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Abstract

The application of deep neural networks in geospatial data has become a trending
research problem in the present day. A significant amount of statistical research
has already been introduced, such as generalized least square optimization by
incorporating spatial variance-covariance matrix, considering basis functions in
the input nodes of the neural networks, and so on. However, for lattice data, there
is no available literature about the utilization of asymptotic analysis of neural
networks in regression for spatial data. This article proposes a consistent local-
ized two-layer deep neural network-based regression for spatial data. We have
proved the consistency of this deep neural network for bounded and unbounded
spatial domains under a fixed sampling design of mixed-increasing spatial regions.
We have proved that its asymptotic convergence rate is faster than that of [1]’s
neural network and an improved generalization of [2]’s neural network structure.
We empirically observe the rate of convergence of discrepancy measures between
the empirical probability distribution of observed and predicted data, which will
become faster for a less smooth spatial surface. We have applied our asymp-
totic analysis of deep neural networks to the estimation of the monthly average
temperature of major cities in the USA from its satellite image. This applica-
tion is an effective showcase of non-linear spatial regression. We demonstrate our
methodology with simulated lattice data in various scenarios.
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1 Introduction

In recent years, the application of machine learning and neural network models in spa-
tial statistics has been a highly demanding and challenging research problem. Many
researchers have focused on the application of neural networks in geospatial data sets
for example pollution data, temperature data, spatial disease mapping, spatial econo-
metrics, and so on. The neural network becomes popular day by day for its flexibility,
and prediction accuracy. From a statistical point of view, many researchers focus on
its explainability. For example [3] has developed the convergence rate of a multilayer
compositional neural network for independent and identically distributed (iid) feature
space. [4] has proved the optimum minimax rate of convergence of a fully connected
deep neural network. [5] has proved the asymptotic convergence of convolutional neu-
ral networks for image classifiers. [6] has proved the asymptotic convergence rate of
shallow neural networks. [2] has proved the asymptotic convergence and asymptotic
normality of the sieve neural network. These articles critically review the asymptotic
convergence of neural networks under some regularity conditions.

Now coming to the application of neural networks in spatial data there are also
some significant contributions. [7] has introduced “Deep Kriging” (DK) by consid-
ering the basis functions in the input node of deep neural network similar concept
of fixed rank kriging (FRK) of [8]. [9] has extended this DK in a spatio-temporal
framework. [10] estimate parameter of Matern covariance function. [1] has introduced
a generalized least square-based graphical neural network for geospatial data. [11]
has proposed a neural network-based spatial autoregressive model. [12] has reviewed
almost all recently proposed different types of neural network-based models for spatial
and spatio-temporal data.

The literature has a significant gap regarding the asymptotic inference of neural
network estimates for spatial data. From the literature, all the researchers mainly focus
on solving two major problems, estimating mean function ([7]), and parameter esti-
mation of covariance function ([10]). But [1] has first proposed the spatial dependent
graphical neural networking assuming the spatial points as nodes of neural network.
But still, some open research questions arise.

Question-1 How the neighborhood size “M” contributes in asymptotic convergence of [1]’s
graphical neural network?

Question-2 [7/’s neural network considering [13]’s multi-resolution radial basis in the input
nodes and [9]’s long short time memory (LSTM) extension ignore the fact that for
every spatial location the basis coefficients are different. As a result, it’s not clear
how they consider spatial random effects via neural networks.

Question-3 [11] only considers the spatial random effect of response and covariate space are
linearly additive ignoring the nonlinear strength of the neural network. Here how
this network is convergent is unexplained.

In this research, we have sorted these three problems of the previous research. We have
proposed a nonlinear spatial neural network for spatial data which is a generalization
of [11]’s spatial regression model. We have generalized [2]’s single-layer sieve neural
network into the deep neural network by increasing the width and depth. We explain
how convergence is achieved by increasing neighborhood size under some regularity



conditions with a faster convergence rate than that of [1]. To overcome the short-
comings of considering spatial random effect in “Deep Kriging” of [7] we introduce a
localized deep neural network.

In Section (2.1) we have described the spatial sampling design that is required for
the inference of localized deep neural network and then we have discussed the details
of the algorithm of localized deep neural network in spatial regression. In Section (2.2)
we have discussed the asymptotic convergence, convergence rate, and central limit
theorem of the weighted sum of localized deep neural network function in the mixed
increasing domain under fixed sampling design. In Section (2.3) we explain the confi-
dence interval of localized deep neural network functional, asymptotic behavior of KL
divergence. In Section (3) we empirically validate our theoretical results by different
simulated data and one monthly average temperature data of major cities of the USA
and satellite image.

2 Methodology
2.1 Localized DNN

Nowadays deep neural networks are famous for their approximation quality. For spatial
framework, it’s very common to assume the nodes in the location and then perform a
neural network modeling. In this section, we will study a localized neural network that
will apprehend the spatial dynamicity along with the relationship between response
and covariates. This model is a potential generalization of spatial regression. This
section is partitioned into two parts. The first part will explain how to import the
spatial dependence and the second part will give an overview of how we can execute
the algorithm.

2.1.1 Spatial Sampling Regions

Let’s consider an open connected set of (—%, %]d is R§ and a prototype Borel set Rg

satisfying R C Ro C Clo.R§. Let {A,}nen be a sequence of non-decreasing positive
real numbers (A, = o(n)) such that \, — oo as n — oo. The sampling region R,, is
achieved by ‘inflating’ the prototype set Ry by a scaling factor A,

Ry = A Ro.

As a result, the sampling region R,, becomes unbounded. Now for a mixed increasing
spatial sampling design like [14] we assume a diagonal matrix A = diag (e1, ez, - -, eq)
and Z¢ = {Ai : i € Z?} where ¢; € (0,00) is an increment in the " direction.
Let {nn}nen be a sequence of decreasing positive real numbers (1, = o(A, %)) such
that n, — 0 as n — oo. We consider the sampling sites {si,s2,- - -, sy, } under
mixed-increasing domain case are given by the points

{Sl,Sg,"',SNH}E{SennZdZSGRH}. (1)

In (1) the sampling points of the scaled lattice 1, Z¢ lie in the sampling region R,
and with increasing n the lattice becomes finer, inflated (unbounded) and makes the



region R,, dense. The maximum separation distance between two adjacent vertices of
a lattice rectangle is bounded by 7,, = max{ey, e, -,eq} = 0 as n — 0o. As a result,
the sample size n will satisfy the growth condition

d
AIR| (2) <N,

n

of a larger order than the volume of R,,. Next, we consider an increasing sequence of
positive real-numbers {d, }nen such that 4, = o(logn) and 6, — co as n — oo. Let
N, (84, 0n,m,) is the neighborhood centered at s; with radius 4§, like [15] which will
satisfy
Nn<si7 671; nn) - Nn+1(sia 6n+la nn)

Assume {I';, },,en is an increasing sequence of positive integers satisfying I';, = O(\,,)
that denotes the cardinality of spatial locations included in the neighborhood. As
n — oo the lattice spacing ,, — 0 and, the cardinality, I',, is going to co. Under mixed
increasing sampling design the sampling region and neighborhood of every location
have two properties: the neighborhoods of every location will become denser which
incorporates the “infill” property of the spatial domain and the sampling region will
be inflated with increasing N,, which incorporates the “increasing domain” property
of spatial domain. In the infill spatial neighborhood, we study the asymptotic behavior
of a two-layer deep neural network (DNN) estimator.

2.1.2 Spatial DNN

We assume that {Y(s):s € R,,} and {X(s) CRP:s € R,} are (p + 1) dimensional
random fields (rf) on the bounded region R,, C R%. Let Y (s) and X (s) are respectively
the spatial surface of response and predictor variables. In the spatial autoregression
(SAR) model we consider

Y(s) = pWY 4+ X(s)5 +e. (2)

In (2) the dependent variable Y = Y (s) € RV» the independent variables X = X (s) €
RN»*P_ The spatial weight matrix W € RN»*Nn and the error €(-) is a white noise
process with variance o2. In this article, we extend the SAR model in a non-linear
framework. We assume there is a nonlinear regressive behavior in Y for every spatial
location such that

Yi(si) = fo (Yi(sy), Xi(si), Xi(s;)) + €x(ss),

3
t= 1727 s M58y € NFH(Si,énann) ENn(Sivénann) - Rn ( )

Here in (3), we assume that the unknown function fo € F such that,

F= {fz ofi:fi€ M?B}



where, ./\/lf“ﬁ is the isotropic 3 Holder class of function fit. In (3) Yi(sy), Xi(ss)
are n independent and identically distributed (iid) copies of Y(s;) € RN~ and
X(s;) € RN»*P_ Under infill asymptotic of fixed sampling design the nonlinear
unknown function fy will minimize the population criterion function

Ln(f)

LS {Yals1) — PN, (51,8 10), KN, (5050, m0))

(4)

S 0N, (5080, 1)), Wi 60)

t=1

_fO(}/t(NFn (Si7 6717 nn))’ Xt(NFn (Si7 (Sna nn)))}Q + 02'

We can obtain a least square estimator of the regression function (4) by minimizing
the empirical squared error loss L, (f):

fn(si) = argminfE}-Ln(f)

= argminfe}-% Z {Y;i(sz) - f(Yt(NFn (Si7 n,s nn))’ Xt(NFn (Si7 On,s nn)))}z .
. (5)

The least-square estimator in (5) over universal F may face some undesired properties
for example consistency. Therefore, optimizing the squared error loss over some less
complex functional space JF,, will be better.
Assumption 2.1. The functional space F,, with VC dimension v and the functionals
belonging to this space are square-integrable (one choice might be Reproducing Kernel
Hilbert Space).

Here the function space F,, in Assumption. 2.1 is an approximation of F and
this approximation error tends to 0 with increasing sample size in N1, (s;, 0y, 70 ). We
consider a sequence of non-decreasing classes of functions

FiCFC- - CFyCFpp1 C---CF
where |J,,~; Fn is dense in F. Moreover for any f € F there exists a projection

mnf € Fp such that some pseudometric defined in F i.e. d(f,7m,f) — 0 where as
n — oo. This type of function is defined as a 2-DNN according to [16]. The DNN

estimator fn would satisfy

L, (fn) < Infrer, Lo(f) + Op(En)

LA function f; : R* — R will be from isotropic 8 Holder class M;”’B if there exists a constant M; >
1; a; € (0,1) such that

1D fi(x) — DP f,(y)] < My ||x — ylI5

where, Déf(x) is the B-th order partial derivative of f;(x).
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Fig. 1: Flowchart of Localized DNN Estimator

with lim, yooZn = 0. We will describe the localized DNN with two hidden layers
and a tanh activation function belonging to the isotropic holder class'. We assume a
two-layer DNN with r hidden nodes:

Frn = {f2 ofitheFYc M?l’ﬁ & foe F¥ C Mgz’ﬁ}

r r p TI'n
= {’190 + Z’ﬂﬂ:aﬂh(Z Vijtanh<z Z'Uijlek(Sgl)+
i=1 j=1 k=1 1=1

I'n
Z Uij(p+1)ly(saz) + UijOO) + ViO) : ©)

=1

r r p+1 I'y,
Z|191| < Vy; Z'Vij| < Vo maxi<i<r ZZ|UW| < Vifor some V7 > 1} ;
=

i=0 j=0 SIST 0 1=1
for some min{Vy, Vo} > 1;9;, v, vijrs € R;
,7=0,---rk=0,--,(p+1); {=1,2,-- - Ty; 0, € {1,2,~--,n}.

Assume [[Yilloo < min{Vi,V2} = ||follee < min{Vi,V2}. In (6) we assume

Soy s Sons " ~,sgrn} € Nr, (Si,0n,m,). In Figure 1 we have illustrated the workflow
of a two-layer DNN-based spatial regression model. For unbounded regions corre-
sponding to every target location we create a spatial neighborhood of radius d,, and
consider those locations included in this spatial neighborhood. We feed the response
and covariates of those spatial locations in the input node of a DNN having two hid-
den layers. Here to avoid high-dimensional problems we also give one constraint that



(p + 1)y, = o(max{N,,n}). This restriction is crucial for bounded and unbounded
spatial domains. However, for the bounded domain case, it will be equivalent to the
purely “infill” spatial subsampling. In Algorithm (1) we have explained the algorithm
2-DNN based spatial regression model. From this Algorithm (1) it’s clearly under-
standable that this model is capturing spatial dynamicity at the local level by finer
grid spacing concept of multi-resolution and overall dynamicity by the sieve class of
nonlinear functionals.

Algorithm 1 2-DNN Spatial Auto Regression

1: Spatial sampling region, R, = A\p, - Rp.
2: Initial Grid Spacing in Lattice, nn < %—i—d
3: for 1in 1:L do '
4: Making finer grid 7,,; < g—’[
5: for each 6, do
6: Create Neighborhood NT, (si, 0n,nn) and store Y, X in Yi(s;, N1, ).
7 foriin1: Ny, do
8: Define 2-DNN spatial regression model with tanh activation:
Y; = fo(Wa fi(W1Ve(si, NT,,) + b1) + b2),
et —e "
hi = f(Wihi—1 + by), tanh(z) = ———.
9: for epoch = 1 to num_epochs do
10: Shuffle the training data.
11: for b in 1:B do
12: Compute loss for minibatch.
1 n
2
Lop = - S {Yilsi) — FO(si, Ny, )P
t=1
13: Compute gradients for minibatch using backpropagation.
OLn, 1« ) 4
== Y; -Y;)-
ow n Z_Zl( ¢ ) ow
14: Update model parameters using Adam optimizer.
2
my = Bimy—1+ (1= B1)gp; vp = Bavp—1 + (1 = £2)gp
* * X Ak
A Mp Ak Up * * a My
m, = 30 = ——55:0 =0p — ———
D 1_ﬁikp P l_ﬂ;p p+1 P \/ﬁ"‘ﬁ*
15: Update learning rate according to necessity.
16: end for
17: Evaluate the model’s performance on the validation data set.
18: end for
19: end for
20: end for
21: end for




2.2 Asymptotic Analysis

This section is devoted to discussing the asymptotic behavior of a two-layer DNN (2-
DNN) estimator. This section is divided into two parts. The first part will study the
existence, consistency, and convergence rate of a 2-DNN.

2.2.1 Asymptotic Convergence

The first theorem will prove the existence of this 2-DNN estimator. This theorem is
motivated by Theorem 2.2 of [17] and an extension of Corollary 2.1 of [2]. Here the
consistency of 2-DNN is different from [2]’s consistency of single-layer sieve neural
network (SNN) because [2] has achieved the consistency for single-layer DNN with
sigmoid activation function. A single-layer DNN is not very effective in dealing with
complex spatial problems. But here we propose the result for 2-DNN which is deep
and helpful for real data. Here the rate of increase of input nodes and nodes in the
hidden layer is slower than the rate of inflation, A, of the spatial sampling region.

Theorem 1. [Ezxistence] Let (2, A, P) be a complete probability space and let (F, p) be
a pseudo-metric. Let {F, ,,} be a sequence of compact subsets of F. Let L, : Qx Fp.,, —
R be A® B(F,,)/B(R) measurable and suppose for every w € Q if Ly (w,-) is lower

semicontinuous on ©,. Then for every n = 1,2, there exists a 2-DNN estimator
[+ Q@ — Fpn which is A/B(F,n) measurable such that L, (fn(w)) = Infrez,  L(f).
Proof. Pleas see the proof in Appendix (A) O

Theorem 1 identifies the condition of existence of 2-DNN. The following theorem
will justify the convergence of this two-layer DNN.
Theorem 2. [Convergence]

A2.1 If T, = o(nw) JAn = o(n),r = o(nﬁ) Voo? +1 << 12, ViVy = o(y/logn) for
some 0 <9+ B < 1.

A2.2 The functional class F. ,, with Vapnik-Chervonenkis (VC) dimension v with bounded
envelope function g. This bounded envelop function, g is uniformly bounded by
min{Vy, Va}.

A2.8 The Covering number that grows at a controlled rate such that

log N (@, Fron, ||]]) < vCo™1,

for some C > 0 then,
||fn — folln =70 as n — o0
Proof. Please see the proof in Appendix (B) O

Theorem 2 is the first theorem that has established the convergence of two-layer
DNN after [3]. But there are two key differences one is we extend DNN in spatial
design and the second is our covering number’s growth rate is restricted. The next
theorem will comment on the convergence rate of this DNN model.



Theorem 3. If (A2.1)-(A2.3) from Theorem 2 hold and,

G = Op (min {|lmr.nfo = follz,
(r2+r((p+ 1)Tn +4) +2) log [(r? 4+ r((p+ 1)Tn +4) + 2) (V1V2)?]
" Y
(r?+r((p+ )Ty, +4) + 2) log(nlogn) })

n

then,

—1/2
~ n
1/ = Jolln = Op {"m [”m’”fo = Jolln, <nw+6 log(n¥+5 logn)) ’

(nw+ﬂ 1og(n log 1) ) 1/2] } .

Proof. Please see the proof in Appendix (C) O

In Theorem 3 we have proved the convergence rate of 2-DNN for every spatial
location with its increasing neighborhood (A, (S;, 0, nn)) size, I'y. This convergence
rate is faster than the first convergence rate of spatial DNN of [1].

2.3 Uncertainity Quantification

This section discusses the subsampling-based confidence interval of the 2-DNN func-
tional of a specified location. We have already observed that for every location 2-DNN
becomes a random vector. Therefore here our main goal is to find C,, = [Lqy, Uy . Let’s
consider Vr, = y(./\/rj (Siy0n,Mn)) for zero means and for nontrivial mean function

Ir, = (y(Nr, (s4,65)), X (N, (si, 0;))) such that
P(fo(Yr;) €Ca) =1— v

To find this C, we assume that
Var (n)‘fn(yr].)) — 0; as n — oo, for some A > 0.

We take a subsample of spatial sampling regions at each iteration of size I'; with corre-
sponding radius d; where I'; < I'; 1 << |R,| = N,. Its corresponding neighborhood
size, §; > 01 > 1, Vj=1,2,- -, B. From each sampling block, we fed the sampling
points included in this block and got an estimate of the 2-DNN functional correspond-
ing to the location for each I'; i.e. fn,j (please see Figure 1). In this manner take B
sub-samples and got the estimate fnl(si)7 an (si), - an(sZ—). Then the corresponding
confidence interval will be

CalS) = Fn(8:) & 210 /o (s:). (8)



In (8) the first term of RHS is fn(sl) =1 Zle fnj(si) and

1
B

J

B 2
M) =\ 5 2 (vls0) = Jus(s))

1

This confidence interval in (8) briefs the idea of how the 2-DNN varies w.r.t the sam-
ple size included in the neighborhood and the inherited spatial dynamicity in the
DNN functional estimate. Next, we will discuss the asymptotic behavior of KL diver-
gence of the empirical distribution of observed and predicted responses with increasing
subsample sizes. In (3) we have already described that

yt(si) = fO (yt<si1)" ) '7yt(sim)) +e, =12 n

Here {y1(si),y2(8:), - - -, yn(s;)} are iid copies of y(s;). According to (5) we know that

frm = avgminger -3 (lsi) — f (s wu(s:,)°

t=1

and m(n) =m =T, = O (n¥) for some 0 < ¥ < 1 mentioned in (A2.1) of Theorem 2.

As a consequence of Theorem 2, it’s clear that f,,, is consistent. In the next Corollary,
we will discuss the asymptotic convergence of KL divergence of the empirical distri-
bution of observed and predicted spatial surfaces. Assume the empirical distribution
of y(s;) and §(s;) are respectively

n

N 1
Pry(sn(y) = > I(yilsi) <),
t=1

5 ST
Prmas)(¥) = — D T (Grm(si) < ).
t=1

Corollary 2.1. If m(n) =n? for some 8 € (0,1) and Theorem 2 is valid then

KL (ﬁn,y(sl)(y) Hﬁn,m,g(si)(y)) — 0, wheneverm(n) — 0.

Proof 2.1. Under the consideration of Theorem 2 and some regularity conditions
mentioned in Theorem 2

ﬁn,y(si)(y) — Poo (y§ ooo) , asmn — 0.
WLG assume 3 a random set Q,, = {m : |Ge.m(8:) — y(s;)| > € for some e > 0} with

measure P such that
P(Q,,) — 0 asm — oo.

10



Then from Theorem 3 we can say

Prom. i) (Y]1Qm) = Poo (¥ 0) , asn — .

It suffices the proof.
In this article, we empirically validate the KL divergence will asymptotically
converge to zero with increasing 4.

3 Results and Discussion

3.1 Consistency for Unbounded Spatial Domain: Simulation
Study

We have simulated lattice data from the Matern covariance function [15] to observe
the asymptotic convergence of 2-DNN in the mixed increasing domain setup. The
well-known Matern covariance function is

o - () 0 (52)

In this Matern covariance function o2, ¢, x denote sill, range, and smoothing param-
eters respectively. The parameter space is {(v,¢,02) : v > 0,02 > 0,¢ > 0}. We are
considering n,, = ﬁ and assume I',, = n¥ with ¢ € (0,1). We study our research
outcomes for different radius 4, = 0.3,0.6,0.8 of neighborhood NT (si;8n, 1)
Assume N,, is the number of lattice data points and the 10 covariate values such as
X1,Xo,- -, X109, and Y = 2321 1X;. This neural network will train 70% graphs as
train, 20% as validation, and 10% as test set. In Table (1) we have empirically validated
the asymptotic convergence of neural network for different parameter combinations
of smoothing parameters with increasing neighborhood size in fixed sampling design
under mixed increasing domain framework in four scenarios. We have observed the
mean square prediction error (MSPE) relatively becomes smaller with increasing d,,
and decreasing 7,, from Table (1). In Figure 2 we demonstrate the 95% CI of localized
2-DNN functional for a particular spatial location in the lattice. From Figure 2a it’s
visible that the CI width becomes narrower with increasing sample size and a simi-
lar pattern is detectable for Figure 2b, Figure 2c, and Figure 2d. Likewise, empirical
CDF of spatial 2-DNN functional of predicted data converges rapidly with increasing
0, since KL (ﬁnyy(si)(y) \|]§n7m,g(si)(y)) — 0 with increasing m,n from Figure 3. In
Figure 3c, Figure 3d we detect that the convergence rate is faster than the Figure 3a
and Figure 3b with increasing smoothness parameter . From this entire discussion,
we can get a brief scenario of the convergence of localized 2-DNN. From Figure 4, we
detect that under the assumption of increasing neighborhood size of o(n¥) the local-
ized 2-DNN functional converges rapidly with decreasing smoothing parameter x of
Matern variogram.

11



Table 1: Simulated Lattice Data from Matern Variogram

. 02=1,0=0.1,k=05
Scenario 1 5, ‘ MSPE
0.3 0.046
A =4,n=20,n, =0.16 | 0.6 0.0035
0.8 0.00137
0.3 0.042
A =5,n=235n,=0.14 | 0.6 0.0039
0.8 0.00138
0.3 0.04
An =6,n=50,1,=0.12 | 0.6 0.0065
0.8 0.00131
. 0c2=1,0=01,k=1
Scenario 2 5, ‘ MSPE
0.3 0.05
A =4,n=20,7n, =0.16 | 0.6 0.0047
0.8 0.0007
0.3 0.047
A =5,n=35mn,=0.14 | 0.6 0.0045
0.8 0.00097
0.3 0.04
An =6,n=>50,n, =0.12 | 0.6 0.0063
0.8 0.0012
. 02=1,=01,k=15
Scenario:3 5, MSPE
0.3 0.053
An =4,n=20,n, =0.16 | 0.6 0.0059
0.8 0.00153
0.3 0.048
An=5,n=235n,=0.14 | 0.6 0.006
0.8 0.0024
0.3 0.036
An =6,n=50,1, =0.12 | 0.6 0.0063
0.8 0.00125
. 02=1,0=01,k=2
Scenario:4 5, MSPE
0.3 0.047
An =4,n=20,n, =0.16 | 0.6 0.00629
0.8 0.00113
0.3 0.047
An=5,n=351n,=0.14 | 0.6 0.0051
0.8 0.0022
0.3 0.04
Ap =6,n=50,1, =0.12 | 0.6 0.0064
0.8 0.00134

12
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Fig. 2: 95% CI of localized 2-DNN functional.
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.
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(d) (62, ¢,K) = (1,0.1,2) for n = 20 (left), 35 (middle), 50 (right).

Fig. 3: Asymptotic convergence of KL divergence with increasing d,,.
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Fig. 4: Variation of KL Divergence with k values.

3.2 Consistency for Bounded Spatial Domain: Satellite Image

In this section, we discuss the consistency behavior, where we study whether the
2-DNN is consistent. We have already empirically validated that the consistency of
localized 2-DNN is achieved under increasing d,,, A, and decreasing 7,,. But if we do A,
is fixed then with increasing density in the neighborhood we achieve the convergence
of localized 2-DNN functional. We collect the monthly average surface temperature
data for major cities® in the United States of America (USA) and satellite images
from the website* where we collect monthly average surface temperature data (SKT)?,
monthly average of air temperature at 2m above from the surface (t2m)*, and that of
2m above dew point temperature (d2m)?2.

Monthly Average SKT' Monthly Average T2M

P

Fig. 5: Satellite images with pixel spacing, 7, = 0.25 and the dotted points are
indicating monthly (January) average of 1982 of SKT of cities in USA.

3https://cds.climate.copernicus.eu
4https://power.larc.nasa.gov/data-access-viewer/
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Now for each city in Figure 5, we create a neighborhood of ¢, and consider those
spatial pixels included in this neighborhood. We assume monthly average surface
temperature as Yeity(s;) and that of neighborhood pixels are {yim(Si, ), Yim(Si,)," -
“yYim(Ss,,). Consider t2m as X7 and d2m as X. Also, assume the covariates in those
locations included in the neighborhood. Here the initial grid spacing ng = 0.25 and in
each resolution to get finer resolution at I*" level we consider 1, = 19/2!~*. Thus the
grid spacing becomes a decreasing sequence and sampling region R, becomes heavily
dense. We consider the neural network as

Yeity (Si) = fFONN {Yim (Si1), Yim (Sip)s - - -, Yim (84, )
X1 im (Siy)s X1,im 8y ), -+ 5 X1,im (84,,,)
KXo im (8, ) X2,im (Siz)s -+ -, Xoim (Si,,) } + €.

With increasing 6, we increase the neighborhood size m. To avoid a high-
dimensional setup we restrict our number of covariates (p + 1)I';, = 3m << N,,. The
number of times stands from January 1982 to December 2022. In Figure 5 we depict
the monthly average of January 1982 of major cities in US* and the correspond-
ing satellite image®. We use a two-layer deep neural network with tanh activation
function in this setup. From Figure 6 we can visualize that root mean square error
(RMSE) is decreasing with increasing §,,. We will discuss one important pattern that
is detectable from this Figure 6 that for n, = 0.25,4,, > 0.48 the RMSE < 9.8, for
1n = 0.125,6,, > 0.3 the RMSE < 9.8, for n,, = 0.06, 6,, > 0.25 the RMSE < 9.8, and
for n, = 0.03,4,, > 0.18 the RMSE < 9.8. Thus we state that whenever we decrease
nn, our I';, = m(n) becomes large so that for smaller §,, we can achieve the desired
accuracy.

N, =025 n,=0.125

Root Mean Squared Error (RMSE)
Root Mean Squared Error (RMSE)

n,=0.06 Ny =0.03

102

Root Mean Squared Error (RMSE)
Root Mean Squared Error (RMSE)

01 02 03 04 05 06 07 005 0.10 015 020 025 030 035 0.40
5, 5,

Fig. 6: Consistancy of Localized 2-DNN Estimator.
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4 Conclusion

From this entire discussion, we have empirically and theoretically proved that localized
2-DNN estimator is consistent with decreasing 7, increasing T',, (for higher resolu-
tion) for bounded (), is fixed) and unbounded (A, = o(n)) for fixed sampling design
of lattice data under mixed increasing spatial sampling. This localized 2-DNN function
generalizes spatial regression for the first time. The convergence rate of our localized
2-DNN is faster than the convergence rate of spatial GNN of [1], [2]. We empirically
observe the convergence of KL divergence of empirical CDF for observed and pre-
dicted data towards zero with decreasing smoothness of the Matern variogram. From
the application perspective, we illustrate how, if we collect data from different sources,
our localized 2-DNN can iteratively achieve its optimum accuracy level. Although
our asymptotic analysis is providing an effective outcome for 2-DNN some limitations
direct our future research such as we were desperate here to avoid a high-dimensional
setup and therefore we always restrict our neighborhood size. In the functional con-
straint, we ignore the temporal dependence and assume iid input nodes. We do not
theoretically justify how variogram parameters are influencing 2-DNN estimates. These
problems are still open problems. We will explore these problems in the coming future.
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Appendix A Proof of Theorem 1

Proof. We discuss the proof of the existence of 2-DNN in several steps.

Step-1: L,, is measurable since,

n

]Ln(f) = %Z {Yrt(sz) - f (Yrt(stn)?YVt(sUz)? o '7}/25(So'rn)7xt(so'1)7

t=1

(502)7 oA (SUFn)}Q

1 n
- E Z fO K Sa'l E(Soz)a t '7K(Szfpn)7Xt(sa'l)aXt(sog); o '7Xt(sapn)
t=1

—F (Ye(801): Yel(S0a)s -+ Ye(Sor, )y Xi(S0, )s XS0 )+ =, Xi(Sor, ) + €]

:izﬁt(fo:s +i263+:&;(f0tft)2,

and e is measurable.
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Step-2: For fixed w € Q2 we know that L,,(f) = L, (f(w)) is continuous in f.

Step-3: F, . is a compact subset of F
< 3 h:0,xX — F., is continuous since O, is a compact subset of
RO*(@+2)+2r+1) and X is a compact subset of RY

/

6n = [7907 T 197”, Yoo, * *5 Vrr, V1100, ~'~7vr7>(p+1)1"n]
€ [~Vi A+ x [V, Vo] 0FD” x [V, V3] (42 (k)

T r p Iy
where, h(@n) =90+ Z J;tanh < Z vijtanh ( Z Z Uijlek (S(n)+

i=1 j=1 k=11=1

T
Z Uij(p+1)lY(Sa,,) + UijOO) + l/io>

1=1
< It’s enough to show for all 6y,,0s, € ©,
1h(61n) = h(B2n)l[7 < V*[[01n — G20 ][

Therefore our main responsibility is to find V*.
For ease of notation assume,

yt = [Xlt(stn)v T '7X1t(sﬂrn)7 o 'aXI)t(SUFn)7YVt(SUl)7 o '71/t(sa'rn )]

n r r (p+1)T,
1
< — Z ‘1981) - 19((32)‘ + Z 195-1)tanh Z Vi(jl)tanh Z ufj,lyk,t + US()) + Vl-(é)
i i=1 j=1 k=1
T (p+1)Fn 2
—ﬁgz)tanh Z Vi(f)tanh Z vg,lyk,t + vg()) + Vi((?)
j=1 k=1
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1h(01n) — B(020)][7,
1 n T r
< IS IS S - )
"4 =0 i=1
r or (p+1)I'y, (p+1)I'y
+W1 ZZ l/i(;)tanh Z fj;yk + + vz(]()) — 1/( )tanh Z ijyk :+ Uz(%
i=1j=1 k=1 k=1
il
i3 Llizo i=1 j=0
D r r (p+1)T, 2
+ViVs ,(]0 ”0‘ +WV, ZZ Z z]kyk ¢ — U”kyk t’
i=1 j=1 1=15=1 k=1
1 n r roor r r (p+1)Iyn
=591 SIKIEVEIIRTS b ol PAESFARARES v i ol K R
"= im0 i=0 j=0 i=0 j=0 k=
r r (p+1) @ r r (ptl)
2
< Z —oP| vy Z
i=0 j=0 i=0 j=0 k=0
2
S L @)
+V1 Z z_]k: - Uzyk:
=0 j k=
< (vlvz {<r+ D+ D0+ (p+ DT }) 010 — b2l [3-
As a result, we get
2
V= (Vlvz{(wr D+ DT+ (p+ l)Fn}> : (A1)
O

Appendix B Proof of Theorem 2

Proof. According to Theorem 3.1 in [18] and Corollary 2.6 in [17] it’s enough to show
that
sup ez, [Lan(f) = La(f)] =77 0 as n— oo

Now we will give the outline of the proof
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Step-1: For any € > 0 we have

Lu(f) = L) > 5) < (

%Z = fo(Ve)}| >

> )
3

Step-2: The First part will converge to zero using WLLN but for the second part using
Markov’s Inequality we are required to prove

P (supjer,,

(B2)

pP* (Sque}‘m

Ee (Sque]-‘ml %Zét {f( Q) - fo(yt)}D —0asn — o0
t=1

Step-3: According to Symmetrisation for a—Mixing spatial surface with grid spacing n,, —
0asn— oo

E [P, — P||F,, = E. (Supfe]:r,n

iZQMM%ﬁmﬂ>

. (B3)
1
<2EE,Supser, | > e {f(V) = oY)}
t=1
where p;; t = 1,2,..,n are Rademacher random variable indepen-

dent of €1,€9,...,6,. For fixed wvalues of €1,€9,...,¢, (conditionally)
Sy pree {f (V) — fo(Dr)} is a sub-gaussian process.

Step-4: According to the definition of covering number and Corollary 2.2.8 of [19] we will
get a universal constant K. Then using Dudley’s integral entropy bound in VC-
dimension v with any f¥ € F,, with n > N; we will get

EpsqueR‘,n

;zpﬁuow—mwﬂ

Zptet {fn(Ve) — fO(yt)}‘

l D ™,ns o0
+K/ ¢w (e Tomlll)

Zptq {fx(Q) — fo(yt)}|

2V, Vo
+K\/>/ \/logN(p/2]:rn7|||oo)
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<E,

%me {fae) — fO(yt)}‘

2V Vy lOgN(#y]:’r’,nuH”OO)
+K\/7/ \l 2V4 Vov/o2+1 dé—
nJo

n
=13+ 1,

Step-5: According to [20] we utilize the concept of universal approximation of I3 in (B4)
and then it will be

2 E.E,

% > e fn(Ve) - fO(yt)}|

<2v0? + 1 x Supy | fn (V) — fo(r)]
<2vVo?2 41 x Supy |fr( V) = fo(V)| = 0asn — oo

Step-6: According to [21] from Lemma 14.3, Lemma 14.7

N(Sﬁ Foms |l )

v T i
® 1

< maxyN | ————, FL || §o>

< maxpV (5 P

I T )
x N S oo
<V1V2\/(T2+1 ol

7‘2
< (m) . <<v1v2>2 {r((p+1)T0 +4) + 2})“?*”“*“*2

4 2(ViVa = 1)p
S éT1p1Fn7V17V2 wi(r2+r((p+l)F"+4)+2)
16eVavo? + 1
< lOgN <Lp’]:7’am ||00|) < r? log ﬂ
2V1Vavo? +1 @

(ViVa)?(r((p+ 1)l +4) + 2))T((P+1)Fn+4)+2
2(ViVa —1)p
According to Assumption (A2.1) we deduce,

+ (r((p+ )T, +4) +2) log (

(zzv2 Vot 1) (P4 1T0) +4) +2) < (P2 +r(((p+ DTy) +4) +2)
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(8V2V/(@ 1)) (r(((p+ D) +4) +2) (13 V2)?
log Vv 1

) (P +r(((p+1)Tn)+4)+2)

+ (((p+1Ty,) +4) +2)10g1/<p

r+rmp+nn»+®+axwwf>
Vivo—1

+ n) +4) +2) log(1/¢)

2 +r(((p+ 1)) +4) + 2)(‘/1‘/2)2)
Vivs — 1

(r?
< (P+r(((p+1)n) +4) +2) log <
(r*
< (r

4+ r(((p+1)ly) +4) + 2) log (

< (1+2).

Consider Cr q,v; v, = (r2 +r(((p+1)T,) +4) + 2) log ((r2+T(((p+1‘)/1;‘7;34_r‘i)+2)(V1V2)2 )

Hence we have got

2V, Vo ©
lo N<7‘F’I‘TL7 . oo)
| oo N (prome P i

2V1Va 12 1 1/2
S/0 Colp T Vi Ve (1 + ) dy

®
1/2
< 4V2C, T VoV

Step-7: Combining the previous all the steps, Step-3, Step-4, Step-5, and Step-6 in
Step-2 we will get

E. <Squefr,n

%Z'ft {f() - fo(yt)}D

1 n
< 2E.E,Supger, ‘n Zptﬁt {f() - fo(%)}‘
t=1

< 2v/0? 11 x Supy |1 (V) — foO)] (B6)

wivs | log N (s Fo 1)
+2K\/7/ J (e ”
nJo n
Cr
~ 2V 0%+ 1 x Supy | fr (V) — fo(Ve)| + SﬁKW
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=2v02 41 x Supy, | (V) — fo(I1)]

(12 + 7((p+ )T) +4) +2) (Vi V3)2 log (U0 e 2 0012)7 )

+8VIWK - Otk
n
v
~ 2 02+1Xsupy|f;(yt)*fo(yt)‘+8\/§K n

\/(7‘2 +r(((p+1Dl) +4) +2) (ViV2)?log ((r? + r(((p + D) +4) +2)(V1V2))

To prove the convergence it’s necessary to satisfy (B6) should converge to 0 as n — oo.
The first part of the addition converges to zero because of the universal approximation
theorem. For the second part since we have assumed T',, = o(n®),r = o(n¥) and
1 + 5 < 1 then the second part will converge to 0 as n — oo.

Appendix C Proof of Theorem 3

Proof. This proof will discuss the convergence rate of spatial 2-DNN in detail.

Step-I: According to [21] from Lemma 14.3, Lemma 14.7 of covering number inequality
utilizing exponential decay of «—Mixing condition will satisfy the following modified
inequality

> T((p+1)F7L+4)+2

Now (0, Fooms IHloe) < (

2) (iVa)’ (r((p + )T +4) + 2)
2 e (ViVa —1)

2
= 1ogNoe (9, Foms [11se) < #210g (w) - (r((p+ )T+ 4) +2)

+ log ((vlvz)2 (r((p+ 1Ty +4) + 2)>

e (WNVe—1)
< 4r((p+ 1T, +4) +2)
x log (26 (‘/1‘/2)2 (7‘2 +r((p+ s +4) + 2)>

(W —1)
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Step - IT From Lemma 3.8 of [22] for £ < 1 along with the we have

13
/0 V100N oo (0, Fr |- lloc o

<V +r((p+DTn +4) + 2)5\1 log (26(‘/11/2) (r2+r((p+ Dl +4) + 2))

§E(ViVe —1)

Step-111 Define a function h : £ — Tg—(@ in (0, 00) for some a > 0 such that

hE) = /(2 +r((p+ 1)Tp +4) +2)¢17

" \ll"g <2e(V1V2)2 (r24+r((p+ 1T, +4)+ 2))

2
E(ViVa —1)

its derivative will become,

, (1-a) 2¢ (ViVa)® (2 + r((p+ )l +4) +2)
B (€) = 1
="y EWive— 1)
J— f_a
o (s

Thus the function h is decreasing whenever, a > 1 and 0 < £ < 1.
Step-IV Assume 7, < ||7rnfo — foll ! where v, = /o

i, (i) = V(2 +r((p+ )0, +4) +2)

$ log(yn) + log (26 (ViV2) (TQ(JXF/;E'Q(p_JE)l)Fn +4) + 2))

SV (2 +r((p+ DT +4) +2)

\/1og(’yn) + 2+ log ((V1V2)2 (r24+r((p+ 1T, +4)+ 2))
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Step-V Now 27T, (%) < y/n if and only if

Yo (P4 r((p+ 1l +4) +2)
(log('yn) + log ((V1V2)2 (7"2 +r((p+ 1T, +4)+ 2)) log n) <n

Therefore, v, <
1/2
n

(2 + 7((p + D + 4) + 2) (log (ViVe)? (12 + 7((p + D0 +4) +2)) )

" 1/2
((r? +7((p+ 1Ty, +4) + 2) log(n¥*+F log ”)> } '

If we replace I', = o(n¥), V1 V2 = o(y/logn) and r = o (n”) such that ¢+ < 1 then,

n 1/2 " 1/2
n S i ; : C7
R { <n1/’+5 log(n¥+# log n)) (nWrﬁ log(nlog n)) } (€7)

From (C7) using Lemma 1, Lemma 2 of [2], Theorem 3.4.1 of [23] and triangle
inequality we get

an - f0||n < ||fn - 7T7',nf0|‘n + HWT,nfO — folln
=0p (mam{Hﬂ—r,nfO — folln,

\/(7"2 +r((p+ Dl +4) +2)log (r2 + r((p+ DIy +4) +2) 1V3)?

)

n
\/ (r2 +r((p+ Dy +4) +2) log(nlogn)
n
n —1/2
~ OP {max HTrT'JLfO - foHn’ <n'¢)+ﬁ log(n’(l)-i-ﬂ 10g n)) ’

<nw+5 1og(nlog n) ) _1/2] } '

O
Step-1: For any € > 0, we have
P | sup |[L,x(f)—L (f)|>E <P lZH:EQ—U4>E
N h (C8)
" 1 15
+P ( sup |— ZEt {f(e) = foVe)} + Ml flle = Ml follr] > 4> :
feFrn |
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Step-2: The first part will converge to zero using the WLLN, but for the second part, using
Markov’s Inequality, we need to prove

%Z — oY)} + Allf Nl = All folla

6(Sup >—>Oasn—>oo.
fE€Frn

Step-3: According to symmetrization for a-Mixing spatial surfaces with grid spacing n,, — 0

as n — 0o,
Ec|lPuy— Pl = <sup %Z fo(yt)}+A||f1—>\||f01>
<25, s |23 pee (100~ a0+ AL~ Ml

R (o)
where p;; t = 1,2,...,n are Rademacher random variables indepen-

dent of €1,¢€2,...,6,. For fixed values of e1,¢€z,...,6, (conditionally),
Sori pee {f (V) — fo(Pr)} is a sub-Gaussian process.

Step-4: Using the definition of the covering number and Corollary 2.2.8 of [19], we
obtain a universal constant K. Then, using Dudley’s integral entropy bound in
VC-dimension v with any f;; € F,., with n > N, we get

E, sup
fE€Frn

e 100 = o} Al = Al

Zptét{fn Vi) — fO(yt)}‘ (C10)

2V, Vo
+K[/ e e Fun L),

Step-5: The first term in the inequality can be handled similarly as in the original proof,
using the concept of universal approximation. The second term will now include
the effect of the ¢; regularization, leading to

E, le}_ljn % ;Ptﬁt {f(Oh) - fO(yt)}‘

Y .
+K\/7/QV1V2 log N (5y:7:55 s Frons | ||°°)d<p (C11)
n Jy n

+ Afsup £l = Al foll-

T,
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Step-6:

Step-7:

Step-8:

We proceed similarly to the original proof, but now also controlling the effect of
the ¢; penalty. Assuming A = o(n™%) for some « > 0, the regularization term will
diminish as n — oco.

Combining all steps, including the regularization term, we get

%Z — o)} + AL = Al folls

E.| sup
fEFrn

<2E.E, sup %Zptq {fQ) = fo(Ve)}
T t=1

vCrp T, i,
+8V2K [ IR X sup || £[l = Al foll-
n feF

™n

(C12)

To prove convergence, the expression should tend to zero as n — oo. The first part
converges to zero by the universal approximation theorem. The second part also
converges to zero under the assumptions ', = o(n”),r = o(n¥), and ¥ + 3 < 1.
The third term involving A converges to zero by the choice of A as o(n™?).
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