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A BLOCK COORDINATE DESCENT METHOD FOR
MAXIMUM LIKELIHOOD ESTIMATION PROBLEMS OF
MIXTURE DISTRIBUTIONS*
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Abstract: In this paper, we propose a block coordinate descent method for a maximum likelihood esti-
mation problem of mixture distributions. The maximum likelihood estimation problem considered in the
paper consists of not only a log-likelihood function but also some proper convex functions such as the Lj
regularization and/or indicator functions. Then, we may estimate parameters in distributions with some
regularizations and constraints on parameters. Especially, a parameter estimation with lower constraints
on mixture coefficients is the main contribution of this paper. Since the problem has the additional convex
function, it cannot be solved by the usual EM algorithm. Thus, we consider a block coordinate descent
method as a solver of the problem, and show its global convergence by using the results in Tseng (J. Optim.
Theory Appl. 109-3, 2001). Moreover, we discuss concrete implementations when a distribution is Gaussian.
In particular, we propose efficient methods for a maximum likelihood estimation for special cases.
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Introduction

When some observational data {z;} C R” are supposed to obey a certain distribution p(x|6)
with parameters § € ©, it is important to estimate valid parameters @ from the data. A
maximum likelihood estimation is one of the estimation procedure of the parameters 6.
In this paper, we focus on the maximum likelihood estimation of parameters in mixture
distributions, which is frequently used in statistics, machine learning and clustering [1, 11].
The EM algorithm is known to be one of the most powerful method for the estimation
[5,7,13,16], and it have been studied actively even in recent years.

The EM algorithm is an iterative method which consists of the Expectation Step (E-
Step) and the Maximization Step (M-Step). The E-Step calculates an expectation of the
likelihood and the M-Step maximizes the expectation with respect to parameters. Redner
and Walker [13] considered the EM algorithm for the estimation of mixture distributions
and gave some concrete calculations of the E-Step and M-Step for various distributions,
such as Gaussian mixtures. Moreover, they discussed its theoretical convergence property.
Hathaway [7] interpreted the EM algorithm as a special case of block coordinate descent
methods.

*This work was partially supported by JSPS KAKENHI Grant Number 25330025.
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Recently, many researchers actively study a maximum likelihood estimation with regu-
larization methods. For example, when we add the L; regularization ||6||; to the likelihood
function, we may choose important parameters in the model. The L regularization is used
for a sparse precision matrix selection in Gaussian mixtures [9, 18]. Since the (i, 7)-th ele-
ment of the precision matrix expresses the relation between the i-th and the j-th probability
variables of x, the sparse precision matrix plays a critical role in the graphical modeling [6].
Ruan, Yuan and Zou [14] proposed the EM algorithm for Gaussian mixtures with the Lq
regularization, and succeeded in estimating parameters with sparse precision matrices.

In this paper, we first define a maximum likelihood estimation problem, whose objective
function consists of not only a log-likelihood function but also some proper convex func-
tions. If we exploit the L; regularization term ||f]|; and/or an indicator function dg of a
constraint set S C © as the additional convex function, we can estimate parameters with the
regularization and/or the constraint € S. Especially, the parameter estimation with lower
constraints on mixture coefficients is the main contribution of this paper. Thanks to such
constraints, we can obtain some theoretically and practically nice properties. Meanwhile,
the estimation problem considered in the paper is more general than that in [14].

The estimation problem in the paper might not be solved by the usual EM algorithm.
Then, we consider a block coordinate descent (BCD) method. At each iteration of a BCD
method, the objective function is minimized among a few parameters while all the other
parameters are fixed.

Since the log-likelihood function is not separable for each parameter in the mixture dis-
tributions, we first construct a separable problem related to the original one. Then, we apply
a BCD method to the separable problem, where the block corresponds to a set of parameters
in the single distribution. Tseng [15] showed that a BCD method for a nondifferentiable
minimization problem has the global convergence property under some reasonable condi-
tions. Using his result, we prove the global convergence of the proposed BCD method when
we add certain lower bound constraints on the mixture coefficients. In addition, we discuss
efficient implementations for some concrete problems, such as the maximum likelihood esti-
mation with box constraints on mixture coefficients.

The present paper is organized as follows. In Section 2, we introduce a maximum like-
lihood estimation for mixture distributions. In particular, we present a general maximum
likelihood estimation problem that has a log-likelihood function and some proper convex
functions, such as the L; regularization and/or indicator functions of constraint sets with
respect to parameters. In Section 3, we present a BCD method for the maximum likelihood
estimation problem, and discuss its global convergence. In Section 4, we discuss how to
solve subproblems in the BCD method for some special cases. In Section 5, we report some
numerical results for the maximum likelihood estimation problems with some constraints.
Finally, we make some concluding remarks in Section 6.

Throughout this paper, we use the following notations. Let p and g be positive integers.
For a vector v € R? and a matrix M € RP*9 v; denotes the i-th element of the vector
v, and M;; denotes the (7,7)-th element of the matrix M. The superscript T denotes the
transposition of a vector or a matrix. For a square matrix M € RP*P| tr(M) denotes the
trace of the matrix M, and norm | - || is defined by [|M ||y := 3°7_, 35—, |M;;|. The nota-
tion SP denotes a set of p x p real symmetric matrices. For M € SP, M = 0 (M = 0) means
that M is positive (semi)definite. Moreover, for A,B € SP, A = B (A > B) means that
A—B >0 (A-B > 0). For a positive semidefinite matrix A € S, Az denotes the positive
semidefinite matrix such that A = A2 A%. For di,...,dy, € R, diag(dy,...,d,) denotes a
diagonal matrix whose (i,7)-th element is d;. For x € R, exp(z) denotes e, where e is
Napier’s constant.
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The Maximum Likelihood Estimation for Mixture Distributions

In this section, we introduce a maximum likelihood estimation problem for mixture distri-
butions.

Assume that probability variables z € R obey a probability distribution p(z). If p(z)
is expressed as the weighted linear combination on m distributions p;(z|6;):

= Zaipi(xwz'),
i=1

p(x) is called a mizture distribution, where p;(x|0;) is called a mixture component, 6; denotes
the parameters of the i-th mixture component p;(x|6;), and «; € R™ is called a mizture
coefficient satisfying

m
Y ai=1, a; >0, i=1,....m.
We express a mixture distribution with parameters (o, 6) by
p(x|a, ) Za,@ x)6,), (2.1)

where o := [aq,...,q.;,] " and 0 := [0y, ..., 0,,].

Suppose that we have observational data X := [x1,...,7,] € R Then, we wish
to model data X using the mixture distribution p(x|a,8). To this end, we consider an
estimation of parameters («, 6).

The joint probability for the observational data X := [z1,...,z,] € R4*" is given by

P(X|a,0) == ] p(zxla, 0).
k=1

We call P(X|«,0) a likelihood. Moreover, a maximizer (o, 6*) of a likelihood is called a
mazimum likelihood estimator. In what follows, an estimation of parameters means that we
obtain a maximum likelihood estimator. Since a maximization problem of a likelihood is
difficult in general, we usually maximize the following log-likelihood function:

L(a, 0) :=log P(X |, 0) Zlog (Z a;pi (K |0; >

We sometimes want to maximize the log-likelihood function L(«, #) with regularizations
and/or constraints on some parameters in («, ). Thus, we consider the following maximiza-
tion problem:

maximize L(«,60) — f(a,0),

. . 2.2
subject to a € Qf, 0, €0;, i=1,...,m, (2.2)

where the function f : Qf x © — R is proper convex and lower semicontinuous, and the sets
Q¢ and © are defined by

Q%{aeRm

Zai:17 aizgivilw"am}? @Z:@1X...X®m,

i=1



672 Y. YAMAKAWA AND N. YAMASHITA

and the set ©; is a parameter space of 0; and ¢ = [{1,...,¢,] € R™ is the constant vector
such that ¢, € [0,1] (: = 1,...,m) and > .-, ¢, < 1. In what follows, we call problem
(2.2) a maximum likelihood estimation problem. Note that the function f is regarded as a
generalization of the L regularization and indicator functions of constraint sets. Note also
that £ =0 in [7,13,14,16]. To the author’s best knowledge, this is the first time to consider
the lower bounds «; > ¢; (i = 1,...,m) in the maximum likelihood estimation for mixture
distributions. As seen in Sections 3 and 5, the lower bounds with ¢; > 0 (i = 1,...,m) bring
in both theoretically and practically nice effects.
We now give two concrete cases of problem (2.2).

Example 1. The maximum likelihood estimation with constraints on mixture
coefficients

We discuss the maximum likelihood estimation with constraints on mixture coefficients.
We assume that the mixture coefficients satisfy «; € [l;,u;] (i = 1,...,m), where ¢;,u; €
0,1 i=1,...,m), Y, ¢; <land Y ;" u; > 1. Then, we may define the function f of
problem (2.2) as

f(oz,H)::{groo EZ;E; , Ti={acQ|a;<u;, i=1,....,m}.

As described above, the constraints ¢; < «; (i = 1,...,m) play a critical role in the theoret-
ical and practical aspects. In the theoretical aspect, these constraints enable us to show the
global convergence of the BCD method proposed in Section 3. In the practical aspect, these
constraints bring in some valid parameter estimations when the amount of the observational
data is small.

Example 2. The maximum likelihood estimation with the L; regularization for
Gaussian mixtures

Suppose that the distributions p;(z|6;) (¢ = 1,...,m) in (2.1) are Gaussian distributions:

N (@|pi, ATY) = mexp —%(I — i) Nz —pi)|, i=1,...,m,
where p; and A; denote a mean vector and a precision matrix which is the inverse of a
covariance matrix. Then, ¢; = [u;, A;] (¢ = 1,...,m). Friedman, Hastie and Tibshirani [6]
and Lu [10] proposed the maximum likelihood estimation with the L; regularization. We
apply such ideas to the maximum likelihood estimation for mixture distributions. Then, we
may consider the following problem:

maximize Zlog (Z aiN(xk,ui,Ail)> - ZPi”AiHh (2.3)
k=1 i=1 _ i=1 ’
subject to a € Q0 NI <A, = NI, i=1,...,m,

where pi,éi,x- (i =1...,m) are constants such that p; € [0,00), A; € [0,00), i € (0, 00]
and \; < A;. We allow A; to be +00. Note that A\; = 0 and \; = oo in [6,10].
Thanks to the Ly regularization term Y. | p;||A;||1, we can obtain a maximum likelihood

estimator with sparse precision matrices. The sparse precision matrix plays an important
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role in the graphical modeling. For these details, see [6,9,10,14]. Problem (2.3) is written
as (2.2) with ©; = R¥ x84 (i =1,...,m),

ﬂmmzﬁﬁwm,ﬁmmz{mwm (AI=A=NT) gy
=1

+o0 ( otherwise ),

A Block Coordinate Descent Method for the Maximum Likeli-
hood Estimation Problem and its Global Convergence

In this section, we present a BCD method solving the maximum likelihood estimation prob-
lem (2.2). To this end, we first construct a separable problem suitable to the proposed BCD
method. Next, we give conditions under which the proposed BCD method has the global
convergence property.

If a BCD method is directly applied to problem (2.2), then it may solve the following
subproblems at each step:

o/t = argmax { L(a, 0") — f(a,0")},

acNt

0§+1 = aggn(l)ax {L(at+17917 937 sy afn) - f(atJrlv 917053 ceey gfn)} )
1€01

gLl = aggnéax{L(af+1,9§+1,92,9§, CL L) = et e 05,05, . 08,
2€02

girl = %rgnéax{L(at“,ei“, O 0) — flat et ek 0, )
mEOm

where the superscript ¢ denotes the t-th iteration. We see that the subproblems cannot be
solved in parallel because the log-likelihood function L included in (2.2) has the weighted
linear combination of the probability density function in the antilogarithm part. Thus, we
construct a separable problem associated with (2.2) in order to solve subproblems in parallel.

To this end, we assume that the function f is separable with respect to «,01,...,0,,,
that is, it is written as

Fle,0) = fola)+ Y fi(62), (3.1)
=1

where fj is a lower semicontinuous and proper convex function for adding some constraints
on mixture coefficients o; (i =1...,m), and f; (i =1,...,m) are also lower semicontinuous
and proper convex functions for adding some constraints on parameters 6; (i = 1,...,m),
respectively.

Then, we consider the following minimization problem instead of problem (2.2):

minimize F(W,«,0),

subject to W eM, acQf 6, €0;,i=1,...,m, (3.2)

where

m

F(W,a,0) := D(W,a,0) + foe) + > _ fi(0s),

i=1
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M = {W [

m
0< Wik, > Wik =1, k::l,...,n},

i=1

and the function D : M x Qf x © — R is defined by

Z Wik {log Wi, — log o — log pi(x|6;)}- (3.3)
1 k=1

D(W,a,0) :=

m
1=

Note that the decision variables of problem (3.2) are a, 8 and W. Note also that, if we apply
a BCD method to problem (3.2), then the objective function of (3.2) is separable for o and
0; (i=1,...,m) when W is fixed. These details are discussed in Section 4.

Now we mention that we can obtain a solution of (2.2) if we apply a BCD method to
problem (3.2). Let g : Qf x © — R be defined by

9(e,0) := min D(W, a,0). (3.4)

Note that for each («,8), the function D(-, «, ) is strictly convex on the compact set M,
and hence the right-hand side of (3.4) has the unique minimizer. The next lemma shows
that g(«, ) = —L(a, 0), i.e., problem (2.2) is equivalent to

m

minimize  g(o, ) + fo(a) + Z fi(0),

p (3.5)
subject to a€Qf, 0, €0;, i=1,...,m.

The equivalence is implicitly given in [7]. Here, we give its proof for the completeness of the
paper.

Lemma 3.1. For each a € Q¢ and 0 € ©, g(a,0) = —L(«, 0).

Proof. Let W* be a solution of min D(W, «, ). The KKT conditions for min D(W,«a, 6)
weM wWeM
are written as

S Wi =1, logWj +1—logaipi(z|0i) —uf =0, i=1,....m, k=1,...,n,
i=1
where uj is a Lagrange multiplier for > .~ W7 = 1. Then,
W, = api(xkl0;) expluy, — 1), i=1,...,m, k=1,...,n. (3.6)

7

It further follows from > ", W/ =1 that

1= Z W3, = exp(uf, — 1) Zaipi(kai) = exp(uy, — Dp(zkla,0), k=1,...,n,

i=1 i=1

and hence

. 1
exp(uy, — 1) = pi(xk\a 5’
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Thus, (3.6) and (3.7) yield that

w a;pi(zi|0;)
1k p($k|a,9) 9

Moreover, we have

g(a,0) = DW™, «, )
= ZZ ik { m - 10g0<ipi(33k|9i)}

=ZZW {log cvipi (x1]0;) — log p(wk| v, ) — log cvupi(w]6:)}
=1

(ZW ) log p(xk|a, )

=1

(a7 )
where the last equality follows from " W = 1. O

From Lemma 3.1, problem (2.2) is equivalent to problem (3.5), that is, their global
solutions coincide. Moreover, (W, , ) is a global optimum of (3.2) if and only if («, ) is a
global optimum of (3.5).

Remark 3.2. Lemma 3.1 does not state that («,0) is a stationary point of (3.5) when
(W, e, 0) is a stationary point of (3.2).

We now apply a BCD method to problem (3.2). Let (af, 8%) be given. The BCD method
first solves the right-hand side of (3.4), that is,

W := argmin D(W, o', 6%).
WeM

From (3.8) in the proof of Lemma 3.1, the solution W is given by

a;pi(r|0])

W}, = =1,... k=1,...,n. 3.9
F T pladat, gy T BT e 39
Next, it solves the following subproblems with respect to « and 6; (¢ = 1,...,m) indepen-
dently:
minimize — Wi log oy + fo(a), 3.10
pige —3°3 Wl loses + o) (3.10)
n
inimi — t log n; . (0.).
minixmize ; Wi log pi(zk|6:) + fi(0:) (3.11)

Note that the functions fo, f1,..., fm are given by (3.1). Summing up the above discussion,
the BCD method is described as follows.

Algorithm 3.3.

Step 0. Choose an initial point (a?,6%) € R™ x ©, and set t := 0.
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Step 1. Calculate W' by (3.9).
Step 2. Obtain a solution a'*! to problem (3.10).
Step 3. For each i € {1,...,m}, obtain a solution Hfﬂ to problem (3.11).

Step 4. If an appropriate termination criterion is satisfied, then stop. Otherwise, set t :=
t+ 1 and go to Step 1.

Next, by using the result of [15], we give conditions under which Algorithm 3.3 has the
global convergence property. To this end, we provide definitions of a stationary point and a
coordinatewise minimum point of the following problem:

minimize F(&1,...,&) = D(&,....&) + Y fil&), (3.12)
i=1
where D : R T 17 — R U {co} is differentiable and f; : R™ — RU {0} (i =1,...,7)

are nondifferentiable. We say that z is a stationary point of (3.12) if z € domF = { £ €
RMTFr | F(€) < oo } and

F'(2;d) := liminf F(E+7d) - F(E)

>0 forallde R™MT+nr,
710 T

We say that z is a coordinatewise minimum point of (3.12) if z € domF and
F(z4+(0,...,dk,...,0)) > F(z) foralld, e R"™ andk=1,...,r,

where (0,...,d,...,0) € R"T¥% denotes the vector whose k-th coordinate block is dj,
and whose other coordinates are zero. In addition, we say that F' is hemivariate if F' is not
constant on any line segment of domF, that is, if there exist no distinct points &, € domF
such that 7§ + (1 — 7)¢ € domF and F(§) = F(7&+ (1 — 7)¢) for all 7 € [0,1].

Theorem 3.4. Suppose that Algorithm 3.3 generates an infinite sequence {(W*, o'+t 6*+1)}.
Suppose also that the sequence {(W*', o, 0" 1)} has an accumulation point (W,@,0). If
the following conditions (i)—(i) hold, then (W, @, 0) is a stationary point of problem (3.2).

(i) The functions fo and f; (i =1,...,m) are lower semicontinuous and proper convet.

(ii) For each xy € {x1,...,xn} and i € {1,...,m}, the function p;(zy|-) is continuous on
0; and p;(xz|6;) > 0 for all §; € ©;. Moreover, the function —logp;(xk|-) is convex
and hemivariate on ©;.

(iii) There exists « € R™ such that o > a; >0 (i=1,...,m).
(iv) The function D is differentiable at (W, @,0).
Proof. From assumption (iii), we may replace D in problem (3.2) with D defined by

D(W, a,0) = { DW,«a,6) if W E-M, aeN 0, €0, (i=1,...,m),

400 otherwise.
Then, from assumption (i), domD := { (W,a,0) € M x Q% x O | D(W,,0) < oo }
M x Q%X 01 %x...X 0. Thus, (C2) of [15, Proposition 5.1] holds. We also have (B1)—(B3)
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of [15, Proposition 5.1] from assumptions (i) and (ii). Then [15, Proposition 5.1] shows that
(W, @, ) is a coordinatewise minimum point of (3.2), that is,
F(W,a,0) > F(W,a,0) forall W € M,
FW,a,0) > F(W,a,0) for all a € Q%,
FW,a,0.,0s,...,0,,)>F(W,a,0) forall 6 € O,

FW,a,01,...,0,m_1,0n) > F(W,a,0) forall 0, € 0,,.

It then follows from assumption (iv) that (W, @, ) is a stationary point of (3.2). m

Remark 3.5. For the global convergence, we should get exact solutions of subproblems
(3.10) and (3.11). As shown in Section 4, we can get them in some special cases.

We now discuss when assumptions (i)—(iv) of Theorem 3.4 hold.

(1) When we employ indicator functions on closed convex sets and/or the L; regularization
as fo and f; (i =1,...,m), assumption (i) holds.

(2) Some distributions, such as a logistic distribution, satisfy assumption (ii). For these
details, see [3, Chapter 7).

(3) If we have a large amount of the observational data, assumption (iii) holds in many
cases. Moreover, if ¢; (i = 1,...,m) in problem (2.2) are positive, then assumption
(iii) certainly holds. Section 4.1 will present a solution method of problem (3.10) with
the constraints.

(4) When assumptions (i) and (iii) hold, Wy is positive from (3.9). Thus, assumption (iv)
holds when the function p;(z|-) is differentiable at 6;.

Unfortunately, a Gaussian distribution N (x|u;, A; ") does not satisfy the convexity as-
sumption in (ii). However, under some reasonable assumptions, we can construct a global
convergent BCD method for Gaussian mixtures. Note that 6; = [u;, A;] (1 = 1,...,m)
for Gaussian mixtures. In addition, we use the notations p := [u1,...,pm] and A :=
[A1,...,An]. We assume that the function f; is separable with respect to p; and A; for all
i€{l,...,m}, that is,

where f/' and f are lower semicontinuous and proper convex for all i € {1,...,m}. Then,
we execute the following two steps instead of Step 3 in Algorithm 3.3.

Step 3-1. For each i € {1,...,m}, obtain a solution uﬁ“ of the following problem:

minimize ; ik log N (@ piy (A7) 77) + f1 (1) (3.14)

Step 3-2. For each i € {1,...,m}, obtain a solution Af“ of the following problem:

n
inimi _E ¢ t+l A-1 ACA
Inl[I\lilglOlZG Whlog N (zp|pi ™, A7) + [ (A). (3.15)

7 [
k=1
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Note that the modified method is also a BCD method. We call it Algorithm 2 in the
remainder of the paper.
The next theorem shows the global convergence of Algorithm 2.

Theorem 3.6. Let p;(x|0;) := N(x|pi, A; ), 0; == [wi, A;] (i = 1,...,m). Suppose that
Algorithm 2 generates an infinite sequence {(W*, o't pt+1 A1)}, Suppose also that the
sequence {(W?t ottt pt 1 A )Y has an accumulation point (W, @, T, A). If the following
conditions (i)—(iii) hold, then (W, @&, 1, A) is a stationary point of problem (3.2).

(i) The function fo is lower semicontinuous and proper convex, and the functions f; (i =
1,...,m) are written as (8.13) with lower semicontinuous and proper convex functions
ro=1,...,m).

(ii) There exists « € R™ such that af > a; >0 (i =1,...,m).
(iii) There exists A € R™ such that AL = NI =0 (i=1,...,m).

Proof. Note that W, > 0 from (3.9) and assumption (ii). It then follows from assumption
(iii) that D is differentiable at (W, @, 7, A). Consequently, we can prove this theorem in a
way similar to the proof of Theorem 3.4. a

Implementation Issue for Special Cases

In this section, we describe efficient solution methods solving subproblems (3.10), (3.14) and
(3.15) for special cases such as Examples 1 and 2 in Section 2.

The maximum likelihood estimation with constraints on mixture coeffi-
cients

We discuss the maximum likelihood estimation with box constraints on mixture coefficients
as described in Example 1 of Section 2. Since the update of the mixture coefficients appears
only in subproblem (3.10) of Step 2, we only discuss how to solve subproblem (3.10).

Subproblem (3.10) has simple constraints Y .~ a; = 1, {; < a; < u; (1 = 1,...,m).
There exist efficient methods that solve special convex problems with the constraints in
O(m) [4,12]. Although the objective function in (3.10) is different from those in [4,12],
we can construct an O(m) method for (3.10) by using the ideas of [4,12]. For the details,
see [17, Subsection 5.4.1].

The maximum likelihood estimation for Gaussian mixtures

Now, we consider the case where mixture components are given by Gaussian distributions,
that is, pi(z(0;) := N (x|, A7), 05 = [pa, Ai] (i = 1,...,m).

The maximum likelihood estimation for Gaussian mixtures is equivalent to problem (3.2)
with ©; ;= R% x 8¢ (i =1,...,m) and

fer={ Gy ot =0 w0 ={ L (BZ0 i=tem @)

Then, a§+17 uﬁ“ and Aﬁ“ in Steps 2, 3-1 and 3-2 of Algorithm 2 are given by

1

N? 1<

ajtt = . pitt = i > Whag, AT = (Nt > W@k — pit) (@ — HEH)T) (4.2)
k=1 k=1
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where N} := Y7 Wk . We see that (4.2) is equivalent to the EM algorithm. Note that
the equivalence has already been pointed out in [16].

The maximum likelihood estimation for Gaussian mixtures with constraints
on precision matrices

In this subsection, we consider the maximum likelihood estimation for Gaussian mixtures
that has additional constraints on the precision matrices such that \;J < A; < NI (i =

1,...,m), where \;, \; € R (i = 1,...,m) are constants such that 0 < A <\
In this case, we should replace flA in (4.1) with
Apy.—) 0 (Aileinzj) -
fi(Ag) = { 0o ( otherwise ), 1=1,...,m.

Note that aﬁ“ and uf“ are also given by (4.2) because subproblems with respect to «; and
w; are same as those in Subsection 4.2. On the other hand, subproblem (3.15) with respect
to A; is different, and it is expressed as

minimize  tr (AfAl) —logdet A;,

AiESd o (43)
subject to AT <X A; XN\,

where

1 n
AL = g > Wik — ™) (e — i (4.4)
Z k=1

and N} is given in Subsection 4.2.

Thanks to the constraints A\, < A;, the condition (iii) of Theorem 3.6 holds. Moreover,
if we also add the constraints on mixture coefficients as described in Subsection 4.1, the
condition (ii) of Theorem 3.6 also holds. Therefore, such constraints guarantee the global
convergence of Algorithm 2.

Now, we discuss how to solve (4.3). As shown below, we can provide a solution of (4.3)
analytically. For simplicity, let A := Af, A := A;, A := ), and X := ); in the rest of this
subsection.

Since problem (4.3) is convex, A} € S? satisfying the following KKT conditions is an
optimal solution:

A= (A1 4 U =V =0, (M —A)U*=0, (M —A*)V*=0,

M < A* <), 0= U, 0=V, (4.5)

where U* € S% and V* € S? are Lagrange multipliers for A\I < A* and A* < I, respectively.
We have from (4.5) that A*, U*,V* and A commute mutually because U* and V* are
symmetric matrices. This result and [8, Theorem 1.3.19] yield that A*, U*,V* and A are
simultaneously diagonalizable, that is, there exists an orthogonal matrix P € 8¢ such that

PTA*P =diag(\},...,\;), PTU*P=diag(uj,...,u}),
PTV*P = diag(vf,...,v}), PTAP=diag(ai,...,aq),

where A7, u¥, v} and a; (j =1,...,d) are eigenvalues of matrices A*,U*, V* and A, respec-

tively. Pre- and post- multlplymg (4.5) by PT and P, respectively,

— DT U e =0, A-ADuS =0, (A - Al =0,
PEPEEDY 0 <, 0 <)

(4.6)
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for j =1,...,d. Therefore, we have from (4.6) that

X (/Aza)

A =P diag(\f,...,\) PT, A=< 1/a; (1/X<a;<1/A)  j=1,...,d (47)

A (/A< ay),

In order to obtain A*, we may conduct the following procedure. We first get the eigen-
values a; (j =1,...,d) and the orthogonal matrix P by diagonalizing A. Next, we calculate
A* by (4.7).

The maximum likelihood estimation for Gaussian mixtures with sparse
precision matrices

We also discuss the maximum likelihood estimation for Gaussian mixtures in Subsection 4.3.
However, we add the L; regularization in order to obtain precision matrices being sparse.
In this case, we should replace f{ in (4.1) with

A :_{ pillAills (NI <A =2NT)

g +o0 ( otherwise ), mn

geeey B

where p1, ..., pm, are positive constants.
Note that af“ and ,uf“ are also given by (4.2) as mentioned in Subsection 4.3. On the
other hand, subproblem (3.15) with respect to A; is different, and it is written as

minimize  tr (AjA;) — logdet A; + 7/ || Al

subject to AT = A; <\, 4

where Al is given by (4.4). We can obtain the solution A’** of problem (4.8) by the existing
methods such as [9,10,18].

Numerical Experiments

In this section, we report two numerical experiments for the models discussed in Subsections
4.1 and 4.3. The program was coded in MATLAB R2010a and run on a machine with an
Intel Core i7 920 2.67GHz CPU and 3.00GB RAM.

Experiment 1 for the model discussed in Subsection 4.1

In the Experiment 1, we investigate the validity of the model discussed in Subsection 4.1.

Throughout the Experiment 1, we used the observational data X = [zy,...,z,] € R*"
and the test data X := [Z1,...,%10000] € R*¥10000 generated by the following Gaussian
mixture with d = 1 and m = 5:

plr) = g (el ~10,5) + £N (x| — 8,5) + LN (210,5) + TN (28,5) + g (a]10,5). (5.1

For the given observational data X, we estimated parameters of the Gaussian mixture with
d =1 and m = 5, that is, we solved the following problem by Algorithm 2:

n 5
maximize Zlog (Z O‘iN(kauA;l)) ’
k=1 i=1

5 (5.2)
subject to > a; =1, £; <a;, 0< Ay, i=1,...,5.

i=1
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In the Experiment 1, we estimated parameters by using three models with ¢; = 0 (i
1,...,5), 4,=01(G=1,...,5)and £, =0.15 (i =1,...,5) in (5.2).

An initial point (a?, u% A°) of Algorithm 2 was chosen as follows. We set af =1, A? =
1(=1,...,5). A mean u® was set to the computational result of K-means algorithm
(kmeans) in MATLAB. Moreover, we stopped Algorithm 2 when

|D(Wt+1,at,ut,/\t) _ D(Wt,at_l,ﬂt_17/\t_1)‘ < 10—5’

where the function D is defined by (3.3).

Tables 1 and 2 show the results when the number of the observational data is 30 and
100, respectively. In each case, we carried out the maximum likelihood estimation 15 times
for 15 different observational data. In two tables, we report the log-likelihoods for the
observational data and the test data. Note that we used the same test data X € R!*10000
in all experiments. Since the amount of the test data is sufficiently large, we may consider
that the estimation with bigger log-likelihood for the test data is better than that with small
one. For each experiment in Table 1, numbers with boldface type indicate the highest log-
likelihood among the various ¢;. Furthermore, ” *” in Tables indicates that Algorithm 2 was
stopped by numerical difficulty. The reason for the difficulty is that the mixture coefficient
a; became too small, and hence assumptions (ii) and (iii) in Theorem 3.6 did not hold.

From Table 1, we see that the model with ¢; = 0 is better than the models with ¢; = 0.1
and ¢; = 0.15 from the viewpoint of the log-likelihood for the observational data. The
results are quite natural because the feasible set with ¢; = 0 is larger than those with ¢; = 0.1
or ¢; = 0.15. On the other hand, from the viewpoint of the log-likelihood for the test data,
the models with ¢; = 0.1 and ¢; = 0.15 are better than the model with ¢; = 0 for many
trials. In particular, the model with ¢; = 0.15 tends to be the best. This is because the true
mixture coefficient is 0.2 as in (5.1). Moreover, the estimation of the model with ¢; = 0 is
overfitting for the small observational data. This can be seen in Figure 1 and Table 3 that
present the details of the numerical result for No. 3 in Table 1. Figure 1 (a) and (b) are
probability density functions obtained by the models with ¢; = 0 and ¢; = 0.15, respectively.
In the both figures, the black dash line indicates the probability density function of the true
mixture distribution (5.1), and the black line indicates the estimated probability density
function. Table 3 presents the estimated parameters. From Table 3, we see that a5 and
/\5_1 of the model with ¢; = 0 are very small. Thus, the probability density function value in
Figure 1 (a) becomes very large around ps = 4.9377. This phenomenon sometimes occurred
when the amount of the observational data is small. See [1, Section 9.2.1] for its details. On
the other hand, such a singular phenomenon did not happen on the model with ¢; = 0.15
(Figure 1 (b)).

From Table 2, we do not see big differences in the log-likelihoods for the test data among
the models. The reason for these results is that we were able to estimate parameters correctly
regardless of the value of ¢; because we had sufficient amount of the observational data.

From these results, even if the amount of the observational data is small, the model
with ¢; close to the true value is expected to avoid the overfitting and find an appropriate
estimation.

Experiment 2 for the model discussed in Subsection 4.3

In the Experiment 2, we use the model discussed in Subsection 4.3, and study its effectivity.
In this experiment, we used the observational data X = [z1,...,z,] € R?" and the test
data X = [T1,...,T10000] € R¥*10000 These data are generated by the following Gaussian
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mixture:
10

pe) = Y N Gl A,

i=1

where the elements of fi; were selected randomly from the interval [~1,1], and A; ! (i
1,...,10) are selected as follows. First, we generated a matrix 4; € R? (i = 1, el
whose elements are normally distributed with mean 0 and variance 1. Then we set A 1,

(ATA)=z (i =1,...,10). For the observational data X, we solved the following model by

21

Algorithm 2 in order to estimate parameters «;, y; and Ai_1 (i=1,...,10):
n 10
maximize Z log (Z N (zk| i, A¢1)> ,
k]j)l i=1 (53)
subject to Zai =1, 107% < o, M =A== NI i=1,...,10.
i=1

In the experiments, we estimated parameters by using two models with ();, A;) = (0, 0)
and ();, ;) = (1073,10%) in (5.3). In the following, the models (A) and (B) indicate the
model with ();, ;) = (0,00) and (\;, \;) = (1073, 10%), respectively.

An initial point (a, u° A°) of Algorithm 2 was chosen as follows. We set af =1, AY =
I (i=1,...,10), and set u° as the computational result of K-means algorithm (kmeans) in
MATLAB. Moreover, we used the same termination criterion as the Experiment 1.

Tables 4 and 5 show the results when the dimension d of the observational data X is
10 and 30, respectively. In each case, we conducted the maximum likelihood estimation 10
times by using observational data. In No. 1 of Tables 4 and 5, we exploited the observational
data X such that n = 100. In the subsequent estimations, we added 100 observational data
into the previous ones, and used those data as the observational data. Note that we exploited
the same test data in each dimension d. In Tables 4 and 5, we report the log-likelihoods for
both the observational and test data divided by the numbers of data, respectively. As with
the Experiment 1, 7 x” indicates that Algorithm 2 was stopped by numerical difficulty.

As seen in Table 4 when d = 10, we do not see big differences between the both models.
On the other hand, as seen in Table 5, the differences appeared between the models (A)
and (B). Although the model (A) could not estimate parameters when the amount of the
observational data is small, the model (B) could estimate parameters owing to the constraints

(6] Concluding Remarks

In this paper, we presented a BCD method for the maximum likelihood estimation problem
of mixture distributions, where the problem may have regularizations/constraints on the
parameters. Moreover, we presented efficient implementations of the BCD method for some
special problems. In particular, we gave the O(m) solution method for subproblem (3.10)
when the lower constraints «; > ¢; (i = 1,...,m) exist. In addition, we provided an
analytical solution for subproblem (3.15) with the constraint \,] < A; < ;1. Finally, we
conducted the numerical experiments for the models discussed in Subsections 4.1 and 4.3.
From the experiments, we see that the models with reasonable constraints yield the valid
parameter estimations even if the amount of the observational data is small.

As a future work, we are interested in an inexact version of the proposed BCD method.
The proposed method requires that subproblems (3.10) and (3.11) are solved exactly for
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Figure 1: Results of No. 3 in Table 1
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Table 1: Comparison of log-likelihoods (The amount of data is 30.)

l;=0 l; =0.1 l; =0.15
No. Observation Test Observation Test Observation Test
1 -92.6920 -3.8819¢+004 -93.9322 -3.8646e+004 -94.0707 -3.8355e+004
2 -85.1689 -4.2377e4004 -85.3814 -4.2056e+004 -86.7102 -4.2398e+-004
3 -89.0016 -3.5282e+-004 -94.2949 -3.4429e+004 -94.2979 -3.4427e+004
4 -83.7478 -4.8337e+004 -83.9552 -4.8651e+004 -90.0500 -3.6657e+004
5 -90.9218 -3.5632e+004 -91.1861 -3.6142e+-004 -94.1681 -3.5011e+004
6 -87.3364 -3.6083e+004 -89.0853 -3.5634e+004 -93.4515 -3.3895e+004
7 -94.0355 -3.4853e+004 -94.1238 -3.4554e+-004 -94.3455 -3.4372e+004
8 -85.6939 -3.8715e+004 -85.8422 -3.8203e+004 -86.2903 -3.7063e+004
9 -03.2788 -3.6004e+4-004 -97.6769 -3.3735e+004 -97.7062 -3.3868e+-004
10 -86.7174 -3.8413e+004 -86.9268 -3.8697¢+004 -90.2407 -3.6068e+004
11 -89.2880 -3.5906e+004 -89.4100 -3.6042¢+4-004 -90.0250 -3.6390e+-004
12 * * -88.0714 -3.8834e+4-003 -90.1522 -3.5275e+003
13 -87.4854 -3.9886e+004 -91.6894 -3.9187e+004 -94.7792 -3.6992e+004
14 * * -100.3292 -3.3846e+-004 -101.2753 -3.3538e+004
15 -94.9501 -3.4860e+004 -94.9503 -3.4865e+004 -95.2875 -3.4847e+004

Table 2: Comparison of log-likelihoods (The amount of data is 100.)

l; =0 l; =0.1 l; =0.15
No. Observation Test Observation Test Observation Test
1 -333.3528  -3.3148e+004 -333.3910  -3.3173e+004 -333.3504  -3.3173e+004
2 -320.6859  -3.3347e+004 -322.3568  -3.2981e+004 -323.1440  -3.3170e+4004
3 -321.1681  -3.3312e+4004 -321.1681 -3.3312e+004 -321.1942  -3.3346e+004
4 -321.6798  -3.3584e+4-004 -325.7542  -3.3380e+004 -327.4315  -3.3076e+004
5 -317.9389  -3.3457e+004 -318.2513  -3.3593e+004 -319.8712  -3.3566e+004
6 -321.1656  -3.3005e+004 -321.8685  -3.2909e+004 -321.5855  -3.3038e+004
7 -316.4248  -3.3408e+004 -321.0262  -3.3135e+004 -321.8640  -3.3118e+004
8 -315.8101 -3.4256e+004 -317.1999  -3.3815e+004 -317.8504  -3.4037e+004
9 * * -326.2708  -3.3251e+4-004 -325.2491 -3.3916e+004
10 -316.0259  -3.3110e+004 -316.9840  -3.3029e+004 -316.9493  -3.3088e+004
11 -305.3455  -3.3814e+4-004 -307.2223  -3.3443e+004 -308.8353  -3.3541e+004
12 -334.4943  -3.3415e+004 -334.9925  -3.3392e+004 -338.3864  -3.3058e+004
13 -307.9100  -3.4562e+004 -307.9106  -3.4554e+004 -308.6720  -3.4483e+004
14 -312.5304  -3.3674e+004 -312.5304  -3.3674e+004 -312.5319  -3.3678e+004
15 -306.6108  -3.4756e+004 -307.6602  -3.4569e+004 -315.3187  -3.3014e+004
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Table 3: Results of No. 3 in Table 1

Qi i A7 o i AT
0.2233 1.3976 1.1864 0.1500 0.0175 7.8016
0.1869 -4.8498 8.7129 0.1526  -7.3207 2.6494
0.2232 -9.9129 1.4691 0.1764 -10.3462 0.8697
0.3003 9.3869 2.4501 0.3074  9.2639 2.9449
0.0663 4.9377 0.0018 0.2136 2.0166  3.9377

QU W N | =,

Table 4: Comparison of log-likelihoods (The dimension is 10.)

(A) (A M) = (0,00) (B) (Ai;Ai) = (107%,10%)

No. # of data Observation Test Observation Test
1 100 * * * *
2 200 * * -16.2364 -24.5632
3 300 -17.4153 -22.0561 -17.4153 -22.0561
4 400 -17.7676 -21.1256 -17.7676 -21.1256
5 500 -17.9586 -20.7800 -17.9586 -20.7800
6 600 -18.0046 -20.5797 -18.0046 -20.5797
7 700 -18.1480 -20.2934 -18.1480 -20.2934
8 800 -18.2535 -20.0519 -18.2535 -20.0519
9 900 -18.2848 -19.9797 -18.2848 -19.9797
10 1000 -18.2381 -19.6845 -18.2381 -19.6845
Table 5: Comparison of log-likelihoods (The dimension is 30.)
(A) (wab) = (O’OO) (B) (waz) = (10735 103)
No. # of data Observation Test Observation Test
1 100 * * * *
2 200 * * * *
3 300 * * -45.2811 -151.2185
4 400 * * -55.0462 -85.0240
5 500 -58.2170 -76.7472 -58.2170 -76.7472
6 600 -59.6852 -73.3414 -59.6852 -73.3414
7 700 -60.3356 -71.5572 -60.3356 -71.5572
8 800 -60.6195 -70.5857 -60.6195 -70.5857
9 900 -61.0230 -70.0405 -61.0230 -70.0405
10 1000 -61.5174 -69.2069 -61.5174 -69.2069
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global convergence. It is worth constructing the global convergent BCD method that allows
inexact solutions of subproblems (3.10) and (3.11).
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