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High-Resolution SAR-Based Monitoring of Fuel-Level
Dynamics in Large Floating-Roof Oil Tanks

Yi-Keng Chen 1*
Abstract

Synthetic Aperture Radar imagery enables all-weather, day-and-night observation and
thus provides a robust alternative to optical imagery for monitoring petroleum
infrastructure. This study establishes an operational framework to quantify fuel-level
dynamics in large floating-roof oil tanks using multi-temporal, high-resolution TerraSAR-
X data. Characteristic backscattering arcs are extracted from X-band spotlight images to
derive tank diameter, wall height, and floating-roof elevation with sub-pixel precision, and
a dedicated error-propagation model is developed to assess uncertainty in these geometric
estimates. Multi-date TerraSAR-X acquisitions collected between December 2022 and
January 2023 are analyzed to retrieve temporal variations in floating-roof height and
convert them to volumetric change. Validation against CPC refinery records shows close
agreement, and the method remains effective even when field instruments are unavailable.
By linking physically interpretable SAR signatures to quantitative geometric retrievals
from a single, stable sensor, the proposed framework delivers reliable, repeatable, and
near—real-time assessments of fuel storage, offering a practical basis for continuous

monitoring and energy-management applications.

Keywords: Backscattering, Floating-Roof, Fuel-Level Monitoring, Oil Tank, Synthetic
Aperture Radar
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1. Introduction

Oil tanks are critical components of national energy infrastructure, serving as essential
facilities for the storage and management of petroleum products. Among various designs,
large floating-roof tanks (Figure 1) are widely adopted for their storage efficiency and
safety advantages. The floating roof moves vertically with changes in fuel level, thereby
minimizing vapor emissions and reducing the risk of fire. Understanding their spatial
distribution and volumetric variation is vital for assessing regional energy reserves. Such
information supports monitoring of consumption patterns and enhances energy
management efficiency. However, direct field observation is often hindered by restricted
accessibility, operational hazards, and equipment limitations, which constrain continuous

and large-scale monitoring efforts.

Figure 1. The schematic diagram of a floating-roof oil tank (Petrosazeh Beinolmelal Aram
Co., 2024).

Remote sensing offers an efficient, non-intrusive means to monitor such industrial
facilities. Optical and thermal infrared imagery have long been utilized for identifying and
mapping oil tanks based on their distinctive circular morphology and reflective
characteristics. Despite their advantages, optical observations are susceptible to
atmospheric interference, illumination variability, and cloud obstruction, rendering them
unreliable for persistent monitoring. In contrast, SAR, which operates in the microwave
spectrum, can acquire data under all-weather and day—night conditions. Its ability to detect
strong backscatter from metallic structures makes it particularly suitable for monitoring oil
tanks, whose roofs and sidewalls act as prominent radar reflectors.

Recent advances in high-resolution spaceborne SAR technology have enabled the
extraction of detailed geometric information and temporal variations of individual tanks.
Nevertheless, most prior studies have primarily focused on tank detection, classification,
and inventory mapping, while limited attention has been given to quantitative estimation
of fuel-level and volumetric changes. Furthermore, few studies have proposed an

integrated methodology that connects radar backscattering characteristics with precise
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geometric modeling for energy storage monitoring.

The objective of this study is to establish an operational framework for quantifying
fuel-level variations in large floating-roof oil tanks using multi-temporal, high-resolution
SAR imagery. The proposed framework combines geometric analysis of radar
backscattering features with temporal tracking of floating-roof displacements to infer fuel-
level dynamics. By leveraging commercial SAR imagery, this research contributes to the
development of a consistent and scalable methodology for continuous, near-real-time
monitoring of energy storage infrastructure, providing a valuable foundation for national

energy management and strategic resource assessment.
2. Literature Review

The remote sensing—based monitoring of oil tanks has received growing attention
owing to their strategic significance in national energy infrastructure and industrial
management. Early studies, such as that of Arnese (2021), explored the use of optical
satellite imagery to estimate tank height and volume through geometric and shadow-based
analyses. These works demonstrated the feasibility of remotely assessing storage capacity;
however, optical methods remain constrained by illumination variability, atmospheric
interference, and the inability to operate under cloud cover or at night. Such limitations
make optical observations unsuitable for consistent, large-scale, and long-term monitoring
applications.

The advancement of radar remote sensing has introduced new opportunities for all-
weather, day-and-night observation of industrial facilities. Lopez and Stilla (2021) utilized
high-resolution SAR imagery to monitor floating-roof oil tanks by detecting coherent
scatterers associated with roof reflections. Their research demonstrated that variations in
SAR backscatter amplitude correspond to changes in floating-roof elevation, providing a
feasible means to infer fuel-level variations. The findings confirmed the strong potential
of SAR data for detecting structural displacements in metallic tanks, particularly under
conditions where optical data are unavailable or unreliable.

Subsequent developments have expanded the integration of SAR and optical data for
large-scale tank identification and mapping. Wu et al. (2022) demonstrated the
effectiveness of SAR imagery for dense oil-tank detection and classification, achieving
high reliability in complex industrial environments. Similarly, Fan et al. (2023) conducted
a comparative evaluation of high-resolution remote sensing techniques for tank recognition,
underscoring the robustness of SAR data for consistent infrastructure monitoring.
Although these studies advanced tank detection and classification, they remained focused
on object identification rather than quantitative fuel-level estimation or volumetric analysis.

Despite the increasing use of SAR for industrial monitoring, existing research has
predominantly emphasized detection, classification, or inventory mapping rather than the

physical interpretation of radar backscatter in relation to tank geometry and fuel-level
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variation. A comprehensive analytical framework linking SAR backscattering
characteristics to the geometric and volumetric behavior of floating-roof oil tanks remains
insufficiently developed. Addressing this gap is crucial to improving radar—target
interaction modeling and advancing quantitative SAR monitoring of energy infrastructure.
Accordingly, this study aims to establish a theoretical and methodological foundation for
fuel-level estimation in large oil tanks using multi-temporal, high-resolution SAR
observations.
3. Methodology

A structured workflow was developed to establish an operational framework for
monitoring fuel-level variations in large floating-roof oil tanks using multi-temporal, high-
resolution SAR imagery. The procedure begins with the collection of SAR data from the
TerraSAR-X satellite, from which essential metadata such as range spacing, azimuth
spacing, and incidence angle are extracted to support subsequent geometric analysis. The
SAR intensity imagery is then examined to identify characteristic backscattering patterns
of oil tanks, and the pixel distances between key scattering arcs are measured to estimate
the tank diameter, wall height, and floating-roof elevation. Multi-temporal acquisitions are
further integrated to determine temporal variations in floating-roof height, with the derived
results validated against ground-based petroleum company records and high-resolution
optical imagery. This integrated framework provides a reliable, repeatable, and sensor-
independent approach for quantitative oil-tank monitoring and supports near-real-time
assessment of large-scale fuel storage dynamics.
3.1 Study Area

The study area is the Dalin Refinery of CPC Corporation (Figure 2), located in
Kaohsiung City, southern Taiwan. As one of the nation’s major petroleum refining and
storage facilities, it plays a vital role in national energy supply and distribution. In this
study, eight large floating-roof oil tanks with diameters exceeding 80 meters were selected

for analysis. The entire refinery area could be encompassed within a single SAR scene,

Figure 2. Floating-roof oil tank ID in study area: The Dalin Refinery. (CPC Corporation,
2022).



B eGBZE R AR ST IS

3.2 High-Resolution SAR Imagery

High-resolution SAR imagery is essential for accurately estimating the geometric
parameters of large floating-roof oil tanks. Operating in the X-band, these sensors provide
fine spatial detail and strong sensitivity to metallic surfaces, enabling clear delineation of
structural boundaries and backscattering features produced by tank walls, roofs, and
surrounding ground surfaces. Because the elevation of a floating roof changes with fuel
volume, detecting subtle geometric variations requires imagery capable of resolving
centimeter-scale geometric variations. The superior spatial resolution of modern SAR
systems allows the precise identification of characteristic scattering patterns—particularly
the bright arcs and dihedral reflections formed at the intersections of vertical tank walls
and flat ground planes. These stable, high-contrast backscattering features serve as reliable
geometric references for deriving key parameters such as tank diameter, wall height, and
floating-roof elevation.

In addition to high spatial precision, SAR offers regular temporal monitoring, enabling
consistent observation of variations in oil-tank geometry and fuel-level dynamics. In this
study, TerraSAR-X imagery was exclusively employed due to its superior technical
characteristics and proven reliability for quantitative infrastructure monitoring. Operated
by the German Aerospace Center (DLR), TerraSAR-X is an X-band radar mission that
provides spotlight-mode imagery with approximately 1 m ground resolution and a stable
11-day revisit cycle. Its exceptional orbital stability, precise geolocation accuracy (<1 m),
and high radiometric consistency ensure reproducible measurements across multiple
acquisitions. These attributes make TerraSAR-X particularly suitable for detecting subtle
structural and volumetric variations in large industrial facilities such as oil storage tanks.
The consistent imaging geometry and long-term data continuity of TerraSAR-X enable the
establishment of a robust and repeatable monitoring framework for monitoring the

temporal dynamics of fuel storage with high geometric fidelity and quantitative precision.
3.3 Backscattering Characteristics of Qil Tanks in SAR Imagery

SAR systems typically employ a side-looking imaging geometry to perform range
measurements and to avoid ambiguity caused by objects aligned along the flight path being
projected onto the same range cell. As illustrated in Fig. 3, when two targets (a and b) are
situated on a flat surface, a nadir-looking configuration would result in overlapping echoes
that reach the antenna simultaneously, rendering them indistinguishable. In contrast, a side-
looking configuration allows the radar to separate these targets because their echoes return
at different times. Due to this geometry, SAR imagery exhibits distinct spatial resolutions
in the azimuth and range directions: the azimuth resolution depends on radar wavelength
and slant range, while the range resolution is primarily governed by the incidence angle.

Consequently, each pixel in a Single Look Complex (SLC) image is elongated rather than
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square. This geometric effect causes symmetric structures, such as oil tanks, to appear
stretched or distorted in SAR imagery (Fig. 4). The grayscale intensity represents the
normalized radar cross section (NRCS), where brighter pixels indicate stronger backscatter,
reflecting nonuniform scattering responses across the oil-tank surface resulting from the

side-looking illumination geometry.
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Figure 3. Schematic illustration of the relationship between SAR ranging and side-looking
geometry (NASA, 2016).
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Figure 4. Geometric distortion of oil tank in SAR imagery.

Excluding the shadow region on the side opposite the satellite reveals that oil tanks
exhibit complex and distinctive backscattering signatures. According to Lopez and Stilla
(2021), these signatures are closely linked to tank geometry (Figure 5): (1) fixed-roof tanks,
with their curved surfaces, produce no distinct scattering features, while (2) floating-roof
tanks, defined by the vertical junction between the roof and sidewalls, generate strong

dihedral reflections, resulting in bright and coherent radar returns.
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Figure 5. Optical and SAR Imagery of Fixed-Roof (Left) and Floating-Roof (Right) Oil
Tanks (Lopez and Stilla, 2021).

3.4 Estimation of Qil Tank Geometry

The backscattering characteristics of an oil tank can be simplified into three distinct
arcs (Fig. 6), corresponding to the tank roof (red), the tank bottom (blue), and the floating
roof (green). Each arc represents a strong and well-defined SAR return generated by
double-bounce reflections. Physically, since the external geometry of the tank remains
constant, only the position of the green arc is expected to vary under identical imaging

conditions, reflecting vertical changes in fuel level within the tank.

dduey

|_4 Maintenance Walkway

Floating Roof

movable

Oil

Ground

Figure 6. Backscattering characteristics of the floating-roof oil tank in SAR image and its
corresponding geometric structure (modified from Lopez and Stilla, 2021).

Building on Figure 7, several studies have proposed methods for estimating the
diameter, tank height, and floating-roof height of oil tanks, although their approaches vary.
Based on a synthesis of these works, the applicable computational procedures adopted in
this study are summarized as follows:

1. Oil tank diameter (D): Following Back and Jeon (2020), the tank diameter is derived
by measuring the width between characteristic scattering points along the azimuth
direction and multiplying it by the corresponding pixel spacing. It should be noted that
pixel spacing differs from spatial resolution, as most commercially available SAR
images are resampled products. The calculation formula for the diameter of oil tank is
as follows:

D = (pixels between diameter points) X (azimuth pixel spacing) (1)
2. Oil tank height (H): According to Lopez and Stilla (2021), the tank height is computed

by measuring the distance between the red and blue arcs described earlier and

8
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incorporating range-direction pixel spacing and the incidence angle into the calculation.

The calculation formula for the height of oil tank is as follows:

Ho (pixels between red&blue) X (range pixel spacing)

2

3. Floating-roof height (h): Based on a corrected formulation modified from Back and

cos(incidence angle)

Jeon (2020), the floating-roof height can be estimated by measuring the distance
between the green and blue arcs and using the previously derived diameter as a
supporting parameter. The calculation formula for the floating-roof of oil tank is as
follows:

Diameter X sin(incidence angle range pixel spacin,
h = |(pixels between green&blue) + ( gle) gep b 8

range pixel spacing cos(incidence angle) (3)

The measured distances used in the above equations are summarized schematically in

Figure. 7.

pnwizy

Figure 7. Schematic illustration of different colored-line positions used for estimating oil
tank geometry.

3.5 Floating-Roof Height Variation and Estimation Errors

Monitoring the variation in floating-roof height provides a direct and quantitative
indicator of changes in oil storage volume within large industrial tanks. Unlike static
geometric features, the vertical displacement of the floating roof reflects real-time fuel-
level fluctuations caused by loading and unloading operations. Because the floating roof
moves freely along the tank wall according to the stored liquid’s surface elevation, its
temporal evolution can be used to infer volumetric changes with high sensitivity and
accuracy. This makes floating-roof monitoring an effective proxy for assessing petroleum
storage dynamics in both operational and strategic contexts.

By analyzing multi-temporal SAR imagery, it becomes possible to retrieve floating-
roof height at different acquisition dates and construct time series of oil volume variation.
As illustrated in Figure 8, the temporal evolution of fuel storage among several tanks

exhibits distinct patterns that correspond to varying operational activities, such as refilling
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or consumption cycles. When sufficient temporal sampling is available, these time series
enable continuous assessment of fuel storage behavior, supporting early detection of

abnormal fluctuations and estimation of regional energy consumption trends.

x10*

N

-
E
(] 151
S > \/
(]
o
o
205
= —&—Tank1
o —O—Tank2
0 Tank3
Tank4
o o P D B S S o™ i S R P 2O
R ISR SIS SR & IS SR S SRS

Date

Figure 8. Temporal variation of floating-roof height and oil storage volume (Back and Jeon,
2020).

According to the principle of error propagation, when a target variable is derived
indirectly rather than directly measured, the uncertainties associated with all input
parameters inevitably propagate through the computation to affect the final estimated value.
Assuming that these parameters are independent and uncorrelated, a simplified error
propagation model can be applied to quantify the impact of measurement inaccuracies on
derived quantities such as tank diameter, wall height, and floating-roof elevation. In this
research, the propagation of measurement errors is analyzed to evaluate the reliability of
geometric estimations derived from SAR imagery. Particular attention is given to
uncertainties arising from the identification of scattering features whether manually or
automatically extracted—as even sub-pixel deviations in feature localization can lead to
notable discrepancies in geometric dimensions after spatial conversion. Quantifying the
extent to which these image-based uncertainties influence the calculated structural
parameters enables a systematic assessment of the accuracy of oil tank height and fuel-
level estimation.

Errors introduced by radar imaging geometry, sensor configuration, or signal noise
are not explicitly modeled in this framework, as these factors are complex to parameterize
and would require advanced radiometric or interferometric analysis. Nevertheless,
understanding the propagation of geometric measurement errors provides critical insight
into the sensitivity and robustness of SAR-based volumetric estimation, thereby ensuring
that the inferred fuel-level variations are both physically consistent and quantitatively
dependable.

The oil tank diameter (D) is obtained by measuring the width between characteristic

scattering points along the azimuth direction in the SAR image and multiplying it by the

10
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azimuth pixel spacing (Sa). Because this relationship is linear, the associated uncertainty
also propagates linearly:
Op = Sp X Op “4)

where Pp is the pixel distance between characteristic scatterers and o represents the
standard deviation. Pixel-level uncertainty along the azimuth direction directly contributes
to diameter error. Simulations were conducted with deviations ranging from 0 to 2 pixels
at 0.5-pixel intervals to evaluate sensitivity.

The oil tank height (H) is derived from the pixel distance between the red and blue

arcs in Figure 6, combined with range pixel spacing (Sr) and incidence angle (8):

SR 2 2 PHXSRXSinez 2 (5)
On = \/(cos 6) Oy T ( cos2 0 ) %

where Py is the pixel count between arcs. The uncertainty in both range-direction pixel

measurement and incidence-angle variation directly affects the precision of the height
estimation. The incidence angle was constrained to 20°—60°, representing the typical
operational range of most spaceborne X-band SAR systems such as TerraSAR-X,
COSMO-SkyMed, and ICEYE. This range avoids extreme geometries, very low angles
that produce shadowing and very high angles that reduce backscatter sensitivity, ensuring
stable geometric accuracy for height retrieval.

The floating-roof height (h) is calculated from the pixel distance between the green and
blue arcs and the estimated diameter. The total uncertainty considers both pixel-

measurement error and propagated diameter error:

_(SR>22+(SA>22 (6)
On = cos 9 Py tan 0 OPp

where Py is the pixel count between arcs. Simulations with pixel deviations from 0 to

2 pixels at 0.5-pixel intervals and incidence angles between 20° and 60° confirmed that
both azimuth- and range- direction uncertainties significantly affect floating-roof
estimation, underscoring the importance of accurate feature localization in SAR-based
fuel-level monitoring.

4. Result and Discussion

Previous SAR-based studies on floating-roof oil tanks have largely focused on
demonstrating the feasibility of detecting roof displacement or identifying relative filling
and emptying trends, with limited quantitative validation against independent ground-
based measurements. In contrast, this study evaluates SAR-derived floating-roof heights
directly using refinery fuel records, yielding an RMSE of 1.27 m and an R? 0f 0.989 at the
individual tank level. This enables the performance of the proposed framework to be

assessed in terms of absolute geometric and volumetric accuracy, rather than relative

11
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change alone. Accordingly, the following results are discussed not only in terms of
temporal behavior of fuel storage, but also with respect to the quantitative reliability and

consistency of the SAR-based retrievals under operational conditions.
4.1 Estimation of Oil Tank Geometry

The incidence angle and pixel spacing of the acquired SAR imagery are crucial
parameters for estimating the three-dimensional geometry of oil tanks. Accordingly, the
metadata associated with each SAR image were carefully examined, and the relevant
parameters were compiled into reference tables (Table 1). Because high-resolution SAR
imagery typically features a narrow swath width, the variation in incidence angle between
the near and far range within a single scene is generally less than one degree. Therefore,
the mean incidence angle of each image was adopted for all subsequent geometric
computations. In total, five TerraSAR-X X-band images from December 2022 to January
2023 were utilized to ensure adequate temporal coverage.

This study analyzed eight large floating-roof oil tanks with diameters greater than 80
meters at the Dalin Refinery, to evaluate temporal variations in tank geometry. The tank
diameter, wall height, and floating-roof height were calculated using the formulas defined
in Equations 1 to 3, with the required parameters derived from Tables 1. Variations in pixel
measurements between successive SAR acquisitions were then compared to identify tanks
exhibiting measurable vertical changes. To improve geometric precision, a sub-pixel
analysis was performed by dividing each original pixel into ten equal segments along both
azimuth and range directions, resulting in a minimum measurable resolution of 0.1 pixel

for more accurate dimensional estimation.

Table 1. Metadata of TerraSAR-X Images.

Image Date 2022/12/11  2022/12/22  2023/01/02  2023/01/13  2023/01/24
Range pixel spacing (m) 0.45 0.45 0.45 0.45 0.45
Azimuth pixel spacing (m) 0.87 0.87 0.86 0.87 0.87
Incidence angle (°) 50.62 50.62 50.62 50.62 50.62

A floating-roof height quantitative demonstration test was conducted using
TerraSAR-X imagery (Table 4) to evaluate the feasibility of the proposed measurement
approach. In the first case, Test A, the distance between the blue and green arcs increased
from 106 to 115 pixels, indicating a displacement away from the satellite, which
corresponds to a decrease in floating-roof height and thus a reduction in fuel volume. Based
on Equation 3, the floating-roof heights derived from the two SAR acquisitions were 10.54
m and 4.89 m, respectively, resulting in a fuel-level drop of 5.65 m. In contrast, for Test B,

the pixel distance between the tank bottom and the floating roof decreased from 107 to 86

12
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pixels, signifying a displacement toward the satellite and an increase in stored fuel volume.
The calculated floating-roof heights increased from 9.91 m to 23.09 m, corresponding to

an elevation rise of 13.18 m.

Table 2. Floating-roof height quantitative demonstration test.
Test A (Oil Decreased)

e 1
i >
o Nos - d

- " - "
a s ¥ "uis

- ll)(»pi\cﬁ_ - '_ =

106 pixels / 10.54 m — 115 pixels / 4.89 m
Test B (Oil Increased)

.,

Ly
$ n;.

e gy

107 pixtls 86 pixels

-

107 pixels / 9.91 m — 86 pixels / 23.09 m

As shown in Tables 3, 4, and 5, the retrieved diameters and wall heights of the eight
oil tanks remained highly consistent across all TerraSAR-X acquisitions. The standard
deviation of the estimated diameters was below 0.6 m, while that of the wall heights was
within 0.15 m, confirming the excellent geometric stability and measurement reliability of
the TerraSAR-X data. In contrast, the floating-roof heights exhibited noticeable temporal
fluctuations among individual tanks, indicating measurable variations in stored fuel
volume. In Table 5, blue text denotes an increase in floating-roof height, corresponding to
arise in fuel level, whereas red text indicates a decrease, reflecting fuel withdrawal. These
findings demonstrate the robustness of TerraSAR-X imagery in precisely characterizing
stable structural parameters and detecting subtle, time-dependent changes in fuel-level

dynamics of large floating-roof oil tanks.

13
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Table 3. Estimation of oil tank diameter.

ID/Date  2022/12/11  2022/12/22  2023/01/02  2023/01/13  2023/01/24  Mean Std
D401 83.17 83.43 82.65 83.26 83.43 83.19 0.32
D402 83.35 83.69 82.47 83.52 83.43 83.29 0.48
D403 83.78 83.69 82.82 83.69 83.52 83.50 0.39
D404 83.61 83.69 82.65 83.43 83.69 83.41 0.44
D405 83.43 83.87 82.56 83.43 83.61 83.38 0.49
D406 83.61 83.52 82.73 83.26 83.52 83.33 0.36
D407 83.43 83.61 82.30 83.78 83.61 83.35 0.60
D408 83.61 83.43 82.39 83.43 83.78 83.33 0.54

Unit: Meter.
Table 4. Estimation of oil tank height.

ID/Date  2022/12/11  2022/12/22  2023/01/02  2023/01/13  2023/01/24  Mean Std
D401 18.44 18.30 18.44 18.37 18.44 18.40 0.06
D402 18.51 18.51 18.44 18.44 18.44 18.47 0.04
D403 18.37 18.30 18.30 18.37 18.51 18.37 0.09
D404 18.37 18.65 18.58 18.51 18.58 18.54 0.11
D405 18.30 18.30 18.44 18.37 18.51 18.38 0.09
D406 18.51 18.65 18.37 18.65 18.51 18.54 0.12
D407 18.72 18.58 18.65 18.37 18.58 18.58 0.13
D408 18.51 18.44 18.51 18.23 18.30 18.40 0.13

Unit: Meter.
Table 5. Estimation of floating-roof height.

ID\Date 2022/12/11 2022/12/22 2023/01/02 2023/01/13 2023/01/24
D401 17.49 4.97 6.50 3.20 7.67
D402 17.10 17.91 16.11 17.10 17.17
D403 345 3.73 2.74 3.73 3.77
D404 11.71 8.84 5.89 16.04 13.09
D405 11.99 5.65 16.28 17.77 3.02
D406 8.87 7.95 10.55 12.84 13.06
D407 11.64 18.27 7.42 10.36 16.14
D408 12.49 16.68 15.90 2.21 3.13

Unit: Meter.

14
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4.2 Error Propagation of Qil Tank Geometry

This study developed an error propagation model to assess the uncertainties involved
in estimating oil tank diameter, wall height, and floating-roof height (fuel level) under
different SAR incidence angles. The maximum pixel error was set to 2 pixels, propagated
in 0.5-pixel increments, with incidence angles ranging from 20° to 60°, reflecting the
typical range of most SAR missions. All five TerraSAR-X acquisitions used in this analysis
had a consistent incidence angle of 50.62°.

For TerraSAR-X, the diameter error propagates linearly, reaching approximately 1.7
m at the maximum 2-pixel uncertainty. The wall-height error follows a secant function,
resulting in about 1.8 m of uncertainty under identical conditions, while the floating-roof
height error, governed by both secant and cotangent relationships reaches roughly 4.8 m at
a 60° incidence angle.

The empirical measurements are well within these theoretical limits, with actual
uncertainties remaining below 1 pixel, approximately 0.7 pixels for oil tank diameter and
less than 0.5 pixels for oil tank height, demonstrating higher accuracy than the modeled
expectations. The error-propagation behavior is illustrated in Figures 9 to 11, where red
asterisks indicate the observed uncertainty levels. In addition, very small incidence angles
cause radar echoes to overlap temporally, producing coarse, blurred imagery that
complicates geometric interpretation. Conversely, excessively large incidence angles
reduce sensitivity to floating-roof displacement. Hence, extreme incidence angles either
too low or too high are unsuitable for the proposed error propagation framework.

In floating-roof oil tanks, the stored oil is completely shielded by a metallic floating
roof, and SAR signals interact only with the tank wall, roof, and ground through double-
bounce scattering. Therefore, variations in oil properties (e.g., temperature, viscosity,
vapor pressure) do not directly affect the geometric locations of the backscattering arcs
used for height retrieval, but may only influence local radiometric noise and feature-

detection uncertainty.
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Error Propagation of Qil Tank Diameter
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Figure 9. Error propagation of oil tank diameter.

Error Propagation of Oil Tank Height
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Figure 10. Error propagation of oil tank height.
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Figure 11. Error propagation of floating-roof height.
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4.3 Comparison with CPC Ground-Based Records

CPC Corporation provided ground-based oil tank records corresponding to three
TerraSAR-X acquisition dates (January 2, January 13, and January 24, 2023). These
datasets were used to validate the floating-roof height estimates derived from TerraSAR-
X imagery. Since CPC data only included fuel volume (in cubic meters), the corresponding
floating-roof heights were derived by dividing the recorded fuel volume by the tank surface
area. The validation was performed by comparing the CPC-derived floating-roof heights
(treated as reference values) with the TerraSAR-X—derived estimates using the coefficient
of determination (R?) and root mean square error (RMSE). Tank D403 was excluded from
the analysis due to erroneous CPC measurements caused by an instrument malfunction.
The validation results yielded an RMSE of 1.27 m and an R? value of 0.989, indicating a
very high degree of consistency between the TerraSAR-X observations and the CPC
ground-truth data (Figure 12).

Table 6. Fuel level records from CPC.

Fuel level (m?) Floating-Roof Height (m)

P 2023/1/2 2023/1/13 2023/1/24 2023/1/2 2023/1/13 2023/1/24
D401 33143 11186 35967 5.94 2.00 6.44
D402 86869 87284 86875 15.57 15.64 15.57
D403 12704 12704 12704 2.28 2.28 2.28
D404 27833 80461 64690 4.99 14.42 11.59
D405 84512 87273 11943 15.14 15.64 2.14
D406 56115 58791 66277 10.05 10.53 11.88
D407 35890 52466 80926 6.43 9.40 14.50
D408 87245 12257 10347 15.63 2.20 1.85

Correlation Analysis

L
o

= 5 .
210 & ®
=
= .8
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: o.w R? = 0.9896
0
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TerraSAR-X Floating-Roof Height (m)

Figure 12. Correlation between TerraSAR-X-derived floating-roof heights and CPC
ground-based measurements.
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Comparisons of floating-roof height observations across different acquisition dates
revealed minor discrepancies, likely resulting from variations caused by the structural
thickness of the floating roof. The observed errors ranged between -0.5 and -1.5 m.
Measurements from January 2 and January 24, 2023 exhibited low standard deviations,
both below 0.3 m, while those from January 13 showed larger deviations exceeding 0.6 m.
The increased uncertainty on January 13 was mainly attributed to the pronounced starburst
effect in the corresponding SAR imagery (Figure 12), which introduced higher pixel-level
noise and thus greater measurement uncertainty in the floating-roof height estimation.

Additionally, the CPC dataset (Table 6) contained erroneous readings for tank D403,
as its fuel-level sensor malfunctioned in 2022 and remained under maintenance during the
observation period. Consequently, the recorded fuel volumes remained constant across the
three acquisition dates. Nevertheless, SAR-based observations clearly captured variations
in floating-roof height between January 2 and January 24, 2023, demonstrating that SAR
imagery can effectively detect fuel-level changes even in the absence of accurate or
complete ground-based data. Figure 14 presents a comparison between the TerraSAR-X,
derived floating-roof heights and CPC records for each tank at the Kaohsiung Dalin
Refinery.

Figure 13. The starburst effect observed in the TerraSAR-X acquisition on 13 January,
2023; red boxes indicate areas where the effect is most pronounced.
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Figure 14. Floating-roof height variations of oil tank D401 to D408.

Although the validation in this study is primarily based on CPC ground-based fuel
records for a limited number of acquisition dates, the reliability of the proposed framework
is not solely dependent on the availability of such external measurements. The case of tank
D403, for which the CPC sensor reported constant values due to malfunction, demonstrates
that SAR-derived floating-roof heights can still capture physically plausible temporal
variations consistent with those observed in neighboring tanks. In addition, the high
temporal stability of tank diameters and wall heights across all TerraSAR-X acquisitions
(Tables 3 and 4) provides an internal consistency constraint that limits potential geometric

drift in floating-roof retrievals. Even in the absence of operational logs or in situ level
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sensors, the combined temporal coherence and geometric self-consistency of the SAR
measurements offer a robust basis for assessing fuel-level dynamics.
5. Conclusion

This study introduced a refined SAR-based framework for quantifying fuel-level
dynamics in large floating-roof oil tanks using multi-temporal TerraSAR-X imagery. This
approach extends previous detection-focused studies by directly linking SAR
backscattering geometry with quantitative structural estimation. Through precise
extraction of scattering arcs, the framework enables sub-pixel accuracy in determining tank
diameter, wall height, and floating-roof elevation, allowing quantitative monitoring of
fuel-level variations.

The developed error propagation model systematically evaluated uncertainty sources
and confirmed that observed measurement deviations—below 0.5 pixel—were well within
theoretical limits. Validation against CPC ground-based data yielded a strong correlation
(R* = 0.989, RMSE = 1.27 m), confirming the reliability of SAR-derived estimates.
Notably, the method successfully detected fuel-level fluctuations even when field
instruments failed, underscoring its operational independence. However, backscattering-
arc localization in this study relies on manual or rule-based interpretation of SAR intensity
patterns. The starburst effect observed on 13 January 2023 demonstrates that scene-
dependent radiometric artifacts and speckle can increase pixel-level uncertainty and
introduce operator-dependent variability. Although tank geometry remains stable, such
effects may degrade sub-pixel accuracy in floating-roof height retrieval. Future work may
therefore benefit from automated approaches, such as machine learning—based feature
extraction or Hough circle detection, to improve the objectivity and repeatability of arc
estimation.

The main contribution of this research lies in establishing a physics-based, repeatable,
and sensor-independent approach for volumetric monitoring using high-resolution SAR
imagery. The framework provides a practical foundation for near-real-time fuel-level
assessment and can be further expanded through integration with multi-sensor SAR
constellations to enhance temporal resolution and support long-term energy infrastructure
surveillance.
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Analysis of Settlement Surface Deformation Induced by
Photovoltaic Farm Construction and Underground
Engineering Using Multi-Source Geodetic Techniques

Pei-Ching Tsai! , Kuo-En Ching?
Abstract

Improper underground horizontal directional drilling (HDD) is often one of the causes
of land subsidence. However, since March 2023, cracks and tilting have appeared in roads
and buildings within Beihua Village, Yizhu Township, Chiayi County. Some structures
have suffered severe damage, indicating that the surface deformation may involve more
complex mechanisms. To clarify the causes, this study integrates multiple geodetic datasets,
including ground-penetrating radar (GPR), RTK-GNSS surveys, continuous tiltmeters, and
interferometric synthetic aperture radar (InSAR), to analyze the influence of anthropogenic
activities on ground stability at different periods.

During the first phase of solar farm and HDD construction around the settlement
(January—March 2023), Sentinel-1A ascending-track InNSAR (December 2022—April 2023)
revealed that the deformation gradient was greatest within the solar farm, with line-of-sight
(LOS) velocities reaching -9.5 cm/yr, about -2 cm/yr greater than the surrounding area.
GPR profiles showed no evidence of subsurface voids along the HDD route, suggesting
that tensile cracks and surface tilting in the settlement were likely caused by shallow
pumping-induced compaction beneath the solar farm.

During the second construction phase of the solar farm (November 2023—January
2024), InSAR, seven RTK-GNSS stations, and one continuous tiltmeter were used to
evaluate the effects of construction on ground stability. The RTK-GNSS data indicated
cumulative subsidence of approximately 6 cm at the center of the solar farm and 3—5 cm
along its margins. The tiltmeter recorded a cumulative southward tilt of about 90” from
May to December 2023, which increased by 21.6” within two weeks after pumping began.
InSAR results (November 2023—February 2024) showed LOS velocities of up to -8 cm/yr
within the solar farm, about -2 cm/yr higher than nearby areas with the maximum
subsidence coinciding with the construction zone, confirming significant shallow

compaction during the construction period.

! PHD student, Department of Geomatics, National Cheng Kung University
2" Professor, Department of Geomatics, National Cheng Kung University, TEL : 06-2757575 # 63840 - E-
mail: jingkuen@mail.ncku.edu.tw
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Synthesizing results from both phases, the study concludes that pumping at the solar
farm induced a rapid drop in pore pressure and shallow compaction, while HDD activities
triggered local stress release and shear failure. The temporal and spatial superposition of
these effects ultimately led to cracking and tilting of settlement structures. This study
recommends that future renewable energy developments in soft-sediment areas should
incorporate ground-stability assessments, pumping control, and real-time monitoring
systems to ensure the coexistence of sustainable green energy development and community

safety.

Keywords: Geodesy, Land Subsidence, PV Farm Construction, Structural Damage
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Development and Validation of a QGIS Plugin for
Extended Cadastral Data Applications

Hung-Jung Chen!* , Hsiang-Chung Wu? , Shu-Mei Chen®
Abstract

With the continuous development of Geographic Information Systems (GIS), the
open-source and cross-platform QGIS has demonstrated high extensibility and a user-
friendly interface, and is increasingly recognized as a tool for cadastral data applications.
In current cadastral surveying practice, although land administration agencies provide tools
to export cadastral maps as SHP or DXF files for GIS integration, these conversions often
result in geometric distortions. To address these practical challenges, this study investigates
the feasibility and applicability of developing custom Python-based cadastral plugins for

QGIS, focusing on core functions such as data import, query, computation, and analysis.

Three QGIS plugins were developed, comprising 14 functional modules. The
cad_import plugin manages the import of cadastral maps along with boundary points,
control points, photographs, cadastral survey forms, landowners, and other rights holders,
while preserving precise circular arcs and Enclave parcel (land-within-land) structures.
The cad_calculate plugin provides parcel area and tolerance calculations, discrepancy
comparison, and integrated visualization and query functions. The cad survey plugin
supports radiation method MAC files and surveyed points in CNT format, computes
shortest distances from surveyed points to cadastral boundaries, reduces observed
distances (OBS files) to mean sea level using Digital Elevation Models (DEM), generates

network adjustment plots, and performs three-parameter coordinate transformations.

The results indicate that custom QGIS plugins can effectively streamline cadastral
surveying workflows, overcome the limitations of conventional government-developed
systems, and highlight the adaptability and extensibility of GIS in cadastral applications.
This study not only provides a feasible open-source solution for cadastral surveying but

also offers practical value for wider adoption and future system expansion.

Keywords: Cadastral surveying, Digital Elevation Model (DEM), Enclave parcel, QGIS
plugin, Spatial data analysis
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R EHETHYARIEZE M AIRI40 LineString B Polygon LM Zm e FEl{L1E 5T
TR OK » 1 B ERE SR B E R PV BN SR A TERr O 22 ]
BN (Open Geospatial Consortium, OGC ) § 2011 F28ARHY (MEEEH—FEE
EEEFI—5 1 857 @ LIEZEHEEEIEAE) (OpenGIS® Implementation Standard for
Geographic Information - Simple Feature Access - Part 1: Common Architecture )
Ho SRAHERR T2 A A BB -

2R AR B TR HE 2 U B A S A 4 S DR AT 22 [ &R B EY— %L
M IHEOR AN [F] 2 fE BE S0 TE e B b 22 [ S a0k} - L AR AR Fe T i
MaRASHELE > L e (3R 2)d DL s RS CircularString ~ CompoundCurve
J¢ CurvePolygon EEHERA(E Y - E AR E i C L3286 A 1Y 287 21 51 (Open
Geospatial Consortium Inc. 2011 ) » H.tft CircularString & 2R F=Z~ 1 [El9N 4R ER4H Ay
@? MESAn]  FEH = (ERE (RERES  [ERG ~ 48 EREEEN - ME R B E

AR E A BB B S BN ER 2 > 1T CompoundCurve HIJHE—20 45 & T4 E
(LineString )EA[E[5 &% F( CircularString ) g7l 161 & B 4R EA B[ ER FLHIHE S 4R EL -
WIHERE RS B R g TP O RefEiERZE HE S s R ER S BB E ISR
HIRh4R45HE > 55 CurvePolygon RIILAHh&R#E 58 (7] CompoundCurve 2HA ) T
IRl - REFIME RN EERARIGIP R - USRI B 2M0E ~ 58 - JRihEg

AR 02 SR AR R P e, -

7% 2 2efapiE Al BE(CHE (Open Geospatial Consortium Inc. 2011)

-

Geometry 0
Point 1
LineString 2
Polygon 3
MultiPoint 4
MultiLineString 5
MultiPolygon 6
GeometryCollection 7
CircularsString 8
CompoundCurve 9

=
o

CurvePolygon

-
-

MultiCurve

-
]

MultiSurface

-
w

Curve

-
=

Surface

PolyhedralSurface

-
(4]

TIN

-
(2]

40 » 7F SQL/MM Spatial £224E (ISO/IEC 13249-3 ) d17R2H, T CompoundCurve
Bl CurvePolygon ZEEFSHIRI » #E— P8 22 M BRI R AV EEE M EBUFE > Hrp
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CompoundCurve &—FE 25 L ElI4REE (CircularString ) BiE 4% (LineString ) A4l
VG 4R (B o) » SRV ERERE - ORISR MBI N - 55
CurvePolygon HIl /2 it i ull B A dh & 8 SR E P % B & - v H— (B4R

( Exterior Ring ) BAZAEEZAENER (Interior Rings ) 4HEK([E 2a) - MaT/MREIAER
B PR FH Hh &t i - (SE 282 IR ER S AG AT H 2R S AV B PSS » I H. CurvePolygon HY
FIPAMEZOR MR AN A TE B G - W R A AT 5E SR ePh A fE 28 (Knut Stolze >
2003)

N\

(a) Linear Strings (b) Circular Strings (c) Compounds

| %= #5f5(Knut Stolze » 2003)

(a) Curve Polygon (b) Polygon
2 %¥EH 7 #if(Knut Stolze » 2003)

HAT{E QGIS &4t 5 /] #rid AV E EfE%=1 A Temporary Scratch Layer ~ Shapefile
Layer ~ GeoPackage Layer ~ SpatiaLite Layer ~ Mesh Layer ~ GPX Layer fz Virtual Layer
FIH > H RS FREEE (Temporary Scratch Layers ) {5 I HY2& (f[ B 1G4 %G

( Point )~ ZBE( MultiPoint )~ 4%( LineString /CompoundCurve )~ 254%( MultiLineString
/MultiCurve ) ~ [ ( Polygon,~CurvePolygon ) ~ 241 ( MultiPolygon ~MultiSurface )
% AR HI TR > WS Hh &R (Curve AT » MR E ER 0 SREIIE =
N g R A far g AU > 540 CircularString ~ CompoundCurve ~ CurvePolygon ~
MultiCurve ~ MultiSurface Z£(QGIS Project » 2025b) » ‘& B EZ LB » QGIS BHEH
Bl e TR Ry HoAth o] SR A ST AVRE » (RIS Z e 3 A CompoundCurve B
CurvePolygon A5 CH 5 B FEEIETREVE: - FHEsfol o5 5 Bt S TR R E

(41 GeoPackage =X, PostGIS ) » DAfRSE E B 1IN FE[E & 241 -
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B ARG B RRGR, S5 I

HEEE 2 SR A SR G R R SR ~ ) 1 HOR - B et sl R kasea
BN &R & TRt (RO h5e w st e E ) iR - Wit T QGIS
o] DLz B ELA B 5 4R 2 s EE(E] 25551 B/ A CurvePolygon #&{n[RU5I| > DIEH 8
Hy b ZE B I FrEL & B g =4 PAR ~ BNP J2 COA Z5R422 > 7817 WKT(Well-known text
BRSO RO 22 5 B (OGO R il e ) Z Bl i34 o] - fR4gri n]
SR B9 4 S sy M R [ o EL i T (8 3) ¢

CURVEPOLYGON (COMPOUNDCURVE ((0 0, 0 4),CIRCULARSTRING (0 4, 5
7, 10 4),(10 4, 10 0, 0 0)), COMPOUNDCURVE((8 2,8 4,2 4, 2 2),CIRCULARSTRING
(22,51,82)))

(00) (10,0)

3 HAEN#H% 2 CurvePolygon

HFESRIMFAE R IET - RIEBRA] CompoundCurve 28U - FLREFAE—R
SR EIR A & E AR R EIARER > IS8y 23R T HEE 4R 5% WKT &0 (& 4)-

COMPOUNDCURVE( ( 5 3, 5 5), CIRCULARSTRING(5 5,7 7,9 5), (9 5, 12 5),
CIRCULARSTRING(12 5, 13 4, 12 3), (12 3, 10 3))

(6.3) (10,3) (12,3)

4 BEEJIH4%> CompoundCurve

b3 7 {55 F—f%HY Point Kz LineString 4[> 3% CurvePolygon Ei CompoundCurve
1o ] 58 B O AH A B & T AV B S RS 15 - (HhAh 7 QGIS HYEERS S [El g ( Temporary
Scratch Layers ) FJZET FAlARTFER 2 28(n 88T » B7Em9E Hh o MEE =0 Ay B
T AR o B ] R R st e 2R s WKT FRriir - DU R EEE
B HYTERE IR - MR T R AR B R 22 [ T e A -

(=) EEREErETNEER
(BRI & F AR (31 B (vector) SKFRn LI STHIE ~ HEBRHEEN > AR
MR EEFATAREA - mEEEREE - A - ERARE AR ERE BRI ER
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HETARE - [ty > SepGE RV ERRR T ES > 8 ST ZEmE
#rEs B K DEM F&k > Qe MG B DI RE#E T2 JT RV IE A 34T > A
#Eis QGIS SMEEHIFHS - MEREGIREGHT R EE R BB IEER - a2
So B ERE TERER

e BTV A0E T H_ PRI EIR R IEENESN - FrBUAInY e 2 /D IR B
BRIAICAE - H P PR W e SAE ZE A ~ L B R R R AP K AR B
IESETRRIRE AR B % » 2024) » (i HfEAEWET-FEEAZF
P KRR ESUE - AR ER R S AR (5 - IR ATkt DEM HUS&ie
EIHETHE > HATANBE EAFREESEER (DEM) & 20 AR > BUFHEE
RS 1 ARREESEEE - NEtREH DEM AU SEFIR SR - HatEP
A KTAIEERE AL > (3 n] e lRdehl B SR (E M A T — BN 2 — SRR e
LB E R E S R AR P2 BROBS 18) 245G » #Ef TP KmmER (L
IEAVAMNETES > AR ERER B #h5eliUEE TR IRTHFERCRATEIE - TR Rtk
EYHFE N E 28 BATELRE -

() srsEmE s - MnfEE A kS

AT E RN EERS - (LA QGIS BasksMEE - ARTHiAEE R 2 B2
FEEC o R R TR B e - SSTMHRR E & TR R ot &S E e
FELIPRT R B R B SR A PRI IE A (EE - IRThRE H A& 53 RAIRIH -

1. R e o P Tt ]

HECA R R AR B B A A AR A D B IS S IR S TAR A SR

S BRI BRI L N B g > P REE PR PAR ~ BNP ~ COA R G

-

g S B CurvePolygon > Mt 2 L RE ] 2 28 (0] > [ FHERE( COA/D14 )

SR (D14) ~ #E40%E (CTL) KBEUNES (CNT) Rij4—iE#a Fy Point » Sl
FEIREFREEED (D21) B354 (D29) FE#L Ry CompoundCurve » R HAE
LT » T4 E22 RS (CTL » COR ~ OBS ~ LST) B ¥¢:454% MAC % ( CTL - MAC)
it BllgE{E £ LineString Jz Point » DUERZE LA (3R 3) = BLAN » By
TERE s M = T FT ZE THEH A AR B H A Bt S [ 2 BiER » 512L QGIS 2 Extract
vertices JE BLERS 3% 53t CurvePolygon 2&{a] AT/ THEL(vertex) » il {{< Join attributes
by nearest JEH FAF T HL& THBLEA R 46/ & Sk BEAME 7 i T R - PLls i = 2 Ry A4
2R B Vertex Editor T B &GS AMELEL B S IEENE - B EREEHE
H T2 IEREN: -

3 MR EEAATIHH

N . ANEFER - )
HHE EHUEE FEER 17 L (48 B EfgaiE
e | PAR > BNP - b
igji COA R CurvePolygon *i%%fsﬂ'\ﬁa )
T 1 PAN
(j:&ﬁ%% = H)ﬁ) (ﬁ%t&%%)
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B ARG B RRGR, S5 I

K?*f‘é . ******CP
COA = D14 . . COA FHF%;
SibE, (S 245) dBASE £ | point HxxAEDP
ki D14 Fh 8
. dBASE T,E% . *xkkkxRP
sl SHI 2%
_ N . ******CT
P RE CTL XFHE point e
HEEHE s dBASE f& FkkKkk K
o D21(E H| 4% o R N RS
Srpan (EMZE) ep ot CompoundCurve —
e dBASE %= *kFKkARR |
sHm | DBENES) |G | compoundcurve | 27250
******_ELL
BRI AR
,— .. | CTL~COR -~ . o
B V7= . gt Point (F2=r15E)
. OBS =, LST R X .
[ (P RLAT T ) LineString Fxkrxk NET
RS FaIBABIL A AR
(BB KA
fﬁ;‘%é N ) ******_CNT
******_MACP
MAC E5T5 2 3R B
******_CTzD
o MAC Fg &5 PEHIRE
S, | CTL~ MAC SCFARE point T
MAC *EEEII ******_CT2
MAC Hg &5 ffiEh
******_CTL
CTL FEsEHL P2 %h

ZRVACTH  AVTICHEEE -

2HFEEEAET R~ T AR I EE A

RPR T PHEE BN AT L E S E A - AR DB A 2 A A - it E R B
&R (40 DEM) > wliE— DR ESINTE R AS IIMERGES - HriE#E MDB &2 i’
FTA R RPN R B RE B 45 & - AR - B e e M RE [ Y
&ty o SoFTHEERREAPERIREAY Point (B EIAH F A BERRGS - AAYVERE - BRI
ot AEZERT T > STEAZE RS - WER TR SRR 2 B & T
# o ERGHHY ] EE 2R R mI R RS LR - LA > Rnb it
BERY — 2t - ]S TR R AR B S RE A B A B - A P 2 S g B R R
HlEEdE - iz - AR EENERER L > 7454 DEM [Elg ¥ OBS
BN E A TR B P97 KiE R BEREZ UE - PASES T OBS FEZEAYIERENME(FR 4) -
FoECRIMERE A AR R 2 IR > BREHEAAE SN Exce)(RIFEHIE B AR A
ZHUF=FERE 2 ARG RS S AEE - HEMNMESGT R RCR LW E =
B2 DT TERE
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ok~ SRAHAE - BORIE ¢ (A QGIS B2 st RS E & N1 E e A/ M = 2 B Eaes

B
N
A

* 4 MR EEIIEEAEE

fE FERE 2 o ‘
15 H S GV [T dai A
MDB #% ~
. . o 77 44415 SRBLOW FA5 4 % RCLOR /78
T B
TR CURRER) | i - s e
K (25 BE) (Relations)
BB | SR o SN Dl P o e
E (TEREAERE) SEF 43 T MR (RS AR S)
HOZERCERT B ITEL | *rrsAM T M R 4
Rl SR EE [ (rFEE E =) Comp_map(CurvePolygon)[&| &
. NN ******SM ﬁ/:\******AM &******SM
LERPENR | wemmm | suosBEies
sk AN RERVE: D b g S el =
Fkkkxk G|\ FxxxxE-MACP_new(Point)[z]
HEEREE R | (EEED) R AVRAILA g Lyl el WG ai
BTEEE T E () | ****-MACP chage_data_CH (Point)[&] &
Hxkxxk CNT 3. J T B BB B AR T B B T
(€N = =) > *wxwkxx MACP_Closest (LineString)
{<DEMGFS OBS | DEMBEIRE | ) o (g it e B A
A e 2861445 LT 16 OBS 1
FAYSATEMEE | OBS % o i

BRI ¢ A ZT LR
(1) E/@BM: (Layer Properties) SRR &M (Project Properties)dVakaTE

£ QGIS SR FHEE [ - ElgE@1E (Layer Properties) I KGN (Project
Properties)f2 (It | '8 & Y& EHFIIRIE 7 Hooh g @ M E et E A E g ErYsLE
A 55 O [ J&g HY 15 55 (symbology) ~ #53% (labels) ~ i {iZ 45/ (attributes form) ~ BEH/R
(display) -5 » i E A R AR B s LR = (style) BURIB B RN A 4 e
FEAVEEEARA - AR B8 CERE % - B EERRERAE - ORI E 25
A—20: - HEBIEAIEEE(E QGIS HEAAIAESE » Hh "Rl (Relations)
B RAITHEE » B EARFHE S SRS 2 M I & R AR AR - 1=
JHB M E AR QGIS SMEME IR At R B LAY E HI M -
AL E R AP E R BB CE G - R BEIE 607 X5
(Symbology ) i » {388 ARLE BURE 30 B0 — U e At » phah - 134
(Labels) ¢St @ M &R B - $EFA-22RE R ATE Y - iEeEER
B (Attributes Form ) AYRR TSRO EE5T » WIS I Hi e BE BT Bt - Sl ek Al
i B — 28y A/ E > JRRTH B E R BRI E L - 55 HTML M & 2R
(HTML Map Tip) /Z—IH581{L QGIS {H]#& G SRV EZIIAE - BBl EF
FER R B B R RIBU R M & (A B i FR G & MR Rl v P S 4R 22 T &l
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B - 4G Bz R R SR H USRI

W% > FIH HTML 0] 5#) AlEgst e tEir - SEEEE AR E IR RE
af\ o MHBHEE A SR E (B S)A T #Ef
<h4> [%"Bi4:" || "name" %] </hd>

<hd>[% NS || "Yeor"||'  EAfE!| "Xeor" %] </h4>
<h4> [%'EH8f:" || "ma_ axis" I'\n'|| "5GHH:'| "mi_axis"%]</h4>
2:4%:BAB028

NAAFE-2547004.840 EAAFH:175522.038
F8#1:0.005 45$#:0.002
5 HTML Map Tip &7 #if5]

QML #& (QGIS Style File ) {£ QGIS Z4f & FH AR et A A e g i U EHEY
B #EZR QGIS H[LAfEF PyQGIS $f[&El & & HlPH H iZ—HY/E 44 (Renderer) - A
Fe Ry T TR R - PRI S B T B IHECE R & QML 15 - HHER
5 QML fEaE Efghe= - IR EN - IR Bl fm s FoF
Fyerid » FREGEEAA T
gml_path = 'C:/styles/landuse _style.qml' # #5E QML FEFZEEK
layer.loadNamedStyle(qml _path) # [E[@EHEL
layer.triggerRepaint()  # B 3[E|f2)5 4L
1E —wd%fﬁi ﬁﬂﬁ‘éﬂ%ﬁﬁFﬁ'%ﬁ%ﬁ(RelatlonS)Lﬁ » Al A MEE 4 B Blae
EfEE T - MR B FE SRR A4 - SERCRARAS s - R ——%
%%%ﬂ%ﬁﬂ%ﬁ%ﬁ%  ERASOE TR » QGIS & HE{ERE 2 BB &R+
FRE o T EEE R4S LB R R A R A (EREME - TRV AU T
rel = QgsRelation() #Z17—( QgsRelation ¥4 » EZHW[E &~ IR
rel.setld('rell’)  #2%E#% Relation FYME—z%FIEE (ID)
rel.setName('Rel SRBLOW')  #3% %€ Relation HY%47FH
rel.setReferencinglLayer(layer 2.id()) #5E " £08J& | (Referencing Layer )
rel.setReferencedLayer(layer 1.id()) #5E " #72:08)& | (Referenced Layer)
rel.addFieldPair('Uni_SecN','Uni SecN') #:3% 1€ 218 g BHY 2= 08 e e Wt Afel (i 361 e
#HigHi# 17 ~ relation fjl A\ Project 7 relationManager §1
QgsProject.instance().relationManager().addRelation(rel 1)

(ON) HFERAIEZ QGIS £/MNEEAEET 4

EAWFE TR & =40 QGIS #MEMERL » HwE 14 THIJEE > H cad import
75 5IE ~ cad calculate 5 4 75 » 534 cad survey AT 5 TE([E] 6) °
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}#h£5:8/ 2 QGIS Plugins
cad_calculate
cad_import plugin plugin cad_survey plugin
(Cadimport Toolbar) (CadCalculate (CadSurvey Toolbar)
Toolbar)
1 | | |
PAR Cadastral MAC
D21 Read Tolarance Read
Discrepancy
1 | |
PAR Cadastral Closest
BNP Read 3IN1 Distance
| | |
Cadastral
029 Read Amangement o
Compare
. | |
PAR
% Cadastral Network
RHOTQ Join Map Query Drawing
| | ‘ 1
Read Three
PuReE Transformation

6 Z4HAMERE Y& TH EE AR

cad_import plugin
(Cadimport
Toolbar)

bnp -~ coa style 87

PAR PAR PAR PAR Read
BNP Read D21 Read D29 Read PHOTO Join owner
- = EEND2 13 TiE R + i oy =
EITHERMIEE RD2 12 EERD2OEITEY . HIE A
{ BE -ﬁﬁﬁ;ﬁ)w} '{ SEED14) ] { LIl J '[ i ER }
o o e BERD2ETAN p— = .
BAEEHTERY RED21%E BED2B2E R EEFFARAMDB
{ s EEE } %ﬁ%ﬁ:ﬁm”} { &> Sytle ] { <D } {%EERelations}
i o {EigHEEER
siTEaAN G Lkl Tl it EED14 SRELOW «
StyleTRIEHE SRCLORIEI:
Relations
i EE Mt ER IR 3 par ~ -
Jnlnﬁlfg
WA EE T Apar ctl join EfgiEZ

coa join AREZ
style BE

D14 join F&EZ
style &

7 cad_import YNEFRZHY S IEHLENZ

cad_import HMEE ] T AMEEE] - ZEHIRE - FRUbEL - AR - 2
FRRFTARENERR A AE R B LR 2 AT o HCREE] AT 52 5 S IR T
A IR R Bt o St [ 72 (] 7) -

cad_calculate &MEFETZU SRS ARHE LN 22V T R S Y58 B R
N JNATEF TRV R RS 1R 2 AR R B AT - MR (R PR R T AHRE R
Dl 8) -
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cad_calculate
plugin
(CadCalculate Toolbar)

Cadastral Cadastral Cadastral Cadastral
Tolerance - 3IN1 mm Arrangement Map Que
Discrepancy Compare P v
Y (FaomEE BU_=Ezo%E Y M EEEEgs 3 o
+ a8 = wzemma | fT =R = e —
E (AEEER DERE Y MHhEEEERE .
+ i) m Symbology=27E ™ BB = EmEHE
= ”l!'.iélttﬁ‘ WEREY HER ST \

+ = Symbologys2E m tb& = EReEAR
FroEEE EE . e B A TSRS
ﬁﬁﬁﬂf%ﬁéﬁﬁ | Eli= Singic] | P REE SRR (FTEEFIAND ~ OR
BREEA Symbol &€ 2% 5} - - ST

HhEER N\ BB EE
\ i) J

[& 8 cad_calculate #MHIEFAYZIERREN S
(Gads rvey Toolar]

MAC Closest 0BS Netwurk Three
Correct

Read Distance { { Drawing Transformation
_[ iR ] _[m (EBIE I*E),.E} _["?ﬂégigj;?ﬂ

—A
—A
A

5 BELEEAT
MACH S BEURS o
'[ } S B e '[ BEEIA ]
RIR TR : mrEmeEs | ] maemmmne
'[MAC*”“BW EE, ] -[am EEL e {mwmslﬁu '{ SEER B
IR E S HOBSECTL(3E IBBALITEIR
CNTHIRA iR AT e BT CORMET A RUHEE)
(1SR PAR BNP AB_File
Read PluginfrEA
GmisTRETar) | [EnemER
SHEEHCTLR -[OBS*“"EE“'“} { A3 LT } -[cgm@]
A_File
B | eememmm
RS(E/ESCORKR (RIIHHEE)
AB_Layer
SHEESCOAtE SEHERER
(RUHEE)

A_Layer

[ 9 cad_survey SMEFEEAYRIHEIEAE

cad_survey FMEFE IS HE MAC B CNT R8RS LR AE 3 v] il =8
EHEEfRA (DEM) ¥ OBS MzEIT P97 /K S s i B béjr* » Ty H] PR
PRET R FE AR PR UG BT REEE T LA AT M ARAREE 48 - TNl AT PR
R K il 7 = S B A A (& 9) -

p R R R

B¢ 52 R 2 AMNEFEZET7 cad_import ~ cad_calculate & cad survey % 3 JH » [
FRfk EE 2 QGIS HYfEFH (Repository) » B Er P/ ZIP FEHET 745 » 25k
AIfEDRE R ) TEAEEEEET (B 10)HY 2 IHThAE » STHIMEME Y B BE
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AT -

@ Untitled Project — QGIS o =
Project Edit View Layer Semings Vector Raster Datbase Web Mesh HOMGIS Processing Help

g =

= B B S -

PAR Read Resd &, Resd M MAC Shom Os NI
EEEEE EEEE = -

\ PAR Read Read EIL  Read

BMP D21 D29 photog Owner

A—B 3in1 AvsB Mg,p

MAC  short ©8s NET  Three
CNT  Dist comest Draw Trans | §

# PAR BNP Read | A= Cadastral Tolerance Discrepancy s MAC Read

B PARD21 Read | 3 Cadastral 3IN'1 S Closest Distance

% PAR D29 Read | AW# Cadastral Arrangement Compare | [ OBS Correct

& PAR Photo Join | ¥ Cadastral Map Query g% Newwork Drawing

B Read owner ‘ #a Three_Transformation

10 FNEFER Z TheER R T E5
(—) Cad Import cad_import #MEEZR(/MEAIE 11)

( ParBnp Read

HFEE R ATE S (ST P it B TERESE IR il
TFFIEIEE B TES S E  par - bnpFrcoald
3 W S B 2 1 — fA AR sy
| BUESHEEE IECH
2 EEEE T B EE s < 57 4 4 AMDB4% i ERelations e
3~ BTRAENEH
LORE A HE % 4 4.3 B $1SRBLOY - SRCLOR?E 2 Relations Ay
4~ (REHEAFSTpar » bop ~ coa ErE
5~ B AERIApar - bip - coa g
@ Photo Join @ Par D29
JEctl > | am
FRD20EATH H £ 4 42(D14) | e
P¥hcoa > B
% &D29%4 4 B & 2 Sytle BLE
E-5-1)) 1 > “H
@ ParD21
Joingfg —————— > “H
AMIRIEAAEAE R (PR C00) | &%
ctl join ##E#H =z style %&E 287
3 Y A7 408 Y ¥
coa join ¥z style & B’ SEMD21 AT H & £ e (D11 DI4) H#
D14 join #4%x style k& 287 %EEBNESZStyleRFlEE B#h

11 Cad Import cad_import #MEFER >~ & I8 T H AT/ H

PAR BNP Read T EL{EHIERIAINE AN - [EIS0ER4R F oot (B 12) 7T ERERR -

A i P B #5805 S RREI ( Temporary Scratch Layers ) » CurvePolygon #(Al s
F TWD97 / TM2 zone 121(EPSG:3826) SA4E » 5 Fy ELA AL A ] 53735
2 [T LI 2T B (name) « BEHIEREL T (oldsect) « B3 (oldname) « 555
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sCHIf(oldArea) ~ S [Aifs (newArea) FIA(FR 5) » IE/NA A HIEZ 1.2 SRl HSE - FERLAE
Gtz ~ [F— R E A& A W (A FIHLEL AR5 A [F]HY PAR ~ BNP ~ COA g f &k
A CH B P B B b R f [ e s S D BE

12 [ S BRI e
TR 5 HthoRE e e 1 A i

name oldsect oldname oldArea newArea
1 7051 1 248.00000 247.773000
2 7051 2 353.00000 351.56000
3 7051 3 49.00000 49.45000
4 7051 4 37.00000 37.78000
5 7051 5 63.00000 63.40000
6 7051 6 4400000 43.14000
7 7051 7 4.00000 3.78000
8 7051 8 140.00000 138.63000

A E B E A B9 SR FE [ R 2 BEg (1) 5 QGIS 2 Extract vertices Ji
SEEEN{G CurvePolygon #4 (AT TER:(vertex) I H 4R 2y 3 (BTERACE] 13a):
s 9 32 B 9.l 6 <6 2 824 ] (Polygom) « ()AL 4 S 1L B Join
attributes by nearest 3 513255 514 TELRE RIFUAG A 5 AL A RO HER » ELER 25 2 P
085 SRR 55 75 O] 130) » BB TSNSV L SO BRIBI L R 7 SHP

HIELANARSRETITY  FLBE A AL R BN 2 AL AR - (3)Vertex Editor THL
AL R BT ASB 13b)ET 2 WS B B ERE ik Ll st 8 T 72t
A58 ELTEREAIRET EL A E0 L SR T
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27
~__ .3
Jr Curvepolygon Vertices 2’??"\'»\,,77/27

O A%ZFuLES
[ sz shgatal

TEHREASE | FRHEEAME |RUrEANAE | EEESE |EEELE  |[EEaNAE | WiEaEEEE
268 162135.674| 2544093.434 5 162135.674| 2544083.434
271 162071.701| 2544026.817 162071.701| 2544026.817
273 162112.87| 2544006.731 162112.87| 2544006.731
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Assessing the Importance of Control Point Site
Selection: A Case Study of Basic Control Points in

Hsiaoliuchiu Island

Shih-Han Hsiao! , Kuo-En Ching?* , He-Chin Chen® , Yuen-Lung Jung* ,
Ling-Chia Hung®

Abstract

We investigated the importance of control point site selection and stability assessment in
geologically active environments in this study, using the basic control network on
Hsiaoliuchiu Island as a case example. The National Land Surveying and Mapping Center
(NLSC) conducted GNSS and precise leveling surveys on 15 control points in 2003-2004
and 2017, including 10 points with collocated GNSS and leveling benchmarks. In this work,
both survey epochs were minimally constrained to station LCO06, located on the western
side of the island in a relatively stable setting, to derive the three-dimensional displacement
field of Hsiaoliuchiu. These geodetic results were integrated with systematic field
investigations conducted between 2022 and 2025, focusing on the geological context, local
structures, and deformation features surrounding each control point. The results show that
the island has undergone several tens of millimeters of uplift, while LC02 experienced
nearly 100 mm of subsidence and substantial horizontal displacement over 13 years. The
displacement direction is consistent with on-site evidence of slope movement, and nearby
retaining walls and stairways exhibit progressive structural damage, indicating that LC02
lies within an active sliding zone. Around LCO03, LC04, and LCO7 in the central valley,
minor scarps, localized uplift, and surface cracking correspond to creeping reverse faults
and small active structures. Additional deformation associated with mud diatremes is
observed near stations LC03, LCO05, and LCO06, expressed as ground warping and building
uplift. Although the benchmark TG74 provides excellent GNSS observing conditions, the
host breakwater has tilted toward the station and developed large sliding fractures, calling
into question its long-term stability as a vertical and horizontal reference. Overall, both

geodetic and field evidence demonstrate that many control points on Hsiaoliuchiu are not
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situated on truly stable ground, and the observed coordinate discrepancies likely reflect
genuine surface deformation rather than measurement error. We concluded that control
point selection should not rely solely on flat terrain or adequate sky visibility in tectonically
active regions. Instead, it must incorporate regional geological structures, the distribution
of mobile shale features, long-term displacement fields, and direct field indicators of
instability. Excluding potential landslide zones and local active structures, combined with
regular re-surveys and field inspections, is essential to maintain control-point stability and
to prevent subtle yet cumulative distortions of the control network, thereby ensuring the

long-term reliability of geodetic reference frameworks.

Keywords: Control point, GNSS, Precise Leveling, Mobile shale
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