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JOINT RANK AND VARIABLE SELECTION FOR PARSIMONIOUS ESTIMATION
IN HIGH-DIMENSION FINITE MIXTURE REGRESSION MODEL.

EMILIE DEVIJVER

ABSTRACT. We study a dimension reduction method for finite mixture of multivariate response re-
gression models in high dimension. Both the number of responses and of predictors may exceed the
sample size. We consider jointly predictor selection and rank reduction for obtaining lower-dimensional
approximations of parameter matrices. This methodology was already developed in [8]. In this paper,
we prove that these estimators are adaptive to the unknown matrix sparsity. More precisely, we exhibit
a penalty for which the model selected by the penalized likelihood satisfies an oracle inequality. We
support our theoretical result with simulation study and data analysis.

1. INTRODUCTION

The multivariate response regression model
Y=BX+F

postulates a linear relationship between Y, the ¢ X n matrix containing g responses for n subjects, and
X, the p x n matrix on p predictor variables. The term FE is an ¢ X n matrix with independent columns,
E; ~ Ny(0,%) for all i € {1,...,n}. The unknown ¢ x p coefficient matrix 5 needs to be estimate. In
a more general way, we could use finite mixture of linear models, which model the relationship between
response and predictors, arising from different subpopulations: if the variable Y, conditionally to X,
belongs to the cluster k, there exists 5 and Xy such that Y = 5, X + E, with E ~ Ny (0, Xy).

If we use this model to deal with high-dimensional data, the number of variables can be quickly much
larger than the sample size, because and predictors and response variables could be high dimensional.
To solve this problem, we will have to reduce the parameter dimension.

One way to solve the dimension problem is to select relevant variables, in order to reduce the number
of unknowns. Indeed, all the information should not be interesting for the clustering. In a density
estimation way, we could cite Pan and Shen, in [16], who focus on mean variable selection, Zhou and
Pan, in [20], who use the Lasso estimator to regularize Gaussian mixture model with general covariance
matrices, Sun and Wang, in [18], who propose to regularize the k-means algorithm to deal with high-
dimensional data, Guo et al, in [10], who propose a pairwise variable selection method.

In a regression framework, we could use the Lasso estimator, introduced by Tibshirani in [19], which
is a sparse estimator, by penalizing the maximum likelihood estimator by the ¢;-norm, which achieves
the sparsity, as the fy penalty, but leads also to a convex optimization. Because we work with the
multivariate linear model, to deal with the matrix structure, we could prefer the group Lasso, variables
grouped by columns, which selects columns rather than coefficients. This estimator was introduced by
Zhou in [21] in the general case. If we select |.J| columns among the p possible, we have to estimate |J|q
coefficients rather than pq for A, which could be smaller than n if |J| is smaller enough.

Another estimator which reduces the dimension, known in the linear model, is the low rank estimator:
introduced by Izenman in [11], and more used the last decades, with among others Bunea et al. in [4]
and Giraud in [9], the regression matrix could be estimated by matrix of rank r, r < p A ¢. Then, we
have to estimate r(p + ¢ — r) coefficients, which could be smaller than n.

In this paper, we have chosen to mix these two estimators to provide a sparse and low rank estimator
in mixture models. This method was introduced by Bunea et al. in [4], in the case of linear model and
known noise covariance matrix. They present different ways, more or less computational, with more or
less good results in theory.

They get an oracle inequality, which say that, among a model collection, they are able to choose an
estimator with good rank and good active variables. For this model, Ma et al. in [12] get a minimax
lower bound, which precise that they attain nearly optimal rates of convergence adaptively for square
Schatten norm losses.
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In this paper, we consider finite mixture of K linear models in high-dimension. This model is studied
in details by Stadler et al. article for real response variable in [17], and by Devijver for multivariate
response variable in [8]. We will estimate 8 for all k& € {1,..., K} by a column sparse and low rank
estimator. The Lasso estimator is used to select variables, whereas we refit the estimation by a low rank
estimator, restricted on relevant variables. We propose a procedure which is based on a modeling that
recasts variable selection, rank selection, and clustering problems into a model selection problem. This
procedure is developed in [8], with methodology, computational issues, simulations and data analysis. In
this paper, we focus on theoretical point of view, and developed simulations and data analysis for the low
rank issue. Our procedure constructs a model collection, with models more or less sparse, and with rank
vector more or less small. Among this collection, we have to select a model. We use the slope heuristic,
which is a non-asymptotic criterion. In a theoretical way, in this paper, we get an oracle inequality for
the collection constructed by our procedure, which makes a comparison performance between our model
and the oracle for a specified penalty.

This result is an extension of the work of Bunea et al in [4], to mixture models and with covariance
matrices (Xj)1<k<kx unknown. They ensure that mixing sparse estimator and low rank matrix could be
interesting. Indeed, whereas we have to estimate p x g coefficients in each cluster for the regression matrix,
we get only r(|J| + ¢ — ) unknown variables, which could be smaller than the number of observations
n if |J| and r are small. Even if the oracle inequality we get in this paper is an extension of Bunea
et al. result, we use a really different way to prove it. Considering the model collection constructed,
we want to select a model as good as possible. For that, we use the slope heuristic, which constructs
a penalty, proportional to the dimension, and select the model minimizing the penalized log-likelihood.
Theoretically, we construct also a penalty, proportional to the dimension (up to a logarithm term). We
provide an oracle inequality which compare, up to a constant, the Jensen-Kullback-Leibler divergence
of our model and the true model to the Kullback-Leibler divergence between the oracle and the true
model. In estimation term, we do as well as possible. This oracle inequality is deduced from a general
model selection theorem for maximum likelihood estimator of Massart in [13]. Controlling the bracketing
entropy of models, we could prove the result. Remark that we work in a regression framework, then we
rather use an extension of this theorem proved in Cohen and Le Pennec article [5], and that our model
collection is random, constructed by the Lasso, then we rather use an extension of this theorem proved
in [7]. To illustrate this procedure, in a computational way, we validate it on simulated dataset, and
benchmark dataset. If the data have a low rank structure, we could easily find it with our methodology.

This paper is organized as follows. In the Section 2, we describe the finite mixture regression model
used in this procedure, and the main step of the procedure. In the Section 3, we present the main result
of this paper, which is an oracle inequality for the procedure proposed. Finally, in Section 4, we illustrate
the procedure on simulated and benchmark dataset. Proof details of the oracle inequality are given in
Appendix.

2. THE MODEL AND THE MODEL COLLECTION

We introduce our procedure of estimation by sparse and low rank matrix in the linear model, in
Section 2.1, and extend it in Section 2.2 in mixture models.

2.1. Linear model. We consider the observations ((z;,¥;)i=1,..n) which realized random variables
(X,Y), satisfying the linear model

Y=0X+¢

where Y € R? are the responses, X € RP are the regressors, § € RP*? is an unknown matrix, and € € R?
are random errors, € ~ Ny(0,%), with ¥ € S&H‘ a symmetric positive definite matrix. We will work in
high-dimension, then p x ¢ could be larger than the number of observations n.

We will construct an estimator which is sparse and low rank for 8 to cope with the high-dimension
issue. Moreover, to reduce the covariance matrix dimension, we compute a diagonal estimator of 3. The
procedure we will propose could be explained into two steps. First, we estimate the active columns of 3
thanks to the Lasso estimator, for A > 0, using the estimator

By = argmin {|[Y = BX|5 + Al|BIl1} ;
BERPX4
where [|B][1 = >0 377, [8).|. We assume that the variance is unknown. From this approach, we

could rescale the parameters by ¥~ = P*P the Cholesky decomposition, and ¢ = P~!§, and then get
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the estimates by, T, denoting the set of triangular matrices of size ¢, for A > 0,

(1) (@5, Py°) = argmin  {||PY — ¢X |3+ A#ll1} -
(¢,P)ERPXaXT,

This approach was considered in Stddler et al. in [17], in scalar response case. This reparametrization
is done in order to get a scale-invariant estimator and a convex minimization problem.

For A > 0, from the Lasso estimator of qglgasso, we could deduce the relevant columns.

Restricted to these relevant columns, in the second step of the procedure, we compute a low rank
estimator of (3, saying of rank at most r. Indeed, as explained in Giraud in [9], we restrict the maxi-
mum likelihood estimator to have a rank at most r, keeping only the r biggest singular values in the
corresponding decomposition. We get an explicit formula.

This two steps procedure leads to an estimator of 8 which is sparse and has a low rank. We have
also reduced the dimension into two ways. We refit the covariance matrix estimator by the maximum
likelihood estimator.

This estimator is studied in Bunea et al. in [4], in method 3. Let extend it in mixture models.

2.2. Mixture model. We observe n independent couples (x,y) = ((z;,¥:i)1<i<n) of random variables
(X,Y), with Y € R? and X € RP. The conditional density is assumed to be a multivariate Gaussian
mixture regression model. If the observation i belongs to the cluster k, we assume that there exists
Bi € RPX49 and ¥}, € S&H‘ such that y; = B,x; + €; where €; ~ Ny(0,%,.).
Thus, the random response variable Y € R? depends on a set of explanatory variables, written X € R?,

through a mixture of linear regression-type model. Give more precisions on the assumptions.

e The variables Y; are independent conditionally to X;, foralli=1,...,n;

o we let Y| X; = x; ~ s¢(y|z,)dy, with

K

(2) se(yla) = UL (y — Br) 'Sy (y — ﬂm)

o N w1, XD (_
= (2m) 3 det (S ) /2 2
E= (T, . T, B, B D1, -, Bk) € (i x (RPYF x (SFHHK)

K
Mg = {(m,...,m{);ﬂk >0for ke{l,...,K} and Zwk = 1}
k=1

S;]H’ is the set of symmetric positive definite matrices on RY.

We want to estimate the conditional density function s¢ from the observations. Forallk € {1,..., K}, B
is the matrix of regression coefficients, and X is the covariance matrix in the mixture component
k. The ms are the mixture proportions. In fact, for all &k € {1,...,K}, for all z € {1,...,q},
Brz], = Zle[ﬁk]jyzzj is the zth component of the mean of the mixture component k for the con-
ditional density s¢(.|z).

We could introduce, for all k € {1,..., K},

>, ' = PP,
o1 = Py Br.
We could define an extension of the Lasso estimator,
K
(3) (g)kasso’P/{JassO): argmin {||PY¢X||§+/\Zﬂk||¢k||l}
(¢, P)ERP* X T, k=1

Remark that the penalty take into account the mixture weight. We could also define a low rank estima-
tor (BfR, P/\LR) restricted to relevant variables detected by the Lasso estimator, for the regularization
parameter .

In a computational way, we will use two generalized EM algorithms, in order to deal with high
dimensional data and get a sparse and low rank estimator. Give some details about those algorithms.

Initially, the EM algorithm was introduced by Dempster in [6]. It alternates two steps, an expectation
step to cluster data, and a maximization step to update estimation. In our procedure, we want first to
know which columns are relevant, then we want to compute (3). This algorithm was used and explained
in [8]. It is a generalization of the EM algorithm, for the Lasso estimator, and in a regression context.
From the estimate qglgasso, we could deduce which columns are relevant. The second algorithm we use
lead to determine ¢, on relevant columns, for all & € {1,..., K}, with rank Rj. We alternate two steps,
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E-step and M-step, until relative convergence of the parameters and of the likelihood. We restrict the
dataset to relevant columns, and construct an estimator of size |J| X ¢ rather than p X q.

e E-step: compute for k € {1,...,K}, i € {1,...,n}, the expected value of the log likelihood

function,
ik = Egey (Zi 1|Y)
_ Pk
Zlii1 Pl
where
1 ) e ) e (A0 (i x0()
e M-step:

— To get estimation in linear model, we assign each observation in its estimated cluster, by the
MAP principle. We could apply this thanks to the E-step, which compute the a posteriori

probability. Therefore, we say that y; comes from component number argmax ;.
ke{1,...,K}
~ (ite)
— Then, we can define S
tion to the cluster k. We decompose B,(;te) in singular values such that B,(Cite) = USV! with
(ite)
k

= (x‘thw)’lxltky‘k, in which x; and y;, are the sample restric-

S = diag(s1,...,8¢) and s1 > s2 > ... > 54 the singular values. Then, the estimator B
is defined by ) = U8,V with S, = diag(s,. .., 5,0, ...,0).

To select the regularization parameter for the Lasso estimator and the ranks, we could use criterion as
BIC or cross-validation. In practice, we prefer to construct a model collection with various active columns
and various ranks, and select one as final step. To get various active columns, we construct a data-driven
grid of regularization parameters, coming from EM algorithm formula. See [8] for more details. To get
various ranks, we estimate parameters for different values of ranks, belonging to {rmin, - - -, "max}-

From this procedure, we construct a model with K clusters, |J| relevant columns and matrix of
regression coefficients of ranks R € N¥ | as described by the next model S(K,1,R)-

(4) Sk,ar) =y € Rz € RP = sexam (y]2)}
where
o~ i det(Py) 1 (k) (k)
k k R(k) [J _1 R(k) [J
S¢(K.J.R) (y|:c) = ; W exp <§(y - ﬂk z£ ])tzk (y - ﬂk z£ ])> 5
g(K,J,R) = (7r17 cee 77TK75F(1)7 cee 7ﬂ[13(K)7217 cee 72K) S EK

Ex =k x ¥k ur) % (ST

Vi sm = {87, BR5)) € (R |Rank(8r) = R(k)}.

Varying K € K C N*,J € J C P([1,p]), and R € R C {1,...,p A ¢}, we get a model collection with
various number of components, active columns and matrix of regression coefficients.

Among this model collection, during the last step, a model has to be selected. As in Maugis and
Michel in [14], and in Maugis and Meynet in [15], among others, a non asymptotic penalized criterion
is used. The slope heuristic was introduced by Birgé and Massart in [3], and developed in practice by
Maugis and Michel in [2] with the Capushe package. To use it in our context, we have to extend the
theoretical result to determine the penalty shape in the high-dimensional context, with a random model
collection, in a regression framework. The main result is described in the next section, whereas proof
details are given in appendix.

3. ORACLE INEQUALITY

In a theoretical point of view, we want to ensure that the slope heuristic which construct a penalty
will select a good model. We follow the approach developed by Birgé and Massart in [3] which consists of
defining a non asymptotic penalized criterion, leading to an oracle inequality. In the context of regression,
Cohen and Le Pennec, in [5], and Devijver in [7], propose a general model selection theorem for maximum
likelihood estimation. The result we get is a theoretic penalty, for which the model selected is as good
as the best one, according to the Kullback-Leibler loss.

4



3.1. Framework and model collection. Among the model collection constructed by the procedure
developed in section 2.2, with various rank and various sparsity, we want to select an estimator which
is close to the truth. The oracle is by definition the model belonging to the collection which minimizes
the contrast with the true model. In practice, we do not have access to the true model, then we can
not know the oracle. Nevertheless, the goal of the model selection step of our procedure is to be nearest
to the oracle. In this section, we present an oracle inequality, which mean that if we have penalized
the log-likelihood in a good way, we will select a model which is as good as the oracle, according to the
Kullback-Leibler loss.

We consider the model collection defined by (4).

Because we work in high dimension, p could be big, and it will be time-consuming to test all the parts
of {1,...,p}. We construct a sub-collection denoted by J, which is constructed by the Lasso, which is
also random. This step is explained in more details in [8].

Moreover, to get the oracle inequality, we assume that the parameters are bounded:

SCk.s.r) ={5(c.0.r) € .o for all k € {1,..., K},
Yp =diag([Skli1, -5 [Zklgq)
for all z € {1,...,q},ax < [Zk].. < Ay,
R(k)

for all k € [1, K], 57 = 3" [onli[uf] a[vx)s,.
=1

forall 1 € {1,..., R(k)}, [ox]: < Ao }.

Remark that this decomposition of S is the singular value decomposition, with (07)1<;< (k) the singular
values, and uy and vy, unit vectors, for k € {1,..., K}.

We also assume that covariates belong to an hypercube: without restrictions, we could assume that
X €[0,1].

Fixing K the possible number of components, J% the active column set constructed by the Lasso,
and R the possible vector of ranks, we get a model collection

(5) U U U Stir-

KeKk JeJ RER

3.2. Notations. Before enunciate the main theorem which leads to the oracle inequality, for the model
collection (5) we need to define some metrics used to compare the conditional densities. First, the
Kullback-Leibler divergence is defined by

KLy(s,t) = /1og (;) sdA

for s and ¢ two densities, sd\ absolutely continuous with respect to tdA. To deal with regression data,
for fixed covariates (x1,...,%,), we define

KL$"(s,t) = E (% ZKLA(S(-|$1')J(-|$1'))>

for s and t two densities, sd\ absolutely continuous with respect to tdA.
We also define the Jensen-Kullback-Leibler divergence, first introduced in Cohen and Le Pennec [5],
by

1
JK Ly p(s,t) = ;KLA(Sa (1—p)s+pt)

for p €]0,1], s and ¢ two densities, sd\ absolutely continuous with respect to td\. The tensorized one is
defined by

1 n
JKL"(s,t) = E <E > JKLy p(s(|2:), t(.m))) :
i=1
Note that those divergences are not metrics, not satisfying the triangular inequality and no symmetric,

but are also wild used in statistics to compare two densities.
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3.3. Oracle inequality. Let state the main theorem.

Theorem 3.1. Assume that we observe ((x;,Yi)1<i<n) With unknown conditional density so. Let M =
KxTI xR and MY = KxJL xR, where T is constructed by the Lasso estimator. Let 5(x,1,R) € S(BK JR)
such that, for éxp >0,

1)
KL (s0, 5k,,r)) < inf KLY (s0,t) + %

eS(BK J,R)

and such that there exists T > 0 such that

(6) S(k,J,R) = € So.

Consider the collection {5k, j.r)}(k,7,R)em Of rank constrained log-likelihood minimizer in Sk j ),
satisfying

5(k,g,r) =  argmin {—— > log (s(x.s.r) yz|xz))} :

B
S(K,J,R) eS(K,.I,R)

Denote by Dk, j,ry the dimension of the model S(KJR). Let pen : M — Ry defined by, for all
(K’ J’ R) E M7

D
pen(K, J,R) > K% {[QBQ(Aﬁ,Ag,ag,q)

D
—log (MBQ(AB, As,a5,q) A 1)
n

depq
+ log (— + R) }
Dk,1,r)—¢2 N\ Pq

for Kk > 0 an absolute constant.
Then, the estimator §(f<,j,f2); with

- . 1 A
(K,J,R) = argmin {— Zlog(S(K,J,R)(yi|$i)) + pen(K, J, R)} ,
(K,J,R)eML ne -

Z —log(5 % j gy (Wilw:)) + pen(K,J,7)

i=1

< inf (Zlog(é(K,J,R)(yi|zi>> + pen(K, J, R)) +n

(K LR)EM \
satisfies
(‘]KL 5(s0, 8 (KJR)))
K 2
(7) gCE( inf ( inf KL%n(so,t)+w>+_>
(K,J,R)eML \t€S (K, 1 Rr) n i
for C > 0.

The proof of the theorem 3.1 is given in Section 5. Note that condition (6) leads to control the random
model collection. The mixture parameters are bounded in order to construct brackets over S, s g), and
thus to upper bound the entropy number. The inequality (7) we obtain is not exactly an oracle inequality,
since the Jensen-Kullback-Leibler risk is upper bounded by the Kullback-Leibler bias.

Because we are looking on a small random sub-collection of models, our estimator 8k j r) is attainable
in practice. Moreover, it is a non-asymptotic result, which allows us to study cases for which p increases
with n.

Note that we use the Jensen-Kullback-Leibler divergence rather than the Kullback-Leibler divergence,
because it is bounded. This boundedness turns out to be crucial to control the loss of the penalized max-
imum likelihood estimator under mild assumptions on the complexity of the model and their collection.

We could compare our bound with the one of Bunea et al, in [4], who computed a procedure similar to
ours, in a linear model. According to consistent group selection for the group Lasso, they get adaptivity
of the estimator to an optimal rate, and their estimators perform the bias variance trade-off among
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TABLE 1. Performances of our procedure. Mean number {K, R, M, FA, ARI} of the
Kullback-Leibler divergence between the model selected and the true model, the esti-
mated rank of the model selected in each cluster, the missed variables, the false relevant
variables, and the ARI, over 20 simulations.

| | KL | R |M[FA[ARI|
[(p>n]19.03][2.83]] 0 [ 20 [ 0.95 |
[(p<n]328] 33 [0]06]0.99]

all reduced rank estimators. Nevertheless, their results are obtained according to some assumption,
for instance the mutual coherence on XX, which postulates that the off-diagonal elements have to be
small. Some assumptions on the design are required, whereas our result just need to deal with bounded
parameters and bounded covariates.

4. NUMERICAL STUDIES

We will illustrate our procedure with simulations and real datasets, to highlight advantages of our
method. We adapt the simulations part of Bunea et al. article, [4]. Indeed, we work in the same way, to
get sparse and low rank estimator. Nevertheless, we add the mixture to be consistent with our clustering
method, and to have more flexibility.

4.1. Simulations. To illustrate our procedure, we use simulations adapted from the article of Bunea
[4], extended for mixture models.

The design matrix X has iid rows X; from a multivariate normal distribution N(0,X) with ¥ = pI,
p > 0. We consider a mixture with 2 components. Depending on the cluster, the coefficient matrix Sy
has the form

8 = b B° by Bl
=0 0

for k € {1,2}, with B® a J x R(k) matrix and B! a R(k) x ¢ matrix. All entries in B and B! are iid
N(0,1). The noise matrix E has independent N(0, 1) entries. Let E; denote its ith row.

The proportion vector 7 is defined by m = [%, %], all clusters having the same probability.

Each row Y; in Y is then generated as, if the observation ¢ belongs to the cluster k, Y; = B X; + F;,
for 1 < i < n. This setup contains many noise features, but the relevant one lie in a low-dimensional
subspace. We report two settings:

e p>n:n=>50,|J] =6,p=100,¢=10,R =[3,3],p =0.1,b = [3,-3].

e p<n:n=200,|J|=6,p=10,¢=10,R =[3,3],p = 0.01,b = [3,-3].
The current setups show that variable selection, without taking the rank information into consideration,
may be suboptimal, even if the correlations between predictors are low. Each model was simulated 20
times, and table 1 summarizes our findings. We evaluate the prediction accuracy of each estimator B by
the mean squared error (MSE) using a test sample at each run. We also report the median rank estimate
(denoted by R) over all runs, rates of non included true variables (denoted by M for misses) and the
rates of incorrectly included variables (F'A for false actives). Ideally, we are looking for a model with
low MSE, low M and low F A.

We can draw the following conclusions from table 1. When we work in low-dimensional framework, we
get very good results. Even if we could use any estimator, because we do not have dimension problem,
with our procedure we get the matrix structure involved by the model. We get almost exact clustering,
and the Kullback-Leibler divergence between the model we construct and the true model is really low.
In case of high-dimensional data, when p is larger than n, we get also good results. We find the good
structure, selecting the relevant variables (our model will have false relevant variables, but no missed
variables), and selecting the true ranks. We could remark that false relevant variables have low values.
Comparing to another procedure which will not reduce the rank, we will perform the dimension reduction.

4.2. Application. In this section, we apply our procedure to real data set. The Norwegian paper

quality data were obtained from a controlled experiment that was carried out at a paper factory in

Norway to uncover the effect of three control variables X7, X5, X3 on the quality of the paper which

was measured by 13 response variables. Each of the control variables X; takes values in {—1,0,1}.

To account for possible interactions and nonlinear effects, second order terms were added to the set of
7



predictors, yielding X1, Xo, X3, X7, X3, X3, X1 X2, X1 X3, X2X3, and the intercept term. There were 29
observations with no missing values made on all response and predictor variables. The Box Behnken
design of the experiment and the resulting data are described in Aldrin [1] and Izenman [11]. Moreover,
Bunea et al in [4] also study this dataset. We always center the responses and the predictors. The
dataset clearly indicates that dimension reduction is possible, making it a typical application for reduced
rank regression methods. Moreover, our method will exhibit different classes among this sample.

We construct a model collection varying the number of clusters in I = {2,...,5}. We select a model
with 2 classes. We select all variables except X7 Xs and X2 X3, which is consistent with comments of
Bunea et al. In the two classes, we get two mean matrices, with ranks equal to 2 and 4. One cluster
describes the mean comportment (with rank equal to 2), whereas the other cluster contains values more
different.

5. APPENDICES

In those appendices, we present the details of the proof of the theorem 3.1. This derives from a general
model selection theorem, enunciated in section 5.1, and proved in the paper [7]. Then, the proof of the
theorem 3.1 could be summarized by satisfying assumptions 1, 2 and 3 described in section 5.1.

5.1. A general oracle inequality for model selection. Model selection appears with the AIC crite-
rion and BIC criterion. In a non-asymptotic way, a theory was developed by Birgé and Massart in [3].
With some assumptions that we will detail here, we get an oracle inequality for the maximum likelihood
estimator among a model collection. Le Pennec and Cohen, in [5], generalize this theorem in regression
framework. We have to use a generalization of this theorem because we consider a random collection of
models.

Let us consider a model collection (Sy,)men-

Before enunciate the general theorem, begin by talking about the assumptions. First, we impose a
structural assumption. It is a bracketing entropy condition on the model S,, with respect to the Hellinger

divergence
Z gy (s(.]ai), t(.]i))

A bracket [t7,¢T] is a pair of functions such that for all (z,y) € X x V,t~(y,z) < s(ylz) < t1(y, ).
The bracketing entropy Hp(d, S, d$r) of a set S is defined as the logarithm of the minimum number
of brackets [t—, 1] of W1dth dsr(t ,t*) smaller than ¢ such that every functions of S belong to one of
these brackets.

22 (s,t)

Assumption 1 (H,,). There is a non-decreasing function ¢., such that § — %d)m (0) is non-increasing
on (0,400) and for every o € RT and every s, € Sm,

VG S 0(sm0). 5715 < 610

where S (8m,0) = {t € Spm,d5" (t,5m) < 0}. The model complexity D, is then defined as no?, with o,
the unique oot of

(8) “om(o) = Vo

Denote that the model complexity depends on the bracketing entropies not of the global models S,
but of the ones of smaller localized sets. This is a weaker assumption.
For technical reason, a separability assumption is also required.

Assumption 2 (Sep,,). There exists a countable subset S,, of S,, and a set V., with A\(Y\ V,,) =0
for X the Lebesgue measure, such that for every t € Sy, there exists a sequence (tx)r>1 of elements of

S such that for every x and every y € Y., log(tx(y|x)) goes to log(t(y|x)) as k goes to infinity.

We also need an information theory type assumption on our model collection. We assume the existence
of a Kraft-type inequality for the collection.

Assumption 3 (K). There is a family (€m)mem of non-negative numbers such that

Z e ' <Y < 4o0.
meM



Then, we could write our main global theorem to get an oracle inequality in regression framework,
with a random collection of models.

Theorem 5.1. Assume we observe ((x;,Yyi)1<i<n) with unknown conditional density so. Let S =
(Sm)mem be at most countable collection of conditional density sets. Let assumption (K) holds while
assumptions (H,,) and (Sep,,) hold for every models S,, € S. Let 6k, > 0, and S, € Sy, such that

1)
KL%"(S()’gm) S inf KL%”(SO,IS) + KL;
¢ n

m

and let 7 > 0 such that
9) Sm > e 7 s0.

Introduce (Sim),,cxq Some random sub-collection of (Sm)mem. Consider the collection (3m),,cxq Of
n-log-likelihood minimizer in Sy, satisfying

> —log(sm(yile:)) < it (Z—log(sm(yil:vi))>+n-

SmES.
i=1 R\ =1

Then, for any p € (0,1) and any Cy > 1, there are two constants kg and Cz depending only on p and
C1 such that, as soon as for every index m € M,

(10) pen(m) > k(D + (1V 7))

with K > Ko, and where the model complezity Dy, is defined in (8), the penalized likelihood estimate
4 with 1 € M such that

meM

"~ log(ém(yil)) + pen(ri) < inf (Z—log@m(ym»+pen<m>> o

i=1 i=1
satisfies
(11) (JKL 1 (s0,8m)) < CLE ( inf inf KL®"(50, t) + QM)
mEM LESm n
2
(12) +02(1\/r)—+77:77

Remark 5.2. We get that, among a random model collection, we are able to choose one which is as
good as the oracle, up to a constant C1, and some additive terms being around % This result s non-
asymptotic, and gives a theoretic penalty to select this model.

Remark 5.3. The proof of this theorem is detailed in [7]. Nevertheless, we could give the main ideas
to understand the assumptions. From assumptions 1 and 2, we could use mazrimal inequalities which
lead to, except on a set of probability less than e~ “=' "% for all x, a control of the ratio of the centered
empirical process of log(8m) over the Hellinger distance between sg and 8y, this control being around %
Thanks to Bernstein inequality, satisfied according to the inequality (9), and thanks to the assumption
3, we get the oracle inequality.

Now, to prove theorem (3.1), we have to satisfy assumptions (1), (3), and (2).
5.2. Assumption (H,,).

5.2.1. Decomposition. As done in Cohen and Le Pennec [5], we could decompose the entropy by

Hij(e,Slc g py» d) < Hyy(e, Tk, diy) + kHyy (e, Firy, diy)
9



where
97 m,.. wK,ﬂR“),...,ﬂﬁm,zl,...,zK} €Ok

y € Rz € RP v so(ylz) = p, m@(yl(Br V) 7, S)
S(K J,R)
Or =k X Yk s r) X ([ax, As]],)"

Ui ar = 187, BE) € [~ Ap, Ag)¥|Rank(By) = R(k)}
K
{7‘1’1,..., 6(0,1)K;Zﬂ'k:1}
k=1
Fuam = {@UB7X)15,2): 8 € [ag, Ag)| rank(8R) =

¥ = diag(X?,... ,23) € [a%,A%]q}
® the Gaussian density.
For the proportions, we get that

K-—1
3
Hyj(e, T, djy") < log (K(27T€)K/2 (—) ) :
€

Looking after the Gaussian entropy.

5.2.2. For the Gaussian. We want to bound the integrated entropy. For that, first we have to construct
some brackets to recover S,,. Fix f € S,,. We are looking for functions ¢~ and ¢t* such that t~ < f < ¢T.
Because f is a Gaussian, t~ and t* are dilatations of Gaussians. We then have to determine the mean,
the variance and the dilatation coefficient of t~ and t*. We need the both following lemmas to construct
these brackets.

Lemme 5.4. Let ®(.|u1,%1) and O(.|uz, X2) be two Gaussian densities. If their variance matrices are
assumed to be diagonal, with ¥ = diag([SZ]1,...,[Sa]7) for a € {1,2}, such that [Sa]2 > [S1]2 > 0 for
all z € {1,...,q}, then for all x € RY,

q
:C|Mla

(|2, E2

2 (Hl*#2)tdiag< =201 i[glh ----- [Ez]qi[zl]q )(l‘fl*ﬂ&) .

z=1

Lemme 5.5. The Hellinger distance of two Gaussian densities with diagonal variance matrices is given
by the following expression:

q 9 9 1/2
ﬁﬁ¢cmhzh»@«m%zg>:2._2(11Iﬂﬁﬂggg%L>

qi=1 E%]th + [Z% q1

1 . 1
X@m{zwlﬂﬂdw9<Giﬁ;IE@;>mqhﬂﬂ>“““”}

To get an e-bracket for the densities, we have to construct a §-net for the variance and the mean, §
to be precised later.
e Step 1: construction of a net for the variance
Let € €]0,1], and § = \/%q. Let b? =(1+ 6)1*1142 For 2 < j < N, we have [ax, As] =
[bn,by—1]U- .- Ubs, ba], where N is chosen to recover everything. We want that

L= (140 V2

ay, N
2log— =(1— — | log(l+ 4
© 08 ( 5 ) og(1+6)
4log( =\/1+6)
= =% -
log(1 +9)
4log(22 V1T
We want N to be an integer, then N = %—‘ . We get a regular net for the variance.

We could let B = diag(bf(l), . ,bf(q)), close to ¥ (and deterministic, independent of the values
of ¥J), where i is a permutation such that b;.)41 < .. < by forall z € {1,...,q}.
10



e Step 2: construction of a net for the mean vectors
We use the singular decomposition of 3, 5 = ZZR:l oyujvy, with (07)1<i<g the singular values,
and (u)1<i<r and (v;)1<i<r unit vectors. Those vectors are also bounded.
We are looking for ¢~ and ¢+ such that dy(t~,tT) <€ and t~ < f < ¢T. We will use a
dilatation of a Gaussian to construct such an e-bracket of ®.

We let
t(2,y) = (1+8)" P390 (y|v; ga, (1+6) /4B
t(2,y) = (1 + 6P 394D (y|vy g, (1 4 6)B')

where B' and B'*! are constructed such that, for all z € {1,...,q}, Bt} <X, . < BL _ (see step 1).
The means vy p € RP*Y will be specified later. Just remark that .J is the set of the relevant columns,

and R the rank of v p: we will decompose vz = 2112:1 Grutvy, 4 € RVIXE and & € RI¥E,
We get
t~(z,y) < fylz) <t (z,y)
if we have
52
|8z — vy rell3 < qu?a%(l — 27/,

Remark that ||Sz — vy rz|]3 < p||B — virll3]|7]|lc We need then
52 _
(13) 18 = varll} < pgR-yag(l—271%

According to [7], dg(t—,tT) < 2(p?qR + 3q/4)?6?, then, with

°= V2(p2qr + 3/4q)

we get the wanted bound.
Now, explain how to construct v;r to get (13).

p 4 R
18 =varlls =Y D > loww v,z — G0,
=1 2=11=1
P q R )
=Y D llor = Gullugavz ] — &ty — wgllda 0] — Frwglons — O]
j=1z2=11=1
p q R )
< ZZZ l|lor — Gil + Agltuj — i j| + Aglvis — 0]
j=12=11=1
< 2pqr max|al —5*+ A, nllax|ulj ul7j|2 + A, rrllax|ﬁl7z — ’Ul,z|2)
j 4
We need |3 — vy rl|[3 <pqr— a% (1 — 2714,

If we choose &7 such that

1) 0
|0’l—6'l| S\/ﬁag 1—2_1/4’

and 1; ; such that
. 1)
luj — 4| < ——=— maz V1—2-1/4,

and 7y, such that

1)
|'Ul,z - f)l,z| < maz vV1-— 2*1/47

then it works.
To get this, we let, for |.| begin the floor function,

A
S=17n |0, e
l {%azvl—ﬂ“ﬂ

11



and

) 7
o] — —F—ay, 1-— 2_1/4g

0 = argmin

N V12
and
A
U=17n |0, z
[ {ﬁazv 1- 2‘1/4H
and
Uy ; = argmin |u; ; — Lag 1—2-1/4y,
T Ter | V124,
and
Ay
V=27Zn |0,
{ﬁ“wl?”“ﬂ
and

sV 1—2-1/4p|,

)1<3<J Di<i<r and ((0;,2)1<z<q—1)1<i<r because

Uy, = argmin
veV

Ui —

Remark that we just need to determine vectors (
those vectors are unit.
Then, we let

Vj e JVz e [l,p], (viR)j. =0
R
Vje JVz e [l,p],(ViR)j, - Z U, 01,

We have defined our bracket.
We want to control the entropy.

|Be(]:(K ol

R(k) R(k)(|J|+q—R(k)~1)
<N H Ao Ao
rA —9% __4xV1—2-1/4 \/1—+AU(12\/1 —9-1/4

K R(k)(|J|+q—R(k
o 6az\/ 1-— 2_1/4
iy R(k)(|T|+a—R(K))
<4 (& N 1) _AN12 5= S RO +a-R()+1
- as 2 ag\/17271/4
Then,
5 1 Dk, r)
Nule, Stk s.ry,du) < C (;)
where
., R(k)(|J|+q—R(k
as ' 2) \agV/1_2-1/2

SR R(k)(|J|+q—R(k))
X (\/§(p2qR+3/4q)) e

and D(x,7.5) = ey ROF)(IT| + g — R(k)).
12



5.2.3. For the mizture. We have to determine ¢ g, s gy such that

(15) / \/H[.] (e, S(x,1.1) (S(rc,0,m)> 0), Ay )de < b, 17y ().
0

Let compute the integral.

/0\/HH(G,S(K“LR)(S(K,.],R%U)’d%n)de
g 1
<o log(02)+\/D<TJ,R>/ log (g)df
0
log(C>) 1
<./D E= YN 1
1

log(C2) = log(4) + glog(%re) + (K —1)log(3) + log (1:_;3 n _)

2
A V12 )

with, according to (14),

axvV 1-— 271/4

3
+ D(k,s.r) log (ﬁ(quR + Zq)) + log(K)

+ Dk, ,r) log <

log(2
S D(K,J,R) <10g(4) + w + 10g 3)
3

24\/_7Te As 1\ /A,
<D log| =4+ =) (=2
o g( s (22 43) ()

3
+ log(p*qR + 19 ))
Then,

/\/H[.](f,S(K,J,R)(S(K,J,R)7U),d%l)dE
0

Ay, 1 A,
<./D log (22 42 (22
< (K,J,R) <3+ \/og (az + 2) ( )

ax

3 1
\/log(p? Zg) + 4 /log [ —
+y/log(P*gR + 7q) + Og(0A1)>
Consequently, by putting
A 1 A, 3
B=3+/log Zao) (=) + log(p?qR + —q)
ay 2 ax 4

we get that the function ¥ g j gy defined on R% by

Yk, 1,r)(0) = \/D(TlR)U < log < /1\1>>

satisfies (15). Besides, ¥k, ; g) is nondecreasing and o — (K'f’?)(a) is nonincreasing, then ¥y ; g is
convenient.

Finally, we need to find an upper bound of o, satisfying

U k,,R)(04) = Vno?.
Consider o, such that ¥ ;r)(0.) = /02

o



This is equivalent to solve

and then we could choose

5.3. Assumption (K). Let Tk, 7,R) = DK, 1) log (%) + maXgeq1,.. K} R(k). Then, we

D(k,5)—a%)A\pq

could compute the sum

-D log( —%epe
§ e T(K,J,R) — § E e ) Og((DK,quQ)qu) § :e*R

(K,J,R) K>01<|J|<pq R

A

The term A is controlled in proposition 4.5 in [7] by 2. Then,

[1]
2]

7
g
9
[10]
1]

[12]
(13]

(14]
(15]
(16]
(17]
(18]

(19]
20]

(21]

E eTTE LR < 9,

(K,J,R)
6. ACKNOWLEDGMENT

I am grateful to Pascal Massart and Christophe Giraud for stimulating discussions.

REFERENCES

M. Aldrin. Moderate projection pursuit regression for multivariate response data. Computational Statistics & Data
Analysis, 21(5):501-531, May 1996.

J-P Baudry, C. Maugis, and B. Michel. Slope heuristics: overview and implementation. Stat. Comput., 22(2):455-470,
2012.

L. Birgé and P. Massart. Minimal penalties for gaussian model selection. 138:33773, 2006.

F. Bunea. Consistent selection via the Lasso for high dimensional approximating regression models. In Pushing the
limits of contemporary statistics: contributions in honor of Jayanta K. Ghosh, volume 3 of Inst. Math. Stat. Collect.,
pages 122—-137. Inst. Math. Statist., Beachwood, OH, 2008.

S. Cohen and E. Le Pennec. Conditional density estimation by penalized likelihood model selection. Submitted, 2011.
A.P. Dempster, N.M. Laird, and D.B. Rubin. Maximum likelihood from incomplete data via the EM algorithm.
Discussion. J. R. Stat. Soc., Ser. B, 39:1-38, 1977.

E. Devijver. Finite mixture regression: A sparse variable selection by model selection for clustering.

E. Devijver. Model-based clustering for high-dimensional data. application to functional data.

C. Giraud. Low rank Multivariate regression. 23 pages, September 2010.

J. Guo, E. Levina, G. Michailidis, and J. Zhu. Pairwise variable selection for high-dimensional model-based clustering.
Biometrics, 66(3):793-804, 2010.

A. Izenman. Reduced-rank regression for the multivariate linear model. Journal of Multivariate Analysis, 5(2):248-264,
1975.

Z. Ma and T. Sun. Adaptive sparse reduced-rank regression. 2014.

P. Massart. Concentration inequalities and model selection. Lecture Notes in Mathematics. Springer, 33, 2003, Saint-
Flour, Cantal, 2007.

C. Maugis and B. Michel. A non asymptotic penalized criterion for Gaussian mixture model selection. ESAIM Probab.
Stat., 15:41-68, 2011.

C. Meynet and C. Maugis-Rabusseau. A sparse variable selection procedure in model-based clustering. Research report,
September 2012.

W. Pan and X. Shen. Penalized model-based clustering with application to variable selection. J. Mach. Learn. Res.,
8:1145-1164, December 2007.

N. Stédler, P. Bithlmann, Sara Van de Geer, and Rejoinder. Comments on #;i-penalization for mixture regression
models. Test, 19(2):209-256, 2010.

W. Sun, J. Wang, and Y. Fang. Regularized k-means clustering of high-dimensional data and its asymptotic consistency.
Electronic Journal of Statistics, 6:148-167, 2012.

R. Tibshirani. Regression shrinkage and selection via the lasso. J. R. Stat. Soc., Ser. B, 58(1):267—-288, 1996.

H. Zhou, W. Pan, and X. Shen. Penalized model-based clustering with unconstrained covariance matrices. Electronic
Journal of Statistics, 3:1473-1496, 2009.

N. Zhou and J. Zhu. Group variable selection via a hierarchical lasso and its oracle property. 3:557-574+, 2010.

INRIA SELECT, UNIVERSITE PARIS SUD, BAT. 425, 91405 ORSAY CEDEX, FRANCE
E-mail address: emilie.devijver@math.u-psud.fr

14



