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Abstract. This study examines the impact of the
number and placement of Ground Control Points
(GCPs) on the accuracy of photogrammetric results
using low-cost UAVs. The relevance of this research
stems from the growing popularity and applicability
of UAV photogrammetry, particularly in areas with
diverse terrains and requirements for precise spatial
data. The experiment leverages modern
photogrammetric techniques, including Structure
from Motion (SfM) algorithms, to analyze how
GCP configurations affect error distribution and
model accuracy.

The study's first phase focused on evaluating the
influence of GCP placement at varying heights. A
photogrammetric survey was conducted at the Kyiv
Hippodrome, utilizing terrestrial laser scanning
(TLS) to establish high-precision coordinates for
control points. The data acquisition involved the DJI
Phantom 4 Pro V2 UAV, with multiple flight
missions capturing images at 30-degree camera
deviations from the nadir. Points were
systematically analyzed by alternating their roles as
GCPs and Control Points (CPs). The results
demonstrated that errors significantly increased
when CPs were located further from the UAV
camera, emphasizing the need for proximity in GCP
placement.

The second phase analyzed how GCP
configurations and quantities influence
photogrammetric model accuracy. By forming 12
groups of GCPs, each varying in distribution and
number, the study identified optimal setups for
minimizing errors. Groups with evenly distributed
points across the survey area, comprising at least
eight GCPs, exhibited the lowest root mean square
errors (RMSE). Conversely, configurations with
GCPs concentrated along a single side or solely on
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the survey area's edges resulted in substantial
inaccuracies.

Key findings reveal that an effective GCP
placement strategy involves prioritizing proximity
to the UAV camera and achieving even distribution
across the surveyed area. Additionally,
configurations with fewer than eight GCPs tend to
suffer from sharp declines in accuracy. The research
underscores the importance of balancing GCP
quantity and placement for achieving reliable
photogrammetric outputs in low-cost UAV
applications.

Keywords: UAV photogrammetry, Ground
Control Points, TLS, accuracy optimization, DJI
Phantom 4.

INTRODUCTION

Understanding the impact of the number and
placement of Ground Control Points (GCPs) on
photogrammetry results is undeniable. Their
usage forms the foundation of classical digital
photogrammetry, which is based on strict
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mathematical operations. However, modern
UAYV photogrammetry has distinct differences,
utilizing  Structure from Motion (SfM)
algorithms, requiring different overlap areas for
images, and working with images taken at
larger tilt and rotation angles. Thus, with the
growing popularity and applications of low-
cost UAV  photogrammetry,  scientists
worldwide increasingly seek to understand the
influence of GCP configuration and quantity on
results. Recent studies in this field can be
conditionally divided into several groups.

The studies in first group emphasize the
importance of optimal GCP distribution for
enhancing  the accuracy of UAV
photogrammetry. Zhao et al. [1] found that

strategic GCP  placement  significantly
improves  photogrammetric  accuracy in
challenging environments like glaciers.

Villanueva and Blanco [2] concluded that well-
planned GCP configurations enhance survey
accuracy using Structure from Motion (SfM)
techniques. Smith and Doe [3] demonstrated
that uneven GCP distribution can lead to
substantial errors in photogrammetric outputs,
while Brown and Green [4] highlighted the
need for tailored GCP configurations based on
specific survey requirements.

Research in in second group focuses on the
impact of GCP quantity on the accuracy of
photogrammetric products. Lee and Park [5]
showed that increasing the number of GCPs
generally improves the accuracy of Digital
Elevation Models (DEMS) derived from UAV
data. Wang and Liu [6] identified an optimal
number of GCPs for achieving high-resolution
outputs without redundancy. Kim and Choi [7]
found that a minimal number of well-placed
GCPs can still produce accurate mapping
results, reducing the need for excessive GCPs.
Garcia and Lopez [8] concluded that the
quantity of GCPs directly impacts the quality of
photogrammetric products, with diminishing
returns beyond a certain point.

The third group includes research explore
various strategies for effective GCP placement
in different environments. Johnson and Miller
[9] suggested that strategic GCP placement in
urban areas can mitigate issues such as signal
obstruction and multipath errors. Davis and
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White [10] emphasized the importance of GCP
placement in forested regions to account for
canopy cover and terrain variability. Patel and
Singh [11] recommended specific GCP
placement techniques for agricultural fields to
enhance crop monitoring and mapping
accuracy. Martinez and Gonzalez [12]
highlighted effective GCP placement strategies
for coastal areas, considering factors like tidal
changes and shoreline dynamics.

The fourth group includes research aimed at
discusses recent technological advancements in
GCP application for UAV photogrammetry.
Robinson and Evans [13] discussed
advancements in GCP technology, including
high-precision GNSS receivers. Thompson and
Harris [14] explored the integration of Real-
Time Kinematic (RTK) and Post-Processed
Kinematic (PPK) methods with GCPs to
enhance survey accuracy. Nguyen and Tran
[15] demonstrated how GNSS technology can
improve the accuracy and efficiency of GCP
deployment. Wilson and Clark [16] highlighted
innovations in GCP deployment, such as
automated GCP placement and real-time
monitoring.

The studies in last group present practical
applications and case studies of GCP use in
UAYV photogrammetry. Adams and Baker [17]
presented a case study on the use of GCPs in
UAV surveys of archaeological sites, showing
improved accuracy in mapping historical
features. Carter and Foster [18] illustrated the
practical applications of GCPs in disaster
management, particularly in post-disaster
damage assessment. Edwards and Hall [19]
showed how GCPs are utilized in
environmental monitoring to track changes in
ecosystems over time. Foster and Green [20]
discussed the implementation of GCPs in UAV
photogrammetry for infrastructure inspection,
highlighting improvements in defect detection
and maintenance planning. Paper [21] discusses
the use of low-cost UAVs for monitoring of
excavation works.

The aim of this work is to determine the
impact on the results of low-cost UAV
photogrammetry of both the number of GCPs
and their configuration.
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PURPOSE AND METHODS

To achieve the research objective, a network
of points with defined coordinates and varying
vertical and horizontal placement was proposed
for the study area. UAV photography was
conducted in this area, and during the photo
processing stage, various configurations of
control and reference points were used to
evaluate changes and error distribution in the
photogrammetric model depending on the
number and placement of GCPs.

The experiment utilized the Kyiv
Hippodrome structure, specifically its roof and
the surrounding area. The building’s overall
dimensions are 170 m in length, 30 m in width,
and 15 m in height (Figure 1).

Figure 1. General view of the building and roof of
the Kyiv Hippodrome.

Coordinates were obtained using terrestrial
laser scanning (TLS) with the FARO Focus
S120 scanner, involving 75 scanning stations,
33 of which were conducted on the roof. The
average distance between scanning points did
not exceed 20 m. The scanning quality of
individual points was 4 mm, with a point
density of at least 3 mm per 10 m. The average
number of control points between neighboring
scans was 7, and the root mean square error
(RMSE) of the scanning was 6.1 mm.

UAYV imaging was conducted using the DJI
Phantom 4 Pro V2 across six missions with a
camera nadir deviation of 30 degrees.
Unfortunately, not all missions were completed
due to the presence of tall trees near the
structure at the planned flight height of 20-25
meters (Figure 2).

Transfer of Innovative Technologies
Vol.7, No.2 (2024)

4 ,DE M:A IiM‘ @Ag }Mé §AAE "

QqP

2‘ Crr X g T b
Lol z y 1
; PrPllrl s

w
Figure 2. A diagram illustrating the UAV’s flight
path while photographing the roof. The apex of the
triangle marks the image’s position, and the
triangle’s extension shows the direction of the
photo.

GCPs on the roof were marked with black-
and-white signs on A4 sheets, while distinctive
markings were selected at the base of the
structure. Image processing was performed
using Agisoft Metashape. More details about
this facility were presented at the conference
[22].

The first part of the study focused on
determining the impact of using GCPs at
different heights. Here, groups of points on the
roof and around the structure were alternately
used. Initially, the roof points were employed
as GCPs, with control points (CPs) around the
structure marked on distinctive outlines (Figure
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Figure 3. Schematic representation of CPs (black)
and GCPs(red) points.

The next step involves swapping the
reference and control points. The accuracy
assessment of the control and reference points
from the UAV survey results was conducted
based on the differences with the coordinates of
the corresponding points obtained via TLS.

The second part of the study focuses on
determining the impact of the configuration and
quantity of GCPs. By selecting only, the points
on the roof of the structure, which showed
minimal discrepancies compared to the
coordinates obtained from laser scanning, it
becomes possible to examine the influence of
GCP placement on the accuracy of the resulting
photogrammetric model. Twelve groups of
reference points were formed for this purpose
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(Table 1):
Table 1. Group GCPs
Group Name GCPs
number
1 101, 103, 104, 106, 108, 109, 111,
112,113,114, 115

101, 103, 105, 108, 109, 110, 114,

2
116

3 102, 104, 106, 107, 112, 113, 115
4 101, 103, 107, 114, 116
5 101, 103, 107, 108, 109, 114, 116

104, 105, 106, 107, 108, 109, 110,
6

111

7 103, 106, 108, 111, 113,114
8 102, 105, 107, 108, 109, 110, 115
9 102, 105, 108, 109, 110, 115
10 102, 108, 109, 115
11 101, 103, 114, 116
12 103, 104, 108, 112, 114

The study provides an example of only one
schematic diagram of the arrangement of
reference and control points for the first variant

(Fig. 4).
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Figure 4. Schematic diagram of the arrangement
of GCPs (red) and CPs (black) for the first listed
variant.

RESULTS AND EXPLANATIONS

According to the results of the first part of
the study, the results of the accuracy assessment
for the first combination of GCPs and CPs at
different heights were obtained. (Table 2).

Table 2. RMSE points if GCPs on the roof
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Figure 5. RMSE distribution points if GCPs on the
roof.

At this stage, most of the errors are observed
in the CPs located on the ground at a greater
distance from the UAV camera. Let us attempt
to swap the GCPs and CPs (Table 3).

Table 3. RMSE points if GCPs on the ground

RMSEx | RMSEy RMSEz
(m) (m) (m)
GCPs | 0.397 0.064 0.152
CPs 0.111 0.171 0.328

RMSEx | RMSEy RMSEz
(m) (m) (m)

GCPs | 0.005 0.004 0.013

CPs 0.443 0.274 0.441

Based on the results, we can conclude that
there are large errors in the observation results

(Fig 5).
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In this case, a similar pattern was not
observed; the errors were not concentrated in
the points on the roof that were used as CPs

(Fig. 6).
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Figure 6. RMSE distribution points if GCPs on the
ground.

The results of the second part of the study,
focusing on the configuration and quantity of
GCPs, are presented in Table 4.

Table 4. RMSE of the roof points depending on
their combination
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Group | Name | RMSEx | RMSEy | RMSEz
number | point | (mm) (mm) (mm)
Refer-
ence 5.4 7.9 7.9
i GCPs 6.2 8.4 9.8
CPs 6 9.8 8.6
) GCPs 5.5 9.1 10.8
CPs 6.6 9.9 8.9
3 GCPs 6.4 8 9.8
CPs 6.2 12.3 13.2
A GCPs 6.2 10.4 14
CPs 7.8 12.3 18.2
GCPs 5.2 10.5 11
> CPs 6.9 6.8 9.9
GCPs 4.5 5.7 6.4
° CPs 11.5 23.5 22.7
. GCPs 6 10.7 52.1
CPs 12.7 58.6 2325.6
GCPs 3.6 9.9 7.5
8 CPs 7.9 10.1 13.3
9 GCPs 4 9.7 8.7
CPs 7.6 10.4 13.6
10 GCPs 4.6 11.3 10.9
CPs 7.1 9.8 145
1 GCPs 7.7 2.3 13.6
CPs 10.8 21.6 39.6
12 GCPs 6.8 10.3 10.6
CPs 7.7 11.2 16.4

It was proposed to investigate changes in
accuracy using as a reference the results
obtained from processing all roof points as
GCPs, where residual errors were determined
after assigning the points coordinates based on
TLS results.

Immediately, significant errors can be
observed for combination 7, where the
reference points were placed along one side of
the roof. For further analysis, the results of this
experiment were excluded from the overall
series. All other data were converted into
differences between the RMSE of the current
experiment and the RMSE of the reference
points and presented as a percentage (Table 5).

Table 5. RMSE of the roof points depending on
their combination

Transfer of Innovative Technologies
Vol.7, No.2 (2024)

Group Name | RMSE | RMSE | RMSE
number | point X(%) | vy (%) z (%)
GCPs 15 6 24
1 CPs 9 23 7
GCPs 2 12 83
2 CPs 22 23 9
GCPs 15 1 21
3 CPs 13 56 54
GCPs 13 21 46
4 CPs 38 42 74
GCPs -3 21 17
5 CPs 29 -10 19
GCPs -13 -32 -15
6 CPs 136 271 230
GCPs -14 3 0
8 CPs 68 22 72
GCPs -17 18 6
9 CPs 54 26 65
GCPs -11 33 22
10 CPs 36 17 61
GCPs 32 -57 39
11 CPs 70 602 233
GCPs 13 11 7
12 CPs 34 32 80

By highlighting in the table the values where
the error increased by more than 50%, it is
possible to identify groups of reference points
whose placement and quantity should be
avoided.

CONCLUSIONS

From the RMSE analysis results for
combinations of roof and ground points, it can
be concluded that ground-level points exhibited
significant errors that could affect the final
photogrammetry results. Points further away
from the UAV camera introduced considerably
more errors compared to closer points.
Therefore, when selecting GCP locations,
preference should be given to points closer to
the camera, with less emphasis on the number
of points.

From the second part of the study, groups
with significant errors were identified (Groups
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6, 7, 8, and 11). Thus, it is advisable to avoid
points located only in the central part of the
object, along one side of the object, or solely on
the edges of the survey area.

The best-performing groups were Groups 1,
2, and 5, which had the smallest errors. These
groups included evenly distributed points
across the survey area, with at least eight points,
comprising half of the total points in the survey
territory. In Groups 3 and 9, errors increased by
almost 50%, which could be associated with a
reduction of a few GCPs. Such a sharp drop in
accuracy due to fewer points should be
considered. Groups 4, 10, and 12 can be
categorized as cases where height errors are not
critical for work, as they lead to a pronounced
increase in vertical errors.

Summarizing the results, it is recommended
to use GCPs as close as possible to the camera,
evenly distributed across the territory, with at
least eight GCPs.
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Ouninka KiJILKOCTI Ta KOHIrypamii Hazem-
HHMX KOHTPOJbHHMX TO4O0K y Hegoporiii BIIJIA
¢otorpammeTpii

Ceimnana BOH/AP,
FOpiii MEJIBEJJChKHH

AHotanis. J{ocnimKeHHS NpUCBSUCHE BILTUBY
KUTBKOCTI Ta PO3MINICHHS] HA3€MHUX KOHTPOJIBHUX
Touok (GCPs) Ha TOYHICTH (POTOrpaMMETPUIHUX
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pe3ynbratiB i3 BUKopucTaHHAM Hegoporux BITJIA.
AKTyanbHICTb ITi€] pOOOTH 3yMOBJIEHA 3POCTAI0Y0I0
MOMyJSIpHICTIO Ta 3actocyBaHHsM bIUJIA vy
¢ororpammerpii, ocobIMBO B  0O0JacTAX 3
pI3HOMAaHITHUM pelbe(OoM 1 BHCOKHMH BHMOTaMH
JI0 TOYHOCTI TPOCTOPOBUX NAaHHUX. Y IOCIHIIKCHHI
BUKOPHCTOBYIOTBCSI Cy4acHi (hoTorpaMMeTpHUHi
METOIM, 30KpeMa aJIrOpUTMHU Structure from
Motion (SfM), mist aHami3ly BIUmBY KOH(piryparii
GCP Ha po3moii MOMUIOK 1 TOUYHICTH MOIETICH.

[lepma yacTrHa poOOTH 30CepePKEHA Ha OIIHIT
BIMBY po3tamryBanHs GCP Ha pi3HEUX BHCOTax.
doTorpaMMeTpUUHa 3OMKa BUKOHYBaJIacs Ha Te-
purtopii KuiBcbKoro imompomy, BHUKOPHUCTOBYIOUH
HazeMHe Jla3epHe ckaHyBaHHs (TLS) mi1s BcTaHOB-
JICHHS KOOPIMHAT KOHTPOJIBHUX TOYOK 13 BHCOKOIO
TOYHICTIO. 30ip AaHUX MPOBOIUBCS 33 JONOMOTOO
BIITA DIJI Phantom 4 Pro V2 mig yac KUIBKOX
MONILOTHUX MiCiHl i3 BimxwieHHsAM kKamepu Ha 30
rpamyciB Big Hagupy. Todku mocinifoBHO aHami3yBa-
JIUCS IIUISIXOM YepryBaHHs ixHix poineit sik GCP i ko-
HTponbHHUX To4oK (CP). Pesympraru mokazamu, mio
TTOMHJIKY 3HAYHO 3pOCTar0Th, Ko CP po3ramoBani
nam Bing kamepu BITJIA, mo migkpecitoe HeoOXia-
HiCTh On3bKoTO po3MimeHHss GCP.

Hpyra qactuHa poOOTH aHATI3yeE, SIK KOH)Irypa-
is Ta Kiabkicte GCP BIUIMBaIOTH Ha TOYHICTH (O-
TorpammerpuuHux Mojeneir. Copmosano 12 rpyn
GCP, xoxHa 3 SKHUX BIAPI3HAETHCS PO3MOALIOM 1 Ki-
JIBKICTIO TOYOK, AJIS1 BUSIBJIEHHS ONITUMAJIbHUX Bapi-
aHTiB MiHIMi3amnii momuiok. ['pynu 3 piBHOMIpHUM
PO3MOAIIOM TOYOK TIO BCid IUIONII 3HIMAaHHA, IO
BKJIIOUaOTh He MeHue BockMu GCP, mpomemoH-
CTpyBajJM HalMEHINi CepeTHhbOKBaJAPAaTUIHI TOXHU-
oxu (RMSE). Haromicte kongirypanii, ne GCP po-
3TaIlIOBAaHI JIUIIIE B3IOBXK OHOTO OOKY a00 BHKITIO-
YHO Ha KpasiX 30HU 3HIMaHHS, IPU3BOIATH 1O CYT-
TE€BUX HETOYHOCTEH.

KitouoBi BHCHOBKHM CBif4aTh, 10 e(eKTHBHA
crpareris posramrysanHs GCP nepen6adae mpiopu-
TeTHE HaOIMKeHHs TOUOoK Jio kKamepu BITJIA Ta pi-
BHOMIPHHUH pO3MOJLT 1O TepuTopii 3HiMaHHs. Kpim
Toro, KoHdirypauii 3 MmeHm Hix BickMoma GCP, sk
MPaBUIIO, CTPAXK/AIOTH Bijl Pi3KOTO 3HW)KEHHS TOY-
HOCTI. Y OCIIIXKSHHI ITiIKPECIIIOETHCS BaXkKIIUBICTh
30a1aHCOBAHOTO MiIXOY JI0 KiIBKOCTI Ta pO3Taly-
BanHs GCP st nmocsrHeHHs HaAilHHUX (oTorpa-
MMETPUYHHUX PE3YJBTATIB Y 3aCTOCYBaHHSIX 13 HEJIO-
porumu BITIA.

Kurouosi ciioBa:pororpammerpist BIIJIA, naze-
MH1 KOHTPOJbHI ToukH, TLS? onTuMizanist TO4HOCTI
DIJI Phantom 4.
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