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Abstract: The Indonesian archipelago is situated in a highly active geological zone, making it prone to
frequent earthquakes. West Sumatra, located on the west coast of central Sumatra, comprises lowland
coastal areas and volcanic plateaus formed by the Barisan Mountains, covering a land area of 42,297.30 km?
(2.17% of Indonesia's territory). This research aims to determine which interpolation method—Inverse
Distance Weighted (IDW) and Thin Plate Spline (TPS)—provides more accurate predictions of earthquake
strength in West Sumatra. The dataset consists of 229 earthquake events, divided into 90% for training (206
points) and 10% for testing (23 points). The training data was further subdivided into 80% training data 2
(164 points) and 20% validation data (42 points). The interpolation processes using the IDW and TPS
methods were repeated 100 times, with the training 2 and validation data randomly shuffled in each
iteration. Visualization of the interpolation results indicated that the earthquake magnitudes ranged from
2.0 to 4.5. Although the Mean Absolute Percentage Error (MAPE) values for the TPS method on the test
and validation datasets were 16.42 and 14.29, respectively—slightly lower than the MAPE values for the
IDW method—the t-test results showed no statistically significant difference between the two methods.
Statistically, there is no significant difference between IDW and TPS in terms of predictive accuracy.
However, researchers prefer the IDW method due to its computational efficiency and simplicity. Therefore,
IDW is considered the most suitable method for analyzing earthquake strength in the West Sumatra region.
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Introduction

Indonesia frequently experiences earthquakes due to its location within a highly active geological
region. West Sumatra, located on the western coast of Sumatra Island, is one of the most earthquake-prone
areas [1]. Earthquakes in this region not only cause significant damage to buildings but can also trigger
secondary disasters such as tsunamis and landslides. West Sumatra is located on the west coast of the Central
Sumatra island, consisting of lowlands on the west coast and volcanic highlands formed by the Barisan
mountains. The province covers an area of 42,297.30 km?, equivalent to 2.17 percent of Indonesia's
territory[2].

Earthquake strength measurements in West Sumatra are often uneven and face some limitations in
certain locations [3]. To overcome this problem, interpolation techniques can be used to estimate earthquake
strength in areas that are not well illustrated. By using interpolation, we can help identify spatial patterns of
earthquake strength and provide a more complete picture of earthquake distribution in the region [4].

Spatial interpolation is the process of estimating values at locations between observation points, a
method used to fill data gaps or create more detailed maps based on points in a geographic area [5]. Spatial
interpolation is a mathematical technique used to estimate values at locations where there is no observation
data, by referring to the values in the surrounding area. This spatial interpolation approach is based on the
assumption that data attributes have continuous characteristics in space, and that these attributes have spatial
relationships or relationships that can be used to estimate data at locations where there is no direct
observation [6].
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Consequently, it is essential to predict earthquake strength in areas where data is sparse. Interpolation
methods are commonly employed to estimate earthquake intensity in unmeasured areas [7]. Among these
methods, Inverse Distance Weighted IDW) and Thin Plate Spline (TPS) are widely used. IDW estimates
values between data points by assigning greater weight to those that are closer [8], whereas TPS employs a
more complex mathematical approach to generate smoother and potentially more accurate maps of
earthquake strength [9].

Each of these methods has its own advantages and disadvantages. The Inverse Distance Weighted
(IDW) method is straight forward to use and effective for unevenly distributed data [10]. However, it may
be less accurate when dealing with data that exhibits highly complex variations [11]. Conversely, the Thin
Plate Spline (TPS) method is better suited to handling such complexities, though its application is more
computationally intensive[10]. By utilizing these interpolation methods, a more accurate representation of
earthquake strength in West Sumatra can be achieved [2]. This enhanced accuracy is crucial for aiding both
the public and government authorities in implementing preventive measures and disaster mitigation
strategies. This method uses a polynomial-based spline function to connect known data points in a smooth
and continuous manner. Thin Plate Splines are used in a variety of applications, including image processing,
spatial data interpolation, and topographic surface modeling [9].

Materials

The study focuses on earthquake pressure data from Padang, West Sumatra, within the coordinates -
2.570° South Latitude to -0.198° North Latitude and 97.954° West Longitude to 102.502° East Longitude.
The research sample consists of earthquake pressure data within these coordinates, collected from January
1, 2023, to May 10, 2024. This study was conducted using Microsoft Excel, RStudio, and QGIS software
for data analysis and visualization. The resulting map visualization is shown in Figure 1.
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Figure 1. West Sumatra Map (source: BMKGQG)
Table 1. Earthquake data in West Sumatra

No Date Time X (mE) Y (mS) UTM Zone Magnitude (Ritchter)
1 07/01/2023 01.52.35 633506.3 9857716.1 47S 2.9
2 09/01/2023 17:17:01 648340.3 9962298.9 47S 2.6

228 12/05/2024 09:47:09 627414.9 9952794.2 47S 2.8

229 13/05/2024 11:01:38 600021.6 9876964.7 47S 3.2

The variables used in this study have been expanded to include earthquake magnitude, earthquake
depth, x-coordinate (longitude), y-coordinate (latitude), and time of each event. Earthquake magnitude
indicates the energy released during an earthquake, while earthquake depth indicates the distance below the
Earth's surface where the earthquake originated. The x- and y-coordinates are expressed in the Universal
Transverse Mercator (UTM) system, with the longitude coordinate measured in meters East (mE) and the
latitude coordinate in meters South (mS)[13]. These coordinates are important for determining the
geographic position of the observation points in a Geographic Information System (GIS). In addition, the
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timestamp provides the exact time of occurrence for each earthquake, which is valuable for analyzing
temporal patterns[14]. By including the depth and timestamp of earthquakes, this study obtains a more
comprehensive dataset that aids in the spatial and temporal analysis of earthquake characteristics, improving
the accuracy and insight of the interpolation methods used[15].

The coordinate system is a very important geographic coordinate system that uses latitude and
longitude to indicate points on the earth's surface [4]. Latitude is a measure of the distance north or south
between the equator and the North Pole or South Pole. North Latitude is stated as positive, while South
Latitude is stated as negative. The longest latitude is 0 degrees at the equator, the greatest latitude is 90
degrees at the North Pole and South Pole [16]. Longitude is a measure of the distance east or west of the
prime reference meridian, known as the Greenwich Prime Meridian. The Greenwich Prime Meridian is
symbolized by 0 degrees, the longitude in the East is called East Longitude and in the West is called West
Longitude. The stars reach a maximum angle of 180 degrees in both directions and meet at the International
Date Line [17].

Magnitudo (SR)
© 1,6-26
2,6-29
29-33
33-36
3,6 -4,6

® & @ ©O

Figure 2. Visualization Distribution Occurrence Points West Sumatra (source: data processed).

Methods

After collecting the data on earthquakes in West Sumatra, the next step is data processing. Figure 3
illustrates the research flow diagram used in this study.
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Figure 3. Flow Diagram

The research began with a literature review to identify relevant topics. Once the data was collected,
outliers were checked using a predefined equation. If no outliers were detected, the research proceeded to
the next stage. A descriptive analysis was then performed to provide a general overview of the data. The
dataset, consisting of 229 observations, was split into two proportions: 90% for training data (206
observations) and 10% for testing data (23 observations). The training data was further divided, with 80%
used as training data 2 (164 observations) and 20% as validation data (42 observations).

Spatial interpolation was performed using the IDW method to predict earthquake strength, with 100
simulations conducted to calculate the Mean Absolute Percentage Error (MAPE) by varying the training 2
and validation data. This approach allowed for variations in MAPE results across simulations. The second
interpolation method applied was the TPS, which also involved 100 MAPE simulations for result variation.
A t-test was then conducted to determine the superior method between IDW and TPS. Finally, the
interpolation results were visualized as a simple map using QGIS software, based on the most accurate
method identified. Inverse Distance Weighted (IDW) interpolation is a local interpolation technique where
the estimated value of a point is influenced by its neighboring points [18]. In this method, points closer to
the target location have a greater influence, or weight, on the estimated value, while this weight decreases
as the distance from the target point increases. The weight, typically denoted as w;, represents the magnitude
of the impact that neighboring points exert on the estimated point.The equations used in the IDW
interpolation method are as follows [19].

d.P
W=t M
gy

Calculation of the estimated point value uses the following equation [10].
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Z, is the value of the point to be estimated, wi is weight factor at point i, z;is The value of the estimator point,
d;is the distance between point i and the estimated point, p power/exponent factor [8].

di =~/ (xo — x)% + (vp — )2 ©)

d; is The distance between point i and the estimated point, Xo, yo is estimated point coordinates, xi, yi is
coordinates of the measured point [7].

In TPS method, the relative influence of sample data points is determined, with adjacent data points
exerting a more significant influence. This results in a surface with higher detail where data points are closer.
Conversely, as the distance increases, the influence diminishes, producing a smoother surface with less
detailed characteristics [20]. The TPS method aims to estimate values by minimizing the total surface
curvature. The equation used in this method is provided in the image below [21].

Bi=f(ey) +Xh By +e& ((=12,..,n) “4)

Z; is independent variable, x;; is independent variables observation data i, ; is the number of covariates (j
=1,2,...,p), Bj is weighting parameters, &;is errors that are random errors with an average of 0 [22].

aZf azf aZf 5
IES :((67)2 +2 (@)2 + (5)2) dx dy )
Basis for solving the algorithm will be solved using the U carnel function as follow [1].
U = d;% Log(d;») ©6)
di=y( —x1)%+ (2 —n )’ ()

d; is The distance between point i and the estimated point, x,, y, is estimated point coordinates, x;, y; is
coordinates of the measured point. By defining the point source as P, which is a (n X 3) matrix and n is the
number of data points [7].

1 x »n ®)
P= Lx ,nx3
1 X, W
Using the carnel function, another matrix can be defined, namely the K matrix.
[0 U2y - U(r12)] ©)
K = 1 0 v Ugiz -
[1 Uriz) - 0 J
_[K P (10)
L=[pr o) (n+3x@+3)
Y=(V|000)T (11)

Matrix P This matrix stores the coordinates of the longitude and latitude measurement points and
a constant 1 for each observation point. Matrix K This matrix is a kernel matrix defined using the kernel
function whose function is to calculate the distance or spatial relationship between points. Matrix L is a
combination of K and P, with additional structures to expand the size of the matrix so that it allows the
calculation of coefficients in the interpolation method. Matrix Y stores the observation values in vector
form[7]. In correlation, P determines the position of the point, K measures the relationship between the
points, L is the system used for the interpolation calculation, and Y is the data to be interpolated[12].

Where V is any n-vector of (vl, v2, ..., vn) so that we obtain a vector W = (w1, w2, ..., wn) and the
coefficients are al, ax, ay [22].

LY =W | ay, o, o))" (12)

By using the L™1Y element, you can define a function f (x, y) with all these formulas.
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Sfa y) = au, axx, oy + 352 wil(l %, v) - %, ¥)1] (13)
So that f(x;,y;) has the second derivative of the integral function, then the value[12].
i=awi = 0and XL, wix; = Xt wiy; (14)

The results of the spatial interpolation process in this study will be compiled using QGIS software.
QGIS is a Geographic Information System (GIS) application used for mapping, spatial analysis, and other
functions. The specialty of this software is its open source nature, which allows anyone to use it freely and
flexibly, without being limited by time or place [5].

Result and Discussions

Before performing 100 simulations, it is important to interpret the values along the X and Y axes,
which are coordinates in the Universal Transverse Mercator (UTM) system. The X (Longitude) and Y
(Latitude) coordinates are very important in mapping earthquake magnitudes spatially in the West Sumatra
study area. These coordinates reflect the actual values for each earthquake event in the current data period
from January 2023 to May 2024. At this stage, the data is divided into an 80:20 proportion. Not only one
simulation was carried out but 100 simulations were carried out. In each simulation, different train data and
validation data were used, resulting in varying MAPE (Mean Absolute Percentage Error) values across
simulations. Each iteration produces a new 90:10 division of train data and validation data, resulting in the
collection of 100 different MAPE values.

Table 2. 100 Simulations IDW and TPS Prediction Model.

Simulations MAPE (IDW) MAPE (TPS)
1 12.80518 16.43780
2 13.66082 13.42932
99 15.13186 13.20750
100 11.71679 14.29466

After completing the 100 repetitions, the next step is to analyze and evaluate the model's estimates by
calculating the mean, standard deviation, and confidence interval of the obtained MAPE values. The
confidence interval is used to provide a range within which we can be 95% certain that the actual average
MAPE of the population lies. This analysis helps to determine whether the model is stable, even when the
data is simulated differently.

Table 3. Statistical Values Description of IDW and TPS Prediction Model

Standard Standard Tva Lower Upper MAPE Average 100
Deviation Error Bound Bound times

IDW 1.624 0.162 1.984 13.869 14.514 14.191

TPS 0.159 1.984 13.921 14.555 14.238 0.159

The Hold-Out Method for the Inverse Distance Weighting (IDW) model involves a repetition
process, where each simulation begins by resetting the simulation parameters. This approach is designed to
achieve consistent results, with a focus on obtaining the median or average MAPE value closest to the true
value. Data distribution is performed randomly, with 80% allocated for training data and 20% for validation
data in each simulation.
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Figure 4. (a) IDW Estimation Results with Testing Data, (b) IDW Estimation Results with Validation
Data

The magnitude interpolation map for the validation data displays earthquake points within the same
area. Similar to the testing plot, the colored dots represent the earthquake locations, with various colors
indicating the magnitude of the earthquakes on a scale from 2.0 to 4.5. The dominant green areas indicate
regions with lower magnitudes, while red to orange areas signify regions with higher magnitudes. This map
serves as a valuable tool for future earthquake risk mitigation. The Hold-Out Method for the Thin Plate
Spline (TPS) model is conducted using a repetition process, where each simulation begins by resetting the
simulation parameters. This approach is designed to achieve consistent results, focusing on obtaining the
median or average MAPE value closest to the true value. Data distribution is performed randomly, with
80% allocated for training data and 20% for validation data in each simulation.
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Figure 5. (a) TPS Estimation Results with Testing Data, (b) TPS Estimation Results with Validation Data

The visualization in Figure 5 depicts the results of the Thin Plate Spline (TPS) interpolation for the
validation data. In this plot, the horizontal axis represents longitude, while the vertical axis represents
latitude. The color scale on the right ranges from 2.0 to 4.5, indicating the magnitude of earthquake strength
across different locations. Warmer colors, ranging from yellow to red, signify areas with higher potential
earthquake strength, whereas green hues indicate regions with lower potential earthquake strength. The
scattered dots correspond to the specific locations where earthquakes have occurred. To determine the
optimal method for estimating earthquake strength in West Sumatra, MAPE values obtained from both
IDW and TPS methods. The MAPE results for both interpolation techniques are summarized in the table
4.
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Table 4. MAPE IDW and TPS values

IDW TPS
Testing 18.56726 16.41764
Validation 14.28197 14.2946

The visualization of earthquake strength interpolation results is represented in Figure 6. In the West
Sumatra region, it is evident that the northern area, particularly around Bukittinggi and Lubuk Basung,
exhibits the highest earthquake activity, as indicated by the numerous orange dots representing moderate to
high magnitude earthquakes. The central region, encompassing Padang Panjang, Padang, and Solok, also
shows a concentration of green and yellow dots, reflecting moderate magnitude earthquake activity.
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Figure 6. Visualization of Earthquake Strength Interpolation Results

Although earthquake activity in the central region is not as intense as in the northern region, it remains
significant. In the southern region, including Painan, Muara Labuh, and Kambang, most earthquake points
are green and yellow, indicating moderate to low magnitude activity. However, a few orange dots suggest
higher magnitude earthquakes. Along the west coast of West Sumatra, several orange and red points are
visible, indicating moderate to high magnitude earthquake activity[4].

Overall, the northern region of West Sumatra is the most earthquake-prone, with the highest
frequency and strongest earthquake activity, followed by the central and southern regions. The visualization
of interpolation results, conducted to estimate earthquake strength in West Sumatra, provides valuable
information for the West Sumatra government in enhancing mitigation efforts and optimizing disaster risk
reduction, particularly for earthquakes[19]. This information is crucial for enabling the government to
respond more effectively and proactively to earthquake threats. The public is also urged to remain vigilant
about the potential for earthquake disasters, given West Sumatra's high seismic activity. Therefore,
enhancing both structural and non-structural disaster mitigation efforts is essential. The application of
geographic information systems (GIS) in this context can significantly contribute to risk reduction and
community preparedness for disaster threats[22].

Conclusion

The frequency of earthquake magnitudes in West Sumatra from January 2023 to May 2024
indicates that most earthquake events in the region fell into the moderate category. The majority of
significant earthquakes had magnitudes ranging from 2.6 to 3.6, suggesting that earthquakes of this strength
occur more frequently than both stronger and weaker ones. Although there were some earthquakes with
higher magnitudes, with the highest recorded at 4.6, their frequency was considerably lower. Based on the
analysis, the Inverse Distance Weighted (IDW) method was identified as the most effective approach for
predicting earthquake strength in West Sumatra.
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