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Featured Application

The validated three-reference, 60 min static GNSS configuration can support operational

monitoring of normal-height changes above underground mine workings between peri‐

odic campaigns of high-precision geometric leveling.

Abstract

Reliable monitoring of an underground mining area requires separating movement of

the monitored surface from instability of the reference frame while maintaining the fea‐

sibility of observations within short field windows. At a monitoring site covering ap‐

proximately 2.2 km , twelve monitoring benchmarks are located above the surface pro‐

jections of mapped mine-working corridors, while Burovaya, Poselkovyi, and 5784 form

an external triangular reference subnetwork; Burovaya was adopted as the primary

point, and the coordinates of the two secondary stations are re-determined in each cycle.

Five cycles of dual-frequency global navigation satellite system (GNSS) observations

were conducted using the Global Positioning System (GPS), the Global Navigation

Satellite System (GLONASS), and Galileo jointly. The same rover records were repro‐

cessed under nine conditions: one, two, and three reference stations with nested inter‐

vals of 15, 30, and 60 min. Ellipsoidal heights were converted to normal heights in the

Baltic height reference frame using a local transformation with a planar approximation

of the height component, without applying a geoid or quasigeoid model. Interferometric

synthetic aperture radar (InSAR) data from 21 Sentinel-1C epochs spanning 26 May 2025

to 2 June 2026 were used for the spatio-temporal characterisation of the reference config‐

uration; a relative line-of-sight (LOS) velocity of +0.0 ± 1.9 mm/year (formal 1σ) was ob‐

tained for Burovaya; its magnitude was smaller than the quoted formal uncertainty and

was not statistically significant. This result supports the relative stability of the station

within the sensitivity of the method and the observation period. Precise geometric level‐

ling was performed in Cycles 3–5; external evaluation was conducted at Rp-1…Rp-12.
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The cycle-specific root mean square difference (RMSE) values for the ‘three reference sta‐

tions, 60 min’ mode were 4.6, 3.5, and 2.4 mm for Cycles 3, 4, and 5, respectively. For the

3→4 and 4→5 transitions, GNSS and levelling indicated the same direction of change at

all 12 benchmarks. Paired analysis of Cycles 3–5 at 60 min confirmed the advantage of

the tested three-reference configuration over the one- and two-reference configurations,

whereas the advantage of 60 min over 30 min was small and statistically non-significant.

Therefore, 60 min is regarded as a practical and robust working interval among those

tested, rather than as a statistically demonstrated optimum.

Keywords: GNSS; static observations; geodynamic monitoring site; InSAR; normal

height; precise geometric levelling; short baselines; deformation monitoring

1. Introduction

Safe operation of deposits involving underground mining requires reproducible

monitoring of small vertical changes in the ground surface. The reliability of such moni‐

toring depends on the stability of the reference frame, the reproducibility of global navi‐

gation satellite system (GNSS) antenna installation, the correctness of the local transfor‐

mation, and the observation conditions. In this study, the influence of these factors was

reduced through spatially justified placement of the reference stations, forced antenna

centring, the use of short baselines, a local transformation with a planar approximation

of the height component, and external comparison with precise levelling at benchmarks

not involved in establishing the transformation. Therefore, the accuracy of the proposed

scheme was evaluated not only by the formal indicators of the GNSS solutions but also

by its actual agreement with the precise levelling results.

Precise geometric levelling remains the most reliable terrestrial method for transfer‐

ring normal heights, but it also has instrumental, staff-related, refraction-related, setup,

and network uncertainties. Repeated long levelling routes require stable installation of

the tripod and staffs, intervisibility, and favourable refraction conditions. Strong winds

and persistent snow cover substantially increase labour requirements and the risk of im‐

paired reproducibility; levelling control was absent in Cycles 1–2 because of a combina‐

tion of field and organisational factors, and only Cycle 2 was conducted in winter. This

creates a practical need for a GNSS protocol capable of supporting monitoring between

full levelling campaigns, without treating levelling as an error-free reference or as a

method that can be completely replaced.

Static GNSS positioning does not require intervisibility between points and enables

more rapid coverage of a spatially distributed network. However, the vertical compo‐

nent is sensitive to satellite geometry, residual tropospheric delay, multipath, the an‐

tenna phase-centre model, and session duration [1–5]. Published recommendations dif‐

fer because of variations in baseline lengths, monumentation types, height systems, and

accuracy criteria [1–3,6–9]. Therefore, a one-hour session cannot be justified by a general

rule; it must be verified specifically for the short baselines, forced centring, and local da‐

tum of the study site.

Interferometric synthetic aperture radar (InSAR), GNSS, precise levelling, and other

external measurements have already been jointly applied in integrated monitoring sys‐

tems [10–16]. InSAR provides a spatially dense signal along the satellite line of sight

(LOS) and can support the selection of GNSS station locations [17–19], but a single-direc‐

tion LOS measurement cannot be regarded as vertical displacement without geometric

decomposition.

For the subsequent spatio-temporal characterisation of the reference configuration
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2. Materials and Methods

already selected, InSAR data for the available later period and the underground mine-

workings plan were analysed. Burovaya, the primary reference station, is located outside

the surface projection of the underground mine workings. Poselkovyi and 5784 are also

located outside this projection. Their coordinates were re-determined in each cycle rela‐

tive to Burovaya as an independent precaution against possible reference changes; this

procedure was not introduced as a consequence of the later InSAR assessment.

Individual elements of the proposed approach are established: multi-baseline and

multi-reference GNSS networks, shortened static sessions, InSAR-supported design, and

levelling control [1–4,6–9,14–20]. Their combined application in a compact network re‐

mains insufficiently studied where (i) the external reference subnetwork is spatially sep‐

arated from the surface projection of the mapped underground mine workings; (ii) the

monitoring benchmarks are located above mapped mine-working corridors; (iii) the

same rover records permit paired comparisons of 1/2/3 reference points and 15/30/60

min; (iv) GNSS results are converted to local normal heights; (v) the mode is selected

from three separate field cycles with levelling control, rather than from a single demon‐

stration epoch; and (vi) suitability for monitoring is evaluated separately using absolute

heights and inter-cycle changes. The scientific novelty of this work lies in the experimen‐

tal substantiation and repeated field validation of an operational mode for local GNSS

monitoring of vertical ground-surface changes above underground mining areas. Across

five cycles, the same rover records were used to compare nine combinations of three pre‐

defined nested reference configurations—Burovaya; Burovaya + Poselkovyi; Burovaya +

Poselkovyi+5784—and static observation durations of 15, 30, and 60 min. In Cycles 3–5,

an external comparison of normal heights with precise levelling results was performed

for each configuration at 12 control benchmarks that were not used to fit the transforma‐

tion. This experimental design enabled comparison of the specific reference configura‐

tions and observation durations and selection of a practical site-specific mode with three

reference stations and 60 min sessions for the compact network investigated. The

methodology was supplemented by placing the reference stations outside the under‐

ground mine workings, spatio-temporal characterisation of the reference configuration

using InSAR data, and a local transformation with a planar approximation of the height

component.

At the local scale, the integration of GNSS, precise levelling, and InSAR within the

proposed workflow supports Earth system monitoring by providing repeatable observa‐

tions of surface-height changes in an area affected by underground mining.

The aim of the study was to select and evaluate over multiple campaigns a site-spe‐

cific configuration for short-session GNSS monitoring of normal heights above under‐

ground mine workings. Three questions were examined: how the specific composition of

the reference configuration and the duration affect GNSS agreement with precise level‐

ling; whether the full three-reference configuration retains its advantage in Cycles 3–5;

and how similar the route profiles of inter-cycle dynamics obtained by the two methods

are. The principal external indicators were the mean signed difference (MD), standard

deviation of the differences (SD), mean absolute difference (MAE), root mean square dif‐

ference (RMSE), and maximum absolute difference at Rp-1…Rp-12, which were ex‐

cluded from determination of the height transformation. The dynamics were analysed

separately as ΔH  and ΔH  relative to a common reference epoch; the diagnostic

discrepancy between these estimates was not interpreted as the error of either method.

GNSS lev

This section describes, in sequence, the spatial organisation of the network, the role

of InSAR, the field observation cycles, GNSS processing, the local transformation, pre‐
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2.1. Study Site and Spatial Structure of the Network

cise levelling, and the statistical framework for external comparison.

The study was conducted at the technogenic geodynamic monitoring site of the

Vostochnaya-Saryoba deposit in the Ulytau Region, Republic of Kazakhstan. The moni‐

tored area is approximately 2.2 km . The geodetic network comprises two groups of

points with different functions. The reference subnetwork consists of Burovaya,

Poselkovyi, and 5784, which are located outside the surface projection of the under‐

ground mine workings. The monitoring subnetwork comprises benchmarks Rp-1…Rp-

12, located within the monitored area above sections of the underground mine workings.

2

The monitoring subnetwork comprises twelve monitoring benchmarks, Rp-1…Rp-

12. They are located above the surface projections of mapped mine-working corridors

and are intended to record spatially differentiated vertical changes directly above the

mined area. This placement provides targeted monitoring of vertical dynamics within

zones potentially affected by underground mining and enables the spatial distribution of

the detected changes to be compared with the location of the mine workings. Rp-1…Rp-

6 are existing metal benchmarks; Rp-7…Rp-12 were installed as part of the project. In the

primary analysis, both groups are considered jointly without assigning different reliabil‐

ity a priori.

The reference subnetwork consists of Burovaya, Poselkovyi, and 5784, which form a

triangle enclosing the site area. According to the available plan, they are located outside

the surface projection of the depicted underground mine workings. Burovaya was

adopted as the primary datum point. The coordinates of Poselkovyi and 5784 were re-

determined in each cycle within a hierarchy originating from Burovaya, after which

these points were used as secondary reference stations. The maximum reference-to-rover

baseline did not exceed 3.7 km. The spatial classification was based on a combined ex‐

amination of the overview diagram and the mine-workings plan revised in October

2024. The overview configuration of the network is shown in Figure 1, and the positions

of the benchmarks relative to the underground mine-working corridors are shown in

Figure 2.
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2.2. Spatio-Temporal Characterisation of the Reference Configuration Using InSAR Data

Figure 1. Overview diagram of the external reference subnetwork and the monitored site.

Burovaya, Poselkovyi, and 5784 are located outside the surface projection of the mapped under‐

ground mine workings.

Figure 2. Spatial basis for network design: (a) digital elevation model of the study area showing

the monitoring points; (b) orthophotomosaic showing the monitoring benchmarks Rp-1…Rp-12

and the surface projections of the mapped underground mine-working corridors.

The authors’ digital elevation model and orthophotomosaic were used as the carto‐

graphic base for network design and for comparing the positions of the benchmarks

with the terrain and the surface projections of the underground mine workings. These

materials provided the spatial basis for point placement and were not used as indepen‐

dent evidence of deformation.

MintPy [21–23] was used for persistent-scatterer time-series analysis. In this study,

InSAR was used only to compare relative LOS velocities near the geodetic points; abso‐

lute surface velocities and GNSS normal-height changes were not derived from these
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data. The set of 24 original Sentinel-1C C-band images comprised all data available for

the selected area and acquisition geometry. The images were acquired in Interferometric

Wide (IW) swath mode on descending relative orbit 49 with vertical-transmit/vertical-re‐

ceive (VV) polarisation between 20 April 2025 and 2 June 2026; three early images were

excluded. The analysis retained 21 epochs spanning 26 May 2025 to 2 June 2026 (372

days). The historical MintPy version used in the original processing was not recorded in

the processing materials; version 1.6.4 is cited only as a publicly available release

checked when preparing the response to the reviewer, and no equivalent reprocessing is

claimed.

The three excluded acquisitions were dated 20 April, 2 May, and 14 May 2025.

Geocoded coordinates were expressed in WGS 84 (EPSG:4326), and displacement was

referenced to the first retained epoch.

The topographic phase component was removed using the SRTM-3 v4 digital eleva‐

tion model. The network comprised 79 accepted interferometric pairs with temporal

baselines of 12–180 days; all 21 epochs formed a single connected network. Goldstein fil‐

tering, minimum-cost-flow phase unwrapping on a Delaunay network, and atmospheric

phase-screen estimation were applied. The coherence threshold used during phase un‐

wrapping was 0.30.

Connection selection used temporal separations of 0–180 days, normal baselines of

0–2% of the critical baseline, minimum-normal-baseline selection, low redundancy, and a

nominal limit of eight links per image. The 79 accepted unique pairs formed one con‐

nected network with 4–10 links per image (mean 7.524); absolute normal baselines

ranged from 1.949 to 108.455 m. The super-reference acquisition was 11 September 2025,

which is distinct from the exported temporal origin and the spatial displacement datum.

Coregistration and interferogram generation used four range looks and one az‐

imuth look with spectral-shift filtering. Goldstein filtering used a 64-pixel window, 80%

overlap, and alpha limits of 0.30–2.50; coherence was estimated over a 5 × 5 window.

Both unwrapping stages used minimum-cost flow on a Delaunay network. Inversion

used weighted Jacobi singular-value decomposition, linear displacement models, and

residual-height estimation. Atmospheric filtering used a 1600 m spatial low-pass win‐

dow and a 365-day temporal high-pass window. Layover/shadow masking and auto‐

matic refinement were enabled.

The geocoded sample comprised 94,908 persistent scatterers. The following export

criteria were applied: temporal coherence of at least 0.1 (a threshold used only to select

exported results, not the phase-unwrapping threshold), formal velocity uncertainty not

exceeding 8 mm/year, and height uncertainty not exceeding 10 m. For Burovaya, 5784,

Poselkovyi, and 4735, the nearest retained scatterers were located 4.1–6.4 m from the ge‐

odetic points; their temporal coherence values were 0.913, 0.911, 0.909, and 0.840, respec‐

tively. These values characterise nearby reflecting targets rather than direct radar mea‐

surements of the geodetic monument centres themselves.

The spatial extent of the retained persistent-scatterer sample was defined by its

outer convex envelope (48.127594–48.171130° N; 67.440867–67.502556° E), which covers

approximately 18.1 km  around the 2.2 km  GNSS monitoring site. The envelope defines

the extent of the retained sample and does not imply continuous measurement coverage;

it is distinct from the displacement reference area and the mapped mine-working

boundaries. All four stations in Table 1 lie within this envelope. Rp-2 lies near its north‐

ern edge and is represented by a persistent scatterer approximately 3.4 m away.

2 2

Table 1. Relative LOS velocities and formal 1σ uncertainties for the persistent scatterers nearest to

the points; the values retain the original InSAR spatial datum.
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Point Latitude Longitude

LOS Velocity 

± 1σ, 

mm/Year

Role in the 

GNSS 

Configuration

Coherence

Burovaya
48°08′12.72707″ 

N

67°27′41.60419″ 

E
+0.0 ± 1.9

Primary 

datum point
0.913

5784
48°09′48.06827″ 

N

67°27′00.26513″ 

E
+0.6 ± 1.7

Secondary 

reference 

station, re-

determined 

in each cycle

0.911

Poselkovyi
48°08′47.43531″ 

N

67°29′36.25544″ 

E
+1.7 ± 2.0

Secondary 

reference 

station, re-

determined 

in each cycle

0.909

4735
48°09′17.91344″ 

N

67°28′38.42789″ 

E
−2.1 ± 2.1

Local 

transformation 

point, not 

included in 

the 

validation 

dataset

0.840

The retained persistent scatterers had temporal coherence of 0.101–0.977, formal ve‐

locity uncertainty of 0.3–5.8 mm/year, and height uncertainty of 0.976–9.994 m. Valid-in‐

terferogram percentages ranged from 65.823% to 100%, corresponding to 52–79 valid

equations, and 88,495 scatterers retained all 79 accepted pairs. At the four station-associ‐

ated scatterers, all 21 acquisitions and all 79 interferometric pairs were valid, the discon‐

nection counter was zero, and the LOS incidence angles ranged from 43.513° to 43.701°.

The original InSAR spatial reference area was selected within a high-coherence

zone; its exact historical location was not recorded in the preserved materials. The point

with the highest temporal coherence in the retained export (48.152900° N, 67.484980° E;

0.977) is regarded as the most likely candidate for this area. The results are therefore in‐

terpreted as relative LOS velocities in the original spatial datum. Positive values denote

movement towards the satellite and negative values movement away from it; a single

descending geometry does not permit separation of the vertical and horizontal compo‐

nents. The formal 1σ uncertainty was derived from the standard deviations of the persis‐

tent-scatterer velocities and does not include possible movement of the reference area,

spatially correlated atmospheric residuals, or the offset between the scatterer and the ge‐

odetic point. The uncertainty of the LOS-velocity difference between two points also de‐

pends on their covariance; because the inter-point covariance was not retained, a sepa‐

rate confidence interval for such a difference was not calculated.

Relative to Burovaya, the LOS-velocity differences were +0.6 mm/year for 5784, +1.7

mm/year for Poselkovyi, and −2.1 mm/year for 4735. Because the inter-scatterer covari‐

ance was unavailable, formal standard deviations of these differences could not be deter‐

mined uniquely. Their conservative upper bounds, obtained as the sums of the corre‐

sponding individual formal standard deviations, were 3.7, 3.9, and 4.0 mm/year, respec‐

tively. These values bound only the formal component and are not complete error esti‐

mates or confidence intervals.

The InSAR period does not cover the first three GNSS cycles. Cycles 4 and 5 fall
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2.3. Monumentation of the Monitored Points

within the overall SAR interval but do not coincide with the dates of the retained epochs.

The InSAR results are therefore considered in the spatio-temporal characterisation of the

reference configuration over the available period. The primary geodetic assessment is

based on GNSS observations and precise levelling. The relative LOS velocities and their

formal uncertainties are presented in Table 1. The magnitude of each of the four station-

associated LOS velocities was smaller than its corresponding 1σ formal uncertainty;

therefore, none of the resulting LOS-velocity estimates was statistically significant. These

results support the relative stability of the stations within the sensitivity of the method

and the observation period. These InSAR results were treated only as supplementary

spatio-temporal context and not as validation of the GNSS-derived normal-height

changes.

The 20 intervals between successive retained epochs comprised eighteen 12-day in‐

tervals, one 24-day interval (3–27 April 2026), and one 132-day interval (10 November

2025–22 March 2026); the retained series therefore does not establish continuous winter

behaviour. Cycles 4 and 5 were bracketed by the retained SAR acquisitions of 13 and 25

July 2025 and of 27 April and 9 May 2026, respectively. Accordingly, the InSAR results

provide a subsequent consistency check over the observed SAR interval and cannot es‐

tablish reference-station stability over the entire GNSS campaign or validate GNSS nor‐

mal-height changes.

The location of Burovaya outside the surface projection of the mapped underground

mine workings was the primary spatial condition for its inclusion in the reference con‐

figuration. The magnitude of the later relative LOS velocity of the nearest persistent scat‐

terer, +0.0 ± 1.9 mm/year, was smaller than its corresponding formal 1σ uncertainty and

was not statistically significant. This result supports the relative stability of Burovaya

within the sensitivity of the method and the observation period and was considered as

supplementary spatio-temporal context for the available period.

The existing benchmarks Rp-1…Rp-6 are also equipped with forced-centring mech‐

anisms for the GNSS antenna. The existing and new benchmarks differ primarily in em‐

bedment depth and in the design of the levelling mark. For Rp-7…Rp-12, a purpose-de‐

signed monument with an embedment depth of 3.2 m and an above-ground section 1.0

m high was used. The upper assembly is equipped with a 5/8″ thread for forced centring

of the GNSS antenna, while a separate levelling mark is located at a fixed level approxi‐

mately 0.3 m from the ground surface. This separation reduces the uncertainty of re‐

peated antenna installation and allows the GNSS solution to be linked to the normal

height of a separate mark. The developed “Permanent Forced-Centring Point” design is

protected by Republic of Kazakhstan Utility Model Patent No. 10736, dated 20 June 2025.

The patent holder is K. I. Satbayev Kazakh National Research Technical University (http

s://repository.satbayev.university/publication/b6d9b476-42ff-435b-acf5-c701e34fd923, ac‐

cessed on 7 November 2026). According to the KazNRTU repository, the patent status is

“Active”, with protection valid until 18 March 2027. The design is regarded as a means of

improving reproducibility rather than as the principal scientific novelty of the article; its

construction is shown in Figure 3.
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2.4. Observation Cycles and Availability of Control

Figure 3. Rationale for the monitoring benchmark design: (a) location of the study site within the

zone of seasonal ground freezing according to the monument-type application scheme; (b) monu‐

ment design with an embedment depth of 3.2 m, forced centring of the GNSS antenna, and a sepa‐

rate levelling mark.

The embedment depth was calculated using mean monthly negative temperatures

from SP RK 2.04-01-2017, ‘Construction Climatology’ [24]. The sum of the absolute val‐

ues of the negative mean monthly temperatures, M , was 45.2 °C. Taking into account the

heterogeneous soil profile, the calculated depth of penetration of the zero isotherm was

2.185 m. The anchor section of the monument was placed 1.0 m below this level; after

rounding, the design embedment depth was 3.2 m below the ground surface. This em‐

bedment reduces the effects of seasonal freezing and frost heave on monument stability.

t

Five cycles of static GNSS observations were performed. In each cycle, the results

were processed using nine experimental configurations comprising one, two, and three

reference stations with observation durations of 15, 30, and 60 min. In Cycles 3–5, precise

geometric levelling was additionally performed, and its results were used for external

comparison with the normal heights obtained by GNSS. Only GNSS observations were

performed in Cycles 1–2. The dates of the cycles and the measurements performed are

presented in Table 2.

Table 2. Observation cycles and status of external levelling control.

Cycle GNSS Period GNSS Levelling
Use in the 

Analysis

1 16–18.10.2024 Yes No
Descriptive 

GNSS dynamics

2 19–21.01.2025 Yes No

Descriptive 

GNSS dynamics 

without seasonal 

interpretation

3 25–27.04.2025 Yes Yes (24–

27.04.2025)

External 

evaluation of 

nine 
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2.5. The 3 × 3 GNSS Reprocessing Scheme

Cycle GNSS Period GNSS Levelling
Use in the 

Analysis

configurations 

and inter-cycle 

comparison

4 20–21.07.2025 Yes
Yes (17–

20.07.2025)

External 

evaluation of 

nine 

configurations 

and inter-cycle 

comparison

5 03–04.05.2026 Yes
Yes (01–

03.05.2026)

External 

evaluation of 

nine 

configurations 

and inter-cycle 

comparison

Inter-cycle dynamics of normal heights were evaluated using the results of all five

GNSS observation cycles. External comparison of GNSS determinations with precise

geometric levelling was performed for Cycles 3–5. Cycles 1–2, in which levelling was not

performed, were used only in the analysis of the GNSS observation time series and were

not included in the calculation of external accuracy indicators.

Observations were performed using geodetic dual-frequency eSurvey E300 Pro re‐

ceivers (Shanghai e-Compass Science & Technology Co., Ltd., Shanghai, China; https://w

ww.esurvey-gnss.com/product/gnss/integrated-gnss-systems/E300-Pro, accessed on 7

November 2026) with forced antenna centring; rover data were recorded at 10 s inter‐

vals. All available 10 s epochs were used in processing. The original observations were

converted to RINEX 3.02 format using the StaticToRinex converter supplied with the eS‐

urvey E300 Pro GNSS receiver (Shanghai e-Compass Science & Technology Co., Ltd.,

Shanghai, China). The integrated ESVE300PRO_E31 antenna was used in all observa‐

tions. According to the official NGS field calibration NGSRA_2440, the North/East/Up

phase-centre offset (PCO) components are 1.7/1.6/70.2 mm for G01 (L1) and 0.7/0.6/63.1

mm for G02 (L2); the corresponding no-azimuth phase-centre variations (PCVs) over the

zenith-angle range 0–80° reach 5.9 and 3.9 mm. The converter reduced the measured an‐

tenna heights to the phase centre and recorded this in a comment in the RINEX header.

No additional user-defined phase-centre corrections were entered during post-

processing.

A single GPS + GLONASS + Galileo combination was used; separate solutions by

satellite constellation were not evaluated because the objective of the study was to com‐

pare the effects of the specified reference configurations and observation durations on

GNSS height accuracy. The same GPS + GLONASS + Galileo constellation combination

was used for all cycles and experimental configurations, ensuring comparability of the

results. Changing the constellation composition would have introduced an additional

factor and would not have allowed its influence to be unambiguously separated from

the differences between session durations and the specified reference configurations. A

comparative assessment of individual constellations requires a separate factorial experi‐

ment and was beyond the scope of this study. For each point, nested intervals of 15, 30,
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2.6. Establishment of the Reference Framework and GNSS Processing

and 60 min with the same start time were formed from the common record. Each inter‐

val was reprocessed for three predefined nested reference configurations: Burovaya;

Burovaya + Poselkovyi; Burovaya + Poselkovyi + 5784. The specified reference configura‐

tions were compared as they were sequentially expanded: Burovaya; Burovaya-

Poselkovyi; Burovaya-Poselkovyi-5784. The same rover observations and identical time

intervals were used for all three configurations, enabling paired comparison of the three

tested schemes under the conditions of the study site. The matrix of nine conditions is

presented in Table 3.

Table 3. Reprocessing scheme for the common rover records, 3 × 3.

Configuration 

Designation

Reference 

Points
15 min 30 min 60 min

1 Burovaya 1 × 15 1 × 30 1 × 60

2
Burovaya + 

Poselkovyi
2 × 15 2 × 30 2 × 60

3

Burovaya + 

Poselkovyi + 

5784

3 × 15 3 × 30 3 × 60

Relative static processing was performed using Leica Geo Office (LGO, version 8.4;

Leica Geosystems AG, Heerbrugg, Switzerland; https://leica-geosystems.com/rugbycl/ar

chive-data/software/leica-geo-office, accessed on 7 November 2026): a separate project

was created for each cycle and included all intervals and reference configurations for

that cycle. The reference stations and baselines for each experimental configuration were

specified manually; automatic segmentation of the common record into software-recog‐

nised sessions was not applied. The elevation mask was 10°. The maximum baseline

length at the study site did not exceed 3.7 km. Broadcast ephemerides were used for all

solutions: for such short baselines in the relative phase method, residual orbital errors

are virtually identical at the reference station and rover and do not materially affect the

observation differences. The same ephemeris type was used for all cycles and configura‐

tions. For all baseline solutions, the constellations and frequencies used were recorded,

while ambiguity-resolution status was checked using the Ambiguity Status and Solution

type fields.

A separate project was created for each cycle and included all specified intervals

and reference configurations for the corresponding cycle.

In the strategy settings, frequency selection was set to automatic; ambiguity fixing

was permitted for distances up to 80 km, the minimum duration for a static float solu‐

tion was 300 s, and the Sampling rate parameter was set to Use all, meaning that all

available epochs at the actual 10 s interval were used. The Saastamoinen tropospheric

model was applied; ionospheric delay was handled automatically by the software. With

a maximum baseline length of 3.7 km and simultaneous relative observations, iono‐

spheric effects on the signals at the reference station and rover are highly correlated and

are largely compensated when observation differences are formed. Therefore, a separate

investigation of the influence of the ionospheric model and activity level was beyond the

scope of this study. Stochastic modelling of ionospheric effects was enabled with a base‐

line-length threshold of 8 km. Because all investigated baselines did not exceed 3.7 km,

this mode was not activated during processing.

The same processing models and parameters were applied under all nine experi‐

mental conditions; only the specified reference configuration and the duration of the
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processed interval were varied. Quality control included checking the solution type and

phase-ambiguity status, PDOP, the formal standard error of height for each baseline so‐

lution, and the consistency of multiple determinations of the same point. PDOP was

used as the comparable overall indicator of the geometry of the combined GPS +

GLONASS + Galileo solution. Representative indicators of satellite geometry and formal

accuracy by cycle and session duration are presented in Table 4.

Table 4. Representative indicators of satellite geometry and formal accuracy of the baseline solu‐

tions for Rp-1…Rp-12.

Cycle Duration, min

Median PDOP 

Interval (Overall 

Range)

SD(H), Median 

(Range), mm

1 15 1.70–2.00 (1.30–2.30) 0.8 (0.3–1.4)

1 30 1.50–2.10 (1.30–2.30) 0.6 (0.3–1.4)

1 60 1.50–2.20 (1.30–5.00) 0.4 (0.2–1.0)

2 15 1.60–2.00 (1.50–2.40) 0.8 (0.4–1.7)

2 30 1.50–2.10 (1.50–4.00) 0.6 (0.3–1.0)

2 60 1.50–2.20 (1.30–4.20) 0.4 (0.2–0.8)

3 15 1.70–1.90 (1.40–2.40) 0.8 (0.3–1.7)

3 30 1.70–2.00 (1.40–2.40) 0.6 (0.3–1.2)

3 60 1.60–2.20 (1.40–2.40) 0.5 (0.2–0.8)

4 15 1.70–2.00 (1.40–2.70) 0.8 (0.3–1.4)

4 30 1.70–2.10 (1.40–2.60) 0.6 (0.2–1.0)

4 60 1.60–2.25 (1.30–3.30) 0.4 (0.2–0.7)

5 15 1.70–2.15 (1.50–3.30) 0.8 (0.3–1.0)

5 30 1.60–2.15 (1.30–3.30) 0.6 (0.2–0.8)

5 60 1.50–2.30 (1.30–3.30) 0.4 (0.1–0.5)

Note: The statistics were calculated for the baseline solutions included in the analysis. PDOP is re‐

ported as the median PDOP –PDOP  interval, with the overall range in parentheses. SD(H) is

the formal standard error of height for an individual baseline solution.

min max

The reference framework was established in each cycle before the comparative

analysis of the short rover sessions. At each stage, the reference points and correspond‐

ing baselines were assigned manually. Burovaya served as the primary reference station.

In the next stage, the coordinates of Poselkovyi were determined relative to Burovaya,

after which the coordinates of 5784 were determined using Burovaya and Poselkovyi as

reference points. The full available intervals of simultaneous static observations, ranging

from 5 to 18 h depending on the station and cycle, were used to determine the coordi‐

nates of the secondary reference stations. Baseline solutions with fixed phase ambigui‐

ties were included in the processing. Multi-baseline relative processing was applied, fol‐

lowed by weighted combination of the individual coordinate solutions. A separate

Measured-class coordinate solution was generated for each specified baseline. Where

several acceptable determinations of one station were available, Leica Geo Office 8.4 gen‐

erated the final coordinates of the Averaged class using the Weighted method, taking ac‐

count of the formal standard deviations of the individual solutions. Solutions with

smaller standard deviations were assigned greater weights. The resulting reference-sta‐

tion coordinates were fixed before the 15, 30, and 60 min rover intervals were processed

and were not re-determined separately for each of the nine configurations compared.
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2.7. Local Conversion of Ellipsoidal Heights to the Normal-Height System

No global or regional geoid or quasigeoid model was applied in this study. GNSS

results were transformed from WGS 84 to the local coordinate reference frame and the

Baltic height reference frame by means of a local transformation with a planar approxi‐

mation of the height component, established from four common GNSS/levelling points.

This method was applied because the transformation parameters between WGS 84 and

the local coordinate reference frame were unknown. The original geodetic coordinates in

WGS 84 were known for Burovaya; the coordinates of the remaining common points

were determined relative to it using static GNSS observations. The normal heights of the

common points were obtained by precise geometric levelling and were used to realise

the Baltic height reference frame. The height component of the local transformation was

determined by a planar approximation of the discrepancies between ellipsoidal and nor‐

mal heights at the common points. Thus, the transformed GNSS heights are normal

heights referred to the Baltic height reference frame and were not obtained by applying a

global or regional geoid or quasigeoid model. The type of result is inherited from the

source normal heights of these points and the adopted reductions, rather than from the

name of the software-interface mode [25,26].

Within the unified local transformation, the horizontal component was imple‐

mented using a two-dimensional Helmert transformation, and the height component

was implemented using a planar approximation of corrections determined from four

common GNSS/levelling points.

A three-dimensional seven-parameter Helmert transformation was not applied be‐

cause, for its correct determination, the common points must be represented in two com‐

parable three-dimensional geocentric coordinate reference frames. Local grid coordi‐

nates and normal heights were available at the site; however, the geodetic parameters of

the local coordinate reference frame required to establish the target three-dimensional

coordinates had not been documented. Furthermore, a seven-parameter transformation

relates spatial coordinate reference frames but does not, by itself, provide a conversion

from GNSS ellipsoidal heights to normal heights. Such a conversion would require a

height-anomaly (quasigeoid) model consistent with the Baltic height reference frame; no

such high-accuracy local model was applied for the study area. Therefore, a unified local

transformation established from four common GNSS/levelling points was applied: the

horizontal component was defined by a two-dimensional Helmert transformation, and

the height component by a planar approximation of the differences between ellipsoidal

and normal heights.

The height component was represented by a local correction plane with a constant

term and two slopes with respect to the grid coordinates. Because the controlling heights

were the normal heights of the common points in the Baltic height reference frame, the

transformed GNSS heights belong to the same height reference frame. This avoids direct

comparison of ellipsoidal and normal heights and preserves the distinction among nor‐

mal, orthometric, and ellipsoidal heights [26].

The local transformation with a planar approximation of the height component was

determined from four common GNSS/levelling points: Burovaya, Poselkovyi, 5784, and

4735. The ellipsoidal heights of these points were taken from the previously established

and fixed coordinate solution, while their normal heights were obtained by precise geo‐

metric levelling. The constant term and two slopes of the local correction plane were de‐

termined from the differences between the normal and ellipsoidal heights. The coordi‐

nates of the four common points and the transformation parameters were fixed before

the comparative processing of the nine experimental configurations; the same transfor‐

mation was applied to all configurations without re-estimating its parameters.
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Benchmarks Rp-1…Rp-12 were not used to determine the transformation parameters.

The transformation realised using Cycle 5 data was used in the primary analysis; it

was selected on the basis of the best achieved levelling-convergence indicator before the

external GNSS–levelling metrics were calculated. The parameters of the selected Cycle 5

transformation were fixed and applied identically to all five GNSS cycles and all nine

configurations used to determine the heights of Rp-1…Rp-12. For the controlled Cycles

3–5, the sensitivity of the results to the source cycle used to realise the transformation

was evaluated using transformations established from the data for Cycles 3, 4, and 5. The

transformation parameters derived from Cycle 5 data and the corresponding internal ac‐

curacy indicators are presented in Table 5.

Table 5. Transformation parameters derived from Cycle 5 data and internal indicators.

Component Parameter Value
Purpose/Internal 

Characteristic

Input data

Common 

GNSS/levelling 

points

Burovaya; 

Poselkovyi; 5784; 

4735 (n = 4)

Points used to 

determine the 

transformation

Horizontal Method

Two-dimensional 

Helmert 

transformation

Linkage of WGS 84 to 

the local grid 

coordinate reference 

frame

Horizontal A posteriori sigma 0.0045 m

Internal agreement of 

the horizontal 

component

Height Model
Mean approximating 

plane

Tie to the Baltic 

height reference 

frame

Height Slope along X −0.00001789

Dimensionless 

correction-surface 

parameter

Height Slope along Y +0.00000719

Dimensionless 

correction-surface 

parameter

Height Constant term 29.4999 m

Overall height level 

of the correction 

surface

Height

A posteriori RMSE of 

the height-

transformation 

residuals, mtr

0.0071 m
Internal agreement at 

the common points

Height dH residuals

Burovaya −0.6; 

Poselkovyi +3.6; 5784 

+2.5; 4735 −5.5 mm

Residuals at the four 

common points

The two-dimensional Helmert transformation relates the local grid coordinate refer‐

ence frame to WGS 84, while the three parameters of the height-correction surface—two

slopes and a constant term—provide conversion of ellipsoidal heights to normal heights

in the Baltic height reference frame. The a posteriori RMSE and the residuals of the

height component at the common points are internal characteristics of the agreement
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2.8. High-Precision Geometric Levelling

and are not interpreted as ground-surface displacements. The designation 'dH residuals'

in Table 5 refers to the components of the height-residual vector v  used in the equation

below.

H

The a posteriori RMSE of the height-transformation residuals was determined using

the following equation:

where v  is the vector of height residuals at the common points; P is the weight matrix;

n = 4 is the number of common points; and u = 3 is the number of parameters of the cor‐

rection plane. For equal weights, P = I and n − u = 1. For residuals of −5.5, +2.5, −0.6, and

+3.6 mm, m  = 7.1 mm = 0.0071 m. This is an internal goodness-of-fit indicator with one

degree of freedom, rather than an external accuracy estimate of the transformed GNSS

heights.

m
​

=
​

tr

​

⎷




​

n − u

v
​

Pv
​

H

T

H

H

tr

For the local transformations with a planar approximation of the height component

established from the data for Cycles 3, 4, and 5, m  was 5.9, 3.9, and 7.1 mm, respectively,

while max|v | was 4.6, 3.0, and 5.5 mm. The smallest internal discrepancy was obtained

for Cycle 4. Cycle 5 was selected not on the basis of the minimum m , but before the ex‐

ternal metrics were calculated, using the minimum q  value for the levelling routes.

These indicators characterise different stages of the measurement chain.

tr

H

tr

c

The sensitivity analysis was performed by reprocessing all nine configurations us‐

ing transformations established separately from the data for Cycles 3, 4, and 5. In each

realisation, the ellipsoidal heights of the four common points were taken from the previ‐

ously established coordinate solution for the corresponding cycle, while their normal

heights were taken from precise geometric levelling in the same cycle. All three versions

were applied to the same set of observations from Cycles 3–5 and were used for sensitiv‐

ity analysis rather than as independent samples. The external metrics were calculated

separately for Cycles 3–5 for each transformation version. Changing the transformation

mainly altered the common height level: relative to the Cycle 5 transformation, the mean

shifts T  − T  and T  − T  were −5.7 and −1.1 mm, with spatial SD values of approxi‐

mately 0.8 and 0.4 mm, respectively. The tested three-reference configuration retained a

lower RMSE than the corresponding one- and two-reference configurations in all 27 de‐

scriptive cells of the sensitivity analysis. Thus, the ranking of the tested reference config‐

urations was retained when the source cycle used to establish the transformation was

changed. The sensitivity analysis assesses the influence of the source cycle used to re‐

alise the transformation on the external metrics. The planar approximation of the height

component is sensitive to the quality of the source normal heights at the common points;

one fixed Cycle 5 transformation was retained for the inter-cycle analysis without re-fit‐

ting it at each epoch.

3 5 4 5

Vertical control was performed using a Leica LS15 digital level (Leica Geosystems

AG, Heerbrugg, Switzerland; https://leica-geosystems.com/products/levels/digital-level

s/leica-ls15-and-ls10, accessed on 7 November 2026) with a stated accuracy of ±0.3 mm

per 1 km of double-run levelling and bar-coded invar staffs. In Cycles 3–5, high-preci‐

sion geometric levelling was conducted along two closed and two control routes using

an unchanged network layout. Corrections for the control misclosures were distributed

with equal weights among the measured height differences of the corresponding route.

The resulting normal heights were used for external comparison with the GNSS results
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2.9. External Comparison and Interpretation of Inter-Cycle Changes

[27,28].

The levelling routes and their lengths were as follows: (1) Burovaya → 4735 →
Poselkovyi → Burovaya—6.47–6.50 km; (2) 4735 → Rp-4 → Rp-8 → Rp-12 → Rp-11 →
Rp-7 → Rp-1 → Rp-2 → Rp-5 → Rp-10 → Rp-9 → 4735—6.10 km; (3) 4735 → Rp-3 → Rp-

6 → Rp-7—1.80 km; and (4) 5784 → Rp-11—0.70 km. Point 4735 is shown in the route

profiles as the starting or closing point but was not included in the calculation of the ex‐

ternal metrics for Rp-1…Rp-12.

The actual control misclosures of the four routes were +0.9, +7.6, −0.8, and +1.0 mm

in Cycle 3; +5.0, +4.4, +0.0, and −0.4 mm in Cycle 4; and +2.1, +0.1, −0.1, and +0.2 mm in

Cycle 5. All values satisfied the adopted verification condition  mm, where f  is

the misclosure of route j and L  is its length in kilometres, . The following descriptive in‐

dicator was used to compare the achieved convergence of the cycles: The coefficient 5

mm/√km was adopted from the national Instruction on Levelling [27], in which 5√L mm

is the allowable route-misclosure criterion for second-order levelling; it was used here as

a pre-defined acceptance criterion and was not estimated from the observations.

for m = 4 routes. The resulting q  values were 1.7, 1.3, and 0.4 mm/√km for Cycles 3–5, re‐

spectively. The q  indicator characterises the internal convergence of the routes and does

not replace a full covariance-based uncertainty assessment. Levelling and GNSS were

performed during overlapping periods: 24–27 and 25–27 April 2025; 17–20 and 20–21

July 2025; and 1–3 and 3–4 May 2026, respectively.

|f
​

| ≤ 5j √L j

j

q
​

=
​
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​
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

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​ ​ ​
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∑
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​
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j
2

j = 1

m

c

c

The high-precision levelling results were used as a more accurate external method

of comparison, but not as error-free true values. Therefore, the difference between the

GNSS and levelling heights characterises the agreement of the entire measurement

chain, comprising the GNSS observations, local transformation, and levelling, rather

than the error of GNSS alone.

Сhanges in the GNSS height of each point in Cycles 2–5 were calculated relative to

Cycle 1. For the inter-method comparison, GNSS and levelling changes in Cycles 4 and 5

were calculated relative to Cycle 3:
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A positive value indicates an increase in normal height in the later cycle. Inter-cycle

changes were considered as dynamics rather than as an error of either method. Cycle 1

was adopted as the reference epoch for the five GNSS cycles; Cycle 3 was adopted as the
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2.10. Metrics and Statistical Analysis

common reference epoch for the comparison of GNSS and levelling.

Inter-cycle changes were considered as normal-height dynamics and were evaluated

in terms of magnitude, sign, repeatability, and spatial consistency along the route.

Agreement in the direction of changes between GNSS and high-precision levelling was

used to assess the reproducibility of the identified vertical dynamics.

The primary external-comparison dataset included Rp-1…Rp-12 in each of Cycles

3–5 (n = 12 for one configuration in one cycle). Point 4735 was not included in the statisti‐

cal calculation because it was used to determine the local transformation. The following

difference was calculated for each benchmark:

where γ denotes the monitoring cycle; a positive f  indicates that the GNSS-derived

height is higher than the levelling result. Five complementary indicators were used:

f
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  −  H
​

i GNSS , i
γ

lev , i
γ

i

MD   =  
​ ​

f
​

n

1
∑ i
i = 1

n

SD   =  
​

​

⎷




​

n − 1

​

(f
​

−MD )∑
i = 1

n

i
2

MAE   =  
​ ​

|f
​

|
n

1
∑ i
i = 1

n

RMSE   =  
​

​

⎷




​ ​

f
​

n

1
∑ i

2

i = 1

n

| f |
​

  =  max
​

|f
​

|
max 1 ≤ i ≤ n i

MD characterises the mean signed difference between the normal heights obtained

from GNSS and high-precision levelling. SD describes the dispersion after removal of

MD; MAE is the mean absolute magnitude of the discrepancy; RMSE is more sensitive to

large discrepancies; and max|f| indicates the worst individual case. RMSE is regarded

as a measure of the inter-method agreement between GNSS and levelling after the local

transformation, rather than as the standard deviation of a single GNSS measurement. All

metrics were calculated separately for each cycle and each configuration.

The nine experimental configurations were compared separately for each of Cycles

3–5 using the same set of benchmarks. For each configuration, the mean signed differ‐

ence (MD), standard deviation of the differences (SD), mean absolute difference (MAE),

root mean square difference (RMSE), and maximum absolute difference were calculated;

the effects of duration and reference configuration were evaluated by comparing these

indicators within each cycle. Because the 15, 30, and 60 min intervals were formed from

the same source records, and the configurations with one, two, and three reference sta‐

tions were calculated from a common set of observations, the resulting configurations

were treated as interrelated experimental configurations rather than as independent re‐
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peated measurements. Paired differences in absolute discrepancies were calculated for

the same benchmark within the same controlled cycle (Cycles 3–5). Confidence intervals

were estimated by resampling benchmarks while retaining the linked results from all

three cycles and both configurations being compared (20,000 replicates). Paired differ‐

ences were evaluated using an exact two-sided sign-flip permutation test applied to the

benchmark-level means across cycles. For the selected 3 × 60 configuration, 95% boot‐

strap confidence intervals were also calculated separately for MAE and RMSE across the

12 benchmarks in each cycle. Calculations were performed in Python 3.12.14 with

NumPy 2.3.5; a fixed initial state of the pseudorandom number generator was used for

reproducibility.

The inter-cycle dynamics from GNSS and high-precision levelling were compared

using changes in the normal heights of the same benchmarks and the route profiles

ΔH  and ΔH , taking into account the sign, magnitude, and spatial sequence of

changes along the levelling lines. Agreement in the direction and spatial pattern of the

changes was regarded as agreement between the observed trends, but not as equality of

their amplitudes. A two-level rule was used for diagnostic screening: a network-wide

signal required agreement in sign at no fewer than 75% of the benchmarks and a 95%

bootstrap confidence interval for the median that excluded zero; a local signal was

flagged when the centred residual exceeded three robust standard deviations estimated

from the median absolute deviation (MAD). The recommended monitoring workflow is

presented in Figure 4, and the investigated GNSS observation configurations are shown

in Figure 5.

GNSS lev

Figure 4 presents the recommended operational sequence rather than the chronol‐

ogy of the retrospective research processing. In the present study, after the Cycle 5 trans‐

formation had been determined, its parameters were fixed and applied retrospectively to

all five GNSS cycles without epoch-specific fitting. The recommended workflow is di‐

vided into two technologically distinct phases. In Phase A, joint GNSS observations and

high-precision levelling are used for the initial realisation of the local normal-height sys‐

tem, external verification, and fixation of the transformation parameters. Thereafter, in

Phase B, repeated GNSS cycles are conducted independently using three reference sta‐

tions, a 60 min duration, and a 10 s recording interval; the same fixed transformation is

applied without refitting to levelling in each epoch. Activation of the diagnostic rule first

triggers repeat GNSS observations using the unchanged network configuration. Control

levelling is retained as a periodic external check and may be scheduled after confirma‐

tion of the signal in accordance with the monitoring programme. The workflow is shown

in Figure 4, and the experimental configurations with one, two, and three reference sta‐

tions are shown in Figure 5.

Appl. Sci. 2026, 16, 11221 18 of 32

https://doi.org/10.3390/app162211221

https://doi.org/10.3390/app162211221


3. Results

3.1. Spatial Justification of the Reference Configuration

Figure 4. Recommended two-phase workflow for local GNSS height monitoring: initial localisa‐

tion using joint GNSS and levelling data, followed by independent GNSS cycles using three refer‐

ence stations × 60 min, with a fixed transformation and periodic or trigger-based levelling control.

Figure 5. Static GNSS processing schemes associated with the technological sequence in Figure 4:

(a) one reference station, Burovaya; (b) two reference stations, Burovaya and Poselkovyi; and (c)

three reference stations, Burovaya, Poselkovyi, and 5784. Configuration (c), with a duration of 60

min and a recording interval of 10 s, was adopted as the preferred mode for the investigated site.

The results are presented in three interrelated blocks: justification of the reference

configuration, external comparison of the nine variants, and analysis of inter-cycle

dynamics.

According to the underground mine workings plan, the monitoring benchmarks are

located above the mine-working corridors, while the three reference stations form an ex‐

ternal triangle outside the surface projection of the shown workings. This separation pre‐

cludes the use of a point located directly above the workings as a fixed datum and

makes it possible to evaluate spatial changes within the object subnetwork relative to the

external reference geometry.

Burovaya’s location outside the mapped boundary of the underground mine work‐

ings was the primary spatial criterion for its selection. The magnitude of the later relative

LOS velocity of the nearest persistent scatterer, +0.0 ± 1.9 mm/year, was smaller than its
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3.2. External Agreement of the Nine Variants in Cycles 3–5

corresponding formal 1σ uncertainty and was not statistically significant. This result

supports the relative stability of Burovaya within the sensitivity of the method and the

period covered by the InSAR data. The coordinates of Poselkovyi and 5784 were re-de‐

termined relative to Burovaya in each cycle before their inclusion in the reference

configuration.

All four station-associated LOS-velocity intervals include zero relative to the origi‐

nal InSAR datum. Because the exact spatial reference and the inter-scatterer covariance

are not fully documented, these relative velocities were not used to establish a statisti‐

cally resolved ranking of station stability.

The hierarchy ‘primary datum → two secondary stations re-determined in each cy‐

cle → monitoring benchmarks’ is an essential component of the protocol [29]. It enables

the use of a triangular multi-reference configuration without concealing the uncertainty

of the auxiliary points behind an assumption of their permanent stability.

The external evaluation was performed on Rp-1…Rp-12. All five metrics were calcu‐

lated separately for each cycle and each of the nine configurations: the results for Cycle 3

are presented in Table 6, those for Cycle 4 in Table 7, and those for Cycle 5 in Table 8 (n =

12 for one configuration in one cycle).

Table 6. Discrepancies between GNSS- and levelling-derived normal heights in Cycle 3 at Rp-1…

Rp-12; n = 12 for each configuration; units are mm.

Reference 

Stations
Time, min MD SD MAE RMSE Max abs(f)

1 15 +9.1 10.6 11.8 13.6 23.4

1 30 +8.3 11.2 11.0 13.5 32.9

1 60 +5.0 8.7 7.6 9.7 18.7

2 15 +4.3 7.3 7.5 8.2 13.9

2 30 +4.9 6.2 6.7 7.7 14.1

2 60 +4.2 4.5 5.1 6.0 13.0

3 15 +4.4 3.0 4.8 5.2 8.8

3 30 +5.0 2.4 5.0 5.5 8.9

3 60 +3.6 3.0 3.9 4.6 7.8

Table 7. Discrepancies between GNSS- and levelling-derived normal heights in Cycle 4 at Rp-1…

Rp-12; n = 12 for each configuration; units are mm.

Reference 

Stations
Time, min MD SD MAE RMSE Max abs(f)

1 15 +1.5 12.1 9.3 11.7 24.5

1 30 −0.1 9.8 8.0 9.4 18.1

1 60 −1.5 7.2 6.2 7.1 14.8

2 15 −0.8 8.4 6.7 8.1 15.4

2 30 −0.8 6.5 4.7 6.2 12.7

2 60 −1.2 5.8 4.8 5.7 11.9

3 15 −1.9 3.1 2.9 3.5 7.3

3 30 −1.7 2.1 2.3 2.6 4.7

3 60 −2.0 3.0 3.0 3.5 7.3
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Table 8. Discrepancies between GNSS- and levelling-derived normal heights in Cycle 5 at Rp-1…

Rp-12; n = 12 for each configuration; units are mm.

Reference 

Stations
Time, min MD SD MAE RMSE Max abs(f)

1 15 −0.7 6.6 5.6 6.4 10.3

1 30 −0.6 6.7 5.3 6.5 12.7

1 60 −0.7 6.5 5.0 6.3 11.1

2 15 −0.7 7.6 6.1 7.3 13.0

2 30 −0.4 5.9 4.7 5.6 12.9

2 60 −0.3 4.6 3.4 4.4 11.2

3 15 −0.3 3.8 3.1 3.6 7.1

3 30 −0.6 3.4 2.5 3.3 6.5

3 60 −0.5 2.5 1.9 2.4 5.1

The cycle-specific RMSE values for the 3 × 60 configuration were 4.6, 3.5, and 2.4

mm for Cycles 3, 4, and 5, respectively. Its MD changed from +3.6 mm in Cycle 3 to −2.0

and −0.5 mm in Cycles 4 and 5.

For the 3 × 60 configuration, the MAE [95% bootstrap confidence interval CI] and

RMSE [95% bootstrap CI] were as follows: Cycle 3–3.9 [2.6, 5.3] and 4.6 [3.2, 5.7] mm;

Cycle 4–3.0 [2.1, 4.1] and 3.5 [2.5, 4.6] mm; and Cycle 5–1.9 [1.1, 2.8] and 2.4 [1.5, 3.2] mm.

These intervals characterise variation across the 12 control benchmarks but do not con‐

stitute a complete geodetic uncertainty budget [30].

Both benchmark groups are equipped with forced-centring mechanisms for the

GNSS antenna; the comparison reflects differences in embedment depth and levelling-

mark design. In a secondary analysis of the pooled Cycle 3–5 dataset, the existing Rp-1…

Rp-6 had MAE = 3.0 mm and RMSE = 3.6 mm, whereas the new Rp-7…Rp-12 had values

of 2.9 and 3.7 mm, respectively. The ‘new minus existing’ difference was −0.1 mm for

MAE (95% CI −1.3 to +1.2 mm) and +0.1 mm for RMSE (95% CI −1.3 to +1.4 mm). Cluster

bootstrap resampling by benchmark, jointly retaining all three cycles for each selected

benchmark, was used for the confidence intervals of the group differences. No clear sys‐

tematic difference between the groups was detected; the intervals included zero, while

six benchmarks per group were insufficient to establish equivalence between the monu‐

ment designs.

The effects of observation duration and the number of reference stations are pre‐

sented separately for Cycle 3 in Figure 6, Cycle 4 in Figure 7, and Cycle 5 in Figure 8. For

comparability, all three graphs were plotted at the same scale.
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Figure 6. RMSE of discrepancies between GNSS- and levelling-derived normal heights in Cycle 3

with one, two, and three reference stations and durations of 15, 30, and 60 min; Rp-1…Rp-12, n =

12 for each configuration.

Figure 7. RMSE of discrepancies between GNSS- and levelling-derived normal heights in Cycle 4

with one, two, and three reference stations and durations of 15, 30, and 60 min; Rp-1…Rp-12, n =

12 for each configuration.
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3.3. Justification for Selecting Three Reference Stations and 60 Min

3.4. Inter-Cycle Dynamics from GNSS and Levelling

Figure 8. RMSE of discrepancies between GNSS- and levelling-derived normal heights in Cycle 5

with one, two, and three reference stations and durations of 15, 30, and 60 min; Rp-1…Rp-12, n =

12 for each configuration.

Across all nine ‘cycle × duration’ combinations, the tested three-reference configura‐

tion Burovaya+Poselkovyi+5784 had a lower RMSE than the corresponding one- and

two-reference configurations (Tables 6–8 and Figures 6–8). At a duration of 60 min, the

RMSE values for configurations with three, two, and one reference stations were 4.6, 6.0,

and 9.7 mm, respectively, in Cycle 3; 3.5, 5.7, and 7.1 mm in Cycle 4; and 2.4, 4.4, and 6.3

mm in Cycle 5. The recurrence of this result across all three cycles confirms the practical

advantage of the complete three-reference configuration under the conditions of the in‐

vestigated site.

In the three-reference configuration, the RMSE values at 15, 30, and 60 min were 5.3,

5.5, and 4.6 mm in Cycle 3; 3.5, 2.7, and 3.5 mm in Cycle 4; and 3.6, 3.3, and 2.4 mm in

Cycle 5. The 60 min interval produced the minimum RMSE in Cycles 3 and 5, whereas

the minimum value in Cycle 4 was obtained at 30 min. A 60 min interval was selected for

a unified site-specific protocol: it showed consistently low cycle-specific discrepancies

and contains a larger volume of phase observations than the nested 15 and 30 min

intervals.

In the paired comparison of 36 ‘benchmark–cycle’ combinations, changing from 30

to 60 min with three reference stations reduced the pooled RMSE by 0.4 mm; the 95%

cluster-bootstrap CI for the RMSE difference was −0.9 to +0.1 mm. The mean paired dif‐

ference in absolute discrepancies was ΔMAE = −0.315 mm (exact sign-flip p = 0.262), and

the absolute discrepancy decreased in 21 of the 36 pairs. The observed advantage of 60

min over 30 min was small and statistically non-significant. At 60 min, the three-station

configuration reduced the RMSE relative to two stations by 1.8 mm (95% CI −2.8 to −0.8

mm; ΔMAE = −1.511 mm; p = 0.0034) and relative to one station by 4.2 mm (95% CI −5.2

to −3.2 mm; ΔMAE = −3.341 mm; p = 0.0005). The p values relate to sign-flip tests of

paired absolute discrepancies. The three-reference configuration therefore has paired

statistical support for the tested geometry, whereas 60 min is regarded as a practical and

robust working interval among those tested, rather than as a statistically demonstrated

optimum.

Thus, the 3 × 60 configuration was adopted as the preferred site-specific protocol for

further monitoring: it uses the complete spatial configuration, provided the lowest or

near-lowest cycle-specific discrepancies, and remains substantially shorter than multi-

hour static sessions. This conclusion applies to the investigated site and comparable

compact networks with short baselines.

Cycles 1–2 had no external levelling control and were therefore not included in the

inter-method comparison; their results were used only to describe the GNSS time series.

For Cycles 3–5, the dynamics obtained by the two methods were compared relative

to a common reference epoch–Cycle 3. At Rp-1…Rp-12, the 3→4 transition has a nega‐

tive direction according to both methods, while the subsequent 4→5 transition has a pos‐

itive direction according to both methods. For the cumulative 3→5 transition, the spatial

pattern is heterogeneous: the signs of ΔH  and ΔH  agree at 6 of the 12 benchmarks.

These results describe dynamics rather than error; agreement in direction does not imply

equality of amplitudes and, by itself, does not demonstrate statistically significant dis‐

placement of an individual benchmark [31,32].

GNSS lev
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For clarity, the results are presented separately for polygons 2 and 3, located above

areas of underground mine workings. Figures 9 and 10 show the GNSS dynamics of

Cycles 1–5 relative to Cycle 1 along polygons 2 and 3, respectively. Figures 11 and 12

compare changes from GNSS and high-precision levelling in Cycles 4 and 5 relative to

Cycle 3 for the same routes. Solid lines with filled markers denote GNSS, dashed lines

with open markers denote levelling, and colours distinguish the cycles. The same verti‐

cal scale was used for comparable pairs of figures.

Figure 9. Dynamics of GNSS-derived normal heights relative to Cycle 1: polygon 2; configuration–

three reference stations, 60 min.

Figure 10. Dynamics of GNSS-derived normal heights relative to Cycle 1: polygon 3; configura‐

tion–three reference stations, 60 min.
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Figure 11. Comparison of inter-cycle dynamics from GNSS and high-precision levelling relative to

Cycle 3: polygon 2.

Figure 12. Comparison of inter-cycle dynamics from GNSS and high-precision levelling relative to

Cycle 3: polygon 3.

According to Table 9, the mean q and RMSE(q) were −5.5 and 6.2 mm, respectively,

for the 3→4 transition, and −4.0 and 5.9 mm for the 3→5 transition; after removal of the

network-wide mean q, the centred RMSE values were 2.8 and 4.4 mm. For the 3→4 tran‐

sition, the mean changes were −10.2 mm from GNSS and −4.7 mm from levelling, and

the correlation coefficient for the pointwise changes was r = 0.546; for the cumulative

3→5 transition, the correlation coefficient was r = 0.127. For the adjacent 4→5 transition,

the mean changes were +6.0 mm from GNSS and +4.5 mm from levelling; the RMSE of

the pointwise differences was 3.5 mm, the correlation coefficient was r = 0.107, and the

centred RMSE after removal of the network-wide mean was 3.2 mm. Under the pro‐

posed site-specific diagnostic screening rule, a network-wide signal was flagged when at

least 75% of the benchmarks had the same sign of change and the 95% bootstrap CI for

the median ΔH excluded zero. A local signal was assessed using the centred residual e  =

ΔH  − median(ΔH): a point was flagged if |e | > 3 × 1.4826 × MAD(e). In the separate

analysis of the sequential 3→4 and 4→5 transitions, the network-wide criterion was met:

12/12 benchmarks had the same sign, and the median GNSS changes were −10.0 mm

(95% CI −12.7 to −7.0 mm) and +5.4 mm (95% CI 4.7 to 8.2 mm), respectively; the local

criterion was not exceeded at any point. The proposed rule serves solely as a diagnostic

i

i i
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4. Discussion

4.1. Scientific Novelty and Position Among Existing Studies

trigger for repeat GNSS observation and does not, in itself, demonstrate physical defor‐

mation or constitute a regulatory threshold; the operational response threshold is de‐

fined separately by the monitoring programme and safety requirements [33].

Table 9. Pointwise inter-cycle changes in normal height and differences q = ΔH  − ΔH  for the

3 × 60 configuration using the Cycle 5 transformation; units are mm.

GNSS lev

Point ΔH  3→4lev

ΔH  

3→4
GNSS

q 3→4 ΔH  3→5lev

ΔH  

3→5
GNSS

q 3→5

Rp-1 −5.2 −7.6 −2.4 −0.7 −7.4 −6.7

Rp-2 −8.0 −12.0 −4.0 −4.0 −1.8 +2.2

Rp-3 −3.5 −8.7 −5.2 +4.0 −1.0 −5.0

Rp-4 −4.3 −15.6 −11.3 +0.1 −10.1 −10.2

Rp-5 −2.3 −6.4 −4.1 −1.7 −1.1 +0.6

Rp-6 −7.1 −13.4 −6.3 +1.6 −5.6 −7.2

Rp-7 −3.8 −5.8 −2.0 +0.6 −0.6 −1.2

Rp-8 −5.6 −10.8 −5.2 −2.4 −6.7 −4.3

Rp-9 −0.8 −6.4 −5.6 +0.9 +2.1 +1.2

Rp-10 −5.0 −16.0 −11.0 +0.4 −12.1 −12.5

Rp-11 −6.7 −10.3 −3.6 −1.4 −5.1 −3.7

Rp-12 −3.9 −9.6 −5.7 +1.0 −0.7 −1.7

The results are interpreted below with due regard to the nested observations, sensi‐

tivity of the local transformation, and limits on the transferability of the resulting site-

specific mode.

The study does not claim novelty for GNSS, InSAR, precise levelling, or multi-refer‐

ence processing individually: such solutions have been published previously [1–4,6,7,10,

11,14–20]. The scientific contribution lies in a closed-loop site-specific protocol: (i) the

monitoring benchmarks are spatially linked to the surface projections of the mapped un‐

derground mine-working corridors; (ii) the external triangular reference subnetwork has

an explicit hierarchy comprising one primary station and two stations re-determined in

each cycle; (iii) nine conditions–1/2/3 stations × 15/30/60 min–are compared using the

same rover records; (iv) the mode is selected using three cycles of external levelling con‐

trol at benchmarks excluded from the determination of the local transformation; and (v)

agreement in absolute heights is distinguished from agreement in inter-cycle changes. It

is the combination of spatial design, a multi-campaign factorial comparison, and dy‐

namic inter-method diagnostics that distinguishes this study from a one-time accuracy

validation.

A similar three-reference configuration used by Baryła and Paziewski [6] involved

eight-hour observations and precise levelling. Studies of observation duration [1–3,8,9]

were conducted at different scales, with different monumentation types and criteria,

whereas studies on InSAR-assisted placement of GNSS stations [17–19] do not address

the selection of a short static session within a local normal-height system. The present

study does not claim a universal new processing algorithm; its contribution is a repro‐

ducible experimental design and a quantitatively assessed and practically selected site-

specific mode. A comparison with the most closely related studies is presented in

Table 10.
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4.2. Possible Reasons for the Advantage of the Three-Reference Configuration

4.3. Justification of 60 min as a Practical and Robust Working Interval

Table 10. Position of the present study relative to the most closely related published approaches.

Source
Site and 

Configuration
Sessions

External Height 

Control

Distinction of 

the Present 

Study

[6]

Local mining 

network with 

three control 

points

8 h Precise levelling

Similar 

geometry, but 

substantially 

longer sessions

[8]

Mining network 

approximately 3 

× 8 km

Up to long-

duration 

sessions; at least 

12 h was 

recommended 

for height under 

the conditions 

investigated

Repeatability of 

GPS sessions, 

without external 

height control.

Confirms that a 

universal session 

duration is not 

transferable

[9]

15 CORS 

stations; 

deformation-

network 

sensitivity

4, 6, 12, and 24 h

Without 

levelling 

comparison of 

heights

Relates duration 

to the minimum 

detectable 

displacement, 

rather than only 

to single-cycle 

RMSE

[19]

Underground 

coal mining; 

remote-sensing-

based selection 

of GNSS stations

Continuous RTK 

context

Not a primary 

objective

Confirms that 

InSAR/remote-

sensing 

screening for site 

selection is 

established

Present study

Site of 2.2 km ; 

external 

reference and 

internal 

monitoring 

subnetworks; 

lines up to 3.7 

km

2

15, 30, and 60 

min from 

common records

Three cycles of 

precise levelling; 

12 benchmarks 

excluded from 

transformation 

fitting

Nine paired 

comparable 

conditions, local 

normal heights, 

and comparison 

of inter-cycle 

dynamics

The advantage of the tested three-reference configuration, statistically confirmed us‐

ing the adopted Cycle 5 transformation and descriptively retained across all three trans‐

formation variants, is likely related not only to the number of stations but also to the spe‐

cific triangular geometry, additional baseline connections, and consistency checks on so‐

lutions obtained from different directions. Consequently, the conclusion is limited to the

nested hierarchy Burovaya → Poselkovyi → 5784 and cannot be generalised to an arbi‐

trary arrangement of three stations.

The 60 min interval was retained as the preferred practical mode among those
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4.4. Interpretation of the Observed Inter-Cycle Signal

4.5. Operational Role of GNSS Under Adverse Winter Conditions

4.6. Practical Applicability and Scope of Use

tested: it was the longest interval considered, produced the lowest pooled RMSE with

the adopted transformation, and maintained a consistently low worst cycle-specific re‐

sult. The observed advantage of 60 min over 30 min was small and statistically non-sig‐

nificant. Therefore, 60 min is regarded as a practical and robust working interval among

those tested, rather than as a statistically demonstrated optimum.

In the regulatory context, the geodetic observation programme applied at geody‐

namic monitoring sites in the Republic of Kazakhstan provides for longer sessions [34].

The investigated 60 min mode is shorter than that programme and is considered an ex‐

perimental supplementary monitoring mode. The obtained result does not confirm regu‐

latory equivalence and does not provide grounds for unilateral replacement of the estab‐

lished observation programme.

The single-cycle RMSE of 2.4 mm characterises the external agreement achieved be‐

tween the configuration ‘three reference stations, 60 min’ and high-precision levelling in

Cycle 5. In the analysis of inter-cycle dynamics, the direction of changes and the quanti‐

tative differences in their amplitudes along the levelling routes were compared. A

change detected by GNSS is treated as a monitoring signal and is verified by a repeated

GNSS observation using an unchanged network configuration; high-precision levelling

serves as periodic external control of the height reference frame.

For the 3→4 and 4→5 transitions, the signs of the normal-height changes obtained

by GNSS and high-precision levelling agreed at all 12 monitoring benchmarks. However,

agreement in local amplitudes was limited: for the 3→4 transition, the correlation coeffi‐

cient of pointwise changes was r = 0.55, and the RMSE of the differences in inter-cycle

changes was 6.2 mm; for the 4→5 transition, the corresponding values were r = 0.11 and

3.5 mm. Consequently, the results confirm agreement in the overall direction of network

dynamics, but not the identity of pointwise amplitudes or spatial patterns. This pre‐

serves the value of GNSS as an operational indicator of a network-wide inter-cycle

signal.

Verification of the initial coordinates and heights of the reference stations before the

inter-cycle analysis is a mandatory part of the protocol, because an error in an initial

value can produce a network-wide shift.

Snow cover, strong winds, and limited periods of stable visibility increase the

labour intensity of precise levelling and the risk of compromising the reproducibility of

portable support placement. This does not make winter levelling methodologically im‐

possible. In the present study, levelling control was absent in Cycles 1–2 owing to a com‐

bination of field and organisational reasons; only Cycle 2 occurred during winter.

Therefore, the substantiated conclusion concerns the operational continuity of GNSS be‐

tween full levelling cycles, rather than the impossibility of winter levelling or general

practice at all mines.

The developed 3.2 m deep geodetic monument design provides reproducible forced

centring of the GNSS antenna and is intended to reduce the influence of near-surface

conditions on monument stability.

The 3 × 60 configuration can be used as a site-specific mode for intermediate control

of a compact network with short baselines, forced centring, and cycle-by-cycle re-deter‐

mination of the secondary stations. The workflow comprises network design taking ac‐
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5. Conclusions

count of the mine-workings plan, subsequent spatio-temporal characterisation of the ref‐

erence configuration using InSAR data, verification of the initial heights of the reference

stations, one-hour GNSS observation, local conversion to normal heights, analysis of the

network-wide and local components, and periodic precise levelling. This operational

workflow complements the numerical geomechanical modelling previously conducted

at the Vostochnaya-Saryoba deposit [35]. The patented monument design supports re‐

peatable antenna installation and connection to a separate levelling mark, but it is not

the principal source of accuracy or the main scientific novelty.

After the local height transformation has been established and the selected configu‐

ration verified, subsequent monitoring cycles can be performed independently using

GNSS. A change detected simultaneously at several neighbouring benchmarks is verified

by a repeated GNSS observation with the network configuration and processing parame‐

ters unchanged. High-precision levelling is applied periodically to control the stability of

the height reference frame, rather than to provide mandatory confirmation of every

GNSS result.

A site-specific monitoring configuration was developed and repeatedly tested in

which the external triangular reference subnetwork is spatially separated from the sur‐

face projection of the mapped underground workings, while twelve monitoring bench‐

marks are located above the mining areas. The magnitude of the later relative LOS veloc‐

ity of the persistent scatterer nearest to Burovaya was smaller than its corresponding for‐

mal 1σ uncertainty and was not statistically significant. This result supports the relative

stability of Burovaya within the sensitivity of the method and the period covered by the

InSAR data.

For the Burovaya+Poselkovyi+5784/60 min configuration, the RMSE of the external

differences was 4.6, 3.5, and 2.4 mm in Cycles 3–5, respectively. At 60 min, the tested

three-reference configuration had a statistically confirmed advantage over the one- and

two-reference configurations; however, the advantage of 60 min over 30 min was small

and statistically non-significant. Therefore, 60 min is regarded as a practical and robust

working interval among those tested, rather than as a statistically demonstrated

optimum.

Sensitivity analysis using three transformation versions, applied to the same dataset

from Cycles 3–5, showed that the choice of source levelling cycle primarily affects the

common height level and the external differences. In all 27 descriptive cells, the three-

reference configuration retained a lower RMSE than the one- and two-reference configu‐

rations; these cells were not treated as independent samples. The a posteriori standard

deviation of the height residuals, m , was 5.9, 3.9, and 7.1 mm for transformations de‐

rived from Cycles 3, 4, and 5, respectively. Cycle 5 was selected not by minimising m ,

but a priori on the basis of the smallest q  = 0.4 mm/√km. The parameters of the selected

transformation were fixed for all epochs without cycle-specific fitting.

tr

tr

c

For the 3→4 and 4→5 transitions, GNSS and levelling showed the same overall di‐

rection at all 12 benchmarks, but agreement in pointwise amplitudes was weaker. The

proposed configuration is therefore suitable for operational detection of a network-wide

inter-cycle signal followed by repeat GNSS control; transfer of the quantitative perfor‐

mance characteristics to other networks requires verification for comparable baseline

lengths, geometry, and monumentation.

Supplementary Materials: The following supporting information can be downloaded at: https://w

ww.mdpi.com/article/10.3390/app162211221/s1, The following electronic spreadsheets accompany

the article: 1_Data S1–S5_with transformation data_3 cycles—GNSS observation results, precise
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levelling results, and accuracy assessment for Cycles 1–5 (XLSX), using transformation parameters

determined from Cycle 3; 2_Data S1–S5_with transformation data_4 cycles—GNSS observation re‐

sults, precise levelling results, and accuracy assessment for Cycles 1–5 (XLSX), using transforma‐

tion parameters determined from Cycle 4; 3_Data S1–S5_with transformation data_5 cycles—

GNSS observation results, precise levelling results, and accuracy assessment for Cycles 1–5

(XLSX), using transformation parameters determined from Cycle 5.
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Abbreviations

GNSS Global Navigation Satellite System

GPS Global Positioning System

GLONASS Global Navigation Satellite System

InSAR Interferometric Synthetic Aperture Radar

SAR Synthetic Aperture Radar

LOS Satellite Line of Sight

IW Sentinel-1 Interferometric Wide Swath mode

VV Vertical transmit and vertical receive radar polarisation

SRTM Shuttle Radar Topography Mission digital elevation model

RINEX Receiver Independent Exchange Format for GNSS data

PDOP Position Dilution of Precision

MD Mean Signed Difference

SD Standard Deviation of Differences

SD(H) Formal Standard Error of Height

MAE Mean Absolute Difference

RMSE Root Mean Square Difference

CI Confidence Interval

WGS 84 World Geodetic System 1984

NOAA US National Oceanic and Atmospheric Administration

NGS US National Geodetic Survey
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RTK Real-Time Kinematic

CORS Continuously Operating Reference Stations

L1/L2 L1 and L2 GNSS carrier frequencies

RS Remote Sensing

Rp Monitoring-Network Benchmark
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