Information Sciences 486 (2019) 240-253

journal homepage: www.elsevier.com/locate/ins —

Contents lists available at ScienceDirect

Information Sciences

A circular-linear dependence measure under Johnson-Wehrly n
distributions and its application in Bayesian networks e

Ignacio Leguey®* Pedro Larrafiaga®, Concha Bielza®, Shogo Kato°©

3 Economia Financiera y Contabilidad e Idioma Moderno department, Facultad de Ciencias Juridicas y Sociales, Universidad Rey Juan

Carlos de Madrid, Spain

b Artificial Intelligence department, Universidad Politécnica de Madrid, Campus de Montegancedo, 28660 Boadilla del Monte, Madrid,

Spain

¢ Institute of Statistical Mathematics, 10-3 Midori-cho, Tachikawa, Tokyo 190-8562, Japan

ARTICLE INFO

ABSTRACT

Article history:

Received 17 August 2017

Revised 17 January 2019
Accepted 21 January 2019
Available online 21 February 2019

2010 MSC:
62H11
94A17

Keywords:

Circular-linear mutual information
Tree-structured Bayesian network
Dependence measures

Directional statistics

Circular data jointly observed with linear data are common in various disciplines. Since
circular data require different techniques than linear data, it is often misleading to use
usual dependence measures for joint data of circular and linear observations. Moreover,
although a mutual information measure between circular variables exists, the measure has
drawbacks in that it is defined only for a bivariate extension of the wrapped Cauchy distri-
bution and has to be approximated using numerical methods. In this paper, we introduce
two measures of dependence, namely, (i) circular-linear mutual information as a measure
of dependence between circular and linear variables and (ii) circular-circular mutual infor-
mation as a measure of dependence between two circular variables. It is shown that the
expression for the proposed circular-linear mutual information can be greatly simplified for
a subfamily of Johnson-Wehrly distributions. We apply these two dependence measures to
learn a circular-linear tree-structured Bayesian network that combines circular and linear
variables. To illustrate and evaluate our proposal, we perform experiments with simulated
data. We also use a real meteorological data set from different European stations to create
a circular-linear tree-structured Bayesian network model.

© 2019 Published by Elsevier Inc.

1. Introduction

Data comprising circular and linear observations are ubiquitous in science. In analysis of such data, the periodic nature
of circular data has often been ignored in the literature, and the data have been treated as being linear. However, circular
data must be analysed using special circular techniques, owing to their properties [6,12,22,24,26]. Unlike linear data, in
the circular domain, the points with module 27 are considered to be the same point (e.g., —360, 0, 360, 720, etc.). One
of the best-known circular distributions is the wrapped Cauchy distribution [21], which was extended to a five-parameter
bivariate distribution for toroidal data by Kato and Pewsey [16]. Another popular distribution on the circle is the von Mises
distribution [30], which has been extended to the bivariate case [24] and to the multivariate case by Mardia et al. [25] and

Mardia and Voss [28].
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Fig. 1. Flow chart for the choice of dependence measures. MI for two linear variables, CMI for two circular variables, CLMI for a pair of linear and circular
variables. These measures allow the modelling of a tree-shaped Bayesian network with circular and/or linear variables.

Several models exist for data consisting of circular and linear observations, many of which focus on a circular-linear
regression [7,10,36]. In addition, Mardia and Sutton [27] proposed a bivariate distribution that combines the von Mises
distribution with Gaussian distributions on the cylinder. Abe and Ley [1]| proposed the WeiSSVM, a cylindrical distribution
based on combinations of the sine-skewed von Mises distribution and the Weibull distribution. Furthermore, Johnson and
Wehrly [14] presented circular-linear distributions, and proposed a method to obtain a bivariate circular-linear distribution
with specified marginal distributions. In this work, we prove that the conditional distributions of a subfamily of Johnson-
Wehrly family are well known and mathematically tractable.

Many studies have determined measures for the mutual dependence between linear variables [See 23, 33, 34, among oth-
ers|. Among them, one of the most well-known is the mutual information measure [4,38]. The latter measure is based on
the similarity between the joint density function and the product of its marginal density functions. To extend this measure
to the circular domain, Leguey et al. [20] developed a circular-circular mutual-information (CMI) measure. However, this
measure is only applicable to circular variables with marginal distributions that follow wrapped Cauchy distributions and
has to be approximated using numerical methods. Therefore, for the case when the two variables are in the circular domain,
we propose a CMI measure with no constraints on the underlying circular distributions. The CMI measure is shown to have
the nice property that it can be expressed in a closed form for a general family of bivariate distributions.

To the best of our knowledge, there are no measures of mutual information for pairs of circular and linear variables.
Such a measure is potentially useful for learning Bayesian networks such as the tree-augmented naive Bayes model (TAN)
[9], where the dependence between the variables is captured via probabilistic graphical models. Furthermore, the Chow-
Liu algorithm [3], which is used to learn a TAN and based on the mutual information of all pairs of variables, guarantees
that the graph is a maximum likelihood tree. Therefore, a measure of mutual information for a pair of circular and linear
variables is necessary to allow the presence of linear and circular variables in such models. We address this problem and
propose a circular-linear mutual-information measure (CLMI) of the dependence between a circular variable and a linear
one.

Generally, Bayesian network models that combine linear and circular variables ignore the circular nature and consider all
of them as linear-continuous, such as Gaussian Bayesian networks [see 17, 37, among others]. Alternatively, it is also com-
mon to discretize [32] the variables (with the related loss of information) to take advantage of a plethora of learning and
inference algorithms for discrete Bayesian network models. In both models, the circular variable is not appropriately han-
dled. In this work, we develop a circular-linear Bayesian network model with a tree structure that captures the relationship
between circular and linear variables. The model is based on our proposed CLMI and CMI measures (Fig. 1), together with
the traditional mutual information of linear variables and the bivariate distribution proposed by Johnson and Wehrly [14].

The paper is organized as follows. Section 2 reviews the wrapped Cauchy distribution and the Gaussian distribution
as representatives on the circular and linear domains, respectively. Section 3 reviews the angular-linear Johnson-Wehrly
bivariate distribution, and shows that a submodel of their distribution has tractable and well-known conditional distribu-
tions. Section 4 discusses the proposed CMI and CLMI measures. Section 5 applies the measures presented in Section 4, and
presents the proposed circular-linear tree-structured Bayesian network model, as well as its evaluation in synthetic domains.
Section 6 compares the proposed model to a Gaussian Bayesian network model and a discrete Bayesian network model over
a real-world meteorological data set recorded from meteorological stations located in Europe. Last, Section 7 concludes the
paper and discusses possible avenues for future work.

2. Representative distributions for circular data and for linear data

One of the best-known distributions defined on the circle is the wrapped Cauchy distribution [21]. We use this circular
distribution as the underlying marginal model for the circular data in the proposed Bayesian networks. Similarly, we use the
Gaussian distribution as the underlying distribution for linear data and apply it to our Bayesian networks.
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These two distributions are both well known, and share some nice properties. For example, they are both easy to simu-
late, computationally very fast and have tractable bivariate extensions. In addition, the marginal and conditional distributions
of these extensions belong to the same family and are mathematically tractable.

In the following subsections, we review the wrapped Cauchy distribution, Gaussian distribution, and their bivariate ex-
tensions. As known properties related to the bivariate extensions, we discuss their marginal and conditional distributions,
as well as other characteristics relevant to our study. These include the complex-form expression for the wrapped Cauchy
distribution and the expression for the mutual information between two variables with a bivariate Gaussian density.

2.1. Wrapped cauchy distributions

2.1.1. Definitions
A circular random variable ® that follows a wrapped Cauchy distribution [21], denoted by wC(u, ¢€), has the following
density function:
1 1-—¢?
2w 1+¢82—-2ecos(f — )’

f@;u,e)= with 6, € (0,2m],e €[0,1), (1)
where w is the location parameter and ¢ is the concentration parameter. When ¢ = 0, Eq. (1) is the circular uniform distri-
bution; otherwise, it is unimodal and symmetric about . Please refer to [18] and [29] for other properties of wC.

A random vector (®4, ®,) that follows the five-parameter circular bivariate wrapped Cauchy distribution [16], denoted
by bwC(t1, U2, €1, €2, p), has the density function

f(61,62) = clco — c1 cos(B1 — 1) — ¢z cos(B — o) — c3cos(61 — [41)
-cos(By — (o) — c4sin(0y — uq) sin(@y — uo)]~',  with 6,6, € (0, 27], (2)

where c=(1-p%)(1-e2)(1-€3)/4m2, co=(1+p>)(1+e2)(1+€3) -8|plerey. ¢1=2(1+p?)e(1+63) —4|p|(1+
£2)ey, © =2(14 p>)(1+&2)e; —4lple;(1+€3), c3=—4(1+ p?)e1e, +2|p|(1+2)(1+€3), ca =2p(1 —£3)(1 - £3), py,
U2 €(0, 2], €1, £2€[0, 1), and p € (—1,1). Here, q and p, are the marginal location parameters, £; and &, are the
marginal concentration parameters, and p is the parameter controlling the association between ®; and ©,.

2.1.2. Complex form

Using the complex form to represent univariate and bivariate wrapped Cauchy models can simplify their computation
issues [16,29].

Let Z = exp (i®), where ® is distributed as the univariate wrapped Cauchy given by Eq. (1). Then, Z has a density func-
tion given by

11—

o T zeQ, reC\Q, 3)

f@) =

where A =gexp(in), C=CU{oo}, and Q ={ze C:|z| =1}. Similar to [29], we denote Z distributed as in Eq. (3) as
Z~CH()).

Let (Z1,Z3) = (exp (i®q), exp (i03)), where (©4, ©,) is distributed as the bivariate wrapped Cauchy in Eq. (2). Then, the
density function of (Z;, Z,) is

Ar2) 11 - p*)(1-e2)(1 - €d)
la11(Z111)9227, + 12(Z1101)9 + 21227, + A

f(z1.22) = 71,23 € L, (4)

2

where q € {—1,1} is the sign of p, n, =exp (in,) € @ with ke{l1, 2}, z; is the complex conjugate of z, €1, £, €0, 1),
pe(-1,1), and

A= i G2\ _ [(&182— [o] lolez — &1 . (5)
a; dxp lpoler —e2  1—|pleres
We denote (Z;, Z,) distributed as in Eq. (4) as
(Z1, Z3)~bC(n1, 02, €1, €2, P).

2.1.3. Marginals and conditionals

Theorem 1. (Kato and Pewsey [16]) A random vector (Zy, Z) with density as in Eq. (4) has marginals Z; ~C*(e1n7) and
Zy ~C*(ea1m3), and conditionals Zy|Zy = z; ~ C*(—n1[Ao (zom3)9]) and Z3|Z; = zy ~ C*(—1,[AT o (z117)7]), where A is defined
as in Eq. (5), AT is the transpose of A, and

anZ+dag

Aoz = .
21z + ax
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2.14. Parameter estimation

For the bivariate wrapped Cauchy distribution, the method of moments [2] for the parameter estimation has several
advantages over the method of maximum likelihood [16]. The method of moments for the bivariate wrapped Cauchy distri-
bution is computationally very fast and easier to implement. In addition, the formulae for the parameter estimates can all
be expressed in a closed form, and all estimates are always within a range.

Let {(64,62j)j=1,...,N} be a random sample from a bwC(u1, (3, €1, &2, p) (Eq. (2)). Then, the estimators obtained
using the method of moments for w4, Wy, €1, €2 and p are [16]

fi=arg(Ry). &c=IR|. k=12,
with R = & YL, exp (i6;). and

N

N
P =2 (13 exp (i1 — @2) | = 1Y exp (i(P1; + @2)1 ). ©
j=1 =

where ®,; = 2arctan (}fi: tan (@)) r=1,2.
2.1.5. Simulation

The simulation of data from a univariate wrapped Cauchy distribution can be performed easily. An efficient method is
to use the Mobius transformation over a circular uniform distribution, U(0, 27 ), as explained in [29]. There is also another
method, already implemented in the “Circular” R package [40]. This method consists of wrapping (i.e., mod 360) from the
simulation of a (linear) Cauchy distribution with location parameter @ and scale parameter —log(e). If ¢ = 1, the distribution
is a point mass at i, whereas if € = 0, the wrapped Cauchy distribution is distributed as the circular uniform, U(0, 27 ).

The bivariate wrapped Cauchy distribution has (univariate) wrapped Cauchy marginals and conditionals. Therefore, the
random variates from the bivariate wrapped Cauchy can be generated from two circular uniform U(0, 27r) random variates
by using the relationship f(zq,2) = f(z1|z2)f(z2) (see Theorem 1). Here, once f{z,) is simulated, it is possible to simulate
flz11z2) and, hence, to obtain f(zq, z,).

2.2. Gaussian distributions

2.2.1. Definitions

The Gaussian distribution is widely known. Please refer to [13,19,41] for good reviews on this topic.

In this study, we denote a linear random variable X that follows a Gaussian distribution as N(i, o). Here, ¢t € R is the
mean parameter and o €(0, oo) is the variance parameter.

Similarly, we denote a random vector (X;, X,) that follows a bivariate Gaussian distribution as bN(tq, t5, 01, 03, ¥). In
this case, (1,1 € (=00, 00) are the mean parameters of the marginals, and o, 0, €(0, oo) are the variance parameters of
the marginal. Then, y € [-1, 1] is the correlation between X; and Xj.

2.2.2. Marginals and conditionals
A random vector (X7, X,) that follows bN(tq, 3, 01, 0, ¥) has marginals X; ~N(¢q, 01) and X, ~N(t3, 05) and condition-
als Xq Xz =x ~ N(tq + %)’(xz —13). (1—y?)o?) and X5 |X; =x; ~ N(15 + %V(’ﬁ —11). (1=yHod).

2.2.3. Parameter estimation
Let {(xq;,X;)i=1,...,N} be a random sample from bN(t1, t5, 01, 03, V).

For Gaussian distributions, the estimates from the maximum likelihood method and the method of moments of the

parameters (1, L3, 012, 022 and y are the same, and given by

. I e
g = NZX,(,‘, Oy = O'kz, k=l,2,
i=1

. N N N

with 62 = § i (% — 4)? and
. On

V=23~ (7)
0103

where 6’12 = % Z?:l (X]i 72])()(2[ 722).

2.2.4. Mutual information
Let X; and X, be Gaussian variables. Then, the mutual information (MI) between X; and X, is as follows [4]:

1
MI(X1. X) = —5 log(1 — y?).

where y is the correlation coefficient between X; and X, as defined in Eq. (7).
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3. Circular-linear distribution of johnson and Wehrly

In this section, we review the method proposed by Johnson and Wehrly [14] to obtain angular-linear bivariate distribu-
tions with arbitrary marginal distributions.

After reviewing the general form of the Johnson-Wehrly angular-linear distribution, we propose a subfamily of their
model in which the conditionals and marginals are mathematically tractable.

3.1. Definition

Let fo(0) and fx(x) be probability density functions on the circle and on the line, respectively. Suppose that Fg(0) is the
cumulative distribution function (CDF) of fo(0) defined with respect to a fixed, arbitrary origin and that Fx(x) is the CDF of
fx(x). Then, the distribution of Johnson and Wehrly [14] is defined by the density

f(0.%) =2mg(2mFy (0) — 27 qFx (%)) fo (0) fx (%), (8)

where 0<60 <2m, xe R, q € {1, 1} decides the positive or negative association between the two variables, and g(.) is a
density on the circle.

Let a random vector (®, X) have the density given by Eq. (8). Then, the marginal distribution of ® has the density
fe(@) and CDF Fg(60), while the marginal distribution of X has the density fy(x) and CDF Fx(x). However, the conditional
distributions are not tractable in general.

3.2. Conditionals

Let a random vector (®, X) follow the distribution (8). Then, changing the variables U = 2w Fy(®) and V = 2w F (X), the
density function of (U, V) can be expressed as
1
fu,v) = Eg(” —qv),

where g(.) is a density on the circle and q € {-1,1}.
We propose the following subfamily of the family given by Eq. (8) which has tractable conditional distributions.

Theorem 2. Let a random vector (®, X) follow the distribution given by Eq. (8) with g(.) being the wrapped Cauchy density given
by Eq. (1) with location parameter j1g and concentration parameter £g. Assume that U = 2w Fg (©) and V = 2w F (X). Then,

UIX =x~wCQ2mqFx (X) + p1g. &) and V|O =0 ~wC(q(2rFo(0) — ig). &).
In particular, if © ~wC(ptg, ), X ~ N(tx. 0) and Fo () = [ fo (t)dt. then, it holds that
OlX =x ~wC(i, €),
where 11 = arg(Pgp), € = |Pgpal.

Gop. — E2 P QTR + g —v)) + 69 €XP (i)
O™ T egeg exp (12T qF (X) + g — g — V)

and v = arg{(1 — &g exp (—itt))/ (1 — £ exp (1))},

Proof. The conditional density function of ® given X = x and that of X given ® = 6 can be expressed as

_ f0.%)
f@Ox) = (A6
and
_ f0.%)
fx160) = o @)
respectively. Changing the variable U = 2 Fg (®) in f{0]x), we obtain
Flule) = FO) |90 = giu - 2mq ().

where q € {—1, 1}. Similarly, changing the variable V = 2 F (X) in f(x|@) leads to
ox
flo) = f(XIG)‘aU‘ =g(2mFy (0) — qv).

Let g(.) be the wrapped Cauchy density function given by Eq. (1), with location parameter pg and concentration param-
eter &g, as defined in Kato [15]. Then, the following hold:

UlX = x ~ wC(2mqFx (x) + [g, €g)
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and
VO = 6 ~ wC(q(21Fo (8) — te). £5). 9)

Consider the case where ® ~w((ug, £9) and X ~ N(i, 0,2). Without loss of generality, the origin of the cumulative dis-

tribution function of ® is assumed to be zero (i.e., Fy(f) = foe fe(t)dt).
The conditional of ® given X = x has a wrapped Cauchy distribution. To see this, we first note that U and ® have the
following relationship:

exp (i®) — &g exp (iig)
1—ggexp (i(® — iy))

exp (iU) = exp (iv)

or
exp (i(U — 1)) + &4 exp (ilg)
T+egexp(i(U—v—py))

where exp (iv) = (1 — gy exp (—iptg))/(1 — &g exp (iptg)). McCullagh [29] showed that if exp (iU) ~ C*(c1exp(iB1)), then
exp (iU) + oz exp (iB2) o[ @ exp (iB1) + az exp (i)
1+ azexp (iU - B2)) 1+oazexp (i(B1 — B2)) )’

where 0 <o, oy <1 and 0 < 81, B, <2m. Using this result, we have
exp (i0)|X =x ~ C*(Pg))

or, in polar-coordinate form,

BOX=x~ wC(arg(¢39|x), |‘59|x

exp (i) =

)
where
G = CeXP AT + s = V) + 9 X (it)
1+ 469 exp (I qF (X) + g — g — V)

O

For the rest of this subsection, we consider a subfamily presented in Theorem 2 in which the marginal of the circular
variable has the wrapped Cauchy and that of the linear variable has the Gaussian.

Therefore, the conditional of the circular variable given the linear variable follows a known and tractable distribution
(i.e., a wrapped Cauchy distribution (Eq. (1))). It follows from Theorem 2 that the conditional X|® = 0 itself does not follow
any well-known distribution. However, Theorem 2 implies that

)10 =0 ~ (2o ©) - 1g).£0)

X
where © denotes the CDF of the standard Gaussian distribution N(0, 1), namely, ®(x) = ffoo¢>(t)dt, where ¢ is the Gaus-
sian density with ¢y = 0 and oy = 1. Since it is easy to evaluate the CDF of the standard Gaussian distribution numerically,
numerical calculations associated with the conditional distribution of X given ® = 6 can be conducted efficiently.

2 d><

4. General circular-circular and circular-linear mutual information

Mutual dependence measures between two linear variables have been studied at length, including the works of [23,34],
among many others. In the case of linear data, one of the best-known measures is mutual information (MI) [4,38], which
determines the similarity between the joint density and the product of its marginal densities. For circular data, the first
mutual-information measure was developed recently by [20] and is called CMI. However, CMI is defined only for a bivariate
wrapped Cauchy variable.

In this section, we redefine the CMI such that the measure can be used for any bivariate circular variables. Then, we
present a closed-form expression for the CMI for a general family of bivariate circular distributions. This study is also the
first to propose a mutual-information measure for circular and linear variables, which we call CLMI.

4.1. Circular-circular mutual information

In [20], the CMI is approximated using numerical methods. Here, we present a simple expression for CMI for a general
family of distributions.
Let ®, W be a pair of circular variables. Then, the CMI between ® and W is defined by

. B 2n 27w f(G’W)
CMI(O,\II)_/O /0 f(e,w)log{f(e)f(w)}dww, (10)

where fg(60) is the marginal density of ®, fy (¥) is the marginal density of W, and f(@, i) is the joint density of (®, W).
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Following a similar method to that in Johnson and Wehrly [14], Wehrly and Johnson presented a general family for

circular variables in [42]. Here, we consider the following subfamily with the joint density function

fO. V) =2m6Q2nFe(0) — 2 qFy (V) fo (0) fu (V). (11)

where 0<0, Y <2m, fo(f) and fy () are any probability density functions on the circle, Fg(6) and Fy () are the CDFs
of fo(0) and fy (Y¥), respectively, q € {1, —1} decides the positive or negative association between the two variables, and
8(v) is the density of the wrapped Cauchy distribution wC(s, €5).

Assume that a random vector (®, W) has the distribution given by Eq. (11). Then, it holds that the marginal distribution
of ® has the density fg(6) and the CDF Fg(@) and that the marginal distribution of W has the density fy (¥ ) and the CDF
Fy (). As pointed out in [16], the bivariate wrapped Cauchy distribution from Eq. (2) is a special case of the Wehrly and
Johnson family [42].

Theorem 3. Let (®©, V) have the distribution given by Eq. (11). Then, the CMI between ® and WV defined in Eq. (10) is given by
2
CMI(©, W) = 271/ 5(t) log{s (t)}dt.
0
In particular, if § is the density of the wrapped Cauchy distribution wC(us, €5), then
CMI(®, W) = —log(1 — &2). (12)

Proof. Let f(0, V) be the joint density function given by Eq. (11) and defined in Johnson and Wehrly [42]. Then, the CMI
between ® and W is given by

2w p2m
Cl\/ll(®7‘1’)=f0 A 278 (27Fe (0) — q27Fy (V7)) fo (0) fu (V)

x log {2m§(2mFe (0) — q2Fy (¥)) }dyrdo.
Changing the variables u = 27Fg (0) and v = 2w Fy (), we have
1 2w p2m
CMI(©, W) = —— / 5(u — qu) log {2778 (u — qu)}dudv.
2w 0 0
Note that (U, V) has the distribution of Kato [15]. It follows from the change of variables t; = u — qv and t, = v that
2w

CMI(®, W) = | 8(t;) log {27 8(t;)}dt;.
0

Since §(.) is the density of the wrapped Cauchy wC(jus, €5), it follows that

T 1 1-¢2 1—¢2
CMI(O, W) — / 1 b log 5 dt,
0o 27w 1+e}—2g;5c0s(ty) 1+ &} —2g;5cos(ty)
= —log(1-¢}),

where the second equality follows from Equation (4.396.16) of Gradshteyn and Ryzhik [11]. O

This CMI measure is expressed in a closed form. Therefore, it is computationally very fast and can be used for pairs of
variables having any case of the family given by Eq. (11) that allows the calculation of the CDFs.
To estimate &5 in Eq. (12), which is unknown, we use an estimate from [16] based on a sample of size N:

{(B1. Y1), .. On. ¥n)}. given by

N N
£ = ;(Eexp (1o (0)) — rhu (W) - |3 exp (i E(B)) + <znﬁ<w,~>>)|),

j=1 j=1

where Fg (0) and Fy (;) denote the empirical CDFs of ©® and W in the sample, respectively.
Considering the particular case where bivariate variables follow the bivariate wrapped Cauchy distributions, as described
in Eq. (2), the estimate of g5 simplifies to the correlation parameter p between ® and W given in Eq. (6).

4.2. Circular-linear mutual information

Following the development of the CMI, we next present the CLMI, which allows a closed-form expression for the mutual-
information measure for a general family of distributions.
Let ® be a circular variable, and let X be a linear variable. Then, the CLMI between ® and X is defined by

f6.%)
fo () fx(x)

where fg(60) is the marginal density of ©®, fx(x) is the marginal density of X, and f(#, x) is the joint density of (®, X).

CLMI(®, X) = /m

—o0 J0

2
f(@,x)log{ }d@dx,Os@ <2m, XxeR, (13)
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Fig. 2. Structure of a tree-structured Bayesian network with four variables and V; as the root node. Each node has a maximum of one parent.

Theorem 4. Let (®, X) have the distribution density of Eq. (8). Then, the CLMI between ® and X, defined in Eq. (13), is given
by

2w

CLMI(®, X) =27 g(t) log{g(t)}dt.
0
In particular, if g is the density of the wrapped Cauchy distribution wC(ug, €g), then
CLMI(©, X) = —log(1 — &2). (14)

Proof. Theorem 4 can be proved in a similar manner to Theorem 3 by changing the variables u =27Fg(0) and v =
2rF(x). O

Because &g in Eq. (14) is unknown in the usual settings, we need to estimate &g in order to estimate the value of CLMIL
Similar to the CMI, an estimate of ¢; based on a sample of size N : {(61.%1). ..., (On.xn)} is given by

)

N oA < N A .
B = (12 exp (imho (0)) — 2mhe(x;) | — 13 _exp (i(2mFo (0)) + 27 (x))))
j=1 j=1
where Fg(0) and F (x) are the estimated distribution functions of ® and X, respectively. It can be seen that &g is a method
of moments estimator of &g by noting that
|E[exp (i(27Fo (®) — 27 K¢ (X)))]| = &
and
|E[exp (i(2mFg (®) + 2 F (X)))]| = 0.
Similar to the CMI, the CLMI for the Johnson-Wehrly family of distributions provided by Eq. (8) is computationally very fast
because it is expressed in closed form. In addition, it can be used to compute the mutual-information measure between

circular and linear variables without needing any assumptions on their marginal distributions.
If we consider the particular case where ©® ~w(C(jg, g9) and X~ N(ty, 0x), then the estimate of &z simplifies to

N N
. 1 . .
=1 1> exp (i(@; — )| = |D>_exp (i(®; + 7).
j=1 j=1
where @; = 27Fg (6;) = 2arctan (}fiz tan (M)) and 7 =2nf(xj) =7 erf(
Section 2.1, 7y and 6y are as in Section 2.2, and erf is the Gauss error function.

x}-—Ix

6xV2

), where &, and [y are as in

5. Circular-linear tree-structured Bayesian network learning

In this section, we show an application of the CLMI and the CMI measures presented in Section 4.

The study of Bayesian networks involves probability and graph theories. There are two different ways to build the struc-
ture of a Bayesian network model. The first is based on supergraphs of the network skeleton, and testing the conditional in-
dependence of given subsets of the skeleton. The best-known algorithm for this structure-learning method is the PC [39] al-
gorithm. However, this learning method is not considered here owing to the lack of conditional independence tests for
circular domains. The second, and chosen method, is the score-based search. We use a score and search algorithm as an op-
timization problem for the structure learning in a Bayesian network with a tree-structure, where nodes and arcs represent
the variables and dependence relationships between them, respectively (Fig. 2). Therefore, each node is allowed to have only
one parent node. The importance of this application is that it allows the use of both linear and circular variables to develop
this kind of Bayesian network model.
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Algorithm 1 Circular-linear tree-structure algorithm.
1: Given ®1, ®,, ..., ®, circular random variables and Xi, X5, ..., X linear random variables,

(i) Estimate the parameters of all marginals f(6;) and of f(x;)
(i) Estimate the dependence parameters &5, ¥, and &g of the joint density functions f(6;,0;), f(x;,x;), and f(6;,x;),
respectively, for all pairs of variables based on the estimated parameters of the marginals

2: Using these distributions, compute all values ofCLMI(®;, X;), CMI(®;, ®;) and MI(X;, X;) (i.e., the (n+m)(n+m—1)/2
edge weights), and order them

3: Assign the largest two edges to the undirected tree to be represented

4: Examine the next-largest edge and add it to the current tree, unless it forms a loop, in which case discard it and examine
the next largest edge

5: Repeat step 4 until n+m — 1 edges have been selected (and the spanning undirected tree is complete).

6: Choose a root node and follow the structure to create the maximum weight spanning directed tree structure

Table 1
Mean accuracy + standard deviations of the simulation results for the circular-linear tree-structured Bayesian network for different combi-
nations of circular and linear variables.

Circular variables  Linear variables

3 5 7 10 15 20 30
3 0.710+£0.191 0.723 £0.185 0.703 £0.185 0.691 £0.191 0.697 £0.194 0.710+0.192 0.68940.208
5 0.744+0.173 0.741 £0.169 0.774 £ 0.166 0.749+0.172 0.736 £0.169 0.749 +0.170 0.766 +0.163
7 0.804 +0.146 0.780+0.144 0.791+0.139 0.796 £ 0.140 0.791+£0.136 0.811+£0.137 0.788 +£0.147
10 0.830+£0.119 0.828 £0.123 0.825+0.120 0.808 £0.125 0.831+0.115 0.817+£0.123 0.837+£0.122
15 0.858+0.096  0.854+0.090 0.866+0.094 0.867+0.092 0.863+0.096 0.860+0.095  0.863 +0.095
20 0.879+0.077 0.884+0.075 0.886+0.079 0.876+0.084 0.879+0.078  0.882+0.079  0.878 +0.084
30 0.900+0.061 0.901+0.060  0.910+0.067 0.903+0.062  0.899+0.060 0.900+0.065 0.904+0.060

Our proposed algorithm (Algorithm 1) is based on the algorithm introduced by Chow and Liu [3] to find a maximum
weight spanning tree structure. The weight between a pair of variables is measured as the CLMI, CMI, or MI between them,
depending on the nature of the two variables involved. Note that the range of values for the mutual-information measures
is [0, co). The complexity of this algorithm is quadratic in the number of variables.

Given the undirected tree structure from Algorithm 1, there are n+ m possible trees, depending on the selected root
node. Note that if the estimate of the parameters method in Step 1 is performed via MLE, the generated maximum weight
spanning directed tree is also a maximum likelihood tree. Otherwise, while we can confirm that the resulting tree is a
maximum spanning tree, we cannot ensure that it is a maximum likelihood tree.

5.1. Experimental results

We used the R software package [40] to report the results of experiments applied over synthetic Bayesian network struc-
tures. Owing to the properties explained in Section 2 that make the structure-learning phase easier, the data used in the
experiments are simulated from Gaussian distributions and wrapped Cauchy distributions. We generate 12,250 different
simulated structures: 250 different structures for every combination of 3, 5, 7, 10, 15, 20, and 30 linear Gaussian variables
with 3, 5, 7, 10, 15, 20, and 30 circular wrapped Cauchy variables (i.e., 49 combinations of variables). From each of these
structures, we simulate a data set with N = 500 instances, where the parameters of the variables are assigned based on the
uniform distributions on the following ranges: —1000 < ¢ < 1000 and 0 <o <100 for the Gaussian marginal distributions
and 0 <t <2m and 0<e¢ <1 for the wrapped Cauchy marginal distributions. Since o is uniformly distributed on the wide
range, most of the linear variables are likely to have large variance; note that E(c') = 50. On the other hand, the concentra-
tion of the circular variables is less likely to become too small because E(¢) = 0.5. We have made this assumption in order
to ensure that our learning algorithm appropriately estimates the structures so that most of the circular variables are more
influential than most of the linear ones.

In addition, to enforce the dependence between the parent and children nodes of the network, we assign a correla-
tion parameter between them as a uniform random value 0.5 <|p| <1, with g = 1. Then, we apply the structure-learning
algorithm proposed in Algorithm 1 over the generated data sets. To measure the accuracy of the results, we compare the
misplaced arcs of the learned structure to the initial simulated structure. The results of these experiments are displayed
in Table 1, where the results of the 49 combinations of variables are shown as the mean accuracy + standard deviations.
We refer to accuracy as the percentage of non-misplaced arcs (i.e., how accurate a replicated structure is when compared
against the original structure).

To better understand the algorithm behaviour when varying the number of circular and linear variables, we apply the
Friedman test [8] (significance level o = 0.05). This statistical test evaluates equality between sets of results that follow
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Fig. 3. DemSar diagram to compare the experimental results by varying the number of (a) linear variables or (b) circular variables.

unknown distributions in order to detect significant differences among the different numbers of linear or circular variables
as a whole set. Here, the null hypothesis of equality between the sets was rejected (p-value < 0.05). Therefore, we pro-
ceeded with the Nemenyi post-hoc test [31](significance level & = 0.05) to compare the sets of results with each other.

Fig. 3 provides the statistical test results using DemSar’s diagram [5]. The top axis plots the average Friedman test ranks
of the sets. The lowest (best) rank classifiers are to the right and are considered to be better. Then, to show Nemenyi test
results, we connect those sets of results that are not significantly different (p-value > 0.05 in the Nemenyi post-hoc test).

Analysing Table 1 and Fig. 3(a), which shows the results of changing the number of linear variables, we find that the
Friedman test is not rejected (p-value = 0.61). This implies that there is no statistically significant difference between the
experimental results when the number of linear variables varies. Nevertheless, Fig. 3(b), in which the number of circular
variables varies, shows that the Friedman test is rejected (p-value = 0.000018). Furthermore, the accuracy increases as
the number of circular variables increases. The case of 30 circular variables is the most accurate, and the case with 3
circular variables is the least accurate. In addition, conducting Nemenyi’'s post-hoc tests for every pair of cases, we find no
statistically significant differences between consecutive trios of cases (i.e., 3-5-7, 5-7-10, 7-10-15, 10-15-20, and 15-20-30).

6. Real example

In this section, we apply the proposed structure learning for our circular-linear Bayesian network to a meteorological
data set.

Recently, the study of wind characteristics has become an important field owing to the importance of the location and
orientation of wind turbines for profitable wind energy utilization. We use our proposed circular-linear tree-structured
Bayesian network to model the relationship between wind speed, wind direction, and other meteorological features from
various stations around Europe.

The data include circular and linear measurements collected from seven wind stations located in Europe: Baltic Sea in
Poland, Black Sea in Romania, Dwejra in Malta, Hegyhatsal in Hungary, Lampedusa in Italy, Pallas-Sammaltunturi in Finland,
and the M Ocean station in Norway (Fig. 4). Each station records wind direction and wind speed measurements. In addition,
relative humidity, atmospheric temperature, and atmospheric pressure are recorded at the Lampedusa station. These data
are available at the World Data Centre for Greenhouse Gases' (WDCGG). In our data set, we consider the records for the
period 16 July 1992 to 29 December 2005. Since some stations report more than one record per day, we calculate the
mean value per day for linear measurements and the mean direction per day for circular measurements. Thus, the data set
has n+m =7+ 10 = 17 variables (i.e., wind speed and wind direction from every station, as well as the additional three
measures from the Lampedusa station) and N = 3301 instances.

Table 2 shows the names of the variables, the numbers of samples of the variables, and the parameter estimates of
the marginal distributions. Note that some circular variables are close to circular uniformity because & ~ 0.05. Owing to
the nature of the data, which are recorded over a long period, the circular data show low concentration parameters. The
highest concentration parameter is in the Dwejra station in Malta, where & = 0.39, with i = —0.77 (approximately 311
degrees). Note that Lampedusa station, which is close to Dwejra station, shows a similar mean wind direction of & = —0.58
(approximately 327 degrees) and a concentration parameter of & = 0.20. With regard to wind speed linear variables, note
that the highest values are shown in the M Ocean station and Baltic Sea station, both of which are located in the sea or on
the coast of the Northern Europe territory.

The circular-linear tree-structured Bayesian network model (Fig. 5) reveals the conditional relationship between the vari-
ables measured from each meteorological station. Note that most Lampedusa station nodes are connected to Dwejra station
nodes. This is because these two stations are geographically close together, as previously mentioned. The figure also shows
other geographically close node connections, such as the arc between the Pallas-Sammaltunturi and M Ocean stations, both
located at the Northern Europe territory, and the arc between the Black Sea and the Hegyhatsal stations, which are the

1 WDCGG URL: http://ds.data,jma.go.jp/gmd/wdcgg/.
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Fig. 4. European locations of the meteorological stations from the WDCGG data set.

Table 2

Station name, variable described, variable used in the model, number of non-missing cases (N;), circu-
lar mean /1 or linear mean 7 (where applicable), unit of measure, concentration £ or standard deviation
& (where applicable), and type of variable (C: Circular; L: Linear) for the 17 numeric variables of the
WDCGG data set. The circular variables range from 0 to 27.

Station Variable Name N; A Units &6 Type
M Ocean Wind direction stmWD 1288 -186  radians 0.06 C
Wind speed stmWS 1288  8.93 mfs 3.91 L
Pallas- Wind direction palwD 150 —2.76  radians  0.18 C
Sammaltunturi ~ Wind speed palws 150 6.4 mfs 3.21 L
Lampedusa Wind direction ImpWD 446 —0.58 radians 020 C
Wind speed ImpWS 446 6.62 mfs 394 L
Relative humidity ImpRH 446 56.4 % 27.8 L
Atmospheric pressure  ImpAP 446 1010 hPa 629 L
Atmospheric temp. ImpAT 446 19.59 Celsius 526 L
Hegyhatsal Wind direction hunWD 557 —-0.67 radians 007 C
Wind speed hunWws 557 3.82 mfs 320 L
Dwejra Wind direction gozZWD 157 —0.77 radians 039 C
Wind speed g0zZWS 157 2.79 m/s 217 L
Black Sea Wind direction bscWD 550 0.47 radians 022 C
Wind speed bscWs 550 4.73 mfs 256 L
Baltic Sea Wind direction balWwD 1169 -1.77 radians  0.21 C
Wind speed balws 1169 9.93 mfs 490 L

two Eastern Europe stations. Therefore, it seems that our circular-linear model is capturing the dependence relationships
between the variables of the data set properly.

The Schwarz Bayesian information criterion (SBIC) [35] is a model selection criterion, where the lowest value is preferred.
It is based on the likelihood function with an overfitting penalty, and is defined as

SBIC = —2InL + In(N)w,



1. Leguey, P. Larrafiaga and C. Bielza et al./Information Sciences 486 (2019) 240-253 251

-
pr N

’ LY
istmWD}
) v

., ’
Sens?

-~
P ~~
A

4
ibscWD}
\‘ 2

4
-
Van N
LY

1
l“paIWD}

~

.

»* N L amnl

- 4 -~
” s 4 +
shunWD} AmpWwD}
[y '] A U
\~-—" \~-—"

Fig. 5. Circular-linear tree-structured Bayesian network for the WDCGG meteorological data set. The names of the variables are shown in Table 2. The
selected root node is the wind direction at the M Ocean station. Dashed border node lines indicate circular variables, while solid border node lines
indicate linear variables. Nodes with the same colour are recorded at the same station. Nodes with similar colour tones are located close to each other
geographically.

Table 3

SBIC comparison between the circular-linear
Bayesian network model, Gaussian Bayesian net-
work model, and discrete Bayesian network model
for the WDCGG data set.

Bayesian network

Model SBIC
Circular-Linear —5.9197 % 10192
Gaussian —2.0896 x 10169
Discrete —3.9851 % 10*

where [ is the likelihood function value, N is the sample size, and w is the number of parameters to be estimated in the
model.

We use the SBIC to compare our model to a Gaussian Bayesian network model, where we assume that all variables follow
Gaussian continuous distributions. We also compare our model to a discrete Bayesian network model using the discretization
of variables. This discretization is carried out by considering each variable as linear, and then creating 10 partitions of equal
width (these vary for each variable, depending on their corresponding domain). Note that for those cases where the variables
are circular, the linear domain is considered to be between 0 and 2.

Comparing the SBIC values in Table 3, we observe that our circular-linear model clearly outperforms the other two
models, which ignore the circular nature of the circular variables and treat them as (linear) continuous or discrete
variables.
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7. Conclusions

Circular data are often observed together with linear data in the sciences. In this study, we showed that our subfamily
of Johnson & Wehrly bivariate distributions has tractable properties, such as well-known marginals and conditionals and
a closed-form expression for the estimators of the parameters. We presented a CLMI measure that measures the mutual
dependence between a circular variable and a linear variable by determining the similarity between the joint density and
the product of their marginal densities. We also extended the definition of the CMI measure. We have shown that the CLMI
and CMI can be expressed in a simple and closed form for our distributions for circular-linear data and bivariate circular
data, respectively.

In addition, we described experimental results that illustrate how to use these measures (i.e., the CLMI and CMI) with the
well-known mutual information between linear variables. To the best of our knowledge, this study is the first to develop a
circular-linear tree-structured Bayesian network model that can capture the dependence between any possible pair of linear
and circular variables.

Then, we applied our algorithm for a tree-structured Bayesian network model to a real data set in order to model the
relationships between circular and linear measurements recorded at seven meteorological stations located in Europe. Here,
we observed that the proposed model captures the strong dependence between variables recorded in geographically close
stations well and outperforms other models, which assume all variables to be Gaussian or discrete.

There are several potential applications of our tree-structured Bayesian network model, some of them are related to
sports (e.g., baskets in basketball or goals in football), social behaviour (e.g., hand gesture recognition, arms movement) and
meteorological events (e.g., twister progress, earthquake epicentre location and expansion), among many others.

Working with a combination of circular and linear statistics is a non-trivial task. Applications within Bayesian networks
and machine learning research for graphical models open a challenging field. As future work, we intend to adapt the pro-
posed circular-linear graphical model to perform real-time classification. In addition, dropping the dimension constraint (of
one parent) in our model would be another interesting path to explore in order to extend this model to a more general
Bayesian network case allowing more than one parent per node.
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