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serving properties. This distribution is obtained by using a transformation of the inverse
monotone function, and the shape of the resulting density can be flat-topped or sharply
peaked at its mode. With regard to Bayes estimates (BEs), the boundary-avoiding priors are
assumed so that the skewness and peakedness parameters of the distribution do not lie on

ﬁ;’gﬁgﬁ;m Bayes the boundary of the parameter space. In addition to the BEs, maximum likelihood estima-
Asymmetric distribution tions (MLEs) are conducted to compare the performances in small samples, and found that
Bayesian estimation the BEs are more robust than the method of maximum likelihood. As the pairs of pa-
Circular statistics rameters between location and skewness and between concentration and peakedness are
Lindley’s approximation independent of each other, approximate BEs using Lindley’s methods become rather sim-

ple. Monte Carlo simulations are performed to compare the accuracy of the BE and MLE,
and some circular datasets are analyzed for illustrative purposes.

© 2021 EcoSta Econometrics and Statistics. Published by Elsevier B.V. All rights reserved.

1. Introduction

In recent years, there has been increased interest in statistical data analysis where the data take values in geometri-
cal manifolds. Examples of geometric space include a hypersphere, torus, or circle. Statistical analysis and techniques for
handling these data are called directional statistics and are challenging because the usual statistical tools and methods are
unsuitable. For further details of directional statistics, we refer to Mardia and Jupp (1999), Jammalamadaka and SenGupta
(2001), and Pewsey et al. (2013) for comprehensive reviews.

To analyze data on a unit circle, several useful distributions are used to fit the angular data. The von Mises and wrapped
Cauchy distributions are examples of symmetric circular distributions that are used frequently in practice. The Jones-Pewsey
distribution provides a wide class of symmetric circular distributions, as it contains the von Mises and wrapped Cauchy
distributions for special cases; see, for example, Jones and Pewsey (2005). In many cases, asymmetric or multi-modal dis-
tributions of angular data are observed, and we need statistical models to fit these data. Energy demand by time of day
and arrival times associated with some events tends to skew, and the distributions of wind direction are affected by the
geographical or seasonal patterns that result in skewed or multi-modal distributions. For a construction of the circular ver-
sion of the skew models by Azzalini and Capitanio (2003), Umbach and Jammalamadaka (2009) adapted their distributions
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in order to obtain a general means of skewing symmetric circular models. For a related topic for the skew models, Abe
and Pewsey (2011) investigated their properties and proposed the sine-skewed Jones-Pewsey family as well as its three spe-
cial cases. Miyata et al. (2020) considered the finite mixture models of skew-symmetric circular distributions to model the
asymmetry and multi-modality of the data. On the other hand, a general class of transformation of scale distributions was
introduced by Jones (2014). Jones and Pewsey (2012) considered its circular version, inverse Batschelet distributions, whereas
the distributions induced by transforming circular variable by Papakonstantinou (1979) and Batschelet (1981) are called di-
rect Batschelet distributions, see also Abe et al. (2009, 2013); Pewsey et al. (2011). The recent main general techniques for
providing families of typically unimodal distributions was comprehensively reviewed and compared by Jones (2015).

We briefly review the testing symmetry for circular data. Pewsey (2002) provided tests for symmetry on a circle. Ley
and Verdebout (2014) proposed optimal tests for circular reflective symmetry about a fixed median direction. They used the
k-sine-skewed distributions of Umbach and Jammalamadaka (2009) to obtain the optimal test for symmetry and discussed
the unspecified location case. Recently, Ameijeiras-Alonso et al. (2019) developed optimal tests of the null hypothesis that
the distribution from which a random sample of circular data was drawn is reflectively symmetric about an unspecified
location against the alternative hypothesis for a k-sine-skewed circular distribution. These topics of optimal tests were also
summarized by Ley and Verdebout (2017).

Complicated multi-modal distributions can be constructed by finite mixture modeling of unimodal distributions. Exam-
ples of mixtures using the generalized von Mises distribution can be found in Yfantis and Borgman (1982) and Gatto and
Jammalamadaka (2007). There exist various attempts for constructing and estimating finite mixture models in literature.
Kato and Jones (2015) proposed a flexible unimodal distribution, and their four-parameter family of circular distribution has
some favorable properties, such as having a simple normalizing constant and being closed under convolution and multipli-
cation. Their density and distribution functions are tractable, with explicit moments together with a wide range of skewness
and peakedness measures. Hence, we investigate flexible unimodal circular distributions that are applicable in many practi-
cal situations.

In this study, we concentrate on a general class of unimodal circular distributions using inverse monotone functions to
control asymmetry and peakedness/flat-topped distribution whose mode and anti-mode are unchanged. The proposed dis-
tribution has the following preferable properties. First, the normalizing constant is easily calculated and provided explicitly.
Second, from the viewpoint of parameter interpretation, our model provides an intuitive interpretation of the skewness or
peakedness measures of distribution. As is often the case with usual asymmetric circular distributions, it is difficult to in-
terpret the parameters, as the location shifts according to changes in the skewness parameter, which makes it challenging
to understand the role of the parameters of location. The computational complexity of our model is a disadvantage because
the scale is given by using an inverse function, which are needed to be inverted, and this inverse function is not expressed
in an explicit form in general. Hence, the moments do not have closed forms, making it impossible to construct a method
of moments estimation. Thus, we consider likelihood-based inferences throughout the study.

As the maximum likelihood estimate (MLE) is not robust and has a larger bias that leads to unreliable results, especially
in small sample sizes, we adopt Bayesian methods and expect them to provide reliable results with prior information. In
addition, the MLEs for the skewness and peakedness parameters tend to lie on the boundary of parameter space, which
yields unsatisfactory confidence intervals for the parameters as the corresponding diagonal elements of the Fisher informa-
tion matrix and its inverse become unstable. It is also pointed out that the Fisher information matrix for sine-skewed von
Mises distributions (Abe and Pewsey, 2011) degenerates when the skewness parameter is O (e.g., Ley and Verdebout, 2014).
To protect against influential observations in small sample settings, we use boundary-avoiding priors so that the Bayes es-
timate (BE) does not necessarily lie on the edge of the parameter space. As investigated in Monte Carlo simulations, more
robust and smaller mean squared errors (MSEs) are obtained for BEs compared with MLEs. We also introduce Lindley’s ap-
proximation for the BEs of the parameters, where the second and third derivatives of the log-likelihood functions have many
elements that are close to zero, which provides the approximate posterior mean with concise expressions and calculations.

A conjugate analysis for a BE for circular distributions is available; for example, Mardia and El-Atoum (1976) considered
the Bayesian analysis for a von Mises distribution. Guttorp and Lockhart (1988) studied conjugate prior distributions for
the von Mises distribution in a linear model, and Nufiez-Antonio and Gutiérrez-Pefia (2005) used a Bayesian analysis for a
projected normal distribution. Ravindran and Ghosh (2011) used a BE for a wrapped Cauchy distribution, and Mulder and
Klugkist (2017) studied the generalized linear models in a Bayesian context.

In many cases, the quantities in the Bayesian inference, which include posterior distributions, predictive density, and
their ratios known as Bayes factors, are often analytically intractable and cannot be obtained in explicit form. One of the
most popular methods to approximate the posterior distribution in Bayesian inference is Laplace approximation; see, for
example, Tierney and Kadane (1986) and Kass et al. (1989), among others. We use the idea of Lindley (1980) to compute the
approximate BEs of the unknown parameters, and the approximation works quite well, with the exception of cases wherein
the estimated parameters are near the boundary of the parameter space. Lindley’s approximation technique is extremely
fast compared with the Markov Chain Monte Carlo (MCMC) techniques, and it provides consistent estimates for parameters.
As our parameter space is restricted and careful attention is necessary for numerical computation in the Bayesian inference,
we use the parameter transformation for unconstrained numerical optimization. As Tierney et al. (1989) pointed out, finding
a good parameter transformation would provide better approximations for Bayesian inferences.

This study is an in-depth investigation of the distributional properties of the extended inverse transformation of scale
distribution. It presents several explicit expressions of distribution functions and random number generation methods. For
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parameter estimation, the limiting distributions for the MLE and Bayesian inferences are investigated. These theoretical
findings are noteworthy for not only practical data analysis elucidated by simulation study but also real data analysis.

The remainder of this paper is organized as follows. Section 2 describes some basic properties of our proposed distribu-
tions with mode preserving properties. In Section 3, parameter estimations based on the MLE and BEs are introduced. Ap-
proximate BEs using Lindley’s method are discussed in Section 3, and the numerical simulations are performed in Section 4.
A real data analysis using three datasets is illustrated in Section 5. Finally, Section 6 concludes this study. All the proofs are
given in Appendix A.

2. Transformation of scale distribution on a circle

Let fo(0) and go(@) (@ € [-m, w)) be unimodal circular probability density functions (pdf), that is reflectively symmetric
about the zero direction, and Gy(0) = ffﬂ go(¢)d¢ is the distribution function of the latter. A weighting function w is an
odd periodic function with |w(6)| < &. Then,

fO) =2f(0)Go{w(®)}, -7 <0<,
is a circular pdf; for more details, see Umbach and Jammalamadaka (2009). Jones (2014) proposed a class of skew distribu-
tions with pdf

fO) =fos7 '), xeSp,

where §'(x) +'(—x) = 2, with s’ being a derivative of function s. The function s is monotone bijective, and Sy is a support
for function s. Combining these previously proposed circular densities, we consider the unimodal skew distributions on a
circle given by

fO)=fos'@:;w)), -m=<6<m,

which is an extension of the model in Jones and Pewsey (2012), where the function s is given by

[
s(0:w) = 2/ Go(wW(t))dt — 77

The function s is needed to be inverted, and this inverse function is not expressed in an explicit form in general. This is a
disadvantage in computational complexity. In this study, we propose unimodal skew distributions on a circle that are given

by

f0) = fo(s;1 (), 0el-m ), (1)
where A € [-1, 1], and the function s, is given by

53(0) =0 + Asin®(0).
The parameter A plays the role of skewness of the distributions, such that for A =0, the density gives symmetric distribu-
tion. The sign of A determines the shape of the skewness, and as A — —1 and A — 1, the distributions tend to be left and
right skewed, respectively.

Hereafter, the location parameter w € [—m, ) is introduced by replacing 0 — 6 — w in the above distribution. To control

the peakedness around the mode, we introduce a parameter v € [—1, 1]. Then, we also propose the following circular density
function which can handle both the skewness and peakedness of the underlying circular random variables:

1 -1
f0)= mf(’(tx,u(e_“))’ Oel-m. 7, (2)
where a1 = Ef [cos ©] is the first cosine moment of base density fo(-), and the function ¢, , is given by
(@ — ) =50 — ) —vsin® — w))
=0 —u—vsin(@ — ) + Asin?((6 — Ww) —vsin@ — u)).
There is no explicit expression of the inverse of t, ,. Therefore, numerical methods are needed to compute inverse function

t L Let y be the parameter vector of base symmetric density fo(6 — ). We need the following assumption for the general
inverse transformation of scale distributions.

Assumption 1. Base density function fy indicates a continuous circular density, which is unimodal, reflectively symmetric,
and differentiable with respect to y. The first cosine moment of base distribution fo(-) must satisfy oy € (0, 1).

It is noted that the base symmetric density does not include the circular uniform and degenerate distributions. As our
base density deals with a reflective symmetric distribution, we exclude an ¢-fold symmetric distribution as a candidate
of the base symmetric distribution. More examples of density function fy, which satisfies Assumption 1, can be found in
Mardia and Jupp (1999, Chapter 3) and Jammalamadaka and SenGupta (2001, Chapter 2).

The distribution with density (2) is sharply peaked and flat-topped as v — 1 and v — —1, respectively. The terms
“sharply peaked and flat-topped” were introduced by Batschelet (1981) in the process of constructing Papakonstantinou’s
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distribution. Then the peakedness around the mode for the models was mathematically characterized using curvature in
Abe et al. (2013). The density function becomes a circular pdf because its integral becomes unity. By using a change in
variable ¢,- 1(9) =y, we observe

[ soan= [ Lfoa;;w))de = v [ G0y

/ (1 —vcosy)(1+Asin2(y —vsiny))fo(y)dy

1—voe1

/ (1 -vcosy)foy)dy =1,

1- Vo
where t/’\ , s the derivative of function ¢, ,. Here, we assume without loss of generality that p = 0. We can see that the
normalizing constant of the resulting function fy (t;})(@)) becomes 1/(1 — va;) from above expression. To see whether the
proposed distributions have mode and anti-mode at p and @ — 7, we investigate the derivative of the pdf given by

f) = ( )fo( 1O

As the inverse function ¢;° 1 , () is monotone increasing and the base density fy is unimodal, the resulting pdf f is the uni-
modal. As t;\'V(O) 0 and t,\ »(£m) =+, the mode and anti-mode are given by

J0) = = fo®

and
flxm) = fo( ),

respectively. Therefore, the values of the density at the mode and anti-mode are invariant under transformation t,” 11) ).
From the above expression, the parameter v controls the peakedness around the mode of the base symmetric distribution,
and as v approaches 1, the mode of the density becomes large because «; < 1.

Recall that the density function of the von Mises distribution is given by

MO —p) = 727111(/() exp[k cos(d —p)], —-mw<6<m, 3)

where u € [—m, ) denotes the location, and k € (0, o) denotes the concentration parameter of the distributions. The func-
tion Ip(-) denotes the modified Bessel functions of the pth order, which is defined as

I(k) = i/h cos pf e ©s9dg = i;(f)zrw
P 2w o P &= Tp+r+Dri\2 '

The density function of the wrapped Cauchy distribution is given by

1 1-p?
2m 14+ p2—-2pcos(0 — )’

MO - = —7w <6<, 4)
where u € [-m, ) and p € (0, 1) indicate the location and concentration parameters of the distribution, respectively. Sub-
stituting these densities for fo(6 — ) in (2), the densities of the extended inverse transformation of von Mises (EIVM) and
extended inverse transformation of wrapped Cauchy (EIWC) distributions are given by

1

f(EIVM)(O) = 27T (IO(K) — 1)11 (K))

exp [k cos{t; L (0 —w)}], —m <6 <7 (5)

and
1 1-p?
27 (1 =vp) 1+ p2 —2pcosit; ] (6 — )}’

FEWO @) = —m<f<m, (6)

respectively.

Some density functions for the EIVM and EIWC distributions are plotted in Figs. 2.1 and 2.2, respectively. Here, we choose
the parameters as £ =0, k =2, v =0, and A € {-0.9, -0.5, 0, 0.5} for the EIVM distributions in Fig. 2.1. For Fig. 2.2, the pa-
rameters are chosen such that u =0, A = 0.5, p = 0.5, and the peakedness parameter is set at v € {0.9,0.5,0, —-0.5, —0.9} for
the EIWC distribution. These figures illustrate the effects of the parameters A and v of the inverse transformation function,
which result in skewed and sharply peaked/flat-topped distributions.
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Fig. 2.1. Plots of the density functions for the extended inverse transformation of von Mises distributions with st = v = 0 and « = 2. The skewness param-
eter A is taken as —0.9, —0.5, 0, and 0.5, which correspond to the solid, dotted, dashed, and long-dashed lines, respectively.
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Fig. 2.2. Plots of the density functions for the extended inverse transformation of wrapped Cauchy distributions with =0, p = 0.5, and A = 0.5. The
peakedness parameter v is taken as 0.9,0.5,0, —0.5, and —0.9, which correspond to the solid, dotted, dashed, long-dashed, and dot-dashed lines, respec-
tively.

The cumulative distribution function of the density (2) becomes

0 0 5;1(0)
FO) = [ 1anay = [ ol @omdv = [ s 0oty w)au

-1 1

- /; (6) folty ! (u))du + /:: (

where we take w = 0 for simplicity. The explicit expression for the second term in (7) becomes rather complicated, whereas
we can obtain the cumulative distribution function for the symmetric case (A = 0) as stated in the following theorem.

m)»sinZufo(tO‘_})(u))du, (7
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Fig. 2.3. Plots of the distribution functions for symmetric extended inverse transformation of von Mises distributions with @ =1 =0 and x = 2. The
peakedness parameter v is taken as 0.9,0.5,0, —0.5, and —0.9, which correspond to the solid, dotted, dashed, long-dashed, and dot-dashed lines, respec-
tively.

Theorem 1. For — <6 < and A =0, the cumulative distribution functions for the EIVM and EIWC densities are given as

(9 M)+7‘[ 1 & k) — vI’(K)]

FEVM) () — 5o Z NGESUAGE:

sin(pty (6 — 1))

and

2
FEWO () = : _l {(1 — vm))FO(WC)(t @ —-wn)+ V

iy 20 ( (G—M)Jrﬂ)},

respectively. Here, Féwc) is the cumulative distribution function of the base wrapped Cauchy distribution given by

Féwc)(9)=%+%tan‘l <1f£t g)

Some distribution functions for the symmetric EIVM and EIWC distributions are plotted in Figs. 2.3 and 2.4, respec-
tively. Here, we choose the parameters as @ =0, ¥k =2, and A =0 for the EIVM distribution, and set u© =0,A =0, and
p = 0.5 for those with an EIWC distribution. The peakedness parameters change according to v € {0.9,0.5,0, —0.5, —0.9}.
The distribution function illustrates the effects of the peakedness parameters on the probability distribution function. As v
becomes large, the probability around anti-mode of the distribution becomes large for the EIWC distribution. The concen-
tration around its center is more condensed for the EIWC distributions than for the EIVM distributions.

Let U be the uniform random variable on [0,1]. The following result for the random samples adheres to the extended
inverse transformation of scale distributions.

Theorem 2. Let fy be the arbitrary symmetric density function on the circle that satisfies Assumption 1, and let a random variable
W have a density function fy. Then, the random variable ® follows from the extended inverse transformation of scale distributions,
namely,

0= smv)z(u < S*(;’)) +sA<—W)1<u > s“;’)) ~ fols; " ©)).

where I(-) is an indicator function.

The proofs of Theorems 1 and 2 are given in Appendix A.

For the random number generation of the EIVM and EIWC distributions, we adopt the following two steps (see also
Jones and Pewsey, 2012). The proposed random number generation method does not rely on the acceptance-rejection sam-
pling method. First, we draw samples W from the symmetric sharply peaked and flat-topped distributions for the EIVM and
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Fig. 2.4. Plots of the distribution functions for symmetric extended inverse transformation of wrapped Cauchy distributions with 4 =A =0 and p = 0.5.
The peakedness parameter v is taken as 0.9,0.5,0,—0.5, and —0.9, which correspond to the solid, dotted, dashed, long-dashed, and dot-dashed lines,
respectively.

EIWC by using the inverse transform sampling method; that is, we set A = 0. For this step, we provide the explicit distri-
bution function for random variable ¥ that have density function fo(to‘})(e —1))/(1 —vaq) in Theorem 1. Next, we draw
independent random samples from U[0, 1] and obtain ® from the transformation

o - 5W) if U<s)(¥)/2,
T su(=W) if Us s (W)/2.

3. Parameter estimation

In this section, we describe four methods to estimate the unknown model parameters. Let 6, = (61,65, ..., 6,) be a
random sample of size n from the extended inverse transformation of scale distribution with base density fo(6 — @) given
in (2). We restrict the family of base density fy(6 — ) to have two parameters with location and concentration. We denote
y = (i, k)T by the parameter vector of base density function f(@ — 1) and denote T by the corresponding parameter space.
The first cosine moment of fy is determined by a single concentration parameter «, and we rewrite oy as o (k). Then,
the model parameters are denoted by § = (¥, A, v)T € H, where H is the parameter space that is H=T x[-1+8,,1—
3] x[-1+6y,1-46,] with §, > 0 and §, > 0. For the EIVM distribution, # becomes ngp\ = (4, &, A, v)T € H, where H =
[-m,m —8u] x [8ic, 1/8] x [-146;,1—=6;] x [-1+8,,1—8,] with §4 >0 and 8, € (0,1) being constants that are small
enough so that the true « belongs to R*. For the EIWC distribution ngpac = (&, 0, A, v)T e H, where H = [-7, 7 — 8] x
[6p.1=8p] x[-1+68;,,1=8,]1x[-1+68y,1—-68y] and &, € (0,1/2) is a small positive number.

The log-likelihood function of the observed sample can be written as

n n
e =S log 6 m) = log fo(t ] (6 — s k) — nlog(1 — very (k). ®)
i=1 i=1
Then, the MLE ﬁE,MLE) is defined by
ﬁ%MLE) = argmax £(n).
1

To obtain the asymptotic normality of the MLE, the following regularity conditions are required.
Assumption 2. Let 5, be the true parameter vector. The following regularity conditions hold:

B1: The true value of the parameter 5, belongs to the interior of H, and H is compact
B2: For symmetric base density fo(6 — it; k), where y € I" and T is compact, there exist constants M > 0 and m > 0 such
that for any 6 € [-7, ),

sup fo(@ — u; k) <M and inf fo(6 — w; k) > m.
yel yel
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It must hold that the first cosine moment of f3(6 — u; ) is uniformly less than unity in «, that is, sup, o (k) < 1.
B3: The first three derivatives of base density fo(6 — u; k) and its cosine moment o (k) with respect to the parameters
are continuous and bounded for all # and y € T.
B4: A Fisher information matrix exists and is nonsingular, and it is defined by

dlog f(O®; p)
1(770) = E[—W}nzno = [LU]LI€{M~K~)‘1V}'

The condition for non-singularity of the Fisher information matrix is given by
det{I(ny)} = (Lpuptin — LIZM)(LKKLW - Liv) #0.
B5: For model identifiability, n; # n, indicates f(0;n;) # f(0; ny).

We do not have closed forms of the trigonometric moments, and hence it is quite challenging to verify the identifiability
of B5. One certainty of the identifiability is that the density f(0; ) is identifiable with respect to the parameter u because
the mode is given by  uniquely.

The expressions for the value ttyy — 2, become quite complex, while we can confirm that the value approaches 0 as
concentration and peakedness parameters k — 0 and v — £1 with numerical computation.

The first result states the consistency and asymptotic normality of n;MLE) The proof of this theorem is outlined in

Appendix A.
Theorem 3. (Consistency and asymptotic normality) Suppose that Assumption 1 and Conditions B1, B2, and B5 hold. Then,
HME) Mg, aS N> oo,

Under Assumptions 1 and 2, the asymptotic normality holds for MLE ﬂ;MLE) as n— oo,

V("™ = 116) — N(©.1010) ™).
Fisher information matrix I1(ny) becomes

Lup 0 LIUL 0

|0 Lk 0 Licy
1(770) - L}\.M 0 L)\.)\. O ’ (9)

0 Lk 0 Lyy

where the off-diagonal elements are given by

1 t/l tk t// , P
== e [ {<_ o %)9))(1ogfocy>) ED tog o) }fo(v)dy
and
foW fg @) day 1
ey = by = /( smy)< () - Of ) )dy— (3K>(1_va1)2

The diagonal elements are given by

1 t"(y) / fo@)?
‘W:1_va1/<w(y)2f°‘” r/(y)( ‘R ))dy’
. fe(y)? 1 92 v doy \
e =7 9 —vay /(] —vcosy)( 0" ) - Jeo(y) )dy—v(l —vayq 0k2 + (1= voy)2 (8/{) )

__ 1 PR PO\ PO W)
‘“‘1—1)041/((2 ORI )fO(” tf(y)(m fo(y)))dy’

1 sin 2y vsin’y , sin’y " f)? a?
=104, / <(_1 —vcosy + (1 —vcosy)2>f°(y)_ 1 —vcosy( 00 - fo) ))dy— 6! —1)1011)2'

The other elements in the Fisher information matrix become zero, that is, tye =ty = ty,, =ty = 0.

and

The derivation of the Fisher information matrix is given in Appendix A. From this result, the pairs between (u,A) and
(k,v) always provide independent relations.

The MLE of the vector of unknown parameters 5§ = (i, «, A, v)T is not given in a closed form, and hence numerical
optimization algorithms are used for obtaining the model parameters. As some of the model parameters are restricted in
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the parameter space, usual non-constrained optimization methods, such as quasi-Newton methods, do not work. To cope
with this problem, we apply the following transformations of the model parameters. It is possible to obtain parameter
estimates using constrained optimization algorithms, such as sequential quadratic programming; however, this requires a
large amount of computational time. From the point of view of computational cost, unconstrained optimization algorithms
are recommended.

Let ¢ = (P, P, Py, dv)T € R* be the parameters in Euclidean space, and let h: R* — H be a suitable transformation
function with continuous first derivatives. Then, h(@) = (hy (@), ha (P ). h3(¢h;), ha(¢y))T. As an example of function h,
we parametrize the model in terms of § = (7 tanh(¢, ), exp(d¢), tanh(¢y ), tanh(¢,))7 for the EIVM distributions. If we
consider the EIWC distribution, h; (¢, ) could be (tanh(¢y) + 1)/2, such that hy(¢x) € (0,1). Let ¢y = h=1(1,) be the true
parameter vector of the transformation and (;SE.,MLE) := argmaxy ¢(h(¢)) be the corresponding MLE. If (};MLE) has asymptotic

normality \/ﬁ(&MLE) - @) -4 N(0,Zy4) and h' (@) # 0 holds, then by using the delta method, the MLE of ﬁ;MLE) = h((i)ﬁMLE))

follows the asymptotically normal distribution as

VA, )~ h($0) — NO. (o) Zsh (90)"),

where
oh Ol
Glom oy
W) =| : o
ohy - Oh
Glom 0y

Recall that I(ny)~! = h’(¢0)2¢h’(¢0)T. Using this parametrization, we can use the standard unconstrained numerical op-

timization techniques to obtain the MLE %MLE). These techniques are implemented for estimating the BEs of the model
parameters.

As the parameter space H is restricted for each parameter, estimating model parameters using Bayesian methods provides
powerful statistical tools for obtaining the posterior distribution of the model parameters and asymmetric credible intervals.
However, the classical MLE provides asymptotically normal distributions for the estimated model parameters. In Bayesian
analyses, the choice of the prior is inevitable. If there is enough evidence on the part of the researchers, then an informative
prior can be chosen; otherwise, a non-informative prior will be more appropriate. In this proposed model, a joint conjugate
prior for the parameters does not exist, and hence we consider the priors for ¢ as follows:

Po (@) = Na(peg,, Zy,),

where Ky, and X, are the mean vector and covariance matrix of the four variate normal distributions, respectively. Recall
that our model parameters of interest are obtained by #. Then, the BE under a squared loss function is given by

Jumexple(m)}p(n)dy
Juexple(m)p(p)dy

Then, the prior density of 5 is given by p(3) = po(h~1())[(3/09)h~1(n)|, where |(3/09)h~1 ()| is the determinant of the
Jacobian matrix of the transformation.

Since the domain of all integrals in (10) is H, it is suitable to use p()/K as a prior density of y with K = [, p()dy.
However, for each i € {u, k, A, v}, the BE of g'(y) becomes

Ju& () exp{e(n) +log(p()/K)}dn [, 8'(n) exp{e(n) + log p(n)}dy

Jy exple(n) +log(p(n)/K)}dn [ exp{e(n) +log p(n)}dn

where g () = u, g(7) =k, g-(y) = A, and g” () = v. Therefore, normalizing constant K can be neglected.

As the numerator and denominator involve a four-dimensional integration to obtain the BE, we adopt Lindley’s approx-
imation for practical purposes. Instead of estimating the approximate BE, we also provide a maximum a posteriori (MAP)
estimator of the posterior distributions.

For estimating the parameters in the EIVM distribution in a Bayesian context, if we set the parameters in prior dis-
tribution pg (@) as Xy, = diag(oj, 02,02, o) and py, = (my, me, m;, my)T, then the joint prior becomes p(j, &, A, v) =
p(u)p()p(A)p(v), where

i® = E()6,) = (10)

1

p(p) = 5o, exp{ 207 (tanh™ (u/m) —my) } T wmD)’ ne(-m, ),
_é ,L _ 2 +
p(K)—mGKK eXp{ 307 (log (k) —m,) } K €RT,
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Fig. 3.1. Plots of the prior density functions for the skewness or peakedness parameter &, where we set m; =0 and agz €{0.2,0.4,0.6, 0.8}, which corre-
spond to the solid, dotted, dashed, and long-dashed lines, respectively.

_ 1 a0y —ma2 1 _
p(A) = T, exp{ 2(&2 (tanh™ (A) —m,) } a_ Ae(-1,1),
and p(v) = e {—zj‘g(tanhl(v) _ mu)2} : ﬁ e (~1,1). (11)

When the base density is the wrapped Cauchy density, we can use the prior for the concentration parameter p instead of
using p(k) as

_ 1 ~ 1 anh ' @p— 1) —m, )2 2
PO) = s exp{ 707 (tanh ™ @0~ 1) mp)} A, =1y PO (12)

We consider the BE based on weak informative prior distributions to avoid boundary estimates of the model parameters.
BEs to avoid boundary estimates were investigated by Galindo-Garre et al. (2004) in log-linear models and by Galindo-Garre
and Vermunt (2006) for latent class analyses.

Fig. 3.1 illustrates the prior density functions for A and v whose parameter space is restricted in (-1, 1). Denote
& € {A, v}. For the parameters in normal distribution p(§) = N(mg, aéz), we choose mg =0 and ag €{0.2,0.4,0.6,0.8}. As
is evident in this figure, as variance ag approaches 1, the density function becomes flat, which indicates that the non-

informativeness together with boundary-avoiding properties are confirmed for o < 1.
For the sequel, we introduce a MAP estimator and Lindley’s approximation for the BE.

3.1. MAP estimation

All the information in Bayesian inferences is contained in the posterior distributions. It is sometimes difficult to obtain
the mean or median of the posterior distributions. The MAP estimation can be used to obtain a point estimate with a
shrinkage rule. Given an observation @, the posterior distribution of 5 is proportional to exp{¢(n)}- p(n). Let ¢p(5|0,) =
¢(n) +log(p(n)), where p(p) is the prior distribution of 5 defined by (11) and (12). Then, the MAP estimator is defined as

M) — argmax{e(116,)}.
n

For the asymptotic normality of the MAP estimator, we need the following conditions.

Assumption 3. The following regularity conditions of p(y) hold:

C1: p(-) is positive almost everywhere on H and p(1y) > 0.
C2: p(-) is continuously differentiable with respect to 3, which indicates that p(-) is continuous on H.

The prior densities given by Eqs. (11) and (12) satisfy Assumption 3. Then, we have the following result.
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Theorem 4. (Consistency and asymptotic normality) Suppose that Assumptions 1 and 3 as well as Conditions B1, B2, and B5 hold.
Then, we have

«(MAP)
M e as n— oo,
p

Under Assumptions B1-B3, asymptotic normality holds for MAP estimator 17 (MAP) 05 n — oo, that is,
ViR — 1) — N@.1(50) ™).
3.2. Lindley’s approximation for BEs
It may be observed from (10) that the posterior mean takes a ratio form that involves integration in both the numerator

and denominator that cannot be reduced to a closed form. Let p(5) be the log-prior density function as p(n) = log p(%);
then, the posterior expectation in (10) can be written as

v T
E(5]6n) = (fg“(n)exp{é(n) +p()}dy [g" () exp{e(n) +p()7)}d;7> |

Jexplem) +pmY¥dy " [exple(n) + p(p)}dn

Once we obtain the value (Ab(nM g , Lindley’s approximation using # ‘(MLE h(¢n ) can be used to compute the ratio of the
integrals to obtain an approximate BE of the model parameter. Recall that ¢(n) defined by (8) is the log-likelihood function.
For convenience of exposition, we write f;, i (1) = (3%/dn;, ---9m; ) f(n) for the derivative of any function f(y) of », for

example, p;() = (3/9n;)p (), Lijx(n) = (83/8n,877]8nk)£(77) If we evaluate these functions at an estimate nMLE of n,

then we omit the symbol (A(MLE)) for example, ¢;;; = @uk('ln LE)) and g (7 (A(MLE ) = & Let oj; denote the (i, j)-th element of

the inverse of the second derivative of —¢(n) evaluated at g = 7, (MLE)

Recall that p(p) is the prior density of »; then, using Lindley’s approximation, the BE for the sth element of », that is,
E(ns]6n), can be asymptotically estimated by

E(ns|0n) = g (00" + % > [(&5+ 28 0)03] + % > Gijk0ijoug; + 0p(n~?), (13)
ij

i,jk.l

where s e {14, , A, v} and the second and third terms on the right-hand side of (13) are of order Op(n~1). If we need to
compute the exact approximation in Eq. (13), evaluating the third term, }7; ;;;¢;jx0;;08], requires quite a complicated
calculation. DiCiccio and Stern (1993) provided a rather simple expression for these terms, which is given by

4 4
Z Lijk0ijOWg) = Z Z { gs(ﬂ (MLE) Xlr)} {0,5(11 MLE) 4 xﬂs)} ,
x=0

ijk.l r=1 s=1 x=0

where a numerical differentiation is used for approximations to the two derivatives in the foregoing brackets.

To derive the second-order approximation (13), we need to apply Laplace’s method for the numerator and denominator
of (10) under suitable conditions. Let B, (1,) denote the open ball of radius ¢ centered at 75,. The notation a.s. stands for
“almost surely” under the true distribution. Here, we assume the following conditions.

Assumption 4.

D1: Forall @ e [-m,7) and n e H, f(#; 1) > 0, and for all 6 € [-m, ), f(O; n) is six times continuous differentiable with
respect to .
D2: There exists a positive constant ¢; > 0 such that

Z(fy(,,MLE))> > Cq, a.s.

D3: Prior p(#) is four-times continuously differentiable with respect to 5, and the expectation of 3, [y 7p(n)dn, exists
and is finite.
D4: For all 5y € H, there exist ¢ > 0 and M < oo such that B;(ny) € H, and for all ji, ..., j; € {1,2,3,4} with d <6,
llmsupsup{ Mejeg, (DM € Be(e)} <M. as.

n—oo

n—oo

.. 1 9
liminfdet <_n8n8nT

D5: For all 5y € H and for all § > 0,

lirnn sup Sl;]lp {n'len) —e(m)] : e H—Bs(ny)} <0, as.
— 00

Conditions D4 and D5 are the same as conditions (ii) and (iv) of Kass et al. (1990, p. 483-484). Then, under Assumption 1,
Conditions B1, B2, B5, C1, D1, and D3, Lindley’s approximations to the BE (10) are derived. Condition D1 corresponds to con-
dition (i) of (Kass et al., 1990, p. 483-484) and is stronger than Condition B3. Condition D3 corresponds to condition (i) of
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(Kass et al., 1990, p. 476) and is stronger than Condition C2. Condition (ii) of Kass et al. (1990) ensures the uniform bounded-
ness of higher-order derivatives of the standardized log-likelihood functions (1/n)(j1,,,jd(r/) (d=1,...,6) on a neighborhood
of the true parameter, 7,. This holds from Condition D1 and the compactness of H. Although B5 is a familiar consistency
condition for the MLE, this also holds from the boundedness Condition B2 and identifiability Condition B5. Condition D2
ensures that the posterior density is approximated by the multivariate normal distribution with a positive definite covari-
r]ﬂ)ﬁ}ﬂ M (MLE)
numerically, then the resulting Laplace and Lindley’s approximations become unstable.
From the locations of zeros in the Fisher information matrix (9), we obtain

. Hence, if the determinant of the Hessian of ¢(n) evaluated at n AME) is close to zero

ance matrix (

-3/2
012 =021 =014 =041 =023 =032 =034 =043 = Op(n / )

We exclude these terms from Lindley’s approximation for simplification and fast calculation. Owing to this result, a simpli-
fied expression for Lindley’s approximations can be obtained as

N ~(MLE)
futane) gy ) o (gl + 28} p1) + 20138 p3
. (MLE)
i Lmie) gk ("n ) 1] 022 (ggz + Zgg ,02) + 2024g‘2‘,04
o) | VDN ) i L gl A
A (L @) 033(g%3 + 28503) + 20318501
{ (Lue) g (M) 044 (844 + 28, 04) + 20428, 02
i Z (01101]51]1 +U310u€q3) +8 Z (01101']'41'11 +U3laijeij3)
i,je{1,3} i,je{2,4}
g Z (0220":1 ij2 + 04203 114) +& Z (Uzzaijfijz +0420ij15ij4)
+‘l i,jel2.4} i,je{1,3}
g Y (ouoijtij +0330iitiz) + 8 Y (01303t + 0330;iLij3)
1]e{l 3} i,je{2,4}
g Z (02401';'131';'2 + 04401';'131';‘4) +8&4 Z (02401‘151‘]‘2 + 04401']‘131‘14)
i,je{2,4} i.je{1.3)
where
433 Lag L1 {22
op=——"—>, Onp=——->, 033=——, Og4= —>,
Ci1l33 — 3, €onlas — 63, Ci1l33 — €3, Laplag — 63,
Z13 524
Oo3=033=———"—-, and opy=0p=———o.
l1l33 — €3, €onlag — 63,

Recall that when g’l‘ =g5= g)3‘ =gy, =1and g’lq =g5 = g§3 = g,, = 0, the above expression becomes

Z (01101151‘114-0310:'1'@1']3)-1- Z (0110ij@ijl+0310ij5ij3)

( ) i,je{1,3} i,je{2,4}
71 (Lvie) {1 (MLE
73 a oy p1+0
o MLE nP1+ G13f3 Z (Uzszijeijz + 04201']'31']'4) + Z (Uzzﬁij5i12 + 04201'1'51';'4)
R (bane) B i (MLE) N 02202 + 0244 +1 i.je{1.3) i.je(2.4)
) (Lwe) }\.(MLE) 03303 + 03101 2 Z (0130’1']'&'1‘1 + 0330',‘]'31']'3) =+ Z (0'130,‘]‘[,‘]‘] + 0'330',‘]‘5,‘]‘3)
(L) {H(MLE) 04404 + Oa2 02 i.je{1,3} i.jel2.4}
Z (0240;']@1]2 + 04401'15;']4) + Z (02401'1'@:'1'2 + 04401‘1'5:'1'4)
i,je{1,3} i,je{2,4}
(14)
Lindley’s approximations based on the MAP estimates with ¢(x) replaced by ¢*(n) =log¢(n) +logp(n) and p(n) =0 are
given by
Z (Gllouel*ﬂ +‘73*1 ij 113) + Z (U Guzl*ﬂ +a31GUZj‘]3)
i.je{1,3} ije{2.4)
{1 (Lmap) (i (MAP)
,LL l/l/ * * * pk
5 (Lysp) 5 (MAP) Z (GZZOIJZJJZ + 0420116114) + Z (O‘ U UZ + 04201]Z1]4)
K \EmAP _ K + 1 i.j€{1,3} 116{24 (15)
3L | 5vap 2 . X « ’
)‘( une) )‘( ) Z (613011 ij1 + 0—3301161]3) + Z (01361151]1 + 0330116113)
D Lmap) (MAP) i,je{1,3} i,je{2,4}
> (0'54“5‘5;}2 + 0440; 1]4) + (03007857, + 0'14‘71"}@;}4)

ije{1.3} ije{2.4}

<
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Fig. 4.1. Density plots for the extended inverse transformation of von Mises distribution with © =0,k =3,A = -0.7,v = 0.5 (solid line) and the EIWC
distribution with £ =0, p =0.5,A = 0.7, v = —0.5 (dashed line) for simulation studies.

where

92 -1 93
o= (@) | )
n=i !

To derive approximation (15) using MAP estimator ﬁ%MAP), we assume Condition D2 with the log-likelihood ¢(x) and MLE
ﬁ%MLE), which are replaced by the log-posterior and MAP estimator ﬁ%MAP), respectively. Furthermore, we need to provide
a condition that corresponds with condition (iv) of Kass et al. (1990). However, this is slightly complicated and is hence
omitted here to save space. For readers who are interested in the details, see condition [A4] of Miyata (2018).

For large sample asymptotics, Lindley’s method provides a good approximation for the BE, that is, ﬁ%BE) = 1‘7,(13 )4 0p(n=3/2)
and s € {Lyg. Lmap}, where ﬁ(LMLE) and ﬁ(LMA") are defined by (14) and (15), respectively. The asymptotic distribution for the
approximate BE is equivalent to that of the MLE, and as we observe from (14) and (15),

\/ﬁ(ﬁ(LMLE) _ ”0) _ \/ﬁ(ﬁg\/ﬂ-fi) _ 770) + Op(n71/2)
and

V@ = 0) = VG —10) +0p (1),

We denote ﬁ(LMLE) and i)(LMA") as Lyg and Lyap, respectively, hereafter for convenience.
4. Numerical simulations

In this section, we compare the performance of all the estimators introduced in Section 3. The random samples are
drawn from the two step procedures given in Theorem 2. Simulations are conducted with 1,000 replications, with sample
sizes n = 50, 100, and 300. We consider two conditions: (1) EIVM distribution with the parameters © =0, k =3, A = -0.7,
and v = 0.5 and (2) EIWC distribution with the parameters 4 =0, p = 0.5, A =0.7, and v = —0.5.

We use rather non-informative priors for the BEs so that the hyper parameters in Eqs. (11) are set at (my,, m,, m;, m,)T =
(0,1,0,0)T and (o, 0k, 0;,0,)T =(0.8,1,0.8,0.8)7 for the EIVM distributions. As for the EIWC cases, we choose
(mp,0,) = (0, 0.8)T, and others are the same for the EIVM distributions. The density functions of the EIVM and EIWC
distributions are plotted in Fig. 4.1, which illustrates a left-skewed modestly peaked distribution and a right-skewed and
flat-topped distribution, respectively.

Tables 1 and 2 summarize the simulation results of the sample averages of the estimated parameters, together with the
root mean squared errors (RMSEs). As for the parameter spaces of A € [-1+6;,1—4,] and v e[-1+68,,1-3,], we set
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Table 4.1

Means and root mean square errors (RMSEs) of the maximum likelihood estimate (MLE), maximum a posteriori (MAP) estimate, Lyyg, and Lyap, of the
parameters of the extended inverse transformation of von Mises distributions, using 1,000 simulated samples of size n from the model with =0, ¥ = 3,
A=-0.7,and v =0.5.

MLE MAP Luie Luap
n =50
mean: [ —0.0615 —0.0077 —0.0615 0.0112
RMSE 0.1418 0.0780 0.1694 0.0821
mean: K 3.4104 2.9815 3.2487 3.0653
RMSE & 1.0850 0.4784 1.0241 0.6822
mean: A —0.5187 —0.6956 —0.4574 —0.7307
RMSE A 0.4238 0.2086 0.4290 0.1835
mean: ¥ 0.4345 0.5363 0.4018 0.4706
RMSE ¥ 0.2439 0.1591 0.3217 0.2992
Effective Samples 1,000 1,000 609 835
n =100
mean: 1 —0.0235 —0.0017 —0.0116 0.0128
RMSE 0.0910 0.0546 0.0824 0.0576
mean: K 3.1457 3.0004 3.2985 3.1428
RMSE & 0.5109 0.4028 0.7668 0.6298
mean: A —0.6255 —0.7019 —0.6340 —0.7322
RMSE 4 0.2922 0.1553 0.2681 0.1394
mean: ¥ 0.4731 0.5143 0.4000 0.4435
RMSE ¥ 0.1485 0.1177 0.2702 0.2691
Effective Samples 1,000 1,000 728 968
n =300
mean: 1 —0.0004 0.0008 0.0081 0.0073
RMSE 0.0381 0.0325 0.0386 0.0316
mean: K 3.0595 3.0088 3.2167 3.1274
RMSE & 0.2507 0.2298 0.5126 0.4674
mean: A —0.6989 -0.7027 —0.7239 -0.7197
RMSE 1 0.1157 0.0953 0.1144 0.0882
mean: D 0.4913 0.5022 0.4261 0.4514
RMSE ¥ 0.0758 0.0716 0.2068 0.1994
Effective Samples 1,000 1,000 936 994

8, =8, = 107> for sharply peaked EIVM distributions and 8, = §, = 0.05 for flat-topped EIWC distributions. This is because
most of the MLEs of A and v for the cases in flat-topped EIWC distributions provide values on the boundary, which yields
an unsatisfactory Lindley’s approximation when §, and &, approach 0. For Lindley’s methods, the resulting estimates for A
and v may have values greater than 1 in the absolute value. We omit these solutions for computing means and RMSEs. The
number of admissible solutions are denoted as the effective sample sizes in Tables 1 and 2. From these tables, the following
conclusions can be obtained.

First, for the case of EIVM distribution, the ratio of unsuitable solutions for Ly g and Lyap are 30.1% and 16.5%, respec-
tively, for sample size n = 50, whereas these values decrease as the sample size increases. On the contrary, these values
greatly increase for the flat-topped EIWC distribution. This indicates that Lindley’s methods are unstable, especially in small
sample sizes and for the MLE-based estimation and flat-topped distributions. This is because the MLE tends to overfit the
simulated data, and the resulting MLEs for A or v tend to have values at the edge of the parameter space. We can see that
Lindley’s method with the MAP estimates is more robust than that with the MLE.

Second, as the sample size increases, the bias of the estimates decreases. This confirms the consistency properties of all
estimators. The MAP estimates have a smaller bias than that of other estimates for the parameters « and v, whereas the
performance of the approximate BEs based on Lindley’s method with MAP estimates is the best for the parameters n and
A in terms of bias.

These simulation results reveal the difficulty in estimating skewness and peakedness parameters by using the MLE. It is
clear from Tables 1 and 2 that the bias of MLE and the MLE-based Lindley’s estimates are larger than those obtained from
MAP and MAP-based Lindley’s estimates for the two situations. These drawbacks are more apparent in small samples of
n = 50. Moreover, the corresponding Lindley’s method based on the MLE does not significantly improve their performances,
due to the unstable Hessians and third derivatives of their log-likelihood functions. The ratios of the estimated parameters
on the boundary, that is, for either %~ £1or b~ +1, are 25.8%, 10.8%, and 0.7% for sample sizes 50, 100, 300, respectively,
in 1,000 simulations for EIVM distributions. These values for either A ~ +0.95 or ¥ ~ +£0.95 are 64.9%, 48.9%, and 29.2%,
respectively, based on the flat-topped EIWC distributions. However, in a Bayesian inference setting, we use transformed
normal prior distributions, which aim to avoid the estimates on the boundaries, and the posterior mode and approximate
BEs based on MAP estimates will never take 1 or —1.

Lindley’s approximation is not applicable when the estimated parameters take values on the boundary of the parameter
space, as it is doubtful that Condition D2 will hold, yielding inadmissible solutions of the estimates. However, it can be
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Table 4.2

Means and root mean square errors (RMSEs) of the maximum likelihood estimate (MLE), maximum a posteriori (MAP) estimate, Lyg, and Lyap of the
parameters of the extended inverse transformation of wrapped Cauchy distributions, using 1,000 simulated samples of size n from the model with p =0,
p =05 A=0.7 and v = -0.5.

MLE MAP Luie Luap
n =50
mean: 1 0.1730 0.1805 0.1933 0.1774
RMSE & 0.4919 0.4865 0.7588 0.4772
mean: p 0.5400 0.5325 0.4661 0.4553
RMSE p 0.0960 0.0910 0.1361 0.1394
mean: A 0.4216 0.4018 0.2786 0.3299
RMSE A 0.7367 0.7036 0.6322 0.6609
mean: D —-0.4107 —-0.3762 —0.0458 -0.2735
RMSE ¥ 0.6092 0.5698 0.6891 0.4776
Effective Samples 1,000 1,000 192 537
n =100
mean: 1 0.0902 0.0959 0.1687 0.0697
RMSE 1 0.3473 0.3327 0.3706 0.3154
mean: p 0.5191 0.5133 0.4462 0.4747
RMSE p 0.0730 0.0678 0.1107 0.0868
mean: A 0.5815 0.5646 0.4337 0.5428
RMSE 2 0.4933 0.4649 0.4991 0.4573
mean: D -0.4797 —0.4523 —0.0997 —-0.3857
RMSE ¥ 0.4625 0.4165 0.6314 0.3777
Effective Samples 1,000 1,000 311 611
n =300
mean: 1 0.0135 0.0216 0.0197 -0.0133
RMSE 0.1715 0.1621 0.1559 0.1461
mean: p 0.5133 0.5096 0.4637 0.4921
RMSE p 0.0545 0.0489 0.0733 0.0479
mean: A 0.6904 0.6744 0.6641 0.7170
RMSE 4 0.3197 0.2771 0.3924 0.2615
mean: D —0.5458 -0.5237 -0.3033 —0.4953
RMSE ¥ 0.3197 0.2771 0.3924 0.2615
Effective Samples 1,000 1,000 615 820

seen that Lindley’s approximation provides a better performance with RMSEs when the estimated parameters are within
the corresponding parameter space; this is especially true for MAP-based Lindley’s approximation.

5. Data analysis

To apply estimation procedures for circular data, we use the following datasets. The first dataset is the wind direction
studied by Agostinelli (2007). The circular library of R software contains this dataset labeled as wind object. The data
consist of 310 records of wind direction measured from the north in radians that are measured at a meteorological station
in the Italian Alps from January to March 2001. The second and third datasets are the compass angles of the orientations of
termite mounds of Amitermes laurensis at 14 sites in Cape York Peninsula, North Queensland. These datasets are available
from Fisher (1993) and the circular library in R software. The data are labeled with fisherB13. We use the datasets
numbered #1 and #8, and the sample sizes are 100 and 48, respectively, because these data had unimodal and skewed
distributions based on the histograms given later in Figs. 5.1 to 5.3.

For these datasets, we compute a circular sample mean and mean resultant length for the explanatory data analysis. The
wind data have circular mean of 0.2922 radians and mean resultant length of 0.6557. The compass angle of the orientations
of the termite mounds has mean directions of 0.0490 and —0.0989 for datasets #1 and #8, respectively. The corresponding
mean resultant length becomes 0.8826 and 0.9427 for datasets #1 and #8, respectively, which demonstrates highly con-
centrated data distributions. Before we fit the skewed distributions for these data, we test the null hypothesis of reflective
symmetry against the alternative of a skewed distribution. The p-value of the test statistics for circular reflective symmetry
of Pewsey (2002) for the wind data is less than 0.01, which indicates that there is no evidence that the underlying distri-
bution is symmetric. On the other hand, the p-values for datasets #1 and #8 for the orientations of termite mounds data
are 0.0889 and 0.9355, respectively. As the symmetry test of Pewsey (2002) is based on the asymptotic distribution theory,
we cannot find strong evidence against a reflective symmetry for datasets 2 and 3 despite the histogram demonstrating
somewhat asymmetric distributions. Pewsey (2002) provided a bootstrap version of the test for reflective symmetry. The
test results are the similar as those obtained from the asymptotic distribution-based tests, that is, the p-values of dataset 1
are less than 0.0001, and for datasets 2 and 3, the corresponding p-values are 0.0869 and 0.9537, respectively. Here, we set
the number of bootstrap replicates as B =9, 999.
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1.2

0.94

0.34

0.04

Wind directions in radian
—— EIVM+MAP ----EIVM+MLE - --EIWC+MAP - — EIWC+MLE

Fig. 5.1. Estimated densities with the histogram of wind direction in the Italian Alps. The abbreviations EIVM, EIWC, MLE, and MAP stand for extended
inverse transformation of von Mises, extended inverse transformation of wrapped Cauchy, maximum likelihood estimate, and maximum a posteriori, re-

spectively.

1.0

density

0.54

0.0+

Compass angle in radian
—— EIVM+MAP - --- EIVM+MLE - - - EIWC+MAP - — EIWC+MLE

Fig. 5.2. Estimated densities with the histogram of compass orientations of termite mounds dataset #1. The abbreviations EIVM, EIWC, MLE, and MAP
stand for extended inverse transformation of von Mises, extended inverse transformation of wrapped Cauchy, maximum likelihood estimate, and maximum

a posteriori, respectively.

The base symmetric density function f; must be specified before we estimate the model parameters to fit the data. As we
do not have any information about the specification of the base symmetric density, we use the Akaike information criterion
(AIC) and Bayesian information criterion (BIC) to compare the performance of the model selection among the various choices
of model specifications. For the choice of symmetric base density, we use the von Mises and wrapped Cauchy distributions.
The best model is selected with the smallest AIC and BIC values. Table 1 summarizes the estimated model parameters using
MLEs, together with AIC and BIC values.

According to the AIC values in Table 1, the four-parameter extended inverse transformation of scale distributions are
selected for all three datasets, whereas BIC selects a skewed model (v = 0) of the EIWC distribution for datasets 1 and 3
and a symmetric and peakedness controlled model (A = 0) of the EIWC distribution for dataset 2. The EIVM distributions
have better fitting performances than those of the EIWC distributions with smaller AIC and BIC for all three datasets. It must
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Compass angle in radian
—— EIVM+MAP - --- EIVM+MLE - - - EIWC+MAP

11:/2 7
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Fig. 5.3. Estimated densities with the histogram of compass orientations of termite mounds dataset #8. The abbreviations EIVM, EIWC, MLE, and MAP
stand for extended inverse transformation of von Mises, extended inverse transformation of wrapped Cauchy, maximum likelihood estimate, and maximum

a posteriori, respectively.

Table 5.1

Maximum likelihood estimates for the extended inverse transformation of von Mises (EIVM) and extended inverse transformation of wrapped Cauchy
(EIWC) distributions with Akaike information criterion (AIC) and Bayesian information criterion (BIC) values.

EIVM distribution

I K A v AIC BIC
Dataset 1: Wind direction at Italian Alps data
Skewed (v = 0) model 0.0584 1.8532 0.6257 - 821.7 832.9
Symmetric (A = 0) model 0.1137 1.7854 - 0.9106 762.7 773.9
Skewed and peakedness controlled model 0.0670 1.7966 0.5020 0.8820 751.6 766.5
Dataset 2: Orientations of termite mounds No.1
Skewed (v = 0) model —0.1053 4.8380 0.4776 - 145.0 152.8
Symmetric (A = 0) model 0.0062 2.9710 - 0.5426 133.9 141.7
Skewed and peakedness controlled model —0.0852 3.0475 0.3997 0.5373 131.2 141.6
Dataset 3: Orientations of termite mounds No.8
Skewed (v = 0) model —0.0841 9.0281 —0.0743 - 39.5 451
Symmetric (A = 0) model —0.0711 3.8237 - 0.6488 313 36.9
Skewed and peakedness controlled model 0.0094 3.8558 -0.7136 0.6698 30.2 37.7

EIWC distribution

" P A v AIC BIC
Dataset 1: Wind direction at Italian Alps data
Skewed (v = 0) model 0.0615 0.7026 0.5044 - 756.4 767.6
Symmetric (A = 0) model 0.1122 0.6629 - 0.3716 762.1 773.3
Skewed and peakedness controlled model 0.0631 0.6704 0.4808 0.3211 754.2 769.1
Dataset 2: Orientations of termite mounds No.1
Skewed (v = 0) model —0.0860 0.7916 0.3976 - 141.3 149.1
Symmetric (A = 0) model —0.0153 0.8787 - —0.9989 140.3 148.1
Skewed and peakedness controlled model —0.0896 0.8798 0.4177 —0.9990 1383 148.7
Dataset 3: Orientations of termite mounds No.8
Skewed (v = 0) model 0.0013 0.8572 —0.6720 - 344 40.0
Symmetric (A = 0) model —0.0481 0.9208 - —1.0000 34.9 40.5
Skewed and peakedness controlled model 0.0014 0.9211 -0.6592 —1.0000 34.2 41.7

Note: The smallest AIC and BIC values are shown in boldface. The hyphen indicates that the corresponding parameter is set at 0.
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Table 5.2
Estimated parameters of the extended inverse transformation of von Mises (EIVM) and extended inverse transformation of wrapped Cauchy (EIWC) distri-
butions for three datasets.

EIVM EIWC (v =0)

i K A v N P A
Dataset 1: Wind direction at Italian Alps data
MLE 0.0670 1.7966 0.5020 0.8820 0.0615 0.7026 0.5044
MAP 0.0665 1.7740 0.5014 0.8625 0.0610 0.7028 0.5080
Lmie 0.0645 1.7415 0.5389 0.8432 0.0593 0.7025 0.5400
Luap 0.0632 1.7838 0.5478 0.9093 0.0675 0.6986 0.4825
Dataset 2: Compass angle of the orientations of termite mounds No.1
MLE —0.0852 3.0475 0.3997 0.5373 —0.0860 0.7916 0.3976
MAP —0.0848 2.9199 0.3977 0.5573 —0.0855 0.7912 0.3947
Lmie —0.0841 2.9843 0.4118 0.5390 —-0.0786 0.7964 0.3868
Luap —0.0855 2.9044 0.4180 0.5568 —0.0744 0.7971 0.3636
Dataset 3: Compass angle of the orientations of termite mounds No.8
MLE 0.0094 3.8558 —0.7136 0.6698 0.0013 0.8572 -0.6720
MAP 0.0008 3.5118 —0.6455 0.7023 0.0027 0.8572 —0.6861
Lmie —0.0081 3.6724 —-0.8225 0.6696 —-0.0027 0.8718 -0.8173
Lyvap —0.0014 3.4445 -0.8126 0.7169 —0.0488 0.8576 -0.5613

be noted that the MLEs for the peakedness parameter v in the EIWC distribution have values close to —1 for datasets 2 and
3, which indicates that the peakedness around the mode is controlled by both p and v, and the peakedness parameter
v is not necessary for highly concentrated data when we use the wrapped Cauchy base density function. Moreover, the
corresponding Lindley’s approximation does not provide reliable parameter values for these datasets.

As we compare the different estimation methods including the BEs, we use rather non-informative priors for the BEs that
are (my, me,my,my)" =(0,1,0,0) and (o, 0k, 0;,0,)T = (0.8,1,0.8,0.8)7 for the EIVM distribution. From the result of
the model selection given in Table 1, we fit the EIWC distribution setting v = 0, and the prior parameters are chosen as
(my,my,my)T =(0,0,0)T and (o, 0p,03)T = (0.8,0.8,0.8)T. Recall that the prior distributions are given in Eqgs. (11) and
(12). Table 2 summarizes the estimated parameter values for the three datasets listed above using the EIVM and EIWC
distributions. All of the estimates are similar to each other among the datasets, except for Lindley’s approximate BEs for A
and v of the EIVM distribution. The estimated values for A indicate that there is strong evidence against the null hypothesis
of the reflective symmetry, which can be confirmed from Figs. 5.1 to 5.3.

For the EIWC distribution, we set v =0 for all the datasets to provide a reliable inference of the model parameters,
because Lindley’s method does not provide satisfactory estimates for v and A. As the effects of the peakedness parameters
in the EIWC distributions are absorbed by the concentration parameter p, a more simplified model specification is possible
when assuming the wrapped Cauchy distribution for a base density function. Hence, it is important to select an appropriate
base density function that provides better fitting performance for data analysis.

The estimated density functions, together with the histograms, are plotted in Figs. 5.1 to 5.3. According to these fig-
ures, we can verify that our proposed inverse transformation of scale distributions can successfully capture the skewness
and sharply peaked features of underlying data distributions. The differences between the wrapped Cauchy and von Mises
distributions for the base density appear in the peakedness around the mode. According to Figs. 5.2 and 5.3, the EIVM dis-
tribution has a lower peak around the mode than that with the EIWC distribution even though the peakedness parameter
is larger than that of ¥ in the EIWC distribution. This is because the wrapped Cauchy distribution has desirable properties
that fit the sharp distribution without introducing the peakedness parameter v.

6. Summary and conclusions

In this study, we consider the unimodal skew and sharply peaked and flat-topped distributions on a circle by using
the transformation of scale by Jones (2014). The explicit expressions for the distribution functions with a base density for
the von Mises and wrapped Cauchy distributions are provided. The efficient methods for random sampling of the proposed
density are given, where the sampling scheme does not rely on acceptance-rejection sampling. To estimate the model pa-
rameters, we introduce the MLE, MAP estimator, and Lindley’s approximations for BE. Numerical simulations are performed,
and they demonstrate that the BEs perform well in small samples. The data analysis also illustrated that the proposed distri-
butions are useful for practical purposes. For future research topics, several computational approaches and algorithms using
MCMC for obtaining posterior distributions of the model parameters are worth investing.

The main limitation of the proposed extended inverse transformation of scale distribution is that the explicit forms of
the trigonometric moments of the distributions are difficult to obtain, and hence we did not derive a method of moments
estimation or utilize empirical characteristic function approaches for parameter estimation. It must be noted that Bayesian
model selection procedures that require computation of marginal likelihoods are difficult to obtain without using Monte
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Carlo simulations when the MLE occurs at the boundary of the parameter space. We leave these topics open for future
research.
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Appendix A. Proofs of Theorems

In this Appendix, we provide proofs of theorems given in Sections 2 and 3. For the proofs of Theorems 1 and 2, we
assume p = 0 without loss of generality.

Proof of Theorem 1. The cumulative distribution function for the inverse transformation of scale distribution with arbitrary
base symmetric density fp(6) can be written as

t0(9)

%
F(6) :/_ﬂ ﬁfo(t&“)(t))dt - = veosu) fo(uydu

— V1
1 t0,1(9)
=1_W{F0( (9))—1)(/ cosufo(u)du>}. (A1)

For the case with von Mises distribution as base symmetric density féVM)(H), recall that the Fourier series for féVM)(Q) is
expressed as

fVM)(G) Z Ip( ©) cosp@,

which gives distribution function F( M) as

9+7r I(k) 1
(VM) p
E7(0) = EI()plpG
As we have
0 0+ (k) (k) +Ipr1 (k) 1
t (VM) )dt = 1 Z p 1 p+1 0.
/—‘7‘[ costfo () 21 Io(k) "o Io (k) p sinp

the distribution function of the extended inverse transformation of scale distribution with the base von Mises density de-
fined by (3) and A = 0 is given by

[ o3 (©)
FEVM) gy — / 1 fé"W(t(;L(r))dt:l 1va / (1 —veosu) fS™ (u)du
- ’ - 1J-m

1 —voy
! FYM(t=1(0)) — v /tw(e) cos uf™ (u)du
1-— Vo 0 o,v . 0

-1
1 {FO(VM)(tOl(Q)) _ U<t0v(0)+ﬂ: Il (K) n 21 Z M;Sln(p[ (0))) }7
p=1

1-voy 2 Ip(k) Ip(k)

where FéVM)(H) is the distribution function of the base von Mises distribution. Recall that a; =I; (x)/Ip(k) and the mod-
ified Bessel function has the following relations: Ij (k) = I; (k) and I;,(K) = (Ip_1(x) 4+ Ip41(x))/2. Then, we obtain a more
simplified expression as

(9)+7‘( Ip(/c)—vl’( )1

FEVM) () — Z ) = VL) B sin(pt,1(6)), when 1 =0.

For the case with symmetric wrapped Cauchy distribution for the base density, the term involved in (A.1) becomes

0 14021 1 +p 0 1-p20+m
(WO (g n-
/_nc stho™ (®)dt 2p (2 nta <1—pt 2 2r 2p

140 wo
= S 2R00) (0+rr)
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Therefore, the distribution function of the extended inverse transformation of scale distribution with wrapped Cauchy den-
sity defined by (4) with A = 0 is given by

F(EIWC)(Q) _ [9
1=

féwc)(t&})(t))dt

1 to 1 (0) (We)
=1 v / (1 —-vcosu)fy" ' (u)du
-

2
=11Up{(1v1;pp )Féwc)(t ©)+vy 'O( (9)+7r)}.

This completes the proof of Theorem 1.

Proof of Theorem 2. We have

P(® < 0) =P<® “0.U < SA(;”) +P<®§9,U> 5“;”)

B P(‘Ij <5 0).U=< W) +P<‘p > —571(0),U > S&(\y))

5.1(0)
[ P<U Sx(lﬂ)>f0(1//)d1p+/ 1(0)P<U sx(¢)>f0(¢)dw

/ 51O Sk(lﬁ) Sk(w)

foWdy + / o (1 - )fow)dw

where we have used the relations (s} (¥) + 5} (-=%))/2=1 and (s;l)/(e) =1/s} (s;l (0)). Then, we observe

iP(@ <0)
_ SA(SQ(@))

f(©)

/(o1 0
fols;10))(s71)/(0) — (1 - sx(sg,()))fo(—sk1 0)) (=5, ©)Y

= SA(SA1(9))f0(5;f1 (0))(s71)(0) = fo(s;'(0)),
which shows that ©® has density function (2) with base symmetric density function f(6).

Proof of Theorem 3. Assumption B2 implies that there exist some constants M* > 0 and m* > 0 such that

sup f(0;9) <M* and inf f(0;9) > m*,
neH neH

which lead to Ey,[log f(©; n)] > —oc, and for every sufficiently small ball U € H,
Epy[suplog f(©; )] < oo.
neu

Write Hy for a set {5 € H|Eyy[log f(®|ng)] = sup, Epy[log f(®; )]} of all points at which Epi[log f(©; 5)] attains its global

maximum. It follows from the Kullback-Leibler inequality and Assumption B5 that Hy = {1,}. Using Theorem 5.14 of van der

Vaart (2000), for fy(nMLE) such that Z(n(MLE)) > ¢(11o) and for every € > 0, we have

P —noll =€) =0 (n— o0).

Next, we prove the asymptotic normality. Assumption B3 implies that the first three derivatives of the log-density are
. . 93 A . 4 [
bounded uniformly in (6, 7) on [-m, ) x H, because ‘W log f(6; n)| is bounded above by > ,_; RO pot1 @t
AY
and infy , ti U(t;lv(é’ —m)) > c for some constants ¢, >0 (¢ =1, ..., 4) and c > 0. Hence, the Lipschitz condition with crite-
rion function (39/dn)n=1¢(y) is verified. This together with Assumption 2 and Theorem 5.21 of van der Vaart (2000) implies
the results.
Finally, we derive the Fisher information matrix given in (9). Recall that the log-likelihood function is given by

n
(1, 2,101, . 0n) = ) log fo(t; ] (6 — p1); k) — nlog(1 — var (k).
i=1
It is noted that the first cosine moment o () depends on the concentration parameter « of the base symmetric density. Let
§=0 - and H, () be even functions with |H; ()| <1 and H, (0) = 0. Suppose that the function s(J) is given by s(J) =
7+ H, (). and pdf fy(8; k) has a concentration parameter k. As in Jones and Pewsey (2012), write s* = ds/dA and log f(0) =
logfo(t;}) (0 — ); k) —log(1 — vay (k). Then, we have the following derivatives: s'(y) =1+ H; (¥), sh(y) = H)’} W), s*(@y) =
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H*(y). s”(y) =H{ (y). and s**(y) = H}*(y). Note that H}(y) is an even function of y. The derivatives of function t(y) in
terms of A and v are

t},(y) =sin’(y — vsiny)
and

t ,(y) = —siny — Asinysin2(y — vsiny)

= —siny(1+ Asin2(y — vsiny)),

respectively. Note that t)):.u is an even function.
Consider the case with v = 0. Write y = sf (6 — ), and then we have off-diagonal elements of the Fisher information
matrix:
L;uc|v:0 = lalv=o = 0.
These results are also extended to the case when v % 0, namely, when t; ,(0) = s, (ty,,(0)). Then,
1
1—voq(k)

folt; @) k) = (fo oty ) (s (0): k),

1—voaq(k)
and we have
bue =ty = by = by = 0

by making use of the above results because 1/(1—vaq)(foot™1)(-)|;_o is also a symmetric density. Set y = t‘l @ — ).
Then, the other off-diagonal elements of the Fisher information matrix are given by

1 / { > ' () — )" (Y) t*(y)

(log foy)) +

2

ll')\ = 1 — pal t/(y)Z t/(y) (lngO(.Y))N}fO(y)dy

1 t/x (y) t)‘ (y)t” (y) , t)‘ (y) .
=1_m1/{<— 7o)t P )(logfo(y» -7 1os o) }fo(l/)dy

2 2
v = - [“’gm} —E[aa {log fo(v) - loga—voe])}}

and

dkov

[3y 9 (log fo )y + 211 1]

aK (] — UO[])2

tv (y) d 80[1 1
= [ S togfu)y fde - G
U fa (B9 R0 e 1
=k w(fo(v) fo)? )ff’(”dy B (- var)?

1 v 1K f/(y)fk(.y) 8061 1
:1—va1/t (y)< R Y00 )dy_&c(l—val)z

i e ROEWY, a1
:1—va1/(‘s'“”(°@)‘ “ho )d V7 e A van?

In a similar way, it is noted that ¢, is given by

o= [¢) (f/”(y) - W)dy.

The element becomes zero since t*(y), f<(y), and f(y) are even functions, and f’*(y) and f'(y) are odd functions. The
diagonal elements are given by

921 02 oy \”
L = —E[gi’;@)} - —E[ali};(logf(y))’ + <8ZL> (logf(y))”}
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~ 1 () / )
) _E[_t’m oy 1080+ g 108 1) }
1 () 1
1 ve [(t/(y)z (log Jo))" = 7735 )fO(V)dy

__ 1 ") i fo)?
‘1—va1/<r/cy>2f°(” r/(y)(f"(” f(y)))dy

2 2
o = - [a"’gm} - —E[aaxz{logfo(y) ~log(1 - vao}}

K2
e ] v () )
= va/ (y)a logfo(y)f(y)dy_v< 1va]%2,f21+v(1_1a1)2<%‘;)2)
- T /t’(y)( 5 ) - fjfo((yy);)dy_v(1 L v (aaoI?)Z)
- 1—va /“—vcosy)< ‘o) - f;(ﬁyyf)dy_v(l—]valaazg+(1_‘;a])z(830,?>2>’
b=k [8213%@)] =-E [aak (%(logf@))’)]

[0 () ,
=E_8/\<t,@) (logf(v))ﬂ

[/ o PRy //\ A\t > :

( vy )2 vy o) )
[ (2R )2 Y) , tr(y)? "
=E_<—2 Tor T )(logf(y)) - T (log f(¥)) ]

- ((_z”@)“@) N “WW)> (log f»)) - 29 (10g f(y))”> fo)dy

T1-vey t'(y) t'(y)2 ')
1 COG) | PO o PO (e [0
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3 (W) / i
:E_Bv(t/(y) (log fo(¥)) )} “Tova)?

vy v v v v " v 2 2
L (t v _ o (y>+ay(r W) o (y))>(10gfo(y))/—<t(y)) (logfow))ﬁ]_ o

oo~ eor Tal\ve) T o v —van?
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1wy / (<_1 —vcosy + (1 —ucosy)z)fo(y)_ 1 —vcosy( o) - ;o(y) ))dy— a —v]al)Z'

We have used the fact that t**(y) = 0. The resulting expected information matrix is given by

tup  lue lun luy lup 0 Lun 0
l;u{ Lk LKA Ly 0 lek O Ly
I(no) = =
0 )
i b b Lo tn 0y O
Luv bev Lo o 0 Ly 0 Ly

and its corresponding determinant becomes det {I(9g)} = (tputsiy — Lik)(t,(,(tw —2).

From the above expressions for the entries of the Fisher information matrix, elements ¢, tx«, and ¢, do not depend on
the skewness parameter A. It should be noted that the pairs of the entries in the Fisher information matrix between (u, )
and (k,v) are always zero.

The following lemma is needed to prove Theorem 4. This lemma provides a consistent result for minimum contrast

estimators. When we set a contrast function as U, () := —(1/n) log{f(6,;: )p(y)}. the MAP estimator i]E,lMAP) is viewed as

the minimum contrast estimator, that is, Uy, (ﬁg,MAP)) < Uy () for any 5 € H. Here, we should note that prior p(5) can be zero
in the boundary of the parameter space H. Essentially, p(A) and p(v), which are proposed in Eq. (11), are zeros at A = +1
and v = £1, respectively. Then, because the log-prior log p(n) can be —oco at such points, the standard technique to prove
the consistency of estimators is not available. However, the theorem below works even for such a case.

Lemma 1. Let U(y) := E[—log f(©; 3)]. We assume that
E1: For any € > 0,
liminf inf U,(y)> inf U(y) as.

n—>co  ||g—1o|lz€ [In—mollz€

E2: For any € > 0, infj,_, 1o U(n) > U ().
E3: limsup,_, .. Un(1o) < U(y) as.

Then, limp_, o ||1751MAP) —noll =0 as., and hence i;%MAP) —p No-

Condition E1 is a weaker version of the uniform strong law of large numbers, and Condition E2 means the identifiability
of model f(6; 7).

Proof of Lemma 1. From the definition of the MAP estimator, it holds that
lign sup [Un HMAP) — Un(no)] <0 as.
Hence, combining the above equation and Condition E3, we have
tim sup 0 (""" <tim sup {0,857 ~ Un (15) | + tim sup G (o)
< lifnn Soljp Un (mo)
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<U(my) as. (A.2)

Let (&, 4, P) be an infinite Cartesian product of infinite probability spaces (Z, A, P) with P being the true probability dis-
tribution. Then, an infinite sequence (#;,65,---) of observations becomes an element of Z. Then, for any € > 0, and any
element 0., = (01,65, ---) € & that satisfies inequality (A.2) and Condition E1, there exists a positive constant ng := ng(#, €)
such that for every large n with n > ng,

inf Un(n)> mf U@m) > U@g) = Un(i

AP))
[ln—mnoll=€ —Noll=€

a.S.

From this, we have

n—o0 ||g-nl|=

1= I3<11m inf mf Un(n) > Un(fyﬁMAP)))

IA

I5<Ve >0, dng:=ng(e) such that n > ng implies - inf  U,(n) > U,I(A(MAP ))

ollz€

IA

15(\7’6 >0, 3dng:=ng(e) such that n > ny implies ||7, (MAP) _ Nl < 6)

= B( fim 170"~ ol =0).

(MAP)

Recall that we have used relation ||17 —ol| = €, which implies infj,_, ||>e Un(y) < Un(i;E,MAP)) and its contraposition for

the derivation of the above transformation.

Proof of Theorem 4. Because there exists a positive constant M > 0 such that |log f(9; )| <M for any 6 and 7, by the
dominated convergence theorem, U(5) = E[— log f(©; )] is continuous with respect to y. Combining this and the compact-
ness of H leads to E2.

It is necessary to illustrate Conditions E1 and E3. First, we verify Condition E1. Because |log f(0; 5)| <M by Condition
B2, the boundedness of «q (k) as in B3, and the uniform law of large numbers, we have

lim sup ——Zlogf(@,,n) E[-log f(®; ]| = as. (A3)

Tl—>00

from Theorem 16(a) of Ferguson (2017). Thus, we have

n=00 ||p—1ol|z€ =00 |[n-1ol|z€

liminf inf 0,0p) = liminf _inf {—;Xn:logf(@;ﬂ)—;logp(n)JrE[logf(@;n)]—E[logf(G);rl)]}
i=1

n—0o ||p—1qll=e€ [lm=nqll

e 1 ¢ o 1
> liminf inf {n ;logf(&, n) — E[—log f(O©; 17)]} + llgrlloglf mf {—E logp(n)}
+ inf OUp). (A4)
[ln—noll=€

The first term in Eq. (A.4) is zero by Eq. (A.3). Moreover, —log p(n) is bounded from below on the neighborhood of 5,
because p(n) is continuous on H and p(n,) > 0, and hence the second term in Eq. (A.4) is also zero. Therefore, Condition
E1 is verified. Next, we verify Condition E3. By the strong law of large numbers, Condition C1, and p(n,) > 0, we have

- . 1¢ o1
Jim Un(1o) = lim {—n Elogf(ﬂi, 770)} — lim —log p(1o)

=U0®m, as.,

which leads to Condition E3. Therefore, n 7MAP) i strongly consistent.

Finally, we show the asymptotic normality of 11 (MAP) "To do that, it suffices to verify the condition n=1(3 /an)e(i;;“"“’)) =

0p(n~1/2) of Theorem 5.21 of van der Vaart (2000). Let n—1 (0/0m)e(n) be a criterion function. Then, this immediately holds

because n*l(a/an)i(ﬁ(nMAP)) —(1/n)(3/97) log p(i;, MAP) = 0p(n~1). Hence, arguing as in the proof of Theorem 3 leads to
the conclusion.
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