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Abstract: The Integrated Completed Likelihood (ICL) criterion was in-
troduced by Biernacki, Celeux and Govaert (2000) in the model-based clus-
tering framework to select a relevant number of classes and has been used
by statisticians in various application areas. A theoretical study of ICL is
proposed.

A contrast related to the clustering objective is introduced: the condi-
tional classification likelihood. An estimator and model selection criteria
are deduced. The properties of these new procedures are studied and ICL
is proved to be an approximation of one of these criteria. We contrast these
results with the current leading point of view about ICL, that it would
not be consistent. Moreover these results give insights into the class notion
underlying ICL and feed a reflection on the class notion in clustering.

General results on penalized minimum contrast criteria and upper-bounds
of the bracketing entropy in parametric situations are derived, which can
be useful per se.

Practical solutions for the computation of the introduced procedures
are proposed, notably an adapted EM algorithm and a new initialization
method for EM-like algorithms which helps to improve the estimation in
Gaussian mixture models.
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1. Introduction

Model-based clustering is introduced in Sections 1.1 and 1.3. Our purpose is to
better understand the ICL criterion of [9], which is presented in Section 1.4.
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The main topic of this work is the choice of the number of classes in the model-
based clustering framework, and then the choice of the number of components
of a Gaussian mixture. The reader is referred to [40] or [30] for comprehensive
studies on Gaussian mixture models. The latter also provides (Chapter 6) an
overview on the approaches for assessing the number of components, and par-
ticularly on the standard and widely used penalized likelihood criteria, such as
AIC [1] or BIC [37].

The ICL criterion is an alternative to BIC. Up to now it has been widely pre-
sented as a penalized likelihood criterion, which penalty involves an “entropy”
term. In contrast to this point of view, we prove that it is actually a penalized
contrast criterion with a contrast which is not the standard likelihood. This
justifies why this is not surprising, nor a drawback, that ICL does not asymp-
totically select the “true” number of components, even when the “true” model is
available. Even for data arising from a mixture distribution, a relevant number
of classes may differ from the true number of components of the mixture.

We prove (Section 4.2) that ICL is an approximation of a criterion deriving
from a new contrast: the conditional classification likelihood. We introduce this
contrast which is related to the clustering task. The notion of class underlying
ICL is proved to be a compromise between Gaussian mixture density estimation
and a strictly “cluster” point of view (Section 7).

We consider a model selection approach and technical methods as developed
by [4] and [28]. All proofs are gathered in Section 8.

1.1. Gaussian mixture models

Let X be a random variable in R? with distribution f%-\, where \ is the Lebesgue

measure, and X = (X1, ..., X,;) an i.i.d. sample of the same distribution. Unless

specified, all expectations E and probabilities P are taken with respect to f¥- .
M is the Gaussian mixture model with K components:

K
MK:{f(.;e):Z']Tk¢(.;(Uk)‘9:(7T1,...,7TK,(U1,...,WK)E@K},
k=1

where ¢ is the Gaussian density and O C IIx x (R? x Si)K with IIx =
{(m1,...,mk) € [0, 1] : Zszl T, = 1} and S¢ the set of symmetric positive
definite d x d real matrices. Constraints can be imposed by restricting O [15].
“General” (no constraint) and “diagonal” (diagonal covariance matrices) models
are considered below as examples.

Mixture models are studied here as parametric models. It is then assumed
the existence of a parametrization ¢ : O C RPx — M. It is assumed that
Dy is minimal and it is called the dimension of M.

It will not be necessary to assume the parametrization to be identifiable,
i.e. that ¢ is injective. Indeed our purpose is twofold: identifying a relevant
number of classes to be designed; and actually designing these classes. Theorem
4.1 justifies that the first task can be achieved under a weaker “identifiability”
assumption. Theorem 3.1 then guarantees that our estimator converges to the
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set of the best parameters, any of which is as good as the others. There will be no
“true parameter” assumption. The classes can finally be defined either through
the Maximum A Posteriori (MAP) or the random labels rule (see Section 1.3).
Practically, the parameters themselves are never the quantities of interest here.
They only serve as a convenient notation and this is also why we expect that
the assumption about the Fisher information (see Theorem 4.1) is technical and
could maybe be avoided with other techniques. Please refer to [5, Chapter 4] for
a more comprehensive discussion about the identifiability question.

1.2. Complete data model

Assume that the studied population consists of K sub-populations which re-
spective proportions are my,...,mx and which respective conditional distribu-
tions are ¢(.;w1),...,¢(.;wk). Let the label of the sub-population to which
an individual belongs be modeled by a random variable Z € {0,1}%: Z; =
1 < X belongs to the kth sub-population, which by an abuse of notation
we will also denote by Z = k. Then we have Pz(k) = m, fx|z=k(z;0) =
P(z;wr), and fix zy(v,2;0) = Hle (ﬂ'kqﬁ(az;wk))zk. Hence the complete data
model {fix z)(.;0)|0 € ©k}. This is a natural model for a clustering problem
where X models the observation and Z the sub-population or group which has
to be infered. But since the label Z is not observed, only the marginal distri-
bution of X can be studied. Now as a matter of fact its density is fx(z;0) =
Eszl fix,z)(x,k;0) = f(x;0) as defined in Section 1.1. This links the complete
data model (with Gaussian conditional distributions) and the Gaussian mixture
model M.

1.3. Model-based clustering

The process is standard [see 19]:

e estimate a mixture distribution in each considered model;

e select a model and a number of components on the basis of the results of
the first step;

e classify the observations through the MAP rule (recalled below) with re-
spect to the mixture distribution estimated in the selected model.

A class is identified with each fitted Gaussian component, which is the most
usual choice. Thus the number of classes is chosen at the second step. See for
example [22] or [8] for alternative approaches.

Let us recall the MAP classification rule. It involves the conditional probabil-
ities of the components

e P25 W)
ey T (T W)

where 74 (; 0) is the probability that X belongs to the £ component condition-
ally to X = z under the distribution defined by 6 (Pz x—,(k;0) in the complete

VO € O, Vk,Vx, 71,(2;0) =
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data model). Let us also denote 7;,(0) = 7,(X;; 6). The MAP classification rule
for z is

/Z\MAP(Q) = argmax Tk(iC?H)'

ke{l,...,.K}
Other classification rules are possible, such as drawing the class of = with proba-
bilities 71 (z;0), . .., Tk (x; 0) (conforming then to the so-called fuzzy classification
approach). The latter is probably a better choice when the focus is on the study
of the classes (e.g. their shape, how much they overlap...) and the MAP should
rather be chosen when the focus is on the classification of single observations.
Remark that the classes obtained with the MAP cannot overlap, which is often
not realistic. But if the main concern is the class to which an observation should
be affected, then the MAP rule seems to be the most relevant choice.
Let us denote by L the observed likelihood associated to X:

Vo € Ok, L(6;X) H(Z T Xz,wk))

i=1 k=1

The maximum likelihood estimator in the model M is denoted by @\IQH“E.

1.4. ICL

Our motivation is to better understand the ICL (Integrated Completed Likeli-
hood) criterion. Let us introduce the classification likelihood associated to the
complete data sample (X,Z) = ((X1,21),...,(Xn,Zy,)) in the complete data
model:

n K
V0 € Ok, Lef = [T TT (reo(xis o)) . (1)

i=1k=1
To mimic the derivation of the BIC criterion [37] in a clustering framework,
[9] approximate the integrated classification likelihood through a Laplace’s ap-
proximation. Then they assume that the classification likelihood mode can be
identified with @}gLE as n is large enough and replace the unobserved Z;;’s

by their MAP estimators under @I}ALE. This is questionable, notably when the

components of @\IQH“E are not well separated. They derive the ICL criterion:

- 1
critien(K) = logL )+ Z MAP AMLE) log Tik(é\%LE) _ ognDK'
=1 k=1

[30] replace the Z;;’s by their conditional expectations 7;j (@}gLE):

logn
2

n K
CI‘itICL( ) 10gL /\MLE —I— Z Z le 10g Tik (GK ) —
1=1 k=

Dk. (2)

—

Both versions of the ICL appear to behave analogously, and the latter is con-
sidered from now on.
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The ICL differs from the standard and widely used BIC criterion of [37]
through the entropy term (see Section 2.2):

n K
V0 € Ok, ENT(0;X) = =Y > " 7ix(6) log 7 (6). (3)
1=1 k=1

The BIC is known to be consistent, in the sense that it asymptotically selects
the true number of components, at least when the true distribution actually
lies in one of the considered models and under regularity conditions [23, 32].
This nice property may however not suit a clustering purpose. In many appli-
cations, there is no reason to assume that the distribution conditional on the
(unobserved) labels Z is Gaussian. The BIC in this case tends to overestimate
the number of components since several Gaussian components are necessary to
approximate each non-Gaussian component of the true mixture distribution f¥.
And the user may rather be interested in a cluster notion which also includes
a separation notion and which is robust to non-Gaussian components. It may
be of interest to discriminate into two different classes a group of observations
of which the best fit is reached with a mixture of two Gaussian components
having quite different parameters (we particularly think of the covariance ma-
trices parameters). BIC tends to do so. But it may also be more relevant and
it may conform to an intuitive notion of cluster, to identify two very close—
or largely overlapping—Gaussian components as a single non-Gaussian shaped
cluster (see for example Figure 1)...

ICL has been derived with this viewpoint. It is widely understood and ex-
plained [for instance in 9] as the BIC criterion with a supplementary penalty,
which is the entropy (Section 2.2). However we do not think that the entropy
should be considered as a penalty term and another point of view will be devel-
oped in this paper. A first reason supporting this point of view is that the order
of the entropy is O(n), such as log L, whereas a penalty term is expected to be
of order o(n), such as lo%"DK

The behavior of ICL has been studied through simulations and real data stud-
ies by [9], [30, Section 6.11], [38] and in several simulation studies [see 5, Chap-
ter 4]. Several authors chose to use it in various application areas: [20] (fMRI
images); [34] (image collection automatic sorting); [21] (protein structure predic-
tion); [16] (robots learning); [27] (uncovering groups of nodes in valued graphs
and application to host-parasite interaction networks in forest ecosystems anal-

ysis); [36] (comparative genomic hybridization profile); etc. ICL appears to be
more robust than BIC to non-Gaussian components.

This practical interest for ICL lets us think that it meets an interesting notion
of cluster, corresponding to what some users expect. But no theoretical study
is available. Our main motivation is to propose one. This leads to considering
new estimation and model selection procedures for clustering. They are in the
same spirit as ICL and are derived by developping the point of view underlying
it to its conclusion, from the very estimation step to the model selection step,
instead of introducing the MLE. We prove that ICL is an approximation of a
criterion which is consistent for a particular loss function.
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2. A new contrast: Conditional classification likelihood

The contrast minimization framework turns out to be a fruitful approach. It
enables to fully understand that ICL is not a penalized likelihood criterion, on
the contrary to the usual point of view. It should rather be linked to another
contrast: the conditional classification likelihood.

2.1. Origin, definition

In a clustering context, the classification likelihood (1) is an interesting quantity
but neither the labels Z are observed, nor do we even assume that they exist
(in case several models with different numbers of components are considered,
at most one can correspond to the true number of classes). An approach for
model-based clustering consists of involving the classification likelihood instead
of the observed likelihood and to estimate Z as well as 0, i.e. to consider them as
parameters of the model (see for example [39, 14], or 2] where a fuzzy classifica-
tion likelihood, between the classification likelihood and the observed likelihood,
is considered). The classification likelihood has also been considered to select the
number of classes, by estimating the labels (in [9] as mentioned in Section 1.4;
see also [11]). We propose here to consider its conditional expectation given the
observed sample X.
Let us consider the following algebraic relation between L and L:

V0 € Ok, logL.(0) =logL(0) + Z Zix log 11, (0). (4)
i=1 k=1

Then the Conditional Classification log Likelihood (log Lc¢) is given by
log Lee(0) = Eg [log L. (6)|X]

— ENT(6;X)

which is obviously linked to the clustering objective. We consider in the following
—log L. as an empirical contrast to be minimized.

2.2. Entropy

The contrast log L. differs from log L in an entropy term (3).

First, consider ENT(6;x;) for a single observation. Figure 1 represents a
dataset simulated from a four-component Gaussian mixture f = f(.;0). Re-
mark that ENT(6;2;) =~ 0 if and only if there exists ko such that 7, ~ 1
and 7, ~ 0 for k # ko. There is no difficulty to classify x; in such a case (for
example x;, ). But ENT(6;2;) is all the greater that (7;1,...,7ix) is closer to

(%, cee %), i.e. that the classification through the MAP or random labels rule
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Fic 1. A dataset example.

is uncertain. The worst case is reached as the conditional distribution over the
components 1,..., K is uniform. For example z;, has about the same poste-
rior probability % to arise from each one of the components surrounding it. Its
individual entropy is about log 2.

In conclusion, the individual entropy is a measure of the assignment confi-
dence of the considered observation through the MAP or random labels rule. The
total entropy ENT(6; x) is the empirical mean assignment confidence, and then
measures the MAP or random labels classification quality for the whole sample.

Involving the entropy means that one expects the classification to be con-
fident. The class notion underlying the choice of the conditional classification
likelihood as a contrast is then a compromise between the fit (and then the idea
of Gaussian-shaped classes) because of the likelihood term on the one hand,
and the assignment confidence because of the entropy term on the other hand
(which is rather a cluster point of view).

Notice that § — ENT(0;x) is not differentiable, and not Lipschitz, at any
point @ such that any 75 (0) is zero, which will be the cause of analysis difficulties
which do not occur in the study of log L.

2.3. log L.. as a contrast

The reader is referred to [28] for an introduction to contrast minimization. Let
us consider the distribution minimizing the loss function associated to L. in a

model M,,, = {f(.;0): 0 € 0,,}:

O € argmin{dxr (f9, f(.;0)) + E [ENT(6; X)]} .

0€0,,

argminE [—log L. (9)]
0€O,

this set is denoted by 69n
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The existence of E [~logLcc(#)] is a very mild assumption. The non-emptiness
of ©Y may be guaranteed for example by assuming ©,, to be compact. Let K
be fixed and consider the minimization of the loss function in the model Mg
(Section 1.1). First, remark that logL.. = logL if K = 1: ©Y is the set of
parameters of the distributions which minimize the Kullback-Leibler divergence
to f¢. If K > 1, % € O may almost minimize the Kullback-Leibler divergence
if the corresponding components do not overlap since then the entropy is about
zero. Otherwise this is not the case (Example 2.1).

Now, from the L¢. point of view, the (population) best distribution is given
by argming ., E [—log Lec(6)]. The universe U must be chosen with care. There
is no natural relevant choice, on the contrary to the density estimation frame-
work where the set of all densities may be chosen. First the considered contrast
is defined in a parametric mixture setup such as considered in this article, but
not over any mixture density set (different parameterizations may lead to differ-
ent values of the entropy term since the definition of each component cannot be
recovered from the mixture density alone). However, this would still enable to
consider mixtures much more general than mixtures of Gaussian components.
To overcome some limitations of these, authors consider mixtures of different
families of distributions [see for example 26]. The ideas developed in [22] or
[8] may even suggest to involve mixtures which components are Gaussian mix-
tures. But this latter idea would not make sense here. The mixture with one
component which is a mixture of K Gaussian components, and then which
yields a single non-Gaussian-shaped class, always has a smaller —log L. value
than the corresponding Gaussian mixture yielding K classes. The choice of the
components is a very strong modelization choice: allowing for example the com-
ponents to be any mixture of Gaussian mixtures means that a class may be
almost anything and may notably contain two Gaussian-shaped clusters very
far from each other! The final MAP classification depends on this choice and
the same problem studied by two different researchers who made two different
choices for U can produce two different solutions. The components should at
least be chosen with respect to the corresponding cluster shape. A most natu-
ral idea is then mostly to involve only Gaussian mixtures: & may be chosen as
U<k <k Mk

Example 2.1. f¢ is the normal density N'(0,1) (d = 1). The model My =
{36(.;—p,0%) + 26(.;p,0%);u € R, 02 > 0} is considered.

Let us study ©Y in this simple situation. We numerically obtain that ©9 =
{(—po,0?), (110, 02)}, so that, up to a label switch, there exists a unique mini-
mizer of E [—log Lec(1t, 0%)] in O in this case (see Figure 2), with o &~ 0.83 and
o3 ~ 0.31. This solution is obviously not the same as the one minimizing the
Kullback-Leibler divergence (see Figure 3). This illustrates that the objective
with the —log L. contrast is not to recover the true distribution, even when it
is available in the considered model.
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.

1 log f*(x)

Jlox 1 (a3 0)

Fic 2. E [log Lec(p, 02)] w.r.t. g and o, and F1c 3. log f¥ (red, which is also log f(.;0K%))
9(1){, for Example 2.1. and log f(. ;08) (blue) for Example 2.1.

3. Estimation: MLccE

Let us fix the number of components K and the model M. The subscript K
is omitted in the notation of this section. A new minimum contrast estimator
in M is considered (Definition 5). This section’s main result is the consistency
of this estimator (Theorem 3.1). It relies on bracketing entropy upper bounds
(Lemma 3.2). Since they could be useful in other situations, general statements
are provided (Section 3.2).

Let M = {f(.;0);0 € ©} be any parametric model with © compact (in Sec-
tion 3.1 and when specified M is a Gaussian mixture model). Let ©© an open
subset of RP such that © C ©Y and v : 69 x R? — R a contrast (in Sec-
tion 3.1, v = —logLe¢c) such that § € ©° s y(0;z) be O for f¥d\-almost
all x and 0 € © — E[y(6; X)] be continuous. Let its empirical version be
given by 7,(0) = 13" v(6; X;). RP is equipped with the infinite norm:
V0 € RP ||| oo = max;<;<p |0;]. For any r € N* U{oo} and for any measurable

1.
g :RY =R, lgllr =E[lg(X)|"]" if r < 0o and ||g]lec = esssupx. o [g(X)|. For

any linear form [ : RP — R, [|l]|loc = maxg)__—1 ().

3.1. Definition, consistency

In this subsection M is a Gaussian mixture model with compact parameter
space © C ©Y C RP and v = —log L.
The Maximum conditional classification Likelihood Estimator is defined:

gMLeE ¢ argmaxlog Lec(6). (5)

0€O

The compactness of © guarantees the existence of GMLecE This is a strong
assumption, but it will be natural and necessary for the following results to hold.
That the covariance matrices be bounded from below is a reasonable and neces-
sary assumption: without it, neither L nor L.. would be bounded (for K > 2).
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Besides it is necessary to impose positive lower bounds on the proportions to
guarantee the existence of ©F. Insights to practically choose lower bounds on
the proportions and the covariance matrices are suggested in [5, Section 5.1].
The upper bound on the covariance matrices and the compactness condition on
the means, although not necessary in the standard likelihood framework, do not
seem to be avoidable here. This results from the behavior of the entropy term
when a component vanishes.

Theorem 3.1 (Weak Consistency of MLccE). Assume that © is compact
and contains no parameter Awith a zero-proportion component. Let ©° =
argmaxycg E [log Le.(0)] and 0ME<E € © an estimator s.t.:

V6° € ©°,Vn € N*,log Leo(6M7°F) > log Leo(6°) + o0p(n).

Then d(§MLecE ©°) — 25 0 (with d(0,0°) = infgoceo || — 6°]]).

n—-o0

GMLecE g strongly consistent if it minimizes the empirical contrast almost

surely. Let us insist that it converges to the set of parameters minimizing the
loss function, which has no reason to contain the true distribution—except for
K = 1—even if the latter lies in M.

3.2. Bracketing entropy and Glivenko-Cantelli property

The results of this section hold for any model and contrast which fulfill the
assumptions they involve. We will justify their application to Gaussian mixture
models and the contrast —log L.. but they hold much more generally.

The reader is referred to [41, Chapter 19] or [18, Chapter 7] for thorough treat-
ments of these topics. Recall a class of functions G is P-Glivenko-Cantelli if it ful-
fills a uniform law of large numbers for the distribution P (sup,cg| 237" | g(Xn)—

Ep[g(X)]| P;i> 0). A sufficient condition for a family G to be P-Glivenko-

Cantelli is that it is not too complex, which can be measured through its entropy
with bracketing:

Definition 3.1 (L, (PP)-entropy with bracketing). Let r € N* and I,u € L,.(P).
The bracket [I, u] is the set of all functions g € L, (P) with ! < g < w. The bracket
[l,u] is an e-bracket if ||| —ul[,, < e. The bracketing number Ny;(e,G, L,(IP)) is the
minimum number of e-brackets needed to cover G. The entropy with bracketing
of G with respect to P is &(e,G, L. (P)) = log N[j(¢, G, L.(P)).

It is quite natural that the behavior of all functions lying inside a bracket
can be uniformly controlled by the behavior of the extrema of the bracket. If
those endpoints belong to L (P), they fulfill a law of large numbers, and if the
number of them needed to cover G is finite, then this is no surprise that G can
be proved to fulfill a uniform law of large numbers:

Theorem 3.2. FEvery class G of measurable functions such that
&n(e, G, Li(P)) < oo for every € > 0 is P-Glivenko-Cantelli.
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This is a generalization of the usual Glivenko-Cantelli theorem. We shall
provide f#- A-bracketing entropy upper bounds for {v(.;0): 6 € Ok}.
The following hypotheses will be repeatedly involved in the following:

1M, < oo with M(x) = sup |y(0; z)| < oo fPdI-a.e. (Hy0,r)
0co
’ . / v o ’
|M||,» < oo with M'(z) = sup 20 < oo fPdMa.e. (Hy0,r)
0cO (0;2) lloo
These assumptions when r < oo are not a difficulty with v = —log L. under

the assumptions of Section 3.1. H', go , with ©9 as in Section 3.1 holds too
since ©F itself can be chosen to be included in a compact subset of the set of
possible parameters.

The stronger assumption H, g o, which is involved below, is not always
fulfilled in the general Gaussian mixtures framework. A sufficient condition for
it to hold is that the support of f¥ be bounded. This is a reasonable modeling
assumption: most phenomena are bounded. Actually, our results can be expected
to hold all the same when f¥ has reasonably low tails (see p. 1054)... We did not
prove it yet though. Another sufficient condition to guarantee this assumption is
that the contrast be upper-bounded. This is actually not the case of the contrast
—log Lcc, but we could replace —log L. by (—log L. A C) and, provided that C
is large enough, this new contrast behaves like log L.

Lemma 3.1 guarantees that the bracketing entropy of {v(.;0) : § € O} is
finite for any e, if © is convex and bounded. The lemma is written for any ©
bounded and included in © (which is not assumed to be bounded itself) since
it will be applied locally around 6° in Section 4. _

For any © C RP, diam© = sup{||91 — 03|00 : 01,02 € @}.

Lemma 3.1 (Bracketing Entropy, Convex Parameter Space). Let r € N* and
assume that © is convexr. Assume that H', o, holds. Then

1M]], diam©

VO C ©,Ve >0, Njy(e,{7(6): 6 € O}, |- ||,) < (%) V1.

Remark that © is not assumed to be compact. The natural parameter space
of diagonal Gaussian mixture models, with equal volumes or not, for instance, is
convex (Examples 8.1 and 8.2). The natural parameter space of general Gaussian
mixture models is convex too, since the set of definite positive matrices is.
However, © is not always convex.

The convexity assumption can be relaxed if we assume O to be compact and
H', oo, to hold. The upper bound is then increased by a multiplying factor Q
which only depends on © and roughly measures its “nonconvexity”. Since our
main concern is the power of € in the upper bound, this weakens the result ever
so slightly.

Lemma 3.2 (Bracketing Entropy, Compact Parameter Space). Let r € N* and
assume that © is compact. Assume that H'. go , holds. Then
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3Q € N*,VO C O, Ve > 0,

~\ D
|| diam@)
f \/1.

Niye, {v(0): 0 €0} -1I-) < Q (

Q is a constant which depends on the geometry of © (Q =1 if © is convez).

In Section 4 we need a slight modification of Lemma 3.1. Since it is applied
locally there, the convexity assumption is not a problem.

Lemma 3.3 (Bracketing Entropy, Convex Parameter Space). Let r > 2, D €
N* and assume that © is convex. Assume that Hy e o and H'y o2 hold. Then

VO C ©,Ve >0,

r—2 %2 / : =\
Ni(e 42(6) 6 € B -]1) < (2 B dlam@) Vi
Let us remark that these results are quite general. We are interested here in
their application to the conditional classification likelihood, but they hold all
the same in the standard likelihood framework. [29] provide bracketing entropy
results in this framework. Our results cannot be directly compared to theirs
since they consider the Hellinger distance. The dependency they get on the
parameter space bounds and the variable space dimension d is explicit, which is
helpful to derive an oracle inequality. But they could not derive a local control of
the entropy (i.e. corresponding to a small subset of © around some 6), hence an
unpleasant logarithm term in their expression of an optimal penalty. Moreover,
their results suggest the necessity of assuming the contrast to be bounded: see
the discussion after Theorem 4.1 below. Our results achieve the same rate with
respect to €. They depend on more opaque quantities (||M || and [|M'||2) but
it should be possible to control them with respect to the bounds on © if needed.
And beside their simplicity, they provide a local control of the entropy.

4. Model selection

As illustrated by Example 2.1, model selection is a crucial step. The number of
classes may even be the purpose of the study.

Results are stated in Section 8.3 generally, for any contrast and family of
models. Here we apply them to —logL.. and the Gaussian mixture models in-
troduced in Section 1.1 and derive penalized conditional classification likelihood
criteria written as

crit(K) = —log Lec (3P + pen(K).

In Section 4.1, the consistency of a class of penalties is proved. Sufficient
conditions are given in Theorem 8.1, which is applied to the framework we are
interested in, in Theorem 4.1. The strongest condition of Theorem 8.1 (B4) is
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discussed in Section 8.4 and can be guaranteed under regularity and (weak)
identifiability assumptions. Our approach is adapted from [28] and [4] and is a
first step to reach non-asymptotic results.

4.1. Consistent penalized criteria

Assume that Ky exists such that
VK < Ko, sup E[logLc(0)] > sup E [logLcc(0)]

and 9€0K, €0
VK > Ky, sup E[logLc.(8)] > sup E [logLe(6)]
O K, 0cOK

which means that the bias of the models is stationary for K > Ky: Mg, is the
“best” model. Remark that the last property should hold mostly in the mix-
tures framework, in particular if the models are nested. Under this assumption,
a model selection procedure is expected to asymptotically select Ky, i.e. to be
consistent. This is an identification aim [see 31, Chapter 1]. It would be disas-
trous to select a model which does not (almost) minimize the bias and then a
smaller value than K. And it is assumed that the model M, contains all the
relevant information (typically, the structure of the classes).

Let us stress that the “true” number of components of f% is not of direct
concern: it is not assumed that it equals Ky, and it is not even assumed to be
defined (f® does not have to be a Gaussian mixture). Ky is the best choice from
the point of view introduced by using log L., which is neither density estimation
nor identification of the “true” number of components.

The following theorem is an application of the more general Theorem 8.1
(stated for any contrast and collection of models):

Theorem 4.1. Assume that the support of % is bounded.

(Mxk)i<kx<k,, are Gaussian mizture models with compact parameter spaces
Ok C RPx which contain no parameter with a zero-proportion component,
0% = argmaxycg, Ellog Lc.(0)] and Ko = minargmax, < g < ¢, Elog Le.(©%)].

For any K, assume that

V0 € Ok, V0%, € O%,.

E [log Leo(8)] = E [log Lec(©%,)]
<= log Leo(0;2) = log Lec(0%,;2)  fodX\—ae. (C1)

Assume that V09 € 69, Tpo = 86—:2(15, [log Lec(0)]) g0, is nonsingular.

Let MLecE ¢ © i with log Lee(0M5°E) > log Leo(6%) + op(n).

Let pen : {1,...,Kp} — RT (which may depend on n, (Ok)i<k<i, and
the data) such that

pen(K) > 0 and pen(K) = op(n) when n — +oo
VK € {1,...,Kn}, (pen(K) _ pen(K’)) % 00 for any K’ < K.
n—r-+0o0



1054 J.-P. Baudry

Define K such that K = min argmin, < g e, {—log Lcc(é\%LCCE) + pen(K)}.
Then P[K # K] —— 0.
n—=o0

The “identifiability” assumption (C1) is reasonable: as expected the label
switching phenomenon [see 30, Section 1.14] is not a problem here. But it is
necessary for the identification point of view to make sense, that a single value of
the contrast function x — ~(0; ) minimizes the loss. Remark that in the stan-
dard likelihood framework, this holds at least if any model contains the sample
distribution, since it is then the unique Kullback-Leibler divergence minimizer.
Several parameter values, perhaps in different models, may represent it, besides
the label switching. We do not know any such result for log L.. and hypothesize
that the assumption holds.

Hopefully the assumption about the non-singularity of Iyo could be weakened.
The analogous result of [28] (Theorem 7.11) which inspires this, and is available
for the standard likelihood context, does not require such an assumption since
it does not rely on a study of the link between the contrast and the parameters
but on a smart choice of the distance (Hellinger distance), and on properties of
the log function. However, this is a usual assumption [see 35, or below].

Moreover [28] does not require the contrast he considers (log L) to be bounded.
Remark however that the application of his Lemma 7.23 to obtain a genuine ora-
cle inequality involves an assumption similar to the boundedness of the contrast.
So that it seems reasonable that the assumptions Hiog1...,0 x,00 a0d H'logL,.,0x,2
be necessary. In the theorem, they are guaranteed by the boundedness of the
support of f# but it could be replaced by other assumptions: please refer to
the discussion p. 1051. Let us justify why we claim there that our results are
expected to hold when f# has reasonably low tails.

This claim is supported by the fact that

P(K # Ky) < P(K # Ko and (X1,...,X,) € C") + P((X1,...,Xn) ¢ C™),

with C' a compact. Let 7 > 0. Then, Theorem 4.1 holds conditionally to (X1, ...,
X,) € C™ (since then, conditionally, “the support of f¢ is bounded”) and for
n>NeN, P(K # Ko and (X1,...,X,) € C") < . Now, for n > N fixed,
we can find C such that P((X1,...,X,) ¢ C") < 3. The problem of course is
that N depends on C', and that we need to choose C with respect to n... But
we see that the conclusion of Theorem 4.1 must still hold without the support
boundedness assumption, provided that C' does not grow too fast as n grows...
i.e. provided that “f% has reasonably low tails”.

Our results can be compared to those of [32] and [23]. Both study consistency
conditions for penalized criteria in the standard maximum likelihood frame-
work. Assuming the convexity of O, strong identifiability (0%, = {6%}), non-
singularity of the Fisher information (analogous to our Iy ) and other regularity
conditions which are not designed for the particular case of mixture models, [32]
proves procedures with penalties of the form ¢, Dg to be weakly consistent as
soon as <* — 0 and ¢, — oo. In a general mixture model framework, assuming
the model family to be well-specified, the same identifiability condition as we do,
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and a condition about the Fisher information which does not seem to be directly
comparable to ours but sounds roughly the same (might be milder), [23] proves

procedures with any penalty form to be consistent if %(K) — 0, pen(K) — o0

;’f:((g,)) > 1if K > K’ (which is equivalent to the conditions of [32]
if pen(K) = ¢, Dk ). The assumptions are proved to hold for log L for Gaussian
mixture models with lower bounded, spherical covariance matrices which are
constrained to be equal for all the components and if the means belong to a
compact subset.

In comparison our conditions (applied here for the log L¢. contrast or more
generally, including the log L contrast, in Theorem 8.1) about the penalties are
a little weaker than those of [23] but quite analogous, as expected. For the
application to log L., we have to introduce a supplementary assumption, that
the mixing proportions be kept away from zero. It does not seem easy to extend
the methods used by [23] to our framework.

To get strong consistency, both [32] and [23] had to assume moreover that
1];2]1(();(7)1 — o0. By analogy it can then be conjectured that the strong version of
Theorem 4.1 would probably involve penalties a little stronger.

and lim inf

4.2. A new light on ICL

The previous section suggests analogies between model selection penalized cri-
teria based on L on the one hand and on L.. on the other hand. Therefore,
by analogy with the standard likelihood framework, it is expected that penal-
ties proportional to Dy conform a prediction point of view (think of AIC), and
that penalties proportional to D g log n are optimal for an identification purpose
(think of BIC). This possibility to derive an identification procedure from a pre-
diction procedure by a logn factor is notified for example in [3, Section 1.2.3].
Let us then consider by analogy with BIC the penalized criterion

. e logn
crity, . —ron(K) = logLCC(@I\{/IL E) — %DK.

We almost recover ICL (replace @I\{/ILE by GMLecE iy (2)), which may then be re-
garded as an approximation of this L¢.-ICL criterion. The corresponding penalty
is log " Dy, and the derivation of L..-ICL illustrates that the entropy should not
be considered as part of the penalty. This notably justifies why ICL does not
select the same number of components as BIC or any consistent criterion in the
standard likelihood framework, even asymptotically. Actually, it should not be
expected to do so.

When @\IQH“CCE differs from @\IQH“E, the former provides more separated clusters.
The compromise between the Gaussian component and the cluster viewpoint is
achieved with @{ALCCE from the very estimation step. However, ICL and L.-ICL
usually behave analogously in the simulations (Section 6).

Finally, L¢.-ICL is quite close to ICL and enables to better understand the
concepts underlying ICL. ICL remains attractive though, notably because it is
easier to implement than L..-ICL.
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4.3. Slope heuristics

Another interesting approach for model selection by penalized criteria is the
slope heuristics of [12, 13]. It has been successfully applied to many situations
and particularly to model-based clustering with the usual likelihood [see 7, for
an overview and practical considerations].

Since we define a new contrast adapted to the clustering objective we can
apply this heuristics to calibrate penalties of the form suggested in Section 4.1.
No definitive theoretical justification that the penalty should be chosen propor-
tional to the dimension of the model is available up to now, but we have hints in
that direction. Simulations (Section 6) seem to confirm this choice. Criteria of
the following form, with x unknown, are then considered and expected to have
an oracle-like behavior:

crit(K) = —log Lec(®) + kD,

The slope heuristics provides a practical data-driven approach to choose x.
The slope heuristics relies on the assumption that the bias of the models
decreases as their complexity increases and is stationary for the most complex
models. In our framework, this requires the family of models to be roughly
nested, which does not always hold depending on the constraints on the models.

5. Practical

We introduce practical solutions for the computation of PMLecE: ap algorithm

adapted from the EM algorithm [17] and a new initialization procedure (“Km1”)
which can also be useful for the usual EM algorithm. Details are beyond the
scope of this article: they are presented and discussed in [5, Chapter 5].

5.1. Definition and fundamental property of L..-EM

The L..-EM algorithm we introduce is inspired by the BEM algorithm [25].
The steps of the j*® algorithm iteration (#7~ — 69) are:

E step For all § € Ok,

Q(0,6™") = Eg;-1 [log Le(6)|X]

K
D ik (6077) log m (X wi)-
1 k=

=

i

M step Maximize Q(6,67~!) — ENT(6; X) with respect to 6 € O:

0 € argmax{ Egi—1 [log Le()|X] — ENT(6; X) }
0eO K

log L(0)+327_ 1 324 (1a (67~ 1) 473k (9)) log 7ir ()



MBC with Lcc 1057

On the contrary to many situations with the EM algorithm [15], we do not
know any case of closed-form M step for L¢.-EM. Therefore it has to be per-
formed by means of numerical maximization.

Proposition 5.1 (Fundamental Property of the L..-EM algorithm).

V0,0' € O, Q(f',0) — ENT(0; X) > Q(6,0) — ENT(6; X)
= log Lec(0') > log Lec(6).

The proof is straightforward. This property suggests the interest of the algo-
rithm to maximize log L., which is assessed by simulations studies.

Note that the monotonicity of the contrast still holds if the M-step is weak-
ened into an increase (instead of a maximization) of Q (6, 67) —ENT(6; X), which
is a good point about the algorithm stability despite numerical optimization.

5.2. Initialization: Known and new methods

The choice of #° is crucial for the Le.-EM, as for the EM algorithm. The reader
is referred to [10] for initialization methods for the standard EM. Our approach
is inspired by the same idea: try different methods and keep the best result to
initialize L..-EM. We involve in our initializations:

e Solutions obtained through partial standard likelihood optimization rely-
ing on the standard EM and initialization methods from [10]:

— Classification EM (CEM);
— EM with random starts or small_EM starts;
— K-means.

e Solutions obtained through a procedure directly inspired by [10] and adapted
for log Le.:

— Small_L..-EM. Choose the best solutions 62, among those obtained
after short runs of L..-EM from random starts.

e Solutions obtained by a new procedure called Km1 and introduced below.

Kml “Kml” stands for “K minus 17. Figure 4 illustrates this strategy. Sup-
pose K > 2 and @\IQH:CfE is available. Then, choose one of the classes designed

(through MAP) from @\IgEﬁCE (say, the ko*™™) and divide it into two classes by
applying to the corresponding observations the L..-EM algorithm with a two-
component Gaussian mixture model. Now, 9105%1 is built by keeping the parame-
ters of components with label different from kg as in @\IgEﬁCE and by introducing
the parameters obtained by splitting k¢ for the k(t)h and the K components.
Run a few iterations of L..-EM and get 9I1<kr‘r’11.

Apply the same procedure with any k. Then, apply L..-EM to the parameter

which maximizes log Lec among {051, ..., 055 1"} and get 69, .
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Split into two components

@\ILCCE 1’.,,,]{;0,...,1(—1

K-1

v
0k
Ok 1. koo, K — 1, K

Fic 4. The Km1 Strategy.

This strategy can be related to the X-means algorithm of [33], which is an
extension to the k-means. An adaptation of it to the Alter algorithm, which
relies on quantization techniques, has been introduced by [24].

The Km1 method works well in practice, particularly as the number of com-
ponents is larger than the sensible number of classes. When the number of
components is low it is not always able to find a sensible solution since it can
be far from the one with one less component. This is why we do not recommend
to use Kml as the only initialization method. Initializing Lc..-EM from the best
solution among Hgmau and 6%, provides sensible enough results for the appli-
cation of the slope heuristics. As expected, 62 . is often more sensible than
6y ., for small values of K and the situation is reversed for large values of K.

Let us remark that the Kml procedure can be applied for the EM algorithm
all the same and does not seem to correspond to any known procedure. It helps
improving the results in particular for the slope heuristics, since models with
high numbers of components have to be involved. Km1 is longer to run than
small_ EM though: it can be expected to be at worst K times longer (depending
on both procedures parameters). Figure 5 illustrates the difference between both

-4500 4 -4500)

)

[;_\ -5000- 1K -0
2 S
=i =<
‘D -saop < -s500
~ ~

(%) 20

o eooor 1 O oo

6500 -6500|

Fi1c 5. Toy Dataset: Optimization of the Likelihood for Each Model. (a) Initialization Without
Km1. (b) Initialization With Km1.
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procedures results (i.e. with or without Km1) on a toy dataset: we stress that the
likelihood values reached with Km1 are higher than those obtained without it;
that Km1 avoids some severe failures to find a good maximizer of the likelihood
(K =21 and K = 24) and that this can obviously be crucial so as to get a good
estimation of the slope of the linear part of the graph.

6. Simulations
6.1. Consistency of the MLccE

Example 6.1 (Example 2.1 continued). The consistency of PMLE geated by
Theorem 3.1 can be empirically observed for Example 2.1: see Figure 6.

6.2. Model selection criteria

For each simulation setting, at least 100 datasets have been simulated (details

available in [5, Section A.2]). @}gLE and @}gLCCE have been computed for each
K € {1,..., Ky} and the percentage of selection of each possible number of
classes is reported for each one of the following criteria:

e critarc(K) = logL(@}é{LE) — Dg;

o critpio(K) = log L(B}F) — 167 D

e critgyp,(K) = log L(@I\(/ILE) —2x s%;eL x Dy (Slope Heuristics applied to
(DK7 10gL(@\I§LE))Ke{1 ..... KM});

e criticr, (K) = log LCC(@\IQH‘E) — 10%DK;

o critr,.—1or(K) = log Lec(0)ecP) — l2n p .

e critspr.. (K) = log LCC(@}{/ILCCE) —2x slo/p\eLcc x D (Slope Heuristics ap-

plied to (DK, log LCC(@(&LCCE))Ke{l)m)KM})-

UQEQ;;;i+

. . . . . .
10 50 100 150 200 500 1000 2000
n

Fic 6. ||§MLCCE — 69||2 bozplots for 100 experiences with respect to n (Example 2.1 setting).
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According to the slope heuristics @L (resp. @LCC) is the estimated slope
of the “linear part” of the graph Dy +— —log L(@\IQH“E) (resp. D
—log L (@I\(/ILCCE)), which occurs for large values of K.

0.2.1. The “Cross” experiment

f¥ is a four-component Gaussian mixture in R?, n = 200 (Figure 7). Diago-
nal models are fitted: the true distribution is available in the model with four
components.

According to Table 1, AIC clearly overestimates the number of classes; the
criteria based on logL (BIC, SHL) select four classes: one for each Gaussian
component needed to fit the data; the criteria associated to logLec (Lee-ICL,
ICL and SHL,.) select three classes: the two components of the “cross” overlap
too much to be considered as two separated classes.

The expected oracle number of components for log L (argmin, « g <o E[dkr (f¥,
f(; @\IQH“E))]) is four and for log L. (argmin, < s Ex, ... x, Ex[—log LCC(@\IQILCCE;
X)]) it is three. o

The solutions @XILE and @ALCCE for an example dataset (chosen for its illus-
trative quality) have been represented (Figure 8). Remark that #}1LE does not

nearly match the true distribution, on the contrary to @XILE. The former dislikes

solutions with overlapping components.
N l‘l x1 é &‘i 1‘0 12

® 3
3 I

|
N

° ~
L L
° N

ol -

¥ S A

“Cross” Experiment. “Misspecified” Experiment

Fic 7. Simulated datasets with isodensities of f%.

TABLE 1
“Cross” Experiment. Blank cells: Lec-based criteria computed for K € {1,...,8}

Selected Number of Components | 2 | 3 | 4 | 5 | 6 | 7 | 8 | 9 | 1020
AlIC 0 0 1 1 2 2 3 3 88
BIC 0 4 91 5 0 0 0 0 0
SHL 0 2 84 10 3 0 0 0 1
ICL 0 96 3 1 0 0 0 0 0
Lee-ICL 0 99 1 0 0 0 0

SHLcc 2 79 8 8 3 0 0
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MLE (K = 4)

Fia 8. “Cross” Experiment.

TABLE 2
“Cross” Fxperiment. Risk of each criterion in
terms of Kullback-Leibler divergence to the
true distribution, estimated by Monte Carlo

stmulations
Oracle 59
AIC 506 8.03
BIC 65 1.10
(ICL) 156 2.62
SHL 69 1.17

MLccE (K = 4)

MAP classifications.

TABLE 3
“Cross” Experiment. “Risk” of each
criterion for the Le. contrast,
estimated by Monte Carlo

simulations

| “Risk” x103
Oracle 3618
ICL 3622
Lec-ICL 3623
SHLcc 3632

Tables 2 and 3 compare the risk of each criterion with the corresponding

trajectory oracle (Koracle = argming < g <o dxr.(f7, f( -5

@I\{/ILE)) for logL and

Koracle = argmin, < e« Ex[~log LCC(@\IQILCCE; X)] for log L.). Remark that ICL
should rather be compared to the L.. oracle.

| I e O o
Q Q| 8 8
~_ ~_ = =
= Sk = =
F ZF s =y
~ = K 3
i i K I
i [
Dk Dk Dk Dk
T I B i s s
~ ~ ~_ ~
Sx| Sk = =
F BS S =S
3 3 8 g
i | & 3
i I
Dy Dy Dy Dk
(a) (b)
Fic 9. “Cross” Ezperiment. Examples of Dy +— log L(G%LE) (a) and of Dig +~

log Lcc(glﬂgLCCE) (b) graphs.
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A few graphs Dg — logL(@}é{LE) and Di — log LCC(@IQILCCE) are plotted
(Figure 9) to check that linear parts occur for large values of K. This is a
necessary condition for the slope heuristics to be confidently applied.

6.2.2. Misspecified models

f# is a four-component Gaussian mixture in R?, n = 200 (Figure 7). The two
left-hand side components are diagonal, but the two others are not. Diagonal
models are fitted: this experiment illustrates a misspecified models situation.

From Table 4, BIC tends to select quite a high number of components. Indeed,
the number of diagonal components needed to approximate f® is larger than
four, because of the two non-diagonal components. See Figure 10 for an example.
SHL yields the selections of K the closest to the oracle’s (Table 4). However,
it does not yield better risk results than BIC (Table 5): both get good results.
ICL and L¢.-ICL select the expected four classes half of the time. The number
of observations does not always enable them to decide that some components
of the five- or six-component fitted solution overlap. SHL,. reaches the “best”
results (from the clustering point of view), in the sense that it recovers the
expected four classes the most often.

The expected oracle number of components is six or seven for log L and four
for log L.

TABLE 4
“Misspecified” Experiment. Blank cells: Le.-based criteria computed for K € {1,...,8}
Selected number of components 4 5 6 7 8 9-16 | 17 | 18 | 19 | 20
Oracle (for log L) 4 |10 | 30 | 43 | 12 1 0 0 0 0
AIC 0 0 0 0 0 20 14 | 12 | 26 | 28
BIC 3 | 43 | 38 | 13 3 0 0 0 0 0
SHL 2 19 | 26 | 32 | 11 10 0 0 0 0
ICL 49 | 35 9 5 2 0 0 0 0 0
Lcce-ICL 54 | 29 | 13 | 4 0
SHLcc 81 | 17 | 2 0 0
10 ) 12r
. . o [
o -
8t -
o
& N6

) (- .
NG
2 4

MLE (KBIC = 5)

Fic 10. “Misspecified” Ezperiment. MAP classifications.

L
8

MLccE (K1CL = 4)
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TABLE 5 TABLE 6
“Misspecified” Experiment. Risk of each “Misspecified” Fxperiment. “Risk”
criterion in terms of Kullback-Leibler of each criterion for the L.
divergence to the true distribution, estimated contrast, estimated by Monte Carlo
by Monte Carlo simulations simulations
| Risk 108 | Bgoalhe csvson Rk <107
Oracle 206 1 Oracle 3910
AIC 712 3.45 ICL 3926
BIC 240 1.16 Lec-ICL 3928
(ICL) 272 1.32 SHLcc 3915
SHL 249 1.21

6.2.3. Distorted component

[¥ is a four-component Gaussian mixture in R?, n = 200 (Figure 11). The fourth
is smaller than the others (size: m = 0.1 against 0.3 and volume: det ¥ = 0.01
against 1 or 0.5). Diagonal mixture models are fitted: the true distribution is
available for K = 4.

From the table in Figure 11, BIC and SHL mostly recover the four Gaussian
components. This is what they are expected to do. ICL, L..-ICL and SHL,.
mostly select three classes, as expected too.

The expected oracle number of components is four for log L and three for
log L.

K | 3| 4] 5]6]7]38

T : 1 TAIC 0 [ 24302337120
o | BIC 4257101001
2 ‘ SHL 2|67 |10 10| 0
o . e 1 ICL 93| 7|0 0|0 O
L . | LeICL | 98| 2] 0| 0]0]| O
SHLcc 78117 4| 1]0] o0

Fic 11. “Distorted” Experiment. Simulated dataset with isodensity of f¢ (left) and Selected
numbers of components for each criterion (right).

TABLE 7 TABLE 8
“Distorted” Experiment. Risk of each “Distorted” Exzperiment. “Risk” of
criterion in terms of Kullback-Leibler each criterion for the L. contrast,
divergence to the true distribution, estimated estimated by Monte Carlo
by Monte Carlo simulations simulations
Risk x10% | Sgeficeterion | Riske® x10°

Oracle £33 1 Oracle 3857
AIC 108.5 1.9 ICL 3859
BIC 3.7 1.3 Lee-ICL 3857
(ICL) 99.9 1.7 SHLee 3863

SHL 68.0 1.2
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MLE (KBIC = 4) MLccE (KICL = 3)

Fia 12. “Distorted” Experiment. MAP classifications.

7. Discussion

The Simulations section illustrates what the theoretical works suggest: BIC and
ICL belong to two different families of criteria. Before the choice of the penalty,
the most decisive choice is the contrast. The purpose of L-based criteria (BIC,
SHL...) is of a different nature than that of Lcc-criteria (L..-ICL, SHLcc...).
The former rely on a density estimation approach and thus the assumption
that the conditional distributions of the classes are Gaussian is strong: each
group of observations that requires a Gaussian component to be fitted deserves
to be considered as a class. The latter aim at discovering classes matching a
subtle compromise between the notions of well separated clusters and Gaussian-
shaped classes: observations which cannot be confidently discriminated from
each other, should belong to the same class. They enjoy the flexibility and
modeling possibilities of the model-based clustering approach and still do not
break an expected notion of cluster.

Once a contrast is chosen, then a penalty has to be chosen. We want to stress
that the choice among criteria based on a same contrast, though important, is a
second order choice. As expected, BIC and ICL (regarded as an approximation of
Lec-ICL) in their respective families of criteria, perform pretty well, while being
quite easy to run, notably as compared to the slope heuristics methods. But
the latter are interesting for their data-driven and non-asymptotic properties,
at least in some experiments.

As a practical conclusion a user should rather consider ICL if he is interested
in finding well-separated clusters, which conditional distribution can possibly
not clearly be Gaussian-shaped, whereas a user who is confident that the con-
ditional distribution of the components are Gaussian and for whom this is not
a problem to get overlapping clusters should rather consider BIC. [8] propose a
way to get the most of both criteria.

The first aim of this study was to better understand the ICL criterion. A
step further in this direction now means better understanding the contrast
Lee.
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A further theoretical step would be to derive non-asymptotic results and
oracle inequalities. This should give more precise insights about the optimal
penalty shape to use, and then justify the use of the slope heuristics of [13]
(see also [7] or [5] for partial results, simulations, and discussions on this).

It should also be further studied how the complexity of the models should
be measured, particularly when several kinds of models are compared. The di-
mension of the model as a parametric space works for the reported theoretical
results. But we are not convinced that it is the finest measure of the complexity
of Gaussian mixture models. As a matter of fact this simple parametric point of
view amounts to considering that all parameters play an analogous role. This is
not really intuitive.

Finally, let us stress that the implementation of the considered procedures is
quite challenging. Some work has been done in this direction already: see [6] and
Section 5 above. But the resulting algorithms are longer to run than standard
EM procedures up to now: further work in that direction is necessary and ICL
in the standard MLE version can be a good practical compromise for now.

8. Proofs
8.1. Proof of Theorem 3.1

Proof of Theorem 3.1. Let ¢ > 0. Since 6 +— E[—logLc(0)] is continuous
and {# € © : d(0,0°) > &} is compact, n = 2IE [logLc.(6°)] —
Linfyco.q(9,00)>c E [log Lec(6)] > 0. Since from Lemma 3.2 (under the assump-
tion H' g 1,,.,00,1 which holds since the components conditional probabilities are
kept away from zero by the assumption that © is compact and contains no zero-
proportion component, as discussed p. 1051) and Theorem 3.2, {—logLc..(6;-) :
0 € O} is £ - A-Glivenko-Cantelli on the one hand; by the definition of gMLccE
on the other hand, with high probability for n large enough,

n

1
— sup‘—log Lec(0) — E [—log LCC(G)H <=
n gco 3

1 1
—log LCC(WLCCE) > —log LCC(GO) -
n n

w3

for any 6° € Y and then
E [log Lee(6°)] — E[log Lec(0*F)]
= (E[log Lee(6°)] — log Lee(6%)) + (log Le(6°) — log Lec (0°F))
+ (log Lee (0M°F) — E[log Lee (6¥°F)])
<
hence

Ve > 0,Vu € [0,1],3N € N s.t. Vn > N,P(d(6MF, 0% < £) > u,

ie. d(OMLeE ©0) L 0. O
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8.2. Proofs of the bracketing entropy upper-bounds

Proof of Lemma 3.1. This is a calculation which relies on the mean value theo-
rem, hence the convexity assumption. Let € > 0, and © C ©, with © bounded.
Let ©. be a grid in © which “e-covers” © in any dimension with step €. O is
for example O} x --- x ©F with

Vi€ {10, D}, 08 = {Bhyins O + €1 e |

where
Vi€ {1,...,D},{9i 0e e} c [9fmn— g,efna)(+ %} .
This is always possible since © is convex. With the || - || norm, the step of the
grid ©. is the same as the step over each dimension, &:
V0 € ©,30. € ©./]|0 — 0c |00 < g
And the cardinal of (:j5 is at most
D i i =\ P
11 (Suppes " —infpes ) | | _ (dlam®> Ul
, € €
i=1
Now, let 61 and 5 in © and = € R<.
0
[v(01;2) —v(2;2)| < sup (8_g) 161 — 02|
0€[01;02] (0;7) || oo
0
< sup (l) 01 — 02|00,
(USC) o6 (032) || oo

M’ (x)
since O is convex. Let 6 € © and choose 0. € O, such that [|§ — .| o < 5. Then

Vo € R |y(0.;2) — y(6; )] < M'(2)=
and 2

V(0z:2) = SM' (@) < 3(0:2) < A(0=:2) + M (@),

The set of ¢||M'||-brackets (for the || - ||,-norm)
~ g ~ £ ~ ~
{(@2) — SM'57(0) + S0 6. € 6.}

then has cardinal at most (@)D Vv 1 and covers {y(f) : § € O}, O
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Example 8.1 (Diagonal Gaussian Mixture Model Parameter Space is Convex).
Following [15], we write [pA; By] for the model of Gaussian mixtures with diago-
nal covariance matrices and equal mixing proportions. To keep simple notation,
let us consider the case d =2 and K =2 (d =1 or K =1 are obviously partic-
ular cases!). A natural parametrization of this model (which dimension is 8) is

vertxron o (0).(5 0) +ae(= () (5 )

Then [pAyBi] = ¢(R* x R***) and the parameter space R* x R*+** is convex.

Example 8.2 (The Same Model with Equal Volumes is Convex, too...). [pABj]
is the same model as in the previous example, but the covariance matrices
determinants have to be equal. With d = 2 and K = 2, a natural parametrization
of this model of dimension 7 is

9eR4xR+*3i>1¢ ¥ zl 07 905 E
2 2 05

) D)

Then [pABi] = ¢(R* x R**?) and the parameter space R4 x RT** is convex.

Proof of Lemma 3.2. © is not supposed to be convex as in Lemma 3.1 but
since it is compact it can be covered with a finite number @ of open balls. Let
O1,...,0¢ be such a covering of © consisting of open balls such that © C

Uququ C ©9. Remark that

0 =UZ,(0,nO) C UL conv(0, N O).

M'(z) since conv(O, N ©) C O, C ©Y (O, may not be included in O, hence
the introduction of O in the assumptions of this lemma). Therefore, for any
© C ©, Lemma 3.1 applies to O, N © C conv(O4 N O):

Now, for any ¢, conv(O, N ©) is convex and SUPgeconv(0,N0) ||(%)(9;1)Hoo <

N 4. <D
Ve >0, Nj(e, {1(8) : 0 €810} - ) < (M) V1.

Since Njj(e, {7(6) : 6 € O}, || - [I) < Nyj(e, U, {7(60) : 6 € ©N Oy}, | - II.), the
result follows. O

Proof of Lemma 3.3. Consider the grid és of the proof of Lemma 3.1. Let 6;
and #3 in © and = € R?. Since O is convex,
E -2
< sup 161 = 0201%,(2 sup |y(6;2)])

(%)
016102111 \ 99 / (9.2 Il 0€{01,0:}
< M'(2)?101 = 025 (2 M|oo)"™%  fPdN-ace.

T

Y(0152) — v(02; )
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Let 6 € © and choose . € O, such that [|§ — 6, || < 5. Then

2
r r

) @IMI) T foae.

3

2

(0es) = 7(0:)| < ()7 (
and the set of brackets

r—2

~ ~ r—2
{[W@s;x)—s%M’(x)ﬂMu 21905 0) + 27 M (@) MY 217 ]

:éeéa}

r—2 : Py
(of ||-][,-norm length (22:%)|\M|\og IM’||5 %) has cardinal at most (diam®) Dy
and covers {7(0) : 0 € O}, which yields Lemma 3.3. O

8.3. Proof of Theorem 4.1

Theorem 4.1 is an application of Theorem 8.1, written for a general contrast
and family of models:

Theorem 8.1. {O}ti<k<k,, a collection of models with O C RPx (D; <
-+ < Dg,,) and let 0% € 0%, with ©% = argmingce . E[y(0)]. Assume

Ko = min argmin E [’y(@%)} (B1)
1<K<Ky

VK, O € Ok is such that v, (0x) < v (%) + 0p(1)

- (B2)
and fulfills v, (0r) — E [v(6%)]
pen(K) > 0 and pen(K) = op(l) when n — +o0
") n(pen(K) — pen(K')) ﬁ) oo when K > K’ (B3)
n(Y(0r0) = ¥ (0x)) = Oe(1) for any K € argmin E [y(8%)]. (B4)

1<K<Kun

Define K such that

K = min argmin {”yn(éK) + pen(K)}.
1I<K<Km

crit(K)

Then P[K # Ko —— 0.

n—-o0

Assumption (B3) defines the range of possible penalties. Regarding (B2),

Lemma 8.1. For a fized K, assume supgce,. |1n(0) — E [y(0)]| L50. Then
(B2) holds.
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Proof of Lemma 8.1. For any € > 0, with high probability for n large enough:

T (0) = Epo [7(0)] +Ego [v(0)] —E [v(6°)] = 1 (0) — E [v(6%)]

>—c >0

Section 8.4 is devoted to deriving sufficient conditions so that (B4) holds.
Theorem 4.1 is a direct consequence of Theorem 8.1, Lemma 8.1, Theorem
3.1, and Corollary 8.2 (below).

Proof of Theorem 8.1. Let K = argmin; < g, E [v(6%)]. Ko =mink.

It is first proved that K does not asymptotically “underestimate” Kj. Let
K ¢ K. Lete = 5(E [v(6%)] —E [v(0%,)]) > 0. From (B2) and (B3) (pen(K) =
op(1)), with high probability for n large enough:

[ 0) =B [1OR)]| < 55 [1e0x) —E [4(60%,)]| < 55 pen(Ko) < .
Then
crit(K) = v (0x) + pen(K) > E [y(6%)] — % +0
=E [y(6%,)] + 5—35 > n(0k,) + pen(Ko) +e.
crit(Ko)

Then, with high probability for n large enough, K # K.
Let now K € K (hence K > Kj). Assumption (B4) implies that 3V > 0 such
that with high probability for n large enough,

(1 (0x,) — W (0k)) < V.

Increase n enough so that n(pen(K) — pen(Kp)) > V with high probability
(B3). Then, with high probability for n large enough,

crit(K) = v (0x) + pen(K) > vn(0k,) — % + pen(K) > crit(Ky).

And then, with high probability for n large enough, K+K. R
Conclude: P[K # Ky] = ZK@CP[K = K]+ Y gex. kzr, P = KJ. O

8.4. Sufficient conditions to ensure Assumption (B4)

Let us introduce the notation S,v(6) = n(yn(6) — E [y(6)]). The main result of
this section is Lemma 8.2. Some intermediate results which enable to link Lemma
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8.2 to Theorem 8.1 via Assumption (B4) are stated as corollaries and proved

0
subsequently. Lemma 8.2 povides a control of supycg W (with respect

to ) and then of 516910 it 5 good choice of B, and if S,, (v(6°) —”y(é))

11600112, +62
can be linked to ||#° — 6|2, it is proved in Corollary 8.1 that it may then be

assessed that n/|§ — 6°)|2, = Op(1). Plugging this last property back into the
result of Lemma 8.2 yields (Corollary 8.2) n(y,(0%) — 7. (0x)) = Op(1) for
any model K € argmin, . <, E [7(6%)] and then, under mild identifiability
condition, n(vn(0%,) — vn(éK)) = Op(1), which is Assumption (B4).

Lemma 8.2. Let D € N* and © C RP conver. Let ©° C RP open such that
O cCcOYandy:09 xR - R. 0 € O — ~(0;2) is assumed to be C* over
O° for fodX-almost all . Let 6° € © such that E [y(6°)] = infyco E [v(6)].
Assume that Hy e o and H'y g 2 hold.

Then Ja > 0/Vn, VB > 0,Yn > 0, with probability larger than (1 — exp —n),

Sn(v(6%) —~(0 . /
sup S =) < & (I 12VRD + (1Ml + 101']25) D

+ 1M |l2/78 + | M| o)

Note that o is an absolute constant which notably does not depend on 6°.

Sketch of the proof of Lemma 8.2. The proof relies on results of [28]. Lemma 3.3
provides a local control of the bracketing entropy of the class of functions we
consider and hence, through Theorem 6.8 in [28], a control of the supremum of
Sn(7(0°)—~(0)) as || —6°||2, < o, with respect to o. The “peeling” Lemma 4.23
[28] then enables to take advantage of this local control to derive a fine global
control of supgeg W, for any §. This control in expectation, which
can be derived conditionally to any event A, yields a control in probability
thanks to Lemma 2.4 in [28], which can be thought of as an application of
Markov’s inequality. O

Corollary 8.1. Same assumptions as Lemma 8.2, but the convezity of ©. Be-
2 ~
sides assume that Igo = % (E [y(0)]) g0 is nonsingular. Let (0n)n>1 such that

0r, € O, Yn(0n) < yn(0°) + Op(+) and 0, —— 6°. Then
n—oo

0|6 —6°)12 = Oe(1).
The constant involved in Op(1) depends on D, ||M|ec, ||M’||2 and Igo.

This is a direct consequence of Lemma 8.2: it suffices to choose § well. The
dependency of Op(1) in D, || M ||sc, ||M'||2 and Igo is not a problem since we aim
at deriving an asymptotic result: we are interested in the order of ||§ — 6°]|,
with respect to n when the model is fixed.

The assumption that Iz is nonsingular ensures that E [y(6)] cannot be close
to E [y(6°)] if 6 is not close to #°. It guarantees that the rate of the relation
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between E [v(0)] — E [v(6°)] and ||¢ — 6°|| can then be controlled... Should this
assumption fail, 30 € ©/6'Ipo0 = 0 = E[y(¢° + \0)] = E [6°] + o(\?) and then
there is no hope to have o > 0 such that E [y(6)] — E [y(6%)] > a[|6 — 6°||: this
approach cannot be applied without this—admittedly unpleasant—assumption.
Perhaps another approach (with distances not involving the parameters but
directly the contrast values) might enable to avoid it, as [28] did in the likelihood
framework.

Corollary 8.2. Let (Ox)i<k<k, be models with, for any K, O C RPx
Assume that Dy < --- < Dg,,. For any K, assume there exists an open set
0% C RPx such that ©x C OF and such that with ©° = ¢ U---UOF |
v : 09 xR — R is defined and C* for fd\-almost all x. Assume that
H, o o and H' go o hold. Let, for any K, ©% = argming.q, E [y(0)] and
0% € 0%.

Let Ko = minargmin, < g i, E [7(0%)] and assume VK,V € O,

E [(6)] = E [y(6%,)] <= 1(0) = 7(6%,) f7dA— a.c.

Let K={K €11,.. .,IS'M} ' E [7(99{)] =E [7(99{0)]}.
For any K € I, let O € Ok such that

N 1 A P
i) < m(0%) +0e(=)  and b —— 6%

Assume that Iy = 88—022 (E[’y(@)])le(}( is nonsingular for any K € K.
Then VK € K, n(vn(é;{o) - ’Yn(éK)) = Op(1).

This last corollary states conditions under which assumption (B4) of Theorem
8.1 is ensured.

Proof of Lemma 8.2. Actually, the proof as it is written below holds for an at
most countable model (because this assumption is necessary for Lemma 4.23
and Theorem 6.8 in [28] to hold). But it can be checked that both these re-
sults may be applied to a dense subset of {y(f) : § € ©} containing 6° and
their respective conclusions generalized to the entire set: choose ©°U a count-
able dense subset of ©. Then, for any # € O, let 6, € ©®w - g

n—oo
Then, v(6,; X) % 7(0; X). Now, whatever g : RP x (Rd)n — R such that
0 € RP — ¢(0, X) continue a.s., supgeg 9(0; X) = supgegeount 9(0; X) a.s. Hence,
E [supyce 9(0; X)] = E [supgegeount 9(0; X)]. Remark that the models which are
actually considered in practice are discrete anyway, because of the computation
limitations.
Let us introduce the centered empirical process

Sny(0) = nyn (0) — nE [v(0; X)] .a(0; Xi) — Ege [v(6; X)]).

Here and hereafter, o stands for a generic absolute constant, which may differ
from a line to another. Let #° € © such that E [v(6°)] = infgco E [y(0)]. Let us
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define
Yo >0,0(0)={0€0:]0 -0 <o}

On the one hand, for all » € N*\{1},
W0 € ©(0), |1(0% ) —1(0;2)|" < M'(2)?]16° — 0)3,(2M ()"
since ©(c) C O is convex. And thus,

V0 € ©(0),E [|4(6°) — 4(0)["]

IN

M3 16° = 0112 (2 Mlo)™2

e (M=) ©
S arae (H2])

On the other hand, from Lemma 3.3, for any r € N*\{1}, for any ¢ > 0, there
exists Cs a set of brackets which cover {(v(0°) —v(0)) : 0 € O(c)} (deduced
from a set of brackets which cover {7(0) : § € ©(0)}...) such that:

IN

1 r—2
N 2 (4M]) ™
Vr € N'\{1},V[g1, 9u] € Cs,[lgu — aill < (%) 52 (%)

and such that, writing exp H (9, ©(o)) the minimal cardinal of such a Cs,

<2s D

—
Tiam ©(0) | M|

exp H(6,0(0)) < 5

V1. (7)

Then, according to Theorem 6.8 in [28], Ja, Ve €]0, 1], VA measurable such that
P[A] > 0,

o el|M'||20
< —\/ﬁ/o H(u,0(0)) du

EX | sup S,(y(6°) —(0) | < -

0e0 (o)

4
+2(SlIM oo + 1M |20 ) H (|| M20, ©(cr))
3

1 8 1
(L4 66) [ M2y [2nlog o + 2 [[M | log 5 (8)
(4] 3 (4]
Now, we have
t 1 tAL 1
VtERJF,/ \/log—\/Odu:/ \/log — du
0 u 0 u

A1
1
<WVtAL / log — du= (tA1),/log
0 u

tAl
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by the Cauchy-Schwarz inequality. Together with (7), this yields

t t ’
VteRt/ \/H(u,(a(a))dugx/ﬁ/ \/logw\/()du
0 0 u

e

t
2| M’ |20 A

(9)
<VD(t N2||M||20)  [log

after a simple substitution.
Next, let us apply Lemma 4.23 in [28]: From (7), (8) and (9),

Vo > 0,E
€0 (o)

sup S, (v(6°) —7(9))] < ¢(0)

2 4
with o (t) = %ﬁ@ 7104 ||st/1og = +2(5 1M oo + [ A2'|12t) Dlog 2

/ 1 8 1

As required for Lemma 4.23 in [28] to hold, @ is nonincreasing. It follows

Vﬁ > O,EA lsup Sn (7(90) - ’7(9))

—2
e e

We then choose ¢ = 1 and apply Lemma 2.4 in [28]: for any n > 0 and any
B > 0, with probability larger than 1 — exp —n,

Sn(v(6°) =7(9)) _ «a ,
s T g7 < e (VDI e

+ (1Ml + 17'128) D105 2 + |38/ + |M|oo7;> O
Proof of Corollary 8.1. Let £ > 0 such that B(6°,¢) ¢ ©°. Then, since 6, LN
09, there exists no € N* such that, with high probability, for n > ny, 0, €
B(0°,¢). Now, B(6°¢) is convex and Lemma 8.2 applies to 6,,: Vn > ng, V3 >
0, with great probability as 7 is large,

S (7(6°) = 1(6))
160 — 6,12, + 52

< %<\/EIIM’IIQB+ (IM]loe + [M']128) D

I a8 + ||M||oon). (10)

But since Iyo is supposed to be nonsingular, V8 € B(6°,¢),

E[0] - E [0°] = (0 — 6°)Tgo(0 — 6°) + (|0 — 6°[[ ) 116 — 6°1%
> (20" + ([0 = 6"ll0)) 10 — 615
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where o/ > 0 depends on Igo and r : RT — R fulfills r(x) — 0. Then, for
Tr—r
|6 — 0°| o small enough (¢ may be decreased...),
V0 € B(6°,¢),E 0] — E [0°] > o]0 — 6°|%. (11)
Sn (’7(90) - ’Y(én)) = n(”yn(ﬁo) — ’Yn(én)) +nEje [’y(én) - 7(90)} Since
> Op(1) + nEgo [(0n) —7(69)],
(10) together with (11) leads (with great probability) to

|M'||2(vnD + /it + D)B + || M| o(D + 1) + Op(1)

’

o — Ly (IMlo(VaD + i+ D)B + |Mlo(D + 1))

0| — 6|13 <

as soon as the denominator of the right-hand side is positive. It then suffices to
choose § such that this condition is fulfilled and such that the right-hand side
is upper-bounded by a quantity which does not depend on n to get the result.

0

Let us try 6 = % with By independent of n:

”Hé _90H2 < HM’Hz(\/B‘f‘\/ﬁ"'D)Bo-F||M|IOO(D+77)+OP(1) .

2 — & (IMls(VD + /i + D)fo + | Mloo(D + 1))

This only holds if the denominator is positive. Choose 3y large enough so as to
guarantee this, which is always possible. The result follows: with high probability
and for n larger than ng, we have n||0,, — 6°]|2, = COp(1) with C' depending on
D, || M|lco, |1M']|2, Igo and n. O

Proof of Corollary 8.2. This is a direct application of Corollary 8.1. Let K € K:
E [v(0%)] = E [v(0%,)]. ©k can be assumed to be convex: if it is not, O lies in
B (9?{0,5) C ©9 with high probability for large n and © may be replaced by
B(H%O,s). According to Lemma 8.2, with probability larger than (1 — exp —n)
for n large, with § = % for any £y > O:

<Dgk
=

(11 (vDx + v+ 2 )

n]|6% — Ox |13 + 53

A3

S (1(0%) —1(0x)) < o
n |M|oo<DK+n>).

But, according to Corollary 8.1, n||6% —fx||2, = Op(1). Moreover, by definition,

S (7(6%) = v(0K)) = n(1(0%) — ¥ (0x)) + n(Ef@ [v(0k)] —E [7(9%)])

>0

Thus, n (v, (0%) — ’Yn(éK)) = Op(1). This holds for any K € K and then in
particular for Ky and K. Besides 7, (0%) = Wn(H(}(D) since, by assumption,

Y(0%) = v(6%,) fedM-a.e. Hence n(vn(0x,) — ¥n(0x)) = Op(1). O
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