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Abstract

Ensuring the vertical and horizontal accuracy of UAV-DEM is crucial for precision of results in any geohazard
modeling like flood modeling. Various factors affecting UAV-DEMSs accuracy, particularly the number and
spatial distribution of Ground Control Points (GCPs) used in the surveyed area. This study aimed to identify
the most effective GCP configuration for the UAV-DEM by assessing its impact on the vertical and horizontal
accuracy of UAV-DEMSs, considering GCP configurations involving different numbers (4, 8, 12, 16, and 20)
and distributions (Outer, Center, and Stratified). The investigation employed a Factorial Experimental Design
with three replications. The results revealed that UAV-DEMs with 8, 12, 16, and 20 GCPs exhibited higher
vertical accuracy compared to those with 4 GCPs. While 4, 8, 12 and 16 number of GCPs will have the same
effect on the horizontal accuracy. Additionally, both outer and stratified distributions surpassed center
distribution for both vertical and horizontal accuracy. Furthermore, the study produced 20-cm Vertical
Accuracy Class with 10-cm Horizontal Accuracy class based on ASPRS Positional Accuracy Standards for
Digital Geospatial Data of 2023. Consequently, the study recommends an optimal GCP configuration involving
8 GCPs with either Outer or Stratified Distribution for every 100-hectare (1 km?) study area.

Keywords: Digital Elevation Model, Ground Control Points, Horizontal Accuracy, Unmanned Aerial Vehicle,
Vertical Accuracy

1. Introduction

The emergence of geographic information systems
(GIS) and geohazard computer models has elevated
the significance of digital elevation model (DEM) as
highly important and effective tools in various
environmental applications, such as flood modeling
[1] and [2]. Understanding and predicting flood
behavior is crucial, and use of DEMs for flood
modeling serves this purpose [3]. The DEM depicts
the actual surface of the earth and aids in
understanding the attributes of the terrain [4]. Precise
and detailed DEMs are essential to accurately predict
floods [5]. However, with decreasing DEM accuracy
and resolution, the predicted flood inundation areas
could result in over-predicting the flood extent [6].
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In many countries, especially for small river basins,
no accurate DEMs have been developed and continue
to depend on elevation data obtained from space
based DEMs [7]. The utilization of airborne light
detection and ranging (LiDAR) systems has emerged
as an effective method for generating DEMs, offering
the advantage of efficiently capturing three-
dimensional information across expansive areas with
precision and speed [8]. LIDAR DEM resolves
terrain with the accuracy of vertical RMSE of 5-20
cm [9]. However, a notable drawback of using
manned aerial platforms like airplanes is their high
cost, particularly when dealing with smaller study
areas [10].


https://doi.org/10.52939/ijg.v20i11.3705

Therefore, the commonly used DEMs are based on
globally available datasets like advanced spaceborne
thermal emission and reflection radiometer (ASTER)
and shuttle radar topography mission (SRTM) [9]
[11] and [12]. Assessment study of these open-
sourced elevation data sets found a very high vertical
error of 5.68 m up to 11.98 m [11]. Inaccuracies in
vertical elevation can impact the precision of terrain
simulation, consequently influencing flooding
simulation accuracy as well [13] and [14]. Accurate
DEMs are essential for achieving high precision
flood modeling [15]. In lieu of other methods to
generate DEMs, unmanned aerial vehicles (UAVS)
are often used for generating elevation datasets to
create more accurate DEMs. UAV, commonly
known as drone, is a robotic airborne system that
operates either remotely or autonomously using
onboard sensors and global positioning system (GPS)
to execute flight maneuvers guided by software
control. Drones are also being used in different
applications such as in architecture, construction,
design, monitoring, mapping, and remote sensing
[16][17] and [18].

The advancement of UAVs and photogrammetric
processing software has created a new platform for a
low-cost UAV-based digital elevation model (DEM)
for remote sensing of geological hazards. These
platforms have the capability to acquire extremely
detailed (centimeter-level) imagery and create dense
point clouds, allowing for the cost-effective
generation of DEMs [19][20] and [21]. Nevertheless,
the UAV-based DEMs exhibit an average elevation
accuracy ranging from 3.1 to 3.3 meters (RMSE),
with an average horizontal accuracy of 2.1 meters
[22]. This error rate remains excessively high to be
used as elevation datasets. As such, it is essential to
maintain accuracy in UAV photogrammetry within
acceptable parameters [23] and [24]. Numerous

variables influence the accuracy of UAV
photogrammetry, e.g., flight planning, camera
specifications, structure from motion (SfM)

algorithms, and ground control points (GCPs)
configuration [25]. Among these factors, the impact
of the georeferencing approach (ground control
points configurations) holds particular importance,
especially the quantity and spatial distribution of
ground control points. Georeferencing involves
aligning the outcomes of bundle adjustment and
photogrammetric procedures with a particular
coordinate system [26].

The  extant literature  has  provided
recommendations regarding the optimal GCPs
configurations to be used in various scenarios to
produce accurate DEMs. According to previous
studies, GCPs should be positioned at a density
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ranging from 0.5 to 3 GCPs per hectare [24] and [27],
with some recommendations suggesting one GCP per
2 hectares [28]. The best distribution are the edge and
stratified distributions [24], while an evenly
distributed set has also been demonstrated to be
effective [29]. Additionally, stratified random
allocation can be employed to position GCPs across
the study area to ensure accurate coverage [30]. The
mentioned works consistently shows that accuracy of
DEMs enhances with an increasing number of GCPs,
reaching an asymptotic trend rapidly [24][29][31]
[32] and [33].

However, deploying GCPs in the field,
conducting surveys, and identifying them in images
can be a time-consuming and costly endeavor [34].
Furthermore, the process of measuring the
coordinates of the GCPs can be labor-intensive and
occasionally challenging due to the topographical
characteristics of the terrain [24]. As a result, there
may be situations where the ideal GCPs
configuration cannot be put into practice in real
projects. Exploring how varying the number and
distribution of GCPs impacts UAV-DEMSs accuracy
provides insights into determining the best GCPs
configuration for different field scenarios. Achieving
high DEMs accuracy is crucial, as it enhances the
capability to estimate inundation areas and assess the
associated flood modeling risks more effectively
[35]. Along with this vein, it is the objective of this
paper to present optimum number and spatial
distribution of GCPs that could yield acceptable level
UAV- DEM vertical and horizontal accuracy.

2. Methodology

The workflow of this study, illustrated in Figure 1,
follows a structured approach to assess the effect of
different GCPs configurations on the accuracy of
UAV-based DEMs.

2.1 Study Area

The study area is situated along a portion of the
floodplain of the Mandulog River in lligan City,
Lanao Norte, Philippines (Figure 2). The designated
area exhibited persistent flooding, particularly during
the severe incident on December 17, 2011, when
Typhoon Sendong struck, leading to the tragic loss of
490 lives. It is located at a latitude of 8.25° N and a
longitude of 124.26° E. The longitudinal orientation
of the site spans from east to west, covering a distance
of approximately 2.0 km, while the latitudinal
direction extends from north to south, covering a
distance of around 0.7 km. The study area
encompasses an approximate area of 1.0 square
kilometer (km?) or 100 hectares (ha).
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Figure 1: Study workflow
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Figure 2: Lanao Norte, the Philippines

The chosen study area includes diverse land uses
such as residential, commercial, industrial,
recreational, and transportation. This configuration is
representative of typical scenarios encountered in
urban UAV projects, encompassing both artificial
surfaces like roofs, facades, parking lots, and roads,
as well as natural surfaces like green areas.
Frequently, the natural environment poses challenges
or renders it unfeasible to place GCPs and
checkpoints (CPs) [30].

2.2 Acquisition of Photogrammetric Data
Photogrammetric data was acquired utilizing the
Skywalker 1900 mm fixed-wing UAV, with a

wingspan of 1900 mm, a length of 1300 mm, a flying
weight of 2.4 kg equipped with 2 x 14.8 v 5000 mAh
batteries and a camera. This UAV is capable of a
maximum flight time of 1 hour and 50 minutes. The
image capture was executed with a Sony RX100
camera, a 20.2-megapixel camera featuring a global
shutter, a fixed focal length of 10.4 mm, and an
aperture of F2.8. Table 1 shows the specifications of
the UAV and camera. Mission planning and control
for the flight were executed through Mission Planner
version 1.3.6777.19762 and was 120 m above ground
level. The percentages of side and front overlaps
were set at 80% and 80%, respectively.
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Table 1: UAV and Camera Specifications.

Drone: Skywalker 1900

Wingspan 1900 mm
Length 1300 mm
Flying Weight 2.4 kg
Battery 2 x 14.8 v 5000 mAh
Flight Time 1 hr and 50 minutes
Camera: Sony RX100
Camera Resolution 20.2 MP
Focal Length 10.4-37.1 mm
Lens Aperture /1.8-f/4.9
Maximum Shutter Speed 1/2000 sec
Continuous Shooting Speed 10 fps
Size 102 x 58 x 36 mm

arkers ..

Figure 3: Ground markers

The flight plan specified a constant horizontal ground
speed of 2.5 meters per second, and images were
taken at 2-second intervals either near or directly
beneath the observation point (nadir). The flight path
consisted of parallel lines with an estimated coverage
area of 486 by 365 meters, and total of 2, 663 images
were processed. The resulting ground sample
distance (GSD) of the study is 4.93 cm.

2.3 Ground Markers

Prior to acquiring photogrammetric data, ground
markers were placed throughout the study area to
function as GCPs and CPs, which were subsequently
employed to assess the accuracy of the UAV-DEMs.
Since the study area has mixed land use, such as
residential areas, it is difficult to place uniformly
spaced markers. The placement of ground markers
depends on a grid created with an approximate size
of one hectare each, with the researcher placing a

International Journal of Geoinformatics, Vol. 20, No. 11,

single ground marker within each hectare [24]. The
placement of markers is done in the most suitable
location if it fits within the defined grid. Figure 3
shows the locations of the ground markers. The 3-D
coordinates of this ground markers were determined
using South Galaxy G7 Plus GNSS-RTK base and
rover incorporating differential corrections.

2.4 Experimental Set-up

GCPs configurations were varied following a
Factorial Experimental Design as shown in Figure 4,
incorporating two independent variables: 1) The
Number of GCPs: 4, 8, 12, 16 and 20; and 2)
Distribution of GCPs: Outer, Center, and Stratified.
Each experimental setup was replicated three times.
Additionally, a Tukey post hoc test was conducted to
further test the significant differences of vertical and
horizontal accuracies. Figure 4 shows the
combination of GCPs and CPs configuration.
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Figure 4: GCPs and CPs configuration (Continue next page)
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Figure 4: GCPs and CPs configuration (Continue from previous page)

2.5 Photogrammetric Processing

The photogrammetric  processing  employed
Pix4Dmapper version 4.4.4 software. The workflow
comprises three primary steps [36]. In the initial
phase, image alignment occurs through the
identification and matching of features. The software
then estimates camera orientation parameters. Out of
the 2,663 images captured in the study area, only
2,659 images were successfully aligned as some
photos failed to align because of poor quality or
insufficient overlap. In the subsequent phase, the
point cloud is tied up to the local coordinate system
(WGS 84 and frames in UTM Zone 51N), and
densification is achieved. This enhances the detail of
the point cloud, resulting in a more intricate 3D
model. The average dense cloud points per variation
is approximately 580,709,000 with an average
processing time of 8 hours and 16 minutes. In the
third phase, texture is applied to the mesh obtained in
the preceding step. Following this, the orthophoto is
exported, and a grid DEM can be generated from the
point cloud.

2.6 Accuracy Analysis

The Positional Accuracy Standards for Digital
Geospatial Data Edition 2, Version 1.0 of 2023,
published by the American Society of
Photogrammetry and Remote Sensing (ASPRS) are
designed to be adopted by both producers and users
of geospatial data. This standard (ASPRS Edition 2,
2023) provides ten common vertical accuracy classes
(Table 2). Vertical accuracy is to be expressed as
RMSEy in both vegetated (VVA) and non-vegetated
terrain (NVA). It is essential to explicitly define and
report the horizontal accuracy (RMSER) of elevation

data, classifying it according to the ASPRS Edition 2
(2023) standard, as outlined in Table 3.

Table 2: Vertical accuracy classification

by ASPRS 2023
Vertical Absolute Accuracy
Accuracy NVARMSEv VVARMSEy
Class <(cm) (cm)
1.0 1.0
25 25
5.0 5.0
10.0 10.0
15.0 15.0
20.0 20.0 As found
33%3 3383
66.7 66.7
100.0 100.0
3333 3333
Table 3: Horizontal accuracy classification
by ASPRS 2023
Horizontal RMSEH
Accuracy Class (cm)
0.6 0.6
1.3 1.3
25 25
5.0 5.0
75 75
10.0 10.0
125 125
15.0 15.0
175 175
20.0 20.0
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Accuracy determination should align with project
requirements, or it can be negotiated between data
producers and clients. Specific accuracy thresholds
and methods should be established based on the
technology employed and the project design [37].
Accuracy evaluation was conducted by examining
CPs, which are ground markers surveyed
independently of those used for GCPs. This process
entailed identifying the coordinates of CPs in the
UAV-based DEM and Orthomosaic map and
comparing their coordinates with the surveyed
GNSS-RTK coordinates. The RMSEy and RMSE,
are vertical and horizontal accuracies, respectively,
which are defined in Equations 1 and 2:

RMSE, :\/M

2

n
Equation 1
n 2 2
RI\/ISEH :\/Zi_l[(xi _XRTKi) +(Yi _YRTKi) ]
n

Equation 2

Where:
Zi = UAV-DEM derived elevation
Zrrki = RTK-GNSS derived elevation
Xiand Y; = the horizontal coordinates

the horizontal coordinates
measured with RTK-GNSS
n = the total number of CPs

Xrrki and Ygrrki

3. Results and Discussion

3.1 Vertical Accuracy

This study was performed to evaluate the effects of
number of GCPs and spatial distribution of GCPs on
the vertical accuracy of UAV-based DEM. Table 4
shows the data set of vertical accuracy in 5 x 3
factorial design of experiment with 5 level of number
of GCPs and 3 levels of distribution of GCPs. The
normality of the wvertical accuracy data was
determined by creating the Q-Q plot as in Figure 5.
The figure reveals that the normality assumption is
not met for vertical accuracy, hence data
transformation is necessary. The configuration of the
plot in Figure 5 showcases deviations at specific
points, providing sufficient evidence to assert that the
normality assumption is violated in this instance.
Moreover, Table 5 presents the results of normality
tests conducted using Kolmogorov-Smirnov and
Shapiro-Wilk methods. Given the p-values (<.001)
from both tests, we reject the null hypothesis
asserting no difference between the anticipated
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normal distribution and the distribution of vertical
accuracy. This implies that the data does not follow a
normal distribution.

Table 4: Vertical accuracy

Number Vertical accuracy (cm)
of GCPs  Outer Center  Stratified
157.30 172.80 174.20
4 175.10 162.60 168.80
175.12 161.20 160.00
21.40 128.90 22.30
8 18.00 127.50 20.00
23.00 96.60 16.40
29.70 151.20 18.80
12 14.10 115.70 12.90
30.70 135.40 12.90
11.60 55.50 11.50
16 10.40 51.40 11.60
13.70 82.60 11.70
10.00 72.50 10.70
20 11.50 74.70 14.40
13.10 72.70 12.60
(o]
2o
£
I 0.5 0.0 0.5 1.0 1.5 2.0

Observed value
Figure 5: Normal Q-Q plot of vertical accuracy

Table 5: Test of normality before data
transformation

Kolmogorov-Smirnov Shapiro-Wilk

Stat. df Sig. Stat. df Sig.

Vertical 254 45

<.001 | .788 45
Accuracy

<.001

Therefore, we can conclude that there is a need for
transformation. Box-cox transformation was done in
this study. Once the transformation of the data has
been done, the normality of the data transformation
was again verified. In Figure 6, it is evident that the
plot exhibits an almost linear pattern, suggesting a
normal distribution after transformation. The test of
normality by Kolmogorov-Smirnov and Shapiro-
Wilk was shown in Table 6, it can affirm here that the
data transformation satisfies the assumption of
normal distribution.
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Figure 6: Normal Q-Q Plot of transformed vertical
accuracy

Table 6: Test of normality after data transformation

Kolmogorov-Smirnoy]  Shapiro-Wilk
Stat. df  Sig. Stat. df Sig.

032 45 200 | 991 45 982

Vertical
Accuracy

Then, a two-way ANOVA was performed to evaluate
the effects of number and distribution of GCPs on
vertical accuracy of the UAV-based DEM. The
means and standard deviations for transformed
vertical accuracy of the UAV-DEM are presented in
Table 7. In Table 8, the results indicated significant
main effect of number of GCPs, F (4, 45) = 47.364, p
= <.001, partial 1 = 0.863; a significant main effect
for distribution of GCPs, F (2,45) = 25.018, p = <.
001, partial n? = 0.625; and significant interaction
between number and distribution of GCPs, F (8, 45)
=4.503, p=.001, partial n?> = 0.546. Post hoc analysis
(Table 9) using Tukey’s HSD for the main effect
revealed that vertical accuracy was marked higher for
16 and 20 GCPs, followed by 8 and 12 GCPs, the
lowest vertical accuracy observed for 4 GCPs.

Table 7: Descriptive Statistics of transformed
vertical accuracy

Number GCPs Mean SD
of GCPs distribution (cm) (cm)
Outer 184.63 50.09

4 Center 144.89 16.45
Stratified 158.58 15.86

Outer 57.79 90.91

8 Center 106.33 64.46
Stratified 54.16 91.98

Outer 59.87 20.24

12 Center 113.87 93.88
Stratified 31.68 17.45

Outer -2.47 36.53

16 Center 84.23 9.83
Stratified -1.36 11.49

Outer -15.12 4417

20 Center 87.80 3.73
Stratified 9.09 34.38
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Table 8: Summary of ANOVA table
for vertical accuracy

Source Df MS F P Ef.fect
Size

Number of

GCPs 4 2764 47364 <.001 .863

Distribution

of GCPs 2 1460 25.018 <.001 .625

Number*

Distribution 263 4.503 .001 .546

Total 45

Note: MS = Mean squares, effect size = »? or partial ;2

Table 9: Tukey post hoc test of vertical accuracy

Number Vertical accuracy (cm) Mean
of GCP Outer Center  Stratified (cm)
4 169.104 165.504 168.804 167.80°

8 20.80°  117.608 19.60°  52.70°

12 24.80°  134.108 14.90°  57.90°
16 11.90P 63.20¢ 11.60°  28.90°¢
20 11.50P 73.30¢ 12.60°  32.50°
Mean 47.60° 110.80° 45.50° 70.50

Additionally, it was observed that vertical accuracy
was significantly lower for the center distribution
compared to both outer distributions and stratified
distributions. In terms of the interaction, 8, 12, 16,
and 20 GCPs exhibited significantly higher vertical
accuracy than 4 GCPs. Furthermore, no significant
difference was found in the vertical accuracy
between GCPs arranged in outer and stratified setups,
while center distributions of GCPs yielded less
accurate vertical accuracy. Figure 7 shows the graph
of number and spatial distribution of GCPs vs vertical
accuracy, showing that as the number of GCPs
increases from 4 to 20 both for outer and stratified
distributions, the vertical accuracy increases from
169.10 cm for outer and 168.80 cm for stratified
distribution to 11.50 cm for outer and 12.60 cm for
stratified distributions.

=#=—Distribution of GCPs Outer =@ Distribution of GCPs Center

E == Distribution of GCPs Stratified
<150
=
g
5100
=
3 50
=
v
=~ 0 .
S —
4 8 12 16 20

Numbers of GCPs

Figure 7: Number and Distribution of GCPs vs
Vertical accuracy
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The graph shows the overlapping of means of outer
and stratified distribution confirming the findings of
the ANOVA that there is a significant interaction
between the number and distribution of GCPs. This
means that as the number of GCPs increases, means
of outer and stratified are statistically the same and
not comparable to the means of the center
distribution. For the center distribution, its vertical
accuracy increases from 165.50 to 73.30 cm for 4 and
20 GCPS, respectively.

3.2 Horizontal Accuracy

Table 10 displays the dataset for horizontal accuracy
in a 5 x 3 factorial design of experiments,
incorporating 5 levels of the number of GCPs and 3
levels of the distribution of GCPs. Figure 8 illustrates
the probability of normal distribution. Additionally,
Table 11 presents the normality test results using
Kolmogorov-Smirnov and Shapiro-Wilk tests,
indicating p-values greater than 0.05. This suggests
that the data adheres to a normal distribution. A two-
way ANOVA was performed to evaluate the effects
of number and distribution of GCPs on horizontal
accuracy of the UAV Orthomosaic map. The means
and standard deviations for horizontal accuracy of the
UAYV Orthomosaic map are presented in Table 12.

en

(o Bl

Expected normal

0.04 0.06 0.08 1.00 1.20 1.40
Observed value

Figure 8: Normal Q-Q plot of horizontal accuracy

Table 10: Horizontal accuracy

Number Horizontal accuracy (cm)
of GCPs  Quter  Center  Stratified
9.20 12.60 8.30
4 7.20 10.80 8.40
10.80 10.70 10.20
8.10 12.60 8.80
8 9.00 11.10 6.70
9.80 9.70 7.80
9.10 9.10 10.90
12 8.60 8.90 7.60
7.80 9.20 7.60
7.40 7.40 6.90
16 9.70 9.30 8.90
10.40 8.30 9.70
8.60 8.70 7.90
20 7.30 9.00 6.80
6.20 9.00 7.40
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Table 11: Test of normality of horizontal accuracy

Kolmogorov-Smirnov | Shapiro-Wilk

Stat.  df Sig. |Stat. df Sig.
Vertical 105 45 200 |.966 45 .208
Accuracy

Table 12: Descriptive statistics of
horizontal accuracy

Number GCPs Mean SD
of GCPs  Distribution (cm) (cm)
Outer 9.10 1.80

4 Center 11.40 1.10
Stratified 9.00 1.10

Outer 9.00 0.90

8 Center 11.10 1.50
Stratified 7.80 1.10

Outer 8.50 0.70

12 Center 9.10 0.20
Stratified 8.70 1.90

Outer 9.20 1.60

16 Center 8.30 1.00
Stratified 8.50 1.40

Outer 7.40 1.20

20 Center 8.90 0.20
Stratified 7.40 0.60

The results in Table 13 indicated significant main
effect of number of GCPs, F (4, 45) =3.377,p=.021,
partial m?> = .310; a significant main effect for
distribution of GCPs, F (2,45) = 6.660, p = .004,
partial n> = .307; and no significant interaction
between number of GCPs and distribution of GCPs,
F (8,45)=1.484, p =205, partial n?> = .284. Post hoc
testing using Tukey’s HSD is presented in Table 14,
indicating that horizontal accuracy was significantly
highest for 20 number of GCPs, 4, 8, 12 and 16
number of GCPs will have the same effect on the
horizontal accuracy. Also indicated that horizontal
accuracy was significantly lower for center
distribution than for both outer distributions and
stratified distributions. Figure 9 illustrates the
relationship between the number and spatial
distribution of (GCPs) vs horizontal accuracy.

Table 13: Summary of ANOVA table for horizontal

accuracy
Source Df MS F P Eﬁ.”ect
Size
Number of
GCPs 4 .000 3.377 .021 310
Distribution
of GCPs 2 .001 6.660 .004 307
Number*
Distribution .000 1.484 .205 84
Total 45

Note: MS = Mean squares, effect size = 52 or partial 7?
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Table 14: Tukey post hoc test of horizontal

accuracy

Number Horizontal accuracy (cm) Mean

of GCP  Outer Center Stratified (cm)
4 9.10 11.40 9.00 9.80*
8 9.00 11.10 7.80 9.30%
12 8.50 9.10 8.70 8.80%®
16 9.20 8.30 8.50 8.70%
20 7.40 8.90 7.40 7.90°

Mean 8.60° 9.80* 8.30° 8.90
= Distribution of GCPs Outer —@— Distribution of GCPs Center

g ~=gr=Distribution of GCPs Stratified

5o

-~ N

2 | T

g vy

T 4 8 12 16 20

Numbers of GCPs

Figure 9: Number and distribution of GCPs vs
horizontal accuracy

Despite observing a crisscrossing of means,
particularly at 4, 12 and 16 GCPs for all distributions,
the ANOVA indicates that this interaction is not
statistically significant, as reflected by a p-value of
0.205 which implies that the horizontal accuracy will
consistently follow a parallel trend with an increasing
number of GCPs, regardless of distribution. The
trend of horizontal accuracy is increasing as the
number of GCPS increases for all distributions. The
main effect of both number and spatial distribution of
GCPs are significant which means among each
independent variables there are differences in the
effect on horizontal accuracy. The number of GCPs,
specifically 4, 8, 12, and 16, exhibit similarities
among themselves but differ significantly from the
set of 20 GCPs. The outer and stratified effects are
statistically equivalent, contrasting with the impact of
the center distribution, which proves to be less
accurate.

3.3 Discussion on Vertical and Horizontal Accuracy
The current investigation yielded a vertical accuracy
range of 11.50 to 169.10 cm and a horizontal
accuracy range of 7.40 to 11.40 cm. Employing 8, 12,
16, and 20 GCPs arranged in both outer and stratified
distributions demonstrated comparable performance,
achieving the highest vertical accuracy within the
range of 11.50 to 24.80 cm. The utilization of 4 GCPs
resulted in a mean vertical accuracy of 167.80 cm
across all distributions.
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The highest horizontal accuracy of 7.40 cm was
achieved with 20 GCPs arranged in an outer and
stratified distribution. Following this, 4, 8, 12, and 16
GCPs arranged in outer and stratified distributions
exhibited horizontal accuracies ranging from 8.30 to
11.40 cm. In contrast, a previous study [32] reported
vertical accuracies ranging from 78.00 to 83.00 cm
and horizontal accuracies from 46.00 to 49.00 cm,
which were less precise than those in the present
study. This difference is attributed to the larger study
area of 150 ha in the previous work [32], leading to
lower GCP densities compared to the 100 ha area in
the current study. The increasing trend observed in
both vertical and horizontal accuracy aligns with
findings from previous studies, which emphasize the
positive impact of increasing the number of GCPs on
accuracy [32] [33] [31] [24] [29] [38] and [39].
Notably, the horizontal accuracy (7.40 to 11.40 cm)
surpassed the vertical accuracy (11.50 to 169.10 cm),
consistent with the findings of the previous study [29]
[32] and [39]. Among the tested GCP distributions,
the outer and stratified configurations consistently
yielded the best vertical and horizontal accuracy,
aligning with findings from previous studies [24] and
[29].

Despite the mixed land use and vegetation within
the study area, the classification achieved for NVA in
terms of vertical accuracy, using 8, 12, 16, and 20
ground control points (GCPs) arranged in both outer
and stratified distributions and falling within the
range of 11.50 to 24.80 cm, is designated as the 20-
cm Vertical Class according to the ASPRS Positional
Accuracy Standards for Digital Geospatial Data of
2023 [37]. The ASPRS Positional Accuracy
Standards for Digital Geospatial Data in 2023
stipulate that in vegetated areas, the specified vertical
accuracy will be acknowledged but will not serve as
a pass/fail criterion for the project. While all
horizontal accuracy obtained in the present study
regardless of distribution falls on the 10-cm
Horizontal Class in the ASPRS Positional Accuracy
Standards for Digital Geospatial Data of 2023 [37].

4. Conclusions

This study aimed to identify the most effective GCP
configuration for the UAV-based DEM, specifically
focusing on achieving optimal accuracy in DEMs. It
was achieved by discussing the impact of the
different number and spatial distribution of GCPs on
both vertical and horizontal accuracy of UAV-based
DEMs. Enhanced DEMSs accuracy translates to
increased precision when applying this UAV-based
DEM in geohazard scenarios such as flood modeling.
The summary of the findings was the following:
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1. Vertical accuracy of UAV-based DEM is greatly
affected by the number and spatial distribution of
GCPs

2. As the number of GCPs increases, the vertical
accuracy of the UAV-based DEM increases

3. Outer and stratified distribution of GCPs produced
same effect on the vertical accuracy of UAV-
based DEM and more accurate compared with
center distribution of GCPs

4. Eight (8), 12, 16 and 20 number of GCPs arranged
in either outer or stratified distributions will have
the same effect on the vertical accuracy of the
UAV-based DEM and more accurate than with 4
number of GCPs regardless of distribution

5. Horizontal accuracy of UAV-based DEM is
affected by the number and spatial distribution of
GCPs

6. Number of GCPS 4, 8, 12, and 16 will have the

same effect on the horizontal accuracy of UAV-
based DEM

. Twenty (20) number of GCPs will give the most

accurate UAV-based DEM in terms of horizontal
accuracy

. The study produced a 20-cm Vertical Accuracy

Class and 10-cm Horizontal Accuracy Class
based on ASPRS Positional Accuracy Standards
for Digital Geospatial Data of 2023

~

oo

Setting up GCPs for UAV-based DEM is often time-
consuming, labor-intensive, and costly.
Understanding the optimal number and distribution
of GCPs can significantly reduce these challenges,
allowing projects to be completed with minimal
effort while maintaining acceptable accuracy. This is
particularly important in difficult survey areas, such
as mountainous or unstable slopes, as well as in urban
environments where obstructions are common. This
study identified the optimal GCP configuration for
UAV-based DEM, recommending the use of either
an outer or stratified distribution of GCPs. If a
stratified arrangement is not feasible, an outer
distribution can be substituted, or vice versa, without
compromising UAV-based DEM accuracy. Based on
the findings, it is concluded that the best results for
UAV-based DEMs can be achieved by using eight (8)
GCPs per 1 kmz2 (or 100 hectares), arranged in either
an outer or stratified pattern.
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