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ABSTRACT

Spatial interpolation, or the estimation of the variables at
unobserved locations in geographic space based on the values
at observed locations, is fundamental in all geophysical
sciences, first of all for the construction of digital elevation
model (DEM). Several methods are available in literature for
spatial interpolation and the choice of the most suitable of
them for building DEM, depends on many factors,
particularly on the distribution of the sampled points,
therefore, on the morphology of the area to be mapped.

This paper aims to choose the most appropriate interpolators
for DEM production, by comparing different methods usually
available in GIS software. For the purpose of developing the
best performing model and comparing interpolators, a set of
elevation data collected by digital vector map is used. The
accuracy of interpolation methods is tested by analyzing 4
statistic parameters, which are achieved by cross-validation
leave-one-out. Particularly, minimum, maximum, mean and
root mean square error (RMSE) are calculated for each
interpolation method considering the residual in each
sampling point between measured and interpolated value.

Key words : digital elevation model, interpolation methods,
cross validation, RMSE, GIS.

1. INTRODUCTION

Digital Elevation Model (DEM) can be defined as the digital
representation of the land surface elevation with respect to
any reference datum; it is frequently used to refer to any
digital model of a topographic surface [1]. This term is
generally adopted as synonymous of both Digital Terrain
Model (DTM) and Digital Surface Model (DSM). The first
indicates a three — dimensional representation of a terrain
surface consisting of X, Y, Z coordinates stored in digital
form [2]. The second represents the earth's surface and
includes all objects on it, such as buildings, towers, trees, and
other natural and manmade features [3].

In this work we consider DEM as grid representation of a
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terrain surface displayable also in 3D, in other terms we
consider bare terrain z-values. According to the U.S.
Geological Survey, a grid DEM is the digital cartographic
representation of the elevation of the land at regularly spaced
intervals in x and y directions, using z-values referenced to a
common vertical datum [4].

DEMs play an important role in all geophysical sciences
and not only: they are wused for hydrological,
geomorphological, and biological applications [5], and
support many studies and researches, such as evaluation of
solar farm locations [6]-[7] and wind energy potential [8],
production of high resolution satellite images [91,
construction of 3D thematic models [10], intervisibility
analysis [11] , etc.

To preserve the quality of the resulting DEM, two aspects
must be treated very carefully: the technology to acquire
sampling points and the choice of an interpolation method to
produce the surface that properly fills in the initial points [4].
About the first aspect, different techniques can be used, i,e,
photogrammetry, lidar, land survey, etc. [12]. About the
second aspect, several methods have been developed and
made available in GIS software. They are reviewed in many
works present in literature, e.g. [13], and a few of them are
usually applied to the same dataset and compared, e.g. [14].

This paper aims to applied a considerable number of
interpolation methods to the same dataset and compare them
in order to select the most suitable for a good DEM of the
study area. Furthermore, we intend to extend considerations
about the choice of the interpolators for more general
situations, in view of the findings of our research. Firstly, a
brief description is given for the study area concerning Ischia
island (Italy), and the dataset of sampling points extracted
from digital maps is introduced. Next, the methodological
approach based on interpolation methods available in the
software ArcGIS 10.3 (ESRI) [15] is illustrated: it consists of
cross validation leave-one-out applied to each method,
calculation of statistical parameters of the residuals in
sampling points between measured and interpolated values,
comparison of the results. Finally, conclusions are reported in
order to remark the importance of the work and suggest
applications and extensions of it.



2.STUDY AREA AND DATASET

2.1 Study area

Ischia is a volcanic island in the Tyrrhenian Sea. It lies at the
northern end of the Gulf of Naples, some 30 km WSW from
Napoli, 35 km west from Vesuvio and about 8 km from the
mainland coast at Capo Miseno [16].

It presents the largest area among the isles located in the Gulf
of Naples and its location is mapped in figure 1. It extends
about 7 km north to south and 10 km east to west, and presents
a surface area of 46.3 square kilometers, with approximately
34 km of coastline.
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Figure 1: Ischia island in the Gulf of Naples

Ischia island represents the emerged portion of a wide
volcanic field extending from the continental slope (facing
westward on the Tyrrhenian batial plain) to the continental
volcanic area of Campi Flegrei [17].

Its territory is mainly mountainous as it appears in the
historical view in Figure 2 [18] and aerial photo in Figure 3;
the highest peak is Mount Epomeo (788 meters), consisting of
a Green Tuff ignimbrite deposit that was firstly submerged
and then uplifted .

Figure 2: Historical view of Ischia Island published in 1776
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Figure 3: Aerial photo of Ischia Island

As registered by ISTAT (the Italian Statistics Agency) on
January 1, 2018, the island is very densely populated,
including 60,000 residents (about 1,300 inhabitants per square
km) [19]. The high value of population density represents a
factor that contributes to increase the level of volcanic risk.
As can be seen also from the brief descriptions given above,
Ischia Island presents historical, geological, volcanic,
demographic characteristics that are so relevant and
significant to require accurate DEM at large scale to support
scientific studies and applications. For consequence, it
represents a very interesting area to test different interpolation
methods for DEM construction.

The part of Ischia island considered in this study is reported in
Figure 4. It extends within the following UTM/WGS84 plane
coordinates - 33T zone: E; = 405,500 m, E, = 406,800 m, N; =
4,511,300 m, N, = 4,510,300 m. Elevation values range
between 29,090 m and 270 m.
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Figure 4: Map of Ischia island reporting the area considered in this
study

2.2 Dataset

Elevation data are extracted from a topographic map in scale
1:5,000 produced by Campania Region and identified as CTR
430042. The original file is a vector file (shp) georeferred in
UTM/WGS84 - 33T zone and contains all cartographic
information (buildings, roads, etc.). Using a query in ArcGIS
10.3 (ESRI software), only spot heights and contour lines are
extracted: vertices of contour lines and elevation points are
grouped in one shape file used as dataset for the application of



12 interpolation methods available in Geostatistical Analyst,
an extension included in ArcGIS software. In Figure 5, a
particular of vector map showing vertices extracted from
contour lines, is reported.
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Figure 5: Particular of vector map showing vertices extracted from
contour lines

In total, 4956 significant elevation points are used for
interpolation processes.

3. METHODOLOGY

3.1 Interpolation methods

Interpolation permits to determine the value of a variable at
any required location, based on the defined values at specified
locations. Many interpolation methods are available in
literature. In this study we consider several of them included
in Geostatistical Analyst. Particularly, the following 12
methods are applied: Inverse Distance Weighting (IDW),
Local Polynomial Functions (1%, 2", 3" , 4™ order), Radial
Basis Functions (completely regularized spline, spline with
tension thin-plate spline, multiquadric function, inverse
multiquadric function), Ordinary kriging, Universal Kriging.
However, also global polynomial functions are available in
Geostatistical Analyst, but they are inappropriate for the
considered area because its variable morphology that cannot
be represented using one mathematic surface such as a plane
(1% order), a surface with one bend (2™ order), a surface with
two bends (3" order), etc.

The adopted methods are largely discussed in literature, so the
readers could referrer to the numerous papers that describe
their main characteristics, also in relation to their application
for DEM construction, e.g. [4]-[13]-[20].

The application of each interpolation method needs to define
some parameters. All methods considered in this study
requires to define which points are involved in the estimation
of elevation value in each prediction location.

Particularly, the user can assume that the correlation of the
measured values with the prediction location decreases as
locations get farther from the prediction location. For
consequence, far points can be eliminated from the estimation
of that particular prediction point by defining a search
neighborhood. This purpose is achieved specifying the shape
of the neighborhood. In our study, a circular isotropic model is
used assuming that there are not defined directions and the
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surrounding points have an equal influence on the central
point that is being evaluated. Particularly, the radius equals
410 m for IDW, Local Polynomial Functions and Radial Basis
Functions.

The choice of this distance defines the number of the
neighbors. Additional parameters restrict the locations to be
interpolated within the search neighborhood. The user can
define the maximum and minimum number of neighbors to
include and divide the neighborhood into sectors to ensure
that values from all directions are included. Dividing the
neighborhood into sectors, the specified maximum number
and minimum number of neighbors are applied to each sector
[21]. In our study, four sectors (without offset) are used, and
maximum and minimum number of neighbors are set equal to
10 and 15 respectively.

Searching neighborhood step with the above mentioned
parameters for IDW application is reported in figure 6.

Figure 6: Searching neighborhood step for IDW application

For ordinary kriging and universal kriging, only minimum
and maximum number of neighbors and sectors are defined
(respectively 10, 15 and 4), while the radius is automatically
derived by the adopted semi-variogram [22].

Some of the twelve models constructed in this research are
shown in the next three figures in the order listed below. The
model resulting from IDW application is shown in figure 7.
The model resulting from Local Polynomial Function — 1%
order application is shown in figure 8. The model resulting
from Ordinary Kriging application is shown in figure 9.
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Figure 7: IDW model
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Figure 8: Local Polynomial Function — 1% order model
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Figure 9: Ordinary Kriging model
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3.2 Accuracy evaluation of each interpolation method

To compare different methods, the accuracy of each of them is
to be evaluated. Cross validation is useful for this purpose: it
permits to define the accuracy level of predictive values
distinguishing between the training set and the validation set,
the first used for model generation, the second for model
evaluation.

Different approaches are usually adopted for cross validation.
Leave-one-out method is based on the removal of a point from
the data to be interpolated, the use of the other points to
estimate a value at the location of the removed point, and the
performance test by means of the removed data [23]. The
difference between the known value and estimated value in
each removed point, is calculated to evaluate the performance
of the assumed interpolation method [24]. Statistical
parameters of all residuals are calculated to facilitate the
comparison of different approaches. Usually, root mean
square error (RMSE) is the standalone parameter that better
than another permits to evaluate the method performance. It is
given by the following formula:
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I JZL(hi(x,y)—h;(x,y))z o

N

Where:
N is the number of the elevation points;
h; (x,y) is the measured elevation at the location i(x,y);

h{(x,y) is the estimated elevation at the same location i(x,y).

Leave-one-out method is applied in this study to each
interpolation method.

4. RESULTS AND DISCUSSION

The residuals produced by cross validation applied to each
interpolation methods are organized in form of tables that are
easily managed using SQL [25]-[26]. The statistics
parameters of those residuals calculated for each interpolation
method are reported in Table 1.

The range of minimum values goes from —26.036 m obtained
for Radial Basis Function - Multiquadric function, to —8.417
m resulting from Local Polynomial - 2" order. The range of
maximum values goes from 6.001 m obtained for Local
Polynomial - 2" order, to 14.086 m resulting from Radial
Basis Function - Inverse multiquadric function. The range of
mean values goes from —0.007 m obtained for Radial Basis
Function - Multiquadric function, to 0.144 m resulting from
Local Polynomial — 1% order. The range of RMSE goes from
2.226 m for IDW to 0.839 m resulting from Radial Basis
Function - Spline with tension.

As resulting from RMSE value, Radial Basis function- Spline
with tension and Radial Basis function - Thin-plate spline
seem to be the most performing interpolation methods.
However, the range of residual values is too large for both.
Ordinary Kriging and Universal Kriging are more suitable
because they present small values of RMSE as well as shorter
value ranges.

Usually, Radial Basis Functions tends to supply good
performance in presence of uniform distribution of sampled
points [27]. Because the morphology of the considered area
and the cartographic origin of our elevation points, the
uniform condition of point distribution is not respected
everywhere, so the residuals in some locations are great.

For the same reason, also IDW performance is low.



Table 1: Parameters of the residuals resulting from cross validation
application to each interpolation method

Method min | max | mean | rmse
All values are expressed in meters
Inverse Distance -10.779 | 11.821 | 0.003 2.226
Weighting
Local Polynomial -8.4862 | 8.520 0.144 1.714
1% order
Local Polynomial -8.417 6.001 0.005 1.118
2" order
Local Polynomial -8.677 | 13.464 0 1.052
3" order
Local Polynomial -14.259 | 13.121 | 0.008 1.021
4™ order
RBF - Completely | -15.575 | 11.087 | -0.005 1.081
regularized spline
RBF - Spline with | -12.527 | 9.245 0.003 0.839
tension
RBF - Thin-plate | -12.519 | 9.246 0.004 0.840
spline
RBF - Multiquadric | -26.036 | 10.863 | -0.007 1.197
function
RBF - Inverse -12.475 | 14.086 | -0.005 1.086
multiquadric
function
Ordinary Kriging -9.737 8.158 0.003 0.892
Universal Kriging -9.735 8.158 0.003 0.893

Capability of kriging methods to adapt better than others to
interpret and shape the variability of a territory is confirmed
by our study.

5. CONCLUSION

Several interpolation methods are present in literature and
most of them are available in GIS software and can easily be
used for DEM construction. The choice of the most
performing of them causes great difficulties because it
depends on many factors, first of all the spatial distribution of
sampled values and the morphology of the terrain to be
modelled. For consequence, each situation is to be valuated
and the preferred approach is to estimate the accuracy of the
model that the method is able to generate.

For the purpose, our research emphasizes the importance of
the cross validation implemented by leave-one-out method.
The calculation of the difference between the known value
and estimated value in each removed point and statistical
parameters of the residuals produced by each method in all
locations of initial dataset, permit to compare different
approaches. In other words, it supports the choice of the most
performing method.

In our work, twelve methods are applied to 4956 elevation
points contained in an area of 1.3 square kilometers. The
experiments remark the differences between interpolation
methods. On one site, they confirm the greater flexibility and
adaptability of kriging approach to interpolate elevation
points that are not equally distributed. On the other site, they
remark the limit of some methods, i.e. IDW and Radial Basis
Functions, for the same situation.

1658

Emanuele Alcaras et al., International Journal of Advanced Trends in Computer Science and Engineering, 8(4), July- August 2019, 1654 - 1659

The results of the performed analysis and the conclusions that
come out of them can be suitable for all use of interpolation
methods, not only for DEM construction, but also for other
applications.

Future developments of this work will be focused on the
relationship between interpolation methods and terrain
morphology as well as on the relationship between point
density and model accuracy.
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