stated in the following
theorem.

Theorem 2.18. Assume the process {X;:t € Z} satisfies Assumption 1. Let K € N and let d be
such that

min max {B(w,r)}>e€ > 0. (2.19)

w=<ueTy|x r<d—|w|

Then, there exists ng € N such that for any n > nq it holds that

P(Tolk = T(Xk) 2 1= 360/ 2P UM 20 4 2K
2
2| ,d 8lAldf(n)
—ne [pmin B T]

X exp 16(d + 1) ’

(2.20)

where f(Xi’) = f"pML(X;‘) or f"(X’ll) = fC(X'l') and pmin = Min,c 4 cad{p(@alw): p(alw)
> 0}.

Remark 2.21. It can be seen that for any K € N there is always a value of d such that (2.19)
holds. This hypothesis can be avoided by letting d increase with the sample size n and by
controlling the upper bounds in (2.20). Extensions of Theorem 2.18 can also be obtained by
allowing K to be a function of the sample size n. In this case, the rate at which K increases must
be controlled together with the rate at which € and pp,;, decrease with the sample size. This leads
to a rather technical condition, see for instance [26].

Finally, the next theorem states the strong consistency of the estimators f"c(X ?) and prL
(X?©) for appropriate threshold parameters and penalizing functions, respectively.

Theorem 2.22. Assume the hypotheses of Theorem 2.18 are met. Then for any threshold param-
eter (8,)neN Such that

3
Z exp | —— =+ log(8, log(n)) | < +o0
|AI2
neN
we have fc(X?)|K = Tolk eventually almost surely as n — —+oo. Similarly, if we choose

f(n) = 8, we have prL(X?)|K = Tol|x eventually almost surely as n — +o0.

3. Proofs
3.1. Proof of Proposition 2.13

We must prove that a leaf in prL(X 1) is always a leaf or an internal node in Tc (X7). By

the characterization of f"c(X 1) and prL(X 1) given by Egs. (2.8) and (2.12), respectively, this
is equivalent to proving that &, (X) < Cy,(X?}) for all w € V,, with [w| < d. In fact, assume

that X, (X7]) = 1 implies Cy(X}) = 1, and take w € f"pML(X’f); then, either |w| = d and
w € YA“C (X’f), or it holds that for all u < w, &, (X’f) = 1, which implies by assumption that
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Cu(X]) = 1. Now, if Cy,(X]) = 0, then w € fC(X?); otherwise, w is a proper suffix of a
sequence v € Tc(XY). In any case, w is a leaf or an internal node of f‘c (XP.

Assume there exists w € V,, [w| < d, such that X (X]) = 1 and C,,(X]) = 0. Note that by
(2.7), Cy(X}) = 0 implies Cyyy (X]) = O for all uw € V,, luw| < d; hence, w can be chosen
such that X} (X7) = O for any bw € V,, b € A. In this case we have, by the definitions (2.10)
and (2.11) that

e/ PyL,(XD) < [ VewXD 3.1)
b:bweV),
= ] e/ “Purswx). (3.2)
b:bweV,

The equality in the second line of the last expression follows by the fact that X, (X|) = 0
for any bw € V,,b € A; therefore we must have wa(X7) = e_f(”)]f"ML,bw(Xi’) for any
bweV,,beA.

Now, observe that for any a € A, Ny(w, a) = 34y, Na(bw, a) and |[{b:bw € Vy}| > 2.
If not, N, (w, a)Awould be equal to N, (cw, a) for some ¢ € A and for all a € A, implying that
PmL,cw (XT) = PwmL,w(X7); hence

[T Vew(XD) = Vew(X7) = e/ Py e (X]) = e/ P Byp o (XT)
b:bweV),

and thus, by definition, X, (X}) = 0. Using these facts, and taking logarithm on both sides of
Inequality (3.1), we obtain

: - Pn(albw)
({b:bw € V,} = 1) f(n) < b;b%e:W;N"(bw’a)log 5 (@lo)
= Y Naw)D (pu(-lbw); pul-lw)) = Ay(w).
b:bweV,

Therefore, if §, < f(n) we have §, < A,(w) which contradicts the fact that C, (X}) = 0. This
concludes the proof of Proposition 2.13.

3.2. Proof of Theorem 2.14

We will prove the result for the case YA‘(X]’) =Te (X'). The case f(X’f) = f‘pML(X?) follows
straightforwardly from Proposition 2.13 and equality f(n) = §,.
Let O, be the event {T¢ (X 1’) Z To}. Over-estimation occurs if at least one internal node w

of fc (X') has a (non-necessarily proper) suffix s in Tp; that is, if there exists a (possibly empty)
sequence u such that w = us. Thus, with a little abuse of notation O,, can be written as

On=J | (Antus) > 8,}.

seTy ueA*

For any sequence w € A* we have that p,(-|w) are the maximum likelihood estimators of the
transition probabilities p(-|w), therefore we have that

Ay (w) =Y Ny(bw)D (pu-1bw); pu(-lw))
beA
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=D Nabw) Y (plalbw)log p(albw) — p(albw) log p(alw))
beA acA

= (Z Na(bw) ) plalbw)log ﬁ(albw)> =D Nulbw, a)log p(alw)
beA acA beAacA

= (Z Na(bw) ) plalbw) log ﬁ(a|bw>) — Y Nu(w, a)log palw)

beA acA acA

< (Z Na(bw) ) plalbw) logﬁ(mbw)) — D Nu(w, a)log p(alw)

beA acA acA
= (Z Na(bw) ) plalbw)log ﬁ(albw)> =D Nulbw. a)log p(alw)
beA acA beAacA
=D Nabw) Y (plalbw)log plalbw) — p(albw) log p(alw))
beA acA
=Y Na(bw)D (pal-lbw); p(-lw)).
beA

Hence, as for all b € A it holds that p(-|lw) = p(-|bw) we obtain

P(A,(w) > 8,) <P (Z N, (bw)D (ﬁn(|bW), P(|bw)) > 5n> .

beA

Using Theorem A.7, stated in Appendix A, it follows that
P(On) < D D P(Au(us) > 8,)

seTyucA*
<) D P (Z Nu(bus) D (pn(-1bus): p(-lbus)) > 6n)
seTo ueA* beA

N, (bus) > O)

B
<> > )P (Nnams)D (PuClbus): pClbus)) > 2

seTy ucA* beA
X P (N, (bus) > 0)

< 2e (3,, logn + |A|2) exp (-lj’“|2> Z Z ZIP’(Nn(bus) > 0)

seTy ucA* beA

) 5
<2 (5,, logn + |A| )exp - E[C,],

"
|AJ2
where C,, denotes the number of different contexts of the symbols in X'. But C, is always upper

bounded by the number n(n — 1)/2 of (non-necessarily distinct) contexts of X7, and the result
follows.

3.3. Proof of Theorem 2.18

In this case we will prove the result for the case YA"(XE’) = prL(X?). The case YA"(X?) =
YA“C (X 1‘) follows again from Proposition 2.13 and the assumption that §,, = f(n).
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If U, denotes the event {To|g £ TpmL(X})|k} then

u.c |J x,xph=o.

w=<u€eTy|g

Let w < u € Ty|g. Then we have
P(X,(X1)=0)=P ( ]_[ Vaw (XT) < e—f<">1@>ML,w(X;’)> . (3.3)
acA:aweV,

By hypothesis, there exists ¥ < d — |w| and s € A" such that

max |p(alw) — plalsw)| > €.
acA

Ifs =(s1...s:),denote by A; = A\ {s;} and let T be the tree given by
T = Ui_, Upea, {bs; w} U {sw}.
By definition, for any aw € V), it can be shown recursively that

Vaw(X}) = max [T ™/ @y, (X

n ’
ve Tll w

see for example Lemma 4.4 in [9]. Therefore,

P( I vaw(X'f>se—f<">I@>ML,w(X'f)>

acA:awey,

<P (]"[ e/ Py (X)) < <">I@ML,w(X1’>> (3.4)

ueT

by noticing that

[T max []e/Pw.xh= [] [ e/™BuoX])
acA:aweV, r'e, veTly, acA:aweV, velyy
> T] e /WPy, (XT).
ueT

Applying logarithm and using that N, (w,a) = Y
probability in (3.4) by

wer Nn(u, a) for any a € A we can write the

P (Z Np ) D(pu(-lu); pu(lw)) < (IT] = l)f(n)>

wet
< P (Na(sw)D(pu(-lsw); pa(-lw)) < (IT| = 1) f(n)). (3.5)
Define the events A;;" and B;" by
Ay = { X1 Ny (sw) D(Pa (lsw); pu(-lw)) < (IT| = 1) f(n)}
By = {X1: D(uClsw); puClw) > €/8).
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Then we can bound above the probability in (3.5) by P (A;" N By™) 4+ P ((By™)¢). To bound
the first term note that by Lemma B.11, if n satisfies

f) _ €pisw)
n 8(|T| = 1)
then, using the bound |T| — 1 < |Alr

IA

|A|d we obtain

P(Afl’w N B;,w) <P (Nn(sw) < 8(IT| — l)f(n)>

€2
“n [p(sw) _ 8|A|df(n>]2
< 20/8IAP(AIB+200)| A | exp €n
- [sw]| 4+ 1
On the other hand, by Lemma B.13 we have
P((Bs,w)c) < zea0/32e2|A|2(|A|ﬂ+2ao)(|A| +1)exp|—n €2 p(sw)?
" - 16(sw|+ 1 |°

We conclude the proof of Theorem 2.18 by observing that we only have a finite number of
sequences w < u € Ty|x, therefore we obtain

2
2| d 8|A|df ()
—ne [pmin - 2n :I

P(U,) < 3e%0/327 1A (1A41B+200)| 4 2+K
(Un) < 3¢ | A7 exp 6@+ 1)

3.4. Proof of Theorem 2.22

The statement of the theorem follows straightforward from Theorems 2.14 and 2.18 and the
Borel-Cantelli Lemma, by noticing that the upper bounds for

P(Tc(XM)|k # Tolk) < P(Tc(XDk £ Tolk) +P(Tolx £ Te (X))

are summable in n. The same reasoning applies to f‘pML(X’f) when f(n) = §,.
4. Discussion

In this paper we showed a relation between two classical algorithms for context tree selection.
We proved that for a proper set of parameters, the Penalized Maximum Likelihood estimator
always yields a smaller tree than the tree given by the algorithm Context. This relation between
the empirical context trees allows us to derive, in an unified way, non-asymptotic bounds for the
probability of over- and under-estimation of the context tree generating the sample. The tree may
be unbounded, and our results apply to processes that do not necessarily have a finite memory.

Concerning under-estimation, we assume the process satisfies some conditions that implies
exponential inequalities for the empirical probabilities. These inequalities were obtained in [17]
under a stronger non-nullness assumption; namely, that the transition probabilities were lower
bounded by a positive constant. In this paper we show that the results also hold for a larger
class of processes. It is conjectured that similar results cannot be obtained without assuming any
non-nullness nor mixing condition of the process.
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Concerning over-estimation no mixing assumption is necessary for Theorem 2.14 to hold.
This improves on and generalizes the results obtained in [17,22]. Our proof is based on
deviation inequalities obtained for empirical Kullback-Leibler divergence, instead of L” norm;
it appears that this pseudo-metric is more intrinsic for binomial distributions (and partially also
for multinomial distributions), as the binary Kullback—Leibler divergence is the rate function of
a Large Deviations Principle. Deriving similar inequalities is also possible for other distributions
and thus other pseudo-metrics, or by using upper bounds of the Legendre transform of the
distribution, as in [21]. These type of inequalities are interesting on their own and prove useful
in various settings: other applications of similar bounds may be found in [21,14,20].

From the point of view of most applications, over- and under-estimation play a different role.
In fact, data-generating processes can often not be assumed to have finite memory: the whole
dependence structure cannot be recovered from finitely many observations and under-estimation
is unavoidable. All what can be expected from the estimator is to highlight evidence of as much
dependence structure as possible, while maintaining a limited probability of false discovery.

Our results imply the strong consistency of the algorithm Context for processes of infinite
memory, generalizing the convergence in probability of this estimator previously obtained
in [12]. Likewise, the strong consistency for the PML estimator is also derived for a larger class
of penalizing functions than in [22].
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Appendix A. Martingale deviation inequalities

This section contains the statement and derivation of two deviation inequalities that are useful
to prove the results of this paper. As they are interesting on their own, we include them in a
separate section. The ingredients of the proofs are mostly inspired by [24], see also [8].

We briefly recall some notation so as to keep this section self-contained. Let (X,),c7 be a
stationary process whose (possibly infinite) context tree is Ty, and let F,, be the o -field generated
by (X;)j<n. Fork € N, w € A¥, denote p(blw) = P (Xi41 = b|X¥ = w). For j > 1, define

- .
&= Il{X;_ =w} and x;= ]l{X']{_k = wb},
so that N,(w) = Z?:léj and N, (w, b) = Z’}zl xj. Denote p,(blw) = N,(w, b)/Ny(w).
The Kullback—Leibler divergence between Bernoulli variables will be denoted by d: for all
p.q €10,1],

l—gq

P
d(p;q) = plog; + (1 —p)log

Proposition A.1. Let k be a positive integer;, let w € A* such that there exists u € Ty with
w > u, and let b € A. Then for any § > 0

P[Na(w)d (pa(blw); p(blw)) > 8] < 2e [§1og(n)] exp(=9).
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Proof. Denote by p = p(blw), N, = Ny(w), S, = Ny(w,b) and p, = S,/N,. For every
A >0, let

¢p(2) =log(l — p+ pexp(A)).
Let also W(;‘ =1landfort > 1,

W) = exp(hS; — Ni—1p(1).

First, note that (Wt)‘) is a martingale relative to (F;);>0 with expectation E[Wé‘] = 1. In fact,

>0
E[exp (r (Si1 — $)) |F] = E [exp A xit1) 1F7]

= exp (&¢p (1))
exp (N; — Ni—1) ¢ (V)

which can be rewritten as

E [exp (ASi41 — Nigpp (V) IFi] = exp (AS; — N1, (V) -

To proceed, we make use of the so-called ‘peeling trick’ [23]: we divide the interval {1, ..., n}
of possible values for N, into “slices” {#_1 + 1, ..., tx} of geometrically increasing size, and
treat the slices independently. We may assume that § > 1, since otherwise the bound is trivial.
Take n = 1/(8 — 1), let g = 0 and for k € N*, let ty = L(l + n)kj. Let m be the first integer

such that t,, > n, thatis m = ’7101;%177—‘. Let Ay = {tix—1 < Ny < 1} N {Nud (Pn; p) > 8}. We
have:

P (Nud (pn; p) > 8) <P (U Ak> <Y P(A). (A2)
k=1 k=1

We upper bound the probability of Ay N {p, > p}, the same arguments can easily be
transposed for left deviations. Let s be the smallest integer such that §/(s + 1) < d(1; p); if
N, < s, then N,d(pn, p) < sd(pu, p) < sd(1, p) < 8 and P(N,,d(pn, p) > 8, pn > p) = 0.
Thus, P(A;) = 0 for all k£ such that #;, <'s.

Take k such that f; > s, and let fz_| = max{t;_1, s}. Let x €]p, 1] be such that d(x; p) =
8/Ny, and let A(x) = log(x (1 — p)) —log(p (1 — x)), so that d(x; p) = A(x)x — ¢p(A). Let z
such that z > p and d(z, p) = /(1 + n)¥. Observe that:

e if N, > t;_1, then

8
d(z; p) = > ;
(I4+mk = (L 4+nN,
e if N,, < t; then, as

) )
d(pn; p) > —

> ——— =d(z p),
N, T W e

we have:

. . ) .
pn>=p and d(pn;p)>N—:>pnzz.
n

Hence, on the event {i_1 < N, <t} N {p, = p} N {d(ﬁn; p) > N%} it holds that

A T I
MO = 9p02) 2 3@z = $p() =d(@ p) =
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Putting everything together,
- . . 3
{txe1 < No <u} 0 {pa = p}0 {d(pn; p) = N—}
n
)
c @ pn — dp(h(2) > ————
(@) pn — Pp(A(2)) = N, (l+n)}
)
C M@ — Nugpp(A(2)) = —}

I+7
c {wr@ > exp L .
n 1+n

is a martingale, E [Wnk (Z)] =E [Wé‘ (Z)] = 1, and the Markov inequality yields:

8
P (W,i‘(Z) > exp (T))
n

< exp <_1j—_n> . (A.3)

As (W})

t>0

P ({fc—1 < No <t} 0 {pn = p} N {Nud(Pn, p) = 5})

IA

Similarly,

. . . 5
P ({fc—1 < No <t} 0 {pn < p} 0 {Nud(n, p) = 8}) < exp <_m>

so that
P ({fi—1 < Nu < 16} 0 {Nad (P, p) = 8}) < 2exp <—1j—n) :
Finally, by Eq. (A.2),
" 5
P <kL=J] {fi1 < Ny < 1} 0 {Nud (P, p) = 8}) < 2mexp (—m> :

Butasn =1/ —1),m = lrlog(ll-i-()]%—l and as log(1 + 1/(8 — 1)) > 1/8, we obtain:

logn

———— |exp(—8§ + 1) <2e[dlog(n)] exp(—45). O
log (1 + ﬁ)

P (Nad(pn, p) = 8) <2

Remark A.4. The bound of Proposition A.1 also holds for P (N,d(p,, p) = 8|N, > 0): in
fact, as

| =F [Wn“@] —E [WHWHN,, > 0] P(N, > 0) + E [W,’l\(Z)|Nn - 0] P(N, = 0)

_E [W,?‘ZHN,, > 0] P(N, > 0) + 1 — P(N, > 0),

it follows that E [WnA @ |N, > O] = 1 and starting from Eq. (A.3), the proof can be rewritten
conditionally on {N,, > 0}; this leads to:

P (Nud(pn, p) = 8IN, > 0) < 2e [ log(n)] exp(=9).
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However, in general no such result can be proved for P (Nnd (Pn, p) = 8|N, > k) for positive
values of k.

To proceed, we need the following lemma:

Lemma A.5. For any probability distributions P and Q on the finite alphabet A,
D(P: Q)<Y d(P(x); Q(x)).

xX€EA
Proof.
1—-P
S d (P Q) — D(P; ) = 3 (1 = P(x) log +— )
X€eA X€eA - Q( )

o p(x) (1= P(x))/(Al - 1)
= (IX] 1)2 I ((I—Q(x))/(IA|—1)>

xeA

>0

because the sum in the next-to-last line is the Kullback-Leibler divergence between the proba-
bility distributions R and S defined on A by:

Ry = = F®d sy = 1220
Al —1 |A] —1

Remark A.6. Obviously, this lemma is suboptimal for |A| = 2 by a factor 2. For larger alpha-
bets, it does not appear possible to improve on this bound for all P and Q.

We are now in position to state the deviation result we use in order to upper bound the prob-
ability of over-estimation:

Theorem A.7. Let k be a positive integer and let w € AX. Then, for any § > 0

)
P[Na()D (pn (lw); p (-lw)) > 8] < 2e (8log(n) + IAI)GXP( |A|>
Proof. By combining Lemma A.5 and Proposition A.1, we get

P[Naw)D (pn (lw): p (|w) > 8] < P[sznd (5n (Glw) s p (blw)) > 6]

beA

8
<ZP[N" (Bn Blw); p (blw)) > |A|:|

beA

8 8
< 2]Ale lrﬁlog(n)—‘ ex p< |A|>
1)
= 2|Ale <|_A| log(n) + 1) exp <—m>

= 2e (6 log(n) + |A|)exp< |f‘|>
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Remark A.8. It follows from Remark A.4 that the following variant of Theorem A.7 holds:
P [Nu ) D (pn (-1w): p ([w)) > 8| Nn(w) > 0]

<2e(slog(n) + |A| — 1) exp <_|A|3— 1) :

Appendix B. Exponential inequalities for weak dependent processes

In this section we state some results providing exponential inequalities for processes satisfying
Assumption 1 and prove two lemmas that are useful in the proof of Theorem 2.18. The first result
is a version of Theorem 3.1 in [17] that we state under weaker conditions, given by Assumption 1.

Proposition B.9. Assume the process {X,:t € 7} satisfies Assumption 1. Then for any w € A*,
any a € A and any t > 0 the following inequality holds

2
—t
P(|N,(w, a) — np(wa)| > t) < ¢20/8% (|1 B+2a0) exp <| | ) )
waln

Proof. Theorem 3.1 in [17] was proven for a process satisfying a stronger non-nullness hypothe-
sis than our Assumption 1, namely that infye7,{p(alw)} > 0 for any a € A. But the proof of the
theorem is based on results obtained in [7] and [11] that also hold for processes satisfying our
weaker assumption. Moreover, the upper bound in Theorem 3.1 in [17] depends on the coefficient

o= Z(l —ag),

k>0
where for k > 1

ap = inf Z inf plalx—Lu).

k
ueA aed X o

But it can be shown that for any k£ > 1 we have 1 — o < |A|Bk, as noted by [10] in their proof
of Lemma 3. Therefore « < |A|B8 + ag and Theorem 3.1 in [17] takes the form of Proposi-
tion B.9. [

As a consequence of this result we have the following lemma, proven in [22, Corollary A.7].

Lemma B.10. Assume the process {X;:t € 7} satisfies Assumption 1. Then for any w € A*, any

a € A and any t > 0 the following inequality holds
—nt? 2
P (Ipn(alw) — plalw)| > r) < e/ APIABT20) (4] 1 1) exp (%ﬁ‘l’)) :
w

Now, we prove Lemmas B.11 and B.13. These two results are useful in the proof of
Theorem 2.18.

Lemma B.11. Assume the process {X;:t € 7} satisfies Assumption 1. Then for any w € A* and
any t > 0 such that t < np(w) we have

_ _ PP
]P;(Nn(w) S t) S ea0/862‘A‘2(|A|,5+2050)|A| eXp (W) . (Blz)
w



A. Garivier, F. Leonardi / Stochastic Processes and their Applications 121 (2011) 2488-2506 2505

Proof. Using that N,,(w) = )", .4 Nu(w, a), p(w) =), 4 p(wa) and t —np(w) < 0 we have
that

P(N,(w) <1) =P <Z[Nn(w, a) —np(wa)] <1 — np(w))

acA

<>y P (|Nn(w, a) —np(wa)| =

acA

np(w) — t)
|A] '

Using Proposition B.9 we can bound above the right hand side of the last inequality by

2
ea0/8e2(|A|ﬁ+2a0)|A| exp [_ II[411|127((|w)| :_tl]) } .
w n

This implies the bound in (B.12). O

Lemma B.13. Assume the process {X;:t € Z} satisfies Assumption 1. Let u, w € A* and b € A
such that p(blu) — p(blw) > 0. Then, for any t < [p(blu) — p(b|w)]*>/8 we have that

P (D(pa(-110); pu(-lw)) < 1) < 260/ IAPUAIB+20) (14 4 1)
[ ro <17(w)2 p(u)? >]
X exp —n—min , ——— .
2 lwl+ 17 Ju| + 1

Proof. By Pinsker’s inequality (see, e.g., [6, Section A.2] for a proof) we have that

2
1
D(pn(Clw); pa(clw) = 5 [Z | pn(alu) — ﬁn<a|w>|]

acA
L. . 2
= 5 (Bu(blu) = pa(blw))”. (B.14)
Now, set v = %[p(b|u) — p(b|w)]? and define the events
Crwt = (X2 | pu(blu) — pblu)| < V/v/2} N {X]: | pu(blw) — p(blw)] < v/v/2). (B.15)
Then, if t < v we have that the event
(X1 D(Pulw); puClw)) < 1} N Cy" = 0.
To see this note that by (B.14), if (B.15) holds then
N R 1 2
D(pu(-lw): puClw)) = 5 [ (p(bl0) =072 = (pOlw) + V7D | =v > 1.
Therefore, using the bounds in Lemma B.10 we obtain for any ¢t < v that
P (D(puCl): puClw)) = 1) = P (IpaBli) = pbl)] = V/o72)
+P (1a(blw) = polw)] = V/v/2)

2 2
< 26%0/321APAIB+200) (| A| 4 1) exp [_nkmm(P(w) G )}
B 2 lwl 4+ 17 u] +1
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