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LARGE-SCALE TOPOGRAPHIC MAPPING OF VEGETATION AREAS
BASED ON UAV AND GNSS TECHNOLOGY

Purpose. To develop a method for generating accurate large-scale topographic maps in densely vegetated areas
using UAV (Unmanned Aerial Vehicle) and GNSS (Global Navigation Satellite System) technologies. The focus is
on correcting elevation data from UAYV imagery through a polynomial model based on CORS checkpoints.

Methodology. The research was conducted in Mai Pha commune, Lang Son province, Vietnam. A DJI Phantom
3 Pro UAV was used to capture aerial images, and GNSS-RTK (CORS) technology was employed to collect ground
control points. A polynomial surface fitting method (1st to 3rd degree) was applied to model vegetation thickness and
correct the digital surface model (DSM) to obtain a digital elevation model (DEM). The DSM was smoothed using
various radii (0; 20; 50; 70; 100 m), and the accuracy was assessed using different numbers of checkpoints (150; 350;
1,000). A software module was developed to automate the correction process.

Findings. The accuracy of the DEM improved with an increased number of checkpoints and an appropriate
smoothing radius. The best results were achieved with 1,000 checkpoints and a smoothing radius of 50 m. The cor-
rected DEM achieved elevation accuracy within 1—2 meters, meeting regulatory standards for large-scale topograph-
ic maps (1:2,000—1:5,000). The method proved effective even in areas with dense vegetation, where traditional map-
ping methods face limitations.

Originality. This study introduces a novel approach that integrates UAV photogrammetry with GNSS-RTK data
and polynomial surface modeling to correct elevation data in vegetated areas. The developed software module auto-
mates the correction process, enhancing efficiency and consistency.

Practical value. The proposed method enables the creation of accurate, large-scale digital topographic maps in
challenging environments with dense vegetation. It offers a cost-effective and efficient alternative to traditional sur-

veying methods, with potential applications in forestry, land management, and infrastructure planning.
Keywords: UAV, GNSS technology, vegetation areas, large-scale topographic map

Introduction. Terrain maps provide helpful informa-
tion about the topography through contour lines and
DTM, as well as precise and comprehensive visuals that
depict both natural and artificial elements on the ground
[1]. Topographic maps are utilized in various fields, in-
cluding agriculture [2] and disaster management [3]. Sev-
eral pieces of equipment have been employed in land sur-
veying to create terrain mapping, such as traditional
methods (clinometers, levels, and theodolites) [4], light
detection and ranging radar (LiDAR) [5], terrestrial laser
scanning (TLS) [6], human-crewed aircraft [7], and re-
mote sensing [8]. Despite their many advantages, these
methods have various drawbacks, particularly in terms of
usage, time consumption, and cost [9]. In recent years,
the use of drones to collect remote sensing data for the
production of large-scale topographic maps has become
increasingly popular due to their affordability and useful-
ness. UAVs offer several advantages, including rapid data
collection, low cost, high precision, and the ability to col-
lect data in challenging environmental conditions [10].
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Various UAV types have been demonstrated to be ac-
curate in conducting topographic surveys worldwide [ 11,
12]. According to [1], UAV photogrammetry may be
used to create terrain maps, digital terrain models, digi-
tal surface models, digital maps, and orthophotos that
all meet international standards. The study indicated
that, because the accuracy achieved was within accept-
able bounds, UAV photogrammetry for large-scale top-
ographic mapping may successfully replace existing
techniques, such as GPS and total stations. In addition
to assessing the accuracy, several studies have also been
conducted to confirm the time and cost-effectiveness of
this technology in creating topographic maps. [13] de-
scribed briefly the procedure for establishing a large-
scale terrain map of the Universiti Teknologi Malaysia
campus, Malaysia. The findings showed that, depending
on the location, photogrammetry software could pro-
duce an accurate, large-scale topographic map in less
than a week. With the above advantages, many studies
have applied this technology to survey terrain. Many
publications have used UAYV images to create large-scale
topography maps with great detail of small regions with
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uncomplicated and accessible terrain [13—15]. Others
have found UAVs to be a valuable technology for map-
ping hard-to-reach areas, such as mining sites [16],
flooded areas [17], river topography [ 18], and deep gorg-
es [19, 20]. However, these studies have primarily fo-
cused on areas with limited vegetation cover. For areas
with thick vegetation cover, mapping remains challeng-
ing because there are not many visible ground surfaces.
To address the challenges of topographic mapping un-
der dense vegetation, [21] developed a cost-effective
photogrammetric UAV system. The study’s findings
demonstrate that mapping topography beneath a dense
canopy of vegetation is possible by combining GPS field
surveys and UAV data. In another study, [22] used a
UAV-LiDAR system with an appropriate filtering tech-
nique to acquire high-resolution topographic data in
vegetated areas.

Although the obtained results indicated that the sur-
vey using a UAV system helps gather high-resolution
topographic data at heavily wooded locations, the
amount of research on this issue is limited. Additionally,
existing studies have not yet provided specific technical
solutions for the process and technical standards re-
quired to create large-scale maps using UAV technology.

In this research, the author proposes a solution to
calibrate the digital surface model (vegetation cover) de-
rived from uncrewed aerial vehicle (UAV) image data,
based on the test points measured by RTK dynamic
GPS technology (CORS). From there, a topographic
map of the research area is established. The research re-
sult is a software that automatically calibrates the eleva-
tion of the photo measurement points on the DSM (sur-
face including vegetation cover) to the elevation of the
terrain points. Experimental data have demonstrated
the accuracy of the algorithm.

Study area. The study was carried out in the low-
mountain and hilly landscape of Mai Pha commune,
Dong Kinh ward, Lang Son city, Lang Son province, at
coordinates 21°50'08"N, 106°46'19"E. Administratively,
the study site is framed by Hoang Van Thu and Tam
Thanh wards to the north, Mai Pha commune to the
south, Vinh Trai ward to the east, and Chi Lang ward to
the west. The mapped area is characterized by complex
topography, primarily composed of low mountains and
undulating hills, which together account for more than
80 % of the total surface. The mean elevation is approx-
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imately 252 m above sea level. Still, local relief is pro-
nounced: short slopes, benches and concave valley seg-
ments produce frequent elevation changes over short
horizontal distances, creating a highly heterogeneous
terrain mosaic (Fig. 1).

Climatically, the site is situated within the humid
subtropical belt typical of northern Vietnam. Seasonal
contrasts are distinct: a warm, wet monsoon season is
followed by a cooler, drier winter. Due to the complex
orography, these seasonal signals are spatially non-uni-
form; cold-air intrusions and orographic lifting produce
rapid changes in temperature and humidity across short
distances, resulting in substantial microclimatic vari-
ability. Such meteorological variability directly influ-
ences vegetation phenology and moisture status across
the low-mountain landscape, contributing to a mixture
of evergreen forest patches and areas that undergo sea-
sonal changes.

Land cover in the research area is diverse. Natural
and secondary forest stands, locally dominated by pine
and eucalyptus, are interspersed with managed tree
plantations and areas under tea cultivation. Agricultural
plots, access tracks, and small settlement clusters are
predominantly located along gentler slopes and valley
bottoms, where soils are deeper and agricultural activi-
ties are concentrated. The heterogeneous composition
of canopy types and ground surfaces yields strong spatial
contrasts in surface reflectance and texture, both spec-
trally and structurally.

From the perspective of UAV-based data acquisition
and topographic mapping, the study area presents sev-
eral logistical and technical challenges. The mosaic of
canopy architectures, tall, dense pine and eucalyptus
stands adjacent to low-profile tea plantations, compli-
cates image matching and ground point visibility for
photogrammetric workflows. Dense canopies and shad-
owed slope aspects reduce the number of identifiable
ground control features in vertical imagery, increasing
the need for carefully distributed ground control points
across elevation bands and along ridge and valley axes.
Rapidly changing wind and weather conditions, partic-
ularly during transitional seasons, also constrain safe
flight windows and can introduce motion blur or incon-
sistent illumination in the captured imagery.

Moreover, the steep and variable slopes increase the
risk of occlusions, requiring lower flight altitudes or

Fig. 1. The study area
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higher image overlap to ensure sufficient stereoscopic
coverage for digital surface model and digital terrain
model generation. Vegetation heterogeneity further ne-
cessitates the use of multispectral sensors (or LiDAR,
where available) to discriminate canopy types and to re-
trieve vegetation indices for health assessment. Taken
together, the physiographic, climatic, and land-use
characteristics of the Mai Pha study area necessitate a
careful, adaptive UAV survey design, including tailored
flight plans, robust ground control point placement, and
appropriate sensor selection, to produce reliable topo-
graphic products and support downstream analyses of
vegetation condition and agricultural management.

Methodology and data collection. Data collection.
The study used a DJI Phantom 3 Pro drone, a device
suitable for creating large-scale topographic maps, to
capture images of the study area (Fig. 2). The Phantom
3 Pro is equipped with a 4K camera featuring a
1/2.3-inch sensor, enabling high-resolution photos and
videos. The Phantom 3 Pro utilizes a GPS positioning
system to help determine precise location and maintain
stability when flying at high altitudes. This helps the
aircraft fly along a predetermined path and collect geo-
graphic data efficiently. The 3-axis stabilization system
helps the aircraft maintain a stable position during
flight. Additionally, it supports automatic flight along set
routes, saving time and energy. In particular, this type of
aircraft connects to the phone via the DJI GO applica-
tion, enabling users to view live images from the camera
and remotely control the aircraft. The device has a flight
time of up to 23 minutes and a flight distance of up to
5 km. Therefore, the aircraft can complete multiple mis-
sions continuously without needing a significant amount
of time to stop for battery charging.

Aerial imaging software is used to create the flight
route, ensuring the mapping meets accuracy standards.
In this study, a DJI Phantom 3 Pro was used to capture
68 orthogonal JPEG photos at a height of 100 meters,
with 80 and 75 % overlap in the front and side, respec-
tively. The estimated time to complete the flight plan is
5 minutes 28 seconds. Fig. 3 illustrates the route plan-
ning and parameter settings for the study area.

After the planning of routes, the flight plan was
transmitted to the UAV photography system in real-
time. Aerial photography was conducted after the UAV
system had been checked. The aircraft’s condition was
monitored using the ground station monitoring pro-
gram, and the UAV would autonomously land when the
flight was complete. The data were examined on the spot

Fig. 2. Experimental UAV aircraft in Lang Son

once the aerial photography flight was completed to de-
termine whether any photos were missing and whether
the number of photos and flight route characteristics
were consistent. It is also important to check the photo
quality to make sure there are no ambiguities. Fig. 4
shows a representative aerial image captured over the
Lang Son experimental area, illustrating canopy hetero-
geneity, slope aspects, and surface textures that influ-
ence photogrammetric point matching and DSM qual-
ity. The imagery evidences mixed vegetation covers and
interspersed clearings, highlighting why ground visibili-
ty is limited and why elevation correction must rely on
GNSS-based checkpoints

Static techniques are used to measure the ground
control point, or GCP, which is evenly distributed
throughout the study area. Fig. 5 visually situates these
GCPs within the study area, showing an even spatial
spread along slope—valley transects and across elevation
bands to stabilize least-squares estimation for second-
and third-degree polynomial models.

Table 1 lists the Ground Control Points, including
easting, northing, and elevation, which demonstrates a
deliberately stratified network spanning approximately
278—310 m in elevation to anchor photogrammetric ad-
justments across heterogeneous low-mountain terrain.

The point IDs KCA1-KCA16 indicate a compact yet
well-distributed control scheme designed to constrain
polynomial surface fitting and reduce local biases from
canopy occlusion when converting DSM to DEM. Ta-
ble 1 (numerical coordinates) and Fig. 4 (spatial layout)

7.79 hect nected Range:

Fig. 4. Aerial photo taken at the Lang Son experimental
area
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Fig. 5. Dynamic GPS image control point diagram (CORS)

Table 1

Co-ordinates of Ground control points

Point number | Easting, m | Northing, m | Elevation, m
KCAlL 451,092.699 | 2,417,004.242 288.957
KCA 2 451,094.128 | 2,416,953.17 286.026
KCA3 451,121.595 | 2,416,843.908 277.975
KCA 4 451,114.730 | 2,417,096.278 292.871
KCA'5 451,138.632 | 2,417,027.615 299.778
KCA 6 451,171.580 | 2,417,033.605 302.057
KCA7 451,261.933 | 2,417,061.426 310.402
KCA 8 451,167.399 | 2,416,933.138 305.049
KCA9 451,198.234 | 2,416,932.536 304.423
KCA 10 451,241.507 | 2,416,922.217 303.387
KCA 11 451,279.959 | 2,416,934.439 303.823
KCA 12 451,146.387 | 2,416,965.258 303.578
KCA 13 451,137.821 | 2,416,935.911 301.541
KCA 14 451,106.929 | 2,417,122.343 291.501
KCA 15 451,136.186 | 2,417,162.646 291.606
KCA 16 451,150.093 | 2,417,192.136 289.839

demonstrate that the control network satisfies two key
conditions for reliable elevation correction: dense cover-
age of relief variability and balanced geometry to miti-
gate error propagation during DSM smoothing and
DEM derivation. This pairing also explains later accu-
racy gains at larger checkpoint counts and optimal
smoothing radii, since robust, well-placed GCPs im-
prove both georeferencing fidelity and the local regres-
sions used to estimate vegetation thickness.

Methodology. In this study, the polynomial function
problem was applied to determine the thickness of the
vegetation cover. The thickness of the vegetation cover is
the difference between the DSM obtained from the
UAV flight results and the digital terrain model (DEM).
The elevation of the terrain point is determined using
CORS technology or a total station.

To calibrate the elevation of points determined by
UAYV technology, at each point, it is necessary to iden-
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tify the function representing the vegetation cover for
the terrain surface, as follows

Z[:F(xiayi)’ (1)
where Z; is the thickness of vegetation cover at coordi-
nate position (x;, ;).

Depending on the terrain, the function FFF is repre-

sented as a polynomial of degree 1, 2, or 3.
Polynomial function of degree 1 is

Z=Z7y+ Ax + By. 2)
Polynomial function of degree 2 is
Z=7y+ Ax + By + CxX> + Dy* + Exy.
Polynomial function of degree 3 is
Z =7+ Ax + By + Cx* + Dy* + Exy + IxX* + Hx?y + Kxy*.

To determine the coefficients of the polynomial
function for each pixel, checkpoints are required. The
number of checkpoints ranges from 3 to 10, depending
on the degree of the polynomial. The higher the degree
of the function, the greater the number of checkpoints
needed, and vice versa. If the number of checkpoints ex-
ceeds the number of coefficients, the least squares
method is applied to obtain the optimal coefficients.

The corrected numerical equation of the coefficients
corresponding to the degrees of the function (2) can be
expressed as:

- for the first-degree function

V,=1-AZy+x-A+y-AB+1,
- for the second-degree function
V.=1-AZy+x-AM+y-AB+x*- AC+y*- AD +
l,=-7;
- for the third-degree function
V.=1-AZy+x-AM+y-AB+x*-AC+y*- AD +
+xy-AE+xX - AF+1, [=-Z.

In formula (3) the coefficients (4, B, C, D, E, Z) are
represented as their approximate values plus correction
terms

Applying the method of indirect adjustment, the co-
efficients of the model (3) can be determined. From
these coefficients, the vegetation surface elevation can

be corrected relative to the terrain surface elevation (4).
1. Error equation

V=AX+ L. 4)
2. Normal equation
ATAX+ATL=0 or
3. Unknown vector
X=-N'B.

Finally, the corrected height of the vegetation cover
relative to the terrain surface is expressed as

Hdh = HDSM ~Z. (5)

L==2,  (3)

Z

+xy-AE+1,

NX+ B=0.

The calibration process is carried out in two steps.
Step 1: Smoothing the DSM surface model. Since the
vegetation surface generated from UAV imaging tech-
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nology is very complex, there is no suitable numerical
model, especially in large scale. To approximate the
vegetation surface, the vegetation surface is smoothed
by dividing the surface into square grids to determine the
characteristic height for each location or determined at
each pixel, through a polynomial function for each small
area according to the radius selected to suit the specific
terrain. The smoothing information needs to be selected
during the implementation process.

By constructing a polynomial function according to
formulas (1 and 2), the height of the vegetation cover at
each pixel can be determined. The polynomial function
is selected to be of degree 2 or degree 3. Based on the
height of neighboring pixels, an approximate function is
constructed, and then the height determined by the
polynomial function corresponds to the pixel. The result
of the height of the vegetation cover after smoothing will
be close to a mathematical model for each aerial pho-
tography area.

Step 2: Determining the digital terrain model from the
DSM (Digital Surface Model). After the surface model of
the vegetation cover has been smoothed, based on the
elevation of each vegetation cover point and the terrain
elevation of the nearest check points, the program mod-
ule automatically builds a model to determine the vege-
tation cover thickness and terrain elevation for each cor-
responding pixel.

To perform this task, a program module for auto-
matic calculation has been built to ensure accuracy and
economic efficiency. The program interface is shown in
Figs. 6, a, b. These figures present the custom software
modules that operationalize the two-stage pipeline: a
DSM smoothing interface and a DSM-to-DEM cor-
rection interface, respectively. These interfaces allow
users to select the smoothing radius, polynomial degree,
and checkpoint settings in a controlled workflow. The
information determining the elevation of the terrain
point to be selected is presented in Fig. 6, ¢. This Figure
shows the parameter panel for terrain elevation selec-
tion, where the nearest CORS-based checkpoints are
referenced to estimate vegetation thickness and correct
pixel-wise heights, bridging UAV-derived DSM values
to ground-truth DEM elevations.

The program block diagram is shown in Fig. 7.

The main workflow illustrated in Fig. 7 can be sum-
marized as follows. First, during data ingestion, the
UAV-derived digital surface model (DSM) and CORS-
based ground checkpoints are loaded, followed by initial
quality control and coordinate consistency checks. Next,
in the DSM smoothing step, a user-defined neighbor-
hood radius is applied to suppress high-frequency cano-
py noise. Then, local polynomial fitting is performed: for
each location, nearby checkpoints are selected, and a
second or third-degree polynomial is fitted to estimate
the local vegetation thickness. In the elevation correc-
tion stage, the estimated canopy thickness is subtracted
from the smoothed DSM to obtain the digital elevation
model (DEM) representing ground level. Finally, the
validation and export step involves evaluating the DEM
accuracy against independent measurements, fine-tun-
ing model parameters if necessary, and exporting the fi-
nal DEM along with diagnostic information.

Results and discussion. Reference DEM and DSM
characteristics. Fig. 8 presents the reference Digital El-
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Fig. 7. Block diagram of the program execution

evation Model, derived from direct total-station mea-
surements, which serves as the ground truth against
which UAV-based corrections are evaluated. The refer-
ence DEM displays pronounced micro-relief, including
steep slope breaks, benches, and small valley segments,
which typify the low-mountain/hilly morphology of the
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Fig. 8. Digital terrain model from direct measurement
data in Lang Son City

study area and highlight the challenge of deriving bare-
earth elevations beneath dense canopies.

The raw UAV-derived DSM shown in Fig. 8 exhibits
the typical canopy-induced positive bias, where vegeta-
tion and tree canopies raise surface elevations well
above the underlying terrain. The raw DSM contains
high-frequency roughness associated with individual
crowns and branches; this noise must be suppressed be-
fore reliable local regressions can estimate canopy
thickness and recover the terrain surface. The sample
point list in Table 2 illustrates this effect numerically:
many DSM points have elevations that change after
smoothing, indicating that local high-frequency cano-

py artifacts are effectively attenuated by the smoothing
stage (Table 2).

The digital surface model of the vegetation cover,
obtained using UAV technology, is shown in Fig, 9.

This Figure presents the raw UAV-derived DSM of
vegetation cover, illustrating canopy-driven elevation
biases. The coordinate data of some points on the vege-
tation cover can be derived through digital image pro-
cessing software. Table 2 lists the sample coordinates
and heights before and after smoothing, illustrating how
a 50 m radius stabilizes local height estimates before
polynomial fitting.

Effect of smoothing radius: from DSM to smoothed
DSM. Smoothing the DSM is an essential preprocess-
ing step that reduces canopy noise while retaining the
larger-scale terrain signal. Fig. 10 shows the DSM after
applying a 50 m smoothing radius: high-frequency fluc-
tuations are visibly reduced while the broader topo-
graphic structure remains preserved.

Numerically, Table 2 documents the per-point chang-
es before and after smoothing. Although point-by-point
differences vary (dependent on local canopy density and
slope), the overall effect is a convergence toward more
stable local height estimates (Table 2). The comparison of
multiple radii (0; 20; 50; 70; 100 m) enables assessment of
the classical bias variance trade-off: minimal radii (R =
0—20 m) preserve fine detail but retain canopy noise;
large radii (R > 100 m) over-smooth and may degrade ter-
rain fidelity by removing legitimate micro-relief. The vi-

Table 2

Coordinates of vegetation cover points measured by UAV technology and coordinates of those points after smoothing

Coordinates of vegetation cover points derived from UAV Coordinates of vegetation cover points after
No. data smoothing
X, m Y, m H, m X, m Y, m H, m
1 2,416,951.805 451,202.769 306.000 2,416,951.805 451,202.769 309.28443
2 2,416,779.805 451,124.769 281.805 2,416,779.805 451,124.769 280.77804
3 2,416,779.805 451,122.769 283.066 2,416,779.805 451,122.769 280.87568
4 2,416,779.805 451,120.769 283.375 2,416,779.805 451,120.769 280.97434
5 2,416,779.805 451,118.769 283.106 2,416,779.805 451,118.769 281.08060
6 2,416,779.805 451,116.769 282.838 2,416,779.805 451,116.769 281.18097
7 2,416,779.805 451,114.769 282.596 2,416,779.805 451,114.769 281.28485
8 2,416,779.805 451,112.769 282.559 2,416,779.805 451,112.769 281.38334
9 2,416,779.805 451,110.769 282.575 2,416,779.805 451,110.769 281.45692
10 2,416,779.805 451,108.769 282.009 2,416,779.805 451,108.769 281.48957
42,470 2,417,257.805 451,142.769 276.820 2,417,257.805 451,142.769 277.11236
42,471 2,417,257.805 451,140.769 276.747 2,417,257.805 451,140.769 277.17691
42,472 2,417,257.805 451,138.769 276.674 2,417,257.805 451,138.769 277.19478
42,473 2,417,257.805 451,136.769 276.600 2,417,257.805 451,136.769 277.17672
42,474 2,417,257.805 451,134.769 276.527 2,417,257.805 451,134.769 277.14619
42,475 2,417,257.805 451,132.769 276.456 2,417,257.805 451,132.769 277.12105
42,476 2,417,257.805 451,130.769 276.388 2,417,257.805 451,130.769 277.09732
42,477 2,417,257.805 451,128.769 276.367 2,417,257.805 451,128.769 277.09387
42,478 2,417,257.805 451,126.769 276.058 2,417,257.805 451,126.769 277.10984
42,479 2,417,257.805 451,124.769 276.813 2,417,257.805 451,124.769 277.13587
42,480 2,417,257.805 451,122.769 276.763 2,417,257.805 451,122.769 277.16546
42,481 2,417,257.805 451,120.769 276.530 2,417,257.805 451,120.769 277.18420
42,482 2,417,259.805 451,196.769 278.000 2,417,259.805 451,196.769 279.44433
42,483 2,417,259.805 451,194.769 278.000 2,417,259.805 451,194.769 278.89585
42,484 2,417,259.805 451,192.769 278.000 2,417,259.805 451,192.769 278.28282

ISSN 2071-2227, E-ISSN 2223-2362, Naukovyi Visnyk Natsionalnoho Hirnychoho Universytetu, 2026, N° 1

125




Fig. 9. Digital surface model of vegetation cover created
by UAV technology

Fig. 10. The DSM model obtained after smoothing

sual and tabular evidence support an intermediate radius
(= 50 m) as a pragmatic balance for the present landscape.

Polynomial fitting, canopy thickness estimation, and
DEM derivation. After DSM smoothing, the program
computes local polynomial fits (2"¢ or 3" degree) using
nearby checkpoints to model canopy thickness and pre-
dict bare-earth elevation per pixel. Table 3 reports the
DEM points obtained after applying the correction pro-
cedure. The corrected elevations are generally lower
than the smoothed DSM values, consistent with the re-
moval of the canopy.

The magnitude of correction varies spatially and de-
pends on canopy height and local slope (compare the
smoothed DSM values in Table 2 and the corrected
DEM values in Table 3). This two-stage approach
(smoothing and local polynomial regression) thus sepa-
rates the canopy signal from the terrain while leveraging
the spatial constraints provided by GNSS checkpoints

The correction result to remove vegetation cover us-
ing the program module is the digital elevation model
DEM, displayed in Fig. 11. The coordinates and eleva-
tions of the terrain points, after correcting for the thick-
ness of the vegetation cover, are shown in Table 3.

Quantitative accuracy assessment: effect of checkpoint
number and smoothing radius. Tables 4—6 quantify ac-
curacy under combinations of smoothing radii (R = 0;
20; 50; 70; 100 m) and checkpoint densities (150; 350;
1,000). Several clear patterns emerge.

The assessment of absolute accuracy and regulatory
compliance (Table 4) confirms that the generated DEM
meets recognized mapping standards. When using
1,000 checkpoints and a smoothing radius of 50 m, the
DEM celevation errors relative to direct field measure-
ments remain within the 1—-2 m range reported in the

Table 3

Coordinates and elevations of terrain points

after removing vegetation cover

Coordinates of the terrain point after removing
No. vegetation cover
X, m Y, m H,m

1 2,416,951.805 451,202.769 303.94638

2 2,416,779.805 451,124.769 292.86742

3 2,416,779.805 451,122.769 292.37981

4 2,416,779.805 451,120.769 291.89517

5 2,416,779.805 451,118.769 290.42281

6 2,416,779.805 451,116.769 290.12016

7 2,416,779.805 451,114.769 289.87111

8 2,416,779.805 451,112.769 289.68769

9 2,416,779.805 451,110.769 289.5502

10 2,416,779.805 451,108.769 288.56795
42,470 2,417,257.805 451,142.769 269.70388
42,471 2,417,257.805 451,140.769 271.07127
42,472 2,417,257.805 451,138.769 272.27648
42,473 2,417,257.805 451,136.769 273.31903
42,474 2,417,257.805 451,134.769 274.22884
42,475 2,417,257.805 451,132.769 272.29549
42,476 2,417,257.805 451,130.769 294.43909
42,477 2,417,257.805 451,128.769 273.85668
42,478 2,417,257.805 451,126.769 259.93818
42,479 2,417,257.805 451,124.769 248.39593
42,480 | 2,417,257.805 451,122.769 243.00035
42,481 2,417,257.805 451,120.769 242.34133
42,482 | 2,417,259.805 451,196.769 251.8436
42,483 | 2,417,259.805 451,194.769 255.55988
42,484 | 2,417,259.805 451,192.769 259.38983

manuscript. This level of precision satisfies the typical
accuracy requirements for large-scale topographic map-
ping at scales of 1:2,000 to 1:5,000, as defined by stan-
dard cartographic regulations. These results demon-
strate that the integrated workflow, combining UAV-
derived DSM acquisition, smoothing, and local poly-
nomial correction anchored to CORS-based ground
checkpoints, achieves operationally valid and regulato-
ry-compliant accuracy, even in areas characterized by
dense canopy cover and complex terrain.

The influence of checkpoint density shows a clear
positive trend in improving DEM and DSM accuracy
across all smoothing radii. As indicated in Table 5, the
DSM root mean square error (RMSE) consistently de-
creases when the number of checkpoints increases from
150 to 1,000 for the same neighborhood radius. This im-
provement is intuitive and expected, as a higher check-
point density offers a more detailed and representative
ground reference for the local polynomial fitting pro-
cess. Consequently, the model can better capture spatial
variations in canopy thickness, thereby reducing inter-
polation and extrapolation errors and leading to more
accurate estimates of ground elevation (DEM).

The analysis of the optimal smoothing radius (Table 6)
demonstrates that a radius of approximately 50 meters
provides the most balanced and accurate results. Specifi-
cally, the DEM—DSM differences after smoothing reach
their minimum at this radius across all checkpoint densi-
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Fig. 11. Digital terrain model obtained after removing
vegetation cover

ties. For example, when using 1,000 checkpoints, the dif-
ference between DEM and DSM at R = 50 m is about
0.382 m, which is significantly smaller than at R = 0 m
(=1.93m) or R=100 m (~0.455 m). This finding indicates
that a 50 m smoothing radius effectively suppresses high-
frequency canopy noise while still retaining essential ter-
rain features. As a result, the subsequent polynomial fit-
ting can estimate canopy thickness with high precision.
Therefore, R = 50 m represents the optimal compromise

between noise reduction and terrain preservation for this
particular landscape and UAV sensor setup.

Sensitivity to radius extremes: at minimal radii
(R=0-20 m), canopy noise remains significant and the
DEM errors are higher; at enormous radii
(R > 70—100 m), micro relief is smoothed away, which
can bias DEMs in areas with genuine rapid elevation
change. Hence, the intermediate smoothing radius of-
fers the best performance for landscapes with heteroge-
neous canopies and relief.

The empirical results demonstrate that the proposed
method is robust and effective:

- an automated program module can ingest a UAV
DSM, perform neighborhood smoothing, fit local poly-
nomials against dense GNSS checkpoints and export
corrected DEMs with diagnostic metrics (Figs. 6, 7);

- accuracy improves predictably with more check-
points;

- the 50 m smoothing radius is empirically optimal
for the Mai Pha site.

However, several limitations should be noted when
interpreting these results.

First, sensor and image quality constraints arise
from using the Phantom 3 Pro camera and JPEG-for-
mat imagery, which offer lower radiometric fidelity and

Table 4
Accuracy of elevation determination based on actual data
DEM model survey results, m
Smoothing 150 checkpoints 350 checkpoints 1,000 checkpoints
radius, m AA
v ool | el | ] [ ] | ]| )
n 2n n 2n n 2n
R=0 2.85777 2.02075 2.10068 1.48540 0.34218 0.24196
R=20 2.61929 1.85212 1.82988 1.29392 0.27695 0.19583
R=50 1.70805 1.20778 1.25556 0.88781 0.24959 0.17649
R=170 1.84938 1.30771 1.29632 0.91663 0.25669 0.18151
R=100 2.01114 1.42209 1.28005 0.90513 0.25543 0.18062
Table 5
Results of the accuracy assessment of the DSM surface digital model
DSM model survey results
Smoothing 150 checkpoints 350 checkpoints 1,000 checkpoints
radius, m dd dd dd dd dd
m== [ },m m== [ ],m m== [ J,m m== [ },m m== [ },m m== [dd],m
n 2n n 2n n 2n
R=0 4.13728 2.92550 3.26195 2.30655 0.66301 0.46882
R=20 3.06931 2.17033 2.10725 1.49005 0.31197 0.22060
R=50 1.74692 1.23526 1.24524 0.88052 0.25113 0.17758
R=70 1.80750 1.27810 1.24958 0.88359 0.25331 0.17912
R=100 1.91673 1.35533 1.24853 0.88284 0.24987 0.17668
Table 6
Accuracy assessment results between the DEM and DSM models after smoothing
Smoothing radius (m) Smoothing radius of DEM and DSM models
g R=0m R=20m R=50m R=70m R=100m
150 checkpoints 2.41986 1.38467 0.53938 0.48697 0.47078
250 checkpoints 2.36901 1.29053 0.47903 0.65780 0.43669
350 checkpoints 2.32869 1.15845 0.38612 0.34649 0.33662
1,000 checkpoints 1.93228 0.99312 0.38182 0.31917 0.45482
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spatial resolution than dedicated metric cameras or Li-
DAR systems. Compression artifacts, rolling-shutter
distortions, and motion blur may reduce tie-point den-
sity during structure-from-motion (SfM) processing,
thereby affecting DSM precision.

Second, checkpoint logistics represent a practical
challenge. While increasing checkpoint density improves
accuracy, deploying and surveying as many as 1,000 reli-
able ground points can be costly and time-consuming,
especially for larger or remote study areas. Therefore, the
trade-off between field effort and desired accuracy must
be carefully assessed for each mapping task.

Finally, heterogeneous vegetation structures and
complex terrain, such as multi-layered forest canopies
or steep, dissected slopes, may necessitate more adap-
tive approaches. In such cases, variable smoothing radii
or more advanced canopy modeling techniques (struc-
ture-based height classification or LiDAR-assisted cor-
rection) could further enhance DEM reliability and ter-
rain representation.

Based on the results of this study, several future di-
rections can be proposed to enhance the performance,
scalability, and applicability of the UAV-based DEM
generation method. First, an adaptive smoothing and
multi-scale fitting approach should be developed, allow-
ing the smoothing radius to vary automatically accord-
ing to local topographic complexity, slope, and canopy
density. This would help retain important terrain details
in steep or dissected areas while effectively reducing
canopy-induced noise in flatter zones. Second, the inte-
gration of active sensors, such as UAV-mounted LiDAR
or multispectral systems equipped with RTK/PPK posi-
tioning, would significantly improve ground-surface de-
tection under dense vegetation and reduce the need for
extensive ground control deployment. Third, incorpo-
rating machine learning algorithms, such as random for-
est, gradient boosting, or convolutional neural networks,
could enable data-driven modeling of canopy thickness
and enhance the precision of terrain correction, espe-
cially in areas where vegetation structure is complex or
highly variable. Furthermore, it is essential to include
uncertainty quantification in the DEM outputs by prop-
agating the effects of checkpoint distribution, sensor ge-
ometry, and polynomial fitting errors, thereby increas-
ing the reliability and interpretability of the resulting el-
evation products for engineering and environmental
applications. Ultimately, future work should focus on
optimizing operational workflows and cost-effectiveness
by establishing guidelines that relate checkpoint density
to expected accuracy, as well as automating ground con-
trol selection to reduce field workload. Collectively,
these improvements would advance the current meth-
odology toward a more adaptive, intelligent, and effi-
cient framework for high-accuracy topographic map-
ping in complex terrain conditions.

Conclusion. The present study utilized UAV and
GSNN technology to map dense vegetation areas in
Lang Son Province, Vietnam. To achieve this, based on
the theory of polynomial digital model problems, the
study has developed a module to support the automatic
correction of point heights determined by UAV digital
image technology, combined with checkpoints estab-
lished by CORS technology. Additionally, the research
results have been compared with a digital elevation

model created from direct field measurement data using
a total station to assess accuracy.

The study has smoothed the DSM model with dif-
ferent radius cases, such as 0; 20; 50; 70; and 100 m. At
the same time, the results of the DEM model accuracy
assessment are also determined for the cases of 150; 350;
and 1,000 checkpoints, as well as the radius case. The
findings indicate that the model’s accuracy increases
with the number of checkpoints. At the same time, de-
pending on the type of vegetation cover surface, the el-
evation correction results from UAV image data will
achieve the appropriate accuracy to create large-scale
digital terrain maps.

The research results have been demonstrated experi-
mentally, showing that the application of UAV digital
imaging technology combined with dynamic GPS tech-
nology (RTK) in the survey work to establish large-scale
digital topographic maps of 1,2000—1,5000, with a uni-
form height of 1 to 2 m in areas entirely covered by veg-
etation, ensures accuracy according to current regula-
tions. The module of the program automatically corrects
the elevation of points determined by UAV technology
in areas covered by vegetation, which has both scientific
and practical significance.
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BemmkomacmrTabne Tonorpadiune
Kaprorpa)yBaHHs PaiioHiB i3 POCIMHHICTIO
Ha ocHoBi TexHoJioriii BILJIA Ta GNSS

Txyi Txi Xoane, Auv Tyan Jlyy*

XaHOWCHKMIT YHIBEPCUTET TipHUYOI CIIpaBu Ta reosorii, da-
KyJIbTET TeOMaTUKM Ta 3eMJeycTpolo, M. XaHoii, Couialic-
tnuHa Pecrniybsika B’eTHam
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Meta. Po3poOyieHHs1 MeToay MoOyIOBU BUCOKO-
TOYHOI BeJIMKOMacIITaOHOoi TornorpagiyHoi KapTH B pa-

OHAaX i3 TYCTOI0 POCIMHHICTIO i3 BUKOPUCTAHHSIM TeX-
Hojoriii BITJIA (6e3miioTHUX JiTaTbHUX amnapaTiB)
i GNSS (rnob6anbHUX HaBiraliiHUX CYMyTHUKOBUX
cuctem). OCHOBHA yBara IpuIiJieHa KOpPEKILii BHCO-
THUX JaHUX, OTpUMaHuX i3 300paxkeHb BITJIA, 3a mo-
MOMOTOI IOJIiIHOMiaJIbHOI MOJIe/Ii Ha OCHOBiI KOHTp-
obHUX MyHKTiB Mepexi CORS.

Metoauka. JlocaimKeHHss BAKOHAHO B KOMYHi Mait
®a, mposinia Jlanrmon, B’eTnam. Js1 3iioMKH aepo-
dorozobpaxeHb BukopucrtoByBaBcs  BITJIA  DIJI
Phantom 3 Pro, a mig 30upaHHsS Ha3eMHUX OMOPHUX
TOYoOK 3actocoByBasn  TexHoJsiorito GNSS-RTK
(CORS). Jng mopentoBaHHSI TOBLIMHU POCIUMHHOTO
MOKPUBY # Kopekilii LMdpoBoi Momesi MOBEPXHi
(DSM) 3 MeTO10 OTprMMaHHS LM(POBOI MOEi peJibe-
¢y (DEM) 3acTocoBaHO METOJ alipOKCHUMaLlii MOJIIHO-
MianbHOIO TIoBepxHelo (1—3-ro crynenst). DSM 3ria-
JIKyBajacs i3 BUKOPUCTAHHSM Pi3HUX pamiyciB (iJib-
tpaii (0; 20; 50; 70; 100 M), a TOYHICTb OILliHIOBaIACS
IIPH Pi3HIN KUTBKOCTI KOHTPOJBbHUX IMyHKTIB (150; 350;
1 000). Po3pobieHo mmporpaMHMit MOIYJIb IJIST aBTOMA-
TU3alil MpoLecy KOPEeKIIii.

PesyabTratn. Tounicte DEM 3poctana 3i 30i1b-
IIEHHSIM KiJIbKOCTi KOHTPOJbHUX MYHKTIB i MPaBUJIb-
HO miAiOpaHuUM paniycoM 3riamxyBaHHs. Halikpa-
IIMX pe3yJIbTaTiB JOCATHYTO Mpu BUKopucTaHHi 1 000
KOHTPOJIbBHUX MyHKTIB i pajiycy 3riaaxyBaHHs 50 M.
CkopuroBaHa DEM 3a6e3neuunsa TOYHICTb 32 BUCO-
TOIO Ha piBHI 1—2 MeTpiB, 1110 BiANIOBiZa€E HOPMATUB-
HUM BUMOTaM J0 BeJIMKOMACIITAaOHUX Tororpadiu-
Hux kapt (1:2 000—1:5000). 3anponmoHOBaHUI METO,
IIPOJIEMOHCTPYBaB ¢(PeKTUBHICTh HABITh Y paiioHax i3
TYCTOIO POCIAUHHICTIO, A€ TpagULiliHi METOAU 31A0M-
KM MaloTh OOMEXKeHHSI.

HaykoBa HoBU3HA. Y poOOTi 3aIIpONOHOBAHO HOBUA
miaxia, o interpye gotorpammerpito BITIA i3 naHu-
mu GNSS-RTK i nojiHOMiaJJbLHUM MOIETIOBAaHHSIM
MOBEPXHi JIJIs1 KOpeKllii BUCOTHOI iHdopMallii B paiio-
Hax i3 pOCIMHHMM IMOKpuBOM. CTBOpPEHUI Mporpam-
HUI MOIYJIb aBTOMATU3YE MPOLIEC KOPEKIILil, MiABUIILY-
I0YU 1070 e(PEKTUBHICTD T OMHOPIAHICTD.

IIpakTHyHa 3HAYMMICTB. 3aIIPOIIOHOBAHUII METOH
3a0e3MeYye MOXJIMBICTh CTBOPEHHSI TOUHUX BEIMKO-
MacIITaOHUX TU(PPOBUX TOITorpadiyHUX KapT y CKIIaI-
HUX YMOBaX TyCTOI POCIMHHOCTI. BiH € eKOHOMiIYHO
e(PeKTUBHOIO I MPOAYKTUBHOIO aJIbTePHATUBOIO Tpa-
MUIIAHUM MeToaaM 3MIOMOK i Ma€ TIOTeHIIiiiHe 3aCTO-
CYBaHHS B JiCOBOMY FOCIIOIaPCTBi, 36 MJIEKOPUCTYBaH-
Hi Ta MJIaHyBaHHI iHPPaCTPyKTypH.

Knrouosi cnoBa: bI1JIA, mexnonoeis GNSS, paiionu
3 pOCAUHHICMIO, @eauKomacuimabna monoepagiuHa
Kapma
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