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Summaries
Aerial photogrammetry using Unmanned Aerial Vehicles (UAV) has emerged as a powerful

technique for generating high-resolution three-dimensional (3D) models across various domains,
including infrastructure inspection, mining surveying, hazard modeling, and environmental
monitoring. Structure from motion (SfM) forms the foundation of this technique, enabling
simultaneous estimation of camera intrinsic and extrinsic parameters and facilitating the creation of
3D products such as dense point clouds via Multi-View Stereo (MVS). Enhancing the reliability of
UAV-based photogrammetry using SfM, while minimizing ground measurements such as ground
control points (GCPs), is highly desirable.

Recently, relatively expensive RTK drones equipped with RTK-GNSS receivers - capable of
recording the latitude, longitude, and altitude of the optical center of each image with centimeter-
level accuracy - have gained popularity. This advancement provides auxiliary information for SfM
to improve the accuracy of camera parameter estimation and, in turn, enhance the accuracy of UAV-
based photogrammetry. However, several practical issues in the SfM process can potentially degrade
the final model accuracy. Specially, these include:

1. Concerns about accuracy degradation due to non-optimal SfM analysis settings

SfM involves many analysis setting parameters, but most previous studies have evaluated the
accuracy and precision of SfM using only standard analysis settings. Thus, the influence of analysis
settings on SfM accuracy and precision remains unclear. Since the optimal settings differ by image
set and are typically unknown in practical situations, it is important to identify image acquisition
methods that are robust to non-optimal analysis settings. Recent reports suggest that CPA-2D-GP
(Constant-Pitch-Angle, Two-Directional, and Gridded-Position) flight design with pitch angles of
20°-35° may be robust under such conditions, but further validation under broader conditions is
necessary.

2. Indeterminacy of intrinsic parameters in image-based SfM using non-RTK drone data

In UAV-based photogrammetry, SfM with self-calibration is commonly used to estimate camera
intrinsic parameters. However, when SfM is performed using only images - referred to as image-
based SfM, and the combination of shooting method and scene geometry falls into a critical
configuration, certain intrinsic parameters may become indeterminate, resulting in inaccurate
outcomes. It remains unclear which intrinsic parameters may be indeterminate, under which
combinations of camera motion and scene geometry and how it manifests in practice.

3. Introduction of inaccuracies in intrinsic parameter estimation due to in-camera distortion
correction

StM typically applies lens distortion correction using the Brown model, under the assumption that

no prior distortion correction has been applied to the input images. However, some UAV cameras



perform manufacturer-specific geometric corrections when saving images. Applying the Brown
model to such pre-corrected images may introduce additional errors in intrinsic parameter estimation.

To address these issues, this study conducted three investigations:

First, the robustness of SfM accuracy and precision across different analysis settings was examined
using 15 image-sets and 750 analysis settings. Images captured at three different GSDs and five pitch
angles by the CPA-2D-GP flight design were exploited in this study. SfM was performed for 750
analysis settings with camera coordinates measured by RTK-GNSS integrated into the bundle
adjustment (BA). Results demonstrated that CPA-2D-GP flight design with 20° and 30° pitch angles
was the most robust against the non-optimality in SfM settings, with RMS errors for all validation
points not exceeding 0.056 m. These results suggest that employing these pitch angles minimizes
concerns related to SfM settings, and yields the most stable estimation of intrinsic parameters. These
findings confirmed the generality of the robustness of CPA-2D-GP flight design against non-optimal
SfM settings, as suggested by the previous research.

Second, the indeterminacy of intrinsic parameters in SfM was examined using images captured by
Constant-Pitch-Angle, One-Directional, and Gridded-Position (CPA-1D-GP) flight design.
Numerical experiments demonstrated that the focal length (f) and principal point coordinate (cy)
were indeterminable in images acquired under ideal conditions, where the UAV maintained a
perfectly constant altitude and orientation across strips. This indeterminacy was also confirmed in
real datasets, manifested as instability of intrinsic parameter estimation across 30 different SfM
settings and in 50 repeated trials under a standard setting. However, introducing intermediate strips
to transform CPA-1D-GP into CPA-2D-GP flight design effectively mitigated this issue.

Finally, this study evaluated inaccuracies introduced by in-camera distortion correction applied
during image saving, prior to the SfM process, by focusing on its effect on systematic deformation
in digital elevation models (DEMs) derived from images captured using CPA-2D-GP flight design.
DEMs generated from images with and without distortion correction were compared to reference
DEMs. The results showed that, in image-based SfM, DEM deformation occurred regardless of
whether in-camera distortion correction was applied. However, when camera coordinates were
integrated into the bundle adjustment for optimizing camera parameters, the deformation was
eliminated.

In conclusion, this study systematically investigated practical issues related to the indeterminacy
and inaccuracy of intrinsic parameters in UAV-based photogrammetry using SfM, and proposed

experimentally validated strategies to mitigate these issues.
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Chapter 1. Introduction

1.1. Background

Unmanned aerial vehicle (UAV)-based photogrammetry is a technique of reconstructing the three-
dimensional (3D) models of target area from overlapping images acquired from UAVs. In recent
years, it has emerged a dominant method for acquiring high-resolution spatial data efficiently and
cost-effectively. This technique has been widely adopted in various domains such as infrastructure
inspection, mining surveys, hazard modeling, and environmental monitoring. For example, this
method is utilized to obtain digital elevation models (DEMs), digital surface models (DSMs) for
environmental monitoring [1-3] or mining surveying and landslide modeling [4-6], as well as to
acquire shallow-water bathymetric data [7,8]. The rapid adoption of UAV-based photogrammetry is
largely driven by advances in technology, including the proliferation of low-cost UAVs, user-
friendly flight planning software, and Structure from Motion with Multi-View Stereo (SfM-MVS)
processing tools.

The backbone of UAV-based photogrammetry is Structure from motion (SfM), which
reconstructs 3D geometry from overlapping 2D images by estimating camera parameters (intrinsic
and extrinsic parameters). These parameters are further refined through bundle adjustment (BA) and
subsequently used in MVS to generate a dense point cloud. Therefore, the accuracy of the StM
process is a key factor influencing the MVS process and the final derived models, such as 3D meshes
or DEMs.

Several factors can affect the accuracy and precision of UAV-based photogrammetry using SfM.
The impact of flight height, the number and distribution of ground control points (GCPs) has been
extensively investigated [4,9-11]. Sanz-Ablanedo et al. (2018) [12] demonstrated that evenly
distributing GCPs across a target area of several km? - ideally in a triangular mesh grid - yields RMS
errors approximately twice the average GSD when using more than two GCPs per 100 images.
According to Aydin and Yakar (2023) [13], drones flown at lower altitudes achieved higher vertical
accuracy, as a 70-meter increase in flight height resulted in a 3 cm decrease in vertical accuracy,
while horizontal accuracy remained largely unaffected. Recently, drones equipped with onboard
RTK-GNSS receivers have emerged, providing centimeter-level camera position of each image’s
optical center. This allows SfM to incorporate these precise camera positions into BA to improve the
estimation of camera parameters and georeferencing, which in turn, enhances the accuracy of UAV-
based photogrammetry [14,15]. Despite their benefits, GCPs and RTK-GNSS are costly and time-
consuming to collect, especially in large or hazardous areas. Therefore, it is desired to improve the

reliability of UAV photogrammetry using SfM while minimizing reliance on external field



measurements.

In addition to field data, flight design (i.e., image acquisition plan) and analysis settings in StM
process significantly the SfM performance. For instance, a better flight design can improve camera
parameters estimation, thereby enhance the accuracy and precision of SfM [9,16,17]. Various UAV
flight designs have been investigated. Among these, the constant-pitch-angle (CPA) flight design is
widely adopted [18-23]. In this flight design, the camera is tilted at a fixed pitch angle along each
flight strip. When UA Vs fly in opposing directions, local convergence of viewing angles is achieved,
facilitating more effective 3D reconstruction.

However, several practical issues in the SfM process can degrade the final model accuracy.

The analysis settings used in the SfM software can greatly influence the accuracy and precision of
StM. Adjusting settings related to feature points detection and bundle adjustment procedures in SfTM
can significantly change its results. Despite this, most existing studies have predominantly focused
on evaluating SfM performance using a single analysis setting (e.g., the default settings) [16], [17],
[18], [21]. Takata et al. (2021) [24] observed that SfM performance can be robust against non-optimal
settings when using Constant-Pitch-Angle, Two-Directional, and Gridded-Position (CPA-2D-GP)
flight design with 20°-35° pitch angles. Since optimal analysis settings are image-set dependent and
generally unknown in advance, broader validation using diverse image-sets and non-optimal SfM
settings is necessary.

Intrinsic camera parameters - such as focal length (f), principal point coordinates (cx, cy), radial
distortion, tangential distortion - can be estimated during the bundle adjustment (BA) stage in a
typical SfM pipeline (self-calibration), or alternatively, calculated using imagery captured specially
for calibration purposes (pre-calibration). However, in UAV-based photogrammetry, where
lightweight and compact drones with small cameras are commonly used, pre-calibrated intrinsic
parameters are often considered unstable [25—28]. This instability can arise from mechanical effects
during camera shooting, changes in image sensor temperature [19,29,30] or ambient temperature
[31] during drone operations, potentially affecting the sensor geometry. Therefore, self-calibration
has become the preferred approach for estimating these intrinsic parameters.

SfM using images captured by CPA flight design has been reported to perform well when the
camera positions measured by RTK-GNSS are incorporated in BA [20,22]. However, when camera
position measurements are unavailable, referred to as image-based SfM, the performance of SfM
becomes notably unstable. Sanz-Ablanedo et al. [19] reported poor image-based SfM performance
using CP flight images captured at 25° pitch angle, highlighting non-linear deformation (dome effect).
Their study also noted large mean vertical errors at validation points located at the four corners of
the model, which can be caused by inaccuracy in the estimation of focal length (f). Similarly, Kon et

al. [32] reported dome errors accompanied with large RMS errors of all validation points, and in



some cases, alignment failures, across various SfM analysis settings (1500 trials) for images captured
by CPA flights at 20° pitch angle. For these 1500 SfM trials, the standard deviation of f and cy were
notably large, 209 pixels and 84 pixels for camera Phantom 4 RTK drone, and 53 pixels and 36 pixels
for camera SONY a7 III drone, respectively (unpublished). Observations of large mean vertical
errors at validation points and alignment failures, coupled with the instability in estimations of f and
cy, suggest that factors beyond the dome effect may contribute to poor performance of image-based
SfM. Despite these observations, the root causes of this instability have not been thoroughly
investigated.

It has been mathematically shown that certain combinations of camera motion and scene geometry,
known as critical configurations, can introduce indeterminacy into the bundle adjustment with self-
calibration [33]. This study hypothesizes that the instability in camera parameters observed in CPA-
based image sets stems from such critical configurations, leading to inaccurate or even incorrect
model reconstructions.

Cameras inherently introduce lens distortions, which are typically modeled during the SfM process
using the Brown distortion model [34]. This model accounts for common distortion types, such as
radial and decentering distortions, and assumes that the input images are distorted and have not
undergone any internal geometric correction. However, many UAV-mounted cameras (e.g., Phantom
4 RTK) apply in-camera geometric corrections before exporting images in JPEG format [35]. When
such pre-corrected images are subsequently processed using the Brown model, the estimated
distortions may instead reflect compensations for the prior in-camera adjustments, rather than
representing the true optical distortions. This mismatch can lead to additional inaccuracies and
systematic errors in the SfM-derived outputs.

Empirical evidence shows that several digital elevation models (DEMs) generated through SfM
photogrammetry using UA Vs with parallel-viewing image acquisition exhibit broad-scale systematic
deformations, such as dome or bowl effects [15,35,36]. The dome/bowl effects in DEMs tend to

render them unsuitable for change detection and monitoring studies.

1.2. Objectives

This dissertation aims to examine the causes of indeterminacy and inaccuracy in intrinsic
parameter estimation in UAV-based photogrammetry using Structure from Motion (SfM), and to
explore strategies to address these issues. The specific research questions addressed in each chapter
are as follows:

1. Robustness of SfM accuracy and precision against non-optimality in analysis settings
(Chapter 3)

» Does the robustness of camera pitch angles between 20° and 35 °, as reported by Takata et



al. (2021), remain consistent across a broader more image-sets and under different non-
optimal analysis settings?
» To what extent does the performance of SfM degrade when the analysis setting is not
optimal?
2. Indeterminacy of camera intrinsic parameters in Structure from Motion using images from
Constant-Pitch flight design (Chapter 4)
» Which camera intrinsic parameters can be indeterminate in SfM with self-calibration using
only images?
» Under what combinations of camera motion and scene geometry does this indeterminacy
arise and how it can be mitigated?
» How does the indeterminacy of camera intrinsic parameters manifest in real-data UAV
surveys and what are its practical implications?
3. Impact of in-camera distortion correction on systematic deformation in UAV-based
photogrammetry using Structure from Motion (Chapter 5)
» Does in-camera distortion correction lead to systematic deformation — such as dome or
bowl effect —in DEMs derived from SfM using UAV imagery?
» 1If so, what remedies or processing strategies can be implemented to mitigate this

deformation?

1.3. Thesis structure

This dissertation is organized into five chapters. The following paragraphs provide an overview
of each chapter:

Chapter 1 introduces the background, objectives and the scope of the study, outlining the key topics
addressed in the subsequent chapters.

Chapter 2 presents the theoretical foundation of UAV-based photogrammetry using SfM. It covers
the principles of SfM processing, analysis settings used in SfM software, intrinsic
parameter estimation, overview of UAV flight design, and the role of in-camera distortion
correction.

Chapter 3 examines the robustness of SfM accuracy and precision using 15 image sets and 750
different analysis settings. The images were acquired over relatively flat terrain using
CPA-2D-GP flight design. The accuracy and precision of SfM is evaluated through the
root mean square (RMS) error of al validation points. In addition, the correlation between
estimated f and mean vertical error of all validation points is also analyzed.

Chapter 4 investigates the indeterminacy of intrinsic parameters in SfM using images from CPA-

1D-GP flight design. The indeterminacy of two basic intrinsic parameters f and cy is



examined in numerical experiments and validated using real-data captured at three ground
sample distances (GSDs). A practical strategy for mitigating this indeterminacy is also
proposed.

Chapter 5 addresses the inaccuracy of intrinsic parameters estimation resulting from in-camera
distortion correction, applied before the SfM process, with a focus on its effect on
systematic deformation in digital elevation models (DEMs). Three images acquired by
CPA-2D-GP flight design are exploited to generate DEMs. The resulting deformations
are assessed by comparing DEMs created from distortion-corrected and uncorrected

images against reference DEMs.
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Chapter 2. Fundamentals of UAV-based photogrammetry and
Structure from Motion

2.1. UAV-based photogrammetry

Unmanned Aerial Vehicle (UAV)-based photogrammetry refers to the process of reconstructing
three-dimensional (3D) scenes from two-dimensional (2D) images captured by UAVs. The image
acquisition process involves projecting real-world 3D points onto a 2D image plane. The relationship
is governed by a coordinate transformation (Fig. 2-1), from the world coordinate system to the image

(pixel) coordinate system. This procedure generally involves two main steps:

World coordinates Camera coordinates Pixel coordinates

[Xs Yo Zs] X, Yo, Z] [u,v]
Rigid ‘ Projective

3D to 3D 3D to 2D

| |
Extrinsic parameters Intrinsic parameters

Figure 2-1. Coordinate transformation from 3D point to 2D.
a) Transformation from world coordinate system to camera system:

This step refers to a rigid body transformation that relates a point X (Xw, Yw, Zw) in the world
coordinate system to a corresponding point Xc (X., Y, Zc) in the camera coordinate system (Fig. 2-
2). The transformation is performed using the Helmert transformation, which consists of:

» A rotation matrix R, representing the camera's orientation, and
® A translation vector t, representing the camera position relative to the world coordinate origin.

These parameters are collectively known as the camera extrinsic parameters, which describe the

camera’s pose (position and orientation) in 3D space.

This transformation can be mathematically expressed as:

XC XW
Ye|=R|Yw|+t 2-1)
Z; Zy

b) Transformation from camera coordinate system to pixel coordinate system:
In this step, the 3D point Xc (X., Y., Zc) is projected onto 2D image plane and subsequently
mapped to the pixel coordinate system, represented as (u,v) (Fig. 2-2). This projection is controlled
by the camera intrinsic parameters, which describes the internal geometric characteristic of the

camera.
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Figure 2-2. Pinhole projection of a 3D point X onto a camera image plane.

The normalized image coordinates on the image plane are defined as:

Xc Y
——C y=_L 2-2)
*=7.7 Tz,
The mapping from image plane coordinates to pixel coordinates is then expressed as:
x
[u] _ [f x 0 Cx] [y] 2-3)
v 0 fy, ¢ 1

Where: (u, v): the pixel coordinates of the projected point.
fs, fy: camera focal length (pixels).
Cx, Cy: coordinates of the principal point (pixels), which is the intersection of the optical
axis with the image plane (Fig 2-2).

Equation 2-3 assumes an ideal pin hole camera model without any lens distortion.

2.2. Intrinsic parameters estimation

In photogrammetry, camera’s intrinsic parameters describe camera’s internal geometry and
optical characteristics. These typically include the focal length (f), the principal point coordinates
(cx, cy), and lens distortion coefficients that model optical distortions such as radial and tangential

distortions.

2.2.1. Radial and tangential distortions.

v' Radial distortion occurs when light rays bend more near the edges of a lens than at its optical
center. This causes straight lines to appear curved, leading to effects like barrel or pincushion
distortion (Fig 2-3). Radial distortion becomes more pronounced with smaller focal lengths (wide-

angle lenses).



v" Tangential distortion (Fig 2-4) arises when the lens is not parallel with the image plane. This

misalignment causes the image points to shift tangentially, resulting in asymmetric deformation of

-

the image geometry. Such effects are modeled using tangential distortion coefficients.

i

Negative radial distortion P0.51t1ve.radlal
No distortion distortion
(Barrel distortion)

(Pincushion distortion)

Figure 2-3. Effect of radial distortion on a square grid.
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Figure 2-4. Effect of tangential distortion. The solid lines represent case of no distortion and dashed
lines are with tangential distortion (right) and (left) how tangential and radial distortion shifts a pixel
from its ideal position.

2.2.2. Brown-Conrady distortion model
To mathematically describe these distortions, the 2D image coordinates initially are normalized as
follows:

)

_Xe Y
A A

C

(2-4)

Y =

The distorted image coordinates (x', y') are then calculated using the Brown-Conrady distortion

model (Brown model) [37]:
x'=x (1 +kir? + kor* + kar® + kar®) + [pi(r>+2x3) + 2paxy] (2-5)



y' =y (1 + ki + kot +kar® + kar) + [pa(r*+2y?) + 2pixy] (2-6)
The final pixel coordinates (u, v) of projected points are obtained by applying intrinsic parameters.

For instance, in Agisoft Metashape v2, the mapping is expressed as:

u=w*05+cx+xT+x'bi +ybs -7
v=h*0.5+c¢c,+yf (2-8)
Where:

e (w, h): image width and height (in pixels)

o ki, ko, ks, kq: radial distortion coefficients

e pi1, p2: tangential distortion coefficients

e Dy, ba: skew coefficients (often negligible or zero)

The Brown model assumes that distortions are physically introduced by the lens and thus can be
modeled and corrected accordingly. However, in some consumer-grade UAV cameras, distortion
corrections are automatically applied before the image is saved in JPEG format - prior to any
photogrammetric processing [35]. These in-camera corrections typically aim to:

+ Reduce the visual geometric artifacts (e.g. straight lines appearing curved), primarily caused by
radial distortion.

+ Enhance image appearance through color adjustments, sharpening, or contrast enhancement.

While these corrections may improve image aesthetics, they often do not conform to the Brown
model. As a result, processing pre-corrected images using the Brown model can introduce

inconsistencies and systematic errors in the estimation of intrinsic parameters during SfM processing.

2.3. Structure from Motion

Structure from Motion (SfM) is the key technique in UAV-based photogrammetry. It enables the
simultaneous estimation of scene structure and camera intrinsic and extrinsic parameters from a set
of overlapping 2D images. The image capture process is modeled as a 3D-to-2D projection using the
mathematical transformations introduced in Equations (2-1) and (2-2) from Section 2.1. The goal of
StM is to estimate the following parameters simultaneously:

e Extrinsic parameters: define the relative position and the orientation of each camera.

e [ntrinsic parameters: represent the geometric characteristics of the camera, such as focal length,
principal points and distortion coefficients.

* 3D point coordinates: the relative spatial coordinates of scene points in object space, reconstructed
from multiple views.

The process of SfM with self-calibration is illustrated in Fig 2-5, which outlines the general

workflow of UAV-based photogrammetry for generating a dense point cloud.
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Figure 2-5. UAV SfM-photogrammetry workflow for generating a dense point cloud.

SfM has gained popularity in recent years due to its capability to reconstruct 3D models from
unordered and heterogeneous images, without prior knowledge of the camera parameters [30]. It
differs from traditional photogrammetry in three main aspects:

(i) Automatic feature matching: image features can be detected and matched across variations in
scale, orientation and viewpoint, which is particularly useful for images captured from small,
unstable platforms;

(ii) No prior geolocation required: SfM can operate without known camera positions or GCPs to
estimate camera parameters, although this auxiliary information can be integrated to enhance
accuracy.

(ili) Automatic camera calibration: intrinsic and extrinsic parameters can be estimated and refined
automatically during the SfM process as self-calibration, without the need for dedicated calibration
procedures (pre-calibration).

Full details of different steps of the SIM-MVS workflow can be found in Lowe (2004), Snavely et
al. (2008), and James and Robson (2012) [38—40]. The standard SfM procedure consists of three
main steps:

1. Feature point extraction

Distinctive image features (keypoints), represented by pixel coordinates (uq, va) are detected in

each image. These features are invariant to changes in scale, rotation, and illumination changes.
2. Feature point matching

Corresponding feature points are matched between overlapping images by comparing their

descriptors. Each matched pair is assumed to represent the 2D projections of the same 3D point in

the scene.
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3. Bundle adjustment (BA)

Once feature correspondences are established, the extrinsic and intrinsic camera parameters, along
with the 3D coordinates of the matched points, are jointly estimated and refined through bundle
adjustment (BA). This process minimizes the overall reprojection error (Fig 2-6), defined as the
difference between the projected point (u.,vc) (computed from the estimated 3D model and
parameters) and the observed feature location (ug, vq) (detected in the image).

Reprojection error = (U, V) - (Ug, Va)

The objective function in SfM is expressed as the root mean square (RMS) of all reprojection
errors:

Objective function = RMS of all reprojection errors

For successful camera estimation, this objective function must have a unique global minimum. If
multiple minima exist, the optimization algorithm may converge to an incorrect solution, leading to

reconstruction failure.

- 3D point calculated from
f matched feature points

Detected points
(ug,va)

»
‘

/
Reprojection error Computed points
(u.,v)

P o J

Figure 2-6. Reprojection error calculation

Use of auxiliary constraints

In some cases, additional constraints can be incorporated into the bundle adjustment to improve
the estimation of camera parameters. For example, when camera's position at the moment of image
capture is recorded using an onboard RTK-GNSS receiver, an additional error (RTK-GNSS error)
can be added to the objective function to represent the discrepancy between the estimated and
measured camera positions:

Objective function = RMS of reprojection errors + RMS of RTK-GNSS errors

While this integration of such geolocation data can significantly improve the accuracy of
parameter estimation, but it also increases the complexity, cost, and time required for data collection.

Validation points

After the successful estimation of camera parameters through SfM, additional ground points - not

used in the original feature matching or BA process - can be reconstructed by triangulation using the
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known camera parameters. These are referred to as validation points.

The process is similar to bundle adjustment, with two key differences:

e The camera parameters are fixed, having already been estimated in the previous steps.
e Only the 3D coordinates of the new points are optimized.

This technique is commonly employed to evaluate the accuracy and precision of the SfM output.
The estimated 3D coordinates of validation points are compared with their ground-truth coordinates
obtained from static GNSS surveys. The RMS error between the estimated and measured coordinates
is computed as:

Validation point error = RMS of differences between estimated and measured coordinates of

validation points

2.4. UAYV flight design

One of the critical factors influencing the accuracy and precision of UAV-based photogrammetry
using SfM is the flight design, particularly the image acquisition pattern. A well-designed flight plan
can enhance camera parameters estimation and improve the overall quality of SfM outputs [9,16,17].
Consequently, various UAV flight strategies have been investigated to optimize 3D reconstruction
performance.

Constant-Pitch-Angle (CPA) flight patterns are widely employed image acquisition method in
UAV-based photogrammetry [18-22,32,41]. In these flight designs, the camera maintains a fixed
pitch angle along the flight lines, and the optical axes of the images within the same strip are parallel.
When the UAYV flies in opposing direction, local image convergence is achieved, that facilitates 3D
reconstruction.

Two commonly used CPA configurations are:

e (CPA-2D-GP: Constant-Pitch-Angle, Two-Directional, and Gridded-Position
e CPA-1D-GP: Constant-Pitch-Angle, One-Directional, and Gridded-Position

In CPA-2D-GP flight design (Fig 2.7a), the UAV flies in two directions and includes intermediate
strips placed orthogonally between adjacent flight lines. In contrast, CPA-1D-GP (Fig 2.7b) involves
flight in a single direction per strip, without intermediate strips. CPA-1D-GP mission can be created
using built-in mission planning tools such as Pix4Dcapture.

CPA-based flights - especially with 0° pitch angle — have been shown to result in poor performance
and low consistency in SfM [10,15,36]. These limitations arise primarily because camera viewing
directions parallel to the ground make it difficult or impossible to accurately estimate key intrinsic
parameters, particularly the focal length (f).

Other image acquisition patterns have demonstrated significantly better performance. For instance,

Sanz-Ablanedo et al. (2020) [17] showed that Point of Interest (POI) flight, where all camera
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orientations converge toward the center of the survey area, achieved the highest accuracy with
minimal dome errors (less than 0.25 m), due to strong image network geometry. Similarly, James et
al. (2014) [36] demonstrated that including oblique images in the acquisition plan significantly

reduces DEM error, even without using control points.

Camera tilted 20°

Flight direCtion

ar
8etarea on the
81 Oung

(a) CPA-2D-GP flight design (b) CPA-1D-GP flight design

Figure 2-7. CPA-2D-GP and CPA-1D-GP flight design at 20° pitch angle.

Beyond the above flight patterns, several other mission types are used to meet different mapping
objectives:
¢ Double grid flight: Combines two CPA-1D-GP flights flown in opposite directions. This pattern
increases image overlap and directional variation, improving model stability and reducing systematic
errors.
¢ Corridor mission: designed for linear features such as roads, rivers, or pipelines. The camera
alignment and spacing are optimized for narrow, elongated areas.
e Waypoint (custom) missions: provide flexible image acquisition by allowing surveyors to

manually set flight paths, camera angles, and intervals.

2.5. Analysis settings in SfM

The accuracy and precision of UAV-based photogrammetry using SfM is highly influenced by the
analysis settings used in photogrammetric software. These settings control feature detection,
matching, and bundle adjustment, which in turn affect the estimation of camera parameters and 3D
point coordinates. This section provides an overview of the key analysis settings in Agisoft
Metashape version 1.5.5, categorized into three main groups: align photos, reference settings, and

optimize camera alignment.

2.5.1. Align photos
This group of settings governs the initial feature extraction and image alignment process.
» Accuracy: controls the size of the input images used for feature extraction.

Setting values: High, Medium
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The “High™ accuracy setting uses the original images.
The “Medium” accuracy setting causes images downscaling by factor of 4 (two times by each
side).
Higher accuracy settings help to obtain more accurate camera position estimates but longer
processing time.
» Key point limit: specifies the maximum number of feature points (keypoints) detected in each
image.
Setting values: the standard settings is 50,000 per image. In this study, values equivalent to 1/2,
1/3, 1/4 of the average detectable key points were tested.
» Tie point limit: sets the maximum number of tie points (matched key points across images)
retained for each image after feature matching.

A value of 0 disables any filtering and retains all tie points.

2.5.2. Reference settings
These parameters specify the weighting of image and tie point positions in the objective function
of bundle adjustment, especially when external reference data (e.g., RTK-GNSS or GCPs) is used.
» Camera accuracy
Sets the weight attributed to the camera position data (e.g., RTK-GNSS or GCPs) in bundle
adjustment.
Setting values: 0.25, 0.5, 1, 2, 4 times the camera position precision embedded in each image.
Higher values indicate greater trust in externally measured camera positions.
» Tie point accuracy
Sets the weight for the accuracy of tie points position in bundle adjustment.
Setting values: 0.25, 0.5, 1, 2, 4 times the default tie point accuracy (1) in pixel.

This corresponds to positional uncertainties ranging from 0.25 to 4 pixels.

2.5.3. Optimize camera alignment
This setting determines which intrinsic camera parameters are estimated and optimized during
bundle adjustment. The optimization is based on the Brown distortion model, which includes both
radial and tangential distortion parameters, along with focal length, principal point, and optional
skew parameters.
Various combinations of parameters can be selected, depending on assumptions about the camera
model and distortion characteristics.
Setting values:
¢ £, cx,cy, kl-k4, pl-p4, b1, b2
* f cx, cy, kl-k4, pl—p4
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¢ f cx, cy, kl-k4, pl-p2
e f cx, cy, kl1k3, pl—p4

¢ f, cx, ¢y, kl-k3, p1—p2: commonly used as the standard setting.

Where:

f: focal length

cX, cy: principal point coordinates

k1 — k4: radial distortion coefficients

pl — p4: tangential distortion coefficients

b1, b2: skew coefficients (usually negligible)
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Chapter 3. Robustness of SfM accuracy and precision against non-
optimality in analysis settings

3.1. Introduction

The accuracy and precision of UA Vs - based photogrammetry that employs Structure from Motion

and Multi-View Stereo (SfM-MVS) can be affected by several factors, including the analysis settings

used in the SfM process. In this study, the robustness of SfM accuracy and precision against the non-

optimal analysis settings was evaluated by performing 750 different analysis settings of SfM on 15

image-sets captured at five distinct pitch angles and three distinct ground sample distances (GSDs).

All flights were conducted over a 100 x 100 m2 flat surface using the Constant-Pitch-Angle, Two-
Directional, and Gridded-Position flight design (CPA-2D-GP) flight design (Fig 2-7a). Camera

coordinates measured by RTK-GNSS were integrated into the bundle adjustment (BA) during SfM

and georeferencing. The accuracy and precision of SfM were evaluated using nine validation points

distributed evenly across the target area.

3.2. Methods

3.2.1. Data acquisition

Experiments were conducted to capture a flat 100 x 100 m? area, constructed for housing purposes,

in Tsukubamirai City, Ibaraki Prefecture, Japan, to capture a flat 100 m x 100 m area. Fig. 3-2 shows

the ground conditions, which are mostly bare land partly covered with short vegetation types. The

meteorological conditions listed in Table 3-1 were recorded at Tsukuba weather station during the

flight.

Table 3-1. Meteorological conditions during image acquisition

Ground sample distance

GSD20 GSD15 GSD10
(mm)
Date of data acquisition 21 July 2020
Time of day 11:03-11:41 13:39-14:23 14:33-15:28
Site dimension (m?) 100 100 100
Solar radiation
(MJ/m?/day) 1.1 1.33-1.44 1.2-1.44
Wind speed (m/s) 5 3 2.8
Weather condition Cloudy Cloudy Cloudy

Aerial photographs were collected using a high-precision 1-inch 20 MP CMOS camera sensor

attached to a lightweight quadcopter UAV (DJI Phantom 4 RTK; hereafter named PARTK). The

assembled camera lens had an actual focal length of 8.8 mm and a mechanical shutter feature that
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avoided typical rolling shutter problems. This UAV embeds an RTK-GNSS to produce a highly
accurate camera position during the exposure time. During image acquisition, the UAV can

either stop for each shot or capture images while moving for efficiency.

(@) (b)

Figure 3-1. Actual terrain situation captured by pitch angle of 40° of GSD1S5 for bare land (a) and
vegetation covering area (b).

amera position
0 25 50 75m |
— st

(a) (b) (c)

Figure 3-2. Distribution of camera positions and validation points at the study site overlaid with
orthophotos generated by GSD 10 (a), GSD 15 (b), and GSD 20 (¢).

At each validation point, world coordinates were measured by Aerobo markers with a built-in
GNSS receiver.

A Constant-Pitch-Angle, Two-Directional, and Gridded-Position flight design (CPA-2D-GP) was
used for data acquisition. The flight design was generated using a 3D photogrammetry preset feature
in the PARTK system. On specifying the flight altitude and overlap ratio, the 3D photogrammetry
module automatically generates the flight route, captures images at two-second intervals, and records
camera coordinates using RTK-GNSS at the time of image capture. In this study, PARTK was flown
at altitudes of 73, 55, and 36 m above ground level (at the drone’s home point), yielding three GSDs
of 20, 15, and 10 mm. All photographs captured from parallel flight lines achieved the same overlap
ratio of 80% forward and 60% side lap when the optical axis of the camera was at the heading nadir.
This overlap ratio is typically used for the UAV data collection [42,43]. Fig. 3-2 shows the geometry
and corresponding image strips yielded at each GSD when the camera was tilted by a fixed pitch

along the flight courses of 0°, 10°, 20°, 30°, and 40°. Table 3-2 lists the parameters of the individual
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flights with the designation and number of images used.

Validation points

A set of nine validation points was employed to evaluate the accuracy of SfM performance using
the Aerobo marker. These points were uniformly distributed across the study site (Fig. 3-2) and
functioned as fixed reference points. With a built-in GNSS receiver, Aerobo makers collect the
coordinates of the validation points positioned at the centers of circular black-and-red markers (with
a diameter of 0.24 m) with sub-centimeter accuracy. Their red-black reflection color enables

automatic detection by SfM processing software [44].

Table 3-2. Summary of the 15 flights used in this study.

Image Pitch angle Number of | Shooting attitude Overlap ratio
set 1°] images [m] | %]
1 0 57
2 10 65
73
3 20 73
4 30 80 (GSD 20)
5 40 92
6 0 87
; ;8 ]9077 55 80% forward,
o) s
9 30 7 (GSD 15) 60% side lap.
10 40 132
11 0 166
12 1 174
13 28 127 36
14 30 207 (oD 19
15 40 222

3.2.2, SfM processing

For each image set acquired by PARTK, SftM was performed using the commercial software
package Agisoft Metashape version 1.5.5. The procedure of SfM is illustrated in Fig. 2-5, known as
“align photos™ in Metashape software. In this process, the projection centers recorded by RTK-GNSS
embedded in the images taken by PARTK were used for both bundle adjustment and georeferencing
processing.

In this study, SfM focused only on self-calibration, where the internal camera parameters were
estimated using SfM. This is because the camera attached to the drone is of consumer grade, and the
intrinsic parameters of such cameras are generally not considered stable [45].

The absolute coordinates of the validation points evaluated by multi-view triangulation using the
camera parameters estimated in SfM were used to validate the accuracy of the SfM-derived model.

The robustness of SfM was tested using a combination of the analysis settings summarized in
Table 3-3. This resulted in 750 analysis settings, with two trials for each image set. The analysis
settings considered here are the fundamental components commonly processed in most SfM-based

software, including Metashape.
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In Table 3-3, the input image quality for SfM process excluded “low image size” (downscaled

original image size by a factor of four for each size) because it naturally resulted in insufficient

number of feature points, leading to an unstable SfM process.

Table 3-3. Summary of the analysis settings tested in this study.

Setting items

Meaning - Setting values

Align photos

Accuracy

v

High: original size
Medium: image downscaled by a factor of two at each image side.

v

Set the size of input images for feature extraction.

Setting values: High, medium

Key point limit

v
v

Set the maximum number of feature points detected in each image.

Setting values: 1/2, 1/3, 1/4 of the average number of detectable keypoints for the
input images, corresponding to:

e 35643,23762, 17821 when Align photos Accuracy is set as High.

o  8229,5486, 4115 when Align photos Accuracy is set as Medium.

Tie point limit

v
v

v

Set the maximum number of tie points to be detected in each image.

If it is set to 0, it will attempt to detect as many tiepoints as possible in each
image.

Setting values: 0

Reference settings

Camera v" Set the weight attributed to the image position in bundle adjustment.

accuracy v' Setting values: 0.25, 0.5, 1, 2, 4 times of the camera position precision embedded
in each image.

Tie point ¥’ Set the weight attributed to tie point position in bundle adjustment.

accuracy v’ Setting values: 0.25, 0.5, 1, 2, 4 times of the default tie point accuracy (1) in

pixel, corresponding to 0.25, 0.5, 1, 2, 4 pixels.

Optimize camera alignment

v
v

Select the camera intrinsic parameters for optimization.
Setting values:

(D £, ex, cy, k1-k4, pl-p4, bl, b2
@) f, cx, cy, k1-k4, pl-p4
3 £, ex, cy, k1-k4, pl-p2
@) £, cx, cy, k1-k3, pl-p4
() f, cx, cy, k1-k3, p1-p2

750 analysis settings with 2 trials, equivalent to 1500 trials for each image set.

To assess the influence of camera intrinsic parameter estimation on the accuracy of SfM, five

camera models (1-5; Table 3-3) were tested. These camera models differ in the absence or presence

of high-order radial distortions (k4), tangential distortions (p3 and p4), and pixel distortions (b1 and

b2).

3.2.3. Error evaluation and comparison

The accuracy and precision of the StM were evaluated by calculating the root mean square (RMS)

error of all nine validation points for each analysis setting, as recommended by James et al.[46]. The

validation point error represents the difference between the two estimated 3D coordinates of the

validation points (calculated through triangulation using camera parameters estimated during the

SfM process) and those obtained through static GNSS positioning (Aerobo markers). Moreover, we
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calculated the maximum (100% percentile value), 95" percentile, 75™ percentile (Q3), median, and
25™ percentile (Q1) values of the RMS errors of all the validation points for the 750 settings (with
two trials for each setting). They were then used to quantify and interpret the robustness of the
accuracy and precision of the SfM. The interquartile range (IQR) of the focal length f and RMS error
of the validation points were used to quantify the spread or dispersion of these values within the 750
tested SfM analysis settings.

Additionally, the mean vertical error for all the nine validation points was evaluated in each
analysis setting. The mean vertical error (MEZ) was defined as the average difference between the
elevation of the estimated validation points (derived using camera parameters estimated by SfM) and
the corresponding validation points measured by the Aerobo markers.

Subsequently, the vertical error rate was determined as the percentage of the absolute value of
the mean vertical error of all the validation points to the RMS error of all the validation points. The
mean vertical error rate was then calculated as the median value across 750 SfM settings (two trials

for each setting).

3.2.4, Alignment failure and valid matching tallying
To understand the correlation between the RMS error of all validation points and pose estimation
by SfM, we calculated the alignment failure rate and the number of valid matches for the images in
the main strips (denoted as ST in Fig.3-3). The main strip is an image strip containing consecutive
images captured along the flight line with a yaw angle deviation of no more than 5°. Additionally,
four images captured during the drone rotation (between the two main strips) are referred to as

intermediate strips.

® o GSD 15-A40 g ‘
fErediguier] 0 25 S0 75m ARENFENeY] O 25 50 75m bed

“e GSD 10-A40

(@ (b) ©

Figure 3-3. Main strip (named as ST) in images.
Blue color refers to camera positions of image sets taken at a pitch angle of 40°, and white color refers to a

pitch angle of 20°. (a) GSD 10; (b) GSD 15; (¢) GSD 20.

The feature points in the two images were geometrically matched through valid matching during
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alignment and used to create 3D points. The number of valid matches for each main-strip was tallied
in terms of intra-strip and adjacent inter-strip matching. Intra-strip matching refers to the matching
of images located within the same strip, whereas adjacent inter-strip matching refers to the matching
of images of the candidate strip with adjacent strips.
Valid matching tallying was performed for one alignment setting (alignment photo accuracy set
as medium, keypoint limit of 1/3).
In addition, the alignment failure rate was defined as the percentage of images within an image
set that failed to obtain the extrinsic camera parameters estimated relative to the total number of
images in that image set. This rate is presented as an average value across 1500 trials for each image

set.

3.3. Results

The results are divided into four sections. The first section presents the SfM accuracy and precision
for image sets with a 0° pitch angle (parallel-axes direction). Subsequently, the robustness of the StM
accuracy and precision against non-optimal analysis settings is shown for datasets with pitch angles
of 10°, 20°, 30°, and 40° using the RMS error of all validation points. In the third section, we assess
the correlation between the mean vertical error of all the validation points and the intrinsic parameters
estimated using SfM. The fourth section delves into the investigation alignment failures and their

correlation with the number of valid matchings.

3.3.1. SfM accuracy and precision for image-sets taken at 0° pitch angle.

Out of 1500 trials, complete failure of SfM alignment for all images in the image-sets taken at a
0° pitch angle was observed in two trials of GSD15 and one trial of GSD20.

As shown in Table 3-4, RMS error of all validation points was significantly large, with an
interquartile range of 35.7 m in GSD10 and 53.4, 72.2 m in GSD15, GSD20, respectively, after
excluding trials with complete failure of SfM alignment. Furthermore, the alignment failure rate of
the image sets captured at this pitch angle was greater than 9.6% (GSD20). These results demonstrate
that SfM for image sets obtained at a 0° pitch angle is highly unstable and inaccurate.

Consequently, we excluded these 0° pitch-angle flights from further discussion.

3.3.2. Robustness of SfM accuracy and precision against non-optimal SfM analysis settings.
Table 3-5 summarizes the statistics of the RMS error of all the validation points for the 750 SfM
analysis settings for each image set (taken from a 10° to 40° pitch angle). Although the RMS error
of all validation points varies with the image set and analysis setting, our results show that the SfM
analysis settings consistently yielded relatively small RMS errors for the validation points in some

cases.
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Table 3-4. Statistics of RMS error of all validation points for 0° pitch angle image-sets
(750 analysis settings with 2 trials of each setting)

Ground Statistic of RMS error of all validation Alignment

sample points [m] failure rate

o[ [ | o [
GSD 10 0.041 0.069| 35298 35.678 26.257
GSD 15 0.084 0.334| 53618 53.421 29649
GSD 20 0.138 0334 69848 72.198 9615

Specifically, the results demonstrate that 100% and 95% of the SfM analysis settings for image
sets taken at a 20° pitch angle yielded relatively small RMS errors of validation points, which is less
than 0.056 and 0.048 m (corresponding to 2.8 and 2.4 times of GSD), respectively. Similarly, for
image sets captured at a 30° pitch angle, all 750 analysis settings of SfM resulted in an RMS error of
all validation points of less than 0.046 m (corresponding to 3.1 times the GSD). These levels of
accuracy and precision were comparable to those of the RTK-GNSS measurements.

However, the RMS error of all validation points was large in the image sets captured at 10°
(reaching values of 0.298 m) and 40° pitch angles, as shown in Table 3-5. Notably, 95% of the
analysis settings in image sets with a 40° pitch angle achieved exceptional accuracy, with an RMS
error of all validation points at 0.034 m. However, certain settings resulted in an extremely large
RMS error of all validation points.

Overall, these results demonstrate that the SfM accuracy and precision are robust against 750 StM
analysis settings when shooting at 20° and 30° pitch angles. However, when shooting at 10° and 40°

pitches, the accuracy and precision of SfM varied depending on the SfM analysis settings.

Table 3-5. Statistics of RMS error of all validation points and intrinsic parameters for each image-
set (750 analysis settings with 2 trials of each setting)

Ciruid Statistic of RMS error of all validation points
Pitch Interquartile [m] Mean vertical| Alignment
sample X
distance Angle range of f Tnt i 05th Maxi error rate failure rate
; [l [pix] Median RIS percentile T [%6] [%e]
[mm] range value
value

10 2045 0.027 0 0002 0.035 0.089 I 247 0.025

20 | i4is 0.024 0.001 0.026 0.037 i 74 0
EEHRE, 30 | 1.004 0.025 0.001 0.027 0029 [[B80 0

40 1.399 0.030 0.001 0.032 0.033 e 0

10 | 1.910 0.027 Ii] 0.004 0.039 0.153 | 57 0

) 39 3 4 ]

GSD 15 20 1537 0.022 0.001 0.026 0.046 0

30 1057 0.023 0.001 0.026 0.028 0

40 1364 0.030 0.002 0.035 0.037 | 0382

10 2483 0.066 [MNO021 | 0118 0.298 | 0

20 0.946 0.037 I 0005 0.048 0.056 0
GSD 20 E =

30 218 0.027 [ o0.001 0.031 0.036 0

40 [INEB44 0022 [ 0.002 0.034
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3.3.3. Correlation between the mean vertical error of all validation points and the estimated
intrinsic parameters.

As summarized in Table 3-5, the image sets taken with a 10° pitch angle suffered from larger RMS
errors of all validation points (reaching 0.298 m) and a greater variation in the estimated f (observed
in the interquartile range value in the 3" column) compared to those of other pitch angles. To
comprehend this phenomenon, a correlation analysis was employed to examine the relationship
between the mean vertical error of all validation points (MEZ) and the estimated intrinsic parameter
(focal length f). As illustrated in Fig 3-4, the results demonstrate a negative correlation between the
estimated focal length f and the MEZ for most image sets taken with a 10° pitch angle. This outcome
is natural for a pinhole camera model because, as the estimated f increases, the triangulated ground
points move further from the cameras, and consequently, their estimated vertical coordinates
decrease. However, owing to the possible correlations between f and other camera parameters, this
was not the case for image set named “GSD 20_pitch 10°.” As shown in Fig 3-4 (c), the points are
aligned on two “positive correlation” lines, in addition to the main “negative correlation” line.
Although further details are not within the scope of this study, these three lines are characterized by
different SfM settings and different resultant correlations among the intrinsic parameters.
Additionally, the image-set “GSD 20 pitch 10°” exhibited a mean vertical error rate of 90.6%,
suggesting vertical error to be the main contributor to the total RMS error of all validation points.
These results indicate that the inconsistencies in estimating f (for the 750 SfM settings of each image
set) are likely the driving factors causing the large RMS error of all validation points when shooting

at a 10° pitch angle.

GSD 10_ pitch 10° GSD 15_pitch 10°

036 y =-0.0069x +25.361 E0.36 y=-0.0109x + 39.769
= =]

£0.26 £0.26

@ L%
5021 5021
0.16 0.16

> S
=0.06 o8 =0.06 X

0.01 d 0.01 |y
0.08646 3650 36 3658 0.08646 3650 3654 3658

Estimated f [pix] Estimated f [pix]
(a) (b)
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Figure 3-4. Correlation between the mean vertical error of all validation points
(MEZ) and estimated f in image-sets of 10° pitch angle (a) GSD 10; (b) GSD 15; (¢) GSD 20

Moreover, for the image sets of GSD20, as the camera inclination increased from 10° to 40°, the
mean vertical error rate decreased substantially (8% column of Table 3-5). However, owing to the
small RMS error of all the validation points (less than 0.046 m) obtained in the image sets of GSD
15 and GSD 10 for pitch angles ranging from 20° to 40°, which are comparable to the RTK-GNSS

accuracy, the correlation between the vertical error rate and pitch angle might not be evident.

3.3.4. Alignment failure and valid matching

To investigate the cause of the significant variability in the RMS error of all validation points
observed in the image sets captured at a 40° pitch angle, we examined both the alignment failure rate
and quantity of valid matchings. I used image sets with a 20° pitch angle as a benchmark for
comparison, because they were robust in the various analysis settings that we tested. Valid matching
was tallied for the main strips, including adjacent inter-strip matching and intra-strip matching. The
ratio of adjacent inter-strip matching to intra-strip matching was calculated (Table 3-6).

As summarized in Table 3-6, compared to intra-strip matchings, there was a significant decrease
(approximately four times) in the average ratio of adjacent inter-strip matchings when the pitch angle
increased from 20° to 40°, regardless of the GSDs. This result demonstrates that, when image
acquisition occurs at a 40° pitch angle, the number of matches among adjacent inter-strip images
may not be sufficient for the SfM process. This resulted in an alignment failure rate of over 10% (as
shown in the last column of Table 3-5) and a significantly large RMS error for all validation points
in some cases, as reported for GSD20.

Close inspection of each main strip in the image-sets with a 40° pitch angle (Table 3-7) revealed
that the last main strips had the lowest ratio of adjacent inter-strip to intra-strip matching. This can

lead to alignment failure and significantly large RMS errors at all validation points.
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Table 3-6. Average ratio of adjacent inter-strip matchings to intra-strip matchings for main-strips
under a standard SfM setting observed in 20° and 40° pitch angles in three GSDs.

Image-set GSD 10 GSD 15 GSD 20
Pitch angle 20° 68.81 76.97 68.35
Pitch angle 40° 14.83 21.50 17.09

Unit: % (percent)

Table 3-7. Percentage of adjacent inter-strip matching to intra-strip matching in main-strips in
single SfM setting for image-sets with 40° pitch angle.

GSD Main strips
ST1 ST3 STS ST7 ST9 ST11 ST13
GSD10_40 15.15 30.43 14.79 15.32 11.85 11.16 5.11
GSD15_40 19.66 37.40 25.63 17.76 7.04
GSD20_40 15.97 29.43 16.18 6.77

Unit: % (percent)
In summary, the robustness of the SfM accuracy and precision was evident over 750 analysis
settings (with two trials per setting) using 15 image sets captured at five pitch angles and three distinct
GSDs. In the discussion section, we explore the possible reasons for these findings and highlight

their importance for UAV-based photogrammetry in both practice and research.

3.4. Discussion

Initially, we discuss pitch angles that exhibit robustness against non-optimal analysis settings,
followed by an exploration of pitch angles that are not robust. Finally, potential directions for future

research and limitations of this study were discussed.

3.4.1, Pitch angles robust against non-optimal analysis settings

This study’s experiments on UAV-based photogrammetry utilizing a CPA-2D-GP flight design
demonstrated the accuracy and precision of SfM against non-optimal analysis settings for certain
pitch angles. Specifically, utilizing 15 image sets with three GSDs, it was shown that image-sets
captured with 20° and 30° pitch angles resulted in small RMS errors of less than 0.056 m and 0.046
m, respectively, for all validation points over a variety of SfM settings (750). These levels of RMS
error cannot be solely attributed to SfM because they are comparable to the RMS error observed in
the RTK-GNSS measurements of shooting positions and validation points. Based on these findings,
a CPA-2D-GP flight design with 20° and 30° pitch angles can be employed using the default settings.
Another contribution of this study is the investigation of the best pitch angles for a CPA-2D-GP
flight design in SfM processing using particular analysis settings. Several studies have investigated
the optimal pitch angles in hybrid flight designs of conventional parallel-viewing-direction shooting

and supplemental tilted shooting [10,14,23,36,47]. Ahmed et al. [48] evaluated the performance of a
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constant pitch using limited image sets captured at pitch angles of 20°, 0°, and a combination of both,
but utilized only a single SfM analysis setting. Although Nesbit and Hugenholtz [23] examined the
accuracy of a 3D model (generated from camera parameters estimated by SfM) by adopting a CPA-
2D-GP flight design to acquire a wide range of image sets (from 0° to 35°), they did not mention
validation point errors or camera estimation errors, which are essential for investigating the accuracy
and precision of SfM. Importantly, the optimal pitch angles from 20° to 30° for CPA-2D-GP flight
design, previously reported by Takata et al. (2021) [24] using ten image-sets captured at GSD 20 and
two overlap ratios, was confirmed in this study by utilizing 15 image sets at three GSDs (10, 15, and
20).

3.4.2. Pitch angles not robust against non-optimal analysis settings

Many studies have highlighted the poor results and low consistency of images acquired using
CPA-2D-GP flight design with a 0° pitch angle under default settings [10,15,36]. This study
reaffirmed the well-documented limitations of using this pitch angle across 750 SfM analysis settings.
Such challenges arise predominantly because image sets with viewing directions parallel to the
ground surface make it impossible to estimate the most important intrinsic parameter, the focal length
(f) [47]. Furthermore, camera position measurements by RTK-GNSS attached to P4ARTK do not aid
in the estimation of f because cameras are placed at the same altitude. This led to a large alignment
failure ratio and a large interquartile range of RMS errors for all validation points.

This study demonstrates that shooting with pitch angles lower than 10° and at 40° can negatively
affect SfM performance in many aspects, depending on the analysis settings. Specifically, poor StM
performance was observed in the CPA-2D-GP flight design using 10° pitch angles, resulting in a
large RMS error for all validation points, with the vertical error being the primary component in
several of the 750 SfM analysis settings. A strong negative correlation was also found between the
mean vertical error of the validation points and the estimated intrinsic parameters, particularly the
focal length f. Previous studies have documented similar issues with low pitch angles when using the
default settings or other combinations of SfM analysis settings [10,20,36]. These results suggest that
the most likely reason for systematic vertical errors when using low-pitch angles, such as 10°is the
incorrect estimation of the intrinsic parameter f by SfM. Although the 10° pitch angle deviates from
nadir viewing, it may still be insufficient for SfM to accurately estimate f, leading to an unstable
estimation of f for images captured at this pitch angle.

Numerous studies on the SfM accuracy have discussed the risk of matching failures between
images when there is a significant angle between the optical axes [41,47,49]. Moreels and Perona
[49] reported that optical angles larger than 30° were problematic for popular feature detectors such
as the Scale-Invariant Feature Transform (SIFT) used for automated image matching. Our study

shows that a CPA-2D-GP flight design with a pitch angle of 40° may lead to alignment failure in
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SfM processing, depending on the analysis settings. Although the acceptable angle depends on the
target surface and texture, the inter-strip matching in this study failed in certain analysis settings
when the pitch angle was set to 40°. In such cases, the optical axes of the two images in adjacent
strips have an angle of 80°, causing the surface points to appear in more distinct ways and making
inter-strip matching more difficult. When images in a strip lack matching with images in adjacent
strips, they simply compose an isolated block of parallel-viewing images for which the estimation of
focal length is impossible, such as images taken at a pitch angle of 0°. This results in a risk of

alignment failure for some analysis settings of images captured at a pitch angle of 40°.

3.4.3. Limitations and future research

While this study focused on evaluating the robustness of SfM accuracy and precision in relatively
flat and unvegetated terrain, further research is required to examine whether these findings are
generalizable in more complex environments. Additional discussion is provided in Chapter 6.

Liu et al. [50] introduced an innovative method that integrates flight configuration factors such as
flight height, average image quality, image overlap, ground control point quantity, and camera focal
length to predict the accuracy of UAV-SfM photogrammetry. These methods can significantly aid in
refining survey planning. However, to validate the reliability of this method, a comprehensive

assessment across various SfM - analysis settings, instead of a single setting, is essential.

3.5. Conclusion

In this study, the robustness of SfM in UAV-based photogrammetry against non-optimal analysis
settings was evaluated using a popular flight design, CPA-2D-GP, for a relatively flat surface. The
SfM accuracy and precision were evaluated for 750 different analysis settings for each of the 15
UAYV image sets (taken at five pitch angles and three distinct ground sample distances, with two trials
per setting). The results demonstrated that pitch angles of 20° and 30° are the most robust against
non-optimality in the SfM settings, given the small RMS errors for all validation points (no larger
than 0.056 m). This helps alleviate concerns regarding the SfM settings when using these pitch angles,
as opposed to others.

By contrast, flights with 40° pitch angle exhibited a higher risk of pose estimation failure,
depending on the SfM settings. Using this pitch angle requires running the SfM in various settings
and selecting the one with the most successful pose estimation. Additionally, shooting with 10° pitch
angles may be insufficient for accurately estimating the intrinsic parameters (particularly the focal
length f), depending on the analysis settings.

In the evolving domain of UAV-based photogrammetry, the robustness of SfM accuracy and
precision across various analysis settings is vital. The outcomes of this study contribute to a deeper

understanding of SfM behaviors and lay a foundation for future investigations. As the discipline

28



advances, insights from this study will serve as a guide for practitioners and researchers, leading

them toward enhanced reliability and consistency in SfM applications.
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Chapter 4. Indeterminacy of camera intrinsic parameters in
Structure from Motion using images from Constant-Pitch Angle
flight design

4.1. Introduction

Intrinsic parameter estimation by self-calibration is commonly used in UAV-based
photogrammetry with SfM. However, obtaining stable estimates of these parameters from image-
based SfM - which relies solely on images, without auxiliary data such as ground control points
(GCPs) - remains challenging. Aerial imagery acquired with the Constant-Pitch-Angle, One-
Directional, and Gridded-Position flight design (CPA-1D-GP) (Fig 2.7b) often exhibits non-linear
deformations, highly unstable intrinsic parameters, and even alignment failures flights [32] . It is
hypothesized that the CPA-1D-GP flight design forms a “critical configuration” - certain
combinations of camera motion and scene geometry - can introduce indeterminacy into the bundle
adjustment with self-calibration [33].

In this study, the indeterminacy of two basic intrinsic parameters f and cy, which showed
significant instabilities in the previous experiments [32], was investigated through numerical
simulations. These numerical findings were validated using real datasets acquired at three different
ground sampling distances (GSDs). Finally, a practical mitigation strategy was explored to stabilize
intrinsic parameter estimation in image-based SfM. By bridging the theoretical - practical gap, this
study aims to contribute to more reliable UAV-SfM workflow that does not depend on auxiliary

information.
4.2. Methods

4.2.1. Fundamental of self-calibration in SfM

Suppose Pis a 3D ground point that is visible in multiple images captured from different
viewpoints (cameras A, B, C), as shown in Fig 4-1. The geometric relationship between the 3D point

and its 2D projections on each image is described by collinearity equations as follows:

_pO1n (X Xo)+apy (Y= Yo)+agy (Z— Zp)
13 (X=Xo)+ap3 (Y= Yo)+ass (Z— Zo) @1
y—cy=— 1y (X=Xg)+0t, (Y= Yo)+az,(Z—Zy)
a3 (X— Xg)+0zs (Y= Yo)+ags (Z— Zg)

X =

where:
* (X, y): image coordinates of the projection of ground point.
* (X,Y, Z): object space coordinates of the ground point.
*  (Xo, Yo,Zo): object space coordinates of the camera projection center.
* cy: y-coordinate of the principal point in the image.

¢ f: camera focal length.
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* o, O 03 (=1, 2, 3): elements of the rotation matrix formed by three rotation angles.
The collinearity equations contain three categories of unknowns:

* Extrinsic parameters: parameters representing relative position and the orientation of each
camera.

* Intrinsic parameters: parameters representing the geometric characteristics of the camera,
such as focal length and principal points. Note that only two parameters f and cy are
considered in this study and in Equation (4-1).

¢ Three-dimensional point coordinates: relative coordinates of scene points in object space.

These parameters are estimated simultaneously in the bundle adjustment (BA) of SfM by
minimizing the overall reprojection error. The reprojection error of point i onto image j can be

expressed as follows:
011 (X=Xo)+0tz1 (Y= Yo)+atgy (Z— Zg)
a1z (X—Xo)+aps (Y= Yo)+ags (Z— Zg) (4_2)

o e _ — f Q3 (X=Xg)+az, (Y= Yo)+az,(Z—-Zy)
Gl] Ya = Yp Yatcy+ 0y3 (X—Xg)+az3 (Y= Yo)+azz (Z— Zo)

where (x,, yp) are the 2D projected coordinates computed via the collinearity equations and (xq,

Fij :=Xd_xp=Xd+f

va) are the 2D observed image coordinates of the point.

In SfM, for successful camera estimation, the objective function - root mean square (RMS)
reprojection error - must have a unique global minimum. If multiple minima exist, the optimization
becomes ambiguous, and SfM fails to produce reliable camera parameters. Parameters with multiple
minimizing values are considered indeterminate. In such cases, a specific combination of camera
motion and scene geometry that generates images impossible to unique estimation of certain intrinsic

parameters is referred to as critical configuration (Fig 4-1).

4.2.2, Numerical experiments

The indeterminacy of f and cy was investigated by analyzing RMS reprojection error, which is the
objective function to be minimized at the BA stage in SfM. This was achieved by fixing either f or
cy to incorrect values in BA and estimating the other parameters along with extrinsic parameters and
tie points. If RMS reprojection error remains nearly unchanged regardless of the input values of f or
cy, it indicates that these parameters do not influence the objective function, thereby demonstrating
their indeterminacy in SfM.
a) Synthetic image acquisition

This study used Blender version 2.79b [51], an open-source computer graphic (CG) software
program, to generate a flat plane with the dimensions of 400 m x 400 m and randomly place multiple
rectangular parallelepiped objects of various sizes on it. Various random textures with a resolution
of 5940 x 8410 pixels were applied to the plane and objects. These textures included local features

suitable for matching in SfM, as shown in Fig 4-2.
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Figure 4-1. Example of a critical configuration where the focal length f cannot be determined from
parallel shooting images.

In this situation, multiple values of f can be estimated, making it impossible to uniquely determine the
correct value.

(a)

(b)
Figure 4-2. Two views of the target used for image acquisition in the numerical experiments: (a)
Side view; (b) Front view

flight designs, divided into two groups as Table 4-2.

The synthetic image acquisition of the target was performed using the image and camera
specifications described in Table 4-1. In CG space, six image-sets were generated using six different

Table 4-1. Camera specifications used in CG space
Parameters Value
Pin hole camera Linear camera with no distortion
Focal length (pixels) 1824
Image size (pixels) 2736 x 1824
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Table 4-2. Classification of flight designs in numerical experiments

Flight designs without an intermediate strip Flight designs with an intermediate strip
1. Constant-Pitch-Angle, One-Directional and | 1. CPA-1D-GP flight design with one additional
Gridded-Position (CPA-1D-GP) flight design image on a single intermediate strip
2. Constant-Pitch-Angle, One-Directional and | 2. CPA-1D-GP flight design with one additional
Random-Position (CPA-1D-RP) flight design image on each of the three intermediate strips

3. Constant-Pitch-Angle, Two-Directional, and
Gridded-Position (CPA-2D-GP) flight design.

4. CPA-1D-RP flight design with one additional
image in a single intermediate strip

The intermediate strip refers to a short flight path positioned between two primary strips,
illustrated as green-blue arrows in Table 4-3. The pitch angle was set to 20° for all six flight designs,
and the flight altitude was fixed at 73 m to achieve a GSD of 40 mm. The details of flight designs
are provided in Table 4-3. In this study, a 20° pitch angle was selected based on its proven
effectiveness in enhancing UAV-SfM calibration from previous studies [19,23,48,52,53] and its
confirmed robustness in SfM accuracy and precision across various analysis settings [20,32]. The
indeterminacy of f and cy was examined with this best performing pitch angle, which serves as a
representative case for indeterminacy under other pitch angles.

b) SfM processing

For each simulated image-set created in CG space, SfM was performed using the commercial
software Agisoft Metashape version 1.5.5. The SfM workflow (Fig 4-3) began with “align photos”,
followed by bundle adjustment (BA) with the camera parameters effectively fixed to their true values
to generate an accurate set of tie points. The settings used are detailed in Table 4-4.

Based on these tie points, a camera intrinsic parameter (either f or cy) was fixed to values higher
than true value (v+) and values lower than true values (v.), while the other parameter (cy or f) was
not fixed. Then, BA was rerun. In this process, BA was performed using the previously generated
accurate tie points. This approach enabled observation of RMS reprojection error behaviour in

relation to the fixed intrinsic parameters (f or cy).

Table 4-3. Descriptions of six image-sets taken by six flight designs in numerical experiments.

Strip
Interval/Images
Flight Design Description Inter\;tl:;: Qe Hlustration
(Meters)/Number

of Images
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Black-red arrows indicate image positions along the main flight strips, while green-blue arrows
indicate those in the intermediate strips. The arrow size corresponds to the camera pitch angle. In this
study, all CP flight designs used a fixed pitch angle of 20 degrees.
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Table 4-4. Settings for “Alignment” used to generate accurate tie points.

Parameters Values
High (original size)

(2736 x 1824 pixels)

Input image size

Key point limit 50,000
Intrinsic parameters estimation Fixed to true value during BA.
r \

Accurate tie point generation
\ J

4 . A

Fixing camera intrinsic parameters (f or cy)

to incorrect values and estimating the other

parameters.

\_ T J

4 ™\

Rerunning Bundle Adjustment

\. J

4 l’ )

Evaluation of the indeterminacy of intrinsic

parameters (f, cy) based on rate of increase in

RMS Reprojection error.
\ J

Figure 4-3. SfM flow in numerical experiments to evaluate the indeterminacy of each intrinsic
parameter (f or cy).

¢) Evaluation of the indeterminacy of camera intrinsic parameters in SfM

To evaluate the indeterminacy of camera intrinsic parameters in SfM, the variation in RMS
reprojection error was analyzed between two BA conditions: (1) BA with the intrinsic parameters (f
and cy) fixed to their true values and (2) BA with f or cy fixed to incorrect values. The degree of
variation was quantified by the rate of increase in RMS reprojection error, which serves as an
indicator of how inaccurate intrinsic parameters influence the SfM and helps identify occurrences of
their indeterminacy. In principle, the objective function minimized during BA - RMS reprojection
error - must have a unique global minimum. The presence of multiple local minima, dependent on
different fixed intrinsic parameter values, indicates that the SfM process is unable to uniquely
determine these parameters. In such cases, the corresponding intrinsic parameters are considered as
indeterminate.

Additionally, fixing either f or cy to incorrect values while estimating the remaining parameter (cy
or f, respectively) provides insight into the correlation between f and cy.

The rate of increase in RMS reprojection error is calculated as follows:

_ Eincnrrect - Etrue
Rincrease - Eq (4'3)
rue
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Where: R increase 1S the rate of increase in RMS reprojection error.
E incorrect (pixels) is RMS reprojection error when fixing either f or cy to the incorrect values
and estimating the remaining parameter in BA.
E e (pixels) is RMS reprojection error when fixing both f and cy to true values (1824 and
0 pixels, respectively) in BA.

4.2.3. Real-data analysis
a) Study site
The in-situ data in this study partially utilized the data from chapter 3. These images captured an
area of around 100 x 100 m?, located in Tsukubamirai city, Ibaraki prefecture, Japan. This area was
constructed for housing purposes. Fig 4-4 shows the ground condition of the target terrain, mostly

bare land covered with short vegetation.

(a (b) © @

Figure 4-4. Camera positions and validation points at the study site overlaid with orthophotos
generated by GSD10 (a), GSD15 (b), GSD20 (c¢) using CPA-2D-GP flight design. At each validation
point, world coordinates were measured by Aerobo markers (d) with a built-in GNSS receiver.

b) Image acquisition

Aerial photos were collected using DJI Phantom 4 RTK [54]. This UAV can measure the camera
position at the time of exposure by RTK-GNSS (real-time kinematic global navigation satellite
system) positioning. A set of nine validation points (Fig 4-4) was employed to evaluate the accuracy
of the SfM performance using the Aerobo marker [44]. The Aerobo markers used for ground
validation were manufactured by Aerobo, Inc., Tokyo, Japan. Each Aerobo marker is equipped with
an integrated GNSS receiver, enabling it to record the coordinates at the center of a 24 cm diameter
circular target with sub-centimeter accuracy. The red-and-black reflective pattern of the marker is
designed to enhance automatic detection by SfM processing software, such as Agisoft Metashape
version 1.5.5, which was used in this study.

A flight design similar to CPA-2D-GP was adopted for data acquisition. This flight pattern was
generated using the 3D photogrammetry preset feature in the PARTK system to capture images at
two-second intervals and record camera coordinates via RTK-GNSS during image capture. In these
CPA-2D-GP flights, the camera was tilted at a fixed pitch angle of 20° along the flight lines, and the

consecutive images with yaw angle deviation over 10° from the main flight line, taken during the
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drone rotation, were referred to as the intermediate strips. They were removed to simulate three image
sets of CPA-1D-GP flight design (Fig 4-5).
Flight design

CPA-2D-GP

ntermediate strip

CPA-1D-GP

0 25 50 75m

Figure 4-5. Generation of CPA-1D-GP flight design from CPA-2D-GP flight design used in real-data

analysis
Red dots indicate image positions in the main flight strips, while white dots represent image positions in
the intermediate strips.

In this study, PARTK was flown at three altitudes of 73, 55, and 36 m above ground level (at the
drone’s home point), which yielded three GSDs of 20, 15, and 10 mm, respectively. All photographs
were captured along parallel flight lines with an overlap ratio of 80% forward and 60% side lap when
the camera’s optical axis was oriented toward nadir. The details of the image-sets used in the real-

data analysis are described in Table 4-5.

Table 4-5. Summary of three CPA-2D-GP flights acquired by PARTK and three CPA-1D-GP flights
in real-data analysis.

Shooting Attitude Flight design Overl[z.l;)]Ratlo
(4
fend CPA-2D-GP__ CPA-1D-GP
73 (GSD20) 74 61 .
T ———
36 (GSD10) 187 163 o p.

¢) SfM Processing

37



For each image set, SfM was performed following the “align photos™ in Agisoft Metashape version

1.5.5 software. In this process, camera parameters were estimated by using images only, then the

point clouds were georeferenced using projection centers recorded by RTK-GNSS embedded in the

images taken by P4ARTK. The absolute coordinates of the validation points evaluated by multi-view

triangulation using camera parameters estimated in SfM were used to validate the accuracy of the

SfM-derived model, in accordance with the nine validation points. It is worth to note that in this

study self-calibration was performed using images only, without additional information.

SfM was tested through a combination of SfM analysis settings summarized in Table 4-6, resulting

in 30 settings with 50 trials for each image-set listed in Table 4-5. This analysis was conducted to

observe the variation in the estimation of intrinsic parameters under different SfM settings.

Table 4-6. Summary of the analysis settings tested in this study.

Setting items

Setting values

Align photos
Accuracy

Meaning
Set the size of input images
(shrinkage ratio) for feature
extraction.

e High: used original size.
e Medium: image downscaled by a
factor of two at each image side.

High, medium

Key point limit

Set the maximum number of
feature points detected in each
image.

1/2, 1/3, 1/4 of the average number of
detectable keypoints for the input images,
corresponding to:

v’ 35643, 23762, 17821 when the size of
input images is set as High.

v’ 8229, 5486, 4115 when the size of input
images is set as Medium.

Tie point limit

Set the maximum number of tie
points to be detected in each image.

0
It will attempt to detect as many tie points
as possible in each image.

Optimize
camera
alignment

Set the intrinsic parameters
considered in Brown models.

1) f, cx, cy, k1-k4, p1-p4, b1, b2
() f, cx, cy, k1-k4, p1-p4
(3)f, cx, ¢y, k1-k4, p1-p2
(@) f, cx, cy, k1-k3, p1-p4
(5) £, cx, cy, k1-k3, p1-p2

2 x 3 x 5 =30 analysis settings with 50 trials/setting, equivalent to 1500 trials for each image set.

In order to evaluate the variation of intrinsic parameters estimates in one SfM setting, a standard

SfM setting was repeated in 50 times (trials), with the following parameters:

e Size of input images for feature detection: High

e Keypoint limit: a half (12 ) to the average number of detectable keypoints for the input
images (35643).

e Intrinsic parameters considered in Brown models: f, cx, cy, k1-k3, p1-p2.

d) Intrinsic parameters estimation and error evaluation

In this study, the variation of intrinsic parameter estimation (f and cy) was quantified, in

accordance with the accuracy and precision of SfM for each image-set. The accuracy and precision
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of SfM were evaluated using the RMS error of all nine validation points for each analysis setting, as
recommended by James et al. [55].

Additionally, statistical analyses were conducted on the total RMS error (Val RMSE T) and the
vertical RMS error (Val RMSE Z7) computed from all validation points for both a standard setting
(with 50 trials) and 30 settings such as the maximum value, 75th percentile (Q3), 50th percentile (Q2),
and interquartile range (IQR). For each of the 30 settings, the mean values of the estimated f, cy,
Val RMSE T, and Val RMSE Z of all the validation points were first calculated over 50 repeated
trials. These mean values were subsequently used to derive the statistical indicators (maximum, Q3,
Q2, and IQR), thereby enabling a comparative assessment of SfM accuracy and precision across
different settings.

Moreover, the mean vertical error of all nine validation points (MEZ) was evaluated for each analysis
setting. The mean vertical error is defined as the average difference between the estimated elevation of
the validation points (derived using camera parameters estimated by SfM) and the measured elevation

of corresponding validation points obtained by Aerobo markers.

4.3. Results

The results are divided into two main sections: numerical experiments and real-data analysis. In
the numerical experiments, we present the verification of the indeterminacy of intrinsic parameters
in image-based SfM for six flight designs. The real data analysis focuses on three points: the
estimates of camera intrinsic parameters (f, cy) across multiple repetitions of a single SfM setting
and in various SfM settings, and the correlation between the estimates of f and the mean vertical

error (MEZ) for all validation points.

4.3,1. Numerical experiments

This section verifies the indeterminacy of intrinsic parameters in image-based SfM by analyzing
six different flight designs. The RMS reprojection error and its rate of increase were analyzed to
evaluate the sensitivity of SfM when the intrinsic parameters were fixed to inaccurate values relative
to their true values (Fig 4-6 and 4-7).

As shown in Fig 4-7, the rate of increase in RMS reprojection error was zero for images captured
by flight designs without image in the intermediate strip including the CPA-1D-GP and CPA-1D-RP
flight design. In contrast, for flight designs with images in the intermediate trip, including the CPA-
1D-GP flight design with one additional image on a single intermediate strip, CPA-1D-GP flight design
with one additional image on each of the three intermediate strips , CPA-2D-GP, and CPA-1D-RP
flight design with one additional image in a single intermediate strip, the rate of increase in RMS

reprojection error ranged from 1.1 to 7.6.
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Figure 4-6. RMS reprojection error and estimated parameter values when fixing parameter f or cy
to incorrect values for six flight designs.

Eincorrect: RMS reprojection error when fixing either f or cy to the incorrect values and estimating the
remaining parameter in BA. Eye: RMS reprojection error when fixing both f and cy to true values (1824 and
0 pixels, respectively) in BA. Red and blue indicate the estimated intrinsic parameters (f and cy), while green

represents the RMS reprojection error (in pixels). The bar length is scaled relative to the maximum value
within each group.

Rate of increase in RMS reprojection error (R jcrease)

Fixed value setting CPA-1D-GP flight design  CPA-1D-GP flight design CPA-1D-RP flight design
(pixels) CPAID.GP with ou.e ad(!llloual m.mge with one additional image CPA2D.GP CPAID.RP W.lﬂl m}e arl(.lltmnal lr}mge
on a single intermediate on each of the three in a single intermediate
_ strip intermediate strips - strip
£ V. 1641.6 0.0 2.7 4.7 | 7.0 0.0 1.8
V. o 2006.4 0.0 33 55 7.6 0.0 23
N -100 0.0 18 B.5 58 0.0 1.2
cy
) Vi 100 0.0 18 3.4 58 0.0 11

Figure 4-7. Rate of increase in rms reprojection error when fixing parameter f or cy to incorrect
values for six flight designs.

Green represents the rate of increase in RMS reprojection error (Rincrease). The bar length is scaled relative
to the maximum value in the table.
In CPA-1D-GP and CPA-1D-RP flight design, the RMS reprojection error remained unchanged

regardless of whether the intrinsic parameters f or cy was fixed to true or incorrect values in BA.
However, in flight designs with images in the intermediate strip, the addition of one image between
two flight lines resulted in a noticeable increase in RMS reprojection error. Moreover, when f was
fixed to incorrect values, the estimates of cy derived from BA were strongly inaccurate compared to
the true value (0), and vice versa (Fig 4-6).

These results demonstrate that both f and cy are indeterminate in image-based SfM. In CPA-1D-
RP flight design, where camera positions were randomly distributed compared to CPA-1D-GP flight
design, and the camera orientation remained fixed at 20° forward and backward, the RMS
reprojection error remained unchanged regardless of whether the intrinsic parameters were fixed to
incorrect or true values. This indicates that altering the shooting positions alone does not resolve the
indeterminacy.

In contrast, for flight patterns with at least one image in the intermediate trip, the values of f or cy
had a substantial impact on RMS reprojection error, with rates of increase in RMS reprojection error
exceeding 7.6 for f and 5.8 for cy (Fig 4-7). This demonstrates that f and cy become determinable in

image-based SfM when at least one image is added to the intermediate strip.
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In summary, the numerical experiments showed that the intrinsic parameters f and cy are
indeterminate in image-based SfM when using aerial images captured by flight designs without an
intermediate strip such as the CPA-1D-GP flight design. Adding images of the intermediate strips
effectively resolve the indeterminacy of f and cy.

In the next section, we will evaluate the estimation of intrinsic parameters in image-based StM

using in situ data captured by CPA-1D-GP and CPA-2D-GP flight design.

4.3.2, Real-data analysis

a) Estimates of camera intrinsic parameters (f, cy) across 50 trials of a single SfM setting

Fig 4-8 presents the results of a standard SfM setting for six image-sets captured at three different
GSDs using two flight designs: the CPA-1D-GP and CPA-2D-GP. Across 50 repeated trials of a
standard SfM setting, the standard deviation in the estimates of intrinsic parameters f and cy was zero
for the image-sets taken by the CPA-2D-GP flight design, indicating a highly stable estimation. In
contrast, image-sets from the CPA-1D-GP flight design showed substantial variability with a
standard deviation of 0.32 pixels for f and 0.08 pixels for cy. This instability also resulted in a 0.008
m and 0.009 m deviation in the interquartile range (IQR) of total RMS error (Val RMSE _T) and
vertical RMS error (Val RMSE_Z), respectively.

These results demonstrate that the estimation of f and cy is unstable in image-based SfM when
using images from the CPA-1D-GP flight. However, in the CPA-2D-GP flight design, where
additional images are captured in the intermediate strips of the CPA-1D-GP flight design, the

estimation of these parameters becomes more stable, even within a single SfM setting.

C—_— Standard deviation ~Standard deviation 50 percentile 75 percentile Maxi IQR
i of f [pix] of cy [pix] Val RMSE Z Val RMSE T Val RMSE Z Val RMSE T Val RMSE Z Val RMSE T Val RMSE Z Val RMSE T
GSD20 CPA-1D-GP T 0.29 0.08 0.14 ' 0.17 0.14 ' 0.17 ‘ 0.17 '0.19 | 0.009 0.008

CPA-2D-GP 0.00 0.00 0.12 0.12 l 0.13 0.12 . 0.13; 0.000 0.000
GSDI15 CPA-1D-GP r 0.32 ‘[ ‘ 0.07 0.08 E’Z 0.09 ' 0.1} 0.10 . 0.13 0.007 0.007
CPA-2D-GP 0.00 0.00 0,09 0 0,09 0.10 0,09 0 0.000 0.000
GSD10 CPA-1D-GP 0.20 D 0.07 0.08 l 0.12 0.08 | 0.08 0.004 0.006
CPA-2D-GP 0.07 r' 0.05 0.05 ﬂ 07 0.06 rD.OT 0.06 F.DS 0.002 0.003

Figure 4-8. Intrinsic parameter estimation and statistics of total RMS error (Val RMSE_T) and
vertical RMS error (Val_ RMSE_Z) of all validation points for each image-set (one SfM analysis setting
with 50 trials).

Dark blue represents the standard deviation of the estimated intrinsic parameters (f and cy) in pixels,
calculated from 50 trials of one SfM analysis settings. Green and bright blue represent Val RMSE Z and
Val RMSE T, respectively, at the 50th, 75th, and maximum values, calculated from 50 trials of one SfM

analysis settings. Orange indicates the interquartile range (IQR) of Val RMSE Z and Val RMSE _T. In all
cases, the bar length is scaled relative to the maximum value within each group.

b) Estimates of camera intrinsic parameters (f and cy) across 30 SfM settings.

The estimates of f and cy in image-based SfM obtained from 30 different SfM settings, each
repeated 50 times, exhibited instability (Fig 4-9). The standard deviation of f ranged from over 1
pixel to 7.3 pixels, while the standard deviation of cy ranged from 0.6 to 3.1 pixels. This instability
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was particularly pronounced when using images from the CPA-1D-GP flight design, where the
standard deviation was about six times higher for f and five times higher for cy (GSD20 image-sets)

compared to those taken by the CPA-2D-GP flight design.

— Standard deviation Standard deviation 50 percentile 75 percentile Maximum IQR

- of f [pix] ofcy[pix]  Val RMSE Z Val RMSE T Val RMSE Z Val RMSE T Val RMSE Z Val RMSE T Val RMSE Z Val RMSE T
GSD20 CPA-1D-GP r 7.290 3l108 0.078 ! 0.089 0.167 [_‘ 0.186 0.739 E,7’57 | 0.132 0.131

CPA-2D-GP ‘ 1252 ‘ 0.627 0.050 0.059 0.102 0.109 0.138 [] 0.144 0.078 0.058
GSDI5 CPA-1D-GP 6.244 ‘ A 2383 0.139 0.151 0.183 0.205 0426 E3 0.110 0.105

CPA-2D-GP J 1267 0.689 0.027 0.039 0.066 J 0.076 0.102 D 0.117 0.054 0.047
ospio  CPA-1D-GP [ 3708 B 2ss 0055 ‘ 0085 0.099 [ ‘ 0157 0275 [ 0.’330 0.069 0102

CPA-2D-GP ‘ 1022 ‘ 0.860 0.026 0.046 0.043 0.066 0.055 U 0.073 0.029 0.031

Figure 4-9. Intrinsic parameter estimation and statistics of total RMS error (Val_RMSE_T) and
vertical RMS Error (Val_RMSE_7Z) of all validation points for each image-set (30 analysis settings).

Dark blue represents the standard deviation of the estimated intrinsic parameters (f and cy) in pixels,
calculated from 30 SfM analysis settings. Green and bright blue represent Val RMSE Z and Val RMSE T,
respectively, at the 50th, 75th, and maximum values, calculated from 30 SfM analysis settings. Orange
indicates the interquartile range (IQR) of Val RMSE_Z and Val RMSE _T. In all cases, the bar length is
scaled relative to the maximum value within each group.

As shown in Fig 4-9, the RMS error of all the validation points was substantially higher for image-
sets from the CPA-1D-GP flight design compared to those from the CPA-2D-GP flight design. For
instance, in GSD15 image-set, the median RMS error of all the validation points (Val RMSE T)
was 0.151 m, nearly four times greater than the 0.039 m observed for the CPA-2D-GP flight design.
Similarly, the median vertical RMS error (Val RMSE_Z) was approximately five times larger for
the CPA-1D-GP flight design (0.139 m) compared to that for the CPA-2D-GP flight design (0.027
m). Furthermore, the accuracy and precision of SfM varied considerably across the 30 SfM settings
for the CPA-1D-GP flight design image-sets. The interquartile range (IQR) of the RMS error of all
validation points was 0.105 m for CPA-1D-GP flight designs, compared to 0.047 m for CPA-2D-GP
flight designs (GSD15). Similar patterns were observed for image-sets from GSD10 and GSD20.

Overall, the estimates of f and cy were significantly less stable for images captured by CPA-1D-
GP flight design than CPA-2D-GP flight design, both across multiple trials of a single setting and
across different settings.
¢) Correlation between the estimates of [ and the mean vertical error for all validation points.

Theoretically, incorrect estimates of f lead to mean vertical error (MEZ) for all validation points
in model reconstruction. As illustrated in Fig 4-10, a negative correlation was observed between the
estimates of f and MEZ across 30 different SfM settings. This relationship can be explained by a
simple pin hole camera model: as the estimated f increases, the triangulated ground point moves

farther from the camera, causing its estimated vertical coordinate to decrease.
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Figure 4-10. The correlation between estimated f and mean vertical error (MEZ)

To assess the contribution of vertical error due to incorrect f estimation to the total vertical error,

the vertical error ratio was calculated as the proportion of the absolute mean vertical error (MEZ) to
the total vertical error of all validation points (Val RMSE 7). As shown in Table 4-7, the average
vertical error ratio for each image-set exceeded 80%, indicating that vertical error resulting from
incorrect f estimation served as the primary contributor to the total vertical error, regardless of flight

design.

Table 4-7. Average of vertical error ratio for each image-set (30 SfM analysis settings)

Average of Vertical Error Ratio (%)

Image Sets CPA-1D-GP flight design __ CPA-1D-GP flight design
GSD10 80.65 84.09
GSDI15 80.71 97.84
GSD20 88.60 88.37

In summary, the indeterminacy of intrinsic parameters, especially f and cy, in image-based SfM
has been demonstrated using six flight designs in numerical experiments, and its effect has been
demonstrated in a real-data analysis using six image-sets. In the next section, we will discuss the

implications of these findings on existing studies and suggestions for practical application.
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4.4. Discussion

4.4,1, Indeterminacy of camera intrinsic parameters in images-based SfM

This study presents the first combined numerical and in-situ analysis of the indeterminacy of
intrinsic parameters in images-based SfM for CPA-1D-GP flight design. The numerical experiments
demonstrate that, when images are captured under a CPA-1D-GP flight design, f and cy, are
indeterminable in images-based SfM.

Critical configurations - specific combinations of camera motion and scene geometry- are known
to induce intrinsic-parameter indeterminacy. Previous studies have extensively documented critical
configurations related to linear images (images captured by pin hole camera without lens distortion)
[33,56]. For example, planar motion over general terrain, in which camera moves on plane while
rotating around an axis normal to that plane, prevents estimation of a single intrinsic parameter [33].

CPA-1D-GP flight represents a restrictive form of planar motion in which the camera’s movement
is constrained into a plane, and rotation is limited to only two orientations (pitch and yaw) rather than
allowing free rotation around the roll axis. Therefore, it is possible that these additional constraints
cause more than one intrinsic parameter becomes indeterminate, and in fact our study confirmed that
two parameters (f and cy) become indeterminate for CPA-1D-GP flight design.

In three real CPA-1D-GP-flight design image sets acquired at three different GSDs, significant
variations were observed in the estimated intrinsic parameters - f and cy - across 30 distinct SfM
analysis settings and across 50 repeat trials of a single setting. These results demonstrate that the
theoretical indeterminacy of intrinsic parameters observed in numerical experiments, manifests in
real-world scenarios as pronounced instability.

This instability likely contributes to the poor performance of image-based SfM observed in
previous studies using CPA-1D-GP-flight design’s images [19,32], which has often been attributed
solely to the dome effect. The present findings indicate that inaccurate estimation of f'is also a major
contributing factor, leading to large mean vertical errors. Images acquired under CPA-1D-GP flight
design, as confirmed in this analysis, significantly compromise the accuracy and precision of image-
based SfM and can even lead to incorrect model reconstruction in MVS. Therefore, practical surveys
should avoid employing CPA-1D-GP flight design or applying appropriate countermeasure such as
augmenting camera coordinates measured by RTK-GNSS or adding many GCPs to ensure stable
SfM results when using CPA-1D-GP flight design.

4.4,2, Remedy for indeterminacy of intrinsic parameters in images-based SfM
Numerical experiments demonstrate that adjustments to the shooting positions of CPA-1D-GP
flight design, such as a CPA-ID-RP flight design, do not resolve the indeterminacy of intrinsic

parameters (f and cy). However, introducing intermediate strips between primary constant-pitch lines,
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as in the CPA-2D-GP flight design, effectively eliminated this indeterminacy in numerical
experiments and substantially reduced f and cy instability in the real-data analysis. This result aligns
with the known fact in aerial triangulation that introducing “cross strips” to a block can improve the
accuracy of block adjustment [57,58].

This finding suggests that practitioners can largely mitigate concerns regarding the significant
instability of intrinsic parameters estimated by image-based SfM by incorporating intermediate strips
into CPA-1D-GP flight design. Some built-in flight missions in flight planning software packages
automatically include intermediate strips. Such strips can be achieved using timed-interval or
distance-interval shot modes, as seen in the 3D photogrammetry function of the DJI PARTK drone
or the "area route" option of the DJI Mavic 3E drone, for example.

In contrast, there are other flight missions that do not include intermediate strips, such as
"waypoint" flight, where the camera shutter is triggered at specific pre-defined points. Additionally,
some flight planning software, such as Pix4D Capture [19,23,48,59] or Pix4D Capture Pro, does not
generate intermediate short strips by default. These choices preserve the CPA-1D-GP critical
configuration and risk intrinsic parameters drift. Overall, embedding short cross-strips within CPA-
1D-GP flight design prevents indeterminacy of intrinsic parameters, delivering more stable and
accurate SfM reconstructions without reliance on camera coordinates measured by RTK-GNSS or

extensive GCP networks.

4.4.3. Implications for common flight configurations

The commonly used nadir-viewing flight represents a special case of critical configuration, where
the pitch angle is zero. Based on the results presented in this study, such a configuration is also unable
to reliably determine the intrinsic parameters, f and cy.

Although not explicitly analyzed in this study, the results of the CPA-2D-GP flight design imply
that, images captured by a “double grid” flight - commonly generated by flight planning software
and built-in drone missions - are expected to support the determination of f and cy. In this “double
grid” flight, the images captured in the reverse direction function as intermediate strips, thereby

mitigating the indeterminacy of f and cy.

4.5. Conclusion

This study investigated how certain camera intrinsic parameters in image-based SfM become
indeterminate using aerial photos from CPA-1D-GP flight design. Numerical experiments (Section
4.3.1) confirmed that the CPA-1D-GP flight design is a critical configuration that causes the
indeterminacy of intrinsic parameters, particularly focal length (f) and principal point coordinate (cy),
under idealized conditions in CG simulation. Further analysis with real data (Section 4.3.2),

involving three image-sets over 30 different SfM settings, demonstrated that estimates of f and cy
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are highly unstable when using CPA-1D-GP flight design.

As a countermeasure, the integration of intermediate strips into the CPA-1D-GP flight design -
forming a CPA-2D-GP flight design - was shown to eliminate the indeterminacy of intrinsic
parameters (f and cy) in numerical experiments and markedly improve their stability in real-data
analyses.

These findings reveal the potential to improve the accuracy of self-calibration using only aerial
images in SfM, without the need for GCPs or RTK-GNSS data. This advancement not only simplifies
the data acquisition process but also makes it more accessible and cost-effective for practitioners. By
stabilizing SfM calibration, all the subsequent stages - such as MV, dense point cloud generation -
can be effectively enhanced, leading to more accurate 3D reconstruction.

This study addressed two fundamental intrinsic parameters, focal length (f) and vertical principal
point coordinate (cy). Future investigations should extend to other intrinsic parameters and explore

other critical combinations of camera motion and terrain geometry, as discussed in Chapter 6.
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Chapter S. Impact of in-camera distortion correction on systematic
deformation in UAV-based photogrammetry using Structure
from Motion

5.1. Introduction

The accuracy of 3D models derived from aerial photogrammetry using UAVs and SfM can be
compromised by systematic deformation, commonly referred to as the doming or bowling effect (Fig
5-1). These deformations may result from various factors, with a primary cause being errors in the
estimated camera parameters [36].

Lightweight UAV platforms such as those manufactured by DJI, Wingtra, and Trimble commonly
employ consumer-grade cameras, which are known for their unstable intrinsic parameters [60].
Consequently, SfM typically relies on self-calibration - estimating intrinsic parameters directly from
the image set - rather than using pre-calibrated values obtained under controlled conditions. The
Brown distortion model is commonly used in SfM for modeling radial and tangential distortions,
under the assumption that no prior image correction has been applied.

However, modern drone-mounted cameras often apply manufacturer-specific geometric
adjustments — referred to as in-camera distortion correction - automatically when images are exported
and saved in JPEG-format, which are then used in SfM processing. Applying the Brown model to
such pre-corrected images may lead to inaccurate estimation of camera parameters, potentially
introducing systematic errors into the final model [35]. Notably, James et al. (2014) [36]
demonstrated that the magnitude of doming errors in SfM-derived models exhibits a linear
relationship with radial distortion, further underscoring the sensitivity of model accuracy to
distortion-related preprocessing.

This study aims to evaluate the impact of in-camera distortion correction - executed as image pre-
processing prior to SfM - on the systematic deformation in DEMs generated from UAV images.
Experiments were conducted using three image sets acquired by a CPA-2D-GP flight design with a
20° pitch angle.

DISHING \ 4 DOMING

Figure 5-1. Systematic deformation in the form of doming or bowling [15]
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5.2. Methods

5.2,1, Data acquisition

This study utilised three image-sets captured by DIJI Phantom 4 RTK for a 100 x 100 m?
construction-designated area located in Tsukubamirai City, Ibaraki Prefecture, Japan. The details of
data acquisition were described in Section 3.2.1 and the specific characteristics of the image-sets
used in this study are summarized in Table 5-1.

A Constant-Pitch-Angle, Two-Directional, and Gridded-Position flight design (CPA-2D-GP) was
used for data acquisition. The three image-sets were captured with a constant 20° camera pitch angle
at three different altitudes - 73 m, 55 m, and 36 m - corresponding to Ground Sampling Distances
(GSDs) of 20 mm, 15 mm, and 10 mm, respectively. Each flight maintained an image overlap of
80% in the forward direction and 60% in the side direction.

A total of nine ground markers were distributed throughout the target area using Aerobo markers,

each embedded with GNSS receivers capable of providing sub-centimeter positioning accuracy.

Figure 5-2. Constant-Pitch-Angle, Two-Directional, and Gridded-Position flight design (CPA-2D-
GP) at 20° pitch angle (from Metashape).

Table 5-1. Details of raw image sets acquired without in-camera distortion correction. Images were
exported in their original (uncorrected) format.

Image-sets Flight height Ground sampling The number
(m) distant (mm) of images
1 73 20 (GSD20) 73
55 15 (GSD15) 107
3 36 10 (GSD10) 187

5.2.2. Simulation of in-camera distortion correction
To simulate the effect of in-camera image pre-processing, three distortion correction scenarios
were defined:
o Scenario 1: Distortion correction using manufacturer-provided camera parameters.
e Scenario 2: Distortion correction using intrinsic parameters estimated from a reference SfM

scenario, in which both RTK-GNSS camera coordinates and all ground markers were
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incorporated into bundle adjustment.

e Scenario 3: No distortion correction was applied; raw images were used without any geometric
adjustments.
This procedure resulted in nine image-sets with three types of distortion correction. These image-

sets were then used in SfM processing.

5.2.3. SfM processing and systematic deformation evaluation

SfM processing was performed using Agisoft Metashape (version 1.5.5) following a standard
photogrammetric workflow (illustrated in Fig 5-3). Each of the nine image sets (Table 5-1) -
consisting of three GSD levels and three distortion correction cases - was processed under two SfM
workflows:

o Workflow 1: BA performed using RTK-GNSS camera positions.
o Workflow 2: BA based solely on image data, without any auxiliary positioning information.

In both workflows, sparse point clouds were generated and then georeferenced using the full set
of RTK-GNSS camera positions. Subsequently, Digital Elevation Models (DEMs) were produced
for all nine image sets under both workflows, resulting in a total of 18 DEMs.

To evaluate systematic deformation - in the form of doming or bowling - each DEM was compared
against a corresponding reference DEM. This comparation was performed by generating a

differential DEM, defined by Equation (5-1), using QGIS open-source software:

DEM difterence = DEM test — DEM reference (5-1)

Where DEM :: DEM generated from each of nine image-sets.

DEM reference: DEM generated when all the ground markers and camera coordinates
measured by RTK-GNSS were used in BA. These reference DEMs are regarded as the most reliable
representations for each raw image set.

The occurrence of systematic deformation (doming/bowling) is identified through visualizing the
differential DEM, as shown in Fig 5-4. If the center of the differential DEM exhibits a higher
elevation than the surrounding area, the original DEM is considered to display doming deformation.
Conversely, if the center is lower than its surroundings, it indicates bowling deformation. A relatively
flat differential DEM suggests the absence of systematic deformation.

To quantify the magnitude of deformation, the elevation range between the 95th and 5th percentile

pixel values within the differential DEM was calculated:

Deformation magnitude = 95 percentile — 5" percentile (5-2)
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Figure 5-3. SfM workflow and research procedure
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Figure 5-4. Identifying systematic deformation through visualization of the differential DEM
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The 5th and 95th percentiles were selected to represent the vertical error at the lower and upper

ends of the error distribution, corresponding to the "bottom" and "peak" of deformation, respectively.

These percentiles were chosen - rather than the minimum and maximum values - to reduce the

influence of outliers.
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5.3. Results and discussion

5.3.1. Differences between the reference DEMs and DEMs with in-camera distortion
correction

Table 5-2 presents the differential DEM results for three image sets captured at three GSDs, each
processed under the three defined distortion correction scenarios. The findings indicate that when
bundle adjustment incorporates accurate camera positions measured by RTK-GNSS (workflow 1),
the resulting DEMs (s exhibit consistent elevation differences across the entire study area when
compared to the reference DEM.

This consistency confirms the absence of systematic deformation, regardless of whether in-camera
distortion correction was applied to the images prior to the SfM process.

In contrast, when the bundle adjustment process relies solely on image data (image-based SfM) -
without integrating auxiliary data such as Ground Control Points (GCPs) or camera coordinates
obtained from RTK-GNSS - the resulting DEMs exhibit systematic deformation, as illustrated in
Table 5-3.

These findings indicate that the observed systematic deformation in SfM-derived DEMs originates
from self-calibration, specially the optimization of camera parameters in the absence of precise

external constraints.

Table 5-2. Differential DEMs calculated from Workflow 1: Bundle adjustment using RTK-GNSS
camera positions.

In-camera Legends
] ) GSD10 GSD15 GSD20
distortion 4.20
Scenario
0.20
1 I
0.10
{ r0.05
7 U -0.03
- L +0.00
Scenario i
2
-0.10
=0.20
= -4.17
; Y
e _§ Meter
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Table 5-3. Differential DEMs calculated from Workflow 2: Bundle adjustment using images only.

In-camera GSD10 GSD15 Legends
distortion GSD20 4.20
0.20
0.10
Scenario
0.05
1
0.03
0.00
=0.03
-0.10
Scenario
-0.20
2
—4.17
Meter
Scenario
3

5.3.2. Evaluation of the magnitude of deformation
For image-sets processed under Workflow 2, where bundle adjustment was performed without
auxiliary data and deformation was observed, the magnitude of DEM deformation was quantified for
each of the distortion correction scenarios.

Initially, the histogram and spatial distribution of 95™ percentile pixel values and 5" percentile
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pixel values in DEMitrerence Were examined to assess whether these percentiles reliably represented
the "peak" and "bottom" of the deformation, respectively.
As shown in Table 5-4, the 5th and 95th percentiles did not consistently reflect the true elevation

extremes, partially owing to the non-ground objects in the target area.

Table 5-4. Spatial distribution of 95" percentile pixel values (Red) and 5™ percentile pixel values
(blue) in DEMuifference for Workflow 2.
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Table 5-5. Histograms of pixel values of DEMuaifrerence With 95" percentile (Red) and 5™ percentile

(blue) for Workflow 2.
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To address this issue, a slope filter was applied prior to percentile calculation. This filter excludes
pixels whose maximum local slope (defined as the maximum elevation difference between a center
pixel and its 8 surrounding pixels, divided by the GSD) exceeded a certain threshold (1):

|neighbor pixel — center pixel|
GSD

Maximum local slope = max

Where:
e Center pixel: pixel used to calculate the maximum local slope (m)
e Neighbor pixel: 8 pixels surrounding the center pixel (m)
e GSD: ground sample distance (m)
After applying this filter, the results (Table 5-6) showed that, although the filtered percentiles
visually aligned with the elevation differences in some cases - such as Scenario 1 (GSD 10, 15, 20),

Scenario 2 (GSD 10), and Scenario 3 (GSD 10) - they still did not consistently or accurately capture

the elevation differences between the center and surrounding areas.

Further research is needed to develop a more robust and spatially representative metric for

evaluating magnitude of systematic deformation in DEMs.
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Table 5-6. Spatial distribution of 95™ percentile pixel values (Red) and 5% percentile pixel values (blue) in

DEMiifrerence for Workflow 2, after applying maximum local slope filtering.
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5.4. Conclusion

In this study, three image sets captured using the Constant-Pitch-Angle, Two-Directional, and
Gridded-Position flight design (CPA-2D-GP) - with a constant 20° pitch angle at three different

altitudes - were used to investigate the impact of in-camera distortion correction on systematic

deformation in DEMs generated by SfM. The results demonstrate that systematic deformation occurs

regardless of whether in-camera distortion correction was applied prior to image-based SfM process.

Additionally, the findings emphasize the critical importance of incorporating auxiliary data - high-

precision camera coordinates obtained via RTK-GNSS - into the SfM workflow to effectively

suppress such deformations.
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Chapter 6. Conclusion and future research

6.1. Conclusion

This dissertation investigated critical challenges associated with the indeterminacy and inaccuracy
of intrinsic camera parameters in UAV-based photogrammetry using SfM. The focus was on
identifying the causes of these issues and proposing practical strategies to improve the reliability of
image-based SfM, particularly in scenarios where auxiliary information such as camera coordinates
measured by RTK-GNSS or GCPs is limited or unavailable.

In Chapter 3, the robustness of SfM accuracy and precision against non-optimal SfM analysis
settings was assessed using a widely adopted UAV flight design: the Constant-Pitch-Angle, Two-
Directional, and Gridded-Position (CPA-2D-GP). Through an extensive analysis of 750 settings
across 15 image-sets, the results demonstrated that 20° and 30° pitch angles consistently yielded high
accuracy and precision in SfM. These findings confirmed the generality of the robustness of CPA-
2D-GP flight design, as suggested in previous research.

In Chapter 4, the indeterminacy of intrinsic parameters, particularly focal length (f) and vertical
principal point coordinate (cy) was demonstrated through numerical experiments using images
captured by Constant-Pitch-Angle, One-Directional, and Gridded-Position (CPA-1D-GP) flight
designs. The experiments showed that this flight configuration represents a critical configuration in
which f and cy become indeterminable in image-based SfM. These findings were validated with real
UAYV data, showing significant variability in intrinsic parameter estimates (f and cy) across multiple
SfM settings and repeated trials of a single setting. The incorporation of intermediate strips,
transitioning from CPA-1D-GP to CPA-2D-GP flight design, effectively mitigated this
indeterminacy. This strategy improves the stability of intrinsic parameter estimation (f and cy)
without the need for auxiliary data in bundle adjustment.

In Chapter 5, the impact of in-camera distortion correction on systematic deformation in digital
elevation models (DEMs) was examined using three CPA-2D-GP image-sets. The study showed that
systematic deformations (doming/bowling) occur regardless of whether distortion correction is
applied prior to SfM process, if bundle adjustment was performed using images only. However, when
RTK-GNSS camera coordinates were integrated into bundle adjustment, the deformations were
effectively suppressed.

In summary, the research contributes to a deeper understanding of how flight design, SfM analysis
settings, and image preprocessing practices affect the accuracy, stability, and reliability of UAV-
based photogrammetry using SfM. It also proposes practical and experimentally validated strategies

to mitigate these issues.
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6.2. Future research

It is crucial to understand that the best pitch angles for UAV-based data acquisition, which can be
robust against non-optimal SfM analysis settings, may vary depending on the characteristics of the
target area. In this study, a flat terrain with minimal vegetation was selected as a baseline to establish
foundational insights. However, future investigations should extend these findings to more complex
environments, such as steep slopes, undulating topographies, or densely vegetated areas, to assess
whether similar robustness patterns hold under varied terrain conditions.

Additionally, this study examined the robustness of SfM accuracy and precision for CPA-2D-GP
flight design without the use of ground control points (GCPs), by incorporating RTK-GNSS camera
positions for bundle adjustment and georeferencing. Further investigation is necessary to evaluate
the robustness of SfM accuracy and precision in scenarios where only GCPs are available,
particularly when using drones that lack onboard RTK-GNSS receiver.

Given that the accuracy and precision of SfM are highly sensitive to analysis settings, it is
advisable to evaluate SfM performance using a range of analysis settings, rather than relying solely
on a single standard setting. This approach helps ensure optimal camera parameter estimation for a
given image set.

This dissertation also initiated the investigation of intrinsic parameter indeterminacy with a focus
on two fundamental intrinsic parameters: focal length (f) and vertical principal point coordinate (cy).
Future studies should extend this analysis to include other intrinsic parameters, such as the horizontal
principal point (cx) and nonlinear distortion coefficients, whose instability may also compromise
SfM outcomes.

Moreover, beyond the CPA-1D-GP flight design, other combinations of camera motion and scene
geometry may also constitute critical configurations that result in indeterminate intrinsic parameters.
Identifying and characterizing these configurations, both theoretically and empirically, is essential
for improving the reliability for SfM with self-calibration.

Such efforts will advance UAV-based photogrammetry using SfM toward greater reliability, cost-
effectiveness, and adaptability across diverse terrain conditions, making it suitable for a wide range

of applications.
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