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Abstract: Structure learning is one of the main concerns in studies of Bayesian networks. In the
present paper, we consider networks consisting of both observable and hidden nodes, and propose a
method to investigate the existence of a hidden node between observable nodes, where all nodes are
discrete. This corresponds to the model selection problem between the networks with and without
the middle hidden node. When the network includes a hidden node, it has been known that there
are singularities in the parameter space, and the Fisher information matrix is not positive definite.
Then, the many conventional criteria for structure learning based on the Laplace approximation do
not work. The proposed method is based on Bayesian clustering, and its asymptotic property justifies
the result; the redundant labels are eliminated and the simplest structure is detected even if there
are singularities.

Keywords: Bayesian clustering; structure learning in singular cases; model selection

1. Introduction

In learning Bayesian networks, one of the main concerns is structure learning. Many criteria to
detect the network structure have been proposed such as the minimum description length (MDL) [1],
the Bayesian information criterion (BIC) [2], the Akaike information criterion (AIC) [3], and the
marginal likelihood [4]. Most of these criteria assume statistical regularity, which means that the
network has identifiability on the parameter and then the nodes are observable.

The nodes of the network are not always observable in practical situations; there will be some
underlying factors, which are difficult to observe and do not appear in the given data. In such cases,
the criteria for the structure learning must be designed by taking account of the existence of the hidden
nodes. However, the statistical regularity does not hold when the network contains hidden nodes [5,6].

The probabilistic models fall into two types: Regular and singular. If the parameter and the
probability function expressed by the parameter have one-to-one mapping, the model has statistical
regularity and is referred to as regular. Otherwise, there are singularities in the parameter space and
the model is referred to as singular. Due to the singularities, the Fisher information matrix is not
positive definite, which means that the conventional analysis based on the Laplace approximation
or the asymptotic normality does not work in the singular models. Many probabilistic models such
as mixture models, hidden Markov models, and neural networks are singular. To cope with the
problem of the singularities, an analysis method based on algebraic geometry has been proposed [7],
and asymptotic properties of the generalization performance and of the marginal likelihood have been
investigated in mixture models [8], hidden Markov models [9], neural networks [7,10], etc.

It is known that the Bayesian network with hidden nodes is singular since the parametrization
will change compared with the network without hidden nodes. Even in the simple structure such
as the naive Bayesian network, the parameter space has singularities [5,11]. A method to select the

Entropy 2019, 21, 32; d0i:10.3390/e21010032 www.mdpi.com/journal/entropy


http://www.mdpi.com/journal/entropy
http://www.mdpi.com
http://www.mdpi.com/1099-4300/21/1/32?type=check_update&version=1
http://dx.doi.org/10.3390/e21010032
http://www.mdpi.com/journal/entropy

Entropy 2019, 21, 32 20f 13

optimal structure from some candidate networks has been proposed by using the algebraic geometrical
method [5]. For general singular models, new criteria are developed; a widely applicable information
criterion (WAIC) is based on the asymptotic form of the generalization error and a widely applicable
Bayesian information criterion (WBIC) is derived from the asymptotic form of the marginal likelihood.
BIC is also extended to the singular models [12].

The structure learning of the Bayesian network with hidden nodes is a very widely studied
problem. Observable constraints from the Bayesian network with hidden nodes is considered in [13].
A model based on observable conditional independence constraints is proposed by [14]. For causal
discovery, the related fast causal inference (FCI) algorithm has been developed, e.g., [15]. In the present
paper, we consider a two-step method; the first step obtains the optimal structure with observable
nodes and the second step detects the hidden nodes in each partial graph. Figure 1 shows the
hidden-node detection. The left side of the figure describes the optimal structure with observable
nodes only, based on some method of the structure learning. Then, as the second step, we focus on
the connections between the observable nodes shown in the right side of the figure. In this example,
the parent node x4 has the domain {1,...,5} and the child node x4 has the one {1,...,4}. If the value
of the child node is determined by only three factors, the middle node Z, which has the domain {1,2, 3},
simplifies the conditional probability tables (CPTs). It has been known that the smaller dimension the
parameter of the network is, the more accurate the parameter learning is. So, it is practically useful to
find the simplest expression of the CPTs.

The issue comes down to detection of a hidden node between observable nodes. We compare two
network structures, which are shown in Figure 2.
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Figure 2. Two networks with and without a hidden node.

The left and the right panels are networks without and with the hidden node, respectively,
where X = (xq,...,x7) with the domain x; € {1,.. .,N)((l)} and Y € {1,..., Ny} are observable and
Z € {1,...,Nz} is hidden. Since the evidence data on X and Y are given and there is no information
on Z, we need to consider whether the hidden node exists and its range Nz. We propose a method to
examine whether the middle hidden node should exist or not using Bayesian clustering. In order to
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obtain the simplest structure, there is a way to use the regularization technique [16], while it is not
straightforward to prove the selected structure is theoretically optimal. Our method is justified based
on a property of the entropy term in the asymptotic form of the marginal likelihood, which plays an
essential role in the clustering. The result of clustering shows necessary labels to express the relation
between the observable nodes X and Y. Counting the number of the used labels, we can determine the
existence of the hidden node. Note that we do not consider whole possible structures of the network
to reduce the computational complexity; in the present paper, we try to optimize the network from
the limited structures, where for example there is no multiple inserted hidden nodes or connections
between hidden nodes.

The remainder of this paper is organized as follows. Section 2 presents a formal definition of
the network. Section 3 summarizes Bayesian clustering. Section 4 proposes the method to select
the structure based on Bayesian clustering and derives its asymptotic behavior. Section 5 shows
results of the numerical experiments validating the behavior. Finally, we present a discussion and our
conclusions in Sections 6 and 7, respectively.

2. Model Settings

In this section, the network structure and its parameterization are formalized. The naive structure
has been applied to classification and clustering tasks and its mathematical properties are studied [5]
since it is expressed as a mixture model. As mentioned in the previous section, we consider the hidden
node with both parent and child observable nodes. One of the simplest networks is shown in the right
panel of Figure 2. Let the probabilities of X = (X3,...,XL), Z, and Y be defined by

p(x; = i) =all), (1)
p(Z = jIX = i) =by, )
p(Y =k|Z =) =cj ®)

fori e I ={(iDV,...,i0),i0 e {1,...,N)},j=1,..,Nzandk = 1,...,Ny. Since they are
probabilities, we assume that

(l) >0, a Z a(l) 4)

bijj >0, by =1— Z bij, )
j=
Ny

C]'k >0, le =1- 2 Ci]'. (6)
k=2

It is easy to find that b;; is the element of the CPT for Z and cj is that for Y. Let w be the parameter

consisting of a( ) , bij, cjk, where the dimension is
L 1 L 1)
dimw = Y (NY = 1) + (N7 = )TN + Nz (Ny — 1). @)
I=1 I=1
We also define the probabilities of the network shown in the left panel of Figure 2;
p(x =i) =df), ®)
p(Y = jIX =1i) =ejj. )

The parameter u consisting of d; and ¢;; has the dimension
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L 1 L (1
dimu = Y (NY — 1)+ (Ny - ) [ NY. (10)
I=1 I=1

If the relation between X and Y can be simplified, the degree of freedom dim u is not necessary
and is reduced to dim w such as the case shown in Figure 1. This is similar to the dimension reduction
of data with sandglass type neural networks or the non-negative matrix factorization, which have a
smaller number of nodes in the middle layers than the one in the input and output layers. The relation
between the necessary dimension of the parameter and the probability of the output is not always
trivial [17]. The present paper focuses on the sufficient case in terms of the dimension reduction,
where dimw < dim u rewritten as

Nyl_[N >NZ< y—l—l—l_[N ) (11)

=1

Recall that X and Y are observable and Z is hidden, where Nx and Ny are given and Nz is
unknown. When the minimum N7 is detected from the given evidence pairs of X and Y, and is
satisfied Equation (11), the network structure with the hidden node expresses the pairs with smaller
dimension of the parameter. We use Bayesian clustering technique to detect the minimum N7.

3. Bayesian Clustering

In this section, let us formally introduce Bayesian clustering. Let the evidence be described by
(xj,y;) and there are n pairs, which are denoted by (X", Y") = {(x1,¥1),..., (Xn,yn)}. Recall that

X = (xlgl), cee, fo)). The corresponding value of the hidden node is z; and the set of n data is denoted

by Z". We can estimate z; based on the probability p(Z"|X",Y"). In Bayesian clustering, it is defined by

n n n _p(Xn, Z”/Yn)
p(Z |X /Y )_ P(X",Y”) ’ (12)
-~ N
p(X",Z",Y") = / [ Tr&i zi yilw) o(w|a)dw, (13)
J T
p(X"Y") =) p(X", 2", Y"), (14)
ZVI
where ¢(w|a) is a prior distribution and « is the hyperparameter.
In the network with the hidden node,
L 1)
p xl’zl’y1|w H {a ( }bxlzzczfyz (15)

=1

If the prior distribution is expressed as the Dirichlet distribution for a( ) - bij, and cj, the numerator
p(X",Z",Y") is analytically computable. Based on the relation p(Z”|X” Y") « p(X",Z",Y"),
the Markov Chain Monte Carlo (MCMC) method provides the sampling of Z" from p(Z"|X",Y").
This is a common method to estimate hidden variables in machine learning; the underlying topics are

estimated based on the Gibbs sampler in topic models such as the latent Dirichlet allocation [18].

4. Hidden Node Detection

In this section, the algorithm to detect the hidden node is introduced and its asymptotic property
reducing the number of the used labels is revealed.

4.1. The Proposed Algorithm

When the size of the middle node is large such as
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L 1
[INY <Nz, (16)
=1

there is no reason to have the node Z; the middle node should reduce the degree of freedom from X.
If only N7 = 1 satisfies Equation (11), the middle node is not necessary. Note that N; = 1 shows that
there is no edge between X and Y, which is already excluded in structure learning.

Example 1. When L =1, N)((1 ) = 3and Ny = 3, only Nz = 1 satisfies Equation (11), which shows that there
is no hidden node between X and Y.

The present paper proposes the following algorithm to determine the existence of Z;

Algorithm 2. Assume that there is Nz > 1 for given Ng) and Ny, that is Equation (11) is satisfied. Apply the
Bayesian clustering method to the given evidence (X",Y") and estimate Z" based on the MCMC sampling.
Let the number of used labels be denoted by Ny. If the following inequality holds, the hidden node Z €
{1,...,Ngz} reduces the parameter,

Ny I, N)(<l)

1< Ny < O

(17)

4.2. Asymptotic Properties of the Algorithm

The MCMC method in Bayesian clustering is based on the probability p(X", Z",Y") as shown in
Section 3. Since the proposed method depends on this clustering method, let us consider the properties
of p(X",Z",Y"). The negative logarithm of the probability is expressed as follows:

F,X(X”I A Yn) = —In p(Xl’l’ Zn’Yn)
= —In [TT" p(xi zi, yi|w) p(w|a)dw

=y, { InT(n + Nxag) — Z0% InT (1 + aa)}

+ Yier { InT ( Z] 11+ NZ%) EJNZZl InT(n;; + %)}

+ Z]I-\g { InT ( 2,1(\]11 M + Nyzxc) — Y7 In T(mj + zxc)} (18)
+Yk {N§§> InT(a,) — 1nr(N§§>aa)}

+{ -, NV } {NZ InT() — Nx lnF(Nztxh)}

—I—NZ{NY InT(a;) — lnl"(Nyocc)},

where n;, n;j, and mjy are given as
n L
=L H5x<z . (19)
j
n L
=) 0 H (20)
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Z 521] vk (21)

respectively, and the prior distribution ¢(w|a) consists of the Dirichlet distributions;

L
:HDir Dlay) [ [ Dir(bi]ay) HDII‘ cjlac), (22)
I=1 icl j=1
I"(N(l)zx ) }((l)
Dir(a(l)|ocu) _ X (i;) ai(l)(véa—l), (23)
]"(pca)NX i=1
. T(Nzap) 7% a1
Dir(b;|ap) =——2=22 1 | vt 7, (24
( l‘ b) F((xb)NZ ]I} ij )
) T(Nya.) M
Dir(c; ) —r((“Y)N) Tl (25)

The function §;; and I'(-) are the Kronecker delta and the gamma function, respectively.
The hyperparameter « consists of a,, a3, and &.. The sampling result of Z" is dominantly taken from
the area, which makes p(X",Z",Y") large. Then, we investigate which Z" minimizes F, (X", Z",Y")
for given (X", Y").

Theorem 3. When the number of the given data n is sufficiently large, F(X", Z",Y™") is written as

F(X",Z",Y") =—=nS+Clnn+0,(1), (26)
0 n(l) n(l)
N . .
S = Zlel Zi(l))(:l %l) In %
Ny
N Z-/zlnij/ nj; nj;
+ Yier Zj:z1 = Nzl] In sz] 27)
Z]'/fl nl’j/ Z]/fl nl]/

(28)
%{zl (NG 1) (Hl 1N;((l>>(Nz—1)+Nz(Ny—1)}
Ny
mJ:ijk, (29)
k=1

where Nz is the number of m; such that m;/n = O(1).

The proof will be shown in Appendix A. The first term —nS is the dominant factor, and its
coefficient S is maximized in the clustering. This coefficient determines Nz, which is the number of
used labels in the clustering result.

Assume that the true structure with the hidden node has the minimal expression, where the range
of Zisz =1,...,N7, and that the estimated size is larger than the true one; N; < Ny. We can easily
confirm that Bayesian clustering chooses the minimum structure Ny = N3 as follows. The three terms
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in the coefficient S correspond to the negative entropy functions of the parameter ai(l), bij, and cj,
respectively. Then, the minimum Nz obviously makes the coefficient S maximized since the number
of elements of parameter should be minimized for the small entropy. When the hidden node has
the redundant state, which means that two values of Z have completely same output distribution of
Y, the second term of S is larger than the case of non-redundant situation Nz = N}. Based on the
assumption that the true structure is minimal, the estimation therefore gets the minimum structure,
Nz = N3.

According to this property, the number of used label Nz asymptotically goes to N. The proposed
algorithm compares the essential number of the values of Z and will be a criterion to select the proper
structure when 7 is large. This property exists only in Bayesian clustering so far; the eliminating
effect of the redundant labels has not been found in other method of the clustering such as the
maximum-likelihood clustering based on the expectation-maximization algorithm.

5. Numerical Experiments

In this section, we validate the asymptotic property in numerical experiments. We set the
data-generating model shown in Figure 3 and prepared ten evidence data sets.

N 6 X 1 2 3 4 5 6

X {1 N} X = 16 1/6 1/6 1/6 16 1/6
1 X \Z 1 2 3
1 08 01 01
Z 1N Nz =3 2 01 01 08
1 3 01 08 01
4 05 05 0
y {1, N} 5 0 05 05
NY =6 6 05 0 05

1 04 04 01 01 0 0
2 01 01 0 0 04 04
3 0 0 04 04 01 01

Figure 3. The data-generating model.

There was a single parent node L = 1. The sizes of the nodes were N }((l ) — 6, Ny = 6and N} = 3.
The CPTs are described on the right-side of the figure, where the true parameter consists of these
probabilities. There were 2000 pairs of (x,y) in each data set. Since the following condition is satisfied,

Ny TT-, NV 6x6 36

N~ 6— -1
Ny — 1411, ND  6-1+6 11

>3 = N3, (30)

the structure of the data-generating model with the hidden node had smaller dimension of the
parameter than the one without a hidden node.

We applied Bayesian clustering to each data set, where the model had the size of the hidden node
Nz = 6. According to the asymptotic property in Theorem 3, the MCMC method should take label
assignment from the area, where the number of the used labels was reduced to three. The estimated
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model size was determined by the assignment, which minimized the function F, (X", Z",Y"). Since the
sampling of the MCMC method depended on the initial assignment, we conducted ten trials for each

data set and regarded the estimated size as the minimum one. The number of iterations in the MCMC
method was 1000.

Table 1 shows the results of the experiments.

Table 1. The results of the estimated size.

Data-Set ID 1 2 3 4 5 6 7 8 9 10

Estimatedsize 3 3 3 4 3 3 4 4 4 3

In all data sets, the size of the hidden node Z is reduced and the correct size is estimated in more
than half sets, we confirmed the effect eliminating the redundant labels. Since the result of the MCMC
method depends on the given data, the minimum size is not always found; the estimated size is four
in some data sets instead of three. Even in such case, however, we could estimate the correct size after
setting the initial size of the model as Ny = 4. Repeating this procedure, we will be able to avoid the
local optimal size and find the global one.

Figure 4 shows this estimation procedure in the practical cases. The initial model size starts from
six. The left panel is the case, where the proper size is directly found and the estimated size does not
change at size four. The right panel is the case, where the estimated size is first four and then the next
result is three, which is the fixed point.

Estimated
size
Estimated
size

, Model size RV , Model size

N__
o

ot
o
o

Figure 4. The estimation procedure in practical cases.

To investigate the properties of the estimated size, we tried some different numbers of pairs
n = 100,500 and a skewed distribution of the parent node (Figure 5), and nearly uniform distribution
of the child node (Figure 6).

X 1 2 3 4 5 6
0.7 01 005 005 0.05 0.05

Figure 5. The skewed distribution of the parent node X.

Z\Y 1 2 3 4 5 6
1 02 02 02 02 01 0.1
2 02 02 02 01 02 02
3 01 01 02 02 02 02

Figure 6. The nearly uniform distribution of the parent node Y.

Table 2 shows the results of n = 100, 500.



Entropy 2019, 21, 32 90of 13

Table 2. The results of the estimated size in n = 100, 500.

Data-Set ID 1 2 3 4 5 6 7 8 9 10
Estimated size(n=100) 3 3 3 3 4 3 4 3 3 3
Estimated size(n=500) 3 3 3 3 3 3 3 3 3 4

Since these CPTs of X, Z, Y are a straightforward case to distinguish the role of the hidden node,
the smaller number of the pairs does not adversely affect the estimation. Table 3 shows the results of
the different CPTs in the parent and the child nodes.

Table 3. The results of the estimated size in the different conditional probability tables (CPTs).

Data-Set ID 1 3 5 9 10

2 4 6 8
Estimated size (skewed parent node) 3 3 3 3 3 4 3 3 3 3
Estimated size (nearly-uniform childnode) 1 1 1 1 2 1 1 2

The number of pairs was n = 100. Due to the CPT of Z, the skewed distribution of the parent node
still keeps the sufficient variation of Z to estimate the size Nz, which provides the same accuracy as the
uniform distribution. On the other hand, the nearly uniform distribution of the child node makes the
estimation difficult because each value of Z has the similar output distribution. The Dirichlet prior of
Z has a strong effect to eliminate the redundancy, which means the estimated sizes tend to be smaller
than the true one.

6. Discussion

In this section, we discuss the difference between the proposed method and other conventional
criteria for the model selection. In the proposed method, the label assignment Z" is obtained from the
MCMC method, which takes the samples according to p(X", Z",Y™"). The probability p(X", Z",Y") is
the marginal likelihood on the complete data (X", Z",Y"); recall the definition,

p(x", 28, ") = [ Tl 2 yilw)g (wla)dw. (31)
i=1

This looks similar to the criteria based on the marginal likelihood such as BDu(e) [19,20] and its
asymptotic form such as BIC [2], MDL [1]. Since it is assumed that the network has the statistical
regularity or the nodes are all observable, many criteria do not work on the network with hidden nodes.

WBIC is proposed for the singular models. The main difference is that it is based on the marginal
likelihood of the incomplete data X", Y";

p(X",Y") =Yg p(X", 2%, Y")

32
=TT S P 20 i) g a0l . ¢2)

Due to the marginalization over Z", it requires the calculation of values for all candidate structures.
For example, assume that we have candidate structures Nz = 1,2, 3 denoted by p; (X", Y"), p2(X", Y"),
and p3(X",Y"), respectively. In WBIC, we calculate all values and select the optimal structure;

Nz = arg ig}i& pi(X",Y"). (33)

On the other hand, in the proposed method, we calculate the label assignment with the structure
Ny = 3 and obtain N, which shows the necessity of the node Z.
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Another difference from the conventional criteria is the dominant order of the objective function,
which determines the optimal structure. As shown in Corollary 6.1 of [6], the negative logarithm of the
marginal likelihood of the incomplete data has the following asymptotic form;

Fu(X",Y") = —Inp(X",Y")

(34)
= —nSxy + CxyInn +o,(Inn),

where the coefficient Syy is the empirical entropy of the observation (X", Y") and Cxy depends on
the data-generating distribution, the model, and the prior distribution. This form means that the
optimal model is selected by In 7 order term with the coefficient Cxy, while it is selected by #n order
term with the coefficient S of Theorem 3 in the proposed method. Since the largest terms are #n order in
both F, (X", Y") and F, (X", Z",Y"), the proposed method will have stronger effect to distinguish the
difference of the structures.

The asymptotic accuracy of Bayesian clustering has been studied [21], which considers the error
function between the true distribution of the label assignment and the estimated one measured by the
Kullback-Leibler divergence:

— n n n q(Z”'X/Yn)
D(n) =Exn yn ;q(z |X™,Y")In D2 XY |’ (35)
where Exn yn[+] is the expectation over all evidence data and
n n ny _ q(Xn,Zn/ Yn)
q(Z" X", Y )_Zzn S (X0, Z Yy (36)
n
q(X",Z",Y") ZHq(xi,Zi,yi)- (37)

i=1

The true network is denoted by ¢(x,z,y). The proposed method minimizes this error function,
which means that the label assignment Z" is optimized in the sense of the density estimation.
Even though the optimized function is not directly for the model selection, due to the asymptotic
property of the Bayes clustering simplifying the label use, the proposed method is computationally
efficient to determine the existence of the hidden node and the result asymptotically has coincident.

7. Conclusions

In this paper, we have proposed a method to detect a hidden node between observable nodes
based on Bayesian clustering. The asymptotic behavior of the clustering has been revealed and it shows
that the redundant labels are eliminated and the essential structure will be detected. Evaluation of the
proposed method with numerical experiments is one of our future studies.
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Appendix A

In this section, we prove Theorem 3. Using the asymptotic relation InT'(x) = xInx — 1 Inx — x + O(1)
for sufficiently large x, we can obtain that

Fo (X", 2" Y") =Yk, { (n+ N)((l)txa) In (n + N)((l)wa)
—3In(n+ N)((l)txa) —(n+ N)((l)au)}
_ Zlel 25\(]1%):1 {(nl((ll)) +ag) ln(nl%)) +ag,)
_% ln(nf(l,)) +ag) — (nf(l,)) +ay)
+ Lier { (E]I»\I_Zl njj + Nz%) In (E]I-\]_Zl njj + NZ%)
—% In <Z]NZl nij + Nzocb> — (Zszl njj + Nzah> } (A)
—Yier Z]-szl {(”ij +ap) In(n 4 ap) — 5 In(nyj + a) — (15 + “b)}
+14 { <z,§’_yl i + Nyocc) In (zj.V_Yl Mg + Nyac)
—% In <2,I(\]_Y1 M+ Nyzxc) — (ZII(\I_Yl M + Nyocc) }
_ ]N:Zl Zi‘gl {(m]-k +ac) In(mj + o) — %ln(mjk +ac) — (mj + txc)}
+0,(1).
Collecting the constant terms and uniting them to O, (1), we rewrite F, (X", Z",Y") as
Fo (X", zny")y =Yk, {nlnn + N)((l)tx,, Inn—Jnn— n}
~sha S (o) o)~y <o)
+ Yiel { (Z]I»\Izyl nij) In ):]I»V:yl njj + Nzay In E]N:Zl nij — 3 In Z]If\]:zl nijj — Z]N:ﬂ nij}
— Liel Z]I»\]:Zl {nij Innjj + ap Inng; — 3 Inng; — ”lij} (A2)
+ Z]szzl { Tty myIn (Z;Z:jzyl mjk> + Nyay In 23 m
—5In ZII(\]:Yl Mjk — lec\]:y1 mfk}

N; N
— j:21 Zkgl {mjklnmjk+ucclnmjk — %lnmjk - m]k} -I—Op(l).
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Using the following relations,

NO )

NO
50,0 - LEURTL U A (A3)
Y g Inmg =n ) |- =In— ninmn,

1

ih=1 i) =

Z(%n1]>ln2nl] —n2< :lj)—l—nlnn, (A4)

iel \j= iel

Zznljlnnl] *”ZZ %—i—nlnn, (A5)

iel j=1 161] 1
N
i(zym]k> anka —”Z ]ln +n1nn (A6)
j=1 Nk=
Nz Ny NZ Ny "
Zkalnm]kfnzz T +nlnn (A7)
j=1k=1 j=1k=1

and focusing on the terms of order n and In #, we obtain the asymptotic form in the theorem.
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