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Assessment of GNSS-IR performance using multi-GNSS and muilti-
frequency SNR data from smartphones

Cemali Altuntas™ ), Nursu Tunalioglu’

"Yildiz Technical University, Campus of Davutpagsa, Faculty of Civil Engineering, Department of Geomatic Engineering, Esenler, Istanbul, Tirkiye.

Abstract: Smartphones are equipped with embedded Global Navigation Satellite Systems (GNSS) chips that support multiple satellite
systems, enhancing precision in positioning, navigation, and timing services. The introduction of GNSS Interferometric Reflectometry
(GNSS-IR) leverages these capabilities by analyzing multipath signals and reflections to estimate surface properties more accurately.
Given their multi-GNSS and multi-frequency capabilities, along with lower cost and greater portability compared to traditional geodetic
receivers, smartphones hold significant potential for application in GNSS-IR technologies. In this study, we conducted a three-day
experimental evaluation, observing for six hours each day to assess the accuracy of reflector height and change estimations from multi-
frequency multi-GNSS SNR data provided by geodetic receivers and smartphones. The setup included two CHC i90 Pro geodetic receivers
and two Samsung Galaxy Note 20 Ultra smartphones, positioned in both zenith-looking and nadir-looking orientations, facilitated by an
experimental setup developed under TUBITAK project number 121Y348. Our analysis focused on the number of valid estimations, peak-
to-background noise ratio (PBNR) values, and the accuracy of reflector height and height difference estimations with satellite-based and
frequency-based assessments. According to the results, geodetic receivers consistently outperform smartphones in data collection stability
for GNSS-IR applications. We also found that the platform orientation of smartphones (flat, inverted, or inclined) has a minimal impact
on the accuracy of GNSS-IR estimations, and the most reliable smartphone data is obtained from GPS satellites. Furthermore, using
signals with wavelengths shorter than 20 cm in smartphone-based GNSS-IR studies provides better results and offers a cost-effective
method for long-term monitoring of climatological parameters such as snow depth, sea level, and vegetation height.

Keywords: Multi-GNSS, Multipath, GNSS-IR, SNR, Smartphone

Akilli telefonlarin ¢gok frekansl coklu-GNSS SNR verilerinin GNSS-IR performansinin degerlendirilmesi

Oz: Akl telefonlar, birden fazla uydu sistemini destekleyen gomiilii Kiiresel Navigasyon Uydu Sistemleri (GNSS) ¢ipleri ile donatilmistir.
Bu durum konum belirleme, navigasyon ve zaman 6l¢iimii calismalarinda dogrulugu artirmaktadir. GNSS Interferometrik Reflektometri
(GNSS-IR) yontemiyle, bu ozelliklerden faydalanilarak yiizey ozelliklerini daha dogru kestirmek i¢in ¢ok yolluluk etkisindeki sinyallerin ve
yansimalarin analizi gergeklestirilebilmektedir. Cok frekansh ¢coklu-GNSS veri toplama kabiliyetine sahip olmalarinin yani sira, geleneksel
jeodezik alicilara kiyasla daha diisiik maliyetli ve tasinabilir olmalari nedeniyle akilli telefonlar, GNSS-IR ¢alismalarinda uygulama igin
onemli bir potansiyele sahiptir. Bu ¢alismada, jeodezik alicilar ve akilli telefonlardan saglanan ¢ok frekansli ¢oklu-GNSS SNR verilerinden
elde edilen reflektor yiiksekligi ve yiikseklik degisimine iliskin kestirimlerin dogrulugunu degerlendirmek igin her giin alti saatlik ortak
gozlem iceren ii¢ giinliik bir deneysel ¢alisma gerceklestirilmistir. 121Y348 numarali TUBITAK projesi kapsaminda gelistirilen deney
diizenegine, iki CHC i90 Pro jeodezik alici ve iki Samsung Galaxy Note 20 Ultra akilli telefon, basucu ve ayakucu dogrultularina bakacak
sekilde yerlestirilmistir. Gegerli kestirim sayisi, pik-arka plan giiriiltii oram degerleri, reflektor yiiksekligi ve yiikseklik degisimi
kestirimlerinin dogrulugu iizerinden uydu sistemi ve frekans temelli degerlendirme yapilmistir. Bulgular, jeodezik alicilarin GNSS-IR
uygulamalarinda veri toplama stabilitesi yoniinden akilli telefonlardan daha iistiin performans sagladigini géstermistir. Ayrica, akilli
telefonlarin yoneliminin (diiz, ters veya egimli) GNSS-IR kestirimlerinin dogrulugu iizerindeki etkisinin ¢ok az oldugu ve en stabil akilli
telefon verilerinin GPS uydularindan elde edildigi goriilmiistiir. Buna ek olarak, 20 cm’den kisa dalga boyuna sahip sinyallerin akilli
telefon tabanli GNSS-IR ¢alismalarinda kullanilmasinin daha iyi sonuglar sagladigi ve kar kalinligi, deniz seviyesi ve bitki yiiksekligi gibi
iklimbilimsel parametrelerin uzun vadeli izlenmesi i¢in diisiik maliyetli bir alternatif teskil ettigi tespit edilmistir.

Anahtar Sozciikler: Coklu-GNSS, Cok yolluluk, GNSS-IR, SNR, Akilli telefon

* Sorumlu Yazar/Corresponding Author: Tel: +90 212 383 5309 Gelis Tarihi/Received: 11.05.2024
Kabul Tarihi/Accepted: 16.07.2024
= 0000-0002-9660-6124, cemali@yildiz.edu.tr (Altuntas C.)*
0000-0001-9345-5220, ntunali@yildiz.edu.tr (Tunalioglu N.)



-Assessment of GNSS-IR performance using multi-GNSS and multi-frequency SNR data from smartphones

1. Introduction

The number and usage rate of portable and wearable mobile technological devices such as smartphones, tablets, and
smartwatches, as well as the interest in innovative applications and designs involving these devices, are increasingly growing.
In the 21% century, smartphones, in particular, are actively used as personal assistants to many people. Smartphones offer
versatile and useful features, considering their ability to provide mobile internet access, voice/video calling services, execute
various sensor-based applications, deliver quick solutions for positioning, navigation, and timing (PNT) with Global
Navigation Satellite Systems (GNSS), and their easy portability. Consequently, the economic market size of smartphones is
considerably larger compared to other mobile devices. According to the European GNSS Agency (GSA) 2019 Market Report,
the number of smartphone users worldwide is projected to reach 3.5 billion by the end of 2020 (GSA, 2019). Also, according
to the European Union Agency for the Space Program (EUSPA) Earth Observation (EO) and GNSS Market Report 2024, the
annual shipments of GNSS devices are forecasted to rise from 1.6 billion units in 2023 to 2.2 billion units in 2033, with
Consumer Solutions (such as smartphones, fitness devices, and tablets) and Road and Automotive (including in-vehicle
systems and various types of on-board units) accounting for the majority of the shipments by 2033 (EUSPA, 2024). The
significant potential for use and the advantages in terms of mobility have recently enabled the use of smartphones in
engineering measurement applications as well. Moreover, these devices are now equipped with GNSS chips, LiDAR,

accelerometers, and other sensor-based enhancements and software, enabling various engineering applications.

Smartphones contain a variety of sensors, among which the embedded GNSS chips are crucial. These modular chips, which
integrate receiver and antenna structures, provide PNT services at various accuracy levels, and are incorporated into
smartphones along with other sensors. Initially, GPS chips were first added to smartphones in 1999. However, modern
smartphones now support multi-GNSS systems, including GPS, GLONASS, Galileo, BeiDou, QZSS, and SBAS, enhancing
positioning capabilities. A significant development occurred in May 2016 when Google announced at the I/O 2016 conference
that with Android 7.0 (Nougat), it would open access to raw GNSS data collected by smart devices. This move facilitates the
processing of raw GNSS data, using code, carrier phase, and Doppler observations from satellites, which has opened
opportunities for research into sub-meter level positioning accuracy (Banville & van Diggelen, 2016). Another significant
step forward in GNSS positioning for smartphones occurred in May 2018 with the introduction of the Mi8 by Xiaomi, the
world's first dual-frequency smartphone. The Xiaomi Mi8 is equipped with the Broadcom BCM47755 embedded GNSS chip,
capable of recording signals from GPS L1/L5 and Galileo E1/E5a. This model also supports single-frequency signals from
GLONASS, BeiDou, and QZSS. This development marked the beginning of achieving centimeter-level accuracy in
positioning with smartphones, fundamentally changing research into precision positioning with mobile devices. By offering
a cost-effective alternative to expensive geodetic receivers, it has led to numerous studies on the usability of affordable

smartphones in engineering applications (Robustelli et al., 2019).

One of the fundamental differences between geodetic GNSS receivers and smartphone GNSS chips lies in the characteristics
of the antennas used. Geodetic antennas typically use circular polarization, while smartphone GNSS chip antennas have linear
polarization. This difference makes the smartphone GNSS antennas more susceptible to the multipath effects of GNSS signals
reflected from nearby surfaces. As a result, smartphone GNSS antennas generally collect lower quality GNSS measurements
compared to geodetic GNSS receiver antennas, which are designed to minimize multipath effects, creating a disadvantage
for smartphone based GNSS positioning. However, a method known as GNSS Interferometric Reflectometry (GNSS-IR),
utilized for approximately the last 15 years, takes advantage of these unwanted multipath signals for precise positioning by
analyzing the oscillations they cause in signal strength. This analysis allows determining the geometric and radiometric

characteristics of the reflective surfaces. The additional path created by the reflected signal can introduce errors of up to a

J. Geod. Geoinf., 2025, 12(1):1-19
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meter in precise positioning. Still, since the power of the multipath-affected signal is related to the geometry between the
antenna phase center (APC) and the reflective surface, this data is valuable for estimating the vertical distance between the
APC and the ground. The data indicating signal strength, typically presented as the carrier-to-noise density ratio (C/NO) or
signal-to-noise ratio (SNR), is provided to users by receivers and smartphones. SNR-based GNSS-IR has been effectively
used to determine climatological parameters such as soil moisture (Altuntas & Tunalioglu, 2020; Chew et al., 2013; Larson
et al., 2008), snow depth (Larson et al., 2009; Nievinski & Larson, 2014; Tunalioglu et al., 2019), and sea level (Altuntas &
Tunalioglu, 2023; Besel & Kayikci, 2021; Hu et al., 2021; Larson et al., 2013; Williams et al., 2020).

In the first study to examine the altimetric performance of the GNSS-IR method using SNR data from mobile devices,
Strandberg and Haas (2019) analyzed SNR data from the GTGU GNSS station located at the Onsala Space Observatory in
Sweden and from a Samsung Galaxy Tab A 10.1 4G tablet. They correlated the estimated reflector heights with sea level
measurements. The sea level values were validated with tide gauge measurements located a few meters from the GNSS
station. The RMSE (Root Mean Square Error) between the sea level estimates derived from the GNSS station and tablet data,
and the tide gauge measurements obtained as 6.2 cm. The study also noted that the tablet provided only L1 frequency data,
resulting in a significantly lower number of valid estimates throughout the study period compared to a geodetic receiver
capable of handling L1, L2, and L5 frequencies. Altuntas and Tunalioglu (2021) conducted an experimental study in which
they analyzed multi-GNSS SNR data obtained from a Xiaomi Mi8 Lite smartphone, and a Trimble NetR9 geodetic receiver
connected to a TRM57970 geodetic GNSS antenna. Over a period of three days, measurements were taken for five hours
each day to assess the accuracy of reflector height estimations. The study found that the RMSE values were 1.9 cm for the
smartphone and 3.7 cm for the geodetic antenna when compared to in-situ measurements. Liu et al. (2022) evaluated the
altimetry performance using multi-GNSS SNR data collected from a Huawei P30 smartphone, which was paired with a low-
cost antenna-equipped u-blox FIP receiver. In their study, which analyzed 20 days of data, it was found that the GPS L1,
GLONASS G1, and BDS BII frequencies provided precise and stable reflector height measurements. However, the
performance of GPS L5 and Galileo E5a was somewhat lower. Chen et al. (2023) assessed the performance and feasibility
of low-cost GNSS devices for temporary sea level measurements. The study utilized several devices, including a Redmi Note
9 Pro smartphone connected to a BT560 antenna and a CHCNAV PS5 GNSS receiver, alongside another receiver with a
standard geodetic-quality antenna and a pressure tide gauge for comparison. After collecting and analyzing over 80 hours of
SNR data from various GNSS constellations, the research concluded that low-cost GNSS devices could provide stable sea
level measurements with a RMSE of approximately 16 cm, which is comparable to, or even slightly better than, that of
traditional geodetic-quality devices. Zheng and Chai (2023) investigated the accuracy of ground height retrieval using GNSS-
IR technology. The study involved Hi-Target geodetic GNSS receivers, an Honor 60 smartphone, and a Huawei MatePad
Pro tablet to collect data over five days, with antenna heights ranging from 0.8 m to 1.6 m. It was found that a linear
relationship could be established between the inversion error and antenna height, with an RMSE for smart devices at 4.7 cm
and 4.2 cm, compared to 1.0 cm for geodetic GNSS receivers. The RMSE values mentioned pertain to the performance of
both smartphones and GNSS receivers under varying antenna height conditions, indicating the height estimation error for

each device over the range of station heights.

Considering existing studies on GNSS-IR with mobile devices, it appears that there is no comprehensive evaluation in the
literature of Android-based smartphones equipped with dual-frequency multi-GNSS chips across different frequency ranges
and constellations. In this study, an experimental evaluation was conducted over three days, with six hours of observation
daily, aiming to assess the accuracy of reflector height estimations derived from dual-frequency multi-GNSS SNR data
provided by smartphones, based on varying reflector heights and receiver orientations. The setup included two CHC 190 Pro

geodetic receivers and two Samsung Galaxy Note 20 Ultra smartphones, arranged in both zenith and inverted orientations.
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Changes in height and orientation were facilitated by an experimental setup developed under the TUBITAK project number
121Y348. The results were analyzed based on the number of valid estimations, peak-to-background noise ratio (PBNR)

values, and accuracy of reflector height and reflector height difference estimations.

2. SNR Based GNSS-IR

The signals transmitted by GNSS satellites are subject to various effects caused by interactions with atmospheric layers such
as the ionosphere and troposphere, as they travel to the receiver antenna. One significant impact these signals face is the
multipath effect, which occurs when the signal transmitted from the satellite reflects off one or more surfaces until it reaches
the receiver. In ground based GNSS measurements where multipath effects are present, the signals coming directly from the
satellite and those reflected from nearby surfaces interfere at the APC of the receiver, resulting a composite signal. Although
this composite signal is a challenging source of error in positioning applications, it provides an alternative opportunity to
determine the geometric and radiometric characteristics of the reflected surface when analyzed using a method known as

GNSS-IR.

GNSS receivers not only provide phase information of the signal but also code measurements and navigation messages, as
well as the power and noise of the signal. GNSS antennas detect signals emitted by GNSS satellites, and these signals are
then processed by GNSS receivers. The signal strength, usually expressed as C/N,, can be converted to SNR assuming a
noise bandwidth of 1 Hz (Larson & Nievinski, 2013). SNR is composed of trend and harmonic components of direct and

reflected signals due to interference and antenna gain pattern (AGP):
SNR = tSNR + dSNR (1)

where tSNR denotes the trend of the SNR signal and dSNR denotes the detrended SNR signal. The tSNR is largely dependent
on the AGP of the receiver and can be modeled and extracted using a polynomial of second degree or higher. The dSNR

signal, obtained after the trend is removed, has a periodic nature and can be expressed as follows (Larson et al., 2008):
4mh .
dSNR = A cos (Tsme+ ¢) 2)

Here, A and ¢ represent the amplitude and phase of the dSNR signal, respectively, h denotes the vertical distance between
the APC and the reflected surface (i.e., reflector height), 4 denotes the wavelength of the GNSS signal, and ¢ indicates the
satellite elevation angle. Since sin ¢ is the independent variable of the dSNR signal, the following relationship exists between

the dominant frequency (f) of the dSNR signal and the reflector height:
h="> 3)

Since sin ¢ is the sine of the satellite elevation angle, it is irregularly sampled. Therefore, in this study, the Lomb-Scargle
Periodogram (LSP) analysis, commonly used for irregularly sampled data, was used to find the dominant frequency of the
dSNR signal (Lomb, 1976; Scargle, 1982). The dominant frequency values were then converted into reflector heights using

Equation (3).
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3. Materials and Methods

This section begins by introducing the study area and the setup developed for the experimental study under the project. It
then proceeds with preliminary analysis steps to determine appropriate parameters for the azimuth range, satellite elevation

angle range, and minimum PBNR condition, followed by further analysis procedures.
3.1 Study Area and Experimental Design

The study area is located within the Yildiz Technical University's Davutpasa Campus in Istanbul, Turkey (Figure 1). The
primary reason for selecting this area was its capacity to provide extensive views along the southeast and southwest lines and
to offer a surface with low roughness, which helps eliminate topographical effects that could impact the study results. The
study area measures approximately 90 m x 140 m. The experimental study involved collecting measurements for two 3-hour
periods each day on the 283rd, 284th, and 286th days of the year (DoY), October 10, 11, and 13, 2022, conducting a 3-day

experiment.

Figure 1: Study area

In the conducted experiment, two CHC 190 Pro geodetic receivers and two Samsung Galaxy Note 20 Ultra smartphones were
used. The receivers and smartphones were set up with (1) a 20% incline on the first day, (2) a -20% incline on the second
day, and (3) a 0% incline (i.e., standard orientation) on the third day (Figure 2). Here, the positive and negative inclines refer
to the tilt observed when viewing the platform from the side, with the azimuth direction on the right-hand side. One of the
aims of this experiment was to determine the effects of these inclinations on the estimation of SNR metrics. The receivers
and experimental setup were oriented towards a 160° azimuth for all three days to face the smooth surface of the terrain.
Observations were carried out daily between 09:30 and 15:30 local time (UTC+3). After three hours of observation each day,
the reflector heights were decreased by 10 cm, and the remaining three hours of observation were conducted at these reduced
reflector heights. The in-situ reflector heights obtained by measuring the Antenna Reference Point (ARP) heights are provided
in Table 1.
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(d)

Figure 2: (a) General view of the experimental setup and the inclinations applied to the receivers in the setup for three separate days (b) Day 1:
October 10, 2022 (20%), (c) Day 2: October 11, 2022 (-20%), (d) Day 3: October 13, 2022 (0%)

Table 1: In-situ reflector heights found by adding the offset values from the NGS antenna calibration report to the ARP heights

Receiver Day 1 Day 2 Day 3
(DoY: 283) (DoY: 284) (DoY: 286)

Reflector height (first 3 h) (m) 1.910 1.965 1.990

CHCI Reflector height (last 3 h) (m) 1.820 1.860 1.885
Reflector height (first 3 h) (m) 1.135 1.135 1.170

CHC2 Reflector height (last 3 h) (m) 1.090 1.015 1.065
Reflector height (first 3 h) (m) 1.945 1.940 1.940

SPO1 Reflector height (last 3 h) (m) 1.845 1.845 1.840
Reflector height (first 3 h) (m) 1.260 1.240 1.240

SP02 Reflector height (last 3 h) (m) 1.160 1.140 1.140
Orientation 20% 20% -20%

3.2 Preliminary Design

The analysis was conducted in two stages. During the preliminary analysis phase, general evaluations were made and

appropriate criteria for further analysis were determined. The second stage aimed to develop final results by implementing
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strategies based on the outcomes of the first stage. In the preliminary analysis phase, a 0°-360° azimuth range was used to
assess signals coming from all directions. A satellite elevation angle range of 5°-25° was chosen. The minimum satellite
elevation angle range condition was set at 10°, and the minimum PBNR condition was set at 3. Since the reflector heights
were decreased by 10 cm after the first three hours of observation each day, the analysis results were evaluated separately for

the first three hours and the last three hours.
3.2.1Suitability of the Azimuth Range

Since no azimuth mask was applied, the initial evaluation focused on determining the suitability of the azimuth range used.
Data obtained during the first three hours of the first day of the experiment were analyzed to estimate reflector heights. Since
the heights of the receivers varied, the median reflector height for each receiver was calculated, and the deviation of each

estimate from its median value was computed. The variation of these differences according to azimuth is shown in Figure 3.
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Figure 3: Variation of estimation errors with azimuth

According to Figure 3, it is evident that data with an average azimuth value below 45-50° tend to result in worse reflector
height estimates. The main reason for this appears to be that the surface in these azimuth directions is not sufficiently wide
and smooth. Considering that the average azimuth width for the visualized data is 10.5°, using an azimuth range of 60°-360°
instead of 0°-360° would exclude estimates with high errors due to azimuth-related factors. Therefore, an azimuth range of

60°-360° will be applied in the further analysis phase.
3.2.2 Minimum Satellite Elevation Angle Range Width Condition

Accurate estimation of SNR metrics requires sufficiently long data for each satellite pass, but there is no widely accepted
standard for this in the literature. The oscillations in SNR data caused by multipath are directly related to the reflector height;
a higher reflector height increases the frequency of SNR oscillations, while a lower one decreases it. Detrended SNR data,
when lacking sufficient waveforms, results in lower spectral resolution of frequency estimation. The amount of wave
contained in the dSNR data is a function of the sine of the satellite elevation angle, and thus varies more with the range of
satellite elevation angles than with time. To illustrate this effect, S1C signal data from satellite G27 received by a smartphone
(SPO1) on the first day of the experiment was analyzed. This SNR data was detrended using a third-degree polynomial.
Reflector height estimates, PBNR values, and LSP peak widths (PW) for different satellite elevation angle ranges and widths
are given in Table 2, and the data and LSP graphs are shown in Figure 4. Here, the PBNR value is the ratio of the LSP peak

spectral amplitude to the average spectral amplitude, while the LSP peak width is the width of the peak at half its maximum
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spectral amplitude value, and the term “error” refers to the difference between the single reflector height estimate and the in-

situ value for a selected satellite, and its specific ASNR data.

Table 2: Reflector height (RH) estimates, estimation errors, PBNR values, and LSP PW values obtained using different satellite elevation angle
ranges and range widths for the G27 S1C signal collected by the smartphone SP01 on DoY: 283

Range (°) Range width (°) RH (m) Error (cm) PBNR PW (m)
5-25 20 1.960 1.5 6.78 0.336
5-20 15 1.977 32 5.71 0.444
5-15 10 1.934 -1.1 4.11 0.669
5-10 5 2.017 7.2 2.84 1.258
10-25 15 1.949 0.4 5.51 0.457
10-20 10 1.954 0.9 391 0.709
10-15 2.427 48.2 2.26 1.287
15-25 10 1.941 -0.4 4.46 0.764
15-20 2.130 18.5 2.82 1.399
20-25 5 2.520 57.5 2.35 2.011
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Figure 4: (a) dSNR data and (b) LSP graphs for different satellite elevation angle ranges of the G27 S1C data collected by the smartphone SP01 on
DoY: 283

Considering the values in Table 2, it is seen that reducing the range width increases estimation errors, decreases PBNR values,
and increases PW values. The PW value is inversely proportional to the spectral resolution of the frequency; therefore, an
increase in PW value reduces the reliability of the estimates. PBNR value is widely used in literature for determining good
reflector heights and is expected to exceed a certain threshold. Thus, a low PBNR value indicates a weak and/or noisy dSNR
signal, leading to less accurate estimates. Overall, the results in Table 2 show that when the range width is 10°, 15°, and 20°,

estimation errors are below 4 cm, PBNR values are above 3, and PW values are below 0.8 m.

Figure 4 displays an example of a dSNR data with strong reflection. As the range width decreases, the full wave count drops
from 7 to 2. Consequently, the peaks in the LSP graph widen, increasing the uncertainty of the estimates. Considering that
the sample data in Figure 4 is one of the best series among the data, reducing the range widths not only increases peak widths
but also leads to higher errors in reflector height estimates. Keeping the minimum satellite elevation angle range width at the
maximum (20° for this analysis) would exclude many data points, significantly reducing the number of estimates. Therefore,

based on these results, a 10° value has been chosen to be applied as the minimum range width condition, ensuring an
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acceptable level of error (<4 cm) and a higher number of estimates.
3.2.3 Minimum PBNR Condition

The PBNR value is the ratio of the maximum amplitude in the LSP to the background noise. It is commonly used as a quality
control criterion for signals in the literature. This is because having a strong amplitude alone may not suffice for determining
the frequency of a signal. High amplitude values become insignificant if the signal is interfered with by other signals of
different power and frequency or if the noise level is high. Therefore, the strength of a signal in terms of frequency
discrimination is measured not by the level of its amplitude alone, but by its level relative to the background noise. Although
the minimum PBNR ratio is conventionally chosen as 4 in the literature, there are studies where it is used as 2, 2.5, or 3,

depending on the data or the characteristics of the terrain surface (Altuntas et al., 2022).

In the experimental study conducted, receivers were subjected to both positive and negative 20% inclinations. It is known
that the AGP of geodetic receivers is designed to receive signals from low satellite elevation angles with lower gain. The
impact of multipath in the SNR data of a geodetic receiver set up on a flat platform is predominant up to 25° to 30°. When
the receiver platform is inclined positively, multipath-induced oscillations will be weaker or less frequent in the direction of
the azimuth to which the platform is oriented. In this case, it would be inappropriate to require a minimum PBNR of 4 for
data from a standard setup geodetic receiver. Therefore, for appropriate comparison of data across different days, using a

threshold value of 3, as used in the literature, would be more suitable.
3.3 Further Analysis

In the further analysis phase, evaluation strategies suitable for the station are applied based on the results from the preliminary
analysis. Here, a common evaluation strategy has been implemented for both geodetic receivers and smartphones. The degree
of the polynomial used to remove the trend in the SNR data was chosen as 5 to eliminate possible low-frequency components.
The analyses utilized a satellite elevation angle range of 5°-25° and an azimuth range of 60°-360°, and the data provided by
the receivers and smartphones were evaluated to include all satellite systems and frequencies. The results obtained with this

analysis strategy are examined in detail for different satellite systems and frequencies in the following section.

4. Results and Discussion
4.1 Satellite System Based Assessment

All receivers used in the study have the capability to collect data from four constellations (GPS, GLONASS, Galileo,
BeiDou). Signals from different satellite systems can be distinguished by technical characteristics such as frequency, power,
and modulation. Therefore, a satellite system-based analysis is necessary to assess the performance of these systems. The
analysis was conducted to include results from two strategies: one where PBNR and minimum satellite elevation angle range
width conditions were not applied, and another where they were applied. Scenarios where conditions are applied are labeled
as “valid”.

4.1.1 Number of Estimations

In the satellite system-based evaluation, the following results have been obtained regarding the number of estimates:

e  For the receiver CHC1, 208 out of 430 estimates are valid (48.4%), while for CHC2, 244 out of 425 estimates are
valid (57.4%). For the smartphone SP01, 74 out of 164 estimates are valid (45.1%), and for SP02, 96 out of 213

estimates are valid (45.1%).
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The valid estimation rate for the geodetic receiver CHC1 was 43.2% on the first day, 50.7% on the second day, and
51.0% on the third day. These rates for CHC2 were 48.5%, 58.0%, and 64.9% respectively. The lower valid
estimation rate for CHCI on the first day can be explained by the AGP of the geodetic receiver. AGP is generally
designed to provide maximum gain from the overhead direction and minimum gain from the horizon for the geodetic
receivers. On the first day of the experiment, the receiver platform had a positive 20% incline, so the high-gain
direction of CHC1’s antenna was directed away from the 160° azimuth aligned with the experimental setup. This
situation led to multipath effects being received with lower gain and caused a decrease in the number of valid
estimates for GNSS-IR. The difference between valid estimation rates on the second and third days, where CHC1
receiver platform was negatively inclined and flat, was only 0.3%. Since the elevation angle range of 5°-25° was
used for all days, it is understandable that there was no significant difference in the valid estimation rate between
the last two days. The highest valid estimation rate for CHC2 was recorded on the last day at 64.9%. Generally,

CHC?2 has shown superiority over CHCI in terms of the number of estimates and valid estimation rates.

For the smartphone SPO1, there was no valid estimate during the last three hours of the second day due to data
interruption. When other periods were examined, the highest number of estimates was provided by GPS satellite

system data, followed by Galileo and BeiDou systems.

On the first day of the experiment with the smartphone SPO1, no estimates were obtained from GLONASS data; on
the second day from BeiDou and GLONASS data; and on the third day from Galileo satellites. In the smartphone
SP02, no data was obtained from the GLONASS satellite on all three days of the experiment. This issue is thought

to be due to software or hardware problems within the smartphone.

For both SP0O1 and SP02, the most stable data obtained with GPS, and in terms of GNSS-IR valid estimation
numbers, BeiDou system data followed GPS. However, for the Galileo system, although the number of estimates

was high, the valid estimation rate was considerably low (17.1% for SPO1 and 25.6% for SP02).

4.1.2 PBNR Values

In GNSS-IR analyses, the PBNR value is a commonly used quality control criterion. A high PBNR value indicates the

presence of a regular reflection effect. In the satellite system-based evaluation, the following results have been obtained

regarding PBNR values:

For the receiver CHC1, the lowest PBNR values were obtained on the first day of the experiment, while the highest
PBNR values were recorded on the second day. Considering that the receiver platform was positively inclined on
the first day and negatively inclined on the second day and taking into account the AGP of the geodetic receivers,
it can be said that the results match expectations. A similar situation applies to the receiver CHC2, which, being
installed opposite to the zenith direction, shows an inverse correlation with the AGP effect compared to CHCI.
According to the results, for CHC2, PBNR values of 11.7 and 10.5 were obtained on the first day, and 6.1 and 5.8
on the second day, for first 3-h and last 3-h periods, respectively. The orientation of CHC2, facing the same direction
as the experimental setup on the first day and the opposite direction on the second day at a specific incline, resulted

in higher PBNR values on the first day.

When considering valid estimates from the geodetic receivers CHC1 and CHC2, the system providing the highest
average PBNR value is Galileo, followed by GPS, GLONASS, and BeiDou.
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e The PBNR values obtained for the smartphones SPO1 and SP02 indicate that positioning the smartphones towards
or away from the zenith direction has a weak impact on PBNR values. Similarly, it has been observed that the incline

given to the platform does not significantly affect the PBNR values of the data.

4.1.3 Reflector Height Estimations

After the evaluation of PBNR values, the following results have been obtained for reflector height estimates in a satellite

system-based assessment:

e For the CHCI, reflector height estimates on the first day showed errors of -4.1 cm and -6.2 cm, on the second day -
4.2 cm and -2.5 cm, and on the last day -6.4 cm and -4.8 cm. The unidirectional nature of the errors suggests a

negative bias in the estimates, which could be attributed to changes in terrain slope and surface roughness.

e The standard deviations of reflector height estimates with the CHC1 receiver were 8.2 cm and 6.7 cm on the first
day, 4.9 cm and 5.6 cm on the second day, and 6.1 cm on both periods of the third day. The best standard deviation
value was achieved on the second day when the antenna orientation was towards the 160° azimuth directed by the
experimental setup, while the highest standard deviations over the three days occurred on the first day when the
receiver’s orientation was opposite to the setup. The results support the suitability of tilting the receiver platform

toward the direction of interest on the terrain surface for GNSS-IR studies.

e Negative errors were also found in the reflector height estimates with the CHC2. Especially in the first periods,
biases of -4.8, -3.2, and -6.1 cm were observed. In the second periods, positive errors of 0.8, 6.2, and 1.0 cm were
seen from the first to the third day. However, looking at the standard deviations of the estimates, especially on the
second and third days in the second periods, high values are observed. The value on the second day was 17.9 cm,
and on the third day, it was 13.2 cm. Thus, it is difficult to assert a positive bias in the second period measurements.
However, since the standard deviation values are lower in the first period measurements (respectively 4.5 cm, 9.4
cm, and 7.3 cm) and consistent results were obtained with CHC1, a negative bias can be claimed. The most precise

results with CHC2 were obtained on the first day of the experiment, largely due to the AGP effect of the receiver.

e There were no significant differences in the performance of the satellite systems for reflector height estimates with
CHCI. However, in CHC2, especially on the second day measurements, errors reaching up to 45 cm were observed
in Galileo and GLONASS estimates. The increase in error amounts in the estimates obtained from CHC2 data in
the second period measurements is due to the receiver being much closer to the ground than CHCI, thereby reducing
the number of waves in the SNR data compared to data from CHC1 and decreasing the spectral resolution. The
reduction in the number of complete waves lowers the spectral resolution, which in turn reduces the precision of the

estimated frequency and thus the reflector height.

e  On the smartphone SPO1, a data interruption occurred during the second period of the second day. The sensitivity
of the measurements in the first period of the second day was also lower compared to other days. While the reflector
height estimation error on the second day’s first period measurements was 32.6 cm, the standard deviation of the
estimates was 16.6 cm. The number of estimates is significantly lower than first period of the first and third days.
On the first day, the first period had 14 valid estimates, on the third day 20, while on the second day, the first period
had only 6. Therefore, the statistical reliability of SPO1’s second day first period measurements is low.

Consequently, this period will be excluded in evaluating performance of SPO1.
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e Examining the estimates from SPO1 on the first and third days, the estimation errors are seen to be negatively
directed. Errors on the first day were -4.0 cm and -6.1 cm, and on the second day -5.7 and -6.2 cm. There is also
observed to be a negative bias in the estimates made with SPO1 data. Therefore, the possibility that the negative bias
in CHCI estimates is receiver-induced is low. These errors are thought to stem from the surface characteristics of

the terrain. Negative errors in SP02 estimates are only seen on the first day and the first period of the third day.

e It has been observed that the most stable data on the smartphones SPO1 and SP02 is provided by GPS satellites. The
largest data gap occurs in GLONASS satellite data. Data interruptions in Galileo and BeiDou signals have also been
noted on the second day. Considering that geodetic receivers were able to collect a sufficient amount of data from
various systems at the same times and days, these problems are thought to stem from the software and hardware

characteristics of the smartphones.

Figure 5 shows the estimation errors and the standard deviations of estimates made with both the receivers and smartphones.
Particularly, the CHC2 has been observed to provide estimates with high standard deviations during the second period
measurements. The CHC1 has provided the most stable estimates in the first period measurements. The performance of the
smartphone SP01, when excluding the second day, is close to that of CHC1. Overall, it has been observed that reflector height

estimation with an accuracy of 5-10 cm can be achieved using both geodetic receivers and smartphones with standard setups.
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Figure 5: Errors of reflector height estimations with geodetic receivers and smartphone data on different days and periods

4.1.4 Reflector Height Change Estimations

One of the most significant outcomes of this study is the estimation of height changes. This is crucial because long-term
monitoring of climatic parameters such as snow depth and sea level relies on revealing their temporal changes, i.e.,
determining height variations. In this study, a height change of 10 cm between two periods was planned. However, the
application of this value varied on some days during fieldwork and in the experimental setup. The height change measured

on the first day was 9.0 cm and 10.5 cm on subsequent days for the receiver named CHCI, while for CHC2, it was 4.5 cm
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on the first day, 12.0 cm on the second day, and 10.5 cm measured on subsequent days. For the receivers SPO1 and SP02,
except for the second day when data interruption occurred in SPO1, a height change of 10 cm was successfully applied each

day.

Height change estimates made with the receiver named CHC1, when evaluated collectively across all satellite systems, were
obtained as 11.1 cm on the first day, 8.0 cm on the second day, and 8.9 cm on the third day. Except for estimates made with
BeiDou data on the first day, GLONASS data on the second day, and Galileo data on the third day, a 10 cm height change
was determined with estimation errors below 3 cm. However, estimates with CHC2 contain significant errors. Particularly
on the second day, the high standard deviations of the reflector height estimations also affected the accuracy of the height
differences. Some systems provided results close to the in-situ values on different days of the experiment. For example, the
height change estimate made with BeiDou data on the first day is 4.7 cm, while the in-situ value that day is 4.5 cm. It is
evident from the results that the satellite system-based classification was not sufficient to separate good and bad signals for

the receiver named CHC2. A frequency-based evaluation might be more suitable for this receiver configuration.

Estimations obtained with data from the smartphone SPO1 were found as 12.1 cm on the first day and 10.5 cm on the third
day. For SP02, the estimates were 2.1 cm on the first day, 9.2 cm on the second day, and 6.1 cm on the third day. The errors
in the estimates made with SP02 data, compared to SPO1, could be due to it being closer to the ground, which reduces the
spectral resolution in frequency estimation, and possible reflections or signal interferences from the experimental setup and
receivers mounted on it. To mitigate these potential causes, further studies could place smartphones and receivers on separate

setups without any physical connection between them.

4.2 Frequency Based Assessment

The receivers and smartphones used in the study have the capability to collect signals at different frequencies. Different
frequencies can be distinguished by their sensitivity to multipath effects and their reflection characteristics. Therefore, a
frequency-based analysis is necessary to evaluate the performance of various frequencies. The types of signals, frequency
bands, frequencies, and wavelengths that geodetic receivers and smartphones can collect are provided in Table 3. In the table,

“k” represents the GLONASS frequency channel, which varies between -7 and +12.

Table 3: Supported signals, frequency bands, frequencies and wavelengths for geodetic receivers and smartphones used

Satellite Frequency Frequency Wavelength

System Signal Type Band (MH2) (om) CHC# SP##
SIC Ll 1575.42 19.03 T n
GPS S2P L2 1227.60 24.42 n -
S5X Ls 1176.45 2548 T
SIC Gl 1602+k x /16 18.64-18.76  +
GLONASS 2P G2 1246tk x /16 23962412+ i
SIX El 1575.42 19.03 T i
Galileo S5X ESa 1176.45 2548 - T
S8X ES (E5a+E5b)  1191.795 25.15 n i
S11 BI 1561.098 19.20 T i
BeiDou s21 BI-2 1561.098 19.20 - T
S6l B3 1268.52 23.63 T i

Since observations on the same frequency but different signal types are found in both receivers and smartphones and

considering that signal frequency is one of the most crucial parameters affecting surface reflection, different signal types have

J. Geod. Geoinf., 2025, 12(1):1-19



mAssessment of GNSS-IR performance using multi-GNSS and multi-frequency SNR data from smartphones

been grouped under two categories. Since frequency is inversely proportional and directly related to wavelength, the grouping
has been based on wavelength. Therefore, frequency bands with wavelengths shorter than 20 cm and those longer than 20

cm have been categorized as follows, and the results have been derived based on these groups:

e Frequency Group 1 (FG1): GPS S1C, GLO S1C, GAL S1X, BDS S11, and BDS S2I.

e Frequency Group 2 (FG2): GPS S2P, GPS S5X, GLO S2P, GAL S5X, GAL S8X, BDS Seol.

4.2.1 Number of Estimation

The number of estimates in Frequency Groups 1 and 2, abbreviated as FG1 and FG2, has been determined separately for each

receiver and smartphone. Table 4 presents the number of estimates derived from data collected by the receivers and

smartphones.
Table 4: Number of estimations for data at different frequencies collected by geodetic receivers and smartphones
Day 1 Day 2 Day 3
Receiver Frequency Group Datatype First3-h Last3-h First3-h Last3-h First3-h Last 3-h
All 26 37 26 41 30 36
FG1 -
Valid 11 14 11 20 14 19
CHCI All 32 24 32 47 38 a1
FG2 :
Valid 16 19 19 24 19 22
All 25 36 25 41 30 37
FGI Valid 12 19 14 23 18 24
CHE2 All 31 42 31 46 38 43
FG2 ;
Valid 17 17 20 26 24 30
All 23 28 14 5 24 24
FG1 :
Valid 13 15 6 - 18 18
SPOl All 1 13 7 I 9 5
FG2 Valid 1 1 - - 2 -
All 24 28 19 27 24 21
FG1 :
Valid 13 18 12 18 14 14
SP02 All 11 14 9 14 11 11
FG2 Valid 3 1 - 2 1 -

According to Table 4, for the geodetic receivers CHC1 and CHC2, the number of estimates in FG2 is higher than in FG1.
For the smartphones SPO1 and SP02, it has been observed that there are twice as many or more estimates in FG1 compared
to FG2. In the smartphone SP01, nearly all valid estimates are obtained with data from FG1. Data from FG2 provided only
one valid estimate in each of the two periods on the first day and two valid estimates in the first period on the last day. For
the smartphone SP02, FG1 has also emerged as prominent in frequency-based evaluation. Due to the insufficient number of

estimates in FG2, its usability in GNSS-IR studies is limited.

4.2.2 PBNR Values

When evaluating different frequency groups in terms of PBNR, it has been observed that geodetic receivers and smartphones
produce contrasting results. Accordingly, in geodetic receivers, higher PBNR values are obtained in FG2 compared to FG1,

while in smartphones, FG1 yields higher values than FG2. In smartphone data, the PBNR values of data in FGI1 are

approximately twice those in FG2.
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4.2.3 Reflector Height Estimations

Reflector height estimates and standard deviation values obtained from data collected at different frequencies from geodetic
receivers and smartphones are provided in Table 5. Values obtained without applying conditions are labeled as “all”, while
values obtained when conditions are applied are labeled as “valid”. The values in parentheses represent standard deviations

in centimeters.

Table 5: Reflector height estimations and their standard deviations using geodetic receivers and smartphone data at different frequencies (reflector

heights in m, standard deviations in cm)

Day 1 Day 2 Day 3
Receiver Frequency Group Data type First3-h Last3-h First3-h Last3-h First3-h Last 3-h
All 1.852 2.317 2.416 2.037 2.080 2.293
FG1 (111.1) (124.5) (117.5) (92.4) (71.7) (112.1)
Valid 1.879 1.768 1.924 1.831 1.914 1.827
CHC1 (8.1) (4.8) (3.9 (4.4) (5.4) (5.4)
All 1.973 2.266 1.892 2.307 2.050 2.129
FG2 (113.7) (124.1) (70.1) (114.9) (91.0) (97.8)
Valid 1.863 1.751 1.922 1.839 1.936 1.845
(8.5) (7.9 (5.5 (6.6) (6.5) (6.6)
All 1.450 1.780 1.963 1.907 1.430 1.601
FG1 (107.9) (131.0) (151.7) (150.9) (107.3) (132.9)
Valid 1.063 1.068 1.071 0.985 1.091 0.984
CHC (2.4) (6.9 (3.9 (9.7 (3.1) (5.7)
All 1.818 1.967 1.780 1.945 1.823 1.584
FG2 (142.5) (138.6) (136.1) (142.8) (137.0) (111.9)
Valid 1.104 1.130 1.127 1.158 1.122 1.149
4.9 (8.3) (11.4) (19.6) 9.2) (12.9)
All 2.457 2.464 2.344 2.104 2.107 2.227
FG1 (125.9) (112.1) (124.1) (217.9) (93.4) (109.4)
Valid 1.903 1.774 2.266 - 1.909 1.778
SPO1 (5.5 (4.9) (16.6) (6.0) 3.5
All 2.092 2.361 2.822 0.007 2.512 2.234
FG2 (122.2) (158.0) (92.1) (-) (129.4) (156.5)
Valid 1.928 1.936 - - 1.647 -
) ) (25.3)
All 1.748 1.951 1.461 1.895 1.924 2.180
FG1 (153.1) (140.4) (90.8) (133.2) (145.3) (153.9)
Valid 1.184 1.180 1.256 1.149 1.220 1.155
SPO2 (4.2) 9.3) (11.2) (3.5 4.0 3.7
All 1.579 2.303 2.257 2.289 2.648 2.461
G2 (133.3) (171.5) (136.0) (150.1) (147.3) (194.7)
Valid 1.308 1.299 - 1.301 1.165 -
(4.4) ) (172) )

For the CHC1 receiver, contrary to the number of estimates and PBNR values, more precise results have been obtained in
reflector height estimates with data from FG1 compared to FG2. According to the Table 5, for a standard setup situation, it
can be said that FG1 data provides better reflector height estimates compared to data from FG2. For the CHC2 receiver, using
data from FG1 has significantly improved the quality of reflector height estimates. Therefore, whether the geodetic receiver
is installed toward the zenith direction or its opposite, FG1 data is more suitable for GNSS-IR reflector height estimates than

FG2 data.

Almost all valid estimates are obtained with data from FG1 with the smartphone SP0O1. Data from FG2 provided only one
valid estimate in each of two periods on the first day and two valid estimates only in the first period on the last day. The

standard deviation calculated from these two estimates on the last day is 25.3 cm, indicating that the usability of FG2 data in
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GNSS-IR studies with smartphones appears limited. With FG1 data, reflector height estimates with standard deviation values
below 6 cm have been achieved for the first and third days. For the smartphone SP02, FG1 has also emerged as prominent in
frequency-based evaluation. The insufficient number of estimates in FG2 and the low accuracy of the few estimates it
provides limit its usability in GNSS-IR studies. Using only FG1 signals provided better results compared to using all signals.
When all signals were used, the standard deviation value found was 6.5 cm on the first day of the first period, which decreased
to 4.2 cm when only FG1 signals were used. These values were 7.0 cm when all signals were used and 3.5 cm when only

FG1 signals were used on the second day of the second period.

4.2.4 Reflector Height Change Estimations

Estimations of reflector height changes and standard deviation values obtained from data collected at different frequencies
from geodetic receivers and smartphones are given in Table 6. Here, the reflector height changes are calculated by subtracting
two different reflector heights, so the errors in reflector heights propagate to the error in the change. In these values, only the
results obtained when conditions were applied are presented, as values obtained without applying conditions were statistically
insignificant.

Table 6: Reflector height change estimations, their standard deviations, and in-situ measurements in cm units, obtained using geodetic receivers and
smartphone data at different frequencies

Receiver Data Type Day 1 Day 2 Day 3
In-situ 9.0 10.5 10.5
FG1 11.1 (9.4) 9.3(5.9) 8.7 (7.6)
CHCI FG2 11.2(11.6) 8.3 (8.6) 9.1 (9.3)
All 11.1 (10.6) 8.8 (7.4) 8.9 (8.6)
In-situ 4.5 12.0 10.5
FG1 -0.5(7.3) 8.6 (10.5) 10.7 (6.5)
CHE2 FG2 -2.6 (9.6) -3.1(22.7) -2.7 (15.8)
All -1.1 (9.3) 2.6 (20.2) 3.4 (5.1)
In-situ 10.0 9.5 10.0
FG1 12.9 (7.4) - 13.1 (6.9)
SPO1 FG2 -0.8 (-) - -
All 12.1(8.2) - 10.5 (12.0)
In-situ 10.0 10.0 10.0
FG1 0.4 (10.2) 10.7 (11.7) 6.5(5.4)
SP02 FG2 0.9 (4.4) - -
All 2.1 (11.5) 9.2 (13.2) 6.1 (5.5)

Using signals from FGI1 in reflector height change estimations with the CHC1 receiver has shown improvement. The standard
deviations of height change estimations decreased from 10.6 cm to 9.4 cm on the first day, from 7.4 cm to 5.9 cm on the

second day, and from 8.6 cm to 7.6 cm on the third day.

As mentioned in the satellite-based evaluation, it has not been possible to accurately estimate the applied height changes in
the field using all signals or when evaluating different satellite systems separately in CHC2 data. However, after grouping
the same data into FG1 and FG2, it has been observed that the height changes on the second and third days could be obtained
with estimation errors below 3.5 cm using FG1 signals. On the second day, the height change of 12 cm was estimated at 8.6
cm, and on the third day, the height change of 10.5 cm was estimated at 10.7 cm. Height changes found with FG2 signals are
not significant. Therefore, it can be said that using signals from FG1 in GNSS-IR studies is appropriate for the CHC2 receiver.
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In reflector height change estimations made with data from the smartphones SPO1 and SP02, signals from FG1 have been
dominant. For SPO1, height change estimations using FG1 data are 12.9 cm and 13.1 cm on the first and third days,
respectively. For SP02, these values are 0.4 cm on the first day, 10.7 cm on the second day, and 6.5 cm on the third day. For
both smartphones, the standard deviations of height change estimations are lower when using FG1 signals compared to when

using all signals.

5. Conclusion

In this study, the performance of determining SNR metrics through the analysis of multi-GNSS and multi-frequency SNR
data provided by geodetic receivers and Android-based smartphones at different platform inclinations has been comparatively

examined. The results from this 3-day experiment have been evaluated in terms of satellite systems and signal frequencies.

Initially, it was observed that the CHC2 receiver provided a higher number of estimates and a higher valid estimate rate
compared to the CHCI receiver. Similarly, higher average PBNR values were obtained with CHC2 compared to CHCI. For
smartphones SPO1 and SP02, PBNR values were found to be similar, indicating that platform orientation had a weak impact
on PBNR values. The inclination of the platform also did not affect the PBNR values for smartphone data. Therefore,
depending on the goals of future studies, smartphones can be mounted on flat, inverted, or inclined platforms. The setup does
not significantly affect GNSS-IR performance. In reflector height estimations, no significant performance variation
dependent on the satellite system was observed for data from the CHC1 receiver. However, in CHC2, errors up to 45 cm
were seen with Galileo and GLONASS data on the second day. For smartphones, the most stable data was collected from

GPS satellites, with interruptions in Galileo and BeiDou signals observed on the second day.

The 10 cm height change applied to the setup was determined with estimation errors below 3 cm using CHC1. Height change
estimates with SPO1 and SP02 data varied, with SPO2 showing larger errors due to lower spectral resolution and possible
signal interferences. To mitigate these issues, future studies could mount smartphones and receivers on separate setups
without any physical connection between them. In the frequency-based evaluation, frequencies shorter and longer than 20
cm have been included in FG1 and FG2, respectively, and evaluations have been conducted considering these two groups. It
has been observed that geodetic receivers and smartphones produce contrasting results. In geodetic receivers, FG2 provided

higher number of estimates and PBNR values than FG1, while in smartphones, FG1 was found to be better.

Reflector height estimations with FG1 data were more precise than those with FG2 data. For CHC2, FG1 data significantly
improved reflector height estimations. Based on the results, it is not recommended to use FG2 data when the receiver is set
up to face opposite to the zenith direction. In smartphone data, almost all estimates are obtained with FG1 data. The usability
of FG2 data in GNSS-IR studies with smartphones is weak due to low number of estimates and accuracy. According to the
results, evaluating only FG1 signals instead of all signals in smartphone data has improved the accuracy of the estimates.
Using FG1 signals also improved reflector height change estimations with CHC1, reducing estimation errors and standard
deviation values. Statistically significant height changes were observed with FG1 signals for CHC2 after frequency-based
classification, while FG2 signals proved less meaningful. For smartphones, FG1 data provided better standard deviations

compared to using all signals.

Overall, the main outcomes of the study can be summarized as follows:

e  Geodetic receivers are more consistent in data collection compared to smartphones.
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e  Mounting smartphones on flat, inverted, or inclined platforms has a weak effect on GNSS-IR estimations.
e The most stable data in smartphones is obtained from GPS satellites.

e Using signals with wavelengths shorter than 20 cm in GNSS-IR studies involving smartphones provides better

results compared to using all signals.

e Both geodetic receivers and smartphones can be used for detecting reflector height and height changes, and for long-

term monitoring.

e The usability of smartphone data for determining reflector height changes highlights a cost-effective alternative for
monitoring climatological parameters such as snow depth, sea level, and vegetation height using GNSS-IR. Given
their significantly lower cost compared to geodetic receivers, smartphones offer a practical alternative in such

studies.
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Ortalama kaydirma algoritmasi kullanarak kuresel radyal tabanli
fonksiyonlar ile bolgesel gravite modellemeleri igin veri uyarlamali ag
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Oz: Bu calisma kiiresel radyal temel fonksiyonlar (KRTF) ile bolgesel gravite modellemelerinde veri uyarlamalr ag tasarumi igin yeni bir
metodoloji sunmaktadir. Onerilen yontem KRTF merkezlerinin sayisi ve yatay diizlemdeki konumunu belirlemek icin ortalama kaydirma
algoritmasi kullamir. Géozetimsiz bir siniflandirma yontemi olan ortalama kaydirma algoritmasinin temel amact verilerin benzerlikleri
gozetilerek farkl siniflara ayrilmasi olsa bile, kiimeleme verilerin mekdansal uzaydaki mesafe iliskileri gozetilerek tamamlandiginda olugan
kiime merkezlerinin veriye uyarl dagilimda oldugu goriilmektedir. Bu ozellik ag kurulumunda biiyiik bir avantaj saglar. Ag kurulumunun
tamamlanmasindan sonra, her bir KRTF i¢in uygun derinlik genellestirilmis ¢capraz dogrulama ile belirlenmistir. Derinlik belirlemede
sadece sec¢ili KRTF merkezinin etki alani i¢inde kalan gézlemler kullanilarak islem yiikii hafifletilmistir. Alt ve iist derinlik sinirlart ampirik
sinyal kovaryans fonksiyonu ve ortalama kaydirma algoritmasinin parametresi olan pencere boyutu yardimiyla belirlenmistir. Son olarak
secilen Legendre katsayisinin mekansal uzayda devaml pozitif olmasindan kaynaklanan uzun dalga boylu hatalar: azaltmak i¢in donme
noktast algoritmast kullanilmigtir. Onerilen yontemin performansinin belirlenmesi ve pencere boyutunun ag iizerine etkisinin belirlenmesi
icin Colorado alaminda simiile edilen gravite bozuklugu verileri kullanilmistir. Sayisal testlerde uygun pencere boyutunun ag kurulumu
tizerine biiyiik ektisi oldugu goriilmiistiir. Uygun pencere boyutunun se¢iminde teorik bir yaklasim saglanamamasina ragmen, énerilen
vontem ideal ag kurulumu icin sadece bir parametreye ihtiya¢ duymaktadir. Sonu¢ olarak ortalama kaydirma algoritmasimin ag
kurulumunda oldukga etkili bir yontem oldugu belirlenmistir.

Anahtar Sozciikler: Bolgesel gravite modelleme, Veri uyarlamali ag tasarimi, Geoit, Ortalama kaydirma kiimeleme

A data-adaptive network design using the mean shift algorithm for regional gravity field modeling with
spherical radial basis functions

Abstract: This study presents a new methodology to construct a data-adaptive network design for regional gravity field modeling via
spherical radial basis functions (SRBFs). The proposed methodology uses mean shift clustering algorithm to determine the number and
the horizontal positions of the centers of SRBFs. Although the main purpose of the unsupervised classification mean shift algorithm is to
classify the data into different classes by considering their similarities, it is realized that the cluster centers are distributed adaptively to
the data when clustering is done by considering the distance relations in the spatial domain. This feature provides a big advantage in the
construction of the network. After establishment of the network, the proper depth for each SRBF is determined by the generalized cross-
validation technique. In depth determination, the processing load was reduced by using only the observations that fall within the influence
area of the selected SRBF center. The upper and lower depth limit is determined with the help of empirical signal covariance function and
window size which is the parameter of the mean shift algorithm. Lastly, the long wavelength errors, which occur due to the always positivity
of the selected Legendre coefficient in the spatial domain, are reduced by using the turning point algorithm. To test the performance of the
proposed methodology and to investigate the effect of window size on the final network, the simulation data set in the Colorado regions is
employed. The numerical tests show that the effect of the window size on the final network design is crucial. Even though no theoretical
approach can be provided for the selection of the proper value of the window size, the proposed methodology requires only one parameter
to construct an optimal network. In conclusion, the mean shift algorithm is a very effective method in the network design.
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1. Girig

Yeryuvarinin gravite alaninin bolgesel dlgekte modellenmesi matematiksel ve fiziksel yiikseklik sistemleri arasindaki
iliskinin kurulmasi ve yeryuvarinin statik ve dinamik hareketlerinin belirlenmesi igin biiyiik 6nem arz etmektedir. Kiiresel
harmonik (KH) fonksiyonlar gravite alanin1 modellenmesinde en sik kullanilan yontemdir. KH fonksiyonlar spektral alanda
maksimum lokalizasyon saglar (Freeden & Schreiner, 2009), fakat mekansal lokalizasyon 6zellikleri bulunmamaktadir
(Bentel vd., 2013). Yiiksek frekansl gravite sinyallerini i¢eren yersel, hava ve deniz gravite gézlemlerinin bolgesel olarak
yapilabildigi gbz oniline alindiginda, yitksek dogrulukta bolgesel gravite modelleri igin mekansal lokalizasyon saglayan
matematiksel fonksiyonlarin kullanilmasi gereklidir. KH’nin aksine hem spektral hem mekansal uzayda lokalizasyon
saglayabilen kiiresel radyal tabanli fonksiyonlar (KRTF) (SRBF: spherical radial basis functions) bdlgesel geoit
modellemelerinde 6nemli bir alternatiftir. KRTF’nin etkisi gozlem noktasi ve KRTF merkezinin uzakligina bagl olarak

degisim gostermektedir. Bu 6zellik KRTF’nin kiiglik 6lgekteki gravite degisimlerini belirleyebilmesini saglar.

KRTF ile bolgesel gravite modellemelerinde olusturulan nihai modelin dogrulugu ii¢ parametreye baglidir. Bunlar: KRTF
merkezlerinin sayisi ve yatay diizlemdeki dagilimini igeren KRTF agi, merkezlerin referans kiire altindaki derinligi ve seri
aciliminin minimum ve maksimum degerleridir. Bazi ¢alismalarda KRTF’de kullanilan Legendre katsayisi tliriiniin de bir
parametre olarak ele alindig1 goriilse de, Tenzer ve Klees (2008) tarafindan yapilan ¢alismada, uygun derinliklerin belirlendigi
durumlarda olusturulan modellerin dogruluk acgisindan ayni sonuglari verdigi kanitlanmistir. Yiiksek dogrulukta bdlgesel
gravite modelleri i¢in bahsedilen {i¢ parametre en uygun olarak secilmelidir. Fazla sayida segilen KRTF islem yiikiiniin
arttirmasina ve modelin asir1 uyum gostermesine neden olacaktir. Diisiik sayida secilen KRTF ise gravite sinyalinin yiiksek
frekansli bilesenlerini modellemede yeterli olmayacaktir. KRTF merkezlerinin dagilimlari ise biiyiik dnem arz etmektedir.
Gozlemlerin yatay diizlemdeki dagilimlarinin dikkate alinmadig1 1zgara aglarinda, KRTF merkezleri verinin olmadigi veya

oldukea seyrek oldugu alana yerlestirebilmektedir.

Literatiirde bu ii¢ parametrenin ideal degerlerinin belirlenebilmesi i¢in ¢ok sayida ¢alisma bulunmaktadir. Barthelmes (1986)
tarafindan gelistirilen free-positioned algoritmasi lineer olmayan optimizasyon kullanilarak uygun ag ve derinligi belirlemeye
calisir. Lineer olmayan optimizasyon algoritmasinin kullanilmasi nedeniyle ag tasarimi igin gereken siire ve modelin
karmasiklig1 artmasina ragmen, gereken KRTF merkez sayisinin distiriildiigii belirtilmistir. Marchenko (1998) gdzlem
noktalarinin altina yerlestirdigi KRTF merkezlerinin sayisini sequential multiple algoritmasi kullanarak azaltmistir. Klees ve
Wittwer (2007) tarafindan Onerilen bir diger veri uyarlamali ag tasariminda baslangi¢ olarak secilen 1zgara agina belirli
olciitler degerlendirilerek yeni KRTF merkezleri eklenmistir. Onerilen yontemin gereken KRTF sayisini diisiirdiigii ve bazi
durumlarda en kiigiik kareler yonteminin ¢dziimiinde diizenlilestirmeye gerek kalmadigi vurgulanmistir. Klees vd. (2008)
uygun ag se¢imi igin veriye dayali ag tasarimi yaklasimi sunmustur. Bu yontemde seyrek olarak olusturulan bir 1zgara ag
yardimiyla ilk modelleme yapilir. Ik model sonrasi elde edilen gozlem ve kestirilen model arasindaki farklari (artik)
kii¢iiltmek amaciyla artik degeri en biiyiik olan gézlem noktalarinin altina yeni KRTF merkezleri yerlestirilir. Foroughi ve
Tenzer (2014) uygun ag, derinlik ve diizenlilestirme katsayisini es zamanli bulabilmek i¢in Levenberg-Marquat optimizasyon
algoritmasin1 kullanmislardir. Gauss-Newton optimizasyon algoritmasi kullanarak ag tasarimi Mahbuby vd. (2021)
tarafindan onerilmistir. Bu calismada baglangic olarak secilen 1zgara ag1, optimizasyon algoritmasiyla veriye uyumlu sekilde
yeniden tasarlanmistir. Ulug ve Karslioglu (2022a) tarafindan k-SRBF yontemi gelistirilmistir. Bu yontemde gozetimsiz bir
siiflandirma algoritmast olan k-ortalamali kiimeleme sonucu olusan kiime merkezleri, KRTF merkezleri ile degistirilerek
veri dagilimina uygun ag tasarimi yapilmistir. k-SRBF yontemi ile ag tasariminda gereken parametre sayisinin fazla olmasi
nedeniyle, sadece tek bir parametreye ihtiya¢ duyan gelistirilmis bir versiyonu (gelistirilmis k-SRBF) Ulug ve Karslioglu
(2022b) tarafindan sunulmustur. Gelistirilmis yontemde baglangi¢ olarak tek bir KRTF merkezi alinir. Olusturulan bu ilk ag
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degistirilmis ISODATA (Iterative Self-Organizing Data Analysis Technique) yontemi kullanilarak bir sonradan igleme
siirecine tabi tutulur. Gelistirilmis k-SRBF yonteminin daha az sayida KRTF merkezi kullanarak yiiksek dogruluga ulastig
belirtilmistir. Fakat sonradan isleme siireci nedeniyle ag kurulumunda gereken siire nispeten fazladir. Zhang vd. (2024),
gelistirilmis k-SRBF yontemindeki islem siiresini azaltabilmek icin k-ortalama yerine HDBSCAN (Hierarchical Density-
Based Spatial Clustering of Applications with Noise) kiimeleme algoritmasini 6nermislerdir. Yazarlar islem siiresinin %12.5
kisaldigint belirtmislerdir. Ancak bu ¢alismada da HDBSCAN algoritmasi ile elde edilen kiime merkezlerinin dogrudan

kullanilamamasi nedeniyle bir sonradan isleme siireci bulunmaktadir.

k-ortalamali ve HDBSCAN kiimeleme algoritmalarinin ag tasarimindaki basarisi, mevcut gozetimsiz siniflandirma
algoritmalarinin uygun KRTF ag1 kurulumunda kullanilabilirligini ortaya koymustur. ik kez, bu calismada ortalama
kaydirma (mean shift) kiimeleme algoritmasi kullanilarak KRTF i¢in veri uyarlamali ag tasarimi incelenmistir. Ortalama
kaydirma algoritmasi k-ortalamali kiime algoritmasindan farkli olarak kiime sayisinin baslangigta tanimlanmasina gerek
duymaz. Bu 6zellik olusturulan aglarin sonradan isleme siirecine tabii tutulmadan kullanilabilmesini saglayabilmektedir. Bu
sayede ag kurulumunda gereken siire ve modelin karmasiklig1 es zamanl olarak azaltilabilir. Onerilen yontem bdlgesel
gravite modellemelerinde ilk kez kullanildigi igin ortalama kaydirma algoritmasinin parametreleri detayli olarak
incelenmistir. Sayisal testlerde Colorado alaninda elde edilen simiilasyon gravite verileri kullanilmistir. Bu baglamda metnin
kalan kismi su sekilde diizenlenmistir: 2. boliimde KRTF ile bolgesel gravite modellemesi matematiksel formiiller ile
verilmistir. Parametre kestirimi 3. boliimde ele alinmistir. Onerilen ag tasarim yontemi ve uygun derinlik segimi sirastyla
béliim 4 ve 5’te agiklanmistir. Onerilen yontemin performansi ve ortalama kaydirma algoritmasinin parametreleri 6. boliim

de irdelenmistir. Son olarak sonug¢lar boliim 7°de 6zetlenmistir.

2. Kuresel Radyal Temel Fonksiyonlar ile Bolgesel Gravite Alani Modelleme

Yersel, hava ve deniz gravimetre gozlemleri yiiksek frekansli gravite sinyallerini saglar. Fakat gdzlemlerin cografi olarak
sinirli olmast gozlem alaninin daha uzun dalga boylu gravite sinyallerinin modellenmesini engeller. Ayrict gozlemler
genellikle ayrik olarak oOlgiiliir, bu nedenle matematiksel modeller ile gravite sinyalinin kisa dalga boylu sinyalleri
Olciimlerden elde edemez. Bu sorunlarin ¢6ziimiinde en sik kullanilan yontem ise Kaldir-Hesapla-Yerine Koy teknigidir. Bu
yontemde gravite sinyalinin uzun dalga boylar1 bir kiiresel jeopotensiyel model (KJM) yardimiyla hesaplanir. Gravite
sinyalinin kisa dalga boylu bilesenleri ise topografyanin yiikseklik bilgisini iceren sayisal yiikseklik modelleri (SYM)
kullanilarak elde edilir. Hesaplanan uzun ve kisa dalga boylar1 gravite gézlemlerinden ¢ikarilarak modellemede kullanilan

artik gravite sinyali elde edilir. Kaldir-Hesapla-Yerine Koy teknigi dikkate alinarak artik bozucu potansiyel (Ty,+)

Tort =T — Tuzun — Thisa (D

ile gosterilir. Bu esitlikte T,,,,, ve Tysq Sirasiyla gravite sinyalinin uzun ve kisa dalga boylu bilesenlerini temsil eder.

Yeryuvarinin tizerindeki herhangi bir 7; noktasi i¢in T, degeri K sayida KRTF fonksiyonunun lineer birlesimi olarak

Tore(ry) = 21]§:1 X Py, T) 2

ile ifade edilir. Esitlik 2°de x, bilinmeyen KRTF katsayilarini, ®(r;, r;) ise KRTF ¢ekirdegini ifade eder. r; ve 1y sirasiyla
i noktasindaki gézlem ve k noktasindaki KRTF merkezinin kiiresel koordinat sistemindeki konumunu temsil eder. Bu
noktalarin koordinat sisteminin merkezine olan radyal uzakliklar1 1; = |r;| ve 1, = || esitlikleri ile ifade edilir. Tenzer ve

Klees (2008)’den referans alarak, ®(r;, ry) ¢ekirdeginin matematiksel agilimi

+ I+ AT A
B(r, 1)) = Zmeks Zl—l(i) ' () P ) 3)

I=Lmin R \r;
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olarak yazilir. Esitlikte yer alan R referans kiirenin yaricapini, P, ise [ derecesindeki Legendre polinomlarini kiiresel uzakligin
bir fonksiyonu olarak tanimlar. #; ve ¥, kiiresel koordinat sisteminde tanimli birim vektorlerini temsil eder. ¥; (1) KRTF nin
spektral ve mekansal alandaki karakteristigini belirleyen Legendre katsayisidir. L,,i, Ve Lyqks Seri agiliminin minimum ve
maksimum degerleridir. Eger L,,;, = 0 ve L,qks = o olarak alinirsa, KRTF bant sinirli degildir. Diger tiim durumlarda
KRTF bant sinirh olarak ele alinir. Bazi Legendre katsayilar1 bant sinirsiz formunda analitik olarak ifade edilir. Analitik
formlu KRTF’ler islem hizini arttirmakla birlikte karmasiklig1 azalttigi ici genellikle tercih edilirler (Tenzer & Klees, 2008).
Bu c¢alismada analitik ifadesi bulunan Poisson cekirdegi Legendre katsayist olarak segilmistir. Poisson cekirdegi agilim

derecesi [’nin bir fonksiyonu olarak

v = (%) )

ile ifade edilir (Tenzer & Klees, 2008). Eger, Poisson ¢ekirdeginin analitik formu kullanilirsa Esitlik 3 yeniden diizenlenerek
Esitlik 5’e doniigiir (Tenzer & Klees, 2008):

ri?-1f

O(r;, 1) = 1% r—

&)

Fakat Lin vd. (2019) tarafindan yapilan testlerde L,,;, degerinin sifira esitlendigi durumda secilen Legendre katsayisinin
mekansal olarak daima pozitif olmasi nedeniyle kaginilamaz uzun dalga boylu hatalara neden oldugu goriilmiistiir. Lin vd.
(2019) bu hatanin azaltilabilmesi i¢in donme noktasi algoritmasini énermislerdir. Bu algoritmada L,,,;, = 0 iken uygun ag
ve derinlikler belirlenir. Sonrasinda L,,;, degeri belirli araliklarla artirilarak kontrol noktalarindaki ger¢ek ol¢timler ile

kestirilen dl¢limler arasindaki farklarin karesel ortalama hatas1 (KOH) hesaplanir. KOH degeri

J A2
KOH = /M (6)

esitligi ile hesaplamir. Burada g; ve §;, sirasiyla j kontrol noktasindaki gézlenen ve kestirilen artik gravite degerini, J ise
kontrol grubundaki toplam gozlem sayisini ifade eder. Baglangigta KOH sabit iken belirli bir degerden sonra yiikselmeye
baglar. Uygun L,,;;, KOH un yiikselmeye basladig1 deger olarak segilir. Bu tiir KRTF’ye indirgenmis KRTF denir ve Poisson
cekirdegi igin

r2—r? Lomin—121+1 (R\!T1 AT A
O(r;,Ty) = rk(r:_—rk’;—ZlZ})‘" T(r_l) V() P(7y" 7) @)

olarak tanimlanir. Esitlik 2’de yer alan x; bilinemeyen KRTF katsayilarini igerir ve mevcut verilerden kestirilmesi
gerekmektedir. Ancak, artik bozucu potansiyel alan1 dogrudan gozlemlenemez ve gravite potansiyelinin lineer fonksiyonlar
yardimiyla elde edilir. Calismada kullanilan artik gravite bozuklugu (694, (7;)) ve artik yiikseklik anomalileri ({g,.¢ (1)) ile

T, arasindaki iligki sirasiyla Esitlik 8 ve 9 ile kurulur:

OTgre(ri
8gare(ry) = — 740 ®)
Tar i
Cart (1) = 200 ©)

burada y normal gravite degerini, r;’ ise telluroid tizerindeki konum vektoriinii temsil eder.
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3. Parametre Kestirimi
N sayida gravite bozuklugu 6l¢iildiigli varsayilarak, gozlem denklemleri
0(r) +e(r) = LTy (r) = XK 1 x Li®(ry, 1) vei=12,..,N (10)

ile yazilir. Esitlikte yer alan O(r;) ve e(r;), i noktasindaki gézlem ve gozlem hatasidir. £; artik bozucu potansiyel ile artik
lineer fonksiyonlar arasindaki iliskiyi temsil eder. Hatalarin normal dagilimda ve sifir ortalamasi oldugu varsayilarak, Gauss-

Markov modele gore gozlem denklemleri matris formunda
l+e=Ax, E(e)=0 wve D(e) =D(l) = o¢P! (11)

ile gosterilir. Burada I gézlem vektoriinii, e gézlem hatalarini igeren vektorii belirtir. A katsayilar matrisini, D (e) ise 6nciil
varyans faktorii o ve agirlik matrisi P’den olusan varyans-kovaryans matrisini temsil eder. En kiigiik kareler yontemi

kullanilarak bilinmeyen katsayilar vektorti x,
X =(ATPA)1(ATPD (12)

yardimiyla kestirilebilir. Uygun olmayan KRTF agi, derinlik secimi veya gozlemlerdeki bosluklar nedeniyle normal denklem
matrisinin ¢6z{iimi miimkiin olmayabilir ve bu durumda tekil (singular) matris olusur. Bdyle bir durumda sonuca ulasmak

i¢in literatiirde sik¢a kullanilan Tikhonov diizenlilestirmesi uygulanmustir.
X=(A"TPA+ AR)"1(ATPI) (13)

Esitlik 13’te R diizenlilestirme matrisini ifade eder ve bu matris, ¢aligmada birim matris olarak alinmustir. A diizenlilestirme
katsayisidir ve Koch ve Kusche (2002) ile Kusche (2003) tarafindan 6nerilen varyans bileseni tahmini (variance component

estimation) yontemiyle bulunmustur.

4. Ortalama Kaydirma Algoritmasi Kullanarak Veri Uyarlamali Ag Tasarimi

KRTF ile bolgesel gravite modellerinde olusturulan ag kritik neme sahiptir. Yetersiz sayida KRTF gravite sinyalinin kisa
dalga boylu bilesenleri belirlemede basarisiz olurken, asir1 sayida KRTF yerlestirilmesi asirt uyuma neden olacaktir. Bu
nedenle KRTF ag1 veri dagilimina uygun olarak dagitilmis yeterli sayida merkezden olugmalidir. Girig kisminda bahsedildigi
gibi kiimeleme algoritmalari ag kurulumunda kullanilmak i¢in faydali modeller olabilir. Kiimeleme gozlemlerin birbiri ile
olan mekansal uzaklik iligkisi gozetilerek tamamlanirsa, kiime merkezlerinin dagilimi veriye uyarl olacaktir. Bu kiimeleme
algoritmalarma en iyi ornek, Ulug ve Karslioglu (2022b) tarafindan kullanilan k-ortalamali kiime algoritmasidir. Fakat k-
ortalamal1 kiimeleme algoritmasinda nihai kiime sayisinin baslangicta bilinmesi gerekmektedir. KRTF ile olusturulan aglarda
merkez sayisinin tam olarak bilinmemesi nedeniyle, k-SRBF bir sonradan isleme siirecine gerek duyulmaktadir. Diger
yandan, k-ortalamali kiime algoritmasindan farkli olarak ortalama kaydirma kiimeleme algoritmasi nihai kiime sayisinin

bilinmesine ihtiya¢ duymaz. Bu sonradan isleme siirecini ortadan kaldirmak icin biiyiik bir avantaj olarak kullanilabilir.

Fukunaga ve Hostetler (1975) tarafindan gelistirilen ortalama kaydirma, parametrik olmayan ve yogunluga bagl bir
gbzetimsiz smiflandirma algoritmasidir. Bu algoritma dagilimin en yiiksek oldugu yeri bulmayr amaglar. Algoritmanin

calisma prensibi asagidaki maddeler de 6zetlenmistir:

1. Oncelikle her gdzlem noktas1 bir kiime merkezi olarak degerlendirilir.
2. Her bir gozlem noktast i¢in bir dnceden tanimli bir pencere boyutu (b) i¢inde kalan tiim gézlemlerin merkezi segilen
cekirdek kullanilarak agirlikli olarak hesaplanir.

3. Eski kiime merkezleri hesaplanan yeni kiime merkezlerine kaydirilir.
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4. 2 ve 3 numarali adimlar kiime merkezlerinde bir degisim olmayana kadar tekrar edilir.

5. Cakisan kiime merkezleri olursa gozlem sayis1 en yiiksek olan kabul edilir ve diger kiime silinir.

Yukaridaki islem adimlarindan da anlasilacagi gibi b, kiimeleme sonucunu etkileyen en 6nemli parametredir. Pencere boyutu
ayn1 zamanda komsu KRTF merkezleri arasindaki en kisa uzakligin bir diger tanimi olarak diisiiniilebilir, ¢ilinkii bir kiime
merkezi i¢in b iginde kalan biitiin veriler bu kiimenin bir eleman1 olacaktir. Bu nedenle bu kiimeye komsu olan en yakin
kiime merkezi en az b mesafesinde olacaktir. Ancak bu parametrenin uygun degerinin belirlenmesi i¢in herhangi bir teorik
yaklagim bulunmamaktadir. Bilinen en iyi yaklagim belli aday degerler i¢in ¢apraz dogruluma degeri en diisiik olani
secmektir. Bir diger dikkat edilmesi gereken parametre ise kiime merkezinin hesaplanmasinda verilerin merkeze olan

uzakliginin agirliklandirilmasidir. Literatiirde genellikle Gaussian ¢ekirdegi tercih edilir. Baglangi¢ olarak z merkezli bir

Zi—Z

1 2
kiime i¢in, Gaussian ¢ekirdegi b’nin bir fonksiyonu olarak H (z; — z) = b\/%e_i( b ) tanimlanir. Bu durumda Gaussian
cekirdegi i¢in bir kiimenin agirlikli merkezi (m(z))

Yz;eF(z) H (2i-2)z;

m(z) = Yzer(z) H(zi-2)

(14)

Esitligi kullanilarak hesaplanir (Fukunaga & Hostetler, 1975). Burada F(z), z’nin H (z; — z) # 0 oldugu komsularini temsil

eder. m(z) — z ortalama kaydirma olarak tanimlanir ve m(z) yakinsayana kadar tekrarlama devam eder.

5. Derinlik Segimi

Ortalama kaydirma sonrasi elde edilen kiime merkezleri KRTF merkezleri ile degistirildikten sonra uygun derinlik se¢imi
baglayabilir. Derinlik nihai modelin dogruluga biiyiik etkisi olan bir diger parametredir. Diisiik se¢ilen derinlik uzun dalga
boylarini tespit edemezken, yiiksek segilen derinlik degeri de komsu KRTF merkezlerinin birbiri iistiine binmesine neden
olacaktir. Uygun derinlik se¢imi i¢in genellestirilmis ¢apraz dogrulama (GCD) (Golub vd., 1979) kullanilmasi Klees ve
Wittwer (2007) tarafindan 6nerilmistir. GCD yontemi

. 2
I||Axd—l||P

GCD(d) = 0D

(15)

esitligi ile tanimlanabilir. Burada X¢ segilen bir derinlik d igin kestirilen katsayilar1 temsil eder. I gozlem sayisini, Q¢ ise
Ax?® = Q%1 olarak tamimlanan etki matrisi olarak adlandirilir. Uygun derinlik degeri iist (dgys) ve alt (dg;) smirlar
icerisindeki aday degerler arasindaki GCD’nin en disiik oldugu deger olarak secilebilir. Bu nedenle dgg ve dg sinir
degerlerinin elverisli olarak se¢ilmesi 6nemlidir. Caligmada derinlik sinirlar1 Ulug ve Karslioglu (2022b) tarafindan 6nerilen
teorik yaklasimla belirlenmistir; d,;; derinligin KRTF’nin mekansal bant genisliginin ampirik sinyal kovaryans fonksiyonun
korelasyon uzunluguna esit oldugu, d;,, ise derinligin ampirik sinyal kovaryans fonksiyonu ve b toplaminin korelasyon
uzunluguna esit oldugu deger olarak belirlenmistir. Uygun derinlik sinirlart segildikten sonra ilk KRTF ile isleme
baslanmistir. dg;, ve dys, arasinda 1 km’lik artiglarla GCD degerleri hesaplanir. Hesaplamada sadece secili KRTF nin etki
alani iginde kalan gozlemler kullanilir. Elverisli derinlik belirlendikten sonra se¢ili KRTF’ nin katkisi etki alani i¢indeki
gozlemlerden ¢ikarilir. Etki alani segili KRTF’nin tesir edebilecegi biitiin gézlemleri igerecek biiyiikliikte olmalidir. Etki
alaninin ampirik sinyal kovaryans fonksiyonun iki veya daha fazla kati olarak belirlenmesi Klees vd. (2008) tarafindan

Onerilmistir.
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6. Sayisal Testler

Pencere genisliginin model iizerine etkisinin belirlenmesi i¢in Colorado alaninda gergek yersel gravite gozlemlerinin
konumlar1 kullanilarak artik gravite bozuklugu simiile edilmistir. Her ne kadar sayisal testlerde gercek veri seti kullanilmak
istense de Colorado veri setindeki yersel gozlemlerin dogruluklarinin tam olarak bilinmemesi saglikli bir karsilastirmay1
engeller. Ayrica bu veri setinde kontrol verisi saglayan yiikseklik anomali noktalari g6zlem alaninin sadece en i¢ kismindadir.
Tlgi alanmin karakteristik yapisim temsil edemeyen bu heterojen dagilim, olusturulan modellerin dogruluklar1 hakkinda yanlis
bilgilere neden olabilir. Bu nedenle kontrol noktalarinin ilgi alani iizerinde olabildigince homojen olarak dagildigi ve
gozlemlerin dogrulugunun bilindigi simiilasyon veri kullanimi daha makul olacaktir. Diger yandan simiile veriler genellikle
KIM kullanilarak tretilir. Yiiksek seri agilimina sahip KJM’ler mevcut olsa bile, yersel gravite verilerinin saglayabildigi ¢ok
yiiksek frekansli gravite sinyallerini igermezler. Bu simiile veri kullaniminin dezavantaji olarak diisiiniilebilinir. Ancak yeni
algoritmalarin test edilmesinde oldukga sik kullanilan ve kabul géren bir yontemdir. Colorado veri seti -110° D ile -102° D
ve 35° K ile 40° K arasinda 59303 ham gravite gézlemlerinden olusur (Wang vd., 2021). Fakat veri seti ayni istasyonda farkli
6l¢iimler barindirmaktadir. Ayni noktada farkli 6l¢tim degerleri igeren gozlemler silindikten sonra 58138 nokta kullanilmustir.
Uygun L,,;, belirlenmesi ve dig kontrol i¢in 1489 gbzlem kontrol noktasi olarak veriden ¢ikarilmistir. Gozlem alani
sinirlarinda olusmasi muhtemel kenar etkilerini azaltmak igin, ilgi alan1 gdzlem alamindan 1° kiiciik secilmistir. Ilgi alani
icinde segilen kontrol noktalarinin dagiliminin olabildigince homojen olmasina dikkat edilmistir. Modelde kullanilan gézlem
noktalarinda XGM2019¢ KJM (Zingerle vd., 2020) yardimiyla 361. dereceden 2159°u dereceye kadar gravite bozuklugu
degerleri hesaplanmustir. Hesaplanan gravite bozuklugu gézlemlerine sifir ortalamali 2.0 mGal standart sapmaya (SS) sahip
beyaz giiriiltii eklendikten sonra istatistiki degerleri; en az -97.14 mGal, en ¢ok 139.60 mGal, ortalama -7.45 mGal ve SS
24.43 mGal olarak elde edilmistir. Kontrol noktalarinda ise ayn1 model kullanilarak ayni dereceler arasinda hatasiz artik
gravite bozuklugu ve artik yiikseklik anomalisi degerleri hesaplanmistir. Sekil 1a’da modellemede kullanilacak gozlem
noktalariin ve kontrol noktalarinin yatay diizlemdeki dagilimi goriilebilir. Sekilden de goriilebildigi gibi gbzlem noktalari
bazi alanlarda yogunlasirken bazi bolgelerde oldukga seyrektir. Bu tiir yiiksek derecede heterojen dagilima sahip veri setinde
dagilima uygun ag tasariminin 6nemi anlagilmaktadir. Sekil 1b simiile edilen artik gravite bozukluklarini géstermektedir.
Sekilde gorildiigii gibi 6zellikle daglik bolgelerde gozlemlerin varyasyonu artmaktadir. Bu, yiiksek dogrulukta bolgesel

gravite modellemeyi daha zorlu hale getirir.
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Sekil 1: (a) Modellemede kullanilan gbzlemler (siyah noktalar), kontrol noktalari (agik mavi liggenler), (b) artik gravite bozukluklari

Segilen b’nin nihai ag iizerine etkisinin belirlenebilmesi i¢in 3 farkli deger test edilmistir. Bu degerler 0.02°,0.03° ve

0.04°’tiir. Kiimelemede gozlemler arasindaki Oklid uzaklari kullanilir, bu nedenle gézlemlerin konumlari kiiresel sistemden
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Kartezyen sisteme doniistiiriilmelidir. Kiimelemenin tamamlanmasindan sonra elde edilen kiime merkezlerinin koordinatlari
tekrar kiiresel koordinatlara doniistiiriiliir. Sekil 2’de farkli b segimlerinin olusturdugu kiime merkezlerinin dagilimi
gosterilmektedir. Alt sekillerden de anlasilacagi gibi, segilen her b igin ortalama kaydirma algoritmasi ile elde edilen kiime
merkezleri veri dagilimima uygun olarak yerlestirilmistir. Gozlemlerin yogun oldugu bolgelerde KRTF merkez sayisi fazla
iken, verinin seyrek oldugu yerlerde KRTF sayisi da azdir. Gozlemlerin bulunmadigi bdlgelerde ise herhangi bir KRTF
merkezi yerlestirilmemistir. Sekil 2 ortalama kaydirma algoritmasi kullanilarak kurulan KRTF aginin 1zgara ag1 tizerindeki
istiinliigiini agik¢a gostermektedir. Olusturulan aglardaki toplam KRTF sayist Tablo 1’de 6zetlenmistir. Tablodan agikca
goriildiigii b’nin KRTF sayisi {lizerine etkisi ¢ok yiiksektir. b’nin 0.03°’ten 0.02°’ye diigiiriilmesi, KRTF sayisinin yaklasik
%83 artigina sebep olmustur. Benzer sekilde b’nin 0.03°’ten 0.02°’ye indirgenmesiyle KRTF sayis1 ~%66 oraninda artis

gostermistir. Bu degerler uygun b secilmesinin dnemini agik¢a vurgulamaktadir.
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Sekil 2: Gézlemlerin (mavi noktalar) ve KRTF merkezlerinin (kirmizi noktalar) yatay diizlemdeki dagilimlari (a) b = 0.02° (b) b = 0.03° ve (c) b = 0.04°
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Tablo 1: b’ye bagli olarak olusan KRTF sayisi, uygun L., degerleri ve bu degerlerdeki normal denklem matrisinin kondisyon numarasi

b=0.02° b=0.03° b=0.04°

KRTF sayis1 10213 5583 3371
Lonin 381 371 391
Kondisyon numarasi 3.1x10" 2.9x1013 5.7x1010

Ag kurulumunun tamamlanmasindan sonra, uygun derinlik se¢imi baglatilir. Derinlik segiminde kiiresel yaklagima (Moritz,
1980) dayanarak, bir D derinliginde olan KRTF merkezinin radyal uzakligit R — D olarak hesaplanmistir. Benzer sekilde H
yiiksekliginde bulunan bir gézlem noktasinin radyal uzakligi ise R + H, esitligi ile bulunmustur. Referans kiirenin yarigap:
6371 km olarak secilmistir. Test alanindaki verilerin ampirik sinyal kovaryans fonksiyonunun korelasyon uzunlugu 0.134°
olarak hesaplanmistir. Bu korelasyon degerine karsilik gelen dg her b icin 27 km iken, dg;; 0.02°, 0.03° ve 0.04° igin
sirastyla 32 km, 34 km ve 36 km’dir. Etki alan1 ampirik sinyal kovaryans fonksiyonunun iki katindan yiiksek olarak 0.3°
secilmistir. Tim KRTF noktalar i¢in ideal derinlik belirlenmesinden sonra son iglem adimi olarak uygun L,,;, degerlerinin
belirlenmesi i¢in donme noktasi algoritmasi kullanilir. Bunun i¢in L,,;, baslangi¢c degeri 1 olarak secilir ve 10’ar artislarla
451°e kadar arttirilir. Her bir L,,;, degeri igin olusturulan normal denklem matrisinin kondisyon numarasi hesaplanir. Eger
normal denklem matrisinin kondisyon numarasi yuvarlama hatasindan (£~1) (IEEE 754 ¢ift duyarlikli format icin 4.5x10'%)
biiyiikse, matrisin tersi alinirken biitiin anlamli say1lar kaybedilir (Klees vd., 2018) ve bu nedenle bir diizenlilestirmeye ihtiyag
duyulur. Bu nedenle normal denklem matrisinin kondisyon numarasi €1 biiyiikse bilinmeyen KRTF katsayilar1 Esitlik 13
yardimiyla hesaplanir. Diger tiim durumlarda Esitlik 12 kullanilir. Parametre kestirimi tamamlandiktan sonra, artik gravite

bozuklugu kontrol noktalarinda KHO hesaplanmustir.

Artik gravite bozuklugu kontrol noktalarinda hesaplanan gézlem ve kestirilen model farklarinin SS’i ve artik yiikseklik
anomali noktalarinda hesaplanan gézlem ve kestirilen model farklarinin KOH’lar1 L,,;;, — 1’in fonksiyonu olarak Sekil 3°te
gosterilmistir. Sekilde goriildiigii gibi donme noktasi algoritmasi yiikseklik anomalisi kontrol noktalarinda santimetre
diizeyinde iyilestirme saglamaktadir ve bu uygun L,,;, degerinin se¢iminin 6nemini vurgulamaktadir. Ayni zamanda ideal
Loin degeri icin artik gravite bozuklugu kontrol noktalarinda hesaplanan farklarin KOH’larinda da diisiis goriilmektedir. Her
bir b icin segilen L,,;, degeri ve bu degerdeki normal denklem matrisinin kondisyon numarasi Tablo 1’de verilmistir.

Tablodan da gériildiigii gibi sadece b = 0.02° oldugu durumda normal denklem matrisinin kondisyon numarasi £~1’den

biiyiiktiir.
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Sekil 3: (a) Gravite bozuklugu kontrol noktalarinda L,,;, — 1’e gbre hesaplanan farklarin KOH degderleri, (b) ylikseklik anomalisi kontrol noktalarinda

L.in — 1@ gbre hesaplanan farklarin SS degerleri (siyah cizgiler: b = 0.02°, kirmizi gizgiler: b = 0.03°, mavi gizgiler b = 0.04°)
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Tablo 2’de kontrol noktalarinda kestirilen modeller ile gozlem modelleri arasindaki farklarin istatistiksel degerleri
Ozetlenmistir. Beklendigi gibi KRTF sayisinin artmastyla modelin dogrulugu artmaktadir. b = 0.02° i¢in artik gravite
bozuklugu kontrol noktalarinda farklarin KOH’u 2.182 mGal’dir. Bu deger gozlemlere eklenen 2.0 mGal hataya oldukga
yakindir. Yiikseklik anomali kontrol noktalarinda ise en yiiksek dogruluk olan 1.5 cm SS’e ulagmistir. En kétii sonuglar b =
0.04° degerinde elde edilmistir. Yiikseklik anomali noktalarinda 3.6 cm SS dogrulukta iken, gravite bozuklugu kontrol
noktalarinda 5.8 mGal KOH’a ulasilmistir. Sekil 2¢’den de goriildiigii gibi KRTF merkezlerinin yetersiz olusu bu sonucun
temel nedenidir. Kontrol noktalarindaki hesaplanan KOH ve SS, b = 0.02° i¢in elde edilen degerlerin iki katindan fazladir.
Kontrol noktalarindaki en iyi sonu¢ b = 0.02° degeri icin elde edilse bile, b = 0.03° degeri ile gravite bozuklugu kontrol
noktalarindaki fark sadece 0.5 mGal ve yiikseklik anomali kontrol noktalarinda fark sadece 0.4 cm’dir. Bu ihmal edilebilir
farklarla birlikte, Tablo 1’den de goriildiigii gibi b = 0.03° degeri i¢in normal denklem matrisi herhangi bir diizenlilestirmeye

ihtiya¢ duymaz. Bu nedenlerden dolay1 b = 0.03° degeri test alani igin en ideal deger olarak se¢ilebilir.

Tablo 2: 1489 kontrol noktasindaki model ve gézlemler arasindaki farklarin istatistikleri

Ag (mGal)

b Min. Maks. Ort. SS KOH
0.02° -16.97 17.96 -0.07 2.18 2.18
0.03° -16.59 29.61 0.01 2.67 2.67
0.04° -30.21 48.25 -0.22 5.77 5.77

¢ (cm)

b Min. Maks. Ort. SS KOH
0.02° -12.00 9.98 -0.02 1.46 1.46
0.03° -11.39 21.63 0.00 1.87 1.87
0.04° -19.61 27.67 -0.01 3.57 3.57

7. Sonuglar

Gozetimsiz siniflandirma algoritmalarinin temel amacinin verilerin benzerlikleri gozetilerek farkli siniflara ayirmak olsa bile,
kiimeleme sonrasi olusan kiime merkezlerinin veri dagilimma uygun olmas: nedeniyle KRTF i¢in bir ag tasariminda
kullanilabilecegi goriilmiistiir. Ulug ve Karslioglu (2022a, b) k-ortalamali kiimeleme algoritmasini kullanarak veri dagilimini
dikkate alan bir ag tasarim metodolojisi gelistirmislerdir. Fakat kiimeleme sonrasi olusan merkezlerin dogrudan
kullanilamamasi nedeniyle, bu metodolojide bir sonradan isleme siireci gerekmektedir. Bu ¢alismada k-ortalamali kiimeleme
algoritmasindan farkli olarak, ilk kez ortalama kaydirma algoritmasi kullanilmistir. Ortalama kaydirma algoritmasinda nihai
kiime sayisinin baglangicta bilinmesine ihtiya¢c duymamasi en énemli avantajlarindan biri olarak goriiliir. Bu 6zellik kiime
merkezlerin dogrudan kullanilmasini saglar ve sonradan igleme siirecini ortadan kaldirir. Ortalama kaydirma algoritmasinda
pencere boyutu (b) kiimeleme sonucu dogrudan etkileyen en énemli parametredir. Bu nedenle sayisal testlerde b nin nihai
ag lizerine etkisi detayli olarak incelenmistir. Sayisal testler Colorado alaninda gerg¢ek gozlemlerin konumlar1 kullanilarak
simiile edilen artik gravite bozuklugu gézlemleri ile tamamlanmistir. Uygun derinlik se¢imi GCD yontemi kullanilarak, her
bir KRTF i¢in sadece etki alanindaki gozlemler yardimiyla bulunmustur. Alt ve st derinlik smirlarinin (dys; ve dg;)
belirlenmesinde gozlemlerin ampirik sinyal kovaryans fonksiyonu ve b degerlendirilmistir. Segilen Legendre katsayisinin
(Poisson ¢ekirdegi) L,,;, = 0 iken mekansal uzayda daima pozitif olmasi nedeniyle ortaya ¢ikan uzun dalga boyu hatalari,

doénme noktasi algoritmasi kullanilarak azaltilmistir.

Sayisal testlerde de agik¢a goriildiigii gibi ag kurulumunda b’nin uygun se¢imi bilylik dnem tagimaktadir. Sadece 0.01°°1ik
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degisimler KRTF sayisinin %66 ve %83 oraninda degismesine neden olur. Fakat ortalama kaydirma algoritmasinin temelinde
oldugu gibi KRTF ag kurulumu i¢in de ideal b se¢imi i¢in teorik bir yaklasim bulunmamaktadir. Uygun b, farkli degerlerin
test edilmesiyle bulunabilir. Ancak, ideal ag kurulumu i¢in sadece bir parametrenin uygun degerinin belirlenmesi ortalama
kaydirma algoritmasinin avantajini ortaya koymaktadir. Yapilan testlerde sayisal olarak en iyi sonuglar b = 0.02° i¢in elde
edilirken, b = 0.04° istatistiki olarak en kotii sonuglar1 vermistir. b = 0.03° degeri en iyi ikinci sonucu vermistir ve b =
0.02° ile arasindaki fark ihmal edilebilir diizeydedir. Bununla birlikte b = 0.03° degerinde normal denklem matrisinin
kondisyon numaras1 £ 1 kiigiiktiir ve en kiigiik kareler ¢6ziimii bir diizenlilestirmeye ihtiya¢ duymaz. Tiim sonuglar ortalama

kaydirma algoritmasmin KRTF i¢in ag kurulumunda oldukg¢a kullanigli bir metodoloji sundugunu kanitlamaktadir.

Onerilen yontemin uygulamalarda da biiyiik bir avantaj saglayabilecegi diisiiniilmektedir. Ulkemiz gibi genellikle daglik
bolgelerden olusan cografyalarda ulagim nedeniyle yersel gravite gézlemleri seyrek olarak bulunmaktadir. Bununla birlikte
farkli zamanlarda ayni bolgelerde yapilan gézlemler nedeniyle bazi alanlar daha fazla gravite gozlemine sahip olabilmektedir.
Heterojen veri dagiliminin oldugu benzer durumlarda ortalama kaydirma algoritmasi kullanilarak bolgesel veya iilke bazinda

yiiksek dogruluklu geoit modelleri daha az sayida ve uygun olarak yerlestirilmis KRTF merkezi kullanilarak olusturulabilir.

Cikar Catismasi Beyani

Yazar, bu galigmada bilinen ilgili herhangi bir finansal veya finansal olmayan ¢ikar ¢atismasi olmadigini beyan eder.

Kaynaklar

Barthelmes, F. (1986). Untersuchungen zur Approximation des duleren Gravitationsfeldes der Erde durch Punktmassen mit optimierten
Positionen. [Dissertion, Veroffentlichungen des Zentralinstituts fiir Physik der Erde 92 Zentralinstitut fiir Physik der Erde. Potsdam:
Akademie der Wissenschaften der DDR]. In Zentralinstituts Physik der Erde.

Bentel, K., Schmidt, M., & Gerlach, C. (2013). Different radial basis functions and their applicability for regional gravity field
representation on the sphere. GEM - International Journal on Geomathematics, 4(1), 67-96.

Foroughi, ., & Tenzer, R. (2014). Assessment of the direct inversion scheme for the quasigeoid modeling based on applying the Levenberg-
Marquardt algorithm. Applied Geomatics, 6(3), 171-180.

Freeden, W., & Schreiner, M. (2009). Spherical Functions of Mathematical Geosciences. Springer Berlin Heidelberg.

Fukunaga, K., & Hostetler, L. (1975). The estimation of the gradient of a density function, with applications in pattern recognition. /EEE
Transactions on Information Theory, 21(1), 32-40.

Golub, G. H., Heath, M., & Wahba, G. (1979). Generalized Cross-Validation as a Method for Choosing a Good Ridge Parameter.
Technometrics, 21(2), 215.

Klees, R., Slobbe, D. C., & Farahani, H. H. (2018). How to deal with the high condition number of the noise covariance matrix of gravity
field functionals synthesised from a satellite-only global gravity field model? Journal of Geodesy, 1-16.

Klees, R., Tenzer, R., Prutkin, 1., & Wittwer, T. (2008). A data-driven approach to local gravity field modelling using spherical radial basis
functions. Journal of Geodesy, 82(8), 457471.

Klees, R., & Wittwer, T. (2007). A data-adaptive design of a spherical basis function network for gravity field modelling. International
Association of Geodesy Symposia, 130, 322-328.

Koch, K. R., & Kusche, J. (2002). Regularization of geopotential determination from satellite data by variance components. Journal of
Geodesy, 76(5), 259-268.

Kusche, J. (2003). A Monte-Carlo technique for weight estimation in satellite geodesy. Journal of Geodesy, 76(11-12), 641-652.

Lin, M., Denker, H., & Miiller, J. (2019). A comparison of fixed- and free-positioned point mass methods for regional gravity field
modeling. Journal of Geodynamics, 125, 32-47.

Mahbuby, H., Amerian, Y., Nikoofard, A., & Eshagh, M. (2021). Application of the nonlinear optimisation in regional gravity field

Jeo. Jeolnf. Derg., 2025, 12(1):20-31



Ulug /Jeodezi ve Jeoinformasyon Dergisi [Cilt/Volume:12] [Say/Issue:01] [Mayis/May 2025] _

modelling using spherical radial base functions. Studia Geophysica et Geodaetica, 65.

Marchenko, A. N. (1998). Parameterization of the Earth’s gravity field: point and line singularities. Lviv Astronomical and Geodetical
Society.

Moritz, H. (1980). Advanced physical geodesy. Advances in Planetary Geology.

Tenzer, R., & Klees, R. (2008). The choice of the spherical radial basis functions in local gravity field modeling. Studia Geophysica et
Geodaetica, 52(3), 287-304.

Ulug, R., & Karslioglu, M. O. (2022a). A new data-adaptive network design methodology based on the k-means clustering and modified
ISODATA algorithm for regional gravity field modeling via spherical radial basis functions. Journal of Geodesy, 96(11), 91.

Ulug, R., & Karslioglu, M. O. (2022b). SRBF_Soft: a Python-based open-source software for regional gravity field modeling using
spherical radial basis functions based on the data-adaptive network design methodology. Earth Science Informatics, 15(2), 1341-1353.

Wang, Y. M., Sanchez, L., Agren, J., Huang, J., Forsberg, R., Abd-Elmotaal, H. A., Ahlgren, K., Barzaghi, R., Basi¢, T., Carrion, D.,
Claessens, S., Erol, B., Erol, S., Filmer, M., Grigoriadis, V. N., Isik, M. S., Jiang, T., Kog, O., Krcmaric, J., Li, X., Liu Q., Matsuo K.,
Natsiopoulos, D. A., Novak, P., Pail, R., Pitonak, M., Schmidt, M., Varga, M., Vergos, G. S., Véronneau, M., Willberg, M., & Zingerle,
P. (2021). Colorado geoid computation experiment: overview and summary. Journal of Geodesy, 95(12), 127.

Zhang, F., Liu, H., & Wen, H. (2024). A data-adaptive network design for the regional gravity field modelling using spherical radial basis
functions. Geodesy and Geodynamics, April, 1-8.

Zingerle, P., Pail, R., Gruber, T., & Oikonomidou, X. (2020). The combined global gravity field model XGM2019e. Journal of Geodesy,
94(7), 66.

Jeo. Jeolnf. Derg., 2025, 12(1):20-31



Arastirma Makalesi / Research Article

JEODEZI VE JEOINFORMASYON Yil | Year: 2025 Cilt / Volume: 12 Say1 / Issue: 1

DERGISI Sayfa / Page: 32-41
JOURNAL OF ISSN :2147-1339 Dergi No / Journal No: 121
GEODESY AND GEOINFORMATION e-ISSN: 2667-8519 Doi: 10.9733/JGG.2025R0003.T

VMF veri sunucusundan turetilen grid bazli VMF3 ve GPT3 troposfer
modellerinin karsilastirilmasi: Avrupa bolgesi i¢in bir calisma
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Oz: 7 oplam Zenit Gecikmesi (ZTD), elektromanyetik sinyallerin dogrulugunu etkileyen énemli bir faktor oldugundan Kiiresel Navigasyon
Uydu Sistemleri (Global Navigation Satellite Systems, GNSS), jeodezi ve haritacilik, hava durumu tahminleri ve astronomik gozlemler gibi
viiksek dogruluk gerektiren uygulamalar i¢in belirlenmesi gerekir. Gecikme etkisi, yiizey meteorolojik parametrelerine dayanan geleneksel
troposfer modelleriyle tahmin edilebilir. Meteorolojik verilerin birtakim ¢evresel ve ekonomik hususlar nedeniyle yerinde gozlemlerden
elde edilememesi ve ilgili modellerdeki i¢sel modelleme hatalar: dikkate alindiginda, bu yaklasimlarin veri isleme siireglerinde dogru
sonuglart saglamasi zorlasmaktadir. Bir ¢oziim olarak, Avrupa Orta Vadeli Hava Tahminleri Merkezi'nden (ECMWF) siirekli giincellenen
Sayisal Hava Tahminleri (NWP) verilerine dayali Vienna Iz Diisiim Fonksiyonu (VMF) veri sunucusu; ayrik ve ampirik olmak iizere iki
farkly modelden troposferik iiriinler saglamaktadir. Ayrica, bu sunucuda, referans istasyonlarindaki yerinde gozlemlerle elde edilen saha
bazli (site-wise) ZTD 'ler dogrudan, istasyonlarin bulunmadigi rastgele konumlardaki ZTD ’lerin kestirimi igin grid bazli (grid-wise) veriler
kullamicilara sunulmaktadir. Bu ¢calisma, VMF veri sunucusu tarafindan tiiretilmis grid Viyana Iz Diisiim Fonksiyonu-3 (VMF3) ve Global
Basing ve Sicaklik-3 (GPT3)troposfer modellerinin ZTD kestirimindeki performansinin karsilagtirmali analizine odaklanmigtir. Avrupa
Bolgesi’'nden segilmis rastgele konumlardaki referans noktalart iizerinden uygulama gerceklestirilmis olup modellerden elde edilen giinliik
ZTD’ler degerlendirilmistir. Calisma sonug¢lart, VMF3 modelinin 0.7-1.1 cm arasinda degisen Karesel Ortalama Hata (KOH) degerleri
ile ZTD yi kestirdigini, bu hata degerlerinin GPT3 modeli igin 3.2-5.0 cm arasinda oldugunu gostermigstir. Genel olarak, VMF3 iin GPT3
modeline kiyasla ZTD kestirimindeki yeteneginin daha yiiksek oldugu soylenebilir. Yerinde gozlemlerin miimkiin olmadigi ya da saha bazl
tiriinlere ait veri arsivinin olmadigi konumlar i¢in ZTD nin belirlenmesinde grid bazli VMF3'iin destekleyici bir model olarak
kullanilabilecegi sonucuna varilabilir.

Anahtar Sozciikler: GNSS, Toplam Zenit Gecikmesi (ZTD), Viyana iz Diisiim Fonksiyonu-3(VMF3), Global Basing ve Sicaklik-3(GPT3),
Troposferik Modeller

Comparison of the grid-wise VMF3 and GPT3 troposphere models derived from the VMF data server: A
study for the European region

Abstract: The Zenith Total Delay (ZTD) must be determined for applications requiring high accuracy, such as Global Navigation
Satellite Systems (GNSS), geodesy and cartography, weather forecasting, and astronomical observations, as it is a significant factor
affecting the accuracy of electromagnetic signals. The delay effect can be predicted with traditional troposphere models based on surface
meteorological parameters. Due to certain environmental and economic factors, meteorological data cannot always be obtained from in-
situ observations. Furthermore, considering the inherent modeling errors in these approaches, it becomes challenging to obtain accurate
results in data processing procedures. As a solution, the Vienna Mapping Functions (VMF) data server, based on continuously updated
Numerical Weather Prediction (NWP) data from the European Centre for Medium-Range Weather Forecasts (ECMWF), provides
tropospheric products from two different models: discrete and empirical. Additionally, this server offers site-wise ZTDs directly derived
from in-situ observations at reference stations, as well as gridded data for predicting ZTDs at random locations where stations are not
present. This study focuses on comparative analysis of the performance of grid-wise Vienna Mapping Function-3 (VMF3) and Global
Pressure and Temperature-3 (GPT3) tropospheric models in predicting ZTDs derived from the VMF data server. The application was
conducted over randomly selected reference points in the European region, and the daily ZTDs obtained from the models were evaluated.
The study results have shown that the VMF3 model predicts ZTD with Root Mean Square Error (RMSE) values ranging from 0.7 to 1.1
cm, while these error values range from 3.2 to 5.0 cm for the GPT3 model. Generally, it can be said that VMF3 exhibits higher capability
in predicting ZTD compared to the GPT3 model. It can be concluded that grid-wise VMF3 can be used as a supportive model for
determining ZTD in locations where in-situ observations are not possible or where there is no data archive for site-wise products.

Keywords: GNSS, Zenith Total Delay (ZTD), Vienna Mapping Function-3 (VMF3), Global Pressure and Temperature-3 (GPT3),
Tropospheric Models
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1. Giris

Troposferik gecikme, atmosferin alt tabakasini olusturan troposferdeki elektromanyetik dalgalarin hizinin azalmasi sonucu
radyo sinyallerini dogrudan etkileyen bir faktdrdiir (Bevis vd., 1992). Kiiresel Navigasyon Uydu Sistemleri (Global
Navigation Satellite Systems, GNSS) ve haberlesme teknolojilerinde yaygin olarak kullanilan bu sinyaller, troposferde yol
alirken cesitli hava partikiilleriyle etkilesime girerek aliciya ulagsma siirelerinde degisiklikler yasarlar (Yuan vd., 2024).
Troposferin yapisina bagli olarak partikiiller kendi igerisinde ayrisir ve troposferik gecikmeye hidrostatik/kuru
(hydrostatic/dry) ve 1slak (wet) bilesen olarak etki eder. Atmosferik gazlarin yogun oldugu ve nispeten yeryiiziine daha uzakta
olan hidrostatik bilesen, gecikme etkisinin yaklasik %90°in1 olustururken; 1slak bilesen yaklasik %10°unu kapsar ve
konveksiyon, yagis, tiirbiilans gibi hava olaylarinin karmasik etkilesimine gore degiskenlik gdsteren su buharindan olusur
(Shrestha, 2003). Islak bilesen 6zellikle yeryiiziine daha yakin bolgede olustugu i¢cin meteorolojik aktiviteler tarafindan
karakterize edilmektedir. Bu yoniiyle troposfer katmaninin bdlgeden bdlgeye, yiikseklige, hava degisimine ve meteorolojik
kosullara gore farklilasmasina sebep olmaktadir. Diger taraftan, uzaydaki her bir uydunun farkli konumlarda yer aldig:
diistintildiigiinde uydu sinyallerinin yeryiiziindeki herhangi bir alictya farkli egim agilar1 ve yonlerde geldigi bilinmektedir
(Zhang & Lachapelle, 2001). Bu sekilde sinyal yolunda olusan troposferik gecikme, standart bir 6l¢iim igin ¢esitli izdiisiim
fonksiyonlar1 kullanilarak zenit yoniinde belirlenir ve Toplam Zenit Gecikmesi (Zenith Total Delay, ZTD) olarak nitelendiril

(Tuka & El-Mowafy, 2013).

Troposfere bagli dogrulugun artirilabilmesi i¢in GNSS istasyonunun bulundugu konumdaki gézlem anina ait meteorolojik
parametrelerin var olusu (Black & Eisner, 1984) veya uygun troposferik gecikme modelinin kullanilmasi énem arz
etmektedir. Modelleme agisindan degerlendirildiginde ise, gecikmeye etki eden sicaklik, basing ve su buharinin fonksiyonu
seklinde belirlenmis kirilim katsayilarinin diisey profil boyunca tanimlanmasi gerekir (Dogan vd., 2024). Céziim olarak,
GNSS istasyonlarina meteorolojik sensorler yerlestirilip anlik gdzlemlenen verilerden troposferik gecikmenin hesaplanmasi
ve hesap sonuglarinin GNSS sinyallerine diizeltme olarak getirilmesi gerekir (Hopficld, 1969; Saastamoinen, 1972).
Giliniimiizde, uydu jeodezisine dogru, siirekli ve glivenilir olarak konum belirleme ¢6ziimleri saglamak amaciyla yeryliziinde
yer alan bazit GNSS istasyonlarindaki nesnelerin interneti (Internet of Things, IoT) terminal cihazlarina meteorolojik sensérler
yerlestirilmistir (Egea-Roca vd., 2022). Bu da sensorlerle donanimli entegre istasyonlarda troposferik gecikmenin dogrudan
belirlenmesine yonelik yiiksek bir talebi ortaya koymaktadir. Ancak, GNSS ve meteorolojik sensorlerin bir arada bulundugu
entegre sistemlerin sayisinin yetersiz oldugu agiktir (Yang vd., 2021). Diinya ¢apimda 500'den fazla Uluslararast GNSS Servis
(International GNSS Service, IGS) istasyonu bulunmasina ragmen bu sistemlerin bir arada oldugu referans istasyonlarmin
say1s1 her iilke/bdlge i¢in homojen dagilimda olmayip ayni zamanda ihtiyaglar1 tiimiiyle karsilayamamaktadir (Osah vd.,
2021). Sensorlerin maliyetli olusu ve yiiksek kalitede internet altyapisi gerektirmesi, bir¢ok iilkenin entegreli istasyon say1sini
yiikseltme ¢abasini olumsuz yonde etkilemistir. Cesitli calismalarla, 6zellikle, istasyonlarin bulunmadig1 noktalardaki ya da
istasyonun bulunup meteorolojik sensorlerin bulunmadigi konumlardaki troposferik gecikmenin kestirimi i¢in alternatif

yaklagimlarin izlenmesi gerektigi one siiriilmiistiir (Liangke vd., 2021).

Bu sorunun ¢6ziimiine yonelik Avrupa Orta Vadeli Hava Tahminleri Merkezi (European Centre for Medium-Range Weather
Forecasts, ECMWF), yeniden analiz verilerini kullanarak Sayisal Hava Durumu Tahmini (Numerical Weather Prediction,
NWP) iiriinlerini gelistirmistir. Meteorolojik veri arsivi sayesinde hava durumu tahminlerini iiretmek ve troposferik
gecikmeleri modellemek igin global veri kaynagi saglamistir (Landskron & Bohm, 2018). Bahse konu {irlinler yardimiyla
hem ayrik hem de ampirik troposfer modellerini saglayan Viyana iz Diisiim Fonksiyonu (Vienna Mapping Functions, VMF)
Veri Sunucusu bu bakimdan 6n plana ¢ikmaktadir. Bu sunucu, diinya capindaki IGS istasyonlar1 i¢in giinliik 6 saat ve 4

dénem (00:00, 06:00, 12:00 ve 18:00) zamansal ¢Oziiniirliikte saha bazli (site-wise) verileri sunarken, istasyonlarin
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bulunmadig1 rastgele konumlardaki troposferik gecikme degerlerinin kestirimi igin grid bazli (grid-wise) veriler
saglamaktadir (URL-1). S6z konusu veri sunucusunun, kiiresel 6lgekte gridlenmis verilerden ZTD’leri kestirebilme
yetenegine sahip oldugundan bahsedilebilir (Nzelibe & Idowu, 2023). Ancak, rastgele konumlardaki ZTD kestirimleri igin
kullanilan gridlenmis iriinlerin performansimin arastirilmasi gerekir. Grid bazli iriinlerin saha bazli iriinlerle
kargilagtirilmasi, grid noktalarindaki degerlerin yerinde gézlemlere ne kadar yaklastiginin belirlenmesi agisindan énemlidir

(Tunali, 2022).

Bu caligmada, rastgele/herhangi bir konum icin VMF sunucusunun saglamis oldugu gridlenmis Viyana Iz Diisiim
Fonksiyonu-3 (Vienna Mapping Function-3, VMF3; ayrik model) ile Global Basing ve Sicaklik-3 (Global Pressure and
Temperature-3, GPT3; ampirik model) troposfer modellerinden hangisinin kullanilmast durumunda ZTD kestirimlerinin
daha basarili olacag: arastirilmigtir. Model karsilasgtirmalart igin ilk olarak, ¢aligma alani segimi gerceklestirilmis, ardindan
calismada kullanilacak olan gridli veriler temin edilmistir (18.03.2023-18.03.2024). S6z konusu verilerden yola ¢ikarak bu
modellerden ZTD’ler kestirilmistir. Elde edilen ZTD’ler, IGS-ZTD troposfer iirliniiniin referans degerleriyle karsilastirilarak

performanslari degerlendirilmistir.

2. Materyal ve Yontem

Calisma kapsaminda segilmis ve en son siiriimler olan VMF3 ile GPT3 modellerinin ZTD kestirimindeki performanslarinin

kargilagtiritlmasi amaglanmistir. Amaca yonelik hazirlanan metodoloji Sekil 1°de verilmistir.

Veri Seti 3
(dogrulama)

mekansal

cozindirlik
10 10 Ayrik troposfer IGS troposfer | _ pf  1GS zenit trop.
lnkim— gecikme modeli driinii (1GS-ZTD) gecikme
: v
Gridlenmis ©, A 0,0, ;
(grid-wise) VMF3 L hidrostatikve  |-pp | VMP3zentt
A N trop. gecikme
troposferik Griin 1slak degerler
urrre N e I e B I
i GPT3
fonks:yonu P, T, ve eyi
Yi 7 kullanarak zenit GPT3 zenit tro
uzey . troposferik - i P
meteorolojisi . . ) gecikme
. Meteorolojik gecikmeyi
Yatay parametrelerin [/ belirleme
gradiyent hesabi (P, T €) |
” _________ Ampirik troposfer kil el Sonuclari
gecikme modeli S = karsilastirma ve
mekansal —_— o .
cozinirlik L. i el i) degerlendirme

Sekil 1: VMF3 ve GPT3’lin ZTD kestirimindeki performansinin karsilastirmasi igin olusturulan metodoloji

Uygulamadaki siireci takiben, ilk olarak VMF3 ve GPT3 model uygulamalarinin gergeklestirilebilmesi i¢in Avrupa
Bolgesi’nden dort referans noktasi (bknz. Sekil 2; 1 - 4) secilmistir. Enlem ve yiikseklik faktoriiniin model sonuclarina etkisini
gormek icin farkli enlemlerdeki noktalar tercih edilmistir ve bu noktalardan bir tanesi de farkli yiikseklikte (3 numarali nokta)
yer almaktadir (Sekil 2). Referans noktalarinin bulundugu konumlarda gergekte sabit GNSS istasyonlari mevcuttur ve bu
istasyonlardan sadece grid modellerinden kestirilen ZTD degerlerinin dogrulanmasi i¢in yararlanilacaktir. Bagka bir deyisle,

gridlenmis VMF3 ve GPT3’ten kestirilen ZTD degerlerinin GNSS istasyonlarindaki gézlemlenen degerlerle (IGS-ZTD
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verileriyle) karsilagtirilmasi amaglanmistir.

T
|
|
|

2

% (~51m)

* Parantez icerisinde yazan sayisal degerler, yiiksekligi belitmektedir.

Sekil 2: Calisma icin segilen referans noktalarinin Avrupa Bélgesi’ndeki mekansal dagilimi

Calisma alani se¢iminin ardindan, VMF3 ve GPT3 modellerinden yararlanarak bir yillik periyodu (18.03.2023-18.03.2024)
kapsayacak sekilde veri setleri (VeriSetil; VeriSeti2) hazirlanmistir. VeriSetil’de, gridlenmis VMF3’ten elde edilen bilgiler
(hidrostatik ve 1slak katsayilar vb.) yer almaktadir. VMF3 {iriinii i¢erdigi troposferik katsayilar ve hizli giincellenmesinden
dolay1 ZTDyi yiiksek dogrulukla sunabilmektedir. VeriSeti2, kiiresel basing ve sicaklik modeli olup, yilin giinii ve noktanin
konumuna gore lretilen ortalama meteorolojik parametrelere dayanmaktadir. Burada, GPT3 modeline bagli kalinarak
Saastamoinen Modeli ile hidrostatik bilesen belirlenmistir. Degisken mekansal-zamansal 6zelligi ve su buhari ile iliskisinden
dolayi 1slak bilesen, En Kiigiik Kareler Yontemi ile bilinmeyen parametre olarak epok tabanli kestirilmistir. Bu yoniiyle,
VeriSeti2’ nin igerisinde hidrostatik ve 1slak bilesenin entegrasyonu olan ZTD’ler yer almaktadir. IGS troposfer {iriinii
(VeriSeti3) ise yukarida ifade edildigi gibi grid modellerin dogrulanmasi i¢in kullanilmistir. Nihai agamada, VMF3 ve GPT3
modellerinden elde edilen ZTD degerleri, IGS troposfer iiriiniinden (IGS-ZTD) elde edilen referans ZTD degerleriyle
kargilagtirtlarak model performanslart degerlendirilmistir. Karsilastirma yapabilmek i¢in her {i¢ modelden elde edilen
ZTD’ler giinliik olarak hesaplanmistir (Epok araligi VMF3 icin 6sa>>ZTD ginlik; GPT3 igin ZTDginii™>>Z T Dginiik; IGS-ZTD
icin 5dk>>ZTDgink olarak diizenlenmistir.) Kullanilan veri setlerine ait detayli agiklamalara sonraki boliimlerde yer

verilmektedir.

2.1 Viyana iz Diisiim Fonksiyonu-3 (Vienna Mapping Functions-3, VMF3) Modeli

VMF veri sunucusu (https://vmf.geo.tuwien.ac.at/), kiiresel anlamda ¢ok sayida IGS istasyonu igin agik erigimli veri
sunmaktadir. Ayrik troposfer gecikme modellerinin dnciisii olan bu sunucu hem grid hem de istasyon bazli 151n izlemeli (ray-
tracing) VMF1 ve VMF3 troposferik iiriinlerini kullanicilara saglamaktadir (Akar & Inal, 2024). flk olarak VMF1 iiriini,
ECMWF ERA-40 yeniden analiz verileri kullanilarak 3° yiikseklik acisinda 1sin izlemeli gecikmelere dayali olarak
olusturulmustur (Bohm vd., 2006). Bir diger VMF3 {irtinii ise, VMF1’in gelistirilmis ve ylikseklik agisindaki eksiklikleri
giderilmis versiyonudur. Bu troposferik tiriin, sayisal hava tahmin modellerine dayali 3° yiikseklik agisinda ve sekiz esit
aralikl1 azimutta 151n izlemeli izdiisiim fonksiyonlarina gére iiretilmistir (Ssenyunzi vd., 2023). Iki troposfer iiriinii de her alt:
saatte bir, dort epokta (00, 06, 12 ve 18, giinliik) yaymlanmaktadir (URL-1). VMF3, 1° x 1° ve 5°x 5° mekansal ¢ozlintirlige
sahip olup kiiresel gridler seklinde de belirlenebilmektedir (Nzelibe & Idowu, 2023). Grid verileri igerisinde; enlem, boylam,
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zenit hidrostatik ve 1slak bilesenlerin izdiisiim fonksiyonu katsayilari, zenit hidrostatik gecikme, zenit 1slak gecikme
bilesenleri paylasilmaktadir (https://vmf.geo.tuwien.ac.at/trop_products/GNSS/VMF3/). Alt1 saatlik epok araligma sahip

olan bu veriler ¢alisma kapsaminda ortalamasi alinarak giinliik olarak belirlenmistir.

2.2 Global Basing ve Sicaklik - 3 (Global Pressure and Temperature-3, GPT3) Modeli

GPT3 modeli, Chen ve Herring (1997) tarafindan gradyan formiilii i¢in tasarlanmis, ampirik yatay gradyanlar1 da iceren
GPT2w’nin devamidir ve GPT serisinin en yeni versiyonudur (Landskron & Bohm, 2018). Bu ampirik model, atmosferik
parametreler arasinda basing, agirlikli ortalama sicaklik, su buhari basinci ve su buhari sicaklik diisiis orant gibi 6nemli
faktorler esas alinarak gelistirilmistir (Yuan vd., 2024). Model ayn1 zamanda, kullanicilar igin ortalama deger ve grid
noktalarindaki genlik ile kiiresel meteorolojik parametreleri tiireterek 1°x1° ve 5°x5° mekansal ¢oziiniirliikte troposfer tiriinii

olusturabilmektedir (Li vd., 2022; URL-1). S6z konusu GPT3 modeline iligkin trigonometrik esitlik asagida verilmistir (1).

_ doy . doy doy . doy
m(t) = Ay + A, cos (365_25 Zn) + Bysin (365_25 Zn) + Aycos (365_25 4n) + B,sin (365_25 4n) (1)

Burada, m(t) kestirilecek meteorolojik parametreyi, A, ortalama degeri, (4;, B;) yillik genlikleri, (A,, B,) alt1 aylik
genlikleri, doy yilin gliniinii temsil etmektedir. Esitlik 1’e dayali olarak en yakin dort grid noktasindan gerekli meteorolojik
parametrelerin elde edilmesinde, istenilen konumun parametrelerinin kestirimi igin ¢ift dogrusal enterpolasyon algoritmasi
kullanilmaktadir (Wei vd., 2023). Buraya kadar olan kisim modelden meteorolojik parametrelerin elde edilmesini
kapsamaktayken, elde edilen sonuglar Saastamoinen (1972) ve Askne ve Nordius (1987) gibi troposferik gecikme
modellerine dahil edilmektedir. Literatiirde, hidrostatik ve 1slak bilesenlerin kestirimi i¢in GPT3 modeline iliskin farkli

arastirmalar mevcuttur (Bahadur, 2022; Landskron & Bohm, 2018).

2.3 IGS Troposfer (IGS-ZTD) Uriinii

IGS analiz merkezi, yer tabanli GNSS gozlemlerine dayali olarak elde edilen troposferik gecikme diizeltme iriinlerini
sunmaktadir (Teunissen & Montenbruck, 2017). Troposferik iiriindeki veri dosyalari; ZTD, kuzey ve dogu troposfer gradyan
bilesenlerinin bes dakikalik tahminlerini icerir. Veriler, IGS aginda yaklasik 513 GNSS istasyonu i¢in saha bazinda giinliik
dosyalar halinde mevcuttur (URL-2). IGS tarafindan paylasilan troposfer iiriinlerinde; IGS final uydu yoriinge ve yer donme
parametresi tirtinleri kullanilir ve bu nedenle gézlem giiniinden yaklasik {i¢ hafta sonra kullanima hazir hale gelirler. Model
hesaplamalarinda, &nciil troposfer (hidrostatik) degerleri i¢in Saastamoinen Modeli ve Niell Izdiisiim Fonksiyonu (Niell
Mapping Function, NMF), 1slak bilesen kismin1 kestirmek i¢in de Islak Global izdiisiim Fonksiyonu (Wet Global Mapping
Function, wet GMF) kullanilmaktadir.  Troposferik  {iriinler, standart IGS  formatinda  mevcuttur
(https://cddis.nasa.gov/archive/gnss/products/troposphere) ve 4 mm’ye kadar dogrudur. Béylece diger ZTD firiinlerinin

performanslarint degerlendirmek i¢in referans standardi olarak kullanilabilir.

Bu ¢alismada, IGS tarafindan yayinlanan troposferik iiriin (IGS-ZTD), gridlenmis VMF3 ve GPT3 modelleri tarafindan elde
edilen giinlik ZTD degerlerinin karsilastirilmasi amaciyla kullanilmistir. Diger bir ifadeyle, uluslararasi anlamda gegerliligi
olan, dogrulugu yiiksek ve bilimsel arastirmalarda siklikla kullanilan IGS-ZTD iiriiniine nispeten yakin sonug elde edilebilen

gridlenmis iiriiniin belirlenmesi hedeflenmistir.

3. Bulgular ve Tartigma

VMF3 modelinden elde edilen ZTD’ler ile GPT3 modeline dayal: tiiretilen ZTD degerlerine iliskin analiz sonuglart bu

bdliimde tartisilacaktir. Degerlendirmeye gegmeden dnce, dnceki boliimlerde bahsedildigi gibi Avrupa Bolgesi’nden segilmis
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dort referans noktasint kapsayacak sekilde troposferik iiriinlerden (VMF3 ve GPT3) 1°x1° mekansal ¢oziiniirliikte ilgili
veriler alinmistir. VMF3 igin sicaklik, basing, su buhari basinci ve hidrostatik/islak bilesen katsayilarina dayali olarak giinliik
ZTD’ler elde edilmis (Sekil 3a’daki siyah noktalardan olusan gridler) ve bu ZTD’lerden bilineer enterpolasyon yoluyla da
dort noktadaki sonug degerler kestirilmistir. Diger taraftan, GPT3 te ilk belirlenmesi gereken meteorolojik degerler oldugu
icin grid noktalarinda sicaklik, basing, su buhar1 basinci gibi parametre degerleri hesaplanmistir (Sekil 3b). S6z konusu
parametrelerin Saastamoinen Modeli’ne dahil edilmesiyle hidrostatik bilesenler, bilinmeyen parametrelerin epok bazli
kestirimiyle de 1slak bilesenler tespit edilerek bunun sonucunda ZTD’ler elde edilmistir. Yine VMF3 modelinde oldugu gibi,

bilineer enterpolasyon yoluyla dort referans noktasinin ZTD’leri kestirilmistir.

V":’Fi"(zro)i ap Ay Zpg Zyyg GPT3(met_£amm) ; Ao(p;t;e/h/Acoef) A;B; A, B,
A

« ab.|
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Sekil 3: (a) VMF3 ve (b) GPT3 verilerinin bilineer enterpolasyonu yoluyla dért referans noktasindaki ZTD’lerin kestirimi

Sekil 4, ilgili referans noktalarinda VMF3/GPT3 iriinlerinden elde edilen giinlik ZTD’ler ile IGS’nin sagladigi ZTD’lerin
zaman serilerini gostermektedir. Goriildigii tizere farkli konumlardaki referans noktalariin timiinde meteorolojik kosullara
bagl olarak mevsimsel etkinin var oldugu ve bu etkinin uzun periyotta dalgalanmalara yol agtig1 sdylenebilir. Zaman
serilerine bakildiginda VMF3 modelinin IGS-ZTD’ye daha yakin sonuglar tirettigi, GPT3 modelinin ise biraz daha farkli
sonuglar elde ettigi gdzlemlenmistir. Ozellikle, yazdan kisa ya da kistan yaza gecis gibi mevsimsel degisimlerin yasandigi
belirli donemlerde GPT3 modelinin VMF3 ¢ kiyasla daha belirgin sonuglar tirettigi goriilebilir (Sekil 4’teki zaman serilerinde
olusan yesil renkli tepe ve cukurlar). Bunun sebebi GPT3 modelinin mevsim gecislerindeki kirilmalart tam olarak
yansitamayip hesaplamalar sonucunda bunu siniizoidal dalgalanma seklinde belirleyebilmesidir. GPT3 modeli yalnizca ZTD
yillik ve alti aylik dongii ozelliklerini igeren ampirik bir modeldir. Dolayisiyla GPT3 modelinin performansi farkl
donemlerde benzerdir (Cao vd., 2021). Ancak bu durum modelin arazi kosullarindaki atmosferik sartlara bagli sonug iiretmesi
acisindan dezavantajdir. Ciinkii ortalama degerlere dayali olarak deneysel esitlikler sonucu elde edilen ZTD’ler, anlik arazi

sartlarindan ve ilgili konumdaki gézlemlenen ZTD’lerden farklilasabilmektedir (Li vd., 2022).

Sekil 4’teki serilerden; 1,2 ve 4 no’lu referans noktalarinin ZTD agisindan benzer karakteristik degerleri sergiledigi ve bu
degerlerin yillik ortalama 2.4 m oldugu sonucuna varilmistir. 3 no’lu referans noktasi ise daha diigitk ZTD degerlerine sahiptir
ve yillik ortalama ZTD 2.2 m olarak bulunmustur. Bu noktanin diger {i¢ noktaya kiyasla yiiksekliginin fazla olmasi hava
yogunlugunun daha az ve atmosferin ince olusu, sicakligin tutunamamasina sebep olmustur. ZTD degeri, atmosferik katman

kalinlig1, sicaklik degisimleri ve arazi 6zelliklerinden dolay: yiikseklikten etkilenir. Yiikseklik arttik¢a atmosfer kalinligi ve
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su buhart igerigi genellikle azalir. Bu faktdrler tipik olarak yiliksek rakimlarda daha diisilk ZTD degerlerine yol agarak
modellerin dogrulugunu etkiler (Akar & Inal, 2024 ;Yao vd., 2018).

1 No’lu Ref. Nokta (52.5°K, 6.3°D) 2 No'lu Ref. Nokta (54.1°K, 12.0°D)
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Sekil 4: Farkli troposferik (riinlerden elde edilen ZTD zaman serileri

Troposfer iriinlerinin ZTD’yi kestirme yetenegini daha detayli arastirmak i¢in, VMF3 ve GPT3’ten kestirilmis gilinliik
ZTD’ler ile yerinde gozlemlerle elde edilmis referans IGS-ZTD verileri arasindaki farklarin Karesel Ortalama Hatalari
(KOH) ve maksimum degerleri hesaplanmistir (Tablo 1). Ayrica, ilgili driinlerin performanslarini zamansal yoniiyle

gostermek i¢in Sekil 5’teki dagilim grafikleri olusturulmustur.

Tablo 1°de, VMF3 modeli GPT3 modelinden daha diigitk KOH degerlerine sahiptir. Burada, GPT3 modelinden elde edilen
KOH degerleri 3.2-5.0 cm arasinda degisirken, VMF3 modelinde 0.7-1.1 cm arasinda degisim gozlemlenmistir. Ozellikle, 3
no’lu referans noktasinin diger ii¢ noktadan daha yiiksek rakimda bulunmasina ragmen model dogrulugu azalmamuistir.
Ciinkii, bu calismada kullanilan VMF3 ve GPT3 modellerinde yiikseklik diizeltmeleri halihazirda dikkate alindigi icin
sonuglari etkilememistir. Diger taraftan, Sekil 5’e bakildiginda 6zellikle GPT3 modeli KOH’lariin daha daginik bir yapida
oldugu goriilebilir. KOH’larin dagimik yapisi ve yatay cksenden uzaklagmasi, GPT3 modelinin ZTD’yi daha disiik

dogrulukla tahmin ettigini gostermektedir.

Tablo 1: Calismada kullanilan modeller ile referans IGS-ZTD arasindaki farklardan elde edilen KOH ve maksimum degerler

VMF3 GPT3
Referans No. KOH Mak. Deger KOH Mak. Deger
(cm) (cm) (cm) (cm)
1 0.8 3.8 3.5 9.5
2 1.0 3.0 4.0 10.0
3 0.7 3.7 3.2 8.1
4 1.1 5.9 5.0 11.3
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Sekil 5: DOY’lara gére VMF3 ve GPT3 modellerinden elde edilen KOH degerleri

Genel anlamda, VMF3 modelinden elde edilen bulgular herhangi bir bolgedeki toplam zenit gecikmelerinin ¢ift dogrusal
enterpolasyon yaklagimiyla kestirimi ¢alismalarinda basarili bir sekilde kullanilabilecegini gdstermigtir. Ayni zamanda,
troposfer model dogrulugu icin diisey profil boyunca bilgiye ihtiya¢ oldugu dikkate alinirsa ampirik modelin (GPT3) 1s1n
izlemeli modele (VMF3) kiyasla daha diigiikk dogrulukta sonug iiretmesi olasidir. Referans IGS-ZTD degerleri, GNSS veri
degerlendirmeleri sonucunda elde edilmektedir ve bu degerlendirmede atmosferin dogrudan algilanmasi saglanmaktadir.
VMF3 degerleri de igerdigi katsayilar ve yerinde olgiiler (in-situ) ile kisa periyotta giincellenerek gecikmeyi basarili bir
sekilde belirleyebilmektedir. Bu, Tablo 1°deki VMF3-ZTD ile IGS-ZTD arasindaki KOH’larin daha diisiik olmasinin bir
diger nedenidir. Giiniimiizde, her iki troposfer modeli de yaygin olarak kullanilmasina ragmen dokuzuncu dereceye kadar
kiiresel harmoniklere dayanan GPT3 modeli, yerinden gozlemlerden/degerlerden uzaklasmaktadir (Chen vd., 2011). Diger
bir ifadeyle, bu ¢aligmanin sonuglarindan, VMF3’iin GPT3 modeline kiyasla saha bazindaki (site-wise) troposfer modellere

daha yakin sonugclar elde ettigi sonucuna varilabilir.

4. Sonug ve Oneriler

Bu c¢aligmada, VMF Veri Sunucusu’nun ayrik (grid bazli VMF3) ve ampirik (GPT3) modellerine dayali olarak kestirilen
giinlik ZTD’ler degerlendirilmistir. Modellerin performansini karsilastirmak igin IGS tarafindan saglanan ZTD fiirlinleri
(IGS-ZTD) referans degerler olarak kullanilmistir. 2023’ten 2024’e¢ kadar bir yillik zamansal alani kapsayan, Avrupa
Bolgesi’nden secilmis rastgele dort referans noktasi igin ZTD’ler kestirilmis ve KOH degerleri hesaplanmistir. Analiz
sonuglari, VMF3 modelinin IGS-ZTD referans degerlerine benzer sonuglar iirettigini (Sekil 4) ve bu gridlenmis modelin
GPT3 modeline kiyasla daha iyi dogruluk performansi sergiledigini gostermistir (Tablo 1). ZTD farklarindan elde edilen
bulgular dikkate alindiginda, GPT3 modelinin rastgele se¢ilmis dort referans noktasindaki KOH degerleri 3.2 cm ile 5.0 cm
arasinda degisirken, bu degerler VMF3 modelinde 0.7 cm ile 1.1 cm arasinda degismistir. Yani, GPT3 modelindeki hata
degerleri, VMF3 modeline kiyasla neredeyse bes kat1 biiytikliiktedir.

Calismada yiikseklik farkinin da sonuglara etkisini gérmek amaciyla 3 no’lu referans noktasi, diger 1, 2 ve 4 no’lu noktalara
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kiyasla daha yiiksek rakimda secilmisti. Her ne kadar yiikseklik farki troposfer iirlinlerinin dogrulugunu etkileyen en 6nemli
kriterlerden biri olsa da ayrik ve ampirik modeller halihazirda yiikseklik diizeltmesini dikkate aldig1 i¢in sonuglarda 6nemli
6l¢iide degisikliklere yol agmamuistir. Yiiksekligin artmast sonucu atmosfer sicakliginin, katman kalinliginin ve su buhart
igeriginin azaligindan dolay1, Sekil 4’teki zaman serilerinden de goriildiigii gibi sadece ZTD degerlerinin daha diisiik olmasina

etki etmistir.

Sonug olarak; ayrik VMF3 modelinin, ampirik GPT3 modeline gore enterpolasyonu daha dogru uygulama ve iyi mekéansal
genelleme kabiliyetlerine sahip oldugu goriilebilir. Bu yoniiyle VMF3’iin tahmin basarisi, GPT3 modelinden daha yiiksektir.
Ozellikle, yerinde gézlemin miimkiin olmadig1 ya da saha bazl iiriinlere ait veri arsivinin olmadig1/eksik oldugu konumlarda
modellerin her ikisi de tercihe bagli kullanilabilir. Dezavantaji sudur ki, bolgesel varyasyonlari ve mevsimsel etkileri yerinde

gozlemlendigi gibi net bir sekilde ortaya ¢ikaramazlar ve hatalara sebebiyet verebilirler.
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Abstract: Throughout history, viruses have posed significant threats to human life and health. In the context of the historical pandemics,
Covid-19, rapidly spread across continents and was declared a pandemic by the World Health Organization on 11 March 2020. The first
case in Tiirkiye was detected on the same date. Understanding the spatial distribution of the Covid-19 is crucial for effective public health
planning and intervention. Geographic Information Systems (GIS) technology can be leveraged as a visualization aid to map the
geographical distribution of the disease, the potential risk factors, and the resources available for treatment and prevention. To effectively
map and analyze the spatial distributions, and local/global dynamics of the Covid-19 virus, various GIS-based interpolation methods were
employed. To understand these dynamics, this study presents a detailed spatial analysis using interpolation methods to evaluate
spatiotemporal changes on seasonal levels in the Covid-19 pandemic in Tiirkiye. Seasons investigated in a 1-year period were determined
as follows: Spring, from 20 March 2021 to 18 June 2021; Summer, from 19 June 2021 to 17 September 2021; Autumn, from 18 September
2021 to 17 December 2021, and Winter, 18 December 2021 to 18 March 2022. Seasonal case distribution maps produced from city-level
and district-level seasonal case data utilizing Inverse Distance Weighting (IDW), Radial Basis Function, Spline interpolation, and
Empirical Bayesian Kriging (EBK) interpolation methods. Finally, the spread of Covid-19 in Tiirkiye was investigated on the seasonal
scale, and interpolation results were assessed by standard deviation, mean absolute error, and root mean square error. The results of this
study demonstrated that the period of highest incidence of cases of Covid-19 in Tiirkiye was winter. Overall, when considering error
metrics, EBK and IDW generally proved to be the most reliable methods across different scales and conditions. In contrast, Spline
interpolation’s tendency to overfit the data made it less suitable for these datasets.

Keywords: Covid, Pandemic, Data visualization, Spatial interpolation, Performance assessment

Tiirkiye’de Covid-19 yayiliminin arastiriimasinda enterpolasyon tekniklerinin performans
degerlendirmesi

Oz: viriisler, tarih boyunca insan yasami ve saglgu icin onemli tehditler olusturmustur. Tarihsel pandemiler baglaminda Covid-19, kitalar
arasimda hizla yayimis ve 11 Mart 2020 tarihinde Diinya Saghk Orgiitii tarafindan pandemi olarak ilan edilmistir. Tiirkiye deki ilk vaka
da aym tarihte tespit edilmistir. Covid-19 un mekdansal dagilimimin anlasilmasi, etkili halk saghgi planlamast ve miidahalesi icin ¢ok
onemlidir. Cografi Bilgi Sistemleri (CBS) teknolojisi, hastaligin cografi dagilimini, potansiyel risk faktorlerini tedavi ve énleme i¢in mevcut
kaynaklarin haritalanmasi igin bir gorsellestirme araci olarak kullanilabilmektedir. Covid-19 viriisiiniin mekansal dagilimlarimin ve
verel/kiiresel dinamiklerinin etkin bir sekilde haritalanmasi ve analiz edilmesi i¢in ¢esitli CBS tabanli enterpolasyon yontemleri
kullanilmaktadwr. Bu dinamiklerin anlagilabilmesi i¢in bu ¢alisma, Tiirkiye'deki Covid-19 pandemisindeki mekdnsal-zamansal
degisikliklerinin degerlendirilmesi iizerine enterpolasyon ydntemlerini kullanarak mevsimsel diizeyde ayrintili bir mekdnsal analiz
sunmaktadir. Bir yillik donemde incelenen mevsimler: Tlkbahar, 20 Mart 2021 - 18 Haziran 2021 tarihleri arasi; Yaz, 19 Haziran 2021 -
17 Eyliil 2021 tarihleri arasi; Sonbahar, 18 Eyliil 2021 - 17 Aralik 2021 arasi; ve Kis, 18 Aralik 2021 - 18 Mart 2022 tarihleri arast olarak
belirlenmistir. Mevsimsel dagilim haritalari, Ters Mesafe Agirliklandirma (IDW), Radyal Temelli Fonksiyon, Spline enterpolasyonu ve
Ampirik Bayesian Kriging (EBK) enterpolasyon yontemleri kullanilarak sehir ve ilce diizeyinde mevsimsel vaka verilerinden iiretilmistir.
Son olarak, Covid-19 un Tiirkiye deki yayilimi mevsimsel él¢ekte incelenmis ve enterpolasyon sonuglart standart sapma, ortalama mutlak
hata ve kok ortalama kare hatasi ile degerlendirilmistiv. Bu ¢alismanin sonuglari, Tiirkiye'de Covid-19 vakalarinin en sik goriildiigii
dénemin kis mevsimi oldugunu gostermistir. Genel olarak, hata él¢iitleri dikkate alindiginda, EBK ve IDW 'nin farkli olgekler ve kosullar
arasinda en giivenilir yontemler oldugu kanitlanmistir. Buna karsilik, Spline in verilere asiri uyum saglama egilimi, onu bu veri kiimeleri
icin daha az uygun hale getirmigtir.

Anahtar Sozciikler: Covid, Pandemi, Veri gorsellestirme, Mekansal enterpolasyon, Performans degerlendirmesi
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1. Introduction

Throughout history, viruses have posed significant threats to human life and health. From the Spanish Flu of 1918 to the
more recent HIN1 pandemic, viral outbreaks have repeatedly demonstrated their potential for widespread morbidity and
mortality (Johnson & Mueller, 2002; Taubenberger & Morens, 2006). The global incidence of outbreaks, defined as both
pandemics and epidemics, has been considerable throughout history. While epidemics affect a substantial proportion of
individuals within a given society, pandemics, in contrast to epidemics, have a significant impact on economic and social

order across a wider geographical area (Jedwab et al., 2021).

In the context of historical pandemics, the current SARS-CoV-2 (Covid-19) virus-induced pandemic represents a modern-
day crisis with an unforeseen global impact. In late December 2019, the initial cases of the novel coronavirus were identified
in Wuhan, China, presenting with atypical pneumonia (Zhu et al., 2020). The initial situation report prepared by the World
Health Organization (WHO) indicated that, as of the 20 of January 2020, there had been a total of 282 confirmed cases of
the disease. Of these, 278 were in China, 2 were in Thailand, 1 was in Japan and 1 was in Korea. Subsequently, the virus
spread rapidly across Asia, Europe, America and Africa, leading to its declaration as a pandemic by the WHO on 11 March
2020. On the same date, the first case of Covid-19 was detected in Tiirkiye and subsequently announced by the Minister of
Health, Fahrettin Koca (URL-1). On 5 May 2023, the WHO announced that the status of the Covid-19 pandemic had been
revised from a public health emergency of international importance to a pandemic due to the ongoing infectiousness and
disease (URL-2). The rapid spread and high transmissibility of Covid-19 have underscored the critical need for effective

public health strategies and interventions.

The trajectory of the pandemic in Tiirkiye mirrored global trends, with waves of infections prompting a series of public health
interventions, including lockdowns, travel restrictions, and vaccination campaigns (URL-3). The impact on Tiirkiye’s
healthcare system and economy has been profound, highlighting the importance of understanding the spatial and temporal

dynamics of the virus.

Understanding the spatial distribution of the virus is crucial for effective public health planning and intervention. At this
point, Geographic Information System (GIS) has proven invaluable in mapping and analyzing the spatial spread of infectious
diseases, offering insights that are critical for targeted responses. For instance, GIS technology can be leveraged as a
visualization aid to map the geographical distribution of the disease, the potential risk factors, and the resources available for

treatment and prevention (Jia et al., 2023; Kang et al., 2020; Kumar et al., 2020; Murugesan et al., 2020).

A variety of GIS applications, including interpolation methods, have been employed to enhance comprehension of the spatial
distribution and local and global dynamics of the Covid-19 disease (Franch-Pardo et al., 2020). Ibarra-Bonilla et al. (2023)
used the Inverse Distance Weighting (IDW) method to analyze the spatial distribution Covid-19 cases and deaths in the state
of Chihuahua, Mexico, from Winter 2019-2020 to Fall 2021. The study emphasized the significance of human mobility and
socio-economic elements in the propagation of the disease and concluded that the IDW method was a valuable tool for
elucidating the spatial dissemination of the virus and could potentially contribute to its management. Murugesan et al. (2020),
employed the use of IDW interpolation to predict the spread of the novel coronavirus (Covid-19) in India. This approach
allowed for the identification of high-risk areas, providing valuable information for government monitoring and response
strategies. The study’s findings suggest that IDW interpolation is an effective method for predicting the spread of the disease
in India. Furthermore, the study proposes that this method can be applied to other countries with similar distance and density

characteristics. Cong Nhut (2023) compares the Kriging methodology with traditional techniques for predicting the number
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of deaths resulting from Covid-19 in Vietnam. The findings demonstrate that the Kriging approach results in a smaller forecast

error and is therefore a suitable method for developing a predictive model.

Despite the extensive literature on Covid-19, there is a notable absence of studies focusing on the geographic distribution of
cases, particularly in Tiirkiye. Some studies have focused on the relationship between vehicle traffic and air quality during
the pandemic in Tiirkiye (Alemdar et al., 2021; Bugdayci et al., 2023; Kotan & Erener, 2023). Kirlangicoglu (2022)
investigated the impact of regional characteristics on the spatial distribution of the pandemic in Tiirkiye. The study employed
the use of IDW interpolation and multiple linear regression analysis to examine the relationship between provincial incidence

rates and 18 explanatory variables.

Although there are studies in the literature comparing interpolation methods (Ikechukwu et al., 2017; Li & Heap, 2008), there
is a gap in the existing literature regarding the investigation of the performance of interpolation methods utilizing data
regarding Covid-19. This is particularly regarding the visualization of the spatial distribution of the virus, which has not been
adequately addressed in previous studies. This study aims to evaluate the performance of the selected interpolation methods
regarding the spatial distribution of Covid-19 in Tiirkiye. For this purpose, the city-level data on the number of cases of
Covid-19 in Tiirkiye was employed to derive interpolated maps. To assess the impact of the pandemic, the data were arranged
on a seasonal timescale, and a district-level dataset was produced by weighting the population of each district. Both city-level
and district-level data were randomly divided as 90% for interpolation models and 10% for the accuracy assessment of the
interpolation. Interpolated maps produced from city-level and district-level seasonal case data utilizing IDW, Radial Basis
Function (RBF), Spline interpolation, and Empirical Bayesian Kriging (EBK) interpolation methods. Finally, the spread of
Covid-19 in Tiirkiye was investigated on the seasonal scale, and interpolation results were assessed by standard deviation

(SD), mean absolute error (MAE), and root mean square error (RMSE).

2. Methodology

The analyses in this study are implemented as follows: first, the data sets were collected and organized, statistical quantities
were calculated, and interpolation methods were applied to the data sets. Finally, accuracy was assessed by statistical results,

and the spread of the pandemic was evaluated.

2.1 Study Area

This study has been realized using the seasonal coronavirus case numbers in Tiirkiye. The study area, Tiirkiye, is located at
the intersection of two continents, centered on the Anatolian peninsula in Western Asia and within a minor portion of

Southeast Europe. Tiirkiye comprises 81 cities, and 922 districts.

The data set comprised 90% of cities and districts, which were randomly selected for use in the construction of interpolated
maps. The remaining 10% of cities and districts were reserved for the purpose of map control. In other words, the accuracy
of the interpolated maps was assessed using 92 districts and 8 cities. Figure 1 provides a visual representation of the

geographical scope of the study, illustrating the borders of cities and districts and the cities and districts utilized as a control.

2.2 Materials and Methods

The Covid-19 case number data in this study were provided by the Turcovid19 (https://turcovid19.com) open data platform.
The Turcovid19 platform presents Tiirkiye’s Covid-19 pandemic data in xls and csv file extensions, ready for analysis (Ucar

et al., 2020). The Python programming language was used to organize and analyze the data for this investigation. The
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spatiotemporal studies were performed using the ArcGIS Pro 3.3.1 software.
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Figure 1: Map of the study area, Tiirkiye

Country-level data is available from the first case of Covid-19 in Tiirkiye, which was announced by the Turkish Ministry of
Health on March 11, 2020, to May 31, 2022, on the Turcovid19 platform. In addition, city-level data is available as the
number of cases per 100 000 people per week between February 8, 2021, and March 25, 2022. To examine the study on a
seasonal scale, approximated equinox dates were determined as the start dates of the season. Consequently, the study
encompasses one year following the onset of the pandemic in Tiirkiye, encompassing the dates between March 20, 2021, and

March 18, 2022.

Figure 2 presents the weekly new cases and cumulative cases of the Covid-19 outbreak in Tiirkiye between March 20, 2021,
and March 18, 2022. The study revealed that the cumulative number of cases, 3 149 094 at the beginning, reached 14 663
508 by the end of the one-year study period. Upon examination of the number of new cases on the graph, it becomes apparent
that there is a discernible pattern of peaks in the increase in the number of cases. The maximum weekly number of new cases
was observed between January 29, 2022 - February 4, 2022, with 708 159 new cases detected. In contrast, the minimum

weekly number of new cases was observed in the week of July 3, 2021 - July 9, 2021, with 34 933 new cases detected.

The analyzed seasons comprise equal time intervals, each of which is 13 weeks long, equivalent to 91 days. Table 1 presents

the temporal intervals demarcating the seasons investigated in this research.
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Covid-19 in Tiirkiye: Cumulative and Weekly New Cases
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Figure 2: Weekly new case and cumulative case numbers of the Covid-19 outbreak in Tiirkiye (March 20, 2021- March 18, 2022)

Table 1: Time intervals of the seasons analyzed

# Season Time interval Weeks  Days
1 Spring 20 March 2021 — 18 June 2021 13 91
2 Summer 19 June 2021 — 17 September 2021 13 91
3 Autumn 18 September 2021 — 17 December 2021 13 91
4 Winter 18 December 2021 — 18 March 2022 13 91
Overall 52 364

The seasonal and cumulative case numbers of the Covid-19 outbreak in Tiirkiye from March 20, 2021, to March 18, 2022,
are presented in Figure 3. The graph demonstrates the cumulative and seasonal incidence of novel coronavirus infections in
Tiirkiye. The cumulative number of cases, represented by the red line, exhibits a consistent increase from approximately 5
million at the end of the spring season to nearly 15 million during the winter months. The green bars illustrate the seasonal
total number of new cases. In the one-year data analyzed in this study, the proportion of new cases recorded in spring was
20.4%, which decreased to 12.3% in summer and then increased slightly to 20% in autumn. The highest proportion, 47.3%,
was observed in winter. This seasonal distribution indicates a substantial increase in new cases during the winter months,

contributing significantly to the cumulative increase.

Covid-19 in Tiirkiye: Cumulative and Seasonal New Cases
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Figure 3: Seasonal case and cumulative case numbers of the Covid-19 outbreak in Tiirkiye (March 20, 2021- March 18, 2022)

Population data for Tiirkiye was collected from the Turkish Statistical Institute (TurkStat) at the city and district levels.
According to the data, the country-level population is 84 680 273 in 2021 and 85 279 553 in 2022. The maximum population
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lives in Istanbul, and the minimum population lives in Ardahan both in 2021 and 2022. While Istanbul’s population is 15 840
900 in 2021, it is increasing to 15 907 951 in 2022. Ardahan’s population is 39 130 in 2021, slightly changed in 2022 as it is
39 123. City populations are illustrated in Figure 4 in alphabetical order.
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Figure 4: Population Statistics of Turkish Cities (2021-2022)

The average district population in Tiirkiye is 87 030 in 2021 and 87 646 in 2022. The lowest population is recorded in Konya,
Yalihiiyiik as 1532 and 1710 in the years 2021 and 2022, respectively. In addition, the highest population is recorded in
Istanbul, Esenyurt as 977 489 and 983 571, in the years 2021 and 2022, respectively.

The number of Covid-19 cases at the district level was not recorded by the authorities. Therefore, assuming it changes directly
to the district population data, the seasonal number of Covid-19 cases was calculated at the district-level from city-level data

by weighting it according to the population data.

Based on the seasonal Covid-19 case data at the city and district level and population data size, it is inconvenient to illustrate
as a graph. Consequently, GIS tools are beneficial for analyzing spatial data, improving decision-making processes, and
enhancing mapping and geographic analysis efficiency and accuracy. Additionally, interpolation techniques are invaluable
in this context. These methods allow estimating Covid-19 case numbers in areas where data might be sparse or unavailable
by using known data points to predict unknown values. Interpolation techniques can provide a more detailed and continuous
surface of infection rates, helping public health officials identify potential hotspots, allocate resources more effectively, and
implement targeted interventions. By leveraging these interpolation methods within GIS platforms, deeper insights are

gained, and more precise spatial representations of the pandemic’s impact are created.

In this study, seasonal changes in the spreading of Covid-19 are evaluated using IDW, RBF, Spline interpolation, and EBK
interpolation techniques for city-level and district-level data. Employing multiple interpolation methods aims to assess their
comparative effectiveness in accurately modeling the spatial distribution of Covid-19 cases across different geographic
scales. Each interpolation method has unique characteristics and assumptions that can influence the results. For instance,
IDW emphasizes closer data points more heavily, making it useful for areas with dense data. RBF can model smooth

variations over space, while Spline interpolation can capture local trends and variations. EBK considers spatial
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autocorrelation and can provide statistically optimal predictions (Ikechukwu et al., 2017). By applying a range of techniques,
it is aimed to identify the most suitable methods for different scales of analysis and data distributions, thereby enhancing the
robustness and reliability of our spatial analysis. This comprehensive approach allows for a better understanding of the

seasonal patterns of Covid-19 and supports more targeted and effective public health interventions at city and district levels.

Table 2: Exposure risk classifications are according to seasonal Covid-19 case numbers at city and district levels

Number of seasonal Covid-19 cases (100.000)

# Exposure risk
City-level District-level

1 <750 <400 Very Low

2 <1500 <800 Low

3 <2250 <1200 Medium-Low

4 <3000 <1600 Medium

5 <3750 <2000 Medium-High

6 <4500 <2400 Moderate

7 <5250 <2800 Moderate-High

8 <6000 <3200 High

9 <6750 <3600 Very High

Seasonal Covid-19 cases data at the city and district level were organized as point data centered on the city and district
locations. Then the raster data produced due to interpolation techniques were classified according to the determined statistical

quantities proposed in Table 2.

The data distribution for each season was considered in determining the threshold values presented in Table 2. The data sets
at the City and District levels were evaluated separately for this purpose. The average range was calculated using the range
values (Table 3) of the seasonally separated data sets. The average range was then divided by nine, as the visualization will
employ nine classes. The values were rounded to multiples of 250 for the city level and multiples of 100 for the district level

to establish the threshold values.

The interpolated maps were evaluated through a comparison with the data allocated for control purposes. The seasonal data
on cases of coronavirus disease 2019 (Covid-19) in provinces and districts determined for control purposes were compared

with the values obtained by interpolations. The SD, MAE and RMSE were calculated.

3. Results and Discussion

In this study, interpolation methods were applied to evaluate spatiotemporal changes in the Covid-19 pandemic in Tiirkiye.
Investigated seasons in 1 year period determined as follows: Spring, from 20 March 2021 to 18 June 2021; Summer, from 19
June 2021 to 17 September 2021; Autumn, from 18 September 2021 to 17 December 2021; and Winter, 18 December 2021
to 18 March 2022. The separation of these seasonal periods was conducted to capture variations in the number of cases in
different periods, which can be influenced by factors such as weather, social behavior and public health interventions.
Similarly, the objective of seasonal evaluation of Covid-19 data is also addressed by [barra-Bonilla (2023). All interpolation
methods were applied using by seasonal number of Covid-19 cases per 100 000 people data on both city-level and district-

level.
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Table 3: Descriptive statistics of Covid-19 seasonal number of cases data

Level Season Average Median Minimum Maximum Range
City Summer 2410.8 24254 410.2 5034.4 4624.2
City Spring 1818.4 1687.6 411.2 4839.7 4428.5
City Autumn 2753.2 2629.4 284.9 5394.8 5110.0
City Winter 5497.0 5692.7 542.6 10723.1 10180.5

District Summer 200.7 86.9 1.7 2527.8 2526.1
District Spring 151.4 58.1 0.7 2545.2 2544.5
District Autumn 229.2 87.8 0.8 3137.7 3136.9
District Winter 457.6 191.8 1.6 5548.1 5546.6

Table 3 represents the descriptive statistical results of the data set used in this study. When one year of data was analyzed, it
was already determined that most of the cases occurred in the winter season. Following the winter season, the distribution of
the number of Covid-19 cases orders as spring, autumn, and summer, respectively. The observed increase in cases during the
winter season can be attributed to the fact that cold weather conditions lead to an increased spread of respiratory tract
infections. This increase is corroborated by McClymont and Hu (2021), who suggest that temperature is an important factor

in the transmission of Covid-19.

Firstly, the IDW interpolation method was employed to process the city-level seasonal Covid-19 data for each season. The
maps were reclassified according to the specified threshold values, thus providing a more straightforward interpretation. The

maps produced with the IDW method and subsequently reclassified are presented in Figure 5.
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Figure 5: Covid-19 city-level seasonal number of cases distribution maps using IDW method: a) Spring, b) Summer, c) Autumn, d) Winter
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The RBF interpolation method was applied to the city-level seasonal data set for each season relating to the incidence of
Covid-19. The maps were reclassified according to the specified threshold values, thus enabling a more straightforward

interpretation of the data. The maps produced with the RBF method and subsequently reclassified are presented in Figure 6.
Radial Basis Function Interpolation - City Level
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Figure 6: Covid-19 city-level seasonal number of cases distribution maps using RBF method.: a) Spring, b) Summer, c) Autumn, d) Winter

The Spline interpolation method was utilized for the analysis of city-level seasonal data for Covid-19 for each season. All
maps were reclassified according to the specified threshold values, thus providing a more straightforward interpretation. The

maps produced with the Spline method and subsequently reclassified are presented in Figure 7.
Spline Interpolation - City Level
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Figure 7: Covid-19 city-level seasonal number of cases distribution maps using Spline interpolation method: a) Spring, b) Summer, c) Autumn,
d) Winter
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EBK interpolation method was applied to the city-level seasonal Covid-19 data for each season. All the maps were reclassified
by the specified threshold values for easier interpretation of maps. The produced with the EBK interpolation method and

reclassified maps are represented in Figure 8.
Empirical Bayesian Kriging Interpolation - Ciyt Level
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Figure 8: Covid-19 city-level seasonal number of cases distribution maps using EBK interpolation method: a) Spring, b) Summer, c) Autumn,
d) Winter

Interpolation techniques have been utilized to generate continuous surfaces across the country, employing data on the number
of cases of Covid-19 at the city level on a seasonal basis. This approach allows for the observation of geographical areas
affected by the disease throughout the country and is employed for the visualization of spatial variations in case distribution.
Notably, there was an increase in case densities during the winter and spring seasons in larger cities by area, such as Konya,

Ankara, Antalya, and Erzurum, as can be observed on the maps.

Similarly, district-level seasonal number of cases distribution maps for Covid-19 were produced at the district level by
performing the same interpolation methods to assess interpolation performance on different resolutions of the data.

Additionally, this approach has enabled the determination of which districts of cities are most influenced by the disease.

Figure 9 illustrates the mapping of districts where cases of Covid-19 are concentrated seasonally, as determined by the IDW
method. A comparison of city-level and district-level maps reveals that, while the concentration is more widespread at the

city level, at the district level, the density in cities covering larger areas, decreases under the distribution of population.

The RBF method employed in the production of the interpolation map of district-level Covid-19 data does not reveal a strong
concentration of cases in specific areas, as observed in Figure 10. Figure 11 illustrates the seasonal distribution of cases of
Covid-19 generated by Spline interpolation. As can be observed in the maps, the regions where cases are concentrated exhibit

a similar pattern to that observed with the IDW method.
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Figure 9: Covid-19 district-level seasonal number of cases distribution maps using IDW interpolation method: a) Spring, b) Summer, c) Autumn,
d) Winter
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a) Spring b) Summer

¢) Autumn d) Winter

km

k 0 240 480 960 1.440

Figure 10: Covid-19 district-level seasonal number of cases distribution maps using RBF interpolation method: a) Spring, b) Summer, c) Autumn,
d) Winter
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Spline Interpolation - District Level
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Figure 11: Covid-19 district-level seasonal number of cases distribution maps using Spline interpolation method: a) Spring, b) Summer, c) Autumn,
d) Winter
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Figure 12: Covid-19 district-level seasonal number of cases distribution maps using EBK interpolation method: a) Spring, b) Summer, ¢) Autumn,
d) Winter

The maps generated with the EBK interpolation method, as illustrated in Figure 12, exhibit similarities to those produced
with the RBF interpolation model, as demonstrated in Figure 10. However, it is not possible to detect the presence of cases

of Covid-19 at the district level in maps created with either the RBF or EBK methods.
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Following the generation of the maps utilizing the presented interpolation techniques with seasonal case data for Covid-19,
the validation of the resulting maps was carried out. The estimated values, which are extracted from the raster map correspond
to 10% of the data in the dataset that was not employed in the model construction. Then estimated values and absolute values

from control data were compared, and statistical calculations were performed. The findings are presented in Table 4.

Table 4 presents the statistical accuracy assessment results for the interpolation methods applied to both city-level and district-
level seasonal Covid-19 case data. The evaluation metrics include the SD of absolute values, SD of estimated values, MAE,

and RMSE.

Table 4: Statical accuracy assessment results

Level Season Method  SD (Absolute)  SD (Estimated) MAE RMSE

City Spring IDW 782.8 714.0 458.1 646.4
City Summer IDW 639.1 562.0 660.7 813.5
City Autumn IDW 1087.2 983.3 531.0 671.6
City Winter IDW 2028.7 2027.9 1438.9 1919.9
City Spring RBF 782.8 797.4 4173 543.1
City Summer RBF 639.1 450.7 578.6 717.0
City Autumn RBF 1087.2 1043.1 522.1 655.5
City Winter RBF 2028.7 1779.7 1111.2 1238.2
City Spring Spline 782.8 1307.5 841.8 888.9
City Summer Spline 639.1 653.5 829.8 1009.6
City Autumn Spline 1087.2 1061.5 730.5 900.2
City Winter Spline 2028.7 2009.4 1598.1 1734.0
City Spring EBK 782.8 740.9 444.9 569.1
City Summer EBK 639.1 413.0 542.9 671.1
City Autumn EBK 1087.2 1067.0 494.5 607.7
City Winter EBK 2028.7 1778.8 1206.6 1286.7
District Spring IDW 3235 206.9 161.1 300.3
District ~ Summer IDW 3149 155.1 121.9 278.6
District ~ Autumn IDW 355.0 266.4 192.4 366.9
District Winter IDW 785.7 526.0 375.8 701.5
District Spring RBF 3235 151.6 176.4 311.1
District ~ Summer RBF 314.9 121.1 138.1 294.4
District ~ Autumn RBF 355.0 220.5 203.6 371.9
District Winter RBF 785.7 384.6 408.8 738.7
District Spring Spline 323.5 429.4 300.8 477.1
District ~ Summer Spline 314.9 3229 216.8 364.3
District ~ Autumn Spline 355.0 549.4 360.0 581.9
District Winter Spline 785.7 1147.6 726.4 1131.9
District Spring EBK 3235 96.7 149.8 314.7
District ~ Summer EBK 314.9 73.7 118.6 296.6
District ~ Autumn EBK 3549 164.7 167.4 361.3
District Winter EBK 785.7 269.8 3529 736.9
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3.1 City-Level Analysis

The IDW method shows relatively high MAE and RMSE values across all seasons, particularly during the winter season.
This indicates that while IDW is effective in capturing local variations, it may struggle with accuracy in periods of high case
density, such as winter. The method’s performance is better during the spring and summer seasons, where case densities are
lower, resulting in more accurate interpolations. Similarly, Murugesan et al. (2020) employed the Kriging and IDW methods
to visualize the state-wise spatial distribution of the disease at the early stages of the pandemic in India, when the number of
cases was low, and the density was relatively sparse. In this study, the authors demonstrated the efficacy of the IDW method

in detecting and predicting potential disease risk.

RBF interpolation generally provides lower MAE and RMSE values compared to IDW, especially during the winter season.
This suggests that RBF is more capable of smoothing spatial variations, making it a better choice when the data exhibits a

strong gradient, as seen in the winter.

The Spline method consistently shows higher error metrics, particularly during the winter season, where both MAE and
RMSE values are the highest among the interpolation methods. This result suggests that the Spline method may overfit the

data, leading to less reliable predictions in cases of extreme variations.

EBK consistently outperforms the other methods, especially in the winter season, where it has the lowest MAE and RMSE
values. This indicates that EBK’s ability to account for spatial autocorrelation results in more accurate predictions, making it

the most reliable method among those tested for high-density data scenarios.

3.2 District-Level Analysis

The IDW method produced the lowest MAE and RMSE values across all seasons at the district level. This indicates that IDW
is highly effective for capturing local variations in data with lower spatial variability. Even during the winter season, where
case variability tends to be higher, IDW outperformed the other methods with lower error values. This suggests that IDW is

particularly well-suited for this scale and data set.

The RBF method yielded slightly higher MAE and RMSE values compared to IDW. However, it performed comparably well
during the spring and summer seasons, producing results close to those of IDW. This suggests that RBF is a reliable method

during seasons with less spatial variability, although it may not be as effective as IDW in more variable conditions.

The Spline method consistently showed the highest MAE and RMSE values across all seasons, particularly during the winter.
This result indicates that the Spline method may be prone to overfitting, leading to less reliable predictions, especially in data

sets with high spatial variability.

EBK produced the second-lowest error metrics, following IDW. While it performed well, particularly in the winter season,
its MAE and RMSE values were slightly higher than those of IDW. This suggests that while EBK is a strong method, it may

not be as well-suited as IDW for this specific district-level data set.

The analysis of interpolation methods across both city and district levels reveals distinct advantages and limitations for each
approach. At the city level, EBK emerges as the most reliable method, particularly during periods of high case density, such
as the winter season, due to its ability to effectively account for spatial autocorrelation. RBF also performs well, especially
in the winter, showing a capacity for smoothing spatial variations. In contrast, IDW shows strong performance during periods

of lower-case densities (spring and summer) but struggles with higher densities. The Spline method, however, exhibits the
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highest errors, indicating potential overfitting and reduced reliability, particularly during extreme case variations. At the
district level, IDW consistently outperforms other methods, demonstrating its effectiveness in handling data with lower
spatial variability. Although EBK and RBF also perform well, IDW’s lower MAE and RMSE values suggest that it is the
most suitable method for district-level analysis. The Spline method again shows the highest error rates, underscoring its
limitations in handling data with varying spatial characteristics. Overall, while EBK and IDW are generally the most reliable

methods across different scales and conditions, Spline’s tendency to overfit makes it less appropriate for these datasets.

4. Conclusion

The results of this study demonstrated that the period of highest incidence of cases of Covid-19 in Tiirkiye was winter. This
finding is consistent with the prevalence of respiratory tract infections during the colder months. At the district level, the
population-weighted dataset displayed lower deviation values in comparison to the city level, indicating that more detailed
data leads to more accurate interpolation results. This study illustrated the efficacy of interpolation methods in identifying
high-risk areas on a seasonal basis and provided strategic guidance for public health interventions. The findings provide a
useful basis for understanding the spread of the pandemic and optimizing public health strategies. The data obtained can be
used to identify risk areas for future outbreaks in advance and to develop appropriate response plans. Finally, the accurate
modeling of spreading pandemics is of great importance for potential future pandemics, so that they may be understood,

surveilled, and prevented from spreading.
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Oz: . asinmazlarin konum ve zamana bagh olarak deger degisim dinamiklerinin analizi, tasinmaz piyasasinda stratejik ve etkin kararlar
alma siirecinde biiyiik éneme sahiptir. Taginmazlarin deger degisimini etkileyen zamana bagl ekonomik degiskenlerin istatistiksel
tekniklerle modellenmesi, yatirimcilara ve politika yapicilara 6nemli althiklar sunabilmektedir. Bu ¢alismada konut tipindeki tasinmazlarin
konumsal-zamansal deger degisim dinamiklerinin belirlenebilmesi i¢in deger degisimi tizerinde etkili olabilecek 14 ekonomik degisken
belirlenmistir. Istanbul’un Pendik ve Tuzla ilceleri ile Kocaeli ilinin Gebze, Cayirova ve Darica il¢elerindeki mahalleler ¢alisma alan
olarak belirlenmis olup, degiskenler ve tasmmaz deger veri setleri 2019-2023 dénemi icin temin edilmistir. Istatistiksel analiz
tekniklerinden Coklu Dogrusal Regresyon (CDR) kullanilarak tasinmaz deger degisimi ile ekonomik degiskenler arasmdaki iligkiyi
incelemek igin regresyon modeli olusturulmustur. Deger degisimindeki varyansin %63.3"linii aciklayan modelde Tiiketici Fiyat Endeksi
(TUFE), Yurt Ici Uretici Fiyat Endeksi (YI-UFE), Iktisadi Faalivet Kollarma Gére Gayrisafi Yurt I¢i Hasila Degisim Oranlar
(Gayrimenkul), Bankalarca Agilan Kredilere Uygulanan Agirlikli Ortalama Faiz Oranlari (Konut), Tiirk Lirast Arzi, Tiiketici Kredileri
(Konut) ve Déviz Kurlar: degisimi degiskenleri istatistiksel agidan anlaml olarak tespit edilmistir. Konumsal-zamansal deger degisimlerini
incelemek igin ise Konum-Zaman Kiip Modeli olusturulmustur. Olusturulan kiip ile CBS tabanli Konumsal-Zamansal Trend Analizi,
Yiikselen Sicak Konum Analizi ve Yerel Kiimelenme ve Aykirilik Analizleri gerceklestirilmistir. Konumsal-Zamansal Trend Analizi ile tiim
mahallelerin %99 giiven araliginda yiikselme trendi gésterdigi belirlenmistir. Yiikselen Sicak Konum Analizi ile Ardisik Sicak Konum ve
Salimimh Sicak Konum kategorilerinde zamansal oriintiiler belirlenmigtir. Yerel Kiimeleme ve Aykirilik Analizi ile Tuzla ilgesindeki Cami
Mahallesi ve Pendik il¢esindeki Harmandere Mahallesi 'nin Yiiksek-Yiiksek Kiimelenme kategorisinde oldugu, diger mahallelerin ise Coklu
Tip kategorisinde oldugu belirlenmistir. Bu ¢calisma ekonomik degiskenler ve deger degisimi arasindaki iliskilerin regresyon modelleri ile
incelenebilmesinin yani sira konumsal-zamansal deger degisimlerinin Konum-Zaman Kiipii temelli analizler ile konumsal olarak
izlenebilmesine yonelik biitiinlesik bir metodoloji sunmaktadir. Onerilen hibrit yaklasim konumsal-zamansal deger degisim dinamiklerinin
belirlenmesi ve tasinmaz sektériinde dogru stratejiler gelistirilmesinde kullanilabilir.

Anahtar Sozciikler: CBS, Konum-Zaman Kiipii, Taginmaz Deger Degisimi, Coklu Dogrusal Regresyon

Investigating spatio-temporal real estate value fluctuation dynamics with GIS and statistical analysis
techniques

Abstract: Analysing the dynamics of value change in real estate depending on location and time is of great importance in the process
of making strategic and effective decisions in the real estate market. Modelling the time-dependent economic variables affecting the change
in the value of real estate with statistical techniques can present important bases for investors and policymakers. In this study, 14 economic
variables that may affect the value change were determined to determine housing real estate's spatial-temporal value change dynamics.
Pendik and Tuzla districts of Istanbul and Gebze, Cayirova and Darica districts of Kocaeli city were determined as the study area, and
variables and real estate value datasets were obtained for the period 2019-2023. Multiple Linear Regression (MLR), one of the statistical
analysis techniques, was used to create a regression model to examine the relationship between the change in real estate value and
economic variables. In the model explaining 63.3% of the variance in the change in value, the variables Consumer Price Index (CPI),
Domestic Producer Price Index (DPPI), Rates of Change in Gross Domestic Product (GDP) By Kind of Economic Activity (Real Estate),
Weighted Average Interest Rates Applied to Loans Extended by Banks (Housing), Money Supply of Turkish Lira, Consumer Loans
(Housing) and Change in Exchange Rates were determined to be statistically significant. To analyse the spatio-temporal value changes, a
Spatio-Time Cube Model was created. With the cube created, GIS-based Spatio-Temporal Trend Analysis, Emerging Hot Spot Analysis
and Local Clustering and Outlier Analyses were performed. With the Spatio-Temporal Trend Analysis, it was determined that all
neighbourhoods show an up-trend within 99% confidence level. Temporal patterns in the categories of Consecutive and Oscillating Hot
Spot were identified with the Emerging Hot Spot Analysis. Local Clustering and Outlier Analysis revealed that Cami Neighbourhood in
Tuzla district and Harmandere Neighbourhood in Pendik district are in the High-High Clustering category, while the other
neighbourhoods are in the Multiple Type category. This study presents an integrated methodology for analysing the relationships between
economic variables and value change with regression models, as well as for spatially monitoring spatio-temporal value changes by using
Space-Time Cube based analyses. The proposed hybrid approach can be used to determine the spatio-temporal value change dynamics
and to develop the feasible strategies in the real estate sector.
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1. Giris

Gelismekte olan iilkelerde taginmaz sektorili, ekonomik biiyiimenin temel dinamiklerinden biri olarak 6ne ¢ikmaktadir.
Tasinmazlar, hem bir tiiketim hem de bir yatirim ve iiretim araci olarak sosyo-ekonomik sistemin merkezinde yer almakta ve
ekonomiyle yakindan iliskili bir sektor olarak degerlendirilmektedir (Ertiirk & Sam, 2016; Oren & Yiiksel, 2013). 2019
yilinda T.C. Cumhurbagkanligi Finans Ofisi tarafindan yapilan Tiirkiye'de Hane Halkinin Finansal Algr ve Tutumu
arastirmasinda, katilimecilarin %80°den fazlasi, konut yatirimlarini diger yatirim araglarma (6rnegin altin, vadeli TL
mevduati) gore daha karli ve giivenli buldugunu belirtmigtir (URL-1). Konut yatiriminin bu denli tercih edilmesinin nedenleri
arasinda uzun vadede deger kaybetmemesi ve diger yatirim araglarina nispeten daha yiiksek getiri saglamasi yer almaktadir.
Ozellikle yiiksek enflasyon dénemlerinde konut arzinda azalma gozlemlenmesi tasinmazlarin enflasyondan korunma araci
ve ylksek getiri saglayan bir yatirim unsuru olarak algilanmasina yol agmaktadir. Bu durum ise taginmazlarla olan talep ve
fiyatlarda kayda deger artiglar meydana getirmektedir (Erkek vd., 2020). Ayrica sehirlerdeki hizli niifus artisi, ekonomik
faktorler gibi bircok faktor, piyasanin dinamiklerini derinden etkilemektedir (Arslan, 2007). Ancak son déonemdeki ekonomik
gelismeler tasinmaz sektorii izerinde onemli etkiler yaratmigtir. 2019-2023 yillari arasinda insaat maliyet endeksi 6nemli
blgiide artmustir. Ozellikle 2021'de %40’ larin {izerinde artis gdzlenirken, 2022 yilinda bu oran %901 asmustir (URL-2). Ddviz
kuru dalgalanmalar1 ve enflasyondaki hizli artig, ingaat maliyetlerini yilikseltmis ve konut fiyatlar1 iizerinde baski
olusturmustur. Tiiketici Fiyat Endeksi (TUFE) de bu dénemde &nemli bir yiikselis yasamistir. 2021 yilinda enflasyon %36
iken, 2022 yilinda %64’e ulasmistir (URL-3). Yiiksek enflasyon 6zellikle sabit gelirli hanelerin konut alim giiciinii olumsuz
etkileyerek konut talebini snirlamistir. Konut kredisi faiz oranlar1 bu dénemde dalgali bir seyir izlemistir. Ozellikle 2021 ve
2022 yillarinda faiz oranlart %20'in {izerine ¢ikarak konut talebini kisitlamig ve konut fiyatlarindaki artiglar1 baskilamigtir
(URL-4). Bu gercevede 6zellikle enflasyon, faiz oranlar1 ve doviz kuru gibi ekonomik faktorler konut talebini dogrudan veya
dolayli olarak etkileyerek fiyatlarda dalgalanmalara neden olmaktadir. D&viz kurlarindaki belirsizlikler ve enflasyonun artis1
ingaat maliyetlerini yiikseltip arzi1 daraltirken, faiz oranlarindaki degisimler ise hane halkinin krediye erisimini zorlagtirmakta
ve talebi sinirlamaktadir. Bu ekonomik dinamikler konut fiyatlarinin arz-talep dengesine bagl olarak hizli bir sekilde
dalgalanmasina yol agmaktadir (Erdogan & Memduhoglu, 2019). Bu baglamda taginmaz sektoriine etki eden ekonomik
faktorlerin belirlenmesi sadece mevcut piyasa dinamiklerini anlamakla kalmayip aymi zamanda gelecekteki ekonomik

yatirimlarin yonlendirilmesi ve stratejik karar alma siire¢lerinin optimize edilmesi agisindan da kritik bir 6neme sahiptir.

Literatiirde tasinmaz deger degisimini etkileyen ekonomik degiskenlerin yer aldigi modelleme ¢alismalari irdelendiginde;
Akga (2023) Tiirkiye’de konut fiyatlarindaki zamansal degisimin enflasyon, doviz kuru, konut faiz orani ve konut kredileri
gibi makro-ekonomik gdstergelerle olan iligkisini regresyon analizi ile incelemistir. Konut fiyatlarinin kisa vadede faiz
oranlart ve konut hacminden, uzun vadede ise toplam konut kredilerinden etkilendigini ifade etmislerdir. Cetin (2021)
Tiirkiye'deki konut fiyatlarini etkileyen faktorler ve nedensellik iliskisini incelemek i¢in kurdugu regresyon modelinde konut
fiyat endeksi bagimli degisken olmak tizere, konut kredisi agirlikli ortalama faiz orani, bankacilik sektorii konut kredileri,
TUFE bazli reel efektif déviz kuru, sanayi iiretim endeksi, insaat malzemeleri toptan esya fiyat endeksi, tiiketici fiyat endeksi
ve reel kira endeksi gibi ekonomik faktorleri kullanarak konut fiyatlarini etkileyen faktdrlerin nedensellik iliskilerini
incelemistir. Zandi vd. (2015) konut miilkiyetini, konut fiyat endeksi, enflasyon orani, Gayrisafi Yurti¢i Hasila (GSYH),
korelasyonlarina gore degerlendirmis olup, pozitif yonde en giiclii iliskinin kredi faiz oranlar1 oldugu ikinci en giiclii
ekonomik degiskenin ise GSYH oldugunu tespit etmislerdir. Karadas ve Salihoglu (2020), Tiirkiye’deki konut fiyatlarini
hedonik konut fiyat endeksi ile incelemis ve tiiketici fiyat endeksi, sanayi tiretim endeksi, insaat malzemeleri fiyat endeksi,
konut kredisi faiz oranlar1 ve konut kredilerini analiz etmistir. Konut kredisi faiz oranlar1 ve tiiketici fiyat endeksinin konut

fiyatlarin1 negatif, sanayi iiretim endeksinin ise pozitif yonde etkiledigini ifade etmislerdir. Gebesoglu (2019), Tirkiye’de
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konut fiyat endeksi ile GSYH, doviz kurlari, faiz oranlar1 ve Borsa Istanbul (BIST100) getirileri arasindaki iligkileri
incelemistir. BIST100 getirilerindeki artig, konut fiyatlarint diisiiriirken, déviz kurlarindaki degisimin konut sektoriinde de
dalgalanmalara sebebiyet verebilecegini ifade etmislerdir. Islamoglu ve Nazlioglu (2019), Istanbul, Ankara ve izmir illerinde
konut fiyat endeksi ile konut satis sayisi, sanayi liretim endeksi, ingaat maliyetleri endeksi, niifus, yap1 kullanim izin belgesi
ve tiiketici fiyat endeksi arasindaki iliskiyi inceledigi calismada konut fiyat endeksi ile enflasyon, niifus, konut talebi arasinda
pozitif anlamli bir iliski oldugunu belirtmislerdir. Cunha ve Lobao (2019) konut fiyatlarina etki eden faktorleri; Avrupa
Birligi'nin tamami, 28 Avrupa Birligi tilkesi, bir Avrupa Birligi iilkesi (Portekiz) ve 25 Portekiz metropol istatistiksel bolgesi
olmak iizere dort farkli cografi diizeyde incelemistir. Calismada iki zaman serisi ve iki panel veri regresyon modeli
kullanilarak, taginmaz fiyatlarini etkileyen faktorler ve konut fiyat endeksleri analiz edilmistir. Sonuclar, GSYH, faiz oranlart,
konut baslangiglar1 ve turizm gibi belirleyicilerin istatistiksel olarak anlamli oldugunu ancak her cografi seviyede farklilik
gosterdigini ortaya koymaktadir. Ayrica dnceki donem fiyat degisikliginin mevcut donem fiyat degisikligini etkileyen en
o6nemli belirleyici oldugunu ifade etmislerdir. Kiel ve Zabel (2008) konut fiyatlarinin belirlenmesinde Hedonik Regresyon
analizi ile oda sayisi, bina yasi, 1sitma sistemi gibi yapisal degiskenler; medeni durum, egitim durumu, gelir, cinsiyet gibi
miilkiyet sahibinin 6zellikleri; bolgede yasayan kisilerin ortalama geliri, bolgedeki tasinmaz alim-satim hareketliligi,
bolgedeki yoksulluk orani, issizlik oran1 gibi mahalli 6zellikler ile ii¢ farkli cografi seviyede (sokak, kasaba ve metropolitan
istatistik alan1) tahmin modelleri gelistirmiglerdir. Daha dogru modelleme sonuglari i¢in cografi kriterlerin modellere dahil
edilmesinin 6nemini vurgularken, farkli cografi seviyelerdeki verilerin konut fiyatlari iizerine her seviyede bagimsiz etkileri
oldugunu ifade etmislerdir. Diger taraftan Tiirk vd. (2017) Ankara ilindeki dokuz merkez ilgede konut fiyatlarini tahmin
etmek i¢in Coklu Dogrusal Regresyon (CDR) analizi teknigi ile tahmin modeli gelistirmislerdir. Modele alan, bina yast,
merkezi 1sitma, asansor, otopark, ebeveyn banyosu bulunmasi gibi yapisal degiskenleri dahil etmislerdir. Modelleme
sonuglarin1 CBS ortaminda tematik haritalar ile kullanicilara sunmuglardir. Kitapci vd. (2017) benzer sekilde Ankara ilinin
dokuz merkez ilgesinde Yapay Sinir Aglar1 (YSA) ile 2013 Ocak- 2013 Aralik aylar1 arasindaki veri seti ile konut fiyatlarini
tahmin etmislerdir. Olusturduklar1 tahmin modelinde alan, oda sayisi, banyo sayisi, 1s1 yalitimi, site i¢ginde bulunma, bina
yas1, sehir merkezine yakin olma, metro istasyonuna yakin olma gibi 15 degisken kullanmislardir. Modelin yaklagik %78
tahmin basarisina ulastigini ifade etmislerdir. Diger taraftan Erdogan ve Memduhoglu (2019) Tirkiye’de il¢e diizeyinde
tasinmaz satis sayilart ve 100 000 kisiye diisen satis sayilarindaki konumsal-zamansal egilimleri CBS tabanl
degerlendirmislerdir. 2004-2017 yillar1 arasi donemi kapsayan bir Konum-Zaman Kiip modeli olusturarak, dort farkli
senaryoda Yikselen Sicak Konum Analizi ve Yerel Kiimelenme ve Aykirilik Analizleri gergeklestirmislerdir. Analiz
sonuglarimi konut fiyat endeksi, niifus, tasinmaz satis istatistikleri, enflasyon, déviz kuru, faiz orani gibi faktorlerle iliskili
olarak yorumlamislardir. Rabici-Dastjerdi ve McArdle (2021), Dublin konut piyasasini CBS tabanli bir yaklagimla
incelemistir. Konum-Zaman Kiip analiz yontemi kullanilarak, Dublin'in farkli bolgelerinde konut fiyatlari ve satis
sayilarindaki degisimler, sosyoekonomik faktorler dogrultusunda degerlendirilmistir. Brexit ve COVID-19 gibi krizlerin yan
sira mahalle 6zellikleri ve konut gelisim projeleri gibi mikro diizey faktorlerin satislara etkisi analiz edilmistir. Sonug olarak
Dublin'deki konut piyasasinda yagsanan dengesizliklerin sehirdeki sosyal ve ekonomik yapiy1 derinlestiren bir esitsizlige isaret
ettigi ifade edilmistir. Fakat bu calismalarin ¢ogunda konut tiiriindeki tasinmazlarin zamansal deger degisimine etki eden
ekonomik degiskenlerin belirlenmesi ve analiz edilmesi ya da il ve il¢e diizeyinde tasinmaz satis istatistiklerinin CBS tabanl
degerlendirilmesine ayri ayri odaklanilmistir. Hem konumsal-zamansal deger degisiminin CBS tabanli yeni nesil analiz
teknikleri ile degerlendirilmesi hem de deger degisimi lizerinde dnemli etkiye sahip olan zamansal ekonomik degiskenlerin

modellenmesi biitiinciil bir sekilde yeterince ele alinmamastir.

Bu calismada farkli konut tipindeki taginmazlarin konumsal-zamansal tagmmaz deger degisim dinamiklerinin analiz

edilmesine yonelik uygulama yaklagiminin belirlenmesi amaglanmaktadir. Bu kapsamda tasinmaz deger degisim
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dinamiklerinin zamansal ekonomik degiskenler ile iliskisi istatistiksel CDR teknigi ile incelenmektedir. Tasinmaz deger
degisimlerinin konum ve zamana bagl olarak analiz edilmesinde ise Konum-Zaman Kiip Modeli olusturulmus ve bu model
ile konumsal-zamansal analiz siireci ele alinmistir. Boylelikle tasinmaz deger degisim dinamiklerinin analizi i¢in istatistiksel
teknikler ve konumsal-zamansal analizlere dayali 6rnek yaklagim gelistirilmistir. Bu baglamda calisma kapsaminda
kullanilan yontemler, veri isleme siirecleri ve yontemlerinin uygulama asamalar1 i¢in izlenen metodoloji Sekil 1°de

verilmigtir.

Konum-zaman kiip

istatistiksel teknikler ve CBS tabanli konumsal-zamansal i ~ modelinin olugturulmasi

analizlerle drnek uygulama yaklagimin belirlenmesi ‘
‘ (\V) Konum-Zaman kiip modeli ile k
( konumsal-zamansal analizler
: v \ Calisma alaninin belirlenmesi Kocaeli (6ebze,Darica, Gaprova |
ny o »G ¥ J-P istanbul (Pendik, Tuzla) } ________ ! _______ .

( .’ Konumsal-zamansal veri setlerinin

i Amag: Tasinmaz degjer degisim dinamiklerinin analizi igin

Konumsal-Zamansal Trend ‘?3‘.'27 lu:
Analizi ]

‘ >

-
I
|
|
|
|
17 "\ > -
|
I
I
I
|
I

elde edilmes| Yiikselen Sicak Konum Analizi

2 | 3
l Yerel Kiimelenme ve Aykirilik
Taginmaz deger degisimi ve ekonomik 1| Analizi
degigkenlerin istatistiksel analiz l Goklu Dofjrusal Regresyon ‘
teknikleri ile incelenmesi (CDR) H,C) v Ak ]
, onuglarin degerlendirilmesi
3 00

Sekil 1: Calisma is akisi stireci

2. Materyal ve Metot
2.1 GCoklu Dogrusal Regresyon

CDR analizi bir bagimli degiskenin birden fazla bagimsiz degiskenle olan iligkisini matematiksel bir model yardimiyla analiz
etmeye yonelik yaygin bigimde kullanilan istatistiksel bir tekniktir (James vd., 2023). Bu teknik ile bagimsiz degiskenler
kullanilarak olusturulan model yardimiyla bagimli degigskenin tahmini yapilir. Bagimsiz degigkenlerin etkisi es zamanli
olarak incelenirken, modele dahil edilecek degiskenlere bagli olarak bagimli degisken iizerindeki degisimin de analiz
edilmesine olanak tanir. CDR, degiskenler arasindaki karmasik iligkileri anlamak ve bagimli degiskenin davranisin1 daha

dogru tahmin etmek i¢in gii¢lii bir teknik olup, matematiksel modeli asagidaki esitlik ile verilir (Yalpir, 2018):
Vi=Pot+ B X Xy ++ By X Xt g (1

Esitlikte yer alan y; bagimlhi degiskeni; Xy, X,, ...,X;, modele dahil edilen bagimsiz degiskenleri; Sy, f1, ..., fn bu
degiskenlerin model katsayilarini ifade etmektedir. €; ise olusturulan regresyon modeli ile bagimli degisken i¢in tahmin edilen

deger ile gergek deger arasindaki farki temsil eden hata terimini ifade etmektedir.
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2.2 Konum Zaman Kiip Modeli

Konum-Zaman Kiip (Space Time Cube) Modeli mekan-zaman ortamindaki insan davraniglarmin yani sira hareketliligi
etkileyen ¢esitli kisitlamalar arasindaki iliskileri arastirmak i¢in yirminci yiizyilin ortalarinda gelistirilmistir (Hégerstrand,
1970; Kveladze vd., 2019). Konum-Zaman Kiipii, gesitli konum-zamana bagli analizlerin temelini olusturmakta ve bir¢ok
alanda da kullanilmaktadir. Bu kiipler bir zaman serisi modelinde meydana gelen konum tabanli olaylarin konumsal-zamansal
dinamiklerini analiz etmek ve anlamak icin biiyiik fayda saglamaktadir (Zhang vd., 2021). Bir Konum-Zaman Kiipii’niin
gorsel sunumunda, konum ve zaman ayrilmaz pargalar olarak kabul edilmektedir. Konum-Zaman Kiipii olusturmak i¢in,
herhangi bir veri setinde konumlarla ilgili konumsal-zamansal bilgiler ayr1 ayri kiiclik kutulardan (kiiplerden) olusan veri
bilesenleri olarak NetCDF veri formatinda tanimlanmaktadir (Bennett vd., 2020). Sekil 2°de temel bilesenleri ifade edilen bir
kiipte yatay X ve Y diizlemleri konumu, diisey ekseni ise zaman bilesenini ifade etmektedir. Uygulama islem siirecinde
goriildigii gibi 2 boyutlu (2B) olarak tanimlanan verilere zaman boyutunun da eklenmesiyle Fishnet, Hexegon ya da tanimli
alansal sinirlara (6rnegin mahalle, ilge, il sinir1 gibi) gére 3 boyutlu (3B) Konum-Zaman Kiip modelleri olusturulabilmektedir.
Ayrica kiipte her bir kutu i¢in konumsal, zamansal ve konum-zaman komsulari tanimlanmaktadir (Kveladze vd., 2019; Mo

vd., 2020).

Sekil 2: Konum-Zaman Klipii olusturma slireci

2.3 Konumsal Zamansal Trend Analizi

Trend analizi veri setindeki zamansal bilgi i¢eren herhangi bir degiskene gore olusturulan Konum-Zaman Kiipii’nt girdi
olarak kullanmaktadir (Sekil 3). Mann Kendall istatistigi zaman i¢indeki egilimi degerlendirmek i¢in Konum-Zaman
Kiipii'niin her bir par¢asinda, bulundugu zaman dilimlerindeki egilimler icin bir z-skoru ve bir p-degeri olarak hesaplanir.
Kiicliik p degerleri, egilimin istatistiksel olarak anlamli oldugu anlamina gelir. z-skoruna iligskin isaret, analiz edilen

degiskenin artis egiliminde (pozitif z-puan1) veya diisiis egiliminde (negatif z-puant) oldugunu tanimlar (Bennett vd., 2020).
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Mann Kendal
istatistigi

Sekil 3: Mann-Kendall istatistigi ile zaman i¢indeki degisimlerin kiip lzerinde gérsellestiriimesi

Esitlik 2 ile hesaplanan Mann Kendal Trend Istatistigi’nde (S); sign sembolik bir isaret fonksiyonunu, R; ve R; sirasiyla x;
ve x; gdzlemlerinin/verilerinin zaman serisindeki siralamalarini, Zg standart z-skorunu ve D(S) ise varyansi ifade etmektedir

(Cressie & Wikle, 2015; Huang, 2021; Ogneva-Himmelberger & Haynes, 2022; Wu vd., 2022).

S =X Yo 4y )
1, X < x]'
a;; = sign(x; — x;) = sign(R; —R;) ={ 0, x; = x; 3)
—1, X > x]'
5-1
oL §>0
Zs = 0, §$=0 4)
S+1
5G] §<0
D(S) = T(T—13£(32T+5) )

2.4 Yiikselen Sicak-Konum Analizi

Yiikselen Sicak-Konum Analizi CBS tabanli cografi kiimeleme analizlerinin gelismis bir tiiriidiir. Birgok zamansal bilgi
iceren konum bazli olayin zamansal egilimleri/oriintiileri ve altinda yatan faktorler etkin bir sekilde incelenebilir. Yiikselen
Sicak-Konum Analizi trend analizine benzer sekilde Konum-Zaman Kiiplerini girdi olarak kullanmaktadir. Boylelikle Getis-
Ord G; ve Mann Kendall Trend Istatistigi’ni biitiinlesik olarak kullanmaktadir. Getis-Ord G; indeks degeri ise asagidaki

esitlik ile hesaplanmaktadir.

n v v
Y= Wi jXj—X i Wij

* —_—
Gi - n «n 2 1 n 2
5\/—11-1Zj=1 W (Sheawig)

(6)

=35 )

Esitlikte x; Konum-Zaman Kiipii i¢indeki i’nci boliimiin konum-zaman komsulugu igindeki j’nci bolimii igin 6znitelik
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degerini, w; ;, aralarindaki ters 6klid mesafesiyle tanimlanan i’nci ve j’nci bolim arasindaki konumsal agirliklar ve n ise

Konum zaman Kiipii i¢erisindeki toplam bdlme sayisini ifade eder.

Getis-Ord G indeks degerinin konum-zaman perspektifinden uygulanmasiyla kiipteki belli bir degisken degerlendirilir.
Geleneksel Sicak-Konum analizi, veri kiimesinde {i¢ gliven diizeyiyle (%99, %95, %90) sicak ve soguk konum 6riintii bilgisi
saglarken, gelismis Yiikselen Sicak-Konum Analizi sicak ve soguk konum oriintiilerini siniflandirir. Siniflandirma sonucu
hem sicak hem soguk konumlar i¢in uygulanmakta olan toplam 17 tematik kategori olusturulur. Olusturulan her bir 6riintii
kategorisinin sembolojileri ve agiklamalari Tablo 1’de detayli bigimde verilmistir (Bennett vd., 2020; Cheng vd., 2020; Getis
& Ord, 1992; Requia vd., 2017; Wu vd., 2022; Ye vd., 2018).

Tablo 1: Yiikselen Sicak-Konum Analizi ériintii kategorileri ve aciklamalari

Semboloji Kategori Aciklama
Onemli Herhangi bir sicak veya soguk nokta oriintiisiine dahil olmayan konumu ifade eder
Degisim Yok £ veya sogu | Y umd )
. Son zaman diliminde istatistiksel olarak anlamli bir sicak/soguk nokta olan ve daha
Yeni Sicak/ " L . N . .
o once hig istatistiksel olarak anlamli bir sicak/soguk nokta olmayan bir konumu ifade
Soguk Konum

eder.

Ardisik Stcak/ Daha onceleri istatistiksel olarak anlamli degilken tiim zaman dilimlerinin %90’ mindan
-. 3 daha az olmak kaydiyla son zaman dilimlerinde kesintisiz anlamli sicak/soguk konumu

Soguk Konum ifade eder.

Son zaman dilimi de dahil olmak iizere zaman dilimi araliklarinin %90'1 i¢in

Yogunlasvan istatistiksel olarak anlamli bir sicak/soguk konumu ifade eder. Ayrica yiiksek/diistik
Sicak/ Soguk N . T S < -
Konum degerlerin her zaman dilimindeki kiimelenme yogunlugu genel olarak artmaktadir ve

bu artis istatistiksel olarak anlamlidir.

Zaman dilimi araliklarinin %90' i¢in istatistiksel olarak anlamli bir sicak/soguk konum
olan ve zaman i¢inde kiimelenme yogunlugunda fark edilebilir bir trend olmayan
konumu ifade eder.

Stirekli Sicak/
Soguk Konum

Son zaman dilimi de dahil olmak iizere zaman dilimi araliklarinin %90'1 i¢in
Azalan Sicak/ istatistiksel olarak anlamli bir sicak/soguk konumu ifade eder. Ayrica yiiksek/diisiik
Soguk Konum  degerlerin her zaman dilimindeki kiimelenme yogunlugu genel olarak azalmaktadir ve
bu artis istatistiksel olarak anlamlidir.

I . Doénem donem araliklarla istatistiksel olarak anlamli sicak/soguk konum olup diger
Nadir Sicak/ - .. .. L. R

Sozuk Konum donemlerde anlamsiz olan ve tiim zaman dilimlerinin %90’ 1mnindan daha az olmak

e £ kaydiyla istatistiksel olarak anlamli sicak/soguk konumu ifade eder.

Onceki bir zaman diliminde istatistiksel olarak anlaml1 bir sicak/soguk konum olma

Sl(s::lil/nér:yuk geemisine sahip olan, son zaman dilimi i¢in istatistiksel olarak anlamli bir sicak/soguk
Konun% konumu ifade eder. Zaman dilimi araliklarinin %90'1indan azi istatistiksel olarak
anlaml sicak/soguk konumlar olmustur.
Zamansal S g g o
Sicak/ Soguk En yakin zaman dilimi sicak/soguk konum degildir. Ancak zaman dilimi araliklarinin
Konum en az %90'nda istatistiksel olarak anlamli sicak/soguk konumlar1 ifade eder.

2.5 Yerel Kiimelenme ve Aykirilik Analizi

Yerel Kiimelenme ve Aykirilik Analizi diger konum-zaman temelli analizler gibi Konum-Zaman Kiipii’nii girdi olarak
kullanmaktadir. Anselin Local Moran's 1 istatistik yontemini kullanarak konum-zaman bilgisi iceren veri setlerindeki
istatistiksel olarak anlamli olan zamansal kiimelenme ve aykiriliklar1 degerlendirir. Verilerin komsularindan hem konum hem
de zaman acisindan istatistiksel olarak farklilik sergileyen alanlar1 tespit etmeyi saglar (Anselin, 1995; Bennett vd. 2020;
Cheng vd., 2020; Halimi vd., 2020; Kowe vd., 2020; Zhang vd., 2019). Bu amaglar dogrultusunda bu analiz tekniginde Local
Moran's I istatistik degeri, z-skoru, p-degeri ve kiimelenme ve aykirilik tipini ifade eden bir sayisal deger hesaplanir. Local
Moran's I indeks degeri ise asagidaki esitlik ile hesaplanir (Zhang vd., 2019):

o (n-1)(x;—X) n A
i IR jzl'j’:iwl"(x’ x) ©)
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Esitlikte I; Local Moran's I indeks degerini, x; i’nci kutunun konum-zaman komsulugu i¢indeki j’nci kutu i¢in 6znitelik
degerini, w; ; i’nci ve j’nci kutular arasindaki konumsal agirliklari, n ise konum zaman kiipii icerisindeki toplam kutu
sayisini, X konum zaman kiipiindeki i’nci kutunun uzay-zamansal komsulugundaki tiim kutulardaki ilgili degisken igin

ortalamasini ifade eder. z-skoru ise asagidaki esitlikler yardimiyla hesaplanir:

_ Li—E[1]
o = Dl1] (10)
P (Wi
E[L]=-==2— ;]_::1 : an
D[] = E[I?] - E[L;]? (12)

Esitlikte z;, z-skoru istatistik degerini, E[I;], I; i¢in beklenen degeri ve D[I;] ise I;’nin varyansini ifade etmektedir.

Local Moran's I indeks degeri pozitif bir degere sahipse bu durum bir kiip igerisindeki bir kutunun benzer yiiksek veya diigiik
Oznitelik degerlerinde sahip komsu kutulara sahip oldugu anlamina gelir ve bu kutu bir kiimenin pargasi olarak tanimlanir.
Ancak negatif indeks degeri, bir kutunun farkli degerlere sahip komsu kutulara sahip oldugu anlamina gelir ve bu kutu aykiri
olarak tanimlanir. Baska bir ifade ile p=0.05 istatistiksel anlamlilik derecesi igin eger z;, > 1.96 ise kiipii olusturan degiskenin
degeri icin kiip igerisindeki bir kutunun degeri konum-zaman komsulugundaki kutunun degerine benzer olup, Yiiksek-
Yiiksek ya da Diusiik-Diisik Kimelenme oriintiisii sergilemektedir. Eger z;, < -1.96 ise istatistiksel anlamliliga sahip
konumsal aykiriliklar belirlenmektedir. Bu durumda Yiiksek degere sahip kutular Diigiik degere sahip komsu kutular ile
cevrelendiginde Yiiksek-Diisiik Aykirilik, Diisiik degere sahip kutular Yiksek degere sahip komsu kutular ile
cevrelendiginde ise Diisiik-Yiiksek Aykirilik oriintiileri belirlenmektedir. z;, = 0 olmast ise kiipii olusturan degiskenin rastgele
bir dagilim gosterdigini ifade etmektedir. Bu kapsamda CBS tabanli Yerel Kiimelenme ve Aykirilik Analizi 6 farkh
kategoride sonuglar iiretir. 2 kategori Yiiksek—Ytiiksek ve Diisiik —Diisiik deger kiimelenmelerini, 2 kategori Yiiksek—Diistik
ve Diigiik—Yiiksek aykiriliklarini temsil eder. Diger kategorilerden birisi zamansal-konumsal olarak anlamli bir degisim
olmadigini ifade ederken, digeri ise zaman igerisinde bir konumun farkl: tipler sergiledigini ifade eder. Olusturulan her bir

oriintii kategorisinin sembolojileri ve agiklamalari Tablo 2’de detayli bicimde verilmistir.

Tablo 2: Yerel Kiimelenme ve Aykirilik Analizi 6riintii kategorileri ve agiklamalari

Semboloji Kategori Aciklama
Anlamli Degil Higbir zaman istatistiksel olarak anlamli bir yerin olmadigi konumu ifade eder.
Yiiksek- .. e P, .. ..
Yiiksek Zaman iginde istatistiksel olarak anlamli olan tek tiiriin Yiiksek-Yiiksek Kiimelenme
.. Oriintiisi sergiledigi konumu ifade eder.
Kiimelenme

Yiiksek-Diisiik Zaman iginde istatistiksel olarak anlamli olan tek tiiriin Yiiksek-Diisiik Aykirilik

Diistik-Yiiksek Zaman i¢inde istatistiksel olarak anlamli olan tek tiiriin Diigiik-Yiiksek Aykirilik

. Aykirilik oriintiisii sergiledigi konumu ifade eder.

Aykirilik Oriintiisii sergiledigi konumu ifade eder.
Diisiik-Diisiik Zaman i¢inde istatistiksel olarak anlamli olan tek tiiriin Diisiik-Diisiik Kiimelenme
Kiimelenme oriintiisii sergiledigi konumu ifade eder.

Zaman iginde istatistiksel olarak anlamli birden ¢ok kiime tiirinii ve aykirt deger
. Coklu Tip tiirlerini iceren konumu (6rnegin bazi zamanlarda bir konum Yiiksek-Diisiik Aykirilik
sergilerken ve bazi zaman dilimleri sirasinda Diisiik-Diisiik Kiimelenme Oriintiisii
sergilemistir) ifade eder.
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3. Uygulama
3.1 Caligsma Alaninin Belirlenmesi ve Veri Setlerinin Elde Edilmesi

Calisma alani1 Istanbul’un dogusunda bulunan Pendik ve Tuzla ilgeleri ile Kocaeli’nin batisindaki Gebze, Darica ve Cayirova
ilgelerini kapsamakta olup, toplamda 116 mahalle icermektedir. 2023 yili itibariyle, Tuzla ilgesi 293 604, Pendik ilcesi
743 774, Kocaeli’nin en kalabalik ilgcesi Gebze 407 436, Cayirova ilgesi 153 301 ve Darica ilgesi ise 227 892 niifusa sahiptir
(URL-5). Caligma alani ilgeleri konut satislari agisindan incelendiginde ise 2023 yilinda Pendik’te 10 654, Tuzla’da 7460,
Gebze’de 5084, Darica’da 2613 ve Cayirova’da 1256 konut satis1 gergeklesmistir (URL-6). Niifus artisina paralel olarak aktif
konut piyasalartyla 6ne ¢ikan bu ilgeler son zamanlarda kentsel doniigsiim hareketliligi ile de dikkat ¢ekmektedir. Calisma
alan1 ilgelerinde kentsel ve kirsal yerlesim alanlari bulunmakta olup farkli arazi kullanimlarina sahiptirler. Ayrica Gebze
ilgesi lilkenin dnemli organize sanayi bolgelerine sahip olup, sanayi ve teknoloji yatirimlariyla 6nemli bir ekonomik merkez
konumundadir. Bu durum, bdlgedeki yerlesim alanlar1 ve ekonomik faaliyetlerin ¢esitlenmesini saglamis, hem kentsel hem
de ekonomik gelisim dinamiklerini giliglendirmistir. Bu c¢aligma kapsaminda dogrudan konut tipindeki taginmazlara
odaklanildigindan dogrudan kentsel yerlesim alanlar1 ¢aligsma alan1 olarak belirlenmistir. Bu baglamda askeri bolge, kirsal
kesimler ve sanayi mahalleleri hari¢ tutularak Pendik il¢esinden 31, Tuzla ilgesinden 13, Cayirova ilgesinden 9, Darica

ilcesinden 14 ve Gebze ilgesinden 23 olmak iizere toplamda 90 mahalle ¢alisma alanini olugturmustur (Sekil 4).
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Sekil 4: Calisma alaninin belirlenmesi
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Calisma kapsaminda konut tipindeki tasinmazlarin zaman-konuma bagli deger degisim dinamiklerinin belirlenmesi amaciyla
2019 Ocak-2023 Aralik aras1 donemi kapsayan ¢aligma alan1 konut m? birim fiyatlar1 Endeksa firmasindan mahalle diizeyinde
aylik olarak temin edilmigtir (URL-7). Temin edilen veriler mahallelere gore CBS ortaminda diizenlenerek toplam 60 aydan
olusan 5400 kayitl: bir veri seti hazirlanmistir. Diger taraftan deger degisimleri ile ekonomik degiskenler arasindaki iliskileri
analiz edebilmek icin insaat Maliyet Endeksi, insaat Sektdrii Giiven Endeksi, kur degisimleri gibi Tablo 3’te detayli bicimde

aciklanan veriler 2019 Ocak-2023 Aralik arasi donemi kapsayacak sekilde temin edilerek analizler i¢in hazir duruma

getirilmistir.
Tablo 3: Calisma alani igin temin edilen veri setleri
Veri Seti Diizey Kaynak
Konut (m?) Birim Fiyatlari (F1) Mabhalle Endeksa
Insaat Maliyet Endeksi (F2) Ulke TUIK- Insaat ve Konut
Insaat Sektorii Ekonomik Giiven Endeksi (F3) Ulke TUIK- Ekonomik Giiven
Tiiketici Fiyat Endeksi (TUFE) (F4) Ulke TUIK- Enflasyon ve Fiyat
Yurt i¢i Uretici Fiyat Endeksi (Yi-UFE) (F5) Ulke TUIK- Enflasyon ve Fiyat
Insaat Sektorii Ucretli Calisan Sayisi (F6) Ulke TUIK- Istihdam, Issizlik ve Ucret
Gayrisafi Yurt Ici Hasila (F7) Ulke TUIK- Ulusal Hesaplar

Iktisadi Faaliyet Kollarina Gére Gayrisafi Yurt I¢i Hasila

Degisim Oranlar1 (Gayrimenkul) (F8) Ulke TUIK- Ulusal Hesaplar
Iktisadi Faaliyet Kollarina Gére Gayrisafi Yurt I¢i Hasila - -
Degisim Oranlart (insaat) (F9) Ulke TUIK- Ulusal Hesaplar
Bankalarca Agilan Kredilere Uygulanan Agirlikli Ortalama Ulke TCMB Elektronik Veri Dagitim
Faiz Oranlar1 (Konut) (F10) Sistemi- Faiz Istatistikleri
Piyasadaki Tiirk Liras1 Verisi, M2, Para Arz1 (F11) Ulke TCMB Elekgfs?élfrl\i/erl Dagitim
Bankacilik Sektorii Verileri-Tiiketici Kredileri (Konut) - Bankacilik Diizenleme ve Denetleme
Ulke
(F12) Kurumu
. - T.C Merkez Bankasi Elektronik Veri
Doviz Kurlar1 (Dolar ve Euro) (F13) Ulke Dagitim Sistemi- Kurlar
T . TUIK-TKGM Konut Satig
Konut Satis Istatistikleri (F14) Ilge istatistikleri
Yap1 Kullanma izin belgesi istatistikleri (Daire) (F15) Ulke TUIK- Insaat ve Konut

3.2 Taginmaz Deger Degisimi ve Ekonomik Degiskenlerin istatistiksel Analiz Teknikleri ile incelenmesi

Zamansal ekonomik degiskenler ve tagmmmaz degeri arasindaki iliskinin istatistiksel analiz teknikleri ile incelenmesi
taginmazlarin deger degisim dinamiklerinin olugmasinda etkili olan faktorlerin anlasilmasi agisindan biiyilk 6nem
tagimaktadir. Bu kapsamda Tablo 3’te ifade edilen verileri temsil eden degiskenler kullanilarak degiskenlerin her birinin bir

onceki aya gore ylizdesel degisimi asagidaki esitlik ile hesaplanarak model veri seti hazirlanmistir.

AF, = Ze™lien o 109 (13)
Fitey)
Esitlikte AF; ilgili degiskenin t, — t; donemi i¢in ylizdesel degisimini, F; ) ve Fy,) ise ilgili degiskenin sirasiyla t; ve ¢,

zaman dilimlerindeki degerini ifade etmektedir.

Yiizdesel degisimler kullanilarak hazirlanan veri seti ile bir CDR modeli olusturulmustur. Modelde konut m? birim
fiyatlarindaki degisim bagiml degisken, diger degiskenlerdeki degisim ise bagimsiz degigkenler olarak tanimlanmistir.
Model IBM SPSS Statistics 20 yazilim ortaminda olusturularak performansi degerlendirilmistir. Modele iliskin kriter

katsayilar1 ve anlamlilik diizeyleri Tablo 4’te, modelleme performansi ise Tablo 5°te verilmistir. Modelleme sonuglar1 yaygin

Jeo. Jeolnf. Derg., 2025, 12(1):58-76



mKonumsal-zamansal tasinmaz deger degisim dinamiklerinin CBS ve istatistiksel analiz teknikleri ile incelenmesi

bi¢imde kullanilan R? degeri {izerinden ele alindiginda, modelin bagimsiz degiskenlerinin, bagimli degiskenin varyansinin
%63.3"linii agiklamakta olup, bu durum modelin oldukga iyi bir agiklayiciliga sahip oldugunu ifade etmektedir. Baska bir
ifade ile olusturulan model, konut birim fiyatlarindaki degisim ve ekonomik degiskenlerdeki zamansal degisim arasinda giiglii

bir iliski sunmakta olup ve konut m? birim fiyatlarm etkileyen faktorlerin énemli bir kismim agiklamaktadir.

Tablo 4: Model kriter katsayilari ve istatistiksel anlamlilik diizeyleri

Standardize Standardize B icin Giiven Col‘du Dogrusallik
Model Edilmemis Katssat)(;llar Katsayilar ¢ A;lla{nhl}k Arahig (%%51 Istatistikleri
B Ha t; Beta CVIYESL ALt Simir Sll:ll‘ Tolerans VEF
(Sabit) -1.411 0.852 -1.655 0.105 -3.127 0.306
F2 -0.210 0.215 -0.187 -0.977 0.334 -0.643 0.223 0.222 4.505
F3 0.001 0.057 0.002 0.013 0.990 -0.115 0.116 0.601 1.664
F4 0.530 0.313 0.325 1.692 0.098* -0.101 1.161 0.220 4.541
F5 0.726 0.262 0.575 2.770 0.008%** 0.198 1.254 0.189 5.282
F6 -0.069 0.135 -0.068 -0.510 0.612 -0.340 0.203 0.463 2.159
F7 -0.326 0.199 -0.300 -1.638 0.108 -0.728 0.075 0.243 4.118
F8 2.972 1.325 0.441 2.243 0.030%** 0.303 5.641 0.211 4.742
F9 0.213 0.156 0.216 1.365 0.179 -0.101 0.528 0.326 3.064
F10 0.061 0.049 0.155 1.229 0.226 -0.039 0.160 0.515 1.940
F11 0.551 0.159 0.416 3.459 0.001*** 0.230 0.871 0.563 1.776
F12 0.400 0.204 0.225 1.959 0.056%* -0.011 0.811 0.620 1.613
F13 -0.328 0.120 -0.392 -2.738  0.009%** -0.570 -0.087 0.397 2.520
F14 0.003 0.011 0.039 0.297 0.768 -0.019 0.026 0.469 2.133
F15 -0.139 0.090 -0.289 -1.550 0.128 -0.320 0.042 0.234 4272

¥E:p < 0.01, ¥*: p <0.05, *: p < 0.1, VEF: Varyans Enflasyon Faktorii

Tablo 5: Modelleme performans sonuglari

R R? Diizeltilmis R* Tahmin Standart Hatas1 Durbin-Watson
0.796 0.633 0.519 3.0849703 2.020

Modelleme sonuglari Tablo 4 iizerinden irdelediginde; Tiiketici Fiyat Endeksi (TUFE) Degisimi (F4), Yurt i¢i Uretici Fiyat
Endeksi (Yi-UFE) Degisimi (F5), iktisadi Faaliyet Kollarina Gore Gayrisafi Yurt i¢i Hasila Degisim Oranlar1 (Gayrimenkul)
(F8), Bankalarca Acilan Kredilere Uygulanan Agirlikli Ortalama Faiz Oranlari (Konut) Degisimi (F10), Piyasadaki Tiirk
Liras1 Para Arzi Degisimi (F11), Bankacilik Sektorii Verileri-Tiiketici Kredileri (Konut) Degisimi (F12) ve Déviz Kurlar
(Dolar ve Euro) Degisimi (F13) degiskenlerinin istatistiksel agidan anlamli oldugu tespit edilmistir. Diger taraftan
gayrimenkul sektériiniin biiyiikliigiinii temsil eden GSYH, Iktisadi Faaliyet Kollarina Gore Degisim Oranlari (Gayrimenkul)
(F8)’deki degisim konut birim fiyatlarini etkileyen en énemli faktor olup, bu degisimdeki %1°lik bir artig, konut birim
fiyatlarindaki degisimi %2.972 oraninda artirmaktadir. Yi-UFE Degisimi (F5) ise konut birim fiyatlarindaki degisimi %0.726
oraninda artirmakta, bu da iiretici fiyatlarindaki artislarin konut piyasasina nasil yansidigini ortaya koymaktadir. Uglincii
onemli degisken olarak Piyasadaki Tiirk Lirasi Para Arzi Degisimi (F11) 6ne ¢ikmakta olup, burada birim artis, konut birim
fiyatlarindaki degisimi %0.551 oraninda yiikseltmektedir. Para arzindaki artisin konut talebini artirdig1 ve birim fiyatlarin
yiikselmesine neden oldugu anlagilmaktadir. TUFE Degisimi (F4) ise konut birim fiyatlarindaki degisim iizerinde %0.530
oraninda bir etki olusturmakta; bu da genel enflasyonun konut piyasasi iizerindeki etkisini yansitmaktadir. Bankacilik Sektori
Verileri-Tiiketici Kredileri (Konut) Degisimi (F12) ise konut birim fiyatlarindaki degisim tizerinde %0.400 oraninda bir

pozitif etki gostermektedir. Tiiketici kredilerindeki artisin konut birim fiyatlarindaki artisi da etkileyebilecegini
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diistindiirmektedir. Bu durum ise tiiketici kredileri miktarlarin artmasi ile konuta olan talebin ve dolayisiyla ipotekli konut
satislarin artmasinin bir sonucu olarak degerlendirilebilir. Doviz Kurlari (Dolar ve Euro) Degisimindeki (F13) artis ise konut
birim fiyatlarindaki degisimi negatif yonde etkileyerek yaklagik %0.328 oraninda bir diisiise neden olmaktadir. Bu durum ise
doviz kurlarindaki dénemsel sigramalarin olmasi ve sonrasinda degisimin nispeten duragan olmasinin bir etkisi olarak

diisiiniilebilir.
3.3 Konum-Zaman Kiip Modelinin Olusturulmasi

Bu ¢alisma kapsaminda konut m? birim deger degisimlerinin konumsal-zamansal analizi i¢in ¢aligma alan1 smirlari igerisinde
ArcGIS Pro 3.3 yaziliminda NetCDF veri formatinda bir Konum-Zaman Kiipii olusturulmustur. Kiipte girdi olarak 2019
Ocak-2023 Aralik dénemindeki aylik ortalama konut m? birim degerleri kullanilmis olup, kiip mahalle smirlarma gore
olusturulmustur. Olusturulan kiipiin Sekil 5°teki gibi 3B gorsellestirilmesi gerceklestirilerek, verilerin konuma bagli zamansal

degisimlerinin incelenmesine olanak saglanmistir.

Zamansal Konut m? Birim Deger Degisimi

Lejant
Birim Fiyat (m?/t)
® 1552.00 - 6776.00
¥ 6776.01-14122.00
14122.01 - 22042.00
22042.01 - 32869.00
32869.01 - 140553.00
Askeri Bolge
I Organize Sanayi Bélgesi
Kus Golu
B Manalle Sinin

0 25 5 10 Km

Sekil 5: Birim deger Konum-Zaman Kiipiiniin 3B gérsellestiriimesi

3.4 Konum-Zaman Kiip Modeli ile Zamansal Analizler

3.4.1 Konumsal-Zamansal Trend Analizi

Konut m? birim degerleri ile iiretilen Konum-Zaman Kiipii ilk olarak Konumsal-Zamansal Trend Analizi’nde girdi olarak
tanimlanmistir. Ardindan kiip kullanilarak Konumsal-Zamansal Trend Analizi gergeklestirilmistir. Sekil 6’da verilen analiz
sonuglan irdelendiginde konut m? birim degerleri agisindan ¢aligma alanindaki tiim mahallelerin %99 giiven araliginda
yikselme trendi gosterdigi tespit edilmistir. Ayrica zamansal birim m? deger degisim grafikleri her bir mahalle igin Sekil
7°deki gibi iiretilmistir. Uretilen grafikler {izerinden mahallelerin zamansal deger degisimleri aylik olarak

incelenebilmektedir.
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Birim Deger Trend Analizi

32869.01 - 1405!
kselme Trendi - ¢
B Yikselme Trend
B Yokselme Trendi -
B Anlamli Olmay

Askeri Bolge
B Organize Sanayi Bélges

Sekil 6: Birim deger Konum-Zaman Kiipii ile trend analizi
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Sekil 7: Mahalle bazli zamansal birim deger trend grafiklerinin olugturulmasi

3.4.2 Yiikselen Sicak-Konum Analizi

Olusturulan Konum-Zaman Kiipii kullanilarak diger bir konumsal-zamansal analiz olan Yiikselen Sicak-Konum Analizi
gergeklestirilmistir (URL-8). Sekil 8’deki analiz sonuglar1 irdelendiginde c¢alisma alaninda Ardisik Sicak Konum ve
Salimimli Sicak Konum kategorilerinde zamansal Oriintiiler tespit edilmistir. Bu baglamda Tuzla ilgesinin giineyinde Postane,
Cami ve Istasyon mahalleleri ile kuzeyinde Orhanli ve Orta mahalleleri; Pendik ilgesinin kuzeyindeki Yenisehir ve
Harmandere mahalleleri Ardigik Sicak Konum kategorisine dahil olmustur. Calisma alanindaki tiim diger mahallelerin ise

Salinimli Sicak Konum kategorisine dahil oldugu tespit edilmistir.

Jeo. Jeolnf. Derg., 2025, 12(1):58-76



Sisman vd. /Jeodezi ve Jeoinformasyon Dergisi [Cilt/Volume:12] [Sayi/Issue:01] [Mayis/May 2025]

=1 Yeni Sicak Konum
Ardisik Sicak Konum
Il Yogunlasan Sicak Konum

Siirekli Sicak Konum
B Azalan Sicak Konum
B Nadir Sicak Konum
BER salinmi Sicak Konum
B Tarihsel Sicak Konum
=1 Yeni So§uk Konum
Ardisik Soguk Konum
I3 Yogunlasan Soduk Konum
Sirekli Soguk Konum
B Azalan Soduk Konum
B Nadir Soguk Konum
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B Tarihsel Soguk Konum
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0 25 5

Sekil 8: Birim deger Konum-Zaman Kiipli ile Yiikselen Sicak-Konum analizi

3.4.3 Yerel Kiimelenme ve Aykirilik Analizi

Yiikselen Sicak-Konum Analizi’ne benzer sekilde olusturulan Konum-Zaman Kiipii kullanilarak Yerel Kiimelenme ve
Aykirilik Analizi gergeklestirilmistir (URL-9). Sekil 9°daki analiz sonuglar irdelendiginde Tuzla ilgesindeki Cami Mahallesi
ve Pendik ilgesindeki Harmandere Mahallesi’nin Yiiksek-Yiiksek Kiimelenme kategorisinde oldugu, diger tiim mahallelerin
ise Coklu Tip kategorisinde yer aldigi tespit edilmistir. Diger mahallelerde konut birim fiyatlarinin zaman igerisinde daha
dalgali bir seyir izledigi goriilirken, Cami ve Harmandere Mahalleleri’nin diger mahallelere gére konut birim fiyatlarinda
yiiksek-yiiksek kiimelenme gostererek daha istikrarli oldugu goriilmektedir. Bu durum yeni projeler ve yatirimlar, ulagim
kolayliklari, bélgenin sosyoekonomik yapisindaki gelismelerle yakindan iligkilendirilebilir. Ayrica analiz sonuglari zamansal
3B olarak gorsellestirilmistir. Konut m? birim degerlerinin zamansal olarak kiimelenme ve aykirilik gosterdigi donemler

belirlenmistir (Sekil 10).
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Sekil 10: Birim deger Konum-Zaman Kiipii ile Yerel Kiimeleme ve Aykirilik Analizi 3B gbrsellestirme
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4. Sonug ve Oneriler

Tasinmazlar iilke ekonomilerinin temel yap1 unsurlarindan birisi olup, ekonominin pek ¢ok alaninda kritik bir rol oynar.
Tasinmaz sektorii dogrudan ve dolayli olarak birgok sektorii etkileyerek, ckonomik dongiiniin olugmasma katki
saglamaktadir. Taginmazlarin yatirim araci olarak ve bankacilik faaliyetlerinde sigorta olarak kullanilmasi deger degisim
dinamiklerinin analiz edilmesinin énemine igaret etmektedir. Bu baglamda tasinmazlarin konum ve zamana bagli olarak
deger degisim dinamiklerinin modellenmesi, taginmaz piyasasinda stratejik kararlar almak i¢in biiylik 6nem tasimaktadir. Bu
stirecte, tasinmazlarin deger degisimini etkileyen zamana bagli ekonomik unsurlarin istatistiksel tekniklerle modellenerek
piyasa dinamiklerinin anlasilmasi, yatirimcilara ve politika yapicilara taginmazlar i¢in onemli altliklar teskil eder.
Tasinmazlarin deger degisim dinamiklerinin konum ve zamana gore analiz edilmesi, ekonomik risklerin optimize edilmesi

ve taginmaz gelistirme faaliyetlerinin en etkin ve verimli bigimde degerlendirilmesine yonelik 6nemli avantajlar saglar.

Bu calisma kapsaminda konut tipindeki tasinmazlarin zamansal deger degisim dinamiklerinin belirlenebilmesi igin
Istanbul’un Pendik ve Tuzla ilgeleri ile Kocaeli ilinin Gebze, Cayirova ve Darica ilgelerindeki mahallerde 2019 Ocak-2023
Aralik déneminde pilot uygulama gerceklestirilmistir. 14 ekonomik degiskenle olusturulan modelde Tiiketici Fiyat Endeksi
(TUFE) Degisimi, Yurt i¢i Uretici Fiyat Endeksi (YI-UFE) Degisimi, iktisadi Faaliyet Kollarma Gére Gayrisafi Yurt Ici
Hasila Degisim Oranlar1 (Gayrimenkul), Bankalarca Agilan Kredilere Uygulanan Agirlikli Ortalama Faiz Oranlart (Konut)
Degisimi, Piyasadaki Tirk Lirast Para Arzi Degisimi, Bankacilik Sektorii Verileri-Tiiketici Kredileri (Konut) Degisimi ve
Doviz Kurlari (Dolar ve Euro) Degisimi degiskenlerinin istatistiksel agidan anlamli oldugu tespit edilmistir. Diger taraftan
taginmazlarin konum-zamansal deger degisim dinamiklerinin belirlenebilmesi i¢in olusturulan Konum-Zaman Kiip modeli
ile CBS tabanli analizler gergeklestirilmistir. Gergeklestirilen Konumsal-Zamansal Trend Analizi ile tiim mahallelerin %99
giiven araliginda yiikselme trendi gosterdigi tespit edilirken, Yiikselen Sicak-Konum Analizi ile Ardisik Sicak Konum ve
Salinimli Sicak Konum kategorilerinde zamansal oriintiiler tespit edilmistir. Boylelikle tasinmazlarin konumsal-zamansal
deger degisim dinamiklerinin CBS ve istatistiksel analiz teknikleri ile etkin bigimde belirlenebilecegi sonuglarla
desteklenmigstir. Ayrica bu ¢alisgma ekonomik degiskenler ve deger degisimi arasindaki iligkilerin CDR gibi istatistiksel
modeller yardimiyla 6nemli 6l¢iide agiklanabilmesinin yani sira konumsal-zamansal deger degisimlerinin CBS ortaminda
konumsal-zamansal analiz teknikleri ile degerlendirilmesi literatiire biitiinlesik bir metodoloji sunmaktadir. Onerilen hibrit
yaklagim ile kentsel alanlarda taginmazlarin konumsal-zamansal deger degisim dinamiklerinin belirlenmesi, tagmmaz

sektoriinde dogru stratejiler gelistirmek ve yatirim kararlarini optimize etmek igin kullanilabilir.

Tasinmaz deger degisiminde etkili faktdrlerin hem zamansal hem konumsal analizi, yerelle ve taginmazlarla iligkili ulusal
ekonominin faaliyetlerinin saglikli bir sekilde degerlendirilmesi, sosyal refahin artirilmasi ve siirdiiriilebilir kalkinma
hedefleri ile uyumlu olarak siirdiiriilebilir sehir ve topluluklarin olusmasina katki saglayabilir. Ayrica gelecek ¢aligmalarda
tasinmaz degerin Konum-Zaman Kiip modeli zaman serisi teknikleri ile kullanilarak belirli bir bolgedeki tasinmaz
degerlerinin yillik, mevsimlik veya aylik degisimleri analiz edilebilir. Kentsel ve kirsal farkli cografi alanlarda, deger
dalgalanmalarinin nasil oldugu ilgili yerlesim yerinde zamana bagli olarak izlenebilir. Bir bolgedeki tasinmaz degerlerinin
zaman igindeki gelisimi incelenerek yatirim potansiyeli tagtyan yerler tespit edilebilir. Taginmaz gelistirme projelerine baglh
olarak, hangi bdlgelerde deger artiglarinin ivme kazandig1 ve hangi bdlgelerde ise azalma oldugu belirlenebilir. Bu kapsamda,
kentsel doniisiim, yeni ulagim projeleri veya imar planlarini gayrimenkul degerleri iizerindeki etkilerini analiz etmek i¢in
kullanilabilir. Konum-Zaman Kiipii, deprem gibi dogal afetlerin, ekonomik krizler ve salginlarin tasinmaz degerleri
iizerindeki etkilerini ve ilgili konumlarda nasil farklilik gdsterdigini incelemek i¢in kullanilabilir. Ayrica bu modelleri
kullanarak, bir bolgede yasanan ekonomik biiylime veya kiiclilme gibi sosyoekonomik faktdrlerin tasinmaz degerleri

tizerindeki uzun vadeli etkilerini izlemek miimkiin olabilir.
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Tesekkiir

Bu calisma TUBITAK tarafindan desteklenen 122R021 no’lu 1001 projesi kapsaminda gerceklestirilmistir. Bu ¢alisma
kapsaminda kullanilan taginmaz deger verilerinin saglanmasinda Endeksa firmasina katkilarindan dolay1 tesekkiirlerimizi

sunariz.
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Abstract: Recently, photogrammetric products produced using Unmanned Aerial Vehicles (UAVs) are frequently preferred for disaster
management, geological, and meteorological studies, urban studies and military purposes. Obtaining products with UAV photogrammetry
provides a significant advantage over ground-based methods in terms of speed and cost. At the same time, the accuracy of the products
produced is of particular importance. In this study, the effects of the number of Ground Control Points (GCPs) and GCP network design
on accuracy were investigated. In this direction, 12 GCPs with homogeneous distribution in the study area were established and their
locations were determined by GNSS measurements. Then, scenarios with different number of GCPs and different network designs were
created, and the accuracy of these points were evaluated. As a result, it has been concluded that 5 GCPs homogeneously distributed in the
field is sufficient for the products at high accuracy (< 10 cm) required in geomatics applications, increasing the number of the GCPs will
not benefit the accuracy of the project and this process is disadvantageous in terms of increasing the cost along with the speed.

Keywords: UAV Photogrammetry, GCP, Network design

iHA fotogrametrisinde YKN sayisi ve dagiliminin fotogrametrik iiriin dogruluguna etkisinin arastiriimasi

Oz: Son zamanlarda Insansiz Hava Araglart (IHA) kullanilarak iiretilen fotogrametrik iiriinler afet yonetimi, jeolojik ve meteorolojik
arastirmalar, sehircilik calismalart ve askeri amaclar icin siklikla tercih edilmektedir. IHA fotogrametrisi ile iiriin elde etmek hiz ve maliyet
agisindan yersel yontemlere gore onemli bir avantaj saglamaktadir. Ayni zamanda iiretilen iiriinlerin dogrulugu da ayri bir énem arz
etmektedir. Bu ¢alismada, Yer Kontrol Noktasi (YKN) sayisinin ve YKN ag tasarmmimin dogruluk iizerindeki etkileri arastiriimistir. Bu
dogrultuda ¢alisma alaninda homojen dagilim gosteren 12 nokta tesis edilerek GNSS 6l¢iimleri ile konumlar: belirlenmistir. Ardindan,
farkly YKN sayisina ve farkli ag tasarimina sahip senaryolar olusturularak bu noktalarin dogruluklar: degerlendirilmistir. Sonug olarak,
arazide homojen dagilim gosteren 5 YKN 'nin geomatik uygulamalarinda gereksinim duyulan yiiksek dogruluklu (< 10 cm) tiriinler i¢in
yeterli oldugu, YKN sayisini artirmanin projenin dogruluguna fayda saglamayacagr ve bu islemin hiz ile birlikte maliyeti artirmasi
bakimindan dezavantajli oldugu sonucuna varimistir.
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Investigation of the effect of GCP number and distribution on photogrammetric product accuracy in UAV photogrammetry

1. Introduction

High-resolution products such as orthoimagery, point clouds and Digital Surface Models (DSM) derived from Unmanned
Aerial Vehicle (UAV) photogrammetry are of increasing importance for many different engineering fields that require a
complete understanding of topography. These products are produced for a wide variety of purposes and can be produced by
many different vehicles such as satellites, airplanes and UAVs. UAVs are emerging as a viable alternative to conventional
airborne and satellite sensors due to their lower cost, high temporal and spatial resolution, and flexibility in image acquisition
(Harwin & Lucieer, 2012; Hugenholtz et al., 2013; Ozdas et al., 2024; Westoby et al., 2012). In recent years, UAVs can be
used effectively and efficiently in many areas such as military purposes, detection and management of natural disasters such
as forest fires, earthquakes and landslides, meteorological and geological studies, archaeological field applications,
photogrammetric earth modeling and mapping (Mozas-Calvache et al., 2012; Niethammer et al., 2012; Okuyama et al., 2005;
Ollero & Merino, 2006; Xiang & Tian, 2011). The use of UAVs in photogrammetric projects has many advantages such as
being less affected by meteorological conditions, easy access to inaccessible and risky areas, high location accuracy and fast
data processing, and ease of flight. On the other hand, some aspects such as increased wind speed, dust clouds, rainy weather,
which affect image quality, and limited time in the air due to battery limitations can be considered as negative (Gencerk,

2016; Hastaoglu et al., 2023).

Ground Control Points (GCPs) are generally used to produce very high accuracy (< 5 cm) photogrammetric products,
especially in geomatics discipline. On the other hand, in the case of using GNSS-equipped UAVs that allow RTK (Real Time
Kinematic) and/or PPK (Post Processing Kinematic) solutions, photogrammetric products with an accuracy (< 15 cm) that

can be easily used by many different disciplines depending on the Ground Sample Distance (GSD) can be produced.

In the literature, various studies have examined the effect of the distribution and number of GCPs on the positional accuracy
of maps produced from UAV-collected data. Indirect georeferencing requires a sufficient number of GCPs with a
homogeneous distribution if GCPs are established, measured, and used. However, methods such as Real Time Kinematic
(RTK) and Post Processing Kinematic (PPK) in UAV photogrammetry can reduce or even eliminate the use of GCPs
depending on the desired accuracy in the project (Ferrer-Gonzalez et al., 2020; Turk & Ocalan, 2020; Turk et al., 2022).
Therefore, if measurements are made with methods such as RTK or PPK, it is very important to investigate the number of
GCPs required in the field and their appropriate distribution, since the number of GCPs directly affects labor, time, and cost.

There are several studies on this subject in the literature.

Agiiera-Vega et al. (2017a) conducted a study on the effect of the number of GCPs on the accuracy of DSM and orthoimagery
produced by UAV/RTK method. In this study, 160 images were acquired from a height of 120 meters in an area of 17.64
hectares and the effect of different GCP numbers (4, 5, 6, 7, 8, 9, 10, 15, and 20) on the accuracy was analyzed with the help
of Root Mean Square Error (RMSE) values. With 15 and 20 GCPs, RMSExy and standard deviation values for horizontal
accuracy were 4.6+0.340 cm and 4.5+0.169 cm, respectively, while RMSEz and standard deviation values for vertical
accuracy were 5.8+1.21 cm and 4.7+£0.86 cm, respectively. As a result, it was concluded that similar results were obtained in
both scenarios, however the most suitable option in terms of factors such as time and cost was 15 GCPs. In general, a
decreasing trend was observed in the RMSE values as the number of GCPs increased. However, it was emphasized that there

was not a big difference between 15 and 20 GCPs, so 15 GCPs were more preferable.

Martinez-Carricondo et al. (2018) investigated the effects of different GCP distributions on horizontal and vertical accuracies.

It was found that the edge distribution and stratified distribution gave the best results. It was found that GCPs should be
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placed at the edge of the study area to optimize horizontal accuracy; however, this method is not sufficient for vertical
accuracy. To improve vertical accuracy, it was suggested to place GCPs in a stratified distribution within the study area at a
density of approximately 1.7 GCP/ha. The combination of these two methods was found to be the most appropriate strategy
to minimize the total error. In the study, the best horizontal accuracy of 0.035 m was obtained by placing GCPs in an edge
distribution and spaced 84 m apart. However, the vertical accuracy increased to 0.062 m in this scenario. On the other hand,
the optimal combination for optimizing vertical accuracy was found to be a stratified distribution at a density of 1.7 GCP/ha,
with a vertical accuracy of 0.047 m and a horizontal accuracy of 0.045 m. If the GCPs were spaced at 46.7 m intervals
according to the edge distribution, the horizontal accuracy was 0.035 m and the vertical accuracy was 0.048 m. These results

indicate that the distribution of GCPs should be carefully planned to improve photogrammetric accuracy.

Tomastik et al. (2017) investigated the effect of different number and distribution of GCPs (4, 5, 7, and 9) installed on the
ground on horizontal and vertical accuracies. As a result, they emphasized that the number of GCPs used does not have a
significant effect on the accuracy. They stated that there was not a significant difference between using 4 and 9 similarly
distributed GCPs in the field and that increasing the number of GCPs too much would negatively affect the effectiveness of
the survey. Instead, they stated that the use of more precise methods of measuring and positioning of the GCPs would have

a more positive effect on accuracy.

Agtiera-Vega et al. (2017b) evaluated the effects of flight height, terrain morphology, and number of GCPs on accuracy. In
the study, 60 different photogrammetric scenarios were carried out using five different terrain morphologies, four flight
altitudes (50, 80, 100, and 120 m) and three different GCP numbers (3, 5, and 10). The results showed that the horizontal
accuracy (RMSEX, RMSEY, RMSEXY) was not significantly affected by flight height or terrain morphology, but the number
of GCPs had a significant impact on the accuracy. In terms of horizontal accuracy, the best results were obtained when using
5 or 10 GCPs, especially in flat areas. In terms of vertical accuracy, flight altitude and number of GCPs were found to be
important factors, with accuracy decreasing as flight altitude increased. The highest accuracy was obtained with a flight
altitude of 50 m and 10 GCPs, where RMSEX, RMSEY, RMSEXY, and RMSEZ values were calculated as 0.038, 0.035,
0.053, and 0.049 m, respectively.

Sanz-Ablanedo et al. (2018) examined the effects of the number and distribution of GCPs on accuracy in a square coal mine
area of 1200 ha. As a result of the study, they stated that an increase in the number of GCPs improves accuracy and the
importance of a balanced distribution of GCPs in the study area. In this context, they emphasized that the highest accuracy
was achieved when the GCPs were evenly distributed over the entire area, and that if the density of GCPs was clustered in
the center or edge regions, it gave insufficient results. They mentioned the necessity of using a large number of GCPs

(minimum 3 GCPs per 100 images) to achieve high accuracy in large projects.

Oniga et al. (2020) examined the effect of the number of GCPs on accuracy with a low-cost UAV flight at a height of 28 m
above ground in an area of 1 hectare. As a result, it was found that increasing the number of GCPs from 4 to 20 reduced the

RMSE values by 50%.

Ferrer-Gonzalez et al. (2020) investigated the effect of the number and distribution of the number of GCPs in the terrain on
the accuracy of the photogrammetric product in a corridor-shaped study area with UAV photogrammetry. They emphasized
that the horizontal and vertical accuracy improved with the increase in the number of GCPs used in the study and that
horizontal accuracy was always better than vertical accuracy. They also stated that even if an RTK capable UAV was used,

the use of GCPs was necessary in projects that required higher accuracy.
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Deliry and Avdan (2024) emphasized that flight altitude does not affect the horizontal accuracy; however, the vertical
accuracy decreases with increasing altitude, the vertical accuracy improves significantly with the increase in the number of

GCPs used, and the vertical accuracy is not reliable in DSMs obtained without the use of GCPs.

Liu et al. (2022) evaluated the accuracy of the products obtained by direct georeferencing method. They emphasized that this
accuracy improves with the use of GCPs, but this decrease is not significant above a density of 12 GCP/km?. In general, they
mentioned the positive effects of homogeneous distribution of the GCPs and the establishment of a GCP near the center of

the area on the accuracy.

Hastaoglu et al. (2023) emphasized that distribution of GCPs is more important than number of GCPs to achieve the highest
accuracy in UAV photogrammetry projects. They emphasized that although the homogeneous distribution of the GCPs that
accurately reflects the geometric structure of the study area increases the accuracy, the results are negatively affected by
poorly designed GCP networks or those placed only at the field boundaries. They also emphasized that in UAV
photogrammetry, increasing the number of GCPs alone will not improve the position accuracy, and that an accurate GCP

design that also takes into account the topographic and geometric structure is required.

As can be understood from the above studies, even if measurements are to be made with UAVs equipped with hardware that
allows RTK/PPK solution, the installation of a GCP helps to increase the accuracy to higher levels. In addition, it can be
difficult to collect photogrammetric data using a large number of GCPs due to time, cost, labor, and accessibility (Zhang et
al., 2019). As another comparison, in RTK measurement, if the connection is lost even for a fraction of a second, there may
be problems in producing accurate output products. However, the PPK measurement method does not have problem of losing
signal connection. Therefore, PPK provides much more reliable results than RTK. In PPK, depending on the accuracy
expected from the project, the use of GCP can be reduced or eliminated. As a matter of fact, recent studies have emphasized
that high accuracy photogrammetric products can be produced below 10 cm without the need for GCP (Turk & Ocalan, 2020;
Turk et al., 2022).

In this study, 12 GCPs were installed in the application area and necessary positioning measurements were made. Afterwards,
a flight was performed with a UAV equipped with GNSS hardware capable of PPK solution. Then, the effects of the number

of GCPs and their distribution on location accuracy were investigated in different scenarios.

2. Material and Methods

In this study, an area of approximately 6 km? within the campus of Sivas Cumhuriyet University with different vegetation,
buildings, and topographical features was selected as the study area. In this area, 12 GCPs were installed, and their positions
were determined via The Tersus Oscar GNSS receiver and CORS-TR. The receiver supports all GNSS satellite systems and
frequencies, enabling high-precision position determination. It is capable of receiving GPS (L1 C/A, L2C, L2P, L5),
GLONASS (L1 C/A, L2 C/A), BeiDou (B1, B2, B3, BDS-3), Galileo (E1, E5a, E5b), and QZSS (L1 C/A, L2C, L5) signals
and is compatible with SBAS, WAAS, EGNOS, GAGAN, SDCM, and MSAS systems. With the 576-channel capacity, data
were obtained from the CORS-TR station with the Network RTK method with a precision of 8mm+0.5ppm horizontally and

15mm+0.5ppm vertically.

In addition, a fixed GNSS reference station was installed approximately in the center of the study area for the solution of the

kinematic GNSS data collected by UAV.
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The Study Area: (Sivas Cumhuriyet University Campus Area, Tiirkiye)
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Figure 1: Study area and distribution of GCPs installed

Quantum Systems Trinity FO0+ UAV with 42.4 MP (7952 X 5304 pixels) resolution, PPK/GNSS hardware and Sony RX1R
II RGB camera with 35.9 mm x 24.0 mm sensor size, f=35mm F2.0 lens type and manual focus vertical take-off and landing
(VTOL) capability was used in the study. In the study area, 1770 images were obtained with an average GSD of 3.16 cm,
80% overlap and 60% sidelap parameters during a 1-hour flight. The process steps followed in this study are shown in Fig.

2 and some GCPs installed in the study area are shown in Fig. 3.

Investigation of the effect

Establishment and Evaluation of data e amberanglGep
Preparation of Flight Plan measurement of GCPs in Collecting data with UAV obtained from UAV/PPK .
. . network design on
the field solution

accuracy

Figure 2: Workflow chart
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Figure 3: Some of the GCPs installed in the study area

While GCPs contribute to the georeferencing process in photogrammetric studies, Check Points (CPs) are used to test
accuracy (Ferrer-Gonzalez et al., 2020; Tomastik et al., 2019). In this study, the effect of the number and distribution of GCPs

on photogrammetric product accuracy is investigated in 10 different scenarios (Table 1 and Fig. 4).

Table 1: Scenarios considering the number and distribution of GCPs (H: Homogeneous Distribution and IH: Inhomogeneous Distribution)

SN Scenario GCP CP

S1 5GCP_H 1,6,8,10,12 2,3,4,5,79,11
S2 5GCP_IH 2,3,4,5,6 1,7,8,9,10,11,12
S3 6GCP_H 1,3,6,8,10,12 2,4,5,7,9,11
S4 6GCP_IH 1,2,3,4,5,6 7,8,9,10,11,12
S5 7GCP_H 1,3,6,8,10,11,12 2,4,5,7,9
S6 7GCP_IH 1,2,3,4,5,6,7 8,9,10,11,12
S7 8GCP_H 1,3,6,7,8,10,11,12 2,4,5,9

S8 8GCP_IH 1,2,3,4,5,6,7,11 8,9,10,12
S9 9GCP_H 1,2,3,6,7,8,10,11,12 4,59

S10 9GCP_IH 1,2,3,4,5,6,7,10,11 8,9,12

First, kinematic GNSS data obtained using the PPK-equipped UAV were evaluated with the help of static GNSS data. Then,

accuracy assessments were performed with Pix4D Mapper v4.4.12 software in line with the UAV photogrammetry workflow.

RMSE values are widely used in accuracy assessment (Cerreta et al., 2023 Stroner et al., 2020; Villanueva & Blanco, 2019).
Lower RMSE values indicate that the photogrammetric product is more accurate and precise, i.e. the difference between the

model and actual observations is smaller (Cerreta et al., 2023).
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Figure 4: GCPs installed in different distributions and in different numbers (Left shows homogeneous distribution, right shows inhomogeneous

distribution)

In this study, accuracy was taken into account in three different ways: horizontal, vertical and 3-dimensional (3D). Initially,

the coordinate differences for the coordinate components were calculated using the following equations:
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An NeNss — Mmodel
Ae| = | €GNss — €model
Ah

hGNSS - hmodel

(1)

Where An, Ae and Ah are the differences between the reference position and the calculated position for the north, east and
ellipsoidal height components in the Gauss Kruger projection plane with a slice width of 3°. The two-dimensional (2D) and

3D error values for each CP were calculated using these differences with the following equation:

AZD] _ VAn? + Ae? ] 2)
Asp VAn2 + Ae? + Ah?
Finally, the following equation is used to calculate the RMSE values for coordinate and 2D/3D positioning accuracy:
n 2
RMSE = 2= 3)

Where d; denotes the coordinate differences (An, Ae, and Ah), 2D positioning error (A,) or 3D positioning error (Asp) for
the i*" CP.

3. Results and Discussion

In this study, the network design of the GCPs installed in the field and the effect of the number of GCPs used on the accuracy
of the photogrammetric products produced were investigated. In this context, the number of GCPs ranged from 5 to 9 were
used and they were positioned according to both homogeneous and non-homogeneous distributions to cover the entire study
area. Thus, it was investigated how both the increase in the number of GCPs and the distribution of GCPs in the area affect
the accuracy. In other words, the effect of GCP distribution on accuracy was analyzed by designing the same number of
GCPs in both homogeneous and inhomogeneous aspects. At the same time, in order to analyze the effect of the number of
GCPs on accuracy, the points used in the design of 5 GCPs with homogeneous distribution were kept and new GCPs were
added (Table 2). Thus, analyses were performed according to the same point accuracies. The same was done for the
inhomogeneous clustered distribution, minimizing the negative impact of the terrain topography, and the direct effect of the

number of GCPs on the accuracy was evaluated by considering the RMSE values (Figure 5).

Table 2: Error values (m) for the GCPs and CPs used (H: Homogeneous Distribution and IH: Inhomogeneous Distribution)

SN Scenario GCP Cp RMSEx RMSEy RMSEz 2DRMSE 3DRMSE
S1 5GCP_H 1,6,8,10,12 2,3,4,5,79,11 0.062 0.042 0.033 0.075 0.082
S2 5GCP_IH 2,3,4,5,6 1,7,8,9,10,11,12  0.042 0.069 0.055 0.081 0.098
S3 6GCP_H 1,3,6,8,10,12 2,4,5,7,9,11 0.065 0.038 0.033 0.075 0.082
S4 6GCP_IH 1,2,3,4,5,6 7,8,9,10,11,12 0.046 0.05 0.058 0.068 0.089
S5 7GCP_H 1,3,6,8,10,11,12 2,4,5,7,9 0.065 0.04 0.038 0.076 0.085
S6 7GCP_IH 1,2,3,4,5,6,7 8,9,10,11,12 0.045 0.044 0.063 0.063 0.089
S7 8GCP_H 1,3,6,7,8,10,11,12 2,459 0.057 0.045 0.036 0.072 0.081
S8 8GCP_IH 1,2,3,4,5,6,7,11 8,9,10,12 0.051 0.043 0.063 0.066 0.092
S9 9GCP_H 1,2,3,6,7,8,10,11,12 4,5,9 0.062 0.04 0.032 0.074 0.08
S10 9GCP_IH 1,2,3,4,5,6,7,10,11 8,9,12 0.055 0.045 0.066 0.071 0.097
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Figure 5: 2D and 3D error values (m) for 10 different GCP scenarios

When the RMSE values are analyzed in line with the findings obtained, it is seen that the homogeneous distribution of GCPs
for the same number of points (homogeneous and inhomogeneous) does not provide a standard accuracy increase in 2D but
increases the accuracy in 3D. When homogeneous and inhomogeneous distributions are analyzed, it is observed that the
increase in the number of points does not have a standard effect on the accuracy of the product. However, it has been shown
that a minimum of 5 GCP facilities, with at least one point in the center and 4 points to cover the corners of the work area,
which is basically assumed in photogrammetric projects, creates mm-level differences on the accuracies in homogeneous
distribution. The reason for this difference is considered to be the topographical characteristics of each point. On the other
hand, no matter how many GCPs between 5 and 9 are used, if the points are not homogeneously distributed, it is observed
that both 2D and 3D have irregular RMSE values at cm levels. Also, in terms of 3D location accuracy for the same number
of GCPs, homogeneous distributions give better results than inhomogeneous distributions. In this context, since using extra
GCPs due to differences at mm level has negative effects in terms of time and cost, it is understood that homogeneous

distribution has a more meaningful effect rather than more GCPs in the field.

There are different approaches in the literature regarding the issue addressed by the researchers in this study.

Ferrer-Gonzalez et al. (2020) evaluated the effect of the number and distribution of GCPs on the accuracy of UAV
photogrammetry projects in a corridor-shaped area. By analyzing a 2.1 km long road, it was found that the accuracy increased
with the increase in the number of GCPs and planimetric accuracy was better than vertical accuracy. At least 7 GCPs (3.3
GCP/km) were required to achieve RMSExy <0.031 m and RMSEz < 0.081 m accuracy. The best results were obtained with
configurations where the GCPs were placed in pairs on both sides of the road in an offset pattern and at the ends of the
corridor. In particular, distributions with 9 or 11 GCPs were the best solutions in terms of accuracy (RMSE of 0.028-0.029
m horizontally and 0.055-0.057 m vertically) and fieldwork efficiency. A distribution using 18 GCPs provided similar

accuracy, but increased fieldwork time. Therefore, an offset distribution with 9-11 GCPs is recommended to optimize
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fieldwork without loss of accuracy. However, they emphasized that additional studies are needed to determine whether these

findings are valid for different terrain morphologies.

Sanz-Ablanedo et al. (2018), in an area of 1200 hectares with high relief, used more than 2500 photographs and 102 ground
points. The results show that the accuracy depends on both the number and the distribution of GCPs. When using a small
number of GCPs, the RMSE is about £5 times the average GSD, while using more than 2 GCPs per 100 images, the RMSE
converges to about twice the GSD. As in conventional photogrammetry, the vertical errors in SfM photogrammetry are about
2.5 times larger than the horizontal components. The best accuracy was achieved by evenly distributing the GCPs in a
triangular grid, which minimizes the maximum distance to any GCP. In the case of poor distribution, accuracy can be up to
twice as low as that of an optimal distribution. In large projects, high accuracy can only be achieved when using at least 3
GCPs per 100 images, and even adding oblique images, high overlap, or diagonal stripes cannot compensate for insufficient

GCP utilization.

Agliera-Vega et al. (2017a) stated that in general, there is a tendency to decrease in RMSE values as the number of GCPs
increases, but they emphasized that there is no significant difference between 15 and 20 GCPs in an area of approximately
18 ha, and 15 GCPs are optimum when evaluated in terms of labor and cost. Liu et al. (2022) stated that the number of GCPs
increases the accuracy up to 12 GCP/km?, but there is no significant increase after that, but the uniform distribution of the
GCPs and their proximity to the center have positive effects on the accuracy. Tomastik et al. (2017), in their study on
determining the accuracy between 4 GCPs and 9 GCPs, stated that the more precise measurement of the installed GCPs has
a greater effect on the accuracy rather than the amount of GCPs in similarly distributed GCPs. Agiiera-Vega et al. (2017b)
stated that although the increase in the number of GCPs increases the horizontal accuracy, the number of GCPs does not
affect the vertical accuracy. Martinez-Carricondo et al. (2018) emphasized that the best planimetric (2D) accuracy is obtained
if the GCPs are placed at the corners of the study area, while the best 3D accuracy can be obtained if they are at different
heights with a stratified distribution. Hastaoglu et al. (2023) emphasized that only increasing the number of GCPs will not
improve the location accuracy, and that an accurate GCP design is required by considering the topographical and geometric
structure. To summarize, although some researchers in the literature draw attention to the increase in the number of GCPs in

terms of accuracy, some researchers believe that this alone will not be sufficient.

In this study conducted in the 6 km? Sivas Cumhuriyet University campus area, it is shown that the distribution of at least
one GCP in the center and homogeneously distributed in the corners significantly increases the 3D position accuracy of the
products produced by UAV photogrammetry, and that higher accuracy results can be obtained if the GCPs are designed in a

correct network rather than the number of GCPs.

4. Conclusion

This study was conducted to evaluate the effects of the number and distribution of GCPs on the accuracy of UAV
photogrammetry projects. As a result of the analysis, it is emphasized that in order to maximize the accuracy obtained with
UAYV photogrammetry, it is necessary to ensure a homogeneous distribution of the GCPs in the work area. It was revealed
that the homogeneous distribution of GCPs is more important than the number of GCPs. It is observed that if the same number
of GCPs are installed, GCPs clustered (inhomogenously) in a certain area provide lower 3D position accuracy than GCPs
distributed over the entire area. As a result, it has been determined that in UAV Photogrammetry projects, installing GCPs
appropriately distributed in the center and edges of the study area in accordance with the topographical and morphological

structure of the terrain increases the accuracy of the product obtained. Thus, it has been revealed that the workload, time and
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cost burden of installing too many GCPs can be brought to optimum levels with the correct GCP network design.
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Yilmaz ve Yilmaz (2024) makalesinde, yazarlar tarafindan Esitlik (2) 'nin eksik yazildigi tespit edilerek hatanin giderilmesi amaciyla bu
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