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Abstract 

Unmanned Aerial Vehicles (UAVs) have transformed geospatial data acquisition, yet the necessity of Ground 

Control Points (GCPs) for spatial accuracy versus operational efficiency remains a critical topic of 

investigation. This study presents a comparative analysis of UAV mapping accuracies achieved with and 

without the integration of GCPs. Conducted at the Asian Institute of Technology (AIT) in Pathum Thani, 

Thailand, the research utilized a DJI Phantom 4 Pro for aerial imagery and a Javad TRIUMPH-2 GNSS 

receiver to establish survey-grade GCPs and Check Points (CPs) via Real-Time Kinematic (RTK) methods. 

Flight parameters included a 90-meter altitude with 70% forward and side overlap, yielding a Ground 

Sampling Distance (GSD) of 3.45 cm/pixel across a 0.252 km² area. The photogrammetric processing resulted 

in a Root Mean Square Error (RMSE) of 26.26 cm for GCPs and 76.76 cm for independent CPs. The findings 

indicate that while orthophotos and Digital Surface Models (DSMs) processed without GCPs exhibit smoother 

visual aesthetics and slightly more visible detail, they suffer from significant systematic vertical errors, such as 

the "doming" effect, and lack absolute geospatial accuracy. Conversely, GCP-constrained models achieve 

much higher absolute positional accuracy but reveal geometric distortions around vertical structures as the 

software forces the imagery to match precise ground coordinates. Ultimately, GCPs are essential for mapping 

projects requiring rigorous absolute accuracy, whereas unconstrained workflows may suffice for relative 

topographic visualization. 

Keywords: Georeferencing Accuracy, Ground Control Points, Orthophoto, Structure-From-Motion, 

    UAV Photogrammetry 

1. Introduction

Unmanned Aerial Vehicles (UAVs) have emerged as 

a transformative technology in the field of geospatial 

data acquisition [1][2] and [3], 3D mapping [4], tree 

height measurement [5] , coastal mapping [6], and 

volume determination [7][8] and [9], offering a 

flexible, cost-effective, and high-resolution 

alternative to traditional airborne and terrestrial 

surveying methods [10] and [11]. Advances in 

onboard Global Navigation Satellite Systems 

(GNSS), inertial measurement units (IMUs), and 

photogrammetric processing software have 

significantly improved the accuracy and efficiency of 

UAV-based mapping workflows [12]. In particular, 

Structure-from-Motion (SfM) and multi-view stereo 

(MVS) techniques, as implemented in widely used 

platforms such as Agisoft Metashape and 

Pix4Dmapper, have enabled the generation of dense 

point clouds, digital surface models (DSMs), digital 

terrain models (DTMs), and orthomosaics from 

overlapping aerial imagery [13]. These 

developments have expanded the applicability of 

UAV mapping across disciplines including civil 

engineering [14], surveying [15], urban planning 

[16] and [17], archelogy [18], environmental 

monitoring [19] and [20], precision agriculture [21], 

and disaster management [22][23] and [24]. 

A critical factor influencing the positional 

accuracy of UAV-derived products is the 

georeferencing strategy employed during data 

acquisition and processing. Traditionally, Ground 

Control Points (GCPs) well-distributed, precisely 

surveyed reference points on the ground surface have 

been used to constrain photogrammetric models and 

improve both horizontal and vertical accuracy [25]. 

https://doi.org/10.52939/ijg.v22i3.4861
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GCPs are typically measured using high-precision 

surveying techniques such as Real-Time Kinematic 

(RTK) or Post-Processed Kinematic (PPK) GNSS. 

While the incorporation of GCPs can substantially 

enhance geospatial accuracy, it also introduces 

additional time, labor, and logistical requirements, 

particularly in remote, hazardous, or large-scale 

study areas. 

Recent advancements in UAV platforms 

equipped with onboard RTK/PPK GNSS receivers 

have enabled direct georeferencing approaches, 

reducing or potentially eliminating the need for 

extensive ground control [26]. Systems such as the 

DJI Phantom 4 RTK and senseFly eBee X provide 

centimeter-level positioning accuracy by integrating 

high-precision GNSS data with image acquisition 

[27] . These technologies promise streamlined field 

operations and reduced project costs. However, the 

extent to which direct georeferencing can reliably 

substitute or minimize the use of GCPs remains an 

area of active investigation, particularly in 

applications requiring rigorous vertical accuracy or 

compliance with mapping standards [28] and [29]. 

While GCPs are widely considered the gold 

standard for achieving centimeter-level absolute 

accuracy [30], their implementation introduces 

significant operational bottlenecks. The planning, 

physical distribution, and measurement of GCPs are 

highly labor-intensive and time-consuming 

processes. In many surveying projects, the field data 

collection for GCPs can account for a substantial 

majority of the total project time and budget [31]. 

Furthermore, in hazardous, heavily vegetated, or 

geographically inaccessible terrains (e.g., steep 

slopes, marshlands, or post-disaster zones), 

establishing a robust network of GCPs is often 

impractical or entirely impossible. To circumvent the 

limitations associated with GCPs, the geospatial 

industry has seen a rapid adoption of Direct 

Georeferencing (DG) techniques, facilitated by 

equipping UAVs with onboard Real-Time Kinematic 

(RTK) or Post-Processed Kinematic (PPK) GNSS 

receivers [32]. These systems accurately record the 

precise spatial coordinates of the camera's optical 

center at the exact moment of each image capture. 

Theoretically, RTK/PPK-enabled UAVs can 

drastically reduce, or even eliminate, the dependency 

on GCPs while maintaining survey-grade accuracy. 

However, reliance on direct georeferencing 

introduces its own set of variables, such as the 

accuracy of lever-arm offsets, synchronization errors 

between the camera and GNSS receiver [33], and the 

dependency on a continuous connection to a base 

station or Continuously Operating Reference Station 

(CORS) network [34]. 

Although manufacturers often claim that 

RTK/PPK systems eliminate the need for GCPs, 

empirical studies suggest that the reality is more 

nuanced, particularly concerning vertical accuracy 

(Z-axis) and lens calibration stability. There remains 

a critical need to rigorously evaluate the trade-offs 

between time, cost, and spatial accuracy across 

different georeferencing methodologies [35] and 

[36]. Therefore, this study presents a comparative 

analysis of UAV mapping accuracies achieved with 

and without the integration of GCPs. The primary 

objectives of this research are to conduct a 

comprehensive comparative assessment of UAV-

based mapping performed with and without Ground 

Control Points. By evaluating horizontal and vertical 

positional accuracy, this research seeks to determine 

the practical trade-offs between traditional GCP-

supported workflows and direct georeferencing 

approaches. The findings are intended to provide 

evidence-based recommendations for practitioners 

and researchers regarding optimal georeferencing 

strategies in different surveying contexts.  

 

2. Methodology 

2.1 Study Area 

The research was conducted at the main campus of 

the Asian Institute of Technology (AIT), located in 

the Khlong Luang district of Pathum Thani province, 

Thailand (approximately 40 kilometers north of 

central Bangkok) (Figure 1). Situated within the 

lower Chao Phraya River basin, the site represents a 

characteristic peri-urban environment in a tropical 

climate. The selection of the AIT campus is highly 

strategic for this specific comparative study. As a 

self-contained, institutional environment, it provides 

the secure, controlled access required for extensive 

field operations. This logistical advantage allowed 

for the undisturbed establishment and measurement 

of a high-density, survey-grade GCP network using 

terrestrial GNSS rovers. This extensive physical 

network is critical for establishing the absolute 

"ground truth" necessary to cross-validate the spatial 

accuracies of the subsequent un-controlled (no-GCP) 

RTK/PPK flight data. Consequently, the diverse, 

micro-urban landscape of the AIT campus provides a 

robust, real-world testing ground that closely mirrors 

the complexities encountered in professional 

commercial surveying. 

 

2.2 Instrument Used 

2.2.1 DJI Phantom 4 pro 

The DJI Phantom 4 Pro (Figure 2) was selected as the 

primary aerial data acquisition instrument for this 

study due to its proven reliability, high-resolution 

imaging capability, and widespread adoption in 

professional photogrammetric applications.  
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Figure 1: Test site in Asian Institute of Technology (AIT), Pathumthani, Thailand 
 

 
 

Figure 2: DJI Phantom 4 Pro 

 

As a multirotor unmanned aerial vehicle (UAV) 

platform designed for mapping and surveying tasks, 

the Phantom 4 Pro integrates advanced flight stability 

systems, precise navigation sensors, and a high-

performance onboard camera, making it well suited 

for comparative analysis of UAV mapping 

workflows conducted with and without Ground 

Control Points (GCPs). 

Phantom 4 Pro is equipped with multi-

constellation GNSS support (GPS and GLONASS), 

enabling accurate geotagging of captured imagery. 

Although the standard Phantom 4 Pro does not 

include onboard RTK positioning, its GNSS-based 

image metadata provides sufficient positional 

information for indirect georeferencing workflows 

and for comparison with GCP-supported processing. 

This capability makes it particularly appropriate for 

a study aimed at evaluating differences between 

mapping results generated with ground control and 

those relying solely on onboard positioning data [37]. 

Furthermore, the exterior orientation (camera 

position and attitude) recorded at the moment of 

image capture contains this meter-level ambiguity, 

the un-constrained photogrammetric block (the 

"without GCPs" scenario) relies entirely on relative 

image matching [38]. This inherently leads to 

systematic error propagation, global datum shifts, 

and non-linear deformations such as the 

aforementioned topographic "doming" effect. 

Consequently, the UAV provides an optimal, highly 

sensitive mechanism for this research: it allows for a 

stark, mathematically rigorous quantification of the 

absolute error inherent in uncontrolled SfM 

workflows, establishing a clear baseline against 

which the corrective power of a high-density GCP 

network can be measured. 

The Phantom 4 Pro’s flight time of approximately 

25–30 minutes per battery cycle supports efficient 

coverage of medium-sized study areas while 

maintaining high image overlap requirements for 

photogrammetric reconstruction [39]. Its integrated 

obstacle sensing system enhances operational safety, 

which is particularly valuable when flying over 

mixed land-cover environments such as built-up 

areas, vegetation, and open fields. 

AIT. 
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The selection of the DJI Phantom 4 Pro also reflects 

its extensive validation in academic and professional 

literature, where it has been widely used for 

topographic mapping, infrastructure inspection, 

environmental monitoring, and volumetric analysis. 

Its balance between cost, performance, and data 

quality makes it representative of commonly 

deployed UAV systems in engineering and 

geospatial practice. Consequently, findings derived 

from this research can be generalized to similar 

multirotor UAV platforms used in mapping 

applications. 

 

2.2.2 GNSS receiver 

The Javad TRIUMPH-2 (Figure 3) was employed in 

this study as the primary ground-based positioning 

instrument for establishing Ground Control Points 

(GCPs) and independent check points used in 

accuracy assessment.  

 

 
 

Figure 3: Javad TRIUMPH-1 

 

As a high-precision, geodetic-grade Global 

Navigation Satellite System (GNSS) receiver, the 

TRIUMPH-1 is designed to support demanding 

surveying and geospatial applications that require 

centimeter- to millimeter-level positional accuracy 

[40]. Its integration into this research ensures that 

reference coordinates used for evaluating UAV-

derived products are both reliable and traceable to 

established geodetic standards. The Javad 

TRIUMPH-1 is capable of tracking multiple GNSS 

constellations, including GPS, GLONASS, Galileo, 

and BeiDou, along with various satellite-based 

augmentation systems [41]. This multi-constellation 

tracking enhances satellite availability, improves 

geometric strength (low dilution of precision), and 

increases positioning reliability, particularly in 

environments where signal obstruction or multipath 

effects may occur. Such robustness is essential when 

establishing GCPs distributed across heterogeneous 

terrain, including open areas, near buildings, and 

vegetated zones within the study site. For the 

purposes of this research, the TRIUMPH-1 was 

operated using high-accuracy positioning techniques 

such as Real-Time Kinematic (RTK) or Post-

Processed Kinematic (PPK) methods.  

These techniques enable the determination of precise 

three-dimensional coordinates referenced to a 

national or global geodetic datum. The resulting GCP 

coordinates serve as ground truth data for 

constraining photogrammetric models in the “with 

GCP” workflow and for validating positional 

accuracy in the “without GCP” workflow. The high 

level of precision provided by the receiver ensures 

that any observed discrepancies in UAV mapping 

outputs can be attributed to differences in 

georeferencing strategy rather than uncertainties in 

ground measurements. 

 

2.3 Ground Markers 

Ground markers are artificial reference targets placed 

on the ground to provide clearly identifiable points in 

aerial imagery (Figure 4).  

 

 
 

Figure 4: Ground markers 

 

Their primary function is to link image-based 

measurements to precise real-world coordinates, 

thereby improving the geometric accuracy and 

reliability of mapping products. These markers are 

typically designed with high-contrast patterns, such 

as crosses or checkerboards, so they can be easily 

detected and accurately measured in multiple 

overlapping images. One of the most important uses 

of ground markers is for establishing GCPs. The 

coordinates of these markers are measured using 

high-precision GNSS surveying techniques as RTK 

observations [42]. During photogrammetric 

processing, the known coordinates are incorporated 

into the bundle adjustment process, which 

strengthens the geometric model and significantly 

improves both horizontal and vertical accuracy [43]. 

Properly distributed GCPs help reduce systematic 

distortions, such as tilting or warping, and ensure that 

orthomosaics, digital surface models (DSMs), and 

three-dimensional point clouds are correctly 

georeferenced. Ground markers are also used as 

independent check points for accuracy assessment. In 

this case, their surveyed coordinates are not included 

in model adjustment but are instead used to calculate 

positional errors, such as root mean square error 

(RMSE).  In addition, well-distributed markers 

contribute to photogrammetric block stability, 

particularly in large or flat areas where geometric 

weaknesses may occur. By providing strong spatial 
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constraints across the study area, they improve model 

consistency, ensure correct scale and orientation, and 

enhance overall mapping reliability. Consequently, 

ground markers play a critical role in achieving high-

precision results and validating the quality of UAV 

photogrammetric surveys. 

 

2.4 Camera 

For optimal photogrammetric performance, the use 

of ultra-wide angle and fisheye lenses should be 

avoided due to their significant geometric distortions, 

which can negatively affect camera calibration and 

image alignment. A focal length equivalent to 

approximately 50 mm (35 mm format) is generally 

recommended, as it provides a balanced field of view 

with minimal distortion [44]. In practice, lenses 

within the 20–80 mm focal length range (35 mm 

equivalent) are suitable for most mapping 

applications [45]. If imagery has been acquired using 

a fisheye lens, the correct camera sensor model must 

be selected in the camera calibration settings (e.g., 

within photogrammetric software) prior to 

processing to ensure accurate distortion modeling. 

Fixed focal length lenses are preferred because 

they offer greater optical stability and more 

consistent calibration parameters [46]. When zoom 

lenses are used, the focal length should remain 

constant throughout the entire image acquisition 

session either set to the minimum or maximum value 

to ensure stable internal geometry. If images are 

captured at intermediate focal lengths, they should be 

assigned to separate camera calibration groups to 

maintain accurate processing results. Appropriate 

camera settings are equally important for high-

quality data acquisition. Capturing images in RAW 

format and converting them losslessly to TIFF is 

recommended, as JPEG compression can introduce 

artifacts and noise that degrade photogrammetric 

accuracy [47]. The ISO setting should be kept as low 

as possible to minimize image noise. A sufficiently 

high aperture value (higher f-number) should be 

selected to ensure adequate depth of field and sharp 

image capture. Additionally, the shutter speed must 

be fast enough to prevent motion blur caused by 

platform movement or vibration, thereby preserving 

image clarity and feature detectability. 

In this study, the DJI camera model FC330 was 

used.  It has been widely adopted in aerial mapping 

and photogrammetry studies due to its balance of 

resolution and reliability. The FC330 integrates a 

1/2.3-inch CMOS sensor that captures imagery at 

approximately 12.4 megapixels, with typical pixel 

dimensions of around 4864 × 3648 and a focal length 

of roughly 9 mm [48], suitable for capturing high-

quality nadir photographs for orthophoto generation 

and 3D reconstruction at moderate flight altitudes. In 

UAV mapping applications, the FC330 enables 

sufficient ground sampling density and feature detail 

to support Structure-from-Motion (SfM) processing, 

dense point cloud generation, and digital surface 

model derivation when paired with appropriate flight 

planning and overlap parameters. Its performance 

has been documented in academic UAV survey 

campaigns where it provided reliable imagery for 

orthomosaic and surface model outputs. Although 

not as advanced as newer large-sensor or global-

shutter payloads, the FC330 remains a cost-effective 

option in research and practice for many 

environmental and topographic mapping projects due 

to its consistent image quality and integration with 

common photogrammetric workflows. 

 

2.5 Software Used 

Agisoft Metashape (formerly known as Agisoft 

PhotoScan) is a widely used photogrammetric 

processing software designed for generating high-

resolution 2D and 3D geospatial products from 

overlapping imagery acquired by UAVs. It is based 

on advanced Structure-from-Motion (SfM) and 

Multi-View Stereo (MVS) algorithms, which enable 

automated image alignment, camera calibration, 

dense point cloud generation, and surface 

reconstruction [13]. Due to its robust processing 

capabilities and compatibility with georeferenced 

data, Agisoft Metashape has become a standard tool 

in academic research and professional mapping 

applications. In UAV mapping workflows, the 

software performs a sequence of automated and 

semi-automated steps. Initially, it detects and 

matches key points across multiple overlapping 

images to estimate camera positions and orientations 

through bundle adjustment. This process generates a 

sparse point cloud that represents the basic geometry 

of the surveyed area. When Ground Control Points 

(GCPs) are introduced, the software integrates their 

surveyed coordinates into the adjustment process, 

thereby improving absolute positioning accuracy and 

minimizing geometric distortions. 

Following image alignment, Agisoft Metashape 

generates a dense point cloud using multi-view stereo 

reconstruction techniques [49]. From this dense 

dataset, digital surface models (DSMs), and textured 

three-dimensional mesh models can be derived. 

These outputs form the basis for detailed 3D analysis, 

including topographic modeling, volume estimation, 

infrastructure inspection, and environmental 

assessment. The software also enables classification 

of point clouds and filtering of ground points for 

terrain extraction, enhancing the reliability of 

elevation-based products. For two-dimensional (2D) 

mapping, Agisoft Metashape produces high-

resolution orthomosaics by orthorectifying and 
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mosaicking individual images based on the 

reconstructed surface model [50]. The resulting 

orthophotos are geometrically corrected, scale-

consistent, and suitable for accurate distance, area, 

and spatial analysis within Geographic Information 

Systems (GIS). The software supports various 

coordinate systems and export formats, facilitating 

integration with other geospatial platforms. 

A key advantage of Agisoft Metashape lies in its 

flexibility and accuracy control. Users can define 

processing quality levels, adjust camera calibration 

parameters [51], import GNSS data, and perform 

accuracy assessments through error statistics such as 

root mean square error (RMSE). This level of control 

makes it particularly suitable for comparative studies 

evaluating UAV mapping performance under 

different georeferencing strategies, including 

workflows conducted with and without Ground 

Control Points. Overall, Agisoft Metashape provides 

a comprehensive and reliable solution for 

transforming UAV imagery into precise 2D and 3D 

mapping products. Its advanced algorithms, support 

for georeferenced data, and adaptability to various 

research and engineering applications make it a 

critical tool in modern UAV photogrammetry [52]. 

 

2.6 Flight Planning 

The flight plan was developed using the 

DroneDeploy application. The unmanned aerial 

vehicle (UAV) was assigned a flight altitude of 90 

meters, with 70% sidelap and 70% overlap. The 

selection of 70% forward overlap and 70% sidelap is 

supported by established principles of image-based 

three-dimensional reconstruction. A 70% forward 

overlap ensures that consecutive images contain 

sufficient shared features [53], which is critical for 

reliable feature detection, tie point extraction, and 

image alignment within the Structure-from-Motion 

(SfM) workflow. The increased redundancy in image 

observations enhances the robustness of bundle 

adjustment, improves geometric stability, and 

reduces the probability of gaps or mismatches in the 

reconstructed model. 

Similarly, a 70% sidelap between adjacent flight 

lines strengthens lateral connectivity within the 

photogrammetric block. Adequate sidelap improves 

the overall geometric configuration of the dataset, 

mitigates edge distortions, and promotes uniform 

coverage across the survey area. This is particularly 

important in environments characterized by complex 

topography or heterogeneous land cover, where 

insufficient overlap may lead to inconsistencies or 

localized reconstruction errors. From an operational 

perspective, the 70% overlap configuration 

represents a practical balance between data quality 

and efficiency. Lower overlap values may reduce 

flight duration and data volume but can compromise 

reconstruction reliability and model completeness. 

Conversely, higher overlap percentages substantially 

increase image count, processing time, and storage 

demands without yielding proportionate gains in 

accuracy for standard mapping applications. 

Therefore, a 70% forward overlap and 70% sidelap 

are widely regarded as an optimal and efficient 

standard for generating accurate orthomosaics and 

digital surface models in UAV photogrammetry [54]. 

The maximum flight speed for image acquisition 

was set at 12 m/s to maintain image quality and 

minimize motion blur. The total flight duration, 

number of images to be captured, and the required 

number of batteries to cover the entire study area 

were estimated automatically at https://www.droned 

eploy.com/. 

 

2.7 Grond Sampling Distance (GSD) 

Ground Sampling Distance (GSD) is a fundamental 

parameter in photogrammetry and UAV-based 

mapping that defines the spatial resolution of an 

image. It represents the real-world ground distance 

covered by a single pixel in the captured imagery. 

GSD is primarily determined by the camera sensor 

characteristics, focal length, and flight altitude above 

ground level. Figure 5 illustrates the relation between 

camera sensor size and ground distance using similar 

triangle rule. The GSD is determined using 

Equations 1 to 3: 
 

W W

R

S D

F H
=

 
Equation 1 

Where: 

SW is sensor width (mm) 

FR is the focal length of camera (mm) 

H is flight altitude (mm) 

DW is the ground distance (mm) 
 

 
 

Figure 5: Relationship between camera sensor size 

and ground distance 

 

The ground distance (DW) is determined from 

Equation 2: 
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ImW WD GSD= 
 

Equation 2 
 

Where:  

ImW is the image width (pixel) 
 

W

R W

S H
GSD=

F Im
 

Equation 3 

 

Accurate calculation of GSD is essential for mission 

planning, as it directly influences the level of detail, 

measurement accuracy, and suitability of the data for 

specific applications. Therefore, understanding and 

properly estimating GSD ensures that mapping 

objectives are achieved efficiently and with the 

required spatial precision. 

 

2.8 RTK Measurement 

In UAV photogrammetry, Real-Time Kinematic 

(RTK) is a high-precision GNSS positioning 

technique used to obtain centimeter-level coordinates 

for ground points. RTK works by using a base station 

placed over a known coordinate and a rover receiver 

that moves to different survey points [55]. The base 

station sends real-time correction data to the rover via 

radio or internet (NTRIP), correcting satellite signal 

errors such as atmospheric delay and orbital 

inaccuracies. This allows the rover to record highly 

accurate X, Y, and Z coordinates, which are essential 

for producing reliable mapping outputs such as 

orthomosaics, DSMs, and 3D models. To create a 

Ground Control Point (GCP) using RTK, a clearly 

visible ground target (Figure 4) is placed within the 

UAV survey area before the flight. The surveyor 

positions the RTK rover pole precisely over the 

center of the target as illustrates in Figure 6, ensuring 

it is perfectly vertical (using a bubble level), and 

records the corrected coordinate once the solution 

status shows “FIX” (indicating centimeter accuracy). 
 

 
 

Figure 6: RTK measurement 

These GCP coordinates are then imported into 

photogrammetry software (Agisoft Metashape) to 

accurately georeference and scale the UAV imagery. 

GCPs directly control and improve the absolute 

positional accuracy of the final map products [56]. A 

Check Point (CP) is measured using the same RTK 

method but is not used during model processing. 

Instead, CPs are reserved for independent accuracy 

assessment. After processing the UAV data with 

GCPs, the coordinates derived from the 

photogrammetric model are compared with the RTK-

measured CP coordinates to calculate horizontal and 

vertical errors (RMSE). While GCPs strengthen and 

correct the model, CPs validate its accuracy, ensuring 

the final outputs meet required surveying or 

engineering standards. 

 

2.9 Photogrammetric Processing 

The photogrammetric processing workflow 

presented in Figure 7 is used to transform 

overlapping digital images into accurate geospatial 

products, including three-dimensional (3D) surface 

models, Digital Elevation Models (DSM), and 

orthomosaics. The procedure is based on structure-

from-motion (SfM) and multi-view stereo (MVS) 

algorithms, which automatically reconstruct scene 

geometry from multiple photographs taken from 

different viewpoints. The workflow illustrated in 

Figure 7 outlines the sequential photogrammetric 

processing steps implemented in this study. Each 

stage of the workflow represents a critical processing 

component, ensuring geometric accuracy, spatial 

consistency, and data reliability. The individual steps 

of this procedure are explained in detail below. 

 

 
 

Figure 7: Orthophoto and DEM modelling in 

Agisoft photoscan 

 

Stage 1: Camera Alignment 

In the first stage, the software detects and matches 

common features across overlapping photographs. 

Based on these correspondences, it estimates the 

position and orientation of each camera and refines 

the camera calibration parameters. The output of this 

stage is a sparse point cloud and a set of estimated 

camera positions. The sparse point cloud represents 
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the initial alignment result and is not directly used in 

subsequent modeling processes. 

 

Stage 2: Dense Point Cloud Generation 

In the second stage, a dense point cloud is generated 

using the estimated camera positions and the original 

images. This point cloud provides a detailed 

representation of the object or terrain surface. Prior 

to further processing or export, the dense point cloud 

may be edited and classified to improve accuracy and 

remove noise. 

 

Stage 3: Surface Reconstruction (Mesh and/or DEM 

Generation) 

The third stage involves surface reconstruction, 

resulting in either a 3D polygonal mesh model and/or 

a Digital Elevation Model (DEM). The mesh model 

represents the object’s surface geometry derived 

from the dense (or sparse) point cloud. The DEM can 

be generated in geographic, planar, or cylindrical 

coordinate systems, depending on project 

requirements. If the dense point cloud has been 

classified in the previous stage, specific point classes 

can be selected for DEM generation to enhance 

model reliability. 

 

Stage 4: Texturing and Orthomosaic Generation 

Following surface reconstruction, the mesh model 

can be textured to create a realistic 3D representation. 

Alternatively, or additionally, an orthomosaic can be 

produced. The orthomosaic is generated by 

projecting the original imagery onto a selected 

surface, either the DEM or the mesh model, resulting 

in a geometrically corrected and spatially accurate 

image product. 

 

3. Results and Discussion 

3.1 Geometric Accuracy 

In this study, the UAV survey was conducted at a 

flight altitude of 96 m, resulting in a ground sampling 

distance (GSD) of 3.45 cm/pixel and covering a total 

area of 0.252 km². Based on the photogrammetric 

processing results, the Root Mean Square Error 

(RMSE) values for the GCPs and CPs were 26.26 cm 

and 76.76 cm, respectively. The RMSE value of 

26.26 cm at the GCPs indicates the level of residual 

error after model adjustment and georeferencing 

[55]. Ideally, GCP RMSE values should approach the 

magnitude of the GSD (or within a few multiples of 

it) in well-optimized surveys [57]. In this case, the 

GCP RMSE corresponds to approximately 7–8 times 

the GSD, suggesting moderate positional 

discrepancies that may be attributed to factors such 

as GCP distribution, measurement uncertainty, 

image quality, or insufficient geometric strength in 

the block configuration [58].  

More notably, the RMSE at the CPs (76.76 cm) is 

substantially higher than that of the GCPs. Since CPs 

serve as independent accuracy validators and are not 

included in the model adjustment, their RMSE 

provides a more realistic assessment of the overall 

geospatial accuracy of the orthomosaic. The CP error 

is approximately three times larger than the GCP 

error and more than twenty times the GSD, indicating 

a significant reduction in external accuracy [59]. This 

discrepancy suggests potential issues such as uneven 

GCP placement, edge effects within the study area, 

systematic distortions, or weaknesses in the elevation 

model used for orthorectification. Overall, while the 

project achieved centimeter-level image resolution, 

the decimeter- to sub-meter-level RMSE values 

indicate that the final orthophoto accuracy does not 

fully match the theoretical precision implied by the 

GSD. Therefore, improvements in GCP distribution, 

survey methodology, and network geometry would 

likely be necessary to enhance positional reliability 

in future surveys. 

 

3.2 Orthophoto Comparison 

The comparison of the orthophoto maps generated 

using the UAV mapping technique, with and without 

GCPs, is presented in Figure 8. This comparison 

highlights the influence of GCP integration on 

geometric consistency, and overall map quality. By 

examining both outputs side by side, the differences 

in spatial alignment and distortion can be clearly 

observed. According to Figure 8, the orthophoto 

processed without GCPs demonstrates 

comparatively better visual quality and structural 

consistency (Figure 8(a)). In contrast, the orthophoto 

generated with GCPs integration exhibits noticeable 

distortions. Several buildings appear deformed and 

do not retain their true polygonal shapes as observed 

in reality (Figure 8(b)). An orthomosaic generated 

from UAV imagery using GCPs may sometimes 

appear more distorted, particularly around buildings 

and other vertical structures because the processing 

software is constrained to align the imagery with 

precise, survey-grade ground coordinates. This 

georeferencing constraint improves absolute 

positional accuracy; however, it can also reveal 

geometric inconsistencies that were previously 

masked in unconstrained models. 

In contrast, the integration of GCPs imposes rigid 

spatial constraints during bundle adjustment. While 

this improves absolute horizontal and vertical 

positioning, it may simultaneously reveal underlying 

systematic distortions that were previously masked 

in the free-network solution [60]. 
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Figure 8: Comparison of orthophoto map: (a) with GCPs, and (b) without GCPs 

 

The observed deformation of building geometries in 

the GCP-constrained orthomosaic likely reflects the 

correction of accumulated internal block errors, 

camera calibration instability, or uneven GCP spatial 

distribution.  

 

Several factors explain why the integration of GCPs 

can make buildings appear more distorted: 

 

Correction of Rubber-Sheeting Effects: 

Without GCPs, the software may distribute 

geometric errors across the model, effectively 

“stretching” or “warping” the orthomosaic to achieve 

a visually coherent result. When GCPs are 

introduced, the model becomes rigidly constrained to 

match known ground coordinates [61]. 

Consequently, vertical structures such as buildings 

may appear twisted or warped as the system corrects 

previously distributed distortions. 

 

Correction of Camera Tilt and Perspective: 

GCPs refine the absolute orientation of the imagery. 

If the UAV flight included camera tilt, oblique 

viewing angles, or lens distortion, the adjustment 

process may accentuate perspective-related 

deformations, such as building lean. These effects are 

not newly introduced errors but rather corrections 

that expose the true geometric relationships within 

the dataset [62]. 

 

Doming Effect Compensation: 

UAV-derived models processed without sufficient 

ground control often exhibit a systematic “doming” 

or “bowl” effect, where the center of the model is 

(a) (b) 
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vertically biased relative to the edges [63]. The 

incorporation of GCPs corrects this systematic error. 

However, if GCP distribution is inadequate 

particularly in areas with significant elevation 

variation, the correction may result in localized 

distortions, especially along building façades [64]. 

 

Elevation and DSM-Related Influences: 

Orthophotos are generated by projecting a three-

dimensional surface model (DSM) onto a two-

dimensional plane. Apparent distortions in buildings 

may therefore reflect limitations or inconsistencies in 

the elevation model rather than errors in the 

orthorectification process itself. In summary, 

orthomosaics generated without GCPs may appear 

visually smoother but typically exhibit lower 

absolute accuracy, often within the meter-level 

range. Conversely, GCP-constrained models achieve 

higher positional accuracy, frequently at the 

centimeter level, while potentially revealing 

geometric distortions that were previously concealed 

[65]. To reduce distortion effects in GCP-based 

processing, it is recommended to (1) increase the 

number of well-distributed GCPs, particularly 

around project boundaries and in areas with 

significant height variation; (2) incorporate 

independent checkpoints to verify positional 

accuracy; and (3) ensure that GCPs are placed on 

stable, flat ground surfaces rather than on sloped 

terrain or near vertical obstacles. 

 

3.3 Digital Surface Model (DSM) Analysis 

The DSMs generated from processing with and 

without GCPs exhibit generally similar shapes and 

overall surface characteristics. However, the DSM 

produced without GCPs appears to contain slightly 

more visible detail compared to the GCP-constrained 

model. Despite this minor variation, the difference is 

not readily distinguishable to the naked eye at normal 

viewing scale and becomes apparent only upon 

closer inspection or magnification, as illustrated in 

Figure 9. The vertical accuracy of DSM derived from 

UAV photogrammetry differ substantially depending 

on whether GCPs are incorporated. Although DSM 

generated without GCPs may adequately represent 

the relative morphology of the terrain, they 

commonly exhibit significant systematic vertical 

errors. These errors often manifest as tilting or 

“doming” (bowing) effects, resulting in reduced 

absolute elevation accuracy compared with models 

constructed using GCPs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 9: Comparison of DSM results: (a) with GCPs, and (b) without GCPs 
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Several key distinctions characterize DSM produced 

with and without GCPs. First, in terms of absolute 

accuracy, GCP-integrated models typically achieve 

high vertical precision, frequently within the 

centimeter range under appropriate survey 

conditions. In contrast, DSM generated without 

GCPs may exhibit substantially larger vertical 

discrepancies, in some cases reaching several meters. 

Second, UAV-based mapping conducted without 

GCPs or high-precision positioning systems (e.g., 

RTK/PPK GNSS) is particularly susceptible to 

systematic distortions, including doming effects in 

which the central portion of the model is vertically 

offset relative to its margins. Third, while non-GCP 

models may preserve relative topographic 

relationships such as the elevation difference 

between a hill and an adjacent valley, they often fail 

to provide reliable absolute elevations referenced to 

a geodetic datum. 

GCPs play a critical role in constraining 

photogrammetric models to real-world coordinate 

systems, thereby minimizing geometric distortions 

and improving overall vertical and horizontal 

accuracy. In summary, the integration of GCPs is 

essential for producing accurate, georeferenced DSM 

suitable for applications requiring high absolute 

vertical precision [66]. Conversely, DSM generated 

without GCPs may be adequate only for analyses 

focused on relative topographic variation where 

absolute elevation accuracy is not a primary 

requirement. From a practical perspective, the results 

emphasize that the choice between GCP-supported 

and non-GCP workflows must be application-driven. 

For projects requiring only relative measurements, 

such as qualitative terrain visualization or 

preliminary site assessment, non-GCP processing 

may be operationally efficient. However, for 

engineering design, cadastral mapping, volumetric 

computation, or infrastructure monitoring, the 

integration of well-distributed GCPs remains 

indispensable. 

  

4. Conclusion 

This study presented a comprehensive comparative 

evaluation of UAV photogrammetric mapping 

performed with and without the integration of GCPs, 

with the objective of quantifying differences in, 

orthophoto quality, and DSM reliability. The 

comparison of orthophotos illustrates the trade-off 

between visual smoothness and geometric 

correctness. The model processed without GCPs 

appeared visually coherent and structurally smooth 

because the photogrammetric solution optimized 

internal image alignment without rigid external 

constraints. However, this “free-network” 

configuration inherently distributes systematic errors 

across the block, potentially masking distortions such 

as global shifts or vertical bias. When GCPs were 

introduced, the model became rigidly anchored to 

real-world coordinates, exposing geometric 

inconsistencies that were previously concealed. 

Apparent building deformation in the GCP-based 

orthomosaic is therefore not necessarily an 

introduced error, but rather a manifestation of 

corrected systematic distortions within the 

unconstrained solution. 

The DSM comparison reinforces these 

conclusions. While both DSMs preserved general 

terrain morphology, the non-GCP model remains 

susceptible to vertical bias and doming effects, which 

compromise absolute elevation accuracy. In contrast, 

the GCP-integrated DSM demonstrated improved 

vertical referencing, making it more suitable for 

engineering, volumetric analysis, and applications 

requiring datum-consistent elevation data. These 

findings confirm that relative topographic 

representation may be achievable without ground 

control, but reliable absolute positioning requires 

external constraints. From an operational 

perspective, this study underscores that the selection 

of a UAV mapping workflow should be guided by 

project requirements rather than convenience or 

visual appearance of outputs. For applications 

involving qualitative visualization or relative change 

detection, a non-GCP workflow may provide 

acceptable results with reduced field effort. 

However, for survey-grade mapping, infrastructure 

planning, cadastral applications, or any task 

demanding centimeter- to decimeter-level accuracy, 

the integration of well-distributed and accurately 

surveyed GCPs remains essential. In conclusion, the 

results affirm that GCPs continue to play a 

fundamental role in ensuring positional reliability in 

UAV photogrammetry. While technological 

advancements in onboard GNSS positioning are 

reducing dependency on extensive ground control, 

this study demonstrates that external validation and 

geometric constraints remain critical for achieving 

dependable and defensible geospatial products. 
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