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Abstract: Feature selection procedures for spatial point processes para-
metric intensity estimation have been recently developed since more and
more applications involve a large number of covariates. In this paper,
we investigate the setting where the number of covariates diverges as the
domain of observation increases. In particular, we consider estimating
equations based on Campbell theorems derived from Poisson and logis-
tic regression likelihoods regularized by a general penalty function. We
prove that, under some conditions, the consistency, the sparsity, and the
asymptotic normality are valid for such a setting. We support the theo-
retical results by numerical ones obtained from simulation experiments
and an application to forestry datasets.

Key words and phrases: Campbell formula, estimating equation, high
dimensional regression, regularization method, variable selection.

Introduction

1.1 Background

Spatial point pattern data arise in many contexts, e.g. ecology (see e.g. Mpller
and Waagepetersen, 2004; Renner et al., 2015), epidemiology (e.g. Diggle, 1990,
2013), criminology (e.g. Baddeley et al., 2015; Shirota et al., 2017), biology (e.g.
[lian et al., 2008) and astronomy (e.g. Baddeley et al., 2015), where interest lies in
describing the distribution of an event in space. Stochastic models generating spatial
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point patterns are called spatial point processes (see e.g. Mgller and Waagepetersen,
2004; Ilian et al., 2008; Diggle, 2013; Baddeley et al., 2015).

Usually, the first step to analyze spatial point pattern data is to investigate the
intensity. The intensity serves as the first-order characteristics of a spatial point
process and often becomes the main interest in many studies, especially when the
intensity is suspected to depend on spatial covariates. Examples include the study
of spatial variation of specific disease risk related to pollution sources (e.g. Diggle,
1990, 2013), crime rate analysis in a city related to some demographical information
(e.g. Shirota et al., 2017), and modeling of the spatial distribution of trees species in
a forest related to some environmental factors (e.g. Waagepetersen, 2007; Thurman
et al., 2015; Renner et al., 2015).

We focus in this study on the log-linear model for the intensity function of an
inhomogeneous spatial point process defined by

p(u; B) = exp(z(u)'B),u € D C RY, (1.1)
where z(u) = {z1(u),...,2,(u)}" are the p spatial covariates measured at location
u, d represents the state space of the spatial point processes (usually d = 2,3) and
B ={Bi,...,5,}" is a real p-dimensional parameter. Hence, our main concern is

to assess the magnitudes of the vector 3. For parametric estimation, while max-
imum likelihood estimation (e.g. Berman and Turner, 1992; Rathbun and Cressie,
1994) has been widely implemented for Poisson point processes models, estimating
equation-based methods (e.g. Waagepetersen, 2007, 2008; Guan and Shen, 2010;
Baddeley et al., 2014) are simpler to implement for more general spatial point pro-
cesses models, overcoming the possible drawback of MCMC methods which are usu-
ally computational expensive (Mgller and Waagepetersen, 2004). However, when
the number of covariates is relatively large, maximum likelihood estimation and
estimating equation-based methods become undesirable: all covariates are selected
yielding an increasing standard error for parameter estimates.

1.2 Feature selection techniques

To select significant covariates, one may consider a traditional procedure such as
a stepwise method. This technique starts with an initial set of covariates, then
considers adding or deleting a covariate from the current set at each iteration using
a criterion such as an F-statistic or AIC. However, such procedure has a number
of limitations: it can be numerically unstable and exhibits high variance due to its
discrete procedure (e.g. Breiman, 1996; Fan and Li, 2001; Friedman et al., 2008). It
is even computationally unfeasible especially when the number of covariates is too
large (e.g. Breiman, 1996; Zou, 2006).

To overcome this drawback, regularization techniques have recently been de-
veloped for spatial point processes intensity estimation. Such methods are able to
perform variable selection while keeping interesting properties in terms of prediction.
For Poisson point process models, the idea is to penalize the Poisson likelihood by
a penalty function such as [ penalty (see Renner and Warton, 2013; Thurman and
Zhu, 2014). For more general point process models, instead of employing the likeli-
hood of the processes which often requires computational intensive MCMC methods



(Mgller and Waagepetersen, 2004), penalized versions of estimating equations based
on Campbell theorem derived both from Poisson and logistic regression likelihoods
have been developed (see Thurman et al., 2015; Choiruddin et al., 2017). Further-
more, Thurman et al. (2015) and Choiruddin et al. (2017) show that, under some
conditions, the estimates obtained from such procedures are consistent, sparse, and
asymptotically normal.

1.3 Issues in high dimensional data

The motivation of our paper comes from a study of biodiversity in a 50-hectare
region (D = 1,000m x 500m) of the tropical moist forest of Barro Colorado Island
(BCI) in central Panama, where censuses have been carried out such that all free-
standing woody stems at least 10 mm diameter at breast height were identified,
tagged, and mapped, resulting in maps of over 350,000 individual trees with around
300 species (see Condit, 1998; Hubbell et al., 1999, 2005). In the same region, many
environmental covariates such as topographical attributes and soil properties have
been also collected. In particular, we are interested to study the spatial distribution
of 3,604 locations of Beilschmiedia pendula Lauraceae (BPL) trees and to model
its intensity as a parametric function of 93 covariates consisting of 2 topological
attributes, 13 soil properties and 78 interactions between two soil nutrients.

Although it seems that the number of covariates is not very large with respect to
the number of data points, two hours are required to estimate the parameters and
select covariates using a standard stepwise procedure. To do this, we use the step
function in R which intrinsically assumes that X is a Poisson point process since we
use the AIC in the stepwise procedure. For a general point process, other criteria
could be investigated such as the one based on the F' statistic, but they require to
estimate the asymptotic covariance matrix of the estimates at each step: even if we
know the right covariates, it is known as a difficult task (see e.g. Coeurjolly and
Guan (2014)) especially when the number of parameters is large. That would easily
triple the time of this estimation/selection procedure. To evaluate the performance
of such a selection/estimation procedure, a simulation would be required which is
unrealistic (1000 replications of a single model would take 250 days). This motivates
us to consider regularization methods.

Thurman et al. (2015) and Choiruddin et al. (2017) are the first two theoretical
works. Both these works have the important limitation that the number of covari-
ates p is finite. We extend this in the present paper. Asymptotic properties which
consider a diverging number of parameters for M-estimators have a long story (e.g
Huber, 1973; Portnoy, 1984) but have recently been investigated for penalized re-
gression estimators by Fan and Peng (2004); Zou and Zhang (2009). In particular,
as argued by Fan and Peng (2004), even though the asymptotic properties (i.e.,
consistency, sparsity, and asymptotic normality) proposed by Fan and Li (2001) for
penalized generalized linear models under the assumption that p is finite, are encour-
aging, there are many naive and simple model selection procedures which possess
those properties. Establishing the validity of these asymptotic properties in a di-
verging number of parameters setting is, therefore, a major importance. We study
this type of asymptotic properties in the spatial point processes framework. Hence,



our work can be regarded as an extension of the study conducted by Choiruddin
et al. (2017).

A standard way of measuring asymptotic for spatial point process is the increas-
ing domain asymptotic. Therefore, we investigate the problem where p = p,, grows
with | D,,| the volume of the observation domain. In our setting, |D,,| plays the same
role as n, the number of observations, in standard problems such as in linear mod-
els or generalized linear models. We obtain consistency, sparsity, and asymptotic
normality for our estimator. One of our main assumptions is that p?/|D,| — 0 as
n — 0o, which is similar to the one required by Fan and Peng (2004) when |D,| is
simply replaced by n (the sample size in their context).

Our results are general: (1) a large choice of penalty functions (either convex
or non-convex function) and methods (e.g. ridge, lasso, elastic net, SCAD, and
MC+) are available; (2) we include a large class of mixing spatial point processes.
The implementation is done by combining the spatstat (Baddeley et al., 2015) R
package with the two R packages implementing penalized methods for generalized
linear models: glmnet (Friedman et al., 2010) and ncvreg (Breheny and Huang,
2011).

1.4 Outline of the paper

In Section 2, we introduce brief background on spatial point processes as well as
regularization methods for spatial point processes intensity estimation. Section 3
presents our asymptotic results. We investigate in Section 4 the finite sample per-
formance of our estimates in a simulation study and in an application to tropical
forestry datasets. Conclusion and discussion are presented in Section 5. Proofs of
the main results are postponed to Appendices A-C.

2 Regularization methods for spatial point pro-
cesses

This section gives brief introduction on spatial point processes and reviews regular-
ization methods for spatial point processes intensity estimation previously studied
by Choiruddin et al. (2017) when the number of parameters is finite.

Let X be a spatial point process on R?. We view X as a locally finite random
subset of R%. Let D C R? be a compact set of Lebesgue measure |D| which will
play the role of the observation domain. A realization of X in D is thus a set
x = {x1,29,...,2y}, where x € D and m is the observed number of points in D.
Suppose X has intensity function p and second-order product density p. Campbell
theorem (see e.g. Mgller and Waagepetersen, 2004) states that, for any function
k:RY—[0,00) or k: R% x R? — [0, 00)

E( Y k) = /de‘(u)p(u)du (2.2)

ueX

E( i k:(u,v)) = /Rd /Rd k(u,v)p? (u, v)dudw. (2.3)

u,veX



We may interpret p(u)du as the probability of occurence of a point in an infinites-
imally small ball with centre v and volume du. Intuitively, p®(u,v)dudv is the
probability for observing a pair of distinct points from X occuring jointly in each
of two infinitesimally small balls with centres u,v and volume du,dv. For fur-
ther background materials on spatial point processes, see for example Mgller and
Waagepetersen (2004); Illian et al. (2008).

In our study, we assume that the intensity function depends on parameter 3,
p = p(+;3). The standard parametric methods for estimating 3 are by maximizing
the weighted Poisson likelihood (e.g. Guan and Shen, 2010) or the weighted logis-
tic regression likelihood (e.g. Baddeley et al., 2014; Choiruddin et al., 2017) given
respectively by

ru(wiB) = 3 wlosp(w )~ [ wlptufe, (24
w8 = 32 vt (57 )
_ /D w(w)d(u) log (W) du, (2.5)

where w(+) is a weight non-negative function depending on the first and the second-
order characterictics of X and 4(-) is a non-negative real-valued function. The
solution of maximizing (2.4) (resp. (2.5)) is called Poisson estimator (resp. the
logistic regression estimator). We refer readers to Guan and Shen (2010) for further
details on the weight function w(-) and to Baddeley et al. (2014) for the role of
function 4(+).

These standard methods cannot perform variable selection. To do so, Thurman
et al. (2015) and Choiruddin et al. (2017) suggest to maximize a penalized version
of (2.4)-(2.5)

C?@UMB)=:€00;5)-—|1N:£:lujﬂﬁbb, (2.6)

where £(w; 3) is either the Poisson likelihood (2.4) or the logistic regression likelihood
(2.5). We refer the second term of (2.6) to a penalization term. In this term, we
have mainly two parts: (1) a penalty function p, parameterized by A > 0 and (2)
the volume of the observation domain |D| which plays the same role as the sample
size in the spatial point process framework.

For any non-negative A\, we say that p,(-) is a penalty function if p, is a non-
negative function with p,(0) = 0. Some examples, described in Table 1, include Iy
penalty (Hoerl and Kennard, 1988), [; penalty (Tibshirani, 1996), elastic net (Zou
and Hastie, 2005), SCAD (Fan and Li, 2001), and MC+ (Zhang, 2010). Note that, as
indicated by (2.6), we allow each direction to have different tuning parameters \;, j =
1,...,p. Such a method is called an adaptive method (e.g. adaptive lasso (Zou,
2006) and adaptive elastic net (Zou and Zhang, 2009)). For further backgrounds
about penalty function and regularization methods, see, for example, Friedman et al.
(2008).



Table 1: Examples of penalty function.
Penalty  p\(0)

Iy penalty %)\02
[ penalty \|0|

Enet MA10] + 5(1 — )62}, for any 0 < v < 1
N— 1 (62422 242
coap IO <N+ EEERIAS 0 <90 + 505510 2 ),
for any v > 2
MC+ <)\9 - %)H(@ < AN) + 29N(0 > ), for any v > 1

3 Asymptotic properties

In this section, we present asymptotic properties of the regularized Poisson estimator
when both |D,| — oo and p, — 0o as n — oo. In particular, we consider X
as a d-dimensional point process observed over a sequence of observation domain
D = D,,n =1,2,... which expands to R? as n — oco. We assume that X has a
log-linear form given by (1.1) for which the dimension of parameter 3, denoted now
by p,, diverges to oo as n — oo. In Section 3.1, we provide notation and conditions,
and discuss the differences from the setting where p is fixed. Our main results are
presented in Section 3.2. For sake of conciseness, we do not present the asymptotic
results for the regularized logistic regression estimator. The results are very similar.
The main difference is lying in the conditions (C.6) and (C.7) for which the matrices
A,.,B,, and C, have a different expression (see Remark 2).

3.1 Notation and conditions

Throughout this section and Appendices A-C, let
ln(w; B) :gn,PL(U); B)
= 3 wlogpf) - [ wlptuB)de (1)

w€XNDy, Dn

Qu(w; B) =Lu(w; B) = [Dal3_ P, (1851); (3:8)

be respectively the weighted Poisson likelihood and its penalized version.

Let By = {Bo1,-- -, Pos, Bo(s+1)s - - - 7/30pn}T = {ﬂ(—)rp BS—Q}T = (/8(—;17 OT)T denote
the p,,-dimensional vector to estimate, where 3, is the s-dimensional vector of non-
zero coefficients and B, is the (p, — s)-dimensional vector of zero coefficients. We
assume that the number of non-zero coefficients, s, does not depend on n. Let zy;
and zgp denote the corresponding s-dimensional and (p,, — s)-dimensional vectors of

N AT AT
spatial covariates. We denote the regularized Poisson estimator by 3 = (3, ,08,)".



We recall the classical definition of strong mixing coefficients adapted to spatial
point processes (e.g. Politis et al., 1998): for k,l € NU {oco} and ¢ > 1, define

ari(q) =sup{|P(ANB) —P(A)P(B)|: A€ F(A1),B € F(A\y),
A € %(Rd),AQ € %(Rd), ‘A1| < kf7 |A2| < l,d(AhAg) > q}, (39)

where .Z is the o-algebra generated by X N A;,i = 1,2,d(Ay, A2) is the minimal
distance between sets A; and A,, and Z(R?) denotes the class of Borel sets in R?.
We define the p,, X p, matrices A, (w;B,), Bn(w; 3,) and C,(w;B,) by

An(w: By) = / w(w)z(u)a(u) T p(u; Bo)du

n

B, (w: B,) = / w(u)*a(u)z(u) " pu; Bo)du
(w; By) = / / 2(u)a(v) {g(u v) — 1}p(; Bo)p(v: By)dud,

where g(u,v) is the classical pair correlation function (Mgller and Waagepetersen,
2004) given by

when both p and p® exist with the convention 0/0 = 0. For a Poisson point process,
we have g(u,v) = 1 since p® (u,v) = p(u)p(v). If, for example, g(u,v) > 1 (resp.
g(u,v) < 1), this indicates that pair of points are more likely (resp. less likely) to
occur at locations u, v than for a Poisson point process.

We denote the s x s top-left corner of A, (w; B,) (resp. B, (w; By), Cn(w; By)) by
A, 11 (w; By) (resp. By, 11(w; By), Crai(w; By)). It is worth noticing that A, 11 (w; By),
B, 11(w; By) and C,, 11(w; By) depend on n only through D,, and not through p,. In
what follows, for a squared symmetric matrix M,,, Vmin(M,,) and vmax(M,,) denote
respectively the smallest and largest eigenvalue of M,,.

Under the conditions (C.8)-(C.9), we define the sequences a,, b, and ¢, by

@ = max 1P, (1Boi DI (3.10)
. Pn_
b, = £ f oy (0), fore, = K 3.11
ot |91|r<16 P, (0), for e Wi (3.11)
020
Cn = MMax 1P, (1Bos D), (3.12)

where K is any positive constant.
Consider the following conditions (C.1)-(C.9) which are required to derive our
asymptotic results:

(C.1) Foreveryn > 1,D, =nE = {ne: e € E}, where E C R? is convex, compact,
and contains the origin of R? in its interior.
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(c.2)

(C.9)

The intensity function has the log-linear specification given by (1.1) where
B € © and © is an open convex bounded set of RP». Furthermore, we assume
that there exists a neighborhood =(3,) of B, such that

sup sup sup p(u;3) < oc.
n>1 Be=(B8y) uecR4

The covariates z and the weight function w satisfy

sup sup sup |z(u)] < oo, and  sup w(u) < oo.
n>1 i=l,..pn ueRd ueRd

There exists an integer ¢ > 1 such that for k = 2, ..., 2+¢, the product density
p) exists and satisfies p*) < oo.

For the strong mixing coeflicients (3.9)3 we assume that there exists some
t > d(2+1)/t such that as . (q) = O(¢7").

lim inf,, Vmin(|Dn|71{Bn711<w; Bo) + Co11(w; 130)}) > 0.
lim inf,, Vmin(|Dn’_1An(w; 50)) > 0.

The penalty function py(-) is non-negative on R*, continuously differentiable
on RT\ {0} with derivative p} assumed to be a Lipschitz function on R*\ {0}.
Furthermore, given (A, ;),>1, for j = 1,...,s, we assume that there exists
(Tn,j)n>1, where 7y, jv/|Dy|/pn — 00 as n — oo, such that, for n sufficiently
large, py, ; is thrice continuously differentiable in the ball centered at |5y;| with
radius 7, ; and we assume that the third derivative is uniformly bounded.

p3/|D,| — 0 as n — oo,

Conditions (C.1)-(C.8) are quite similar to the ones required by Choiruddin et al.
(2017) in the setting when the number of parameters to estimate is fixed. Condi-
tion (C.2) is slightly stronger since we have to ensure that p(u;3) is finite for 8
in the neighborhood of B,. Note that sup,cra p(u; 3,) < oo follows directly from
condition (C.3). We derive asymptotic properties when both |D,| and p,, tend to
infinity with n. However, to obtain an estimator which is consistent and has two
other properties: sparsity and asymptotic normality, we need that the number of
covariates does not grow too fast with respect to the volume of the observation do-
main. This condition is stated by condition (C.9) which is similar to the one required
by Fan and Peng (2004) when |D,| is simply replaced by n (the sample size in their
context).



3.2 Main results

We state our main results here. Proofs are relegated to Appendices A-C.
We first show in Theorem 1 that the regularized Poisson estimator converges in
probability and exhibits its rate of convergence.

Theorem 1. Assume the conditions (C.1)-(C.5) and (C.7)-(C.9) hold. Let a,, and
cn be given respectively by (3.10) and (3.12). If a, = O(|D,|~'?) and ¢, =
o(1), then there exists a local mazximizer B of Qn(w; B) such that HB—BOH =
Op (\/Pu(|Dn| V2 + ay)).

This implies that, the regularized Poisson estimator is root-(|D,,|/p,) consistent.
Note that, as expected, the convergence rate is |/p, times the convergence rate of
the estimator obtained when p is fixed (see Theorem 1 Choiruddin et al., 2017).
In addition, when we compare our results with the ones obtained by Fan and Peng
(2004), who also considered a diverging number of parameters setting, our estimator
has the same rate of convergence when we replace |D,,| by n to their context. This
rate of convergence also appears in other contexts considering diverging number of
parameters setting (see e.g. Lam and Fan, 2008; Zou and Zhang, 2009; Li et al.,
2011; Cho and Qu, 2013; Wang and Zhu, 2017).

Now, we demonstrate in Theorem 2 that such a root-(|D,|/p,) consistent esti-
mator ensures the sparsity of B; that is, the estimate will correctly set 3, to zero
with probability tending to 1 as n — oo, and Bl is asymptotically normal.

Theorem 2. Assume the conditions (C.1)-(C.9) are satisfied. If a,+/|Dn| — 0,
bu/ | Dn|/p2 — 00 and c,\/Pp — 0 as n — oo, the root-(|Dy|/py,) consistent local

mazimizer B = (ﬁf,ﬁ;)T in Theorem 1 satisfies:

(i) Sparsity: P(By, =0) = 1 as n — oo,

(ii) Asymptotic Normality: | Dy |25, (w; By) " Y2(8, — Bo,) 4 N(0,1y),
where

30 (w3 By) =Dl {An11(w; By) + [ Dn|TL,} By 11 (w; By) + Cri (w; By) }
{An,ll(w; ﬁo) + ’Dn‘Hn}ila (313)
T, =diag{p}, , (16or]).- . 7%, . (1Bos])}- (3.14)

As a consequence, X, (w;B,) is the asymptotic covariance matriz of ,@1. Here,
3, (w; By) V2 is the inverse of T, (w; By)/?, where X,,(w; By)"/? is any square ma-
triz with En(w;60)1/2(En(w;,60)1/2)T =3, (w;By)-

Remark 1. For lasso and adaptive lasso, II, = 0. For other penalties, since

¢, = o(1), then ||IL,|| = o(1). Since ||A,11(w;By)|| = O(]Dy|) from conditions
(C.1)-(C.3), |Dy| ||I1,,]] is asymptotically negligible with respect to ||A, 11(w; By)]-



Remark 2. Theorems 1 and 2 remain true for the regularized logistic regression
estimator if we replace in the expression of the matrices A,,B,, and C,, w(u)
by w(u)d(u)/(p(u; By) + d(u)),u € D, and extend the condition (C.3) by adding
SUP,cra 0(U) < 00.

The proofs of Theorems 1 and 2 for this estimator are slightly different mainly be-
cause unlike the Poisson likelihood for which we have /2 (w; 3) = —A,,(w; 3), for the
regularized logistic regre ¢ (w; 3) is now stochastic and we only have E((2(w;3)) =
—A,(w;B). Despite the additional difficulty, we maintain that no additional as-
sumption is required.

We show in Theorem 2 that the sparsity and asymptotic normality are still valid
when the number of parameters diverges. By Remark 1, when n is large enough,
3, (w; By) in (3.13) becomes approximately

| Dn[{ A 11(w; By)}{Br1(w; By) + Cra (w; Bo) HAw 11 (ws By)}

which is precisely the asymptotic covariance matrix of the estimator of 3, obtained
by maximizing the likelihood function or solving estimating equations based on the
submodel knowing that B,, = 0. This shows that when n is sufficiently large, our
estimator is as efficient as the oracle one.

To satisfy Theorem 2, we require that a,+/|D,| — 0, by\/|Dn|/p2 — oo and
Can/Pn — 0 as n — oo simultaneously. In particular, conditions on a, and c,

ensure the asymptotic normality of 51 while condition on b, is used to prove the
sparsity. Conditions regarding a, and ¢, are similar to the ones imposed by Fan
and Peng (2004) when |D,,| is replaced by n in their context. However, we require a
slightly stronger condition on b,, than the one required by Fan and Peng (2004) which
in the present setting could be written as b,+/|D,|/pn — oc0. As compensation,
we do not need to impose, as Fan and Peng (2004) did, for any 0 < Ky < oo,
z/max(]Dn|_1An(w; ,60)) < K,. Such a condition is not straightforwardly satisfied
in our setting since the other conditions only imply that Vmax(]Dn|_1An(w; ﬁo)) =
O(pn)-

Further details regarding a,,, b, and ¢, for each method are presented in Table 2.
For the ridge regularization method, b,, = 0, preventing from applying Theorem 2 for
this penalty. For lasso and elastic net, a,, = K3b, for some constant K3 > 0 (K3=1
for lasso). The two conditions a,+/|D,| — 0 and b,+/|D,|/p2 — o0 as n — oo
cannot be satisfied simultaneously. This is different for the adaptive versions where
a compromise can be found by adjusting the A, ;’s, as well as the two non-convex
penalties SCAD and MC+, for which A\, can be adjusted. For the regularization
methods we consider in this study, the condition ¢,,/p, — 0 is implied by the

condition a,+/|D,| — 0 as n — oo and condition (C.9).

4 Numerical results
This section is devoted to present numerical results. More precisely, we conduct

simulation experiments in Section 4.1 to assess the finite sample peformance of our
estimates and apply our method to an application in ecology in Section 4.2. We
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Table 2: Details of the sequences a,, b, and ¢, for a given regularization method.

Method a,, by, Cn
Ridge A, max {1Bo;1} 0 An
j=1,...s
Lasso A\, An 0
Enet Ay | (1) max {[By[} +7| 72 (L=
AL max {\,;} ~min {\,;} O
j=1,...s Jj=s+1,...pn
Aenet  max {A\; (1 =)|6o;| +7)} v min  {X.;} (1 —7) max {\,;}
j=1,...s j=s+1,...pn 7j=1,...,s
SCAD 0 A 0"
MC+ 0 Ap — S/bn g

TV | Do |

" if A, = 0 for n sufficient large
“if \uy/| Dl /p2 — oo for n sufficient large

apply the regularized Poisson likelihood (PL) and the regularized weighted Pois-
son likelihood (WPL) to select covariates and estimate their coefficients. Similar
approach can be straightforwardly used for the regularized versions using logistic
regression likelihood.

To numerically evaluate the parameters estimates, we apply Berman-Turner
method (Berman and Turner, 1992) combined with coordinate descent algorithm
(Friedman et al., 2007) to perform variable selection and parameter estimation.
Berman-Turner device allows to show that maximizing (2.4) is equivalent to fitting
a weighted Poisson generalized linear model, so the standard software for general-
ized linear models (GLMs) can be used. This has been exploited by the spatstat
R package (Baddeley et al., 2015). As we make links between spatial point pro-
cesses intensity estimation and GLMs, we only have to deal with feature selection
procedures for GLMs. Hence, we clearly have many advantages: the various compu-
tational strategies are carefully studied, and, in particular, efficiently implemented
in R. In this study, to compute the regularization path solutions, we employ co-
ordinate descent algorithm (Friedman et al., 2007). This is implemented in the
glmnet (Friedman et al., 2010) for regularization methods for GLMs using some
convex penalties (i.e., ridge, lasso, elastic net, adaptive lasso and adaptive elastic
net) and in the ncvreg (Breheny and Huang, 2011) for regularization methods for
GLMs using some non-convex penalties (i.e., SCAD and MC+). More details for
computational strategies are discussed in detail by Choiruddin et al. (2017).

Our methods rely on the tuning parameter A\. Some previous studies (see e.g.
Zou et al., 2007; Wang et al., 2007, 2009) suggest to use a modified BIC criterion to
select the tuning parameter. We follow the literature and choose A by minimizing
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WQBIC()), a modified version of the BIC criterion, defined by
WQBIC(A) = —2¢(w: B(N)) + s(\) log D).

where s(\) = >"_, I{3;(\) # 0} is the number of selected covariates with non-zero
regression coefficients and |D] is the volume of observation domain. To implement
the adaptive methods (i.e., adaptive lasso and adaptive elastic net), we follow Zou
(2006) and define \; = \/|B;(ridge)|,j = 1,--- ,p, where B(ridge) is the estimates
obtained from ridge regression and A is a tuning parameter chosen by WQBIC(\)
criterion as described above. Following Choiruddin et al. (2017), we fix 7 = 0.5 for
elastic net and its adaptive version, v = 3.7 for SCAD, and v = 3 for MC+. For
further discussion regarding the selection of v for SCAD and MC+, see e.g. Fan
and Li (2001) and Breheny and Huang (2011).

4.1 Simulation study

In this section, we investigate the behavior of our estimators in a simulation exper-
iment in different situations when a large number of covariates for fitting spatial
point process intensity estimation is involved. We intend to extend the setting con-
sidered by Choiruddin et al. (2017). We start with relatively complex situation
where strong multicollinearity is present (Scenarios la and 2a) and we then consider
a more complex setting using real datasets (Scenarios 1b and 2b). We have two
different scenarios (Scenarios 1 and 2) for which the number of true covariates as
well as their coefficients are different.

The spatial domain we consider is D = [0, 1000] x [0,500]. The true intensity
function has the form p(u; B,) = exp(z(u) " B,), where z(u) = {1, z1(u), ..., zs0(u)} "
and B, = {bo, Bo1," - , Boso}- We set By such that the mean number of points over
D is equal to 1600. We consider two different scenarios described as follows.

Scenario 1. We define the true vector B, = {f,2,0.75,0,---,0}. To define the
covariates, we center and scale the 201 x 101 pixel images of elevation
(x1) and gradient of elevation (z3) contained in the bei datasets of
spatstat library in R and use them as two true covariates. In addition,
we create two settings to define extra covariates:

a. First, we generate 48 201 x 101 pixel images of covariates as a stan-
dard Gaussian white noise and denote them by z3,...,x5. Sec-
ond, we transform them, together with z; and x5, to have multi-
collinearity. In particular, we define z(u) = V'x(u), where x(u) =
{z1(u), ..., z50(u)} . More precisely, V is such that & = V'V, and
(Q)U = (Q)]z = 07‘1_]| for Z,j = 1, ey 50, except (Q)lg = (Q)Ql = 0,
to preserve the correlation between x; and xo. In this setting, z(u) =
[1,7(u)}.

b. We center and scale the 13 50 x 25 pixel images of soil nutrients
obtained from the study in tropical forest of Barro Colorado Island
(BCI) in central Panama (see Condit, 1998; Hubbell et al., 1999,
2005) and convert them to be 201 x 101 pixel images as x; and 5.
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In addition, we consider the interaction between two soil nutrients
such that we have 50 covariates in total. We use 48 covariates (13 soil
nutrients and 35 interactions between them) as the extra covariates.
Together with z; and o, we keep the structure of the covariance
matrix to preserve the complexity of the situation. In this setting,
we have z(u) = x(u) = {1, z1(u),...,z50(u)}".

Scenario 2. In this setting, we consider five true covariates out of 50 covariates.
In addition of elevation (z;) and gradient of elevation (z3), we convert
50 x 25 pixel images of concentration of Aluminium (z3), Boron (z4)
and Calcium (x5) in the soil to be 201 x 101 pixel images as z; and
z9 and set them to be other three true covariates. All five covariates
are centered and scaled. We define the true coefficient vector B8, =
{Po,5,4,3,2,1,0,--- ,0}. As in Scenario 1, we make two settings to
define 45 extra covariates:

a. This setting is similar to that of Scenario 1a. We generate 45 201 x 101
pixel images of covariates as standard Gaussian white noise, denote
them by zg, ..., 750, and define z(u) = V'x(u), where V is such
that @ = V'V, and (Q);; = (Q);; = 0.7 for 4,5 = 1,...,50,
except () = () = 0, for k,1 =1,--- 5k # [, to preserve the
correlation among x; - x5. We still define z(u) = {1,z(u)}.

b. We use the real dataset as in Scenario 1b and consider similar set-
ting. In this setting, we define 5 true covariates which have different
regression coefficients as in Scenario 1b.

With these scenarios, we simulate 2000 spatial point patterns from a Thomas
point process using the rThomas function in the spatstat package. We set the
interaction parameter k£ to be K = 5 x 107%, k = 5 x 107° and let w = 20. Briefly,
smaller values of w correspond to tighter clusters, and smaller values of k correspond
to a fewer number of parents (see e.g. Mgller and Waagepetersen, 2004, for further
details regarding the Thomas point process). For each scenario with different , we
fit the intensity to the simulated point pattern realizations.

We report the performances of our estimates in terms of two characteristics:
selection and prediction properties. We present the selection properties in Table 3
and the prediction properties in Table 4

To evaluate the selection properties of the estimates, we consider the true positive
rate (TPR), the false positive rate (FPR), and the positive predictive value (PPV).
We want to find the methods which have a TPR close to 100% meaning that it
can select correctly all the true covariates, a FPR close to 0 showing that it can
remove all the extra covariates from the model, and a PPV close to 100% indicating
that, for Scenario 1 (resp. Scenario 2), it can keep exactly the two (resp. five)
true covariates and remove all the 48 (resp. 45) extra covariates. In general, for
both regularized PL and regularized WPL, the best selection properties are obtained
from larger x (5 x 10™*) which indicates weaker spatial dependence. To compare
the regularization methods, we emphasize here that the main difference between
regularization methods which satisfy (adaptive lasso, adaptive elastic net, SCAD,
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Table 3: Empirical selection properties (TPR, FPR, and PPV in %) based on 2000
replications of Thomas processes on the domain D for two different values of s
and for the two different scenarios. Different penalty functions are considered as
well as two estimating equations, the regularized Poisson likelihood (PL) and the
regularized weighted Poisson likelihood (WPL).

Regularized PL Regularized WPL Regularized PL. Regularized WPL

Method k=5x10"* k=5x107°

TPR FPR PPV‘TPR FPR PPV ‘TPR FPR PPV|TPR FPR PPV

Scenario la
Lasso 1001 13 28 | 96 4 62 97 23 20 | 64 1 76
Enet 1001 34 12 | 93 8 48 97 48 10 | 59 2 58

AL 008 1 92|97 0 96 9% 3 68|70 08 98
Aenet | 1001 2 76 | 97 1 85 95 6 52|67 08 95
SCAD | 100" 7 41 |97 1 87 9% 4 61 |5 08 79
MC+ |1008 8 37| 96 1 85 9% 5 58 | 52 1 74

Scenario 1b

Lasso | 100 45 10 | 91 11 52 | 100! 96 4 | 20 6 22
Enet 100t 63 7 |8 18 31 |100' 98 4 15 6 14
AL 1001 26 19 | 95 5 81 9 8 5 |26 5 35
Aenet | 100 30 15 | 95 6 74 11001 87 5 |24 5 30
SCAD | 100! 26 18 | 93 5 76 | 1001 76 5 | 23 4 28
MC+ | 100 26 17 | 93 5 76 9 T 5 |22 5 27

Scenario 2a
Lasso 98 93 10 | 84 73 14 | 98 96 10 | 47 35 16
Enet 99 98 10 | 8 80 11 99 98 10 | 46 38 12
AL 95 49 18 | 8 35 27 | 95 64 15| 50 23 28
Aenet | 96 52 17 | 84 40 21 96 68 14 | 48 26 20
SCAD | 86 74 13 |65 45 36 |75 60 21|39 26 30
MC+ 87 78 13 | 65 47 35 73 60 22|39 26 30

Scenario 2b
Lasso 80 64 13| 7 60 12 78 69 11 | 64 57 9
Enet 8% 73 12 | 82 69 11 84 79 11 | 68 64 8
AL 5 26 19 | 54 25 20 | 59 35 17 | 48 30 13
Aenet | 59 30 18 | 57 29 18 | 64 43 15 | 52 36 11
SCAD | 43 21 20 | 42 20 23 | 46 24 27 | 41 25 16
MC+ 44 21 20 | 43 20 23 | 46 24 26 | 41 26 16

! Approximate value
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Table 4: Empirical prediction properties (Bias, SD, and RMSE) based on 2000
replications of Thomas processes on the domain D for two different values of s
and for the two different scenarios. Different penalty functions are considered as

well as two estimating equations, the regularized Poisson likelihood (PL) and the
regularized weighted Poisson likelihood (WPL).

Regularized PL. Regularized WPL  Regularized P Regularized WPL
Method k="5x10"* k=25x107°
Bias SD RMSE|Bias SD RMSE ‘Bias SD RMSE‘Bias SD RMSE

Scenario la

Lasso [0.19 0.19 0.27 [0.43 0.29 0.52 |0.29 0.60 0.67 |0.94 0.53 1.08
Enet ]0.27 0.22 0.35 |0.72 0.32 0.79 ]0.34 0.66 0.74 |1.21 0.40 1.27
AL 0.05 0.18 0.19 |0.14 0.24 0.28 |0.19 0.60 0.63 |0.57 0.57 0.81
Aenet [0.07 0.19 0.20 [0.20 0.27 0.33 |0.22 0.60 0.64 |0.69 0.55 0.88
SCAD [0.19 0.19 0.27 [0.29 0.32 0.43 |0.14 0.55 0.57 |1.10 0.71 1.31
MC+ ]0.20 0.19 0.28 |0.32 0.37 049 |0.15 0.55 0.57 |1.15 0.72 1.35

Scenario 1b

Lasso [0.18 1.03 1.05 |0.57 0.58 0.81 |1.97 8.00 8.23 |1.85 2.11 2381
Enet 0.27 1.32 1.34 [0.81 0.73 1.09 |1.87 7.73 7.96 [1.94 2.02 280
AL 0.18 0.73 0.76 [0.28 0.43 0.51 |1.26 6.23 6.36 [1.68 1.70 2.39
Aenet [0.21 0.72 0.75 0.36 0.44 0.57 |1.05 545 555 |1.76 1.49 231
SCAD |0.26 0.99 1.02 |0.39 0.63 0.74 [1.20 555 5.68 |1.71 1.59 2.34
MC+ 10.26 0.99 1.03 |0.40 0.64 0.76 |1.21 5.53 5.66 |[1.71 1.59 2.33

Scenario 2a
Lasso |1.45 1.89 2.38 |2.24 247 3.34 |0.94 886 891 [4.53 579 7.35
Enet 1.54 1.89 2.44 |2.38 2.62 3.54 |1.27 6.54 6.66 [4.95 4.85 6.93
AL 1.57 1.80 2.39 |2.20 2.16 3.09 |1.33 6.38 6.52 |4.31 4.50 6.23
Aenet [2.05 1.60 2.59 |2.64 2.11 3.38 |1.95 4.75 5.13 |4.89 3.73 6.14
SCAD |2.26 1.75 2.86 [3.84 243 4.54 (3.74 345 5.09 [5.79 2.73 6.40
MC+ 245 1.77 3.02 |3.95 2.39 4.61 |3.81 341 5.12 |5.82 2.71 6.42

Scenario 2b

Lasso [3.28 2.87 4.36 |3.36 3.20 4.64 |3.85 13.41 13.95 [4.61 11.20 12.11
Enet 3.39 245 4.18 348 275 4.44 |3.76 7.86 8.71 |4.66 6.96 8.37
AL 3.64 1.59 397 [3.69 1.78 4.10 [3.89 899 9.80 [4.70 6.95 8.39
Aenet [3.71 1.34 3.95 |3.79 1.58 4.10 |4.03 4.89 6.34 |4.88 4.38 6.55
SCAD [4.56 2.22 5.07 [4.67 227 519 |522 327 6.16 |5.65 3.18 6.48
MC+ 453 2.24 5.05 |4.64 229 5.18 [5.23 3.25 6.15 [5.66 3.21 6.51
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and MC+) and which cannot satisfy (lasso, elastic net) our theorems is that the
methods which cannot satisfy our theorems tend to over-select covariates, leading
to suffering from larger FPR and smaller PPV in general. Among all regularization
methods considered in this study, adaptive lasso and adaptive elastic net seem to
outperform the other methods in most cases. Although adaptive lasso and adaptive
elastic net perform quite similarly, the adaptive lasso is slightly better.

In this simulation study, we are still able to show that even when the strong
multicollinearity exists such as in Scenario la, our proposed methods work well for
the penalization methods satisfying our theorems. However, as probably expected,
our methods are getting difficult to distinguish between the important and the noisy
covariates as the setting becomes more and more complex. In the experiments we
conduct, we find that the regularized PL and WPL (with adaptive lasso) perform
quite similar for the easiest (Scenario la) and the toughest (Scenario 2b) setting.
For Scenarios 1b and 2a, the regularized WPL with adaptive lasso seems to be more
favorable. From Table 3, we would recommend in general to combine the regularized
WPL with the adaptive lasso to perform variable selection.

Table 4 gives the prediction properties of the estimates (except for Sy which is
excluded) in terms of biases, standard deviations (SD), and square root of mean
squared errors (RMSE), some criteria we define by

2

.SD =

2

0
ZE(Bj—ﬁoj)Ql )

1

50 2
~2
>

J=1

,RMSE =

Bias =

Z {E(B;) — Bo; }?

where I@(BJ) and 67 are respectively the empirical mean and variance of the estimates
B;, for j =1,...,50.

In general, the properties improve with larger x due to weaker spatial depen-
dence. Regarding the regularization methods considered in this study, adaptive
lasso and adaptive elastic net perform best. Adaptive elastic net becomes more
preferable than adaptive lasso for a clustered process (k = 5 x 107°) and for a struc-
tured spatial data (Scenarios 1b and 2b). The adaptive elastic net is more efficient
than the adaptive lasso especially in the complex situation: large number of covari-
ates, strong multicollinearity, clustered processes, and complex spatial structure due
to the advantage of combining /; and [, penalties.

By employing regularized WPL, we have potentially more efficient estimates
than that of the regularized PL, especially for the more clustered process. However,
this does not mean that the regularized WPL is able to improve the RMSE since
it usually introduces extra biases. Regularized WPL seems more appropriate for
the case having covariates with complex spatial structure (Scenarios 1b and 2b).
Otherwise, regularized PL is more favorable. From Table 4, when the focus is on
prediction, we would recommend to apply adaptive elastic net as a general advice,
and we would combine with regularized WPL if the covariates have complex spatial
structure (e.g. Scenarios 1b and 2b) or combine with regularized PL if there is no
evidence of complex spatial structure in the covariates (e.g. Scenarios la and 2a).

Note that, from Table 3, the adaptive lasso is more preferable if the focus is
on variable selection while, from Table 4, the adaptive elastic net is more favorable
if the focus is for prediction. To have a more general recommendation, we would
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recommend applying adaptive elastic net when we are faced with a complex situa-
tion: a large number of covariates, strong multicollinearity, clustered processes and
complex spatial structure. By combining /; and [, penalties, the adaptive elastic net
provides a nice balance between selection and prediction properties. This is why in
most complex cases (Scenario 2 with k =5 x 107°), adaptive elastic net decides to
choose more covariates than adaptive lasso (which includes true and noisy covari-
ates) to suffer from slightly less appropriate properties for the selection performance
but to be able to improve significantly the prediction properties.

4.2 Application to forestry datasets

We now consider the study of ecology in a tropical rainforest in Barro Corrolado
Island (BCI), Panama, described previously in Section 1. In particular, we are
interested in studying the spatial distribution of 3,604 locations of Beilschmiedia
pendula Lauraceae (BPL) trees by modeling its intensity as a log-linear function
of 93 covariates consisting of 2 topological attributes, 13 soil properties, and 78
interactions between two soil nutrients.Regarding the relatively large number of
covariates, we apply our proposed methods to select few covariates among them and
estimate their coefficients. In particular, we use the regularized Poisson methods
with the lasso, adaptive lasso, and adaptive elastic net. Note that we center and
scale all the covariates to observe which covariates owing relatively large effect on
the intensity.

Table 5: Number of selected and non-selected covariates among 93 covariates by
regularized Poisson likelihood with lasso, adaptive lasso and adaptive elastic net
regularization.

Regularized PL Regularized WPL
Method
#Selected #Non-selected #Selected #Non-selected
LASSO 77 16 20 73
AL 50 43 9 84
AENET 69 24 9 84

We present in Table 5 the number of selected and non-selected covariates by each
method. Out of 93 covariates, more than 50% from the total number of covariates are
selected by regularized PL while much fewer covariates are selected by regularized
WPL. The regularized PL seems to overfit the model.

Regarding lasso method, 77 covariates are selected by regularized PL method
while 20 covariates are selected by regularized WPL. Compared to the two adaptive
methods (i.e., adaptive lasso and adaptive elastic net), lasso tends to keep less
important covariates. This may explain why lasso cannot satisfy our Theorem 2.
In terms of selection properties, adaptive lasso and adaptive elastic net perform
similarly when regularized WPL is applied.
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Table 6: Nine common covariates selected

Covariates Regularized PL Regularized WPL
LASSO AL AENET|LASSO AL AENET
Elev 0.33 0.37 0.34 0.23 0.14 0.14
Slope 0.37 0.37 0.37 0.45 0.44 0.46
Cu 0.45 0.30 0.30 0.16 0.22 0.19
Mn 0.11 0.10 0.11 0.18 0.14 0.14
P -0.49 -0.45 -0.48]  -0.50 -0.43 -0.39
Zn -0.69 -0.54 -0.70f -0.21 -0.31 -0.25
AlP -0.28 -0.24 -0.28| -0.13 -0.14 -0.13
Mg:P 0.49 0.26 0.30 0.38 0.38 0.34
N.Min:pH 0.42 0.39 0.39 0.22 0.17 0.17

Table 6 gives the information regarding nine covariates commonly selected among
the six methods. Although the magnitudes of the estimates can be slightly different,
the signs all agree with each other.

These results suggest that BPL trees favor to live in the areas of higher ele-
vation and slope with a high concentration of Copper and Manganese in the soil.
Furthermore, BPL trees prefer to live in the areas with lower concentration lev-
els of Phosphorus and Zinc in the soil. The interaction between Aluminum and
Phosphorus gives a negative association with the appearance of BPL trees while
the interaction between Magnesium and Phosphorus and the interaction between
Nitrogen mineralization and pH show a positive association with the occurrence of
BPL trees. The maps of 3,604 locations of BPL trees, as well as the nine commonly
selected covariates, are depicted in Figure 1.

5 Conclusion and discussion

We consider feature selection techniques for spatial point processes intensity estima-
tion by regularizing estimating equations derived from Poisson and logistic regression
likelihoods in a setting where the number of parameters diverges as the volume of
observation domain increases. Under some conditions, we prove that the estimates
obtained from such setting satisfy consistency, sparsity, and asymptotic normality.
Our results are available for large classes of spatial point processes and for many
penalty functions.

We conduct simulation experiments to evaluate the finite sample properties of
the regularized Poisson estimator and regularized weighted Poisson estimator. From
the results, we would recommend in general the combination between regularized
WPL and adaptive lasso if the concern is on variable selection. Furthermore, when
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Figure 1: Maps of 3,604 locations of BPL trees and the nine common selected
covariates, from left to right, row 1: elevation, slope and Copper, row 2: Manganese,
Phosphorus and Zinc, row 3: the interaction between Aluminum and Phosphorus,
between Magnesium and Phosphorus, and between Nitrogen mineralisation and pH.

the focus is on prediction, the regularized WPL combined with the adaptive elastic
net is more preferable for the situation where there is a complex spatial structure in
the covariates. For more general advice, we would recommend using the adaptive
elastic net rather than the adaptive lasso since the adaptive elastic net is able to
balance the selection and the prediction properties by combining the [; and the [y
penalties.

To implement our methods, we combine the spatstat R package and the two R
packages glmnet and ncvreg dealing with penalized generalized linear models. This
results in a computationally fast procedure even when the number of covariates is
large. It is worth noticing that, as other regularization methods, our methods also
rely on the selection of the tuning parameter. As the study in a classical regression
analysis, the BIC-type methods are proposed to obtain selection consistent estimator
(see e.g. Zou et al., 2007; Wang et al., 2007, 2009). We have numerical evidence from
simulation studies that this criterion can satisfy the selection consistency. Theoret-
ical justification in this spatial point process framework is the purpose of a future
research.

We apply our methods to the Barro Corrolado Island study to estimate the
intensity of Beilschmiedia pendula Lauraceae (BPL) tree as a log-linear function
of 93 environmental covariates. Regularized weighted Poisson likelihood combined
with adaptive elastic net performs similarly to adaptive lasso. Among 93 covariates,
we find nine spatial covariates which may have a high influence to the appearance
of BPL trees, including two topological attributes: elevation and slope, four soil
nutrients: Copper, Manganese, Phosphorus and Zinc, and three interaction between
two soil properties: the interaction between Aluminum and Phosphorus, between
Magnesium and Phosphorus, and between Nitrogen mineralisation and pH.

A further work would consider to include the 296 other species of trees, which
were surveyed in the same observation region, to study the existence of any compe-
tition between BPL and other species of trees in the forest. In such a situation, the
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methods used in this study may face some computational issues. The Dantzig selec-
tor (Candes and Tao, 2007) might be a good alternative since the implementation
for linear models (and generalized linear models) results in a linear programming.
Thus, more competitive algorithms are available. It would be interesting to bring
this approach to spatial point process framework.
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A Auxiliary Lemma

The following lemma is used in the proof of Theorem 1 and Lemma 2 (which includes
Lemma 3 and Theorem 2). Throughout the proofs, the notation X,, = Op(x,,) or
X, = op(x,) for a random vector X,, and a sequence of real numbers x,, means that
|1X,.|| = Op(z,) and ||X,|| = op(x,). In the same way for a vector V,, or a squared
matrix M, the notation V,, = O(z,) and M,, = O(zx,) mean that ||V,| = O(z,)
and ||M,|| = O(z,).

Lemma 1. Under conditions (C.1)-(C.5), the following result holds as
n— oo

(9w By) = O (VpalDal ) (A.15)

23



Proof. Using Campbell Theorems (2.2)-(2.3), the score vector Eg)(w; B,) has vari-
ance

Var[ (w Bo)] = B (w; By) + Cp(w; By).

Conditions (C.4)-(C.5) allow us to obtain that sup,cga [ga{g(u, v) — 1}dv < oco. We
then deduce using conditions (C.1)-(C.3) that

Bn(w§ﬁ0> + Cn(w§ 60) = O(pn|Dn|>‘

The result is proved since for any centered real-valued stochastic process Y,, with
finite variance Var[Y,], Y, = Op(y/Var[Y,]). O

B Proof of Theorem 1

In the proof of this result and the following ones, the notation x stands for a generic
constant which may vary from line to line. In particular this constant is independent
of n, B, and k.

Proof. Let d, = /p, (|Dul™? + a,), and k = {ki, ko,... kp,} 7. We remind the
reader that the estimate of 3, is defined as the maximum of the function @,, (given
by (3.8)) over ©, an open convex bounded set of RP» for any n > 1. For any k such
that | k|| < K < o0, By + d,k € © for n sufficiently large. Assume this is valid in
the following. To prove Theorem 1, we aim at proving that for any given ¢ > 0,
there exists sufficiently large K > 0 such that for n sufficiently large

P( sup A, (k) > 0) <€, where A, (k) = Qn(w; By+d, k) —Qn(w; By). (B.16)

[k|[=K

Equation (B.16) will imply that with probability at least 1 — €, there exists a local
maximum in the ball {3, + d,k : ||k|| < K}, and therefore a local maximizer 3 is
such that |8 — By|| = Op(d,). We decompose A, (k) as A, (k) = T} + T, where

T =4, (w'ﬂ0+d k) — o (w; By)

= [Dn IZ s (1Boj1) = P, (1Boj + dnkis])).

Since p(u;-) is infinitely continuously differentiable and Vi3 (w; 8) = —A,(w; 8),
then using a second-order Taylor expansion there exists ¢ € (0, 1) such that

T, = d K60 (u: By) — S KT A s By
SR (A3 By) — Anlw; By + 1K) K
By conditions (C.2)-(C.3), there exists a non-negative constant x such that
1403 By) = Au(wi By + td, )| < | Dyl
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Now, denote 7 := liminf,, oo Vmin(| Dpn| Ay (w; B,)). By condition (C.7), we have

that for any k
' (|Dn| "' Ap(w; By)) k

O0<vp
k|2

IN

Therefore, we have
v
Ty < dy |65 (w; By)|| || — EOZianlllkll2 + Kpndy, | Do K.

Now by the condition (C.9) and by assumption that a, = O(|D,| '/?), we obtain
Pady = 0(1), so kpudy| Dyl|[k|[* = o(1)dy| Dy||[K[|*. Hence, for n sufficiently large

”
T < dn| €7 (ws Bo) | K[| — i | D 1K

Regarding the term 75,

T <T,:=|Dy IZ A (1B0sl) = P, (1Boj + dnks))

7j=1

since for any j the penalty function py, ; is non-negative and py, (|5o;]) = 0 for
j=s+1,...,pn.

From (C.8), for n sufficiently large, p,, ; is twice continuously differentiable for
every B; = foj+td,k; witht € (0,1). Therefore using a third-order Taylor expansion,
there exist ¢; € (0,1), j = 1,...,s such that =15 =T;, + Ty, + T} 3, where

Ty = dulDul Y kil (1Bo]) sign(Boy) < Vsands| Dal Kl < di | Dal [IK]

j—l
Ty2 = 5dul Da !Zk%w 1Bos]) < end2| Do,
T2/,3— oD ]Zk?’p"’ (180 + tidnk;]) < kd2|D,|.

The three inequalities above are obtained using the definitions of a,, and ¢,, condi-
tion (C.8) and Cauchy-Schwarz inequality. We deduce that for n sufficiently large

Ty < |Ty) < 2d2|D,|| k|,
and then

A (k) < dol| 67 (w; Bo) | ]| — —dQID [1Kl* + 2d3 | Dy || K]].

We now return to (B.16): for n sufficiently large

P( sup A, (k) > 0) < P<||£§}>(w;50)|| > Zdnmnu( — 2dn|Dn|).

I[k||=K
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Since d,|D,| = O(\/pn|Dnl), by choosing K large enough, there exists x such that
for n sufficiently large

P( sup A (k) > o) < P(\w;”(w;ﬁo)u > wv/rm w) <e
Ik||=K

for any given € > 0 from (A.15) in Lemma 1.

C Proof of Theorem 2

Before proving Theorem 2, we present Lemmas 2-3. Lemma 2 is used to prove
Theorem 2(i) while Lemma 3 is used to derive Theorem 2(ii).

Lemma 2. Assume the conditions (C.1)-(C.8) hold. If a, = O(|D,|7'?) and
bu/|Dp|/p2 — 00 as n — oo, then with probability tending to 1, for any B, satis-

fying ||B1 — Boill = Op(\/Pn/|Dxl), and for any constant K; > 0,
Qn(w; (B,7,07)") = max Qu(w; (B,7,8:")").
< 1 ) B2l <K14/pn/|Dnl ( ' ’ )

Proof. Let e, = K11/pn/|Dy|. Tt is sufficient to show that with probability tending

to 1 as n — oo, for any 3, satisfying ||3; — Bu || = Op(\/Pn/|Dnl), we have for any
J=s+1....pn

9Qn(w; B) <0 for0< f; <e,, and (C.17)
9p;
aQna(;;;ﬁ) >0 for —e, <8 <0. (C.18)

From (3.7),

o, (w; B) _ Ol (w; By)
8@- 86]

_'_ Rrw

where R, = [, w(w)z;(u) (p(u; B) — p(u; By))du. Using similar arguments used in
the proof of Lemma 1, we can prove that

ol (w; By) _
— o5 Op(V/|Dal)-

Let u € RY. By Taylor expansion, there exists ¢t € (0,1), such that

p(u; B) = p(u; By) + (B — ﬂo)TZ(U>P(U§ By +t(B — By))-
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For n sufficiently large, B,+t(8—8,) € Z(8,) defined in condition (C.2). Therefore,
for n sufficiently large, we have by Cauchy-Schwarz inequality and conditions (C.2)-
(C.3)

|[Rn| < K/D 18 = Bollllz(w)l[du = Op(v/[Dalp7)-

We therefore deduce that for any j =s+1,...,p,

%ﬁgm — Op(V/Dnl2). (C.19)

Now, we want to prove (C.17). Let 0 < f; < e, and b, be the sequence
given by (3.11). By condition (C.8), b, is well-defined and since by the assump-

tion b,\/|D,|/p2 — oo, in particular, b, > 0 for n sufficiently large. Therefore, for
n sufficiently large,

P (H <o) —p (2 Dk, (15 sien(s) <)

ol (w; ,
P (# . \Dn|pkn,j<rﬁj|>)

04, (w; B) )
Pl———~ D, b,
( S5 <1

_P((%w6 < V/IDulp? )

v

dB;
The assertion (C.17) is therefore deduced from (C.19) and from the assumption that
b/ |Dp|/p2 — o0 as n — oo. We proceed similarly to prove (C.18). O

Lemma 3. Under the conditions (C.1)-(C.8) and the conditions required in
Lemma 2, the following convergence holds in distribution as n — 0o

{Buai(w; Bor) + Crpi(w; Bor) 1/25 o 1(w; Bor) 4 N(0, 1), (C.20)

where f;l,)l(w;ﬁo) is the first s components of é;l)(w;ﬁo) and By, 11(w; By)
(resp. Cpa1(w;By)) is the s x s top-left corner of B, (w; By) (resp Cy(w; By)).-

Proof. By Lemma 2 and by using Campbell Theorems (2.2)-(2.3),

Var[ (w Bo)] = B (w; By) + Cri1(w; By)-

The remainder of the proof follows Coeurjolly and Moller (2014). Let C; = i +
(—1/2,1/2]¢ be the unit box centered at i € Z¢ and define .%, = {i € Z¢ C;N D,, #
0}. Set D, = U Cin, where C;,, = C; N D,,. We have

1€In

(w3 By) = Yim

1€In
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where

Yi,= Z w(u)zor (u) —/ w(u)zo; (1) exp(Bgyzo1 (v))du.

we€XNCi Cin

For any n > 1 and any i € .%,, Y, has zero mean, and by condition (C.4),

sup sup E(||Y;,[|*™) < oo. (C.21)

n>1 €4,

If we combine (C.21) with conditions (C.1)-(C.6), we can apply Kardcsony (2006,
Theorem 4), a central limit theorem for triangular arrays of random fields.
O

Proof. We now focus on the proof of Theorem 2. Since Theorem 2(i) is proved by
Lemma 2, we only need to prove Theorem 2(ii), which is the asymptotic normality

of 3,. As shown in Theorem 1, there is a root-(|D,|/p,) consistent local maximizer
B of Q,(w;B3), and it can be shown that there exists an estimator 3; in Theorem 1
that is a root-(|D,|/p,) consistent local maximizer of Q,, (w; (8,7, OT)T>, which is

regarded as a function of 3, and that satisfies

%ﬁ;ﬁ)zo forj:1,...,sandB:(,éI,0T)T-
There exists ¢ € (0,1) and B=08+ t(By — é) such that for j =1,--- s
O, (w; 3 ' A wion A
0 :# — [Dlph,, (1Bs]) sien(3;)
O, (w; * 0%, (w; B) , - N U
i) 5 Ll B G ) — 1D, (16, Dsign()
J =1 J
(%n ; : a2€n ) A - 3
- (01;.6_0) + 8;%50)‘(51 — Bor) + Z\p”vﬂ(ﬂl — o)
J 1=1 J =1
—|Dalph,, (180;]) sign(Bo;) = | Dulns. (C.22)
where
W, 920, (w; B) _ Pla(w; By)

B0 B0

and ¢, ; = p), (|BJ|) sign(Bj) — P, (|Boj]) sign(fo;). Since p) is a Lipschitz function
by condition (C.8), there exists k > 0 such that by condition on a,

bnj = i, , (1B;1) sign(B;) — ph, , (1Bogl) sign(Boy)
= (A, UB;]) — P, (180;])) sign(By) + ph, (15o;]) (sign(B;) — sign(Bo;))
< H||Bj| — | Bosl| + 2as,
< k|B; — Bo;| + 2an. (C.23)
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We now decompose ¢, ; as ¢, ; = 11 + 15 where

T = 60,1(18; — Boj| < 7ny)  and  To = ¢, ;1(15; — Bos| > nj)

and where 7, ; is the sequence defined in the condition (C.8). Under this condition,
the following Taylor expansion can be derived for the term 77: there exists t € (0, 1)

and Bj = Bj + t(Bo; — BJ) such that

Ty = py., (180 ) (B; — Bop)I(1B; — Bos| < 7y

1 - . .
+ 508 = Bog) P, (185 ))sign(B)I(| 85 — Bojl < T j)
= X (1Bos D) (B = Bop)I(1B; = Bos| < T g) + O (pn/|Dal)

where the latter equation ensues from Theorem 1 and condition (C.8). Again, from
Theorem 1, I(|3; — Boj| < ) = 1 which implies that I(|3; — Boj| < ) = 1, s0

Ty =1}, (180 1) (85 — Bos) (1 + 0p(1)) + Op(pn/|Dn))-
Regarding the term Ty, we have by (C.23)

Ty < {K1B; — Boj| + 240} 1(|B; = Bog| > Fn)
= K[B; = Bos| 1(183; = Bos| > 7nz) + 0| Du|~1/2).
We want to prove that Ty = op(|D,|"/2). Define S, = |3; — Boj| 1(|3; — Boj| > 7n;)

and T, = I(S,, > §|D,,| /%) for some § > 0. We claim that the result is proved if we
prove that ET,, — 0 for any 6 > 0. Condition (C.8) implies in particular that for n

large enough, 7, ; > \/pn/|Dyn| > \/1/|D,|. Using this, it can be checked that the

~ 1
binary random variable 7T}, reduces to T,, = I(|5; — Bo;| > Tn;) Ly 0 as n — oo.
Then, we deduce that

Pnj = p/A’n,j(WOjD(Bj — Boj) (1 + 0p(1)) + Op(pn/|Dul) + op(|Dn|7?). (C.24)

Let 62{)1(10; B,) (resp. ¢ 2)1 (w; By)) be the first s components (resp. s x s top-left

corner) of &(11)(10; Bo) (resp. o) (w; By)). Let also ¥,, be the s x s matrix containing

U, 1,7, 0 =1,...,s. Finally, let the vector p),, the vector ¢, and the s x s matrix
M, be defined by

505') Sign(ﬁOS)}T7

p;t = {pl)\n,l(lﬁ()l‘) Sign(ﬁﬂl)a s 7p/>\n,s(
¢n = {¢n,la s 7¢n,s}—ra and
M, = {B,,11(w; By) + Cpa1(w; By)} /2.

We rewrite both sides of (C.22) as

(8 (w; By) + €2 (w; B) (By — Boy) + ¥nl(By — Boy) — | Dalpl, — |Dul @, = 0. (C.25)
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By definition of IT,, given by (3.14) and from (C.24), we obtain ¢, = Hn(B1 —
Bo1) (L4 0p(1)) + Op(pn/|Dyl) + 0p(]Dy|~/?). Using this, we deduce, by premulti-
plying both sides of (C.25) by M,,, that
M43 (w3 B0) =M (A (w3 Bg) + | DalTL) (B — Boy)
= O(| Do M0}, [}) + 0p(| D] [MLIL (B, = By )
+ Op(|IMa[pn) + 0p (1ML || Dy 2)

+ Op(||M,®,.(8; — Boy))-

Now, |M,|| = O(1/+/|D,|) by condition (C.6), [|¥,| = Op(\/pn|Dx|) by condi-
tions (C.2)-(C.3) and Theorem 1, and || 3, — ﬁOIH = Op(\/pn/|Dn|) by Theorem 1 and
Theorem 2(1). Fmally, since by assumptions that

an\/|Dpn| = 0 and ¢, /p, — 0 as n — oo, we deduce that

| Dol IV} | = O(any/Dy) =

1D, | IMLTL(3, — Byl = O (mﬁ) — ol

ML || /[ Dn| =
Py

. 2
ML, (3, = Byl = O ( o |> = or(1).

The last two lines are obtained from (C.9). Therefore, we have that

Mt (w3 By) = My (A (13 80) + [Da[TL) (By = Byr) = 00 (1).

By (C.20) in Lemma 3 and by Slutsky’s Theorem, we deduce that

{Bn11(w; By) + Cpa1(w; ﬁo)}_l/Qx

A d

{An 1 (w; Bo) + [Dn[IL} (8, — Bon) = N (0, 1)

as n — 0o, which can be rewritten, in particular under (C.7), as
“1/2/ 4 d
|Dn|1/22n(w; Bo) 1/2(ﬁ1 — Bo1) = N(0,1)

where 3, (w, 3,) is given by (3.13). O
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