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Abstract

Nonparametric estimators of a regression function with circular response and R?-
valued predictor are considered in this work. Local polynomial estimators are proposed
and studied. Expressions for the asymptotic conditional bias and variance of these
estimators are derived, and some guidelines to select asymptotically optimal local
bandwidth matrices are also provided. The finite sample behavior of the proposed
estimators is assessed through simulations, and their performance is also illustrated
with a real data set.
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1 Introduction

New challenges on regression modeling appear when trying to describe relations
between variables and some of them do not belong to an Euclidean space. This is
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Nonparametric multiple regression estimation for circular response 651

the case for regression problems where some or all of the involved variables are cir-
cular ones. The special nature of circular data (points on the circumference of the
unit circle; angles in T = [0, 2m)) relies on their periodicity, which requires ad hoc
statistical methods to analyze them. Circular statistics is an evolving discipline, and
several statistical techniques for linear data now may claim their circular analogues.
Comprehensive reviews on circular statistics (or more general, directional data) are
provided in Fisher (1995), Jammalamadaka and SenGupta (2001) or Mardia and Jupp
(2000). Some recent advances in directional statistics are collected in Ley and Verde-
bout (2017). Examples of circular data arise in many scientific fields such as biology,
studying animal orientation (Batschelet 1981), environmental applications (SenGupta
and Ugwuowo 2006) or oceanography (as in Wang et al. 2015, among others). When
the circular variable is supposed to vary with respect to other covariates and the goal is
to model such a relation, regression estimators for circular responses must be designed
and analyzed.

Parametric regression approaches were originally considered in Fisher and Lee
(1992) and Presnell et al. (1998), assuming a parametric (conditional) distribution
model for the circular response variable. In this scenario, Euclidean covariates are
supposed to influence the response via the parameters of the conditional distribution
(e.g., through the location parameter, as the simplest case, or through location and
concentration, if a von Mises distribution is chosen). Following the proposal in Pres-
nell et al. (1998), Scapini et al. (2002) analyzed the orientation of two species of sand
hoppers, considering parametric multiple regression methods for circular responses.
A parametric multiple circular regression problem was also studied in Kim and Sen-
Gupta (2017), considering the functional relationship between a multivariate circular
dependent variable and several circular covariates. Further, a multiple angular regres-
sion model for both angular and linear predictors was studied by Rivest et al. (2016).
Maximum likelihood estimators for the parameters were derived for some von Mises
error structures.

Beyond parametric restrictions, flexible approaches are also feasible in this con-
text, just imposing some regularity conditions on the regression function, but avoiding
the assumption of a specific parametric family for both the regression function and
the conditional distribution. Nonparametric estimators of the regression function con-
sidering a model with a circular response and a single real-valued covariate were
introduced in Di Marzio et al. (2013). The authors proposed smooth estimators for
the regression function which are defined as the inverse tangent function of the ratio
between two sample statistics, obtained as weighted sums of the sines and the cosines
of the response observations, respectively. Specifically, they considered local constant
and local linear weights.

The problem of nonparametrically estimating the conditional mean direction of a
circular random variable, given a RY_valued covariate, is considered in this work. If
the relation between both variables is viewed from a model-based approach, then our
proposal aims to estimate the usual target regression function, given by the inverse
tangent function of the ratio between the conditional expectations of the sine and
cosine of the response variable. Our proposal considers two regression models for
the sine and cosine components, which are indeed regression models with real-valued
responses and d-dimensional covariates. Then, nonparametric estimators for the cir-
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cular regression function are obtained as the inverse tangent function of the ratio of
local polynomial estimators for the two regression functions of the sine and cosine
models, respectively. The estimators obtained with this proposal generalize to both
higher dimensions and higher polynomial degrees the proposals in Di Marzio et al.
(2013). The approach of considering two flexible regression models for the sine and
cosine components has been also explored in Jammalamadaka and Sarma (1993),
where the objective is the estimation of the regression function in a model with cir-
cular response and circular covariate. In this case, the conditional expectations of the
sine and the cosine of the response are approximated by trigonometric polynomials
of a suitable degree. A similar approach has been also considered in Di Marzio et al.
(2014), where the problem of nonparametrically estimating a regression function with
spherical response and spherical covariate is addressed as a multi-output regression
problem. In this case, each Cartesian coordinate of the spherical regression function
is separately estimated.

This paper is organized as follows. In Sect. 2, the regression models for the sine and
cosine components of the response are presented, jointly with a multiple regression
model for the circular variable. Assuming that all these models simultaneously hold,
certain relations between the first- and second-order moments of the involved errors
are established. In Sect. 3, the nonparametric estimators of the regression function
are proposed. Sections 3.1 and 3.2 contain the Nadaraya—Watson (NW) and local
linear (LL) versions of these estimators, respectively, and include expressions for their
asymptotic biases and variances. A local polynomial-type estimator with a general
degree p, for the case of univariate predictor, is also analyzed in Sect. 3.3. The finite
sample performance of the estimators is assessed through a simulation study provided
in Sect. 4. Finally, Sect. 5 shows a real data application about sand hoppers orientation.

The proofs of all the theoretical results, along with some additional simulations
experiments, are collected in the accompanying Supplementary Material.

2 Regression models for circular response

In this section, we will establish the rationale behind our estimation proposal. First,
we will motivate the construction of our estimators, based on the expression of the
conditional mean direction of a circular variable ® given a d-dimensional covariate
X. Then, we will explain how our proposal can be related to a classical model-based
approach, where the circular response variable admits a representation in terms of a
regression function over the covariates plus a circular error term.

2.1 A general approach based on the conditional expectation

Let {(X;, ©;)}?_, be a random sample from (X, ®), where © is a circular random
variable taking values on T = [0, 27), and X is a random variable with density f
supported on D C R?. The dependence relation of ® on X can be modeled by the
conditional mean direction of ® given X which, at a point x € D, is given by:
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m(x) = atan2[m(x), my(x)], (1)

where m(x) = E[sin(®) | X = x], m2(x) = E[cos(®) | X = x] and the function
atan2(y, x) returns the angle between the x-axis and the vector from the origin to
(x, y). With this formulation, m and my can be regarded as the regression functions
of two regression models, respectively, having sin(®) and cos(®) as their responses.
Specifically, we assume the models:

sin(@;)) =m(X;)+ &, i=1,...,n, 2)

and
cos(®) =moXj)+ ¢, i=1,...,n, 3)

where the &; and the ¢; are independent error terms, absolutely bounded by 1, satisfying
E¢ | X =x) = E(¢ | X = x) = 0. Additionally, for every x € D, set slz(x) =
Var(¢ | X = x), s%(x) = Var(¢ | X=x)and c(x) = E(¢¢ | X =x).

Considering models (2) and (3), a whole class of kernel-type estimators for m (x)
in (1), can be defined replacing in its expression the unknown functions m(x) and
m3(x) by suitable local polynomial estimators as follows:

mu(x; p) = atan2[m q(X; p), mau(x; p)l, 4)

where for any integer p > 0, /i1 m(x; p) and mo m(X; p) denote the pth-order local
polynomial estimators (with bandwidth matrix H) of m(x) and m;(x), respectively.
The special cases p = 0 and p = 1 yield a NW (or local constant)-type estimator and
a LL-type estimator of m(x), respectively.

It should be noted that models (2) and (3) can also be regarded as the components
of a vector-valued regression model for the Cartesian coordinate representation of the
circular response @. Hence, taking the representation of the circular response as the
unit vector [cos(®), sin(®)], these models amount to a regression model for vector-
valued response whose error term is a random vector having zero conditional mean and
conditional covariance matrix with diagonal entries sg (x) and slz(x), and off-diagonal
entries both equal to ¢(x). In this case, the dependence relation of [cos(®), sin(®)]
on X can be modeled by the solution of the following minimization problem:

arg min E{||[cos(®), sin(®)] — u||2 | X =x},

uecRZ:|jul|=1

where || - || stands for the Euclidean norm. The solution of this problem is given by
the vector

{[Ilma(x), mi O}~ [ma(x), my(x)],
and its polar coordinate representation coincides with m(x) as given in (1).
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2.2 A model-based approach for polar representation

When trying to describe the relation between ® and X, apart from the approach
described in the previous section, we can also focus directly on the polar coordi-
nate representation of the response. With this perspective, using the random sample
{(Xi, ©;)}_, , we assume the regression model:

O, = [mX;) + &l(mod2r), i=1,...,n, 5)

where mod stands for the modulo operation, and ¢;,i = 1, ..., n, is an independent
sample of a circular variable ¢, satisfying E[sin(¢) | X = x] = 0 and having finite
concentration. In this setting, the circular regression function m in model (5) can
be defined as the minimizer of the risk function E{1 — cos[® — m(X)] | X = x},
which is the analogue of the L2 risk. The minimizer of this cosine risk is given by (1).
The assumption that model (5) simultaneously holds with the vector-valued regression
model presented in the previous section leads to certain relations between the variances
and covariances of the errors in models (2), (3) and (5), as will be described below.
Set£(x) = E[cos(e) | X = x],07(x) = Var[sin(e) | X = x],05(x) = Var[cos(e) |
X = x] and o12(x) = E[sin(e) cos(¢) | X = x]. Then, using the sine and cosine

addition formulas in model (5), it follows that, fori =1, ..., n:

sin(®;) = sin[m (X;)] cos(&;) + cos[m(X;)] sin(g;) (6)
and

cos(®;) = cos[m(X;)] cos(e;) — sin[m (X;)] sin(g;). 7

Hence, defining f(x) = sin[m(x)] and f>(x) = cos[m(x)] and applying conditional
expectations in (6) and (7), it holds that:

mi(x) = fix)€(x) and ma(x) = f2(x)€(x). (®)

Note that f7(x) and f>(x) correspond to the normalized versions of m(x) and m>(x),
respectively. Indeed, taking into account that f12 x) + f22 (x) = 1, it can be easily
deduced that £(x) = [m%(x) + m%(x)]l/ 2. Hence, under model (5), £(x) amounts
to the mean resultant length of ® given X = x, which, taking into account that
E[sin(e) | X = x] = 0 is assumed, also corresponds to the mean resultant length of ¢
given X = X.

In addition, if models (2) and (3) simultaneously hold with model (5), equating
expressions (2) and (6), and (3) and (7), and using (8), the errors in models (2) and (3)
can be written as:

& = fiXi[cos(ei) — LX)+ f2(Xi)sin(ei) i =1,....n &)

and
& = fr(Xy)[cos(e;) — X)) — fiXi)sin(g;) i=1,...,n, (10)
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which satisfy that E(§ | X = x) = E(¢ | X = x) = 0. Then, the assumption that
model (5) holds leads to a special case of error structure in models (2) and (3). As a
consequence, the following explicit expressions for the conditional variances of the
error terms involved in models (2) and (3), in terms of the conditional variances and
covariance of the Cartesian coordinates of €, can be obtained:

sT(X) = ()03 (%) 4+ 2f1(X) L(X)o12(x) + f37 (X)o7 (X), (11)
$3(%) = f7(X)05 (%) = 2£2(X) fi(X)o12(%) + fL X)o7 (X), (12)

as well as for the covariance between the error terms in (2) and (3):
c(X) = fi(x) (X)o7 (X) = f{(X)012(X) + f5X)012(%) — f1(X) (K)o} (x). (13)

3 Properties of kernel-type estimators

Asymptotic (conditional) bias and variance of the estimator given in (4) are derived
in this section. We will focus on the cases in which p = 0 and p = 1. The asymptotic
properties of the corresponding NW and LL estimators of m ;(x), j = 1, 2, are firstly
recalled just considering that models (2) and (3) hold. These results are then used to
obtain the asymptotic properties of the estimator presented in (4) with polynomial
degrees p = 0 and p = 1. When model (5) holds simultaneously with (2) and (3),
some simplifications for the asymptotic bias and variance expressions can be obtained.
Nevertheless, general results just assuming that (2) and (3) hold can be easily recovered
from the stated theorems. Finally, asymptotic properties of local polynomial estimators
with a higher-order p and D C R are also studied.

In what follows, Vg(x) and Hg(x) will denote the vector of first-order partial
derivatives and the Hessian matrix of a sufficiently smooth function g atx, respectively.
Moreover, for a vector u = (uy, ..., ud)T and an integrable function g, the multiple
integral [ [ ... [ g(duidus...dug will be simply denoted as [ g(u)du. Finally,
for any matrix A, AT |A| and tr(A) denote its transpose, determinant and trace,
respectively.

3.1 Nadaraya-Watson-type estimator

Considering models (2) and (3), local constant estimators for the regression functions
mj,j=1,2,atagivenpointx € D C RY, are, respectively, defined as:

Yo Ku(Xi —x) sin(©;)
Yo Ku(Xi —x)
}’}A’lj,H(X; 0) = (14)
Yici Ku(Xi —x)cos(@) ...
S KaXi—x) 77

ifj=1,
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where, for u € R?, Kg(u) = |H|"'K (H 'u) is the rescaled version of a d-variate
kernel function K, and H is a d x d bandwidth matrix. The estimator mg(x; 0) of
m(x), obtained by plugging (14) in (4), corresponds to the multivariate version of the
local constant estimator proposed in Di Marzio et al. (2013).

Next, the asymptotic conditional bias and variance expressions for myg(x; 0) are
derived. First, using asymptotic theoretical results for the multivariate NW estimator
(Hérdle and Miiller 2012), the asymptotic conditional bias and variance of 771 ; g (x; 0),
for j = 1,2, are obtained. These preliminary results, along with the covariance
between m g(x; 0) and s \(x; 0), are collected in Proposition 1. The following
assumptions on the design density, the kernel function and the bandwidth matrix are
required.

(A1) The design density f is continuously differentiable at x € D, and satisfies
f(x) > 0. Moreover, sjz and all second-order derivatives of the regression

functions m, for j = 1, 2, are continuous at x € D, and sjz.(x) > 0.

(A2) The kernel K is a spherically symmetric density function, twice continuously
differentiable and with compact support (for simplicity with a nonzero value
only if [lu]| < 1). Moreover, fuuTK(u)du = u2(K)Iy, where ur(K) # 0
and I; denotes the d x d identity matrix. It is also assumed that R(K) =
[ K?(u)du < oo.

(A3) The bandwidth matrix H is symmetric and positive definite, with H — 0 and
n|H| — oo, as n — oo.

In assumption (A3), H — 0 means that every entry of H goes to 0. Notice that,
since H is symmetric and positive definite, H — 0 is equivalent to Amax (H) — 0,
where Amax (H) denotes the maximum eigenvalue of H. |H| is a quantity of order
0] [Agax (H)] since |H] is equal to the product of all eigenvalues of H.

Proposition 1 Given the random sample {(X;, ©;)}!_, from (X, @) supported on D x
T, assume models (2) and (3). Under assumptions (A1)—(A3), if X is an interior point
of the support of f, then, for j =1, 2,

1
Bl (% 0) = mj (%) | X, -, Xl = S (K)u[H M, ()]

+%Vij(x)H2Vf(x)
+opltr(H)],
X x.1 - REO5™ 1
Var[m; yu(x; 0) | Xq,...,X,] = WJC(X) +op (m>,
Covliiy 1(x: 0). o (x: 0) | X1. ... X, | = XX +0p< ! )
’ ’ n|H| f (x) n/H|

Now, using Proposition 1, the following theorem provides the asymptotic condi-
tional bias and the asymptotic conditional variance of g (x; 0).

Theorem 1 Given the random sample {(X;, ©;)}!_, from (X, ®) supported on D x T,
assume models (2), (3) and (5) hold. Under assumptions (A1)—(A3), the asymptotic
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conditional bias of estimator my(x; 0), at a fixed interior point X in the support of f,
is given by:

1
Elim(x; 0) —m(x) | Xi, ..., X,] = EMZ(K)tr[H%m x)]

H2(K) T 2
+—£(x)f(x)v mX)H"V (£ f)(x)
+oplu(H?)]
and its asymptotic conditional variance is:
Va0 [ X, X, ] = —KITE)_ (L)
ar[mH X; | 1y eeny n]— }’l|H|£2(X)f(X) +op n|H| .

Remark 1 Notice that the assumption that models (2) and (3) hold enable the defi-
nition of local estimators for m(x) and m(x), respectively, and then the definition
of estimators of m(x) having the form in (4). The further assumption that (5) holds
lead to a special case where some simplifications in both the conditional bias and the
conditional variance of the estimators are possible. In particular, as pointed out before,
under model (5), in virtue of Egs. (6) and (7), it holds that

[mi(x) + m3(x)]'/? = £(x).

Further, if models (2), (3) and (5) simultaneously hold, due to the error structure in
(9) and (10), and using (11), (12) and (13), it also holds that

m3(x)s3(x) + m%EX)S%(X) ; 2m 1 (X)m2(X)c(X) = o2(x). (15)
my(x) + m5(X)

Results for the asymptotic bias and the asymptotic variance for the more general
setting where just models (2) and (3) hold can be recovered by using the results of the
above theorem with [m% x)+ m% x)1"2 in place of £(x), in both the bias and variance
expressions, and the left-hand side of (15) in place of 012 (x) in the variance expression.

Remark 2 Note that both the asymptotic conditional bias and the asymptotic condi-
tional variance of my (x; 0) share the form of the corresponding quantities for the NW
estimator of a regression function with real-valued response. In the asymptotic bias
expression, both the gradient and the Hessian matrix of m refer to a circular regression
function. In addition, under the assumption that models (2), (3) and (5) simultane-
ously hold, the asymptotic conditional variance depends on the ratio crf(x) /02 (x),
accounting for the variability of the errors in model (5), which is related by (15) to the
covariance and the variances of the error terms in models (2) and (3).

From Theorem 1, it is possible to derive the asymptotic (conditional) mean squared
error (AMSE) of my(x; 0), defined as the sum of the square of the main term of the
bias and the main term of the variance,
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AMSE[mg(x; 0)] = {EMZ(K)tr[HZHm x)] + w2 (K)

2
T 2
Z(x)f(x)v m(x)H V(ff)(X)}

[\S]

R(K)o?(x)
n|H|E2(x) f (x)

— WK (Hz{

I VUV Tm(x)

£(x) f(x)
R(K)o?(x)

_—. 16
n[HI2(x) f (%) (1o

+Vm@) VI X))+ Hon (x)}) +

An asymptotically optimal local bandwidth matrix for mg(x; 0) can be selected
by minimizing (16) with respect to H. Using Proposition 2.6 of Liu (2001), it can be
obtained that this optimal local bandwidth is:

Hop( = 109 [Boo|

R(K)o2(x) Vs i
_ 1 3oy (1/2 = |
[n 27w P! } [Beo| . (17)
where
Bix) — B(x) if B(x) is positive definite,

() = —B(x) if B(x) is negative definite,

with
Bx) = ——— [V @ VTm) + Vm)VT ()01 + Hu (x).
L(x) f(x)

Note that in the expression of Hyp (X), the matrix B (x) determines the shape and the
orientation in the d-dimensional space of the covariate region which is used to locally
compute the estimates. Such data regions are ellipsoids in R?, being the magnitude of
the axes controlled by B (x) . In the particular case of H = hly, the estimator mg (x; 0),
with x being an interior point of the support, achieves an optimal convergence rate
of n=#W@+% which is the same as the one for the multivariate NW estimator with
real-valued response (Hérdle and Miiller 2012).

Despite deriving the previous explicit expression for the local optimal bandwidth
(17), its use in practice is limited by the dependence on unknown functions, such as
the design density f and the variance of the sine of the errors alz(x). In addition,
when the goal is to reconstruct the whole regression function and the focus is not only
set on a specific point, it is more usual in practice to consider a global bandwidth
for the estimation. An asymptotically optimal global bandwidth matrix H could be
obtained by minimizing a global error measurement (such as the integrated version of
the AMSE). Again, this will depend on unknowns, leading to a non-trivial optimization
problem, not being possible to obtain a closed-form solution. Alternatively, a suitable
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adapted cross-validation criterion can be used to select the bandwidth matrix. This is
indeed the bandwidth selection method employed in our numerical analysis and our
real data application. More details will be provided in Sect. 4.

3.2 Local linear-type estimator

Similarly to the case when p = 0, the local linear case, corresponding to p = 1, is
considered. Specifically, for models (2) and (3), the LL estimators of the regression
functions m;, j = 1,2, atx € D, are defined by:

ef(XIwyxylxIwgsif j =1,
mjax; 1) = (18)
ef(XIwyxo ' xIwge if j =2,

where e; is a (d + 1) x 1 vector having 1 in the first entry and O in all other
entries, Xy is a n x (d + 1) matrix having (1, (X; — x)T) as its ith row, Wy =
diag{Kg(X; — x), ..., KuX, — x)}, & = 6in(@)),...,sin(®,)T and C =
(cos(@)), ..., cos(O,)T.

Using asymptotic results for the multivariate local linear estimator (Ruppert and
Wand 1994), the asymptotic conditional bias and variance of nAlj,H(X; D, j=1,2,
can be obtained. These expressions, along with the covariance between 7 g(x; 1)
and my g(x; 1), are provided in the following result.

Proposition 2 Given the random sample {(X;, ©;)}!_, from (X, @) supported on D x

T, assume models (2) and (3). Under assumptions (A1)—(A3), if X is an interior point
of the support of f, then, for j =1, 2,

1
Bl (% 1) = mj (%) | X, o Xl = 22 (K)uH M, ()]

+optr(HY)],
. R(K)s3(x) 1
Var[m;p(x; 1) | Xy, ..., X,] = m +op (m) )
Covlmux: ), maux; 1) | X X]—M—i—o (L)
B ) (T AL A

The estimator gy (x; 1) of m(x), obtained by plugging (18) in (4), corresponds to the
multivariate version of the local linear estimator proposed in Di Marzio et al. (2013).
The following theorem provides the asymptotic conditional bias and the asymptotic
conditional variance of myg(x; 1).

Theorem 2 Given the random sample {(X;, (-')i)}?zlfrom (X, ®) supported on D x T,
assume models (2), (3) and (5) hold. Under assumptions (A1)—(A3), the asymptotic
conditional bias of estimator my (X; 1), with X being a fixed interior point in the support

of f, is given by:
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1
Efip(x; 1) —mx) [ Xy, ..., X,] = EMZ(K)U'[HL"‘m(X)]
p2(K)
£(x)

T VImx)H>VL(x) + op[tr(H?)]

and its asymptotic conditional variance is:

_ R(K)o}(x) o ( 1 )
T aHECX x| \aH[)

Remark 3 Notice that the same comments included in Remark 1 also apply for Theo-
rem 2.

Var[myg(x; 1) | X1, ..., X;]

Remark 4 Estimators my(x; 0) and my(x; 1) have the same leading terms in their
asymptotic conditional variances, while their asymptotic conditional biases, also being
of the same order, have different leading terms. In particular, the main term of the
asymptotic conditional bias of myg(x; 1) does not depend on the design density, f.
Moreover, as a consequence of its definition, the LL-type estimator, differently from
the NW-type one, automatically adapts to boundary regions, in the sense that for
compactly supported f, the asymptotic conditional bias has the same order both for
the interior and for the boundary of the support of f (Ruppert and Wand 1994).

Remark 5 For d = 1, asymptotic results for estimators having the same form as the
univariate version of estimator (4) with p = 0 and p = 1, are provided in Di Marzio
etal. (2013). Despite they used slightly different formulations for their nonparametric
estimators, their results, at interior points, can be directly compared with those obtained
in Theorems 1 and 2. This correspondence is immediately clear for the asymptotic
bias terms. For the asymptotic variance, the equivalence between the expressions can
be obtained considering the relations between the variance of the error term in model
(5) with the variance of the error terms in models (2) and (3), as stated in (15).

As a consequence of Theorem 2, and similarly to the NW case, an asymptotically
optimal local bandwidth can also be obtained for my(x; 1), which coincides with (17),
but taking B(x) = £~ (X)[VLX)VIm(x) + Vmx)VTL(x)] + H, (X).

3.3 Higher-order polynomials

Asymptotic theory on local polynomial estimators (Fan and Gijbels, 1996) can be
used to generalize the previous results to the case of an arbitrary polynomial degree
p. Similar arguments to those used to prove Theorems 1 and 2, can be applied to
derive that the conditional bias of the pth-order polynomial-type estimator given in
(4) will be of order O p{[tr(Hz)](f’“)/ 2}. Moreover, if p is even, f has a continuous
derivative in a neighborhood of x, and x is an interior point of the support of the design
density f, then the bias will be of order Op {[tr(H?)]?/2+ D} Here, as in Ruppert and
Wand (1994), we will only focus on the case d = 1 to analyze asymptotically the
nonparametric regression estimator given in (4) for p > 1. In particular, the pth
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degree local polynomial estimators form, j = 1,2,atx € D C R, are:

eFlr(XE,prXx,p)_IX;prS if j =1,
mjp(x; p) = (19)
e[ (X] WX, ) ' X] W.Cif j=2,

where, in this case, e; is a (p + 1) x 1 vector having 1 in the first entry and zero
elsewhere, X j, is for n x p matrix with the (i, k)th entry equal to (X; — k1 and
W, is a diagonal matrix of order n with (i, i)th entry equal to Kj(X; — x), where
Kyn(u) = 1/hK(u/h), being K a univariate kernel function, and 4 the bandwidth or
smoothing parameter. In this univariate framework, the pth degree local polynomial-
type estimator of m at x, denoted by 771, (x; p), has the same expression as the one given
in (4), but using estimators 11 5, (x; p), j = 1, 2, defined in (19), as the arguments of
the atan2 function.

Let K () be the equivalent kernel function defined in Lejeune and Sarda (1992),
which is a kernel of order p 4+ 2 when p is even and of order p + 1 otherwise. Let
(K (py)and R(Kp)) denote the moment of order j and the roughness of K (), respec-
tively. Under suitable adaptations of assumptions (A 1)—(A3) to the univariate case and
using asymptotic results for local polynomial estimators of an arbitrary order p, the
asymptotic conditional bias and variance of m j.n(x; p), j = 1,2, can be obtained.
In the following theorems, we derive the asymptotic bias and variance expressions of
mp(x; p), x € D, only for p = 2 and p = 3. However, following similar arguments,
these results could be extended with tedious calculations for higher-order polynomial
degrees. It should be noted that for local polynomial regression in an Euclidean con-
text, Fan and Gijbels (1996) recommended the use of polynomial orders p = 1 or

p =3.

Theorem 3 Let ((X;, ©;)}}_, be a random sample from (X, ®) supported on D x T,
with D C R, assume models (2), (3) and (5) hold (withd = 1), and let x be an interior
point of the support of the design density f. Under assumptions (A1)—(A3) (adapted
ford = 1) and assuming that m j, j = 1, 2, admits continuous derivatives up to order
four in a neighborhood of x, then,

h* s (K )
E[ip(x;2) —m(x) | X1, ..., Xn] = M4(3'(f2)(l])‘ (x)

+h4M4(K(2))
41

[m® (x) + a(x)]

[ ) + b1+ op ()

and

R (K@)

1
Var[riy (x:2) | X1, ..., Xnl = mof(x) +op (E) ,
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where

20@ (x)ym M (x) + 4D (x)m? (x)

X) =
£(x)
2
8 @m0 - mP @mi @) + 200 m D)
£2(x)

and

269 (x)mD (x) + 66D (x)m® (x) + 6@ (x)m™® (x)
0(x)
2m$ (0ym'" () — 2mP 0ymlP (x)
! 20
6¢1%(0)m® (x) + 600 (1) m D (x)
+ ) :
(x)

b(x) =

Theorem 4 Let {(X;, (H)i)};-’:l be a random sample from (X, @) supported on D x T,
with D C R, assume models (2), (3) and (5) hold (withd = 1), and let x be an interior
point of the support of the design density f. Under assumptions (A1)—(A3) (adapted
ford = 1) and assuming that m j, j = 1,2, admits continuous derivatives up to order
five in a neighborhood of x, then,

h* 14 (K 3))

Efmy(x;3) —m(x) | Xq,..., X, = i

[m™ (x) + b(x)] + 0p (h“)

and

_ R(Kp) 1
= e o T T <ﬁ> |

Remark 6 Similar comments to those included in Remark 1 can be considered for
Theorems 3 and 4.

Var[r, (x;3) | X1, ..., X,]

4 Simulation study

In order to illustrate the performance of the estimators proposed in Sect. 3, a simulation
study considering different scenarios and model (5) is carried out for d = 2 (that is,
considering a circular response and a bidimensional covariate). For each scenario, 500
samples of size n (n = 64, 100, 225 and 400) are generated on a bidimensional regular
grid in the unit square considering the following regression models, fori =1, ..., n:

ML. ©; = [atan2(6X7, — 2X3| — 1, —2X?, — 3X;2 — 1) + & ](mod 27),
3
M2. ®; = [acos(Xl.S1 -1+ zasin(sz — X2+ 1) 4 ¢;l(mod 27),
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Fig. 1 Illustration of model generation (model M1: top row; model M2: bottom row) on a 15 x 15 grid.
In left panels, regression functions evaluated at the grid points. In center panels, independent errors from
a von Mises distribution with zero mean and concentration ¥k = 5, for model M1, and x = 15, for model
M2. In right panels, random response variables obtained by adding the two previous plots

where {(X;1, X;2)}/_, denotes a sample of the bidimensional covariate X = (X1, X»),
and the circular errors &; are drawn from a von Mises distribution vM (0, k) with
different values of « (5, 10 and 15).

Figure 1 shows two realizations of simulated data (model M1 in top row and model
M2 in bottom row). In both cases, the sample size is n = 225. Left plots show the
regression functions evaluated in the regularly spaced sample {(X;1, X;2)}7_,. Central
panels present the random errors generated from a von Mises distribution with zero
mean direction and concentration x = 5, for model M1, and « = 15, for model M2.
Right panels show the values of the response variables, obtained adding regression
functions and circular errors. It can be seen that the errors in the top row, corresponding
to k = 5, present more variability than the ones generated with « = 15.

Numerical and graphical outputs summarize the finite sample performance of NW-
and LL-type estimators in the different scenarios. The bandwidth matrix is chosen by
cross-validation, selecting H that minimizes the function:

n

evan =Y {1 —cos [0 — i) Xi: p) ]}

i=1

where ﬁzg)(-; p) stands for the NW-type estimator (p = 0) or the LL-type estimator
(p = 1), computed using all observations except (X;, @;). Taking into account the type
of regression functions considered in models M1 and M2 and to speed up the computing

@ Springer



664 A. Meilan-Vila et al.

Table 1 Average error (over 500

replicates) of the CASE given in K " W LL
(20), for regression model M1, Hcy HcasE Hcy HcasE
using NW- and LL-type
estimators 5 64 0.0610 0.0152 0.0672 0.0147
100 0.0280 0.0111 0.0358 0.0100
225 0.0124 0.0066 0.0158 0.0051
400 0.0075 0.0047 0.0091 0.0033
10 64 0.0094 0.0092 0.0071 0.0066
100 0.0102 0.0072 0.0055 0.0043
225 0.0065 0.0042 0.0028 0.0026
400 0.0042 0.0029 0.0019 0.0016
15 64 0.0182 0.0072 0.0201 0.0056
100 0.0091 0.0054 0.0110 0.0041
225 0.0046 0.0032 0.0050 0.0021
400 0.0032 0.0023 0.0029 0.0014

Errors are generated from a von Mises distribution with different con-
centration parameters (x = 5, 10, 15). Bandwidth matrix is selected
by cross-validation, Hcy . Additionally, results when using the optimal
bandwidth Hcasg are also included

times, in this simulation study, the bandwidth matrix is restricted to be diagonal with
possibly different elements. A multivariate Epanechnikov kernel is considered for
simulations.

Table 1 shows, for model M1 and in the different scenarios, the average (over the
500 replicates) of the circular average squared error (CASE), defined as (Kim and
SenGupta 2017):

n

1
CASE[iu(; p)] = ~ > {1 = cos [m(Xy) — mu(Xi: p)]} . (20)
i=1

with p = 0 (NW) and p = 1 (LL), when H is selected by cross-validation. For
comparative purposes, the diagonal optimal bandwidth matrix Hcasg minimizing
(20) (obtained by intensive search) is also computed. The corresponding averages of
the minimum values of the CASE are also included in Table 1. It can be seen that the
average errors decrease when the sample size increase, and it is smaller for the LL-type
estimator for most of the scenarios. Additionally, as expected, results are generally
better when the error concentration gets larger. Average errors of the CASE for model
M2 are shown in Table 2.

Numerical outputs are completed with some additional plots. As an illustration of
the correct performance of NW- and LL-type estimators, Fig. 2 shows the theoretical
regression functions for models M1 and M2 (left panels) and the corresponding aver-
age, over 500 replicates, of the estimates, using the specific scenarios considered in
Fig. 1 (NW and LL estimates in the center and right panels, respectively). Notice that,
for comparison purposes, the theoretical regression functions are plotted ina 100 x 100
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Table2 Average error (over 500

replicates) of the CASE given in K " W LL
(20), for regression model M2, Hcy HcasE Hcy HcasE
using NW- and LL-type
estimators 5 64 0.0638 0.0303 0.0684 0.0209
100 0.0330 0.0239 0.0369 0.0154
225 0.0190 0.0158 0.0170 0.0089
400 0.0141 0.0120 0.0102 0.0061
10 64 0.0297 0.0184 0.0315 0.0118
100 0.0181 0.0151 0.0172 0.0091
225 0.0131 0.0106 0.0085 0.0054
400 0.0109 0.0086 0.0054 0.0038
15 64 0.0198 0.0139 0.0206 0.0088
100 0.0138 0.0116 0.0118 0.0068
225 0.0114 0.0087 0.0061 0.0041
400 0.0100 0.0075 0.0041 0.0029

Errors are generated from a von Mises distribution with different con-
centration parameters (x = 5, 10, 15). Bandwidth matrix is selected
by cross-validation, Hcy . Additionally, results when using the optimal
bandwidth Hcasg are also included

regular grid of the explanatory variables (the same grid where the estimations were
computed). Plots in the top row present the results for the data generated from model
M1 and those in the bottom row for model M2. Although both estimators have a
similar and correct behavior, the LL-type estimator seems to show a slightly better
performance, at least, for these samples. More reliable comparisons between NW- and
LL-type estimators can be performed computing the circular bias (CB), the circular
variance (CVAR) and the circular mean squared error (CMSE) for both estimators, in
a grid of values of the explanatory variables. These quantities, at a point x, are defined
as:

CB[mu(x; p)] = E{sin[mu(x; p) — m(x)1}, (21
CVAR[mpu(x; p)] = E{1 — cos[mu(x; p) — u(x; p)1}, (22)
CMSE[my(x; p)] = E{1 — cos[m(x) — mu(x; p)]}, (23)

where w(x; p) in CVAR denotes the circular mean of myg(x; p). Notice that, using
Taylor expansions, Egs. (21), (22) and (23) are equivalent to the Euclidean versions
of these expressions (Kim and SenGupta 2017).

Figures 3 and 4 show, in the scenarios considered in Fig. 1, the CB, CVAR and
CMSE computed in a 100 x 100 regular grid of the explanatory variables, when
using NW (top row) and LL (bottom row)-type estimators, for models M1 and M2,
respectively. The expectations in (21), (22) and (23) are approximated by the averages
over the 500 replicates generated. It can be seen that the NW-type estimator (p = 0)
provides larger biases and smaller variances than the LL-type estimator (p = 1) in
both settings. However, the CMSE is smaller for the LL fit in most of the grid points.
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Fig.2 Theoretical regression function (left), jointly with the average, over 500 replicates, of NW (center)
and LL (right)-type estimates, using the specific scenarios considered in Fig. 1, for model M1 (top row)
and model M2 (bottom row)

Similar results for the CB, CVAR and CMSE for both estimators were obtained in
other scenarios.

5 Real data example

A real data example is presented in order to illustrate the application of the proposed
estimators. Based on the simulation study, where the LL-type estimator presented a
slightly better performance than the NW one, just results corresponding to g (x; 1) are
provided for real data. Orientations of two species of sand hoppers (Talorchestia brito
and Talitrus saltator) on the Zouara beach in northwestern Tunisia are considered.
Following the proposal in Presnell et al. (1998), these observations were analyzed
in Scapini et al. (2002). They used a parametric approach that assumes a projected
normal distribution for the scape directions and the corresponding parameters (circular
mean and mean resultant vector) depend on the explanatory variables through a linear
model. We refer to Scapini et al. (2002) and Marchetti and Scapini (2003 ) for details on
the experiment, a thorough data analysis and sound biological conclusions. Dealing
with the same data set, in Marchetti and Scapini (2003), the authors conclude that
the orientation is different for the two sexes (males and females) and they explicitly
mention that nonparametric smoothers are flexible tools that may suggest unexpected
features of the data. So, the illustration with our proposal is a first attempt to analyze
this data set with nonparametric tools in order to check how orientation (in degrees)
behaves when temperature (in Celsius degrees) and (relative) humidity (in percentage)
are included as covariates. For illustration purposes, only observations corresponding
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Fig.3 Circular bias (left), circular variance (center) and CMSE (right) surfaces for model M 1 for a 100 x 100
regular grid, using NW (top row) and LL (bottom row) fits. n = 225 and von Mises errors with zero mean
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Fig.5 Observed orientation of male (left) and female (right) sand hoppers as a function of temperature and
relative humidity

to (relative) humidity values larger than 45% are considered in this analysis. The
corresponding data sets are plotted in Fig. 5 (males in the left panel and females in the
right panel), being the sample sizes n = 330 and n = 404, for male and female sand
hoppers, respectively.

Figure 6 shows the LL-type estimates for male (left) and female (right) mean
orientations, considering temperature (horizontal axis) and relative humidity (vertical
axis) as covariates. Note that measurements of temperature and humidity are the same
for males and females, given that these values correspond to experimental conditions.
In this example, unlike in the simulation experiments, the CV bandwidth matrix has
been searched in the family of the symmetric and definite positive full bandwidth
matrices, using an optimization algorithm based on the Nelder—Mead simplex method
described in Lagarias et al. (1998). Using the initial bandwidth matrix Hjp; = 1.5 -
diag {6, , 6, }, the algorithm converged to

m _ [2.7781 0.0001
¢V =1 0.0001 15.2529 |

for males, and to

. — 4.0930 —0.0009
€V 7| —0.0009 13.1937 |~
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Fig. 6 Estimates of the mean orientation of males (left) and females (right) sand hoppers, considering a
LL-type estimator with a cross-validation bandwidth matrix. Horizontal axis: temperature, in °C. Vertical
axis: relative humidity, in percentage

for females, where 6x, and 6, denote the sample standard deviations of the covariates
X1 = “temperature” and X» = “humidity,” respectively. As in the previous section,
a multivariate Epanechnikov kernel is considered. Note that the estimation grid of
explanatory variables on which the estimates of the mean were computed was con-
structed by overlying the survey values of temperature and humidity with a 100 x 100
grid and, then, dropping every grid point that did not satisfy one of the following two
requirements: (a) it is within 15 “grid cell length” from an observation point, or (b) the
calculation for the estimates of the sine and cosine components at that grid point uses
a smoothing vector that is sufficiently stable. Both requirements are admittedly some-
what arbitrary, but they represent a compromise between coverage over the region
of interest and ability to avoid singular design matrices. Even with these restrictions,
some of the estimates for low temperature values (around 20 °C) seem to be spuri-
ous, specially in the case of male individuals. This can be due to data sparseness or a
boundary effect, two well-known situations where kernel-based smoothing methods
may present certain drawbacks. Trying to avoid some of these problems and taking
into account that there are repeated values of the covariates, additional estimates have
been obtained after jittering the original data (the corresponding plots are not shown),
obtaining estimates that follow similar patterns to those shown in Fig. 6. The mean
direction followed by male and female sand hoppers is different for some temperature
and humidity conditions. Seaward orientation was roughly 7z /4, so it can be seen
that females are more seaward oriented than males, specially for mid to low values of
temperature.

6 Discussion

Nonparametric estimation of the conditional mean direction (or the regression func-
tion, from a model-based approach) of a circular random variable, given a R¢-valued
covariate, is studied in this paper. Our proposal considers kernel-based approaches,
with special attention on NW- and LL-type estimators in general dimension, and for
higher-order polynomials in the one-dimensional case. Asymptotic conditional bias
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and variance are derived and the performance of the estimators is assessed in a simu-
lation study.

For practical implementation, the selection of a d-dimensional bandwidth matrix
is required. In the regression Euclidean context, the bandwidth selection problem
has been widely addressed in the last decades (see, for example, Kohler et al. 2014,
where a review on bandwidth selection methods for kernel regression is provided).
More related to the topic of the present paper, a rule-of-thumb and a bandwidth rule
for selecting scalar or diagonal bandwidth matrices for the multivariate local linear
regression estimator with real-valued response and R¥-valued covariate is derived in
Yang and Tschernig (1999). Also in this setting, in Gonzalez-Manteiga et al. (2004), a
bootstrap method to estimate the mean squared error and the smoothing parameter for
the multidimensional regression local linear estimator is proposed. However, in the
framework of nonparametric regression methods for circular variables, the research
on bandwidth selection is very scarce or nonexistent. Our practical results are derived
with a cross-validation bandwidth given that, up to our knowledge, there are no other
bandwidth selectors available in this context. The design of alternative procedures to
select the bandwidth matrix for the estimators studied in this paper based, for example,
on bootstrap methods are indeed of great interest. This problem is out of the scope of
the present paper, but it is an interesting topic of research for a future study.

Once the problem of including a R¢-valued covariate for explaining the behavior
of a circular response is solved, it seems natural to think about the consideration of
covariates of different nature. Since the proposed estimator is constructed by con-
sidering the atan2 of the smooth estimators of the regression functions for the sine
and cosine components of the response, an adaptation of our proposal for different
types of covariates implies the use of suitable weights. For instance, if a spherical
(circular, as a particular case) or a mixture of spherical and real-valued covariates are
considered to influence a circular response, weights for estimating the sine and cosine
components could be constructed following the ideas in Garcia-Portugués et al. (2013)
for cylindrical density estimation. If a categorical covariate is included in the model,
a similar approach to the one in Racine and Li (2004) or in Li and Racine (2004)
could be also followed. In all these cases, bandwidth matrices should be selected, and
cross-validation techniques could be applied.

The results obtained in Theorems 3 and 4 can be extended to an arbitrary dimension
d of the space of the covariates by using the asymptotic properties for 7 ; g (X; p),
provided in Gu et al. (2015), who considered the leading term of the bias and the
variance of the multivariate local polynomial estimator of general order p. Results
on the asymptotic distribution of the multivariate local polynomial estimator (for
a general p) is also provided in Gu et al. (2015). The joint asymptotic normality of
my u(x; p) and my m(x; p) canbe used to derive, via the delta-method, the asymptotic
distribution of statistics which can be expressed in terms of i1\ (X; p) andm2 q(X; p).
For example, a suitable adaptation of Proposition 3.1 of Jammalamadaka and SenGupta
(2001) can be used to derive the limiting distribution of the tangent of my(x; p).

In our scenario, data generated from the regression model are assumed to be
independent. However, in many practical situations, this assumption does not seem rea-
sonable (e.g., data area collected over time or space). The simple construction scheme
behind the proposed class of estimators makes possible to easily obtain asymptotic
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properties in more general frameworks. As an example, when data are not indepen-
dent but are realizations of stationary processes satisfying some mixing conditions,
the results provided in Masry (1996) can be used. It should be also noted that, when
the data exhibit some kind of dependence, although the expression for the estimator
will be the same, this structure will affect the estimator variance and should be taking
into account to select properly the bandwidth parameter, as in Francisco-Fernandez
and Opsomer (2005).
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