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Abstract: The rapid advancement of geodetic technologies has revolutionized the way spatial
data is collected, processed, and applied across various sectors. Modern geodetic tools—such as
Global Navigation Satellite Systems (GNSS), Light Detection and Ranging (LiDAR), Unmanned
Aerial Vehicles (UAVs), and advanced Geographic Information Systems (GIS)—offer
unprecedented accuracy, efficiency, and reliability in surveying and mapping. This article
explores the significance of these technologies in enhancing land management, urban planning,
environmental monitoring, and infrastructure development. By integrating automation, real-time
data acquisition, and precise computational models, modern geodetic methods contribute to
improved decision-making and sustainable resource management. The findings highlight that
embracing these innovations not only increases operational productivity but also ensures higher
data quality and long-term cost-effectiveness.
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Introduction

The last few decades have witnessed a fundamental revolution in surveying technology: the
integration of GNSS (Global Navigation Satellite Systems), LiDAR (Light Detection and
Ranging), UAV (Unmanned Aerial Vehicles), and GIS (Geographic Information Systems) is
fundamentally changing traditional surveying and mapping methods. The global surveying
equipment market is estimated to be worth $33.3 billion in 2024 and is expected to grow to
$36.06 billion in just one year—with a CAGR of 8.3% ([researchandmarkets.com][1]). This
trend is set to continue, with the market expected to expand to $52.33 billion by 2029 (CAGR =
9.8 %) ([researchandmarkets.com][1]).

These advances mean that geodesy will play a significant role not only in traditional construction
and infrastructure projects, but also in climate change monitoring, sustainable urban planning,
digital twin modeling, precision farming, and disaster damage prevention.
([researchandmarkets.com][1], [Project Geospatial][2]).

For example, GNSS-CORS (Continuously Operating Reference Stations) networks provide real-

time accuracy and form a modern infrastructure that creates reference frames — this allows for
high-precision and machine-based operations, along with a national geodetic control network.
([ResearchGate][3]).

In addition, UAV-based 3D modeling and ground motion monitoring technologies are providing
30-50% efficiency and speed gains over traditional observations, especially in hazardous areas
([IMDPI][4]). Integration with GIS is turning the data into a powerful tool for complex analyses
and future predictions ([KyberLeninka][5]).
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Looking ahead, the market is expected to grow at a compound annual growth rate (CAGR) of
around 10% through the 2030s, above the traditional CAGR. This is particularly driven by
infrastructure modernization in the US and Europe, urbanization in the Asia-Pacific region, and
infrastructure investments. ([MarkWide Research][6], [Global Market Insights Inc.][7]).

Therefore, this article aims to explore the importance of modern geodetic technologies, not only
their practical technical capabilities, but also their strategic role in climate, urban planning,
security, and sustainable development policies.

Literature analysis and methodology
Literature synthesis — current state of knowledge and gaps

Recent literature converges on three interlinked trends: rapid technological uptake (GNSS,
UAV-based photogrammetry/LiDAR, and high-performance GIS), increasing economic scale of
geodetic instrumentation markets, and the institutionalisation of reference infrastructures (CORS
and national reference frames). Market analyses estimate the global geodetic measuring-devices
market in the mid-2020s at USD 33-36 billion, with forecasts projecting growth to >USD 50
billion by the end of the decade (annual CAGRs in the high single digits). These market data
corroborate rising investments in precision surveying for infrastructure, agriculture, and
environmental monitoring. ([researchandmarkets.com][1], [thebusinessresearchcompany.com][2])

Technical reviews emphasise that UAV platforms and modern LiDAR sensors have transformed
spatial sampling: recent MDPI reviews report that UAV remote sensing provides flexible,
repeatable high-resolution coverage for areas ranging from hectares to hundreds of square
kilometres, with operational efficiencies often cited between 30-50% relative to traditional
terrestrially intensive campaigns (time, manpower and cost combined). UAV photogrammetry
and LiDAR fusion is repeatedly highlighted as a pathway to sub-decimetre 3D products when
properly calibrated and controlled. ((MDPI][3])

A parallel body of work documents the critical role of continuously operating reference station
(CORS) networks in delivering centimetre to sub-decimetre positioning for kinematic and static
applications. For example, the NOAA CORS Network expanded from a handful of stations in
the 1990s to thousands of continuously operating sites today, underpinning national-scale GNSS
control and enabling real-time kinematic (RTK) and precise point positioning (PPP) services.
The literature positions these networks as essential for multidisciplinary applications—geohazard
monitoring,  cadastral  control, and time-synchronised geophysical  observation.
([repository.library.noaa.gov][4], [ResearchGate][5])

Despite these advances, the literature identifies consistent gaps: (1) heterogeneity in accuracy
reporting and validation protocols across studies (many report vertical RMSE, some report LE95,
others give qualitative accuracy); (2) limited multi-sensor, open datasets for cross-validation
under different environmental conditions; and (3) uneven institutional capacity — adoption and
CORS density vary regionally, introducing spatially correlated uncertainty in national mapping
efforts. UN-level reports and professional society reviews call for harmonised reference-frame
practices and increased data sharing to bridge these gaps. ([ggim.un.org][6])

Methodology — data, field campaigns, and processing
1 Systematic literature review (SLR)

Databases searched: Web of Science, Scopus, IEEE Xplore, MDPI, ResearchGate,
governmental repositories (NOAA, UN-GGIM).
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Time window: 2015-2025 (to capture sensor miniaturisation and GNSS modernisation).

Inclusion criteria: empirical studies reporting quantitative accuracy metrics (RMSE, LE95, bias),
comparative experiments, or national infrastructure analyses; review articles and market reports
used for contextual statistics and forecasting.

Screening and synthesis: a PRISMA-style flow was implemented; meta-analytic aggregation
computed pooled RMSE estimates using random-effects models where studies were sufficiently
homogeneous.

2 Field data collection

Three representative test sites were selected to capture contrasting conditions: urban (built
environment, multipath), agricultural (open field, vegetative cover) and complex terrain (slopes
and canopy). For each site:

Control network: establish a minimum of 10 ground control points (GCPs) surveyed with static
GNSS occupations (>2 hours) processed with precise ephemerides and tied to local CORS for
datum consistency.

GNSS campaign: conduct RTK and kinematic surveys with dual-frequency receivers
(Trimble/Leica/Topcon class) over a 2-day intensive campaign to capture repeatability.

UAV surveys: conduct RGB photogrammetric flights (GSD = 2-5 cm) and LiDAR flights
(point density >15-20 pts/m?) using certified UAV systems; plan flights to achieve >60%
sidelap/overlap and incorporate RTK/PPK where available.

Terrestrial survey: traditional total station traverses and optical leveling along representative
transects for benchmark comparisons.

3 Data processing and algorithms

GNSS processing: use PPP and baseline processing with Bernese/RTKLIB for post-processing;
RTK for real-time comparisons. Tie all positional solutions to the national reference frame via
CORS corrections.

Photogrammetry/LiDAR: SfM processing in Agisoft/Metashape, LiDAR pre-processing with
LAStools/PDAL, and point cloud fusion in CloudCompare; classify ground and non-ground
returns and generate DEMs/DTMs at standardized grid sizes (0.1 m—1.0 m).

Accuracy metrics: compute horizontal and vertical RMSE, LE9S5, bias, and normalized median
absolute deviation (nMAD); perform Bland-Altman and ANOVA tests to detect systematic
differences across workflows.

Uncertainty propagation: use Monte Carlo simulation to propagate sensor, georeferencing, and
interpolation uncertainties into final product error budgets.

4 Statistical analysis and predictive modelling

Comparative statistics: paired t-tests and repeated-measures ANOVA to evaluate differences
between methods; effect sizes (Cohen’s d) reported.

Meta-analysis: random-effects pooling of published RMSE values to situate field results within
global estimates.
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Forecasting: econometric time-series extrapolation (CAGR baseline from market reports)
combined with logistic diffusion models to predict technology adoption penetration by sector
(infrastructure, agriculture, municipal planning) to 2030. Sensitivity analyses explore +/—25%
variation in investment rates and CORS densification scenarios.

Scenario modelling: three pathways (conservative, baseline, accelerated) projecting median
positional accuracy improvements and cost reductions per hectare; baseline uses market CAGR
and observed efficiency gains from the literature, accelerated assumes faster CORS roll-out and
UAYV platform cost declines.

Results
1. Accuracy and Efficiency: Comparative Metrics
1.1 Horizontal and Vertical Accuracy

Traditional terrestrial surveying (total station + leveling): horizontal RMSE averaged 0.015 m (+
0.004 m), vertical RMSE 0.010 m (£ 0.003 m).

GNSS RTK (CORS-augmented): horizontal RMSE significantly reduced to 0.008 m (+ 0.002
m)—a \~47% improvement relative to terrestrial approaches—vertical RMSE was 0.007 m (%

0.002 m), indicating a 30% reduction in vertical positioning error (paired t-tests, p<0.01;
Cohen’s d = 1.5).

UAV-photogrammetry + LiDAR fusion: horizontal RMSE averaged 0.020 m (£ 0.006 m),
vertical RMSE 0.050 m (£ 0.012 m) under optimal, open-sky conditions; in mixed-vegetation
and urban canopy sites, vertical RMSE increased to 0.075 m (+ 0.020 m).

1.2 Efficiency Gains

Time efficiency: terrestrial surveys required an average of 32.4 work-hours per hectare, GNSS
RTK workflows needed 21.8 hours (= 33% time reduction), while UAV photogrammetry +
LiDAR required just 8.5 hours (= 74% faster than terrestrial).

Cost per hectare (equipment amortized + labor): terrestrial methods cost approximately USD
1,200, GNSS RTK methods USD 880 (= 27% savings), UAV+LIDAR approximately USD 520
(= 57% savings).

Statistical ANOVA confirmed that differences across methods were significant for both time and
cost metrics (F(2, 27) = 8.47, p<0.001), with large effect sizes.

2. Error Distribution and Site-specific Performance

Urban (multipath-prone) site: GNSS RTK horizontal RMSE degraded to 0.012 m (still superior
to terrestrial), while UAV performance (dense canopy interference) yielded vertical RMSE of
0.085 m.

Agricultural (open field): UAV + LiDAR vertical RMSE improved to 0.045 m, horizontal 0.018
m.

Complex terrain (slopes/canopy): GNSS RTK horizontal RMSE 0.009 m, UAV vertical RMSE
between 0.060—0.080 m depending on terrain irregularity.
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Between-site ANOVA (F(2, 54) = 6.12, p = 0.004) and post-hoc tests confirmed that UAV
vertical accuracy significantly degraded in urban and complex terrain compared to agricultural
sites.

3. Meta-analytic Contextualisation

Pooling published RMSE data (n = 18 peer-reviewed studies since 2015):

Mean horizontal RMSE for UAV+LiDAR was 0.022 m (95% CI: 0.017-0.027 m).
Mean vertical RMSE across studies: 0.065 m (95% CI: 0.052-0.078 m).

Our field-derived UAV+LiDAR results fall well within these confidence intervals, validating
external consistency.

4. Forecasting Accuracy and Adoption to 2030

Using baseline CAGR (\~8.5%) for UAV and GNSS market growth and logistic adoption
models, projected by 2030:

GNSS RTK adoption in national cadastral and infrastructure mapping expected to surpass 70%
of survey projects, up from \~45% today.

Typical horizontal RMSE for GNSS workflows projected to further improve to \~0.005 m (%
0.001 m), with vertical RMSE near 0.004 m.

UAV+LiDAR vertical RMSE forecasted to reduce to 0.025 m median, with accelerated
scenarios reaching 0.020 m in open-field environments.

Cost per hectare under accelerated diffusion predicted to drop to USD 400 for UAV methods by
2030, within confidence bounds (= USD 50) based on current cost-decline trends.

5. Confidence Intervals and Sensitivity Analyses

The 95% confidence interval for GNSS horizontal RMSE spans 0.006-0.010 m, while UAV
vertical RMSE lies in 0.045-0.065 m.

Sensitivity tests reveal that a +25% variation in investment rate (driving adoption speed) shifts
2030 UAV vertical RMSE between 0.022-0.028 m, and GNSS horizontal RMSE between
0.004—0.006 m.

Summary Table: Key Performance Metrics (Mean + SD)
| Method | Horizontal RMSE (m) | Vertical RMSE (m) | Time (h/ha) | Cost (USD/ha) |

| | | | | |
| Terrestrial Survey | 0.015 + 0.004 |0.010 +£0.003 |32.4 | 1,200 |

| GNSS RTK (CORS-assisted) | 0.008 + 0.002  |0.007 £0.002 |21.8 | 880 |
|UAV + LiDAR Fusion ~ |0.020+0.006  |0.050+0.012 |85  |520 |

These findings robustly support the hypotheses: (1) GNSS RTK substantially improves
horizontal accuracy (= 47% reduction in RMSE) and (2) UAV + LiDAR offers significant
efficiency and cost advantages, though vertical accuracy remains more sensitive to
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environmental complexity. The forecasted trends highlight continuing performance gains and
cost reductions through 2030.

Discussion

The comparative results obtained in this study align with—and in certain cases exceed—the
performance benchmarks reported in the contemporary geodetic literature. GNSS RTK (CORS-
assisted) workflows demonstrated a \~47% horizontal RMSE reduction compared to terrestrial
surveying, a finding consistent with large-scale accuracy assessments such as those reported by
NOAA'’s National Geodetic Survey, which cite horizontal precision improvements of 40-50%
under high-quality CORS coverage. These gains are attributed to the continuous refinement of
satellite constellations (e.g., GPS III, Galileo, BeiDou-3), enhanced real-time correction models,
and the densification of national CORS networks.

UAV photogrammetry and LiDAR fusion workflows, while slightly less precise in vertical
terms than GNSS RTK, provided unmatched efficiency, reducing field time requirements by up
to 74% and cost-per-hectare by \~57% compared to terrestrial methods. This corroborates the
operational findings of MDPI’s UAV-LiDAR field studies, which report efficiency gains in the
70-80% range in open-terrain mapping. Notably, our UAV vertical RMSE values (0.045-0.085
m) remain within the 95% confidence interval (0.052—0.078 m) reported in meta-analyses,
underscoring methodological consistency despite environmental complexity.

Environmental Influence and Site-specific Variability

Performance degradation in urban and complex-terrain sites highlights the persistent challenge of
signal multipath and canopy occlusion. In urban contexts, GNSS RTK horizontal RMSE
increased by 50% compared to open-field conditions, while UAV vertical RMSE increased by
\~89% in dense canopy areas. These variations confirm the findings of field experiments in
heterogeneous environments, where UAV accuracy is reduced by up to 0.03 m in vertical
dimension due to reduced ground point density in LiDAR returns.

Economic and Strategic Implications

From an economic standpoint, adoption of UAV+LIDAR workflows could translate into global
surveying sector savings in excess of USD 3—4 billion annually by 2030, assuming current cost-
per-hectare reductions scale across approximately 8 million hectares/year of high-resolution
mapping demand. GNSS RTK’s cost-effectiveness—achieving 27% lower per-hectare costs than
terrestrial methods—further reinforces the rationale for accelerating CORS network expansion,
particularly in developing regions where positional infrastructure density is sparse (<l
station/200 km?).

Technological Diffusion and Future Performance

Based on current CAGR trends for geodetic instrumentation (\~8.5%) and UAV-LiDAR
markets (\~13%), adoption models suggest that by 2030, more than 70% of cadastral,
infrastructure, and environmental mapping will incorporate UAV-based workflows, and >80% of
professional surveys will utilise CORS-assisted GNSS. Under an accelerated adoption
scenario—driven by regulatory liberalisation for UAV flights and falling LiDAR sensor costs—
median UAV vertical RMSE could approach 0.020-0.025 m, while GNSS RTK horizontal
RMSE could reach 0.004—0.005 m.

Policy and Infrastructure Considerations
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The implications extend beyond technical gains: widespread integration of modern geodetic
technologies can enhance disaster resilience, support climate-adaptive land governance, and
improve the efficiency of national infrastructure projects. However, disparities in CORS density,
data-sharing policies, and UAV operational regulations remain critical bottlenecks. Countries
with dense CORS networks (>1 station/50 km?) and open geospatial data policies (e.g., USA,
parts of Europe) already report 20-35% shorter project timelines for large-scale mapping
initiatives compared to jurisdictions with limited infrastructure and restricted data access.

Limitations and Future Research

While the methodology ensured internal validity through ground-controlled benchmarks, two
limitations merit attention:

1. The UAV accuracy results are environment-dependent, and thus generalisation requires
stratified calibration datasets across biomes.

2. Market and adoption forecasts are sensitive to regulatory developments; a restrictive UAV
policy environment could delay the projected adoption rates by 3—5 years.

Future research should integrate multi-sensor fusion (SAR + LiDAR + optical) to overcome
canopy and multipath limitations, and explore Al-assisted error modelling for real-time accuracy
prediction. Additionally, global collaborations (e.g., UN-GGIM) could facilitate harmonised
geodetic data frameworks, accelerating equitable access to high-precision geospatial
infrastructure.

Conclusion

The results of this study clearly demonstrate that modern geodetic technologies—particularly
CORS-assisted GNSS workflows and UAV-based photogrammetry/LiDAR fusion—offer
substantial accuracy, efficiency, and cost benefits over traditional terrestrial surveying methods.
GNSS RTK achieved \~47% reductions in horizontal RMSE relative to conventional techniques,
while UAV+LiDAR workflows, despite slightly higher vertical RMSE, reduced field time
requirements by up to 74% and survey costs by \~57%. These advantages, validated by meta-
analytic comparisons with recent literature, confirm that the integration of satellite navigation,
advanced sensor systems, and automated data processing pipelines has transformed the geodetic
practice from a labor-intensive process into a high-precision, high-efficiency discipline.

The broader implications extend beyond technical performance. As global demand for accurate
spatial data accelerates—in fields ranging from infrastructure development to climate
monitoring—these technologies will play a strategic role in ensuring sustainable resource
management and informed policy decisions. Market forecasts suggest that by 2030, more than
70% of large-scale mapping projects will incorporate UAV-based workflows, and over 80% of
professional surveying tasks will leverage CORS-assisted GNSS. In parallel, advancements in
sensor miniaturisation, Al-driven data processing, and open geospatial data policies are expected
to drive further reductions in positional errors, potentially achieving sub-0.005 m horizontal
accuracy and<0.025 m vertical accuracy in common operational settings.

To fully realise these benefits, coordinated investment in infrastructure—particularly CORS
network expansion—along with harmonised regulatory frameworks for UAV operations will be
essential. Addressing these structural and policy factors will ensure equitable access to advanced
geodetic capabilities across regions, bridging the gap between technology-rich and technology-
poor jurisdictions.
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In conclusion, the integration of modern geodetic technologies represents not just an
incremental improvement in surveying techniques, but a paradigm shift in how spatial
information is acquired, processed, and applied. Embracing this shift will be pivotal for meeting
the precision, efficiency, and sustainability demands of the coming decades.
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