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Abstract

Integration of global navigation satellite systems (GNSS), inertial measure-
ment units (IMU), and high-resolution digital cameras in airborne mobile map-
ping systems, such as those used in airborne photogrammetry, has revolution-
ized three-dimensional (3D) geospatial data acquisition. In general, 3D map-
ping using airborne photogrammetry consists of several steps: data collection,
determination of EOPs, aerial triangulation (AT), and finally, the generation
of products such as true orthophotos, planimetric and topographic maps, digital
surface models (DSMs), and digital elevation models (DEMs). Yet significant
challenges in system integration, data processing strategies, and quality assess-
ment must be addressed to ensure the accuracy and reliability of the resulting
mapping products. This thesis investigates systematic and stochastic error
sources affecting exterior orientation parameters (EOPs) in GNSS/IMU-inte-
grated airborne photogrammetry, addressing critical aspects of data processing
and analysis. In addition, this thesis focuses on the integration of data from
GNSS and IMU and the challenges that arise from this process.

Using strip-wise and block-wise approaches, the first study evaluated the
impact of different a priori observation uncertainties (which set the observation
weights for GNSS positions and IMU orientations) on AT results. Through
analysis of checkpoint residuals, statistical evaluations, and Light Detection
and Ranging (LiDAR) data comparisons, this study demonstrates that block-
wise GNSS shift correction yields superior results compared with strip-wise
methods, with an average accuracy improvement of 6 cm. These findings em-
phasize the importance of appropriate a priori observation uncertainty assign-
ment in AT to enhance accuracy.

The second study investigates direct georeferencing (DG) in photogramme-
try, focusing on systematic errors arising from inconsistencies between geo-
detic reference systems. It examines the effects of the deflection of the vertical
(DOV) on DG in aerial mobile mapping systems. This study quantified the
effect of the DOV on horizontal and vertical coordinates at different flight al-
titudes and camera fields of view using high-resolution geoid models for Swe-
den. The results confirm that the influence of the anomalous gravity field on
DG using GNSS/IMU integration is not negligible, reaching up to 8-39 cm
horizontally and 25 cm vertically depending on flight altitude and camera field
of view. Moreover, the DOV components calculated using the EGM2008
global geopotential model are sufficiently accurate for aerial mapping in Swe-
den, except in mountainous areas where the topographic signal is not modelled
correctly. The study further provides insights into minimizing DOV effects
through optimal flight planning and highlights the importance of accounting
for DOV in high-accuracy DG applications.

The third study investigated the effects of GNSS signal outages on EOPs
estimation using tightly coupled GNSS/IMU integration, based on a simulated



case study in Sweden. EOPs solutions were analysed for outage durations of
up to 180 s using both single and network GNSS stations and the post-pro-
cessed kinematic (PPK) method. The results demonstrate that the smoothing
algorithm enhances positioning uncertainty (root mean square error, RMSE)
for north, east, and height components by approximately 17-43%, and reduces
orientation uncertainty by approximately 60% for roll, pitch, and heading com-
pared with forward Kalman filtering (KF). Notably, post-processed smoothing
reduced position uncertainty by up to 95% and orientation uncertainty by 60%
during simulated signal outages.

The fourth study analyses the precision of lever arm (LA) measurements
between GNSS and IMU and their impact on EOPs estimation in GNSS/IMU
integration. Using calibration data from a TerrainMapper 2 system, the re-
search revealed that LA uncertainties have minimal influence on attitude de-
termination and negligible impacts on positioning accuracy, provided meas-
urements are made at centimetre-level precision. The study also examined the
relationship between virtual reference station—rover baseline length, GNSS di-
lution of precision (DOP), and LA uncertainty on positioning accuracy.

The findings demonstrate that tightly coupled GNSS/IMU integration, par-
ticularly when combined with post-processing smoothing and a network of
GNSS reference stations such as SWEPOS, substantially improves the resili-
ence of EOPs during GNSS signal disruptions. Taken together, these four stud-
ies advance the accuracy and reliability of EOPs in GNSS/IMU-integrated air-
borne photogrammetry, providing quantitative guidance for observation
weighting, geodetic correction, signal-outage mitigation, and sensor calibra-
tion in operational mapping applications such as topographic mapping, urban
planning, and environmental monitoring.

Keywords: Aerial mobile mapping systems, photogrammetry, georeferencing,
GNSS/IMU integration, geodetic reference system, geoid, error analysis, sys-
tematic and stochastic errors.



Sammanfattning

Integrationen av globala navigationssatellitsystem (GNSS), troghetsmétnings-
system (IMU) och hoguppldsta digitala kameror i luftburna mobila karterings-
system, sdsom de som anvénds inom flygfotogrammetri, har revolutionerat in-
samlingen av tredimensionell (3D) geospatial data. Trots detta kvarstar bety-
dande utmaningar inom systemintegration, databearbetningsstrategier och
kvalitetsbedomning, vilka méste hanteras for att sékerstéilla noggrannheten och
tillforlitligheten hos de slutliga karteringsprodukterna. Denna avhandling un-
dersoker systematiska och stokastiska felkéllor som paverkar yttre oriente-
ringsparametrar (EOPs) i GNSS/IMU-integrerad flygfotogrammetri, med fo-
kus pa kritiska aspekter av databearbetning och analys. Flygfotogrammetrisk
3D-kartering omfattar flera sammanlénkade processer: datainsamling under
flygningen, bestdimning av yttre orienteringsparametrar, flygfototriangulering
(AT) samt generering av slutprodukter sdsom sanna ortofoton, planimetriska
och topografiska kartor, digitala ytmodeller (DSM) och digitala hdjdmodeller
(DEM). Avhandlingen fokuserar specifikt pd integrationen av GNSS- och
IMU-data samt de utmaningar som uppstar vid denna process.

Den forsta studien utvédrderade hur olika a priori-observationsosédkerheter,
vilka styr observationsvikterna for GNSS-positioner och IMU-orientering, pa-
verkar resultaten fran flygfototriangulering, genom jamforelse av strip-wise
och blockvis bearbetning. Analys av kontrollpunktsresidua, statistiska utvér-
deringar och jaimforelser med LiDAR-data visar att blockvis GNSS-skiftkorri-
gering ger dverldgsna resultat jamfort med strip-wise-metoder, med en genom-
snittlig noggrannhetsforbattring pa 6 cm. Resultaten understryker vikten av
dndamalsenlig tilldelning av a priori-observationsosakerheter i flygfototrian-
gulering for att forbéttra kartliggningsnoggrannheten.

Den andra studien undersoker direkt georeferering (DG) inom fotogram-
metri, med fokus pé systematiska fel som uppstar till foljd av skillnader mellan
geodetiska referenssystem. Studien undersokte effekterna av lodavvikelser
(DOV) pé direkt georeferering i luftburna mobila karteringssystem och kvan-
tifierade DOV:s inverkan pa horisontella och vertikala koordinater vid olika
flyghdjder och synfaltsvinklar, med hjélp av hogupplosta geoidmodeller for
Sverige. Resultaten bekréftar att gravitationsfiltets anomalier inte &r forsum-
bara vid direkt georeferering med GNSS/IMU-integration, och kan uppga till
8-39 cm horisontellt och 25 cm vertikalt beroende pa flyghojd och kamerans
synfalt. Vidare visar resultaten att DOV-komponenter berdknade med
EGM2008-modellen ér tillrackligt noggranna for flygkartering i Sverige, med
undantag for bergsomraden dér den topografiska signalen inte modelleras kor-
rekt. Studien ger praktisk véigledning for hur lodavvikelsernas effekter kan mi-
nimeras genom optimal flygplanering och betonar deras betydelse i hdgprecis-
ionsapplikationer for direkt georeferering.



Den tredje studien undersokte effekterna av GNSS-signalavbrott pa be-
stimning av EOPs med hjélp av titkopplad GNSS/IMU-integration, baserat pa
en simulerad fallstudie i Sverige. EOPs-16sningar analyserades for avbrott av
varierande ldngd, upp till 180 sekunder, med bade enstaka och nitverksbase-
rade GNSS-stationer samt efterbearbetad kinematisk (PPK) metod. Resultaten
visar att utsldtningsalgoritmer forbéttrar positionsosidkerheten (RMSE) for
nord-, dst- och hdjdkomponenter med cirka 17-43% och minskar orienterings-
osidkerheten med cirka 60% for roll, pitch och kurs jamfért med framatriktad
Kalmanfiltrering. Dessa forbattringar ar sdrskilt framtraidande under simule-
rade GNSS-signalavbrott, dér efterbearbetad utsldtning reducerade positions-
osidkerheten med upp till 95% och orienteringsosikerheten med 60%.

Den fjérde studien analyserar precisionen hos hdvarmsmétningar (LA) mel-
lan GNSS-antenn och IMU samt deras inverkan pa bestamning av EOPs vid
GNSS/IMU-integration. Med kalibreringsdata fran ett TerrainMapper 2-sy-
stem visar forskningen att hdvarmsosédkerheter har minimal paverkan pé atti-
tydbestdmning och forsumbar inverkan pa positionsnoggrannheten, forutsatt
att mitningarna utfors med centimetersnoggrannhet. Studien undersokte ocksé
sambandet mellan baslinjeldngden for virtuell referensstation—rover, GNSS
DOP (Dilution of Precision) och hdavarmsosédkerhetens inverkan pé positions-
noggrannheten.

Avhandlingens resultat visar att tdtkopplad GNSS/IMU-integration, sérskilt
i kombination med efterbearbetad utslatning och ett niatverk av GNSS-refe-
rensstationer sisom SWEPOS, avsevirt forbattrar EOPs robusthet vid GNSS-
signalstdrningar. Sammantaget bidrar dessa fyra studier till en forbéttrad nog-
grannhet och tillforlitlighet hos EOPs i GNSS/IMU-integrerad flygfotogram-
metri, och ger kvantitativ vigledning for observationsviktning, geodetisk kor-
rigering, hantering av GNSS-signalavbrott samt sensorkalibrering inom opera-
tiva karteringstillimpningar sdsom topografisk kartering, stadsplanering och
miljoovervakning.

Nyckelord: Luftburna mobila karteringssystem, flygfotogrammetri, georefere-
ring, GNSS/IMU-integration, geodetiskt referenssystem, geoid, felanalys, syste-
matiska och stokastiska fel.



Acknowledgements

The journey toward completing this doctoral thesis has been a transformative
experience, made possible through the support, guidance, and encouragement
of many individuals and institutions. I am deeply grateful to all who have con-
tributed to this work in countless ways.

First and foremost, I extend my sincere gratitude to my principal supervisor,
Professor Mohammad Bagherbandi, whose unwavering support, insightful
guidance, and deep expertise in geospatial sciences have been instrumental
throughout this research. Your patience in explaining complex theoretical con-
cepts, your constructive feedback on countless manuscript drafts, and your en-
couragement during challenging moments have shaped not only this thesis but
also my development as a researcher. I am equally indebted to my co-supervi-
sor, Associate Professor Faramarz Nilfouroushan, whose meticulous attention
to detail and critical thinking have significantly strengthened the quality of this
work. Your practical insights and industry perspectives have ensured that this
research remains grounded in operational realities.

I would like to express my sincere appreciation to Lantméteriet (the Swe-
dish Mapping, Cadastral, and Land Registration Authority) for providing the
airborne photogrammetry datasets, GNSS/IMU system specifications, and
technical documentation that formed the empirical foundation of this research.
I am especially grateful to Dr. Jonas Agren for his valuable collaboration on
the deflection of vertical study and expertise in physical geodesy, Anders
Ekholm, Hékan Agren, and Rolf Kulla for sharing data and software, and for
providing access to facilities at Lantmateriet. Special recognition is extended
to Jonas Boustedt, whose administrative support and facilitation of contractual
arrangements were instrumental in enabling this research to proceed. I also
thank the operational teams who conducted the aerial mapping campaigns in
Giévle, Uppsala, and surrounding regions, whose professional execution of
field missions ensured the high quality of the data analysed in this thesis.

I am grateful to the University of Gévle for providing the academic envi-
ronment and research facilities that made this doctoral study possible. The De-
partment of Computer and Geospatial Sciences has been a supportive home
throughout this journey. I extend my sincere thanks to the Lars Erik Lundberg
Scholarship Foundation for their generous scholarship support (project num-
bers 2018-791101 and 2019-885531), which enabled me to begin this research
and establish its foundations.

I extend my appreciation to the anonymous reviewers and editors of the
Journal of Spatial Science, The Photogrammetric Record, Sensors, and Jour-
nal of Geodetic Science, whose constructive comments and suggestions sub-
stantially improved the quality of the published papers that comprise this the-
sis. Your critical evaluation pushed me to clarify concepts, strengthen method-
ologies, and better communicate findings to the broader scientific community.



To my colleagues and fellow doctoral students at the University of Gévle,
thank you for the stimulating discussions, collaborative spirit, and camaraderie
that made the doctoral journey less isolating. The informal seminars, coffee
breaks, and shared frustrations over coding errors or data processing challenges
created a sense of community that [ will always cherish.

I am profoundly grateful to my family for their unconditional love, patience,
and understanding throughout this demanding period. To my parents, whose
lifelong emphasis on education and perseverance instilled in me the determi-
nation to pursue doctoral studies, thank you for believing in me even when I
doubted myself. To my siblings, whose encouragement and humour provided
much-needed perspective during stressful times, I am deeply appreciative.

Finally, I acknowledge the broader scientific community working on air-
borne mobile mapping, GNSS/IMU integration, and photogrammetry whose
published research provided the theoretical foundation upon which this thesis
builds. Standing on the shoulders of giants, I hope this work contributes a small
step forward in understanding systematic and stochastic error sources affecting
3D geospatial data products from airborne photogrammetry.

While many have contributed to this work, any errors, omissions, or short-
comings that remain are entirely my own responsibility.



List of Papers

This thesis is based on the following papers, which are referred to in the text
by Roman numerals.

Paper |

Jouybari, A., Bagherbandi, M., & Nilfouroushan, F. (2022). Comparison of the
strip- and block-wise aerial triangulation using different exterior orientation
parameters weights. Journal of Spatial Science, 67(3), 377-394.
https://doi.org/10.1080/14498596.2020.1871086 (Peer-reviewed paper)

Paper Il

Bagherbandi, M., Jouybari, A., Nilfouroushan, F., & Agren, J. (2022). Deflec-
tion of vertical effect on direct georeferencing in aerial mobile mapping sys-
tems: A case study in Sweden. The Photogrammetric Record, 37(179), 285—
305. https://doi.org/10.1111/phor.12421 (Peer-reviewed paper)

Paper Il

Jouybari, A., Bagherbandi, M., & Nilfouroushan, F. (2023). Numerical Anal-
ysis of GNSS Signal Outage Effect on EOPs Solutions Using Tightly Coupled
GNSS/IMU Integration: A Simulated Case Study in Sweden Sensors, 23(14),
6361. https://doi.org/10.3390/s23146361 (Peer-reviewed paper)

Paper IV

Jouybari, A., Bagherbandi, M., & Nilfouroushan, F. (2024). Lever arm meas-
urement precision and its impact on exterior orientation parameters in
GNSS/IMU integration. Journal of Geodetic Science, 14(1), 20220179.
https://doi.org/10.1515/jogs-2022-0179 (Peer-reviewed paper)



Other Publications and Contributions

Jouybari, A., Bagherbandi, M., & Nilfouroushan, F. (2020). Assessment of dif-
ferent GNSS and IMU observation weights on photogrammetry aerial triangu-
lation. In Proceedings of the FIG Working Week 2020, Amsterdam, the Neth-
erlands. https://fig.net/resources/proceedings/fig_proceedings/fig2020/pa-
pers/ts05g/TS05G_jouybari_bagherbandi et al 10422.pdf  (Peer-reviewed
conference paper)

Bagherbandi, M., Jouybari, A., Nilfouroushan, F., & Agren, J. (2022). Im-
portance of precise gravity field modeling in direct georeferencing and aerial
photogrammetry: A case study for Sweden. The International Archives of the
Photogrammetry, Remote Sensing and Spatial Information Sciences, XLIII-
B2-2022, 15-22. https://doi.org/10.5194/isprs-archives-XLIII-B2-2022-15-
2022 (Peer-reviewed conference paper)

Jouybari, A., Bagherbandi, M., & Nilfouroushan, F. (2022). Impact of GNSS
signal outage on EOPs using forward KF and smoothing algorithm. The Inter-
national Archives of the Photogrammetry, Remote Sensing and Spatial Infor-
mation Sciences, XLIII-B2-2022, 59-66. https://doi.org/10.5194/isprs-ar-
chives-XLIII-B2-2022-59-2022 (Peer-reviewed conference paper)

Jouybari, A., Amiri, H., Ardalan, A. A., & Khodaverdi Zahraee, N. (2019).
Methods comparison for attitude determination of a lightweight buoy by raw
data of IMU. Measurement, 135, 348-354. https://doi.org/10.1016/j.measure-
ment.2018.11.061 (Peer-reviewed paper)

Rastiveis, H., Khodaverdi Zahraee, N., & Jouybari, A. (2018). Object-oriented
classification of LIDAR data for post-earthquake damage detection. The Inter-
national Archives of the Photogrammetry, Remote Sensing and Spatial Infor-
mation Sciences, XLII-3/W4, 421-426. https://doi.org/10.5194/isprs-archives-
XLII-3-W4-421-2018 (Peer-reviewed conference paper)

Khodaverdi Zahraee, N., Rastiveis, H., & Jouybari, A. (2019). Combination of
post-earthquake LiDAR data and satellite imagery for buildings damage detec-
tion. FEarth Observation and Geomatics Engineering, 3(1), 12-20.
https://doi.org/10.22059/EOGE.2019.278307.1046 (Peer-reviewed paper)

Khodaverdizahrace, N., Rastiveis, H., & Jouybari, A. (2020). Segment-by-seg-
ment comparison technique for earthquake-induced building damage map gener-
ation using satellite imagery. International Journal of Disaster Risk Reduction,
46, 101505. https://doi.org/10.1016/}.ijdrr.2020.101505 (Peer-reviewed paper)



Akbarian, S., Jouybari, A., & Grondstein, N. (2021). Analysis of solar potential
in an urban area using LiDAR data: A case study of Belgium. In Proceedings of
the FIG e-Working Week 2021: Smart Surveyors for Land and Water Manage-
ment — Challenges in a New Reality, Virtually in the Netherlands, 21-25 June
2021. https://www.fig.net/resources/proceedings/fig_proceedings/fig2021/pa-
pers/ts03.1/TS03.1_akbarian_jouybari_et al 10870.pdf (Peer-reviewed paper)

Eslamizade, F., Rastiveis, H., Khodaverdi Zahraee, N., Jouybari, A., & Shams,
A. (2021). Decision-level fusion of satellite imagery and LiDAR data for post-
earthquake damage map generation in Haiti. Arabian Journal of Geosciences,
14, 1120. https://doi.org/10.1007/s12517-021-07293-y (Peer-reviewed paper)

Reprints were made with permission from the respective publishers.






The author’s contribution to the papers

This thesis is based on four peer-reviewed journal papers. The author's specific
contributions to each paper are summarized below.

Paper I: Comparison of the strip- and block-wise aerial triangulation using
different exterior orientation parameters weights
(Journal of Spatial Science, 67(3), 377-394, 2022)

The research design and methodology were developed jointly in collabora-
tion with the co-authors during several project meetings. As the first author, all
data processing, aerial triangulation computations, statistical analyses, and
preparation of figures and tables were carried out. The manuscript was written
from the initial draft through to the final version. The co-authors, Mohammad
Bagherbandi and Faramarz Nilfouroushan, contributed through scientific dis-
cussions and by providing comments and suggestions that improved the struc-
ture and clarity of the paper.

Paper I1: Deflection of vertical effect on direct georeferencing in aerial mobile
mapping systems — A case study in Sweden
(The Photogrammetric Record, 37(179), 285-305, 2022)

The initial idea for this study was proposed by Mohammad Bagherbandi,
who also performed most of the deflection of vertical computations, contrib-
uted to the preparation of several key figures, and initiated the manuscript. As
the second author, contributions included writing the manuscript, carrying out
additional processing and analyses, and revising and editing the text. The co-
authors, Mohammad Bagherbandi, Faramarz Nilfouroushan, and Jonas Agren,
provided conceptual input, critical review, and comments that strengthened
both the methodological framework and the interpretation of the results.

Paper III: Numerical Analysis of GNSS Signal Outage Effect on EOPs
Solutions Using Tightly Coupled GNSS/IMU Integration: A Simulated
Case Study in Sweden

(Sensors, 23(14), 6361, 2023)

The idea for this study was developed by the thesis author (Arash Jouybari),
who is also the first author of this paper, with the help of the co-authors through
several meetings, building on the observation-weighting and sensor-integration
framework established in the earlier papers of this thesis. As the first author, re-
sponsibility was taken for all data processing, GNSS signal outage simulations,
GNSS/IMU integration computations, statistical analyses, and the creation of all
figures and tables. The manuscript was written in full, from concept to final ver-
sion. The overall research design and framing were refined through discussions
with the supervisors, who also provided constructive comments and suggestions
that improved scientific presentation and argumentation.



Paper IV: Lever arm measurement precision and its impact on exterior orien-
tation parameters in GNSS/IMU integration
(Journal of Geodetic Science, 14(1), 20220179, 2024)

The idea for this study was developed by the thesis author (Arash Jouybari),
who is also the first author of this paper, with the help of the co-authors through
several meetings, motivated by open questions on sensor calibration precision
that emerged from the earlier papers in this thesis. All data processing was
carried out, including lever arm uncertainty analyses, GNSS/IMU integration
computations, Allan variance analyses, and the preparation of all figures and
tables. The complete manuscript was written independently. The co-authors
contributed through scientific discussions, guidance on the analysis, and criti-
cal comments on the manuscript, which helped refine the conclusions and im-
prove the overall quality of the paper.

Overall, the primary contributor to the research, analysis, and writing across
all four papers has been the thesis author, while the co-authors provided essen-
tial scientific guidance, feedback, and support throughout the research process.



Nomenclature

Abbreviations
AT

BBA
BeiDou
CIO

CLC
CMOS
CORINE
COTS

CP

DEM

DG

DOP
DOV
DSM
DTM
ECEF
EGM
EGM2008
EGM96
EKF
EOPs
ETRS89
FOV
Galileo
GCP
GEOFOUR
GGM
GLONASS
GNSS
GOCE

GPS
GRACE
GRAVSOFT
GRS80

GSD

Hoo

HDOP

IMU

INS

Description

Aerial Triangulation

Bundle Block Adjustment

Chinese satellite navigation system
Conventional International Origin

CORINE Land Cover

Complementary Metal-Oxide-Semiconductor sensors
Coordination of Information on the Environment
Commercial Off-The-Shelf

Check Point

Digital Elevation Model

Direct Georeferencing

Dilution of Precision

Deflection of Vertical

Digital Surface Model

Digital Terrain Model

Earth-Centred Earth-Fixed

Earth Gravitational Model

Earth Gravitational Model 2008

Earth Gravitational Model 1996

Extended Kalman Filter

Exterior Orientation Parameters

European Terrestrial Reference System 1989
Field of View

European satellite navigation system

Ground Control Point

Component of GRAVSOFT for upward continuation
Global Geopotential Model

Globalnaya Navigazionnaya Sputnikovaya Sistema
Global Navigation Satellite System

Gravity field and steady-state Ocean Circulation
Explorer

Global Positioning System

Gravity Recovery and Climate Experiment
Gravity Field Modelling Software

Geodetic Reference System 1980

Ground Sample Distance

H-infinity filter

Horizontal Dilution of Precision

Inertial Measurement Unit

Inertial Navigation System



10P
ISPRS

KF

LA
Landsat-8
Lantmaéteriet

LC

LEO

LiDAR

LS
MATLAB
MEMS
MMS

NED

NGA

POS

POS AV 510
POS AV 610
PPK

PPP

PPS

RH2000
RMS

RMSE

RTK

RTS

SD

SDG
Sentinel-2
StM

SGM

STD
SWEPOS
SWEREF99
SWEN17 RH2000
TC

TEC

UAS

UAV
UltraCam Eagle Leica
UTM

VDOP

VRS
WGS84
WLS

Interior Orientation Parameters

International Society for Photogrammetry and
Remote Sensing

Kalman Filter

Lever Arm

Earth observation satellite

Swedish Mapping, Cadastral and Land Registration
Authority

Loosely Coupled

Low Earth Orbit

Light Detection and Ranging

Least-Squares

Matrix Laboratory

Micro-Electro-Mechanical Systems

Mobile Mapping System

North-East-Down

National Geospatial-Intelligence Agency
Position and Orientation System

Applanix Position and Orientation System AV-510
Applanix Position and Orientation System AV-610
Post-Processed Kinematic

Precise Point Positioning

Pulse Per Second

Swedish orthometric height system

Root Mean Square

Root Mean Square Error

Real-Time Kinematic

Rauch-Tung-Striebel (smoother)

Standard Deviation

Sustainable Development Goals

European Earth observation satellite

Structure from Motion

Semi-Global Matching

Standard Deviation

Sweden's Positioning System

Swedish national reference system

Swedish quasigeoid model 2017 with RH2000
Tightly Coupled

Total Electron Content

Unmanned Aircraft System

Unmanned Aerial Vehicle

UltraCam Eagle digital camera

Universal Transverse Mercator

Vertical Dilution of Precision

Virtual Reference Station

World Geodetic System 1984

Weighted Least Squares



Key Concepts

Aerial Triangulation
(AT)

Boresight

Bundle Adjustment
(BA)

Collinearity
Dead Reckoning

Deflection of Vertical
(DOV)

Direct Georeferencing
(DG)

Ellipsoid
Exterior Orientation
Parameters (EOPs)

Geoid

GNSS/IMU Integration

IMU Drift

Interior Orientation
Parameters (IOPs)
Kinematic Positioning
Lever Arm (LA)
Quasigeoid

Sensor Fusion

Tie Points

Definitions

Photogrammetric process of determining three-di-
mensional ground coordinates using overlapping
aerial photographs

Angular misalignment between camera and IMU
reference frames

Least-squares optimization refining camera posi-
tions, orientations, and ground coordinates simul-
taneously

The principle that the object point, image point,
and camera centre lie on a straight line

Process of estimating position by integrating IMU
outputs over time without external references
Angular difference between the plumb line (grav-
ity direction) and the normal to the ellipsoid at a
given location

Determination of camera position and orientation
from GNSS/IMU sensors without requiring
ground control points

Mathematical model of the Earth represented as a
rotational ellipsoid defined by semi-major axis and
flattening

Six parameters (three position coordinates and
three orientation angles) defining camera location
and orientation at image acquisition

The equipotential surface of the Earth's gravity
field that best fits the undisturbed mean sea level
in a least-squares sense and its continuation
through the continents

Combined use of GNSS and IMU data through fil-
tering algorithms for robust positioning and orien-
tation

Accumulation of errors in inertial navigation over
time without an external reference

Camera calibration parameters, including focal
length, principal point, and lens distortion
Determination of moving platform trajectory in
real-time or post-processing

Physical displacement vector between two sensor
locations (e.g., IMU to GNSS antenna)

Reference surface for normal heights based on
height anomalies

Integration of measurements from multiple sen-
sors to produce superior estimates

Image features visible in multiple photographs that
establish geometric correspondence






Table of Contents

CRAPLET 1 .ottt et et stte et e et eesbeeeaaeetee e saeensaeesaaenseas 1
Research Context and Background .............cccoeveviieciieiinienieieeieeieceenenn 1
INErOAUCHION ...t 2
1.1 BaCK@round ........ceevvieiieiieiieieeieseee ettt 2
1.2 3D Mapping and Its Contribution to the Sustainable
Development GOalS.......c.occveeeeiieriieiiiieiie et 3
1.3 Evolution of Airborne Mobile Mapping Systems ...........cccceeeevverevenen. 3
1.4 GNSS/IMU Integration in Mobile Mapping Systems ............cccceue.e.. 6
1.5 Direct Georeferencing and Exterior Orientation Parameters................ 7
1.6 Factors Affecting EOPS ACCUIACY.......ccuveiiiriiiieiieieee e 7
1.6.1 GNSS/IMU Integration Uncertainty and Lever Arm
MEASUTEMENT .....eeuiiiriiiiiiieeiee ettt ettt ettt et et e es 7
1.6.2 System Calibration, Time Synchronization, and
Environmental FACLOTS ........ccoveieiiiiiiieiieieeceeeee e 9
1.6.3 Deflection of Vertical Problem in Direct Georeferencing.......... 10
1.7 Photogrammetric Data Processing Workflow ............ccccceevevvenieennnnne. 11
1.7.1 Aerial Triangulation and Bundle Block Adjustment.................. 12
1.7.2 Measurements Uncertainties and Quality Assessment
in Aerial Triangulation ...........ccevveriieriiecieeieeeee e 13
1.8 Problem Definition and Research Objectives........cccccvevvrvververevennnnne. 14
1.9 Scope of the Study and Target Areas in FOCUS.........ccevvrevervenieennnnne. 15
1.9.1 Aerial Triangulation (AT) Procedures..........ccceoceveevienienennnnne. 19
1.9.2 DOV Impact on Georeferencing ACCUracy ........c.cceeeeeeeereeennenne 19
1.9.3 GNSS Signal Outage Effects on EOPs........ccccocceviiiiiiiennee 19
1.9.4 LA Measurement PreCiSion .......c.eevuevuereereeneenieenieeienceniceieens 20
1.10 Thesis OULHNE ....co.eeueeieieieieie ettt 20
CRAPLET 2 ..ottt ettt ettt et e e et e e s teesate e s tbeessaeessseessseessseensseenns 21
Theoretical Framework and Methods..........ccooeveiiiiniiiniecieece e 21
INEOAUCTION ...t 22
2.1 Geodetic Reference Systems and Coordinate Frames:
background and TEVIEW ...........ccerieiiiiiiiieieiee et 23
2.1.1 Earth-Centred Earth-Fixed (ECEF) Coordinate System............. 23
2.1.2 Local-Level Frame (North-East-Down) ............cccoevveviecrieiennnnns 24
2.1.3 Body Frame and Sensor Frames...........ccccceevevvenieneenieeneeeennnans 26
2.1.4 Coordinate Transformations..........ccceeeevereneneneneeneenienenennenne 28

2.1.5 The Coordinate Transformation Chain..............cccoeeeevvvveeeienenns 29



2.2 GNSS and IMU Principles ........ccceveeviieiieienienieieeieeee e seesie e 30

2.3 GNSS/IMU INte@ration .........cceeevereerreerreeieeieseesreesessesneseeesseensennns 32
2.3.1 Loosely Coupled Integration.............ccceeevereereenieeseeseeseenieennenns 32
2.3.2 Tightly Coupled Integration...........cccccervereenrerieeciesieseeeeeeeans 33
2.3.3 Advanced Filtering and Post-Processing (KF, EKF, RTS)........ 39

2.4 Direct Georeferencing and Exterior Orientation Parameters ............. 43
2.4.1 Camera Position Determination ...........ccccceeeeveeenveneeceeeieneeeens 44
2.4.2 Camera Orientation Determination .............cceceevvereeceenceneennnnns 44
2.4.3 Complete Exterior Orientation Parameters .............ccceveenuennen. 44

2.5 Aerial Triangulation and Bundle Block Adjustment.............cccocuc.ee. 45
2.5.1 The Principle of Aerial Triangulation ...........ccceceeveeeieienieneenne. 45
2.5.2 Bundle Block Adjustment..........c.cceceerieienineneiiececeiee e 45
2.5.3 GNSS/IMU-Derived EOPs Constraints in Bundle Adjustment......47
2.5.4 Self-Calibrating Bundle Adjustment.............cccoecvevverrieviennennnnns 48
2.5.5 The Synergy with Direct Georeferencing .............cceevveveevennnnns 48

2.6 Deflection of Vertical (DOV) in Airborne Photogrammetry ............. 49
2.6.1 The Physical Origin of Deflection of Vertical ..........ccccoceuennen. 49
2.6.2 Impact of DOV on Direct Georeferencing..........ccceeeeevevueruennenn 50
2.6.3 Computing Deflection of Vertical Components............ccccoeuee.. 50
2.6.4 Implementing DOV Effect in Direct Georeferencing................ 53
2.6.5 Practical Considerations...........coecuevueereeneenieeieniieseeieeee e 53

(] 1F:1 o1 1<3 S USSR 55

Methodology and Data Processing...........ccccveceeeeneeneeneniesie e 55

INEEOAUCHION ...t 56

3.1 Assessment of Observation Weights in GNSS/IMU-Supported

Bundle Adjustment (Paper I) ......ccooouiiiiniinieiiiiieecc e 56
3.1.1 Study Area and Dataset..........ccceeeerierienieneneieeeeeeee e 56
3.1.2 GNSS/IMU System and Camera Specifications ....................... 57
3.1.3 Aerial Triangulation Processing Strategy ............cceeververveennnne. 58
3.1.4 Observation Weight Setting..........ccoecvevierieriiecienieneeieeie e 58
3.1.5 Evaluation Criteria........ccceeieeeierienienienieeieeiceeeieneee e 59

3.2 DOV Impact Assessment in Direct Georeferencing (Paper II)........... 61
3.2.1 Study Area and Geographic SCOPE ......ccvevvereereerierieriereeeeennes 61
3.2.2 Datasets for DOV Calculation ........cc.cccceeevenenienenencecenennenne. 61
3.2.3 DOV Computation Methodology.........ccceceereeiineiienieeee 62
3.2.4 Operational Scenario Design ..........cccoeeeevieiieneeieienieeee 63
3.2.5 Evaluation and Comparison Strategy...........ccceeereuereereenueenenne. 64

3.3 GNSS Signal Outage Effect Analysis (Paper III) ..........cccceveeennene. 65
3.3.1 Study Area and Flight Campaign ..........cccceeeeeiriienieiieneneneeene, 65
3.3.2 Navigation System Equipment............ccccevvveriniincnninencenene. 65

3.3.3 Integration Algorithm Configurations............cccceeevereverienreennnne. 66



3.3.4 GNSS Signal Outage Simulation Design .........c.ccccevvereenreennnnne. 67

3.3.5 Evaluation Metrics and Analysis Framework...............c..ccoenne.nn. 67

3.4 Lever Arm Calibration Importance in Direct Georeferencing
(PAPCI IV) oottt 68
3.4.1 Data Acquisition and System Configuration.............cceccvevvveeeene 68
3.4.2 Lever Arm Measurement..........co.eeeveeceeneeneeneenneenienieeneeneenneenns 69
3.4.3 Uncertainty Analysis Framework............ccccoooevieniiiiiiencennne 69
3.4.4 Integration Processing Strategy .........ccceeeeeereeneenesieeneeseeeene 71
3.4.5 Alignment Period Determination .............ccceveeeveereeneeneeneeeenne. 71
3.4.6 Quality AssesSMent MEtriCS .......ccceeeureierierierienieneeeeeeeeeieneeneas 72
CRAPLET 4 ..ottt ettt et e st e e s ate e s beessaeessbeessseessbeensseenns 75
Results and ANALYSIS ..co.eeueeieierieieie ettt 75
INEOAUCTION ...ttt 76
4.1 Paper I: Assessment of Observation Weights in AT ..........ccccoeceennene 77
41T RESUILS . e 77
4.1.2 Discussion and Implications............ccccceevureeiiveeneenieenieereeeennens 81
4.2 Paper II: Deflection of Vertical Effects on Direct Georeferencing........ 83
42,1 RESUILS .t 83
4.2.2 Discussion and Implications............ccccceeeuieeeerveeneenieenieereneeneens 87
4.3 Paper III: GNSS Signal Outage Impact on EOPs............cceecveurnn.ne. 92
431 RESUILS .ttt e 92
4.3.2 Discussion and Implications............ccccceevuveeeerceeneenieecieeieneeeenns 97
4.4 Paper IV: Lever Arm Measurement Precision Impact........................ 98
441 RESUILS ...ttt 99
4.4.2 Discussion and Implications............ccoeeeereerernreiencenieneee 117
4.5 Synthesis and Overall Contributions ............cccceeevererenereeceeenne 119
4.5.1 Complementary Contributions Across Studies.............ccceeenee. 119
4.5.2 Operational Implications ...........ccceevveevvieeeeiereeneereene e 121
(110 15 i SRR 123
CONCIUSIONS ...ttt ettt sttt eee e ee 123
INEOAUCTION ...t 124
5.1 Summary of Key FIndings.........ccccooivieiiieieieeceeeeeeeeee 124
5.2 Addressing the Research QUESHIONS ........ccvevevevveriieniieieiieeeeieeeens 125
5.3 Thesis Contributions in Aerial Mobile Mapping.............ccceeverveennne 128
5.4 Limitations of the Study ........cceeeevierieiieiieeceeceee e 130
5.5 Future Research DireCtions ........c.ccocevererereeienienieneneneneeeeeenenne 132
5.6 Concluding Remarks ............cccovierieiieiiieiiiieeecee e 134

RETEIENCES ..o 135






Chapter 1

Research Context and Background



Introduction

1.1 Background

Recent advancements in mobile mapping systems (MMS) have revolutionized
the collection of three-dimension (3D) spatial data (Elhashash, Albanwan and
Qin, 2022). Data acquisition from airborne MMS is particularly rapid and ef-
ficient for large-scale mapping. Typically, these systems combine navigation
technologies with remote sensing instruments to provide fast and cost-effective
data collection. With an increasing demand for accurate and high-resolution
3D geospatial data, mobile LIDAR mapping is gaining popularity, especially
for applications such as city modelling (Toth, 2009). Navigation sensors, im-
aging sensors, and data processing algorithms are key components of MMS
(Nocerino, Rodriguez-Gonzalvez and Menna, 2019). Researchers have devel-
oped methods to assess the accuracy and completeness of 3D maps generated
by MMS, addressing the need for reliable quality assessment in a variety of
applications (Toth, 2009; Nocerino, Rodriguez-Gonzalvez and Menna, 2019).
Although MMS offers several advantages, assessing the quality of the col-
lected 3D data remains a challenge.

Exterior Orientation Parameters (EOPs) determine how trustworthy airborne
mapping products are in practice. They describe where the sensor is and how it
is oriented at every exposure, and any error in these parameters propagates di-
rectly into the final orthophotos, digital elevation models (DEMs), and 3D mod-
els. Even small attitude errors, such as a slight roll misalignment at typical flight
mapping altitudes, can translate into horizontal shifts of several centimetres in
orthophotos, which is critical when products are used for cadastral mapping or
infrastructure monitoring. Similarly, residual pitch and heading errors tend to in-
troduce systematic tilts in elevation models; on sloping terrain these effects are
amplified and can reach several tens of centimetres in height, particularly in steep
areas. At object boundaries, for example along building facades, such EOPs in-
consistencies often appear as visible seams between neighbouring strips and as
reduced coherence in LIDAR or image-based point clouds. In high-stakes appli-
cations, where allowable tolerances are on the order of a few centimetres, sys-
tematic biases arising from lever arm (LA) miscalibration, global navigation sat-
ellite systems (GNSS) signal outages, or unmodelled deflections of the vertical
can therefore make the data unsuitable for reliable change detection or engineer-
ing design. For this reason, improving, monitoring, and rigorously assessing
EOPs accuracy has direct practical consequences for modern airborne mobile
mapping, well beyond its theoretical interest.



1.2 3D Mapping and Its Contribution to the Sustainable
Development Goals

3D mapping technologies directly advance several United Nations Sustainable
Development Goals (SDGs). These technologies support SDG 11 (Sustainable
Cities and Communities) by enabling urban planning applications and smart
city development (Im, 2020). For SDG 13 (Climate Action), 3D mapping con-
tributes to environmental monitoring and change detection techniques, such as
using photogrammetry to create detailed 3D models of glaciers and ice cliffs
for monitoring climate change impacts, as discussed in the context of spatio-
temporal vegetation dynamics and terrestrial resource monitoring (Im, 2020).
In relation to SDG 9 (Industry, Innovation, and Infrastructure), these technol-
ogies aid in infrastructure, urban planning, and management applications, such
as using LiDAR and photogrammetry for precise utility network modelling,
optimizing urban drainage systems, and improving transportation networks
(Bachmann et al., 2022). Additionally, in disaster risk management, 3D map-
ping technologies are used to produce high-resolution digital terrain models
(DTMs) for flood risk assessment and mitigation, enabling better disaster pre-
paredness strategies and resilience studies (Brandt et al., 2021). These ad-
vancements support sustainable urban development and environmental conser-
vation by giving planners and policymakers more reliable, data-driven evi-
dence for decision-making and resource allocation (Bachmann et al., 2022).
Geospatial technologies offer significant potential for monitoring SDG indica-
tors, with recent advancements in mapping and monitoring various resources
crucial for sustainability (Dev Acharya and Ha Lee, 2019).

1.3 Evolution of Airborne Mobile Mapping Systems

The evolution of airborne mobile mapping systems has seen significant ad-
vancements over the past few decades. Initially developed to overcome limita-
tions of traditional surveying methods, these systems have transitioned from
simple aerial photography to sophisticated multi-sensor platforms (El-Sheimy,
2005). Traditional photogrammetric methods relied heavily on ground control
points (GCPs) and manual processing (Skaloud, 2002), but the integration of
GNSS and inertial measurement units (IMU) technologies revolutionized the
field by enabling direct georeferencing (DG) capabilities-precise determina-
tion of camera position and orientation without extensive GCPs (Rizaldy and
Firdaus, 2012). This integration, along with high-resolution digital cameras,
LiDAR, and multispectral sensors, has streamlined the mapping process, re-
ducing costs and processing time while maintaining high accuracy (Vallet,
2007). Systems like the Helimap, developed in 1999, exemplify these advance-
ments by allowing efficient mapping of complex terrains and vertical objects
(Vallet, 2007). These technological developments culminated in the emer-
gence of real-time, multi-tasking systems that could operate both on land and
in the air, significantly advancing spatial data acquisition capabilities and pav-
ing the way for today’s GNSS/IMU-integrated platforms (Grejner-Brzezinska
et al., 2004). Despite these improvements, it remains crucial to regularly



measure and use a small number of ground control points during mapping cam-
paigns to check and maintain the stability of camera calibration and the overall
georeferencing accuracy (Vallet, 2007), particularly when monitoring topog-
raphy-related natural hazards in mountainous areas (Gwinner et al., 2000).

Figure 1.1 illustrates the progression of aerial mobile mapping technologies
from the late 1980s to the present, highlighting key advancements in sensor
integration, data capture capabilities, and georeferencing accuracy. Major
milestones include the introduction of Global Positioning System (GPS) and
inertial navigation system (INS) integration systems, laser scanners, LiDAR,
high-resolution digital cameras, CMOS (Complementary Metal-Oxide-Semi-
conductor) sensors, which represent a recent advancement in imaging sensor
technology for aerial mapping systems, and UAS platforms. Performance met-
rics such as spatial resolution, dynamic range, and automation improvements
are also emphasized.
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1.4 GNSS/IMU Integration in Mobile Mapping Systems

The integration of GNSS and IMU has become the cornerstone of modern mo-
bile mapping systems, enabling continuous positioning and direct georeferenc-
ing across manned aircraft, unmanned aerial vehicles (UAVs), and ground-
based platforms (Grejner-Brzezinska et al., 2002; El-Sheimy, 2005). The two
sensors are inherently complementary: GNSS provides absolute position ref-
erenced to a global coordinate frame but is vulnerable to signal interruptions
and poor satellite geometry, while IMUs deliver high-frequency, self-con-
tained motion measurements that drift over time without external correction
(Boguspayev et al., 2023). Fusing them through estimation algorithms such as
the Kalman Filter (KF) and its variants produces a continuous navigation so-
lution whose quality directly controls the accuracy of the EOPs that underpin
all downstream mapping products.

Three integration architectures are widely applied in practice, each repre-
senting a different trade-off between robustness and complexity. In loosely
coupled systems, GNSS and IMU are processed independently and merged at
the solution level, which is straightforward to implement but fails completely
when fewer than four satellites are tracked. Tightly coupled systems fuse raw
GNSS observations with IMU states in a single filter, maintaining partial up-
dates even under limited satellite visibility, which makes them the preferred
choice for airborne applications where banking manoeuvres and signal block-
ages are common (Gan et al., 2020; Mwenegoha et al., 2025). Ultra-tightly
coupled systems go further by feeding inertial data directly into the GNSS
tracking loops, offering the highest resistance to jamming and signal degrada-
tion, though at considerably greater implementation complexity (Park, Yang
and Shim, 2008; Yuan and Zhang, 2009). Although loosely and tightly coupled
approaches are theoretically equivalent under ideal conditions, tightly coupled
systems consistently deliver better fault tolerance and positioning continuity
when conditions deteriorate (Gan et al., 2020). The full mathematical treatment
of these architectures is presented in Chapter 2.

Research has progressively developed more robust and capable integration
techniques to meet the demanding accuracy requirements of operational air-
borne mapping. Early work established that properly weighted KFs signifi-
cantly reduce inertial drift while preserving high-rate attitude information
(Skaloud and Schwarz, 2000; Grejner-Brzezinska et al., 2002). Zhao, Qiu and
Feng (2014) applied H,, filtering which is a robust filtering approach designed
to minimize the worst-case estimation error under model uncertainty in a
loosely coupled GPS/INS system, demonstrating better performance under
system uncertainties compared to conventional KFs. These studies highlight
the ongoing efforts to enhance navigation accuracy and reliability in various
scenarios, including aerial mapping applications. More recently, multi-sensor
fusion frameworks combining GNSS/IMU with cameras, LiDAR, and emerg-
ing LEO satellite signals have extended positioning continuity in GNSS-chal-
lenged environments, broadening the operational range of mobile mapping
platforms (Zhao, Qiu and Feng, 2014; Irfan et al., 2025).



For airborne mapping specifically, these advances translate directly into im-
provements in EOPS quality. Smoothing algorithms that process observations in
both forward and backward time directions have been shown to reduce position
uncertainty by up to 95 percent and orientation uncertainty by up to 60 percent
during GNSS signal outages of up to 180 seconds, compared to forward-only
KFing ( Jouybari, Bagherbandi and Nilfouroushan, 2023). Network-based post-
processed kinematic (PPK) corrections further narrow positioning errors by mit-
igating distance-dependent atmospheric biases, outperforming single-base solu-
tions particularly over long baselines. Combined with rigorous LA and boresight
calibration, tightly coupled integration has achieved centimetre-level object ac-
curacy in direct georeferencing without ground control points (Gabrlik et al.,
2018; Jouybari, Bagherbandi and Nilfouroushan, 2024).

1.5 Direct Georeferencing and Exterior Orientation
Parameters

The evolution of airborne mapping systems has led to significant advance-
ments in DG techniques. DG in modern airborne mapping uses camera posi-
tions to georeference Structure-from-Motion (SfM) results without ground
control points (GCPs) (Carbonneau and Dietrich, 2017). It relates closely to
EOPs, which are crucial for accurate georeferencing in airborne mapping sys-
tems (Zhang et al., 2024). DG can significantly reduce or eliminate the need
for GCPs, improving efficiency in aerial mobile mapping (Liu et al., 2022).
The accuracy of EOPs directly impacts mapping products, with EOPs refine-
ment methods showing improvements in georeferencing accuracy and visual
performance (Zhao, Qiu and Feng, 2014). While DG with low-cost UAVs can
produce reliable 3D surface models (such as DSMs or dense point clouds)
without expensive survey equipment, achieving survey-grade digital terrain
models (DTMs) remains challenging (Carbonneau and Dietrich, 2017). The
accuracy of DG methods varies, with one study reporting vertical and horizon-
tal root mean square errors of 0.087 m and 0.041 m, respectively (Liu et al.,
2022). Georeferencing techniques are widely applied in map creation and nav-
igation systems (Hackeloeer et al., 2014).

1.6 Factors Affecting EOPs Accuracy

This section provides an overview of some of key factors affecting EOPs ac-
curacy that are central to this thesis. Detailed mathematical frameworks, meth-
odologies, and literature reviews for each factor are presented in Chapter 2.

1.6.1 GNSS/IMU Integration Uncertainty and Lever Arm
Measurement

To address these challenges, recent research on GNSS/IMU integration for DG
in airborne mapping applications highlights the importance of system calibra-
tion and sensor quality. Gabrlik et al. (2018) achieved 4 cm root mean square
error (RMSE) with a custom multi-sensor system integrating Real-Time Kin-
ematic (RTK) GNSS and INS, demonstrating the effectiveness of DG for



eliminating ground control points in aerial mapping. Heinz et al. (2015) de-
veloped a portable laser-scanning system equipped with differential GPS, an
IMU, and a low-cost 2D laser scanner. The system achieved centimetre- to
decimetre-level accuracy in kinematic mapping applications, emphasizing pre-
cise LA and boresight angle calibration using georeferenced planar surfaces.
Pilartes-Congo et al. (2024) demonstrated that PPK and RTK GNSS solutions
could meet NOAA charting requirements with <10 cm vertical RMSE, while
Precise Point Positioning (PPP) showed promise but fell short. They also found
that GNSS base stations within 30 km improved accuracy.

While Ekaso, Nex and Kerle, (2020) reported planimetric accuracies of 30—
60 cm for RTK-equipped UAV DG, this was influenced by specific experi-
mental conditions such as time synchronization delays and LA uncertainties.
In contrast, numerous studies and practical applications since 2013 have
demonstrated that properly calibrated RTK GNSS/IMU systems on UAVs rou-
tinely achieve planimetric accuracies in the range of 2—6 cm (Arkali and Atik
2025). LA uncertainty below 2—3 cm has minimal impact on attitude and neg-
ligible effects on position, as demonstrated in calibration experiments using
the TerrainMapper 2 system (Jouybari, Bagherbandi and Nilfouroushan,
2024). Precise sensor calibration and optimal GNSS base station placement
contributed more to EOP accuracy than time synchronization alone in these
studies (Jansson and Horemuz, 2013).

One of the primary challenges, LA calibration, is crucial for precise georef-
erencing in airborne mapping systems using GNSS/IMU integration. LA is de-
fined as the vector connecting the GNSS antenna and IMU centre, and accurate
LA measurements are critical for maintaining system performance, particularly
in georeferencing applications where errors in LA estimation can degrade
EOPs (Jouybari, Bagherbandi and Nilfouroushan, 2024). Manoeuvres and an-
gular motions improve LA estimation by generating velocity differences be-
tween the GNSS antenna and IMU locations due to rotation. The larger the
angular motion, the more observation these differences become, particularly in
the components orthogonal to the axis of rotation. Interestingly, the length of
the LA itself has a negligible effect on estimation accuracy (Hong et al., 2006).
For dynamic LA compensation (where the sensor is mounted on a movable
platform such as a gimbal), Zhong et al. (2016) proposed a method that uses
encoder data from the electro optical pod to model the time-varying LA effect
and applies a posteriori filtering to attenuate the influence of residual compen-
sation errors and noise uncertainty. In systems where the IMU and imaging
sensors (such as aerial cameras or LIDAR units) are mounted on movable plat-
forms or gimbals, a two-level dynamic LA error compensation approach has
been developed. This approach addresses both the first-level LA between the
IMU and GPS antenna and the second-level LA between the POS and the im-
aging sensor. This method effectively compensates for time-varying LA ef-
fects, improving measurement accuracy for airborne photogrammetric map-
ping systems (Zhaoxing et al., 2018).

The second major challenge, i.e., GNSS signal outages, significantly im-
pacts EOPs in airborne mapping systems. While loosely coupled GNSS/IMU
integration relies on processed GNSS solutions and is prone to complete



outages when fewer than four satellites are visible, tightly coupled integration
uses raw GNSS measurements and INS-predicted states, enabling partial updates
even with limited satellite visibility. This makes tightly coupled systems more
robust in challenging environments. Research shows that smoothing algorithms
significantly improve positioning and orientation accuracy during outages com-
pared to forward KFs (Elbahnasawy, Shamseldin and Habib, 2018).

1.6.2 System Calibration, Time Synchronization, and
Environmental Factors

Synchronization issues and multipath effects also pose significant problems
(Boguspayev et al., 2023). Unlike ground-based systems, where buildings and
vegetation are common sources of reflected signals, multipath is rarely a sig-
nificant issue in airborne mapping at operational flight altitudes; the dominant
signal disruption in the air is instead caused by aircraft banking manoeuvres
that temporarily obstruct the GNSS antenna, by low signal-to-noise conditions,
and by ionospheric carrier phase disturbances. Calibration errors and the de-
velopment of accurate INS measurement error modelling are crucial for effec-
tive integration (Boguspayev et al., 2023). Recent advancements in trajectory
estimation techniques, incorporating multiple sensors like GNSS, INS, laser
scanners, and cameras, offer promising solutions for improving the accuracy
and reliability of mobile mapping systems (Poppl et al., 2023).

Building on these integration strategies, airborne mapping systems rely on
accurate EOPs for georeferencing, which is crucial for various applications.
DG systems integrate GNSS and IMU technologies to enable accurate posi-
tioning and orientation for airborne mapping applications without requiring
ground control points. Key factors affecting EOPs accuracy include boresight
calibration, LA measurements, and environmental conditions.

Boresight is defined as the physical mounting angles between an IMU and
a digital camera that describe the misalignment between their respective
frames of reference. Accurate boresight calibration is essential to ensure that
the orientation data from the IMU correctly represents the sensor's orientation,
as even minor errors in these angles can lead to significant georeferencing in-
accuracies in airborne mapping applications (Mostafa, 2001).

Time synchronization among sensors is critical for accurate georeferencing
in airborne mapping systems, as it ensures that data from GNSS, IMU, and
imaging sensors are properly aligned in time for precise spatial registration.
GPS time is typically used to achieve this synchronization, providing a glob-
ally consistent time reference across all system components. Modern GNSS
receivers generate a Pulse Per Second (PPS) signal, a precise electrical pulse
that is synchronized to GPS time with nanosecond-level accuracy and exhibits
long-term stability. This PPS signal serves as the common timing reference
that coordinates all sensors within the mapping system. Accurate synchroniza-
tion requires addressing several timing challenges that can affect mapping ac-
curacy. Algorithm-induced delays occur when the time needed to process sen-
sor data creates a lag between when measurements are taken and when they
are recorded, causing sensors to appear temporally misaligned. Crystal oscil-
lator drift happens because each sensor relies on its own internal clock, which



gradually shifts from its intended frequency as temperatures fluctuate during
flight and electronic components age over time, leading to timing errors that ac-
cumulate throughout the mission (Hakansson, 2020). Asynchronous data collec-
tion arises when different sensors capture measurements at slightly different mo-
ments because they lack a common triggering mechanism, making it difficult to
properly align data in time. These challenges can be addressed using pulse-per-
second (PPS) signals from GNSS receivers as a common timing reference, real-
time synchronization algorithms that continuously adjust for timing discrepan-
cies, and filtering methods that correct timestamp errors in post-processing (He,
2015; Li et al., 2017; Bommakanti, 2019; Xue, Qin and Lu, 2021).

Ionospheric activity and GNSS constellation geometry are the dominant en-
vironmental drivers of positioning accuracy. lonospheric disturbances can de-
grade GNSS signal propagation and reduce positioning accuracy, and these dis-
turbances are commonly monitored using the Kp-index, a scale from 0 to 9 that
measures geomagnetic activity (Matzka et al., 2021). When geomagnetic activity
is high (Kp > 5), the ionosphere becomes more irregular and the Total Electron
Content (TEC) varies more dramatically, which particularly affects carrier phase
observations that are essential for precise positioning (Fugro, 2024).

Jouybari, Bagherbandi and Nilfouroushan, (2024) found that poor satellite
geometry (high Horizontal Dilution of Precision (HDOP) / Vertical Dilution
of Precision (VDOP) values) has a greater impact on EOPs than LA uncertain-
ties, emphasizing the need for optimized GNSS measurement strategies-such
as selecting flight times and trajectories that ensure favourable satellite config-
urations-alongside robust GNSS/IMU integration methods. Ongoing research
focuses on improving calibration techniques, error modelling, and integrated
estimation methods to enhance the performance of airborne mapping systems
across various applications (Gabrlik et al., 2018; Li et al., 2017).

1.6.3 Deflection of Vertical Problem in Direct Georeferencing

Understanding the fundamental concepts of different geodetic reference sys-
tems and consequences due to the deflection of vertical (DOV) is essential for
accurate DG in airborne mapping systems. The theoretical background of DOV
can be seen in Heiskanen & Moritz (1967) and Sjoberg and Bagherbandi
(2017). The DOV is the angle between the plumb line and the normal to the
reference ellipsoid, playing a crucial role in DG for aerial mapping systems
(Pepe, Prezioso and Santamaria, 2015). DOV components can be calculated
using terrestrial gravity data, the Earth Gravitational Models (EGMs) like
EGM2008, and zenith camera (Hirt ef al., 2010).

Neglecting DOV in DG introduces systematic errors in determining EOPs
and point positions. In the 1990s, Vaughn et al. (1996) initially disregarded the
DOV effect because INS gyroscope accuracies were limited to approximately
180 arc-seconds or worse. However, technological advances have dramatically
improved sensor performance. Modern high-precision INS systems, such as
the Applanix POS AV 610, now achieve accuracies of about 9 arc-seconds for
roll and pitch and 18 arc-seconds for heading. Since DOV components typi-
cally reach magnitudes comparable to or exceeding these sensor uncertainties,
accounting for DOV has become essential for maintaining georeferencing
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accuracy (Vaughn et al.,, 1996; Pepe, Prezioso and Santamaria, 2015;
Bagherbandi et al., 2022).

The impact of DOV on horizontal and vertical coordinates varies with flight
altitude and camera field of view (Pepe, Prezioso and Santamaria, 2015;
Bagherbandi ef al., 2022). Oceanic DOVs, derived from satellite altimetry
data, show small annual variations in most areas but significant changes near
large submarine topography undulations (Guo et al., 2016). Absolute DOV
values are generally larger near land masses, islands, and oceanic trenches
(Guo et al., 2016). These variations in DOV values have prompted extensive
research into their effects on navigation and georeferencing accuracy. Recent
research has examined how DOV affects navigation and georeferencing accu-
racy in airborne mapping systems. Barzaghi et al. (2016) studied DOV impacts
on DG by comparing results from the global EGM2008 model with those from
regional gravity data used in Italy's ITALGEOOS5 geoid model. Their work
showed that DOV values derived from the EGM2008 model can effectively
improve sensor position and attitude accuracy for flights above 3000 meters in
airborne photogrammetry and remote sensing operations (Barzaghi et al.,
2016; Bagherbandi et al., 2022). Hao et al. (2020) further explored DOV com-
pensation strategies for INSs, demonstrating that both the degree of spherical
harmonic coefficients used in calculations and the accuracy of DOV estimates
are critical factors for achieving high-precision positioning.

1.7 Photogrammetric Data Processing Workflow

The general workflow of aerial photogrammetry, illustrated in Figure 1.2,
transforms raw aerial imagery and sensor data into accurate geospatial prod-
ucts through several interconnected steps. This comprehensive processing
chain is divided into two major phases.

The pre-processing phase prepares the foundation for 3D reconstruction by
collecting and organizing essential input data. This includes aerial imagery
captured during flight missions, GNSS/IMU data that provides position and
orientation information for each camera exposure, and ground control points
used for georeferencing verification. During this phase, both interior orienta-
tion parameters, which define camera calibration characteristics, and EOPs,
which describe camera position and attitude, are determined.

The processing phase transforms the prepared data into final mapping prod-
ucts through several computational procedures. Aerial triangulation (AT) and
bundle block adjustment (BBA) refine the geometric relationships between im-
ages and establish accurate 3D positions of tie points. Following this, digital
elevation models (DEMs) are generated to create three-dimensional terrain
representations, and orthophotos are produced as geometrically corrected im-
ages with a uniform scale.

The quality and accuracy achieved during pre-processing directly influ-
ences the reliability of all subsequent processing stages, ultimately determining
the precision of the final geospatial datasets.
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Figure 1.2: General workflow of aerial photogrammetry showing pre-processing and pro-
cessing phases.

1.7.1 Aerial Triangulation and Bundle Block Adjustment

AT and bundle block adjustment are fundamental processes in photogrammet-
ric mapping that establish geometric relationships between images and deter-
mine object coordinates through simultaneous adjustment of multiple images
(Kraus, 2007; McGlone, 2013), essential for refining 3D reconstruction models
and camera positions (Parvu et al., 2024). These techniques have evolved from
traditional to modern approaches, with unmanned aerial vehicles (UAVs) be-
coming increasingly popular for data acquisition due to their flexibility and
high spatial resolution (Jiang, Jiang and Wang, 2022). The AT process typi-
cally involves image matching, camera pose estimation, and dense image
matching to generate accurate point clouds (Jiang, Jiang and Wang, 2022).
While ground control points (GCPs) have traditionally been crucial for photo-
grammetric accuracy, with their distribution and number significantly affect-
ing product quality (Parvu et al, 2024), modern DG methods offer an
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alternative approach. By integrating GNSS/IMU data to directly determine
camera positions and orientations, DG reduces ground control dependency and
enhances AT and bundle block adjustment (BBA) through accurate initial
EOPs. In large-scale oblique imaging projects, hierarchical AT approaches
have been developed to improve processing efficiency while maintaining ac-
curacy comparable to integrated AT methods (Gehrke et al., 2022). These ad-
vancements have led to significant improvements in accuracy assessment
methods, particularly in comparing strip-wise and block-wise approaches,
which is one of the focuses of this thesis.

1.7.2 Measurements Uncertainties and Quality Assessment in
Aerial Triangulation

Observation weights, also called stochastic models or measurements weights,
are fundamental to aerial triangulation and bundle block adjustment. During
the adjustment process, observations from different sources, including GNSS
positions, IMU orientations, image tie points, and ground control points, are
combined to estimate camera EOPs and three-dimensional object coordinates
(Ebadi, 2006). Each observation type has different measurement uncertainties,
so appropriate weights must be assigned through a weight matrix that reflects
their relative precision and reliability. These weights directly influence the ad-
justment results, with image coordinate weights affecting the relative orienta-
tion and block geometry, while GNSS observation weights control absolute
positioning accuracy (Ebadi, 2006).

Recent research has focused on developing better measurement uncertain-
ties to improve accuracy in aerial photogrammetry and DG systems. Jouybari,
Bagherbandi and Nilfouroushan, (2022) conducted a systematic investigation
into how different GNSS and IMU observation uncertainties affect AT results,
demonstrating that carefully chosen observation weights significantly impact
final adjustment accuracy. Their study revealed that block-wise adjustment
with optimized weights achieved approximately 6 cm better accuracy com-
pared to strip-wise solutions. Walstra et al. (2011) similarly emphasized the
importance of optimizing weighting factors for image and ground measure-
ments to better estimate data accuracy in photogrammetric processing.

Statistical evaluation methods provide essential tools for validating the
quality of aerial triangulation results. Marques Junior et al. (2020) demon-
strated how statistical tests like Student's t-test and Chi-square can be applied
to evaluate photogrammetry-derived orthomosaics and digital surface models
(DSM) against established cartographic standards. Gabrlik et al. (2018) devel-
oped a custom multi-sensor system for DG in photogrammetry that achieved
centimetre-level object accuracy without ground control points through careful
sensor synchronization, field calibration, and appropriate observation
weighting. These advancements in quality assessment methodologies, particu-
larly regarding optimal observation weight selection and statistical validation,
continue to drive improvements in the accuracy and reliability of aerial map-
ping systems.
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1.8 Problem Definition and Research Objectives

EOP accuracy in GNSS/IMU-integrated airborne photogrammetry remains
constrained by three interacting error sources: suboptimal observation
weighting in bundle adjustment, uncorrected geodetic effects such as the de-
flection of the vertical, and unmodelled sensor errors during GNSS outages or
LA miscalibration. The primary problem addressed in this thesis concerns the
systematic and stochastic error analysis of EOPs and their propagation to final
mapping product accuracy in airborne photogrammetry. While DG techniques
have reduced the dependency on ground control points, the accuracy of EOPs
is affected by multiple factors including GNSS signal outages during flight
operations, LA measurement uncertainties between GNSS and IMU sensors,
geodetic reference system inconsistencies (particularly deflection of vertical
effects), and the measurement uncertainty applied during aerial triangulation
and bundle block adjustment processes. These challenges are particularly sig-
nificant in environments with poor satellite visibility, mountainous terrain, or
when using different geodetic reference systems, where small errors in EOPs
can propagate and significantly degrade the quality of derived products such
as orthophotos, digital elevation models, and topographic maps.

The reliability of final airborne photogrammetry products fundamentally
depends on the quality of EOPs, yet existing research has primarily focused on
optimal conditions with reliable GNSS signals and well-calibrated systems.
Challenging operational environments, where EOPs quality is most critical,
have received limited scholarly attention, leaving practitioners without clear
guidance on maintaining accuracy under adverse conditions. This thesis ad-
dresses this research gap by systematically analysing and categorizing system-
atic and stochastic error sources affecting EOPs accuracy, quantifying their
individual and combined impacts under operational conditions. The novelty of
this research lies in its systematic investigation of how various error sources
affect EOPs in realistic, non-ideal scenarios, accompanied by quantitative anal-
yses and practical guidelines for maintaining accuracy under challenging op-
erational conditions.

To address these challenges, this thesis is guided by four main research
questions, formulated as follows:

RQ1: How do different EOPs precisions, obtained through strip-wise
versus block-wise processing, affect AT accuracy, and which approach
yields optimal georeferencing precision?

RQ2: How does the DOV, arising from Earth's gravity field, influence
direct georeferencing accuracy across different flight altitudes and cam-
era fields of view, and are current global gravitational models adequate
for Swedish mapping applications?

RQ3: How do tightly and loosely coupled GNSS/IMU integration ap-
proaches perform during GNSS signal instability, and to what extent do
forward KF, smoothing algorithms, and network-based reference sta-
tions improve resilience compared with single-station solutions?
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RQ4: What precision is required for LA measurements between the GNSS an-
tenna and IMU sensor to maintain high-quality EOPs, and how do LA uncer-
tainty, GNSS dilution of precision, and baseline length jointly affect position-
ing accuracy?

Collectively, these research questions advance the understanding of systematic
and stochastic error behaviour in airborne mobile mapping systems and pro-
vide quantitative guidance for error mitigation.

1.9 Scope of the Study and Target Areas in Focus

In practical airborne mapping, EOP estimation is often affected by imperfect
GNSS observations, IMU drift, and other systematic and stochastic error
sources that become more pronounced under non-ideal operational conditions.
This thesis focuses on identifying, quantifying, and interpreting the main un-
certainty sources that influence EOP quality in GNSS/IMU-integrated airborne
photogrammetry. Challenging environments can reduce the accuracy and ro-
bustness of the integrated GNSS/IMU solution, which in turn affects the qual-
ity of the final mapping products.
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To address this problem, the thesis examines the full processing chain from
GNSS and IMU observations to mapping products, while paying particular at-
tention to the stages where uncertainty enters the workflow and propagates to
the final outputs. Figure 1.3 summarizes this processing chain and shows
where each of the four papers is positioned within the broader GNSS/IMU in-
tegration workflow, from raw sensor observations through Kalman filtering
and smoothing to the determination of EOPs and the generation of final map-
ping products.

Table 1.1 provides a detailed summary of the four papers corresponding to
the framework presented in Figure 1.3. The table complements this overview
by presenting the specific geographic contexts, integration architectures,
equipment specifications, quantitative accuracy improvements, systematic er-
ror sources, and operational recommendations for each study. The diverse
study locations across Swedish terrain, from coastal Gothenburg to northern
Norrbotten, ensure that findings reflect operational challenges encountered in
varied topographic, climatic, and satellite visibility conditions.
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Table 1.1: Summary of Research Studies Scope, Findings, and Operational Recommen-

dations
Paper Paper | Paper Il Paper Il Paper IV
Reference
Primary EOPs uncer- Deflection of GNSS signal LA measure-
Focus tainty in AT Vertical (DOV) outagesand ment
Area impact on DG integration precision
robustness
Study Gothenburg, Jonkdping, Da- Halland Borlange
Location Sweden larna, Norrbot-  region, Dala Airport,
ten, Sweden Sweden Sweden
GNSS/IMU  GNSS/IMU- Direct Georef-  Tightly Tightly
Integration  supported bun-  erencing (DG)  coupled coupled
type dle block ad- GNSS/IMU differential
justment (BBA) (TC) GNSS/IMU
IMU Grade Tactical-grade  Tactical-grade  Tactical- Class 5
(Applanix (Applanix POS  grade (Ap- COTS
IMU31) AV 510) planix POS receiver (No-
AV 510) vAtel SPAN
CNUS-H)
Accuracy ~6 cm im- DOV induced RTS smooth- LA uncer-
Improve- provement in horizontal er- ing reduced tainties up
ment vertical check-  rors of 8-39 position un- to 20 cm had
Findings point residuals  cm and vertical certainty by negligible
compared to errorsupto 25  95% and ori-  impact (<2
strip-wise cm depending  entation un- mm) on
methods on flight alti- certainty by position and
tude (1-6 km) 60% during no impact on
180 s out- attitude for
ages com- tactical IMUs
pared to for-
ward KFing
Systematic GNSS Deflection of GNSS signal LA uncer-
Errors shift/drift; a pri- ~ Vertical (DOV); outages (15— tainty (2 mm
Analysed ori observation  Gravity field ef- 180 s); For- to 20 cm);
uncertainties fects; Ellipsoid  ward KF vs. Satellite ge-
for GNSS (0.2  discrepancies RTS ometry
m) and IMU smoothing effects;
(0.007°— algorithms Baseline
0.009°) length
effects
Opera- Use block-wise  Apply DOV Implement Prioritize
tional Rec- GNSS shift corrections tightly GNSS ge-
ommenda-  correction with  using regional coupled ometry and
tions optimized geoid models integration short base-
weights (0.2 m  (SWEN17) in with RTS lines (<5 km)
GNSS; mountainous smoothingto  over sub-cm
0.007°-0.009°  areas; optimize  maintain LA survey-
IMU) for supe-  flight azimuth EOPs quality ing; 2-3 cm
rior stability based on during GNSS LA accuracy
geographical signal inter- is sufficient
location ruptions
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Together, the processing framework in Figure 1.3 and the study summary in
Table 1.1 establish a comprehensive approach to EOPs quality assessment un-
der diverse operational scenarios. The diversity of study locations across Swe-
dish terrain, from coastal Gothenburg to northern Norrbotten, ensures that find-
ings reflect operational challenges encountered in varied topographic, climatic,
and satellite visibility conditions.

This thesis systematically addresses four major gaps identified in the field
of airborne georeferencing and sensor integration, with each focus area directly
targeting a specific unresolved issue.

1.9.1 Aerial Triangulation (AT) Procedures

Background: Previous research has not rigorously compared the accuracy of
strip-wise and block-wise AT methods, particularly in the context of modelling
and correcting systematic GNSS position errors, often represented as a con-
stant three-dimensional shift and a time-dependent linear drift of the GNSS-de-
rived camera positions. These GNSS shift and drift terms account for residual
biases from time synchronisation offsets, datum inconsistencies, and dis-
tance-dependent reference station errors (see Section 3.1.3 for the full mathe-
matical formulation).

Focus & Contribution: To address this gap, Paper I compared strip-wise
and block-wise aerial triangulation approaches and found that the block-wise
strategy improved [horizontal/vertical] positioning accuracy by an average of
6 cm relative to the strip-wise method, a result validated against independent
LiDAR data and ground checkpoints.

1.9.2 DOV Impact on Georeferencing Accuracy

Background: The influence of DOV on horizontal and vertical georeferencing er-
rors, especially when using global (EGM2008) versus local (SWEN17_RH2000)
geoid models, remains insufficiently quantified, particularly across diverse Swe-
dish terrains.

Focus & Contribution: Paper II quantified the DOV-induced errors, reveal-
ing horizontal and vertical errors across different flight altitudes (1-6 km) and
camera FOVs in Sweden. In addition, a comparable study was conducted to
compare the DOV obtained from a precise geoid model and EGM2008 in Swe-
den in Paper II.

1.9.3 GNSS Signal Outage Effects on EOPs

Background: There is limited empirical understanding of how GNSS signal
outages of varying durations affect the accuracy of EOPs, and how tightly cou-
pled GNSS/IMU integration can mitigate these effects.

Focus & Contribution: Addressing this, Paper III established empirical
thresholds for outage tolerance and recovery, showing that tightly coupled in-
tegration effectively reduces error accumulation during GNSS interruptions
(e.g. 15-180 seconds GNSS signal outage).
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1.9.4 LA Measurement Precision

Background: The impact of LA measurement uncertainty on attitude and po-
sition determination, and its interaction with GNSS baseline and DOP, has not
been thoroughly evaluated, leaving a gap in practical calibration guidelines.

Focus & Contribution: Paper IV showed that LA errors of <2-3 cm has
negligible effects on EOPs, supporting the use of cost-effective calibration
workflows in operational settings.

1.10 Thesis Outline

This thesis is structured into five chapters that progress from foundational the-
ory to empirical findings and operational recommendations. Chapter 1 estab-
lishes the research context, tracing the evolution of airborne mobile mapping
systems and identifying critical challenges that motivate this investigation.
Chapter 2 develops the theoretical foundations necessary for understanding
GNSS/IMU integration, covering geodetic reference systems, sensor measure-
ment principles, integration architectures (loosely and tightly coupled), ad-
vanced filtering algorithms (KF, EKF, Rauch-Tung-Striebel smoother), and
the mathematical relationships governing EOPs and DOV corrections. Chapter
3 presents the specific methodologies employed across the four research pa-
pers, detailing study areas, datasets, processing strategies, and evaluation
frameworks for observation weight optimization, DOV impact assessment,
GNSS signal outage simulation, and LA calibration experiments. Chapter 4
synthesises the Results published in the papers. Chapter 5 concludes by sum-
marizing key findings, addressing the research questions, articulating theoret-
ical contributions and practical implications, acknowledging study limitations,
and proposing future research directions including real-world GNSS denial
scenarios, dynamic LA estimation, and real-time quality assessment imple-
mentations for operational airborne mapping campaigns.
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Chapter 2

Theoretical Framework and Methods
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Introduction

The integration of Global Navigation Satellite Systems (GNSS) and Inertial
Measurement Units (IMU) has fundamentally transformed airborne mapping by
enabling precise DG and high-resolution 3D geospatial data acquisition. GNSS
provides absolute positioning via satellite signals, but signal blockages in chal-
lenging environments, such as urban canyons, forested areas, or during aggres-
sive aircraft manoeuvres, can compromise continuous positioning. IMUs, by
contrast, deliver high-frequency motion sensing independent of external signals,
but their measurements drift over time due to sensor biases and noise accumula-
tion. By combining these complementary technologies through sophisticated
sensor fusion techniques, modern airborne mapping systems achieve robust, con-
tinuous navigation even under demanding operational conditions.

This chapter lays the theoretical and methodological groundwork for un-
derstanding how GNSS/IMU integration enables high-accuracy airborne pho-
togrammetry and DG. We begin by defining the geodetic reference systems
and coordinate frames that form the mathematical backbone of navigation and
positioning computations (Section 2.1) and explain how measurements from
different sensors and platforms must be transformed into consistent spatial rep-
resentations. Section 2.2 reviews the fundamental principles of GNSS and
IMU operation, clarifying what each sensor measures and how these measure-
ments relate to position, velocity, and orientation.

Building on these fundamentals, Section 2.3 examines the integration ar-
chitectures that fuse GNSS and IMU data, including loosely coupled, tightly
coupled, and ultra-tightly coupled approaches, and explores advanced filtering
and smoothing algorithms such as the KF, EKF, and Rauch-Tung-Striebel
(RTS) smoother. These computational methods are critical for mitigating sen-
sor errors, managing uncertainty, and achieving the positioning and attitude
accuracy required for photogrammetric applications.

Section 2.4 connects GNSS/IMU integration to the practical task of georef-
erencing by deriving the mathematical relationships between sensor measure-
ments and camera exterior orientation parameters (EOPs). The DG equations
presented here show how raw navigation sensor data, positions from GNSS
and attitudes from IMU, are transformed into the six EOPs (three position co-
ordinates and three orientation angles) that define where the camera was and
how it was oriented at the moment of image capture.

While DG provides initial EOPs estimates, Section 2.5 explains how aerial
triangulation and BBA refine these values by exploiting the geometric redun-
dancy inherent in overlapping imagery. The bundle adjustment process simul-
taneously optimizes camera orientations, ground point coordinates, and camera
calibration parameters, incorporating GNSS/IMU-derived EOPs as weighted
observations rather than fixed constraints. This integration strategy offers the
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best of both worlds: strong initial values from navigation sensors combined
with photogrammetric refinement through image observations.

Section 2.6 addresses a subtle but systematic error source that becomes sig-
nificant at high altitudes and in demanding accuracy applications: the deflec-
tion of the verticals (DOV). This geodetic phenomenon arises because IMU
accelerometers measure the direction of the local gravity vector (perpendicular
to the geoid), not the geometric normal to the reference ellipsoid. The angular
difference between these two "vertical" directions typically a few to tens of
arc-seconds, introduces systematic biases into IMU-derived attitudes if left un-
corrected. We examine how DOV is computed using global geopotential mod-
els (EGMs) and a precise geoid model, how it affects georeferencing accuracy,
and when corrections become necessary for operational mapping.

By the end of the chapter, the reader will have a coherent picture of how
reference systems, GNSS and IMU measurements, integration architectures,
filtering and smoothing algorithms, and geodetic corrections jointly support
high-accuracy airborne photogrammetry. The material is organised so that
each subsection builds on the previous one, moving from fundamental coordi-
nate frames and sensor principles to increasingly application-oriented topics
such as direct georeferencing, bundle adjustment, and DOV correction.

Together, these sections provide the theoretical background needed to un-
derstand the main components of GNSS/IMU-integrated airborne mapping
systems and the key error sources that affect their performance, as well as to
motivate the processing strategies, calibration procedures, and geodetic cor-
rections investigated in this thesis.

2.1 Geodetic Reference Systems and Coordinate Frames:
background and review

Accurate georeferencing in airborne photogrammetry requires precise under-
standing and transformation between multiple coordinate reference systems.
The spatial relationships between the aircraft, imaging sensors, and mapped
terrain must be expressed in mathematically consistent reference frames to en-
able accurate position and orientation determination. This section establishes
the fundamental geodetic reference frames used throughout this thesis and de-
scribes the mathematical relationships that enable navigation and positioning
computations in GNSS/IMU-integrated airborne mapping systems.

2.1.1 Earth-Centred Earth-Fixed (ECEF) Coordinate System

The Earth-centred Earth-Fixed (ECEF) coordinate system, also known as the
geocentric coordinate system, serves as the primary global reference frame for
GNSS positioning and airborne navigation (Tsai, Kao and Chen, 2006). This
Cartesian spatial reference system has its origin at Earth's centre of mass and
rotates with the planet, remaining fixed relative to Earth's surface (National
Imagery Mapping Agency, 2000).

e The ECEF system defines positions using three orthogonal axes (X,
Y, Z):
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e The X-axis is at the intersection of the Greenwich meridian plane
and the equatorial plane.

e The Y-axis is orthogonal to the previous two axes, so that a right-
handed system is formed.

e The Z-axis extends from the geocentre towards the Reference Pole
(coincident with the Conventional International Origin (CIO)).

GNSS satellites broadcast orbital ephemeris parameters from which the re-
ceiver computes satellite positions in an ECEF. For airborne photogrammetry
applications, ECEF coordinates are typically referenced to the World Geodetic
System 1984 (WGS84) ellipsoid, which provides a globally consistent refer-
ence for positioning and mapping operations (National Imagery Mapping
Agency, 2000).

The relationship between the global ECEF frame and the local North—East—
Down (NED) frame at a point on the Earth’s surface is illustrated in Figure 2.1.

2.1.2 Local-Level Frame (North-East-Down)

The Local-Level Frame, commonly implemented as the North-East-Down
(NED) coordinate system, defines a locally tangent reference frame aligned
with the local geodetic north, east, and gravity directions. Unlike the global
Earth-centred Earth-Fixed (ECEF) system, the NED frame is defined at the
platform’s instantaneous geographic position and is continuously redefined as
the vehicle moves, making it particularly suitable for expressing vehicle mo-
tion and sensor orientations in navigation applications (Titterton and Weston,
2004; Groves, 2013).
The NED frame is defined as at any point on Earth's surface:

e The North (x,) axis points toward True North, tangent to the
meridian.

e The East (y,,) axis points East, tangent to the parallel of latitude.

e The Down (z,) axis is perpendicular to the reference ellipsoid
surface, completing the right-handed coordinate system.

This coordinate system is particularly useful in airborne photogrammetry be-
cause it aligns with intuitive navigation concepts such as heading, roll, and
pitch, simplifying how we describe vehicle motion. In GNSS/INS integration,
the down axis is defined geometrically as the ellipsoid normal (perpendicular
to the WGS84 ellipsoid at the aircraft's position), which differs from the phys-
ical vertical (gravity direction) by the deflection of the vertical (DOV). This
misalignment between the geometric and physical vertical definitions can
reach several arc-seconds in regions with significant gravity anomalies and
topographic variations, introducing systematic errors in DG as analysed in
Study #2 of this thesis (Wolf and Dewitt, 2000; Groves, 2013).

The transformation from ECEF to NED coordinates requires knowledge of
the local geodetic position(®s A) where the NED frame is defined. This trans-
formation is accomplished through the rotation matrix R[, where the
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superscript n denotes the target frame (NED/navigation) and the subscript e
denotes the source frame (ECEF). This notation indicates the transformation
from ECEF to NED coordinates (Titterton and Weston, 2004).

The rotation matrix R} is obtained through two successive rotations: first a
rotation about the ECEF Z-axis by angle A to align with the local meridian,
followed by a rotation about the resulting intermediate Y-axis by an-
gle —(90° + @) to tilt the frame downward and align the Down axis with the
inward ellipsoid normal.

Note on notations: Throughout this thesis, geodetic latitude and longitude
are denoted with uppercase @ and A, respectively. This deviates from the con-
ventional lowercase @, A notation used in some geodesy literature. This choice
was made to avoid ambiguity with the lowercase roll angle ¢, which is used
extensively in the body-to-navigation frame rotations (Section 2.1.5, Eq. 2.6,
2.8). Readers should therefore interpret @, A exclusively as geodetic coordi-
nates (relative to the WGS84 ellipsoid normal), not as astronomical lati-
tude/longitude, which follows a different physical definition based on the local
gravity vector (see Section 2.6 for the distinction relevant to the Deflection of
the Vertical).

Rotation about z-axis by A:

cosA sinA O
R,(A)=|-sin A cosA O 2.1
0 0 1
Rotation about intermediate y-axis by —(90° + @):
—sin® 0 cos @
R,(—(90+ ®)) = 0 1 0 2.2)
—cos ® 0 —sin @

The combined rotation matrix R} is obtained by multiplying these rotations:

R = R, (—(90 + ®)) - R,(N)

[—sin dcos A  —sin dsin A cos ® (2.3)

—sin A cos A 0
—cos dcos A —cos dsin A —sin ¢

For a position vector r¢ in ECEF coordinates and the NED origin located at
r§, the transformation to NED coordinates is (Groves, 2013):

r* = Ry(ré —r¢g) 2.4)
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This transformation is fundamental in GNSS/IMU integration, as GNSS posi-
tions are computed in ECEF while navigation solutions (velocity, attitude) are
typically expressed in the local NED frame.

2.1.3 Body Frame and Sensor Frames

The Body Frame is a coordinate system rigidly attached to the aircraft or plat-
form, with its origin typically located at the vehicle's centre of gravity or at the
IMU location. The body frame moves with the aircraft through all manoeuvres,
providing a stable reference for describing sensor measurements and vehicle
dynamics (Titterton and Weston, 2004; Farrell, 2008). The aircraft body frame
is illustrated in Figure 2.1.

The body frame orientation is defined by three axes:

e The x,-axis points forward along the longitudinal axis of the air-
craft (roll axis).

e The y,-axis points to the right (starboard) along the lateral axis
(pitch axis).

e The z,-axis points downward along the vertical axis (yaw axis),
completing the right-handed system.

Within airborne photogrammetry systems, multiple Sensor Frames exist, each
associated with a specific instrument such as the IMU, GNSS antenna, or cam-
era. These sensor frames may have small physical offsets and angular misa-
lignments relative to the body frame, which must be carefully calibrated to
ensure accurate georeferencing (Mostafa, 2001; Luhmann et al., 2013).

The relationship between the IMU body frame and camera frame is partic-
ularly critical for DG. This relationship determines the boresight angles
(wp, Pp, Kp) the angular misalignment between IMU and camera coordinate
systems that must be precisely calibrated (Mostafa, 2001; Habib and Morgan,
2003).

Similarly, the LA vectors represent the physical displacement between sen-
sor origins. Two LA vectors are particularly important in aerial mapping:

o 14N5S: LA from IMU to GNSS antenna phase centre

o 164m: LA from IMU to camera projection centre

These offsets, when combined with boresight misalignments, directly affect
the accuracy of EOPs determination and must be measured or calibrated pre-
cisely for high-accuracy mapping applications (Wolf and Dewitt, 2000;
Mostafa, 2001).

Figure 2.1 summarizes the spatial and hierarchical relationships among the
ECEF, NED, body, and sensor frames described above, together with the geo-
metric context of the deflection of the vertical discussed further in Section 2.6.
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2.1.4 Coordinate Transformations

Transformations between reference frames are fundamental to GNSS/IMU in-
tegration and DG in airborne photogrammetry. They make it possible to relate
measurements made in different coordinate systems and, ultimately, to deter-
mine the precise position and orientation of the mapping sensors (Wolf and
Dewitt, 2000; Luhmann et al., 2013).

In general, a transformation from one frame to another consists of a rotation
(describing how the axes are oriented) and a translation (describing how the
origins differ). For a point expressed in the Earth-Centred Earth-Fixed (ECEF)
frame, the transformation to the body frame can be written as (Groves, 2013):

r? =R2(r¢ —r¢f) (2.5)

Here, RY is the 3 X 3 rotation matrix from the ECEF frame to the body frame,
r¢ is the point position in the ECEF frame, and r¢ is the position of the body-
frame origin (typically the IMU location or the aircraft’s centre of gravity) ex-
pressed in the ECEF frame.

The rotation matrix RY is the transpose of R¢, computed through the two-
step decomposition (Eq. 2.7), where R} encodes the IMU-measured Euler an-
gles (roll ¢y, pitch 8, heading ) and R¢ is the NED-to-ECEF matrix that
depends solely on the instantaneous geodetic latitude @ and longitude A. The
full derivation is presented in Section 2.1.5.

For airborne photogrammetry, the rotation from the local navigation frame
(NED) to the body frame is usually expressed with the Euler angles
(¢n, O, Pn), representing roll, pitch, and heading (yaw), respectively. Note
that ¢, here denotes the roll angle and should not be confused with the geodetic
latitude, which some geodesy texts denote using the lowercase ¢ instead of the
uppercase @ adopted in this thesis (see notation clarification in Section 2.1.2).

Following the commonly used z—y—x (yaw—pitch—roll) rotation sequence,
the corresponding rotation matrix is (Titterton and Weston, 2004; Groves,
2013):

RE((pn' On, wn) = Rx((pn)Ry(en)Rz(lpn) (2.6)

with Ry, Ry, and R, being the basic rotations about the x-, y-, and z-axes,
respectively.

In airborne photogrammetry, determining the ground position of an imaged
point requires applying a sequence of such transformations as follows (Wolf
and Dewitt, 2000; Luhmann et al., 2013):

e ECEF — NED: Transform GNSS-derived positions from the
global ECEF frame to the local navigation frame (NED) using the
rotation matrix R%(®, A) defined in Eq. 2.3, evaluated at the air-
craft's instantaneous geodetic latitude ® and longitude A.

28



e NED — Body: Account for the aircraft attitude (roll, pitch, and
heading) using RS (¢, 6, ¥,).

e Body — Sensor: Transform from the body frame to the sensor
(camera or antenna) frame using a fixed boresight rotation matrix
and lever-arm vectors, which are described in detail in Section 2.4.

These consecutive transformations allow the EOPs the camera’s position and
orientation at each exposure to be expressed in a consistent reference system.
In turn, these EOPs are essential for DG and for accurate three-dimensional
reconstruction from aerial imagery.

2.1.5 The Coordinate Transformation Chain

The rotation matrix R$ cannot be measured directly because IMU sensors de-
tect orientation relative to the local gravity vector, not relative to global ECEF
axes. Computing R}, therefore requires an intermediate transformation through
the local navigation frame (NED: North-East-Down), yielding a two-step pro-
cess (Titterton and Weston, 2004; Groves, 2013), i.e.:

¢ =RY R} 2.7)

where R}, rotates from body to navigation frame and R§; rotates from naviga-
tion to ECEF.

e Body — Navigation: The IMU continuously measures angular
rates and specific forces in the body frame, which are integrated to
yield attitude angles: roll (¢,), pitch (8,), and heading (1y,). rela-
tive to the local horizontal plane and true north. These Euler angles
define the body-to-navigation transformation through the conven-
tional aerospace rotation sequence (Groves, 2013):

Ry (¢, 00, 9n) = chlpn)Ry(Qn)Rx((Pn) (2.8)

This matrix captures how the aircraft body frame is oriented relative to local

North, East, and Down directions at any instant during flight. Note that the

multiplication order in Eq. (2.8) is the reverse of Eq. (2.6) because
1 = (RY)T, consistent with the orthogonality property of rotation matrices.

e Navigation — ECEF: The local NED frame itself varies with ge-
ographic location, being defined by the vertical direction (perpen-
dicular to the reference ellipsoid) and north direction at the air-
craft's current position. The transformation from NED to ECEF
therefore depends solely on geodetic coordinates: geodetic longi-
tude (A) and latitude (@), obtained from GNSS (Section 2.1.2).
Unlike the body-to-navigation rotation, this transformation con-
tains no aircraft attitude information and the rotation matrix is:
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—sin ®cos A —sin A —cos dcos A
R¢ =|—sin dsin A cos A —cos ®sin A 2.9
cos ® 0 —sin @

This matrix is recomputed at each measurement epoch as the aircraft moves,
ensuring that the local NED frame remains properly aligned with the current
geographic position.

The Complete Transformation: Combining these two rotations yields the
body-to-ECEF transformation used in the position equation:

leg = R%((D, A) ' R'ﬁ(ﬁl’n' On» lpn) (2.10)

This chained approach reflects the physical reality that inertial sensors measure
orientation relative to the local gravity field, requiring an intermediate local-
level reference frame before transformation to the global ECEF system
(Farrell, 2008; Groves, 2013).

2.2 GNSS and IMU Principles

GNSS positioning is based on trilateration using signals transmitted by satellite
constellations such as GPS, GLONASS, Galileo, and BeiDou. A GNSS re-
ceiver estimates its position from observations to multiple satellites, primarily
pseudorange measurements derived from signal travel times and, in high-pre-
cision applications, carrier-phase measurements. These observations are re-
lated to the geometric distances between the satellites and the receiver but also
contain contributions from receiver and satellite clock errors, atmospheric de-
lays, orbital uncertainties, multipath, and measurement noise (Teunissen,
Montenbruck and Hein, 2017; Madhu et al., 2020).

In the context of aerial photogrammetry, GNSS provides highly accurate ab-
solute positioning, typically achieving centimetre-level accuracy when differen-
tial techniques such as Real-Time Kinematic (RTK) or Post-Processed Kine-
matic (PPK) are employed, rather than the meter-level accuracy associated with
consumer-grade systems (Gabrlik et al., 2018). However, in professional air-
borne mapping, the use of dual-frequency GNSS receivers, multi-constellation
support, and correction data from ground reference stations or virtual reference
networks allows for the mitigation of atmospheric and orbital errors, resulting in
horizontal and vertical positioning accuracies often better than 5 cm under opti-
mal conditions (Gabrlik et al., 2018; Pilartes-Congo et al., 2024).

Despite this high level of accuracy, GNSS in aerial photogrammetry is still
subject to limitations such as signal obstructions and temporary outages, espe-
cially during rapid manoeuvres or in environments with limited satellite visi-
bility (Chu et al., 2012; Grayson et al., 2018). These challenges are particu-
larly relevant during flight turns, banking, or when flying near tall structures
or in mountainous terrain. To address these issues, GNSS data is tightly inte-
grated with IMU measurements, which provide high-frequency orientation and
acceleration data, ensuring continuous and reliable trajectory determination
even during brief GNSS signal interruptions. This integration is fundamental
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for DG, where the precise position and orientation of the sensor at each expo-
sure moment are required for accurate mapping and 3D reconstruction
(Grayson et al., 2018).

An IMU is a self-contained device that measures linear acceleration and
angular velocity using accelerometers and gyroscopes (Brodie, Walmsley and
Page, 2008). Modern IMUs often include magnetometers for orientation refer-
encing, creating a comprehensive sensor package for motion tracking (Samatas
and Pachidis, 2022). The core components of an IMU work together to provide
detailed information about an object's movement in three-dimensional space
without requiring external references.

Accelerometers within an IMU measure linear acceleration (a) along three
orthogonal axes (X, Y, Z), detecting both gravitational acceleration and dy-
namic movement. These measurements are essential for calculating velocity
and position changes through integration. Gyroscopes measure angular veloc-
ity (@) around the three principal axes, providing critical information about
rotational movement and orientation changes (Chunpeng and Zhong, 2008).
Many modern IMUs also incorporate magnetometers, which measure Earth's
magnetic field to provide absolute heading reference, helping to mitigate drift
in yaw measurements during extended operations (Zhao and Wang, 2012).

IMUs calculate position and orientation changes through a series of mathe-
matical integrations. The velocity is obtained by integrating measured acceler-
ation over time, while position is derived from a second integration of velocity.
This process, known as dead reckoning, allows the IMU to estimate a plat-
form's trajectory continuously based solely on inertial sensor data, without re-
lying on external positioning systems such as GNSS (Colomina et al., 2003,
2004). This capability is fundamental in environments where satellite signals
are unavailable, enabling continuous navigation through tunnels, urban can-
yons, or during temporary GNSS outages. The process involves using inertial
mechanization equations to convert raw sensor measurements into position,
velocity, and attitude updates.

For attitude updates, quaternions are preferred over Euler angles to avoid
gimbal lock, a singularity condition that can occur in three-dimensional rota-
tional systems when two rotation axes align, causing a loss of one degree of
freedom. By using quaternions, the IMU can propagate orientation smoothly
and continuously by integrating angular velocity measurements from the gy-
roscopes. This approach ensures a stable and singularity-free representation of
attitude, which is particularly important during aggressive aircraft manoeuvres
where rapid rotations in multiple directions occur simultaneously (Ouyang and
Wu, 2022).

A significant limitation of IMU-based navigation is drift accumulation,
which occurs because small measurement errors in inertial sensors are repeat-
edly integrated over time, causing the estimated trajectory to diverge progres-
sively from the true motion. This drift is particularly problematic because gy-
roscope errors propagate through the navigation system as the critical error
path, with even small tilt errors of just 0.05° causing horizontal position errors
of 7.7 m after only 30 seconds due to incorrect gravity compensation
(Woodman, 2007). In modern airborne mapping systems, which typically
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employ Micro-Electro-Mechanical Systems (MEMS) technology for cost-ef-
fective and compact sensor packages, bias instability becomes the dominant
orientation error component after less than 10 seconds of integration time, sur-
passing the initial influence of white noise (angle random walk). The magni-
tude of drift depends on sensor quality, with state-of-the-art MEMS-based gy-
roscopes achieving bias instability values as low as 0.1-10°/hr through various
calibration and compensation techniques (Hiller et al., 2019). However, even
with these improvements, a typical MEMS-based INS suffers average position
drifts of around 5 m after just 60 seconds of operation, making it impossible to
maintain sub-meter accuracy for extended periods without external position
references (Woodman, 2007). This fundamental limitation motivates the inte-
gration of GNSS with IMU technology, as described in Section 2.3, where
GNSS provides periodic absolute position updates that reset the accumulated
IMU drift and enable continuous high-accuracy navigation even during tem-
porary signal interruptions.

2.3 GNSS/IMU Integration

The integration of GNSS IMU technologies forms the cornerstone of modern
airborne photogrammetry, enabling precise determination of EOPs for DG.
GNSS provides absolute position measurements with bounded errors but suf-
fers from signal interruptions and reduced accuracy in challenging environ-
ments (Groves, 2013). By combining these complementary sensor types, inte-
grated GNSS/IMU systems overcome the limitations of each individual tech-
nology, delivering continuous, high-accuracy navigation solutions even during
temporary GNSS outages (Farrell, 2008). This section examines two funda-
mental integration methods, loosely coupled and tightly coupled, that differ
fundamentally in how sensor data is fused and processed, as illustrated sche-
matically in Figure 2.2.

2.3.1 Loosely Coupled Integration

In loosely coupled integration, the GNSS and IMU subsystems operate largely
as independent units, as shown in the left panel of Figure 2.2. The GNSS re-
ceiver first processes satellite signals to compute position and velocity solu-
tions, which are then fused with IMU-derived motion data through a KF
(Brown and Hwang, 1997) by employing a state-space model. This approach
treats the GNSS position fix as a single, pre-computed measurement that up-
dates the navigation solution at regular intervals, typically once per second or
slower, depending on the GNSS receiver's output rate.

The mathematical framework for loosely coupled integration can be ex-
pressed through the following state-space model. The KF estimates a state vec-
tor containing navigation errors (Groves, 2013), i.e.:

x = [6r 6v 86 b, b,|" @.11)
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where 8T represents position errors, 8v velocity errors, 60 attitude errors (roll,
pitch, and yaw errors), and b, and b, are the IMU accelerometer and gyro-
scope biases, respectively. As depicted in Figure 2.2, the IMU feeds its meas-
urements to an inertial navigator that propagates the trajectory forward in time
(prediction step), while GNSS-derived position and velocity measurements
serve as periodic updates (correction step) through the KF to constrain IMU
drift. The error controller continuously refines the aided navigation solution by
feeding back estimated errors to correct the inertial navigator output.

The primary advantage of this method is its simplicity and modularity
(Groves, 2013). Different GNSS processing modes, such as Post-Processed
Kinematic (PPK) or Precise Point Positioning (PPP) can be easily integrated,
since the GNSS solution is computed independently before fusion. This flexi-
bility allows users to substitute different GNSS software or upgrade receivers
without fundamentally altering the integration algorithm.

However, loosely coupled systems have a significant limitation: they require
at least four visible satellites to generate a valid GNSS position fix (Farrell, 2008).
If satellite visibility drops below this threshold, common in urban canyons, for-
ested areas, or during sharp aircraft manoeuvres the system cannot update the
IMU drift, leading to rapid accuracy degradation. During these outages, position
errors grow quadratically with time as the IMU integrates biased acceleration
measurements without external correction (George and Sukkarieh, 2005).

2.3.2 Tightly Coupled Integration

Tightly coupled integration takes a fundamentally different approach by fusing
raw GNSS measurements, such as pseudorange and carrier phase observations,
directly with IMU data within a single, centralized estimation framework, as
illustrated in the right panel of Figure 2.2. Instead of waiting for the GNSS
receiver to compute a position fix, the KF processes individual satellite meas-
urements from both rover and base stations alongside IMU readings, enabling
the use of all available GNSS information regardless of whether a standalone
position solution is possible.

The state vector in tightly coupled systems is augmented with GNSS-spe-
cific parameters (Groves, 2013):

x = [8r 6v 86 b, b, N 5t,]" 2.12)

where 8t represents position errors, 6v velocity errors, 66 attitude errors, b,
and b, are accelerometer and gyroscope biases respectively, N represents car-

rier phase ambiguities for each tracked satellite, and ¢, is the receiver clock
bias. The measurement model directly relates pseudorange (p) and carrier
phase (¢") observations to the estimated states is given by (Farrell, 2008):

Pl = ||t — ||+ (88 —St) + T+ I+ g, (2.13)
¢! = [Ira =l +c- (' =St)+ T =1 =2A-N'+ey  (214)
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where p! is the pseudorange measurement to the i-th satellite; ¢’ is the carrier
phase measurement to the i-th satellite; rs,,; is the position vector of the i-th
satellite, computed from broadcast or precise ephemerides and expressed in an
ECEF frame realizing the International Terrestrial Reference Frame (ITRF),
consistent with the WGS84 reference frame (defined in Section 2.1.1); r is the
receiver position vector; ||rg,e; — r|| is the true geometric distance between the
satellite and the receiver; c is the speed of light in vacuum; §t, is the receiver
clock bias; 8t! is the clock bias of the i-th satellite; T* is the tropospheric delay
for the i-th satellite signal path; I® is the ionospheric delay for the i-th satellite
(note: the ionosphere causes a group delay for pseudorange, hence (+1°) in Eq.
(2.13), but a phase advance for carrier phase and (—I') in Eq. (2.14)); A is the
carrier signal wavelength; N is the integer phase ambiguity for the i-th satel-
lite; and €, and &4 are the pseudorange and carrier phase measurement noise
terms, respectively.

As shown in Figure 2.2, the tightly coupled architecture includes an explicit
Ambiguity Resolution module that processes both floated and integer ambigui-
ties, feeding refined estimates back into the KF. This integrated approach enables
the system to maintain accurate navigation solutions even when fewer than four
satellites are visible. With only two or three satellites providing measurements,
the IMU continues to propagate the trajectory while partial GNSS updates con-
strain the solution, preventing unbounded error growth. Continuous feedback
through the error controller ensures that all available satellite information is uti-
lized optimally, maintaining robustness during brief signal blockages, high bank
turns, or environments with intermittent satellite visibility.
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A prime example of this technology is the Applanix IN-Fusion system, which
implements an Inertially-Aided Kinematic Ambiguity Resolution (IAKAR) al-
gorithm. By leveraging inertial data to resolve GNSS carrier phase ambigui-
ties, the system quickly recovers from outages and allows sharper turns without
losing positioning accuracy, critical capabilities for operational flexibility in
airborne surveys (Scherzinger, 2006; Hutton et al., 2008). Empirical studies
have demonstrated that tightly coupled integration reduced altitude positioning
errors by a factor of approximately 5, and horizontal positioning errors by a
factor of up to 15, during partial satellite outages with only 2-3 visible satel-
lites (George and Sukkarieh, 2005).

The trade-off, however, is increased computational complexity. Tightly
coupled systems require access to raw GNSS observations and sophisticated
ambiguity resolution algorithms, making implementation more challenging
than loosely coupled alternatives. The comparative performance implications
of these integration architectures, particularly under GNSS-degraded condi-
tions, are examined in Chapter 5 within the context of the signal outage sce-
narios investigated in Paper III.

Inertially-Aided Ambiguity Resolution: A key advantage of tightly cou-
pled GNSS/IMU integration is the capability to exploit inertial predictions for
rapid carrier phase integer ambiguity resolution following signal interruptions
or cycle slips. When GNSS signals are temporarily lost during aircraft manoeu-
vres or environmental obstructions, the INS continues to provide position esti-
mates by dead reckoning based on accelerometer and gyroscope measure-
ments. Although these inertial position estimates gradually drift due to sensor
errors, the drift remains sufficiently small over short periods (20-60 seconds)
to provide valuable constraints for ambiguity search algorithms. The Inertially-
Aided Kinematic Ambiguity Resolution (IAKAR) technique processes raw
GNSS observations and INS measurements in a unified KF framework, where
the INS-derived position serves as a strong a priori constraint that dramatically
reduces the ambiguity search space (Hutton et al., 2007; Zhang et al., 2018).
This constraint effectively eliminates incorrect integer candidates, reducing the
time required to re-establish fixed ambiguities from several minutes (typical
for GNSS-only kinematic processing) to just a few seconds in integrated sys-
tems. For tactical-grade IMUs, position drift during outages of this duration
typically remains at the decimetre level, providing sufficient accuracy to en-
sure nearly instantaneous ambiguity re-initialization when satellite signals are
reacquired (Hutton et al., 2007).

Figure 2.3 illustrates the tightly coupled GNSS/IMU integration data pro-
cessing strategy employed throughout this thesis, showing how raw sensor
measurements are fused through forward KFing and optionally refined through
backward smoothing for post-processed applications; both techniques are de-
scribed in detail in Section 2.3.3.

The IMU continuously provides angular rate (w}) and specific force (f})
measurements to the INS mechanization block, where the superscript notation
indicates quantities measured in the body frame (b) and expressed in the navi-
gation frame (n). These measurements propagate position (I;,), velocity (Vi,s),
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and orientation (3;,,) estimates forward in time through the inertial mechani-
zation equations described in Section 2.2.

Simultaneously, GNSS receivers at rover and base stations provide raw ob-
servations, including carrier phase (¢), pseudorange (p), and together with sat-
ellite positions obtained from broadcast or precise ephemerides in an ECEF
frame realizing the ITRF. These observations are processed through least
squares adjustment for ambiguity float solutions, followed by integer ambigu-
ity resolution. The resolved measurements are then differenced to eliminate
common-mode errors, producing double-differenced carrier phase (VAg),
pseudorange (VAp), and geometric range (VApy) (see Hofmann-Wellenhof,
Lichtenegger and Wasle, 2008, Section 6.3.2, Eqs. 6.38-6.48, for the full sin-
gle- and double-difference formulation).

The tightly coupled KF optimally combines INS-predicted states with
GNSS double-differenced measurements to produce correction vectors (4r,
6v, 8Y). These corrections refine the INS mechanization output, yielding the
final position, velocity, and orientation estimates. For post-processed applica-
tions requiring maximum accuracy, particularly during GNSS signal degrada-
tion, a backward-pass Rauch-Tung-Striebel smoother exploits information
from the entire trajectory to further refine the forward filter estimates, as de-
tailed in Section 2.3.3.3.

This processing architecture was implemented across all four studies, with
variations in processing modes depending on application requirements. Sec-
tion 4.3 analyses how this architecture performs under simulated GNSS signal
outage conditions, demonstrating the robustness advantages of tightly coupled
integration combined with smoothing.
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2.3.3 Advanced Filtering and Post-Processing (KF, EKF, RTS)

Building on the integration architectures described in Sections 2.3.1 and 2.3.2,
this section presents the mathematical frameworks and algorithms that enable ac-
curate state estimation in GNSS/IMU-integrated airborne mapping systems.
These filtering and smoothing techniques are essential for processing sensor data,
refining trajectory estimates, and determining precise EOPs for DG applications.

The presentation follows a logical progression reflecting the methodologi-
cal choices made in this thesis. The KF (Section 2.3.3.1) establishes the foun-
dational framework for optimal linear state estimation. However, GNSS/IMU
integration involves inherently nonlinear dynamics coordinate frame rotations
and attitude quaternion propagation requiring the extended Kalman filter
(EKF) (Section 2.3.3.2), which was implemented for real-time trajectory esti-
mation across all four studies. The Rauch-Tung-Striebel smoother (Section
2.3.3.3) further refines these estimates through backward-pass processing that
exploits measurements from the entire trajectory.

mework

The KF establishes a mathematical relationship between sensor measurements
and unknown parameters through a recursive state estimation process
(Kalman, 1960; Brown and Hwang, 1997). This optimal estimator is particu-
larly well-suited for GNSS/IMU integration because it can continuously update
position, velocity, and orientation estimates as new measurements arrive while
accounting for both measurement and process noise (Groves, 2013).

The KF operates through two fundamental models (Welch and Bishop,
2006):

e  Measurement Model:
z, = Hx; + v, (2.15)
e System Dynamics Model:

Xt = tht + Gtwt (216)
where z; is the measurement vector (e.g., GNSS positions), X; is the state vec-
tor (containing position, velocity, attitude, and sensor biases), H; is the meas-
urement design matrix relating measurements to states, v, is measurement
noise, F; is the system dynamics matrix describing how states evolve over time,
G, is the noise shaping matrix, and w, is process driving noise.

For discrete-time implementation, these equations become (Brown and
Hwang, 1997; Groves, 2013):

Zir1 = Hpgp1Xpqq + Vigyq (2.17)
X1 = Py pXpe + Wiyr (2.18)
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where @y,  is the state transition matrix derived from the continuous system
dynamics matrix F.

Recursive Prediction and Update Cycle

The KF operates as a recursive two-step algorithm that continuously refines
state estimates by cycling through prediction and update phases, as illustrated
in Figure 2.5 (Welch and Bishop, 2006). This recursive structure makes the
filter computationally efficient and well-suited for real-time navigation appli-
cations (Farrell, 2008; Groves, 2013).

e Prediction Step: The prediction (time update) phase propagates
the state estimate and its covariance matrix forward using the IMU
measurements (Kalman, 1960; Brown and Hwang, 1997):

Xpk=1 = Prk—1Xk—1]k-1 (2.19)
Prik-1 = q’k,k—1Pk—1|k—1q’1€,k—1 + Qk-1 (2.20)

where X4 is the a priori state estimate (predicted state before incorporating
measurements at epoch k), Py x4 is the a priori error covariance matrix, and

Q. is the process noise covariance matrix representing IMU sensor errors and
model uncertainties.

e Update Step: The update (measurement correction) phase incor-
porates new GNSS measurements to refine the predicted state
(Brown and Hwang, 1997; Welch and Bishop, 2006):

Ky = Pyjr—1Hy (H Py HE + Rk)_l (2.21)
Vi = Zg — HyeXpppe—q (222)

Xk = Xijk-1 T KiVie (2.23)

Prie = (1= KiHp )Py pre—1 (2.24)

where K, is the Kalman gain (an optimal weighting matrix that balances pre-
diction and measurement information), v;, is the innovation vector (the differ-
ence between actual measurements and predicted measurements), R is the
measurement noise covariance matrix, Xy, is the a posteriori state estimate
(corrected state after incorporating measurements), and Py is the a posteriori
error covariance.

The Kalman gain K, is calculated by minimizing the trace of the a posteri-
ori error covariance matrix, effectively determining how much the filter should
"trust" the new measurements versus the predicted state based on their relative
uncertainties (Welch and Bishop, 2006).
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2.3.3.2 Extended Kalman Filter for Nonlinear Systems

While the standard KF assumes linear system dynamics, GNSS/IMU integra-
tion involves inherently nonlinear processes, particularly attitude propagation
through rotating coordinate frames, that the standard KF cannot handle di-
rectly. The EKF addresses this limitation by linearizing the nonlinear state
transition function (X, u;) and measurement function h(x;) around the cur-
rent state estimate using a first order Taylor series expansion (Maybeck, 1979;
Gelb, 1999). This linearisation produces Jacobian matrices F,_; and Hj, that
substitute their linear counterparts in the standard KF prediction and update
equations (Egs. 2.19 to 2.24), while the overall structure of the two-step recur-
sive cycle remains unchanged (Groves, 2013). As a result, the EKF retains the
computational efficiency of the standard KF while accommodating the nonlin-
earities inherent to inertial navigation. The EKF is widely recognized as the
standard algorithm for tightly coupled GNSS/IMU integration in airborne map-
ping systems (Farrell, 2008; Groves, 2013) and was applied in this capacity via
the Inertial Explorer processing software comprising this thesis.

2.3.3.3 Rauch-Tung-Striebel (RTS) Smoothing

While the EKF provides optimal real-time state estimates based on past and
current measurements (forward filtering), post-processing applications can
leverage all available measurements, both past and future, to further improve
trajectory accuracy. The Rauch-Tung-Striebel (RTS) smoother accomplishes
this through a two-pass algorithm that combines forward EKF filtering with a
backward smoothing pass (Rauch, Tung and Striebel, 1965; Sarkka, 2010).

RTS smoothing is particularly valuable for airborne photogrammetry be-
cause it significantly reduces accumulated IMU drift during GNSS outages by
optimally blending measurements from before and after the outage period. This
forward-backward combination enables the smoother to "look ahead" and an-
ticipate where the trajectory should be based on future GNSS fixes, effectively
constraining IMU error growth during signal gaps.

The RTS algorithm operates as follows (Rauch, Tung and Striebel,
1965; Sarkka, 2010):

e Forward Pass: First, run the standard EKF forward through all
data to obtain filtered estimates X, and covariances Py for all
epochsk =1,...,N.

e Backward Smoothing Pass: Starting from the final epoch N and
working backward, compute smoothed estimates (Rauch, Tung and
Striebel, 1965):

Cr = P Fi Pty (2.25)
Xpiv = Xpgke + Ce(Xpes1 v — Xiea1jic) (2.26)
Pyiv = Pjic + Ce(Prsajny — Praai) Ci (2.27)
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where C is the smoothing gain matrix, X,y is the smoothed state estimate at
epoch k using all measurements up to epoch N, and Py is the smoothed error
covariance.

Figure 2.4 illustrates the fundamental behavioural difference between for-
ward filtering and smoothing during GNSS signal outages. During an outage,
the forward filter error grows continuously and monotonically as the system
relies solely on IMU integration without GNSS corrections. The error accumu-
lates unchecked until GNSS signals are restored. In contrast, the smoothing
algorithm exhibits substantially different behaviour. Although errors increase
during the outage, they remain constrained because the backward pass incor-
porates post-outage GNSS measurements, effectively "smoothing back" cor-
rections throughout the outage period. This bidirectional information flow ex-
plains why smoothing can reduce position and orientation uncertainties by up
to 95% and 60%, respectively, during GNSS signal outages compared to for-
ward-only EKF solutions ( Jouybari, Bagherbandi and Nilfouroushan, 2023).
The practical implication for airborne mapping is clear: when maximum accu-
racy is required and real-time processing is not essential, smoothing becomes
indispensable for maintaining georeferencing precision during inevitable sig-
nal interruptions.

A

Error

GNSS Signal Outage

>
Time

Figure 2.4: Error propagation behaviour of forward Kalman filtering versus RTS smooth-
ing, illustrating the general accumulation and reduction of estimation uncertainty over
time, with relevance during GNSS signal outages.
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Figure 2.5: Kalman filter cycle used for GNSS and IMU integration.

The left box shows the prediction step, where the state transition matrix @4 ;
propagates the previous state estimate £; and its covariance Py forward in
time together with the process noise covariance Qy, which represents IMU and
model uncertainties, to obtain the predicted state X;,, and predicted covari-
ance Py, ;. In the right box, the update step corrects this prediction using a new
GNSS measurement z;,. The innovation v, = z, — Hy X, is the difference be-
tween the actual GNSS observation and the predicted observation from the ob-
servation matrix Hy, and the Kalman gain K, weights this innovation using the
GNSS measurement noise covariance Rj. The gain produces the corrected
state £; and updated covariance P, which are then used as input to the next
prediction step to provide a continuous estimate of the navigation state.

The filtering and smoothing frameworks presented in this section form the
mathematical foundation for processing GNSS/IMU data in airborne mapping
systems. These techniques enable accurate determination of EOPs for DG, with
the choice between real-time EKF and post-processed RTS smoothing depend-
ing on application requirements for latency versus accuracy (Groves, 2013).

2.4 Direct Georeferencing and Exterior Orientation
Parameters

The goal of integrating GNSS and IMU systems in airborne photogrammetry
is to enable DG that is determining the camera's position and orientation at the
moment of image capture without ground control points (Cramer and
Stallmann, 2001; Rizaldy and Firdaus, 2012). These EOPs form the mathemat-
ical bridge connecting two-dimensional images to three-dimensional ground
coordinates (Wolf and Dewitt, 2000).
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2.4.1 Camera Position Determination

The camera projection centre position is computed by combining GNSS-meas-
ured antenna coordinates with rotation-compensated LA offsets (Cramer and
Stallmann, 2001; Habib et al., 2005):

rém = Ténss + R§ (WBnssu + Wiu-cam) (2.28)

where rg,, represents the camera projection centre in the ECEF frame, réygg
is the antenna position measured by GNSS, R} transforms vectors from the
aircraft body frame to ECEF (see Eq. 2.10), and 1255 v and 12 cam are the
physical offsets (LAs) between sensors expressed in body-frame coordinates
(see also Section 2.1.3). Because these LAs are fixed in the aircraft structure
but must be expressed in the global mapping frame, they are rotated using the
instantaneous aircraft orientation to account for changes in platform attitude
during flight (Mostafa and Schwarz, 2001).

2.4.2 Camera Orientation Determination

Determining the camera's position addresses only one part of the georeferenc-
ing problem; its orientation must also be established. The camera's orientation
matrix relative to ECEF extends the transformation chain by one additional
step to account for the fixed angular misalignment between camera and IMU
mounting frames (Cramer and Stallmann, 2001; Habib et al., 2005):

Rgam = R% ' Ream (229)

where R2, . is the boresight rotation matrix determined through system cali-
bration (Habib and Morgan, 2003); its explicit form as a direction cosine ma-
trix built from the three boresight angles is given in Mostafa (2001, Eq. 1).
This equation chains three reference frames: the camera frame rotates to the
body frame through the boresight matrix, the body frame rotates to the local
navigation frame through IMU-derived Euler angles, and the navigation frame
rotates to ECEF through the geographic position-dependent matrix. The result
fully describes the camera's spatial orientation in the global coordinate system
at each image exposure.

2.4.3 Complete Exterior Orientation Parameters

The six EOPs required for photogrammetric processing consist of three posi-
tion coordinates extracted from rf,, and three orientation angles obtained by
decomposing R¢,,,, into Euler angles. Together, the position vector r&,, (t) and
the orientation matrix R¢,,(t) constitute the six EOPs: three for position
(Xy,Yy,Zy) and three for orientation (typically expressed as Euler angles
w, ¢, k in photogrammetry) (Wolf and Dewitt, 2000; Kraus, 2007).

Once EOPs are determined through DG, photogrammetric collinearity
equations enable transformation of image coordinates to ground coordinates
(Wolf and Dewitt, 2000; Kraus, 2007):
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Y=Yo|=ARE, |Y -, (2.30)
~f Z—Zy

where (x,y) are measured image coordinates, (xq, ) is the principal point, f
is the camera focal length, (X,Y,Z) are unknown ground coordinates,
(Xo, Yo, Z,) are the camera position EOPs, R¢, is the camera orientation matrix
derived from EOPs angles, and A is a scale factor. These equations enforce the
fundamental geometric constraint that the object point, image point, and camera
projection centre must lie on a straight line in three-dimensional space. By solv-
ing these equations using overlapping images from multiple camera stations,
with EOPs as known values from DG, ground coordinates can be computed (the-
oretically) without ground control points (Wolf and Dewitt, 2000).

2.5 Aerial Triangulation and Bundle Block Adjustment

While DG using GNSS/IMU integration provides initial estimates of EOPs,
aerial triangulation through BBA remains essential for achieving the highest
possible geometric accuracy in photogrammetric mapping projects. This pro-
cess refines the EOPs by exploiting the redundancy inherent in overlapping
imagery, simultaneously optimizing camera positions, orientations, and
ground point coordinates while accounting for systematic errors in both the
imagery and the navigation sensors (Kraus, 2007; Luhmann et al., 2013).

2.5.1 The Principle of Aerial Triangulation

Aerial triangulation is fundamentally a least-squares adjustment problem that
establishes the geometric relationship between multiple overlapping photo-
graphs and the ground they depict. The core idea is elegant: when two or more
images capture the same ground feature from different camera stations, we can
use the principle of collinearity that object points, their images, and the camera
projection centres must lie on straight lines to simultaneously solve for both
the camera positions/orientations and the ground point coordinates (Wolf and
Dewitt, 2000; McGlone, 2013).

What makes aerial triangulation powerful is its ability to propagate control
information across an entire block of images. Starting from just a few known
ground control points (GCPs) at the block edges, the adjustment distributes
their positional accuracy throughout the survey area by mathematically linking
images through their overlapping regions. Tie points, features visible in multi-
ple photographs, create the geometric connections that allow this propagation
(Kraus, 2007).

2.5.2 Bundle Block Adjustment

The bundle adjustment gets its name from the geometric visualization: bundles
of light rays from each camera projection centre through image points con-
verge on their corresponding ground points. The adjustment simultaneously
optimizes all these ray bundles to achieve the best fit between observations and
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a mathematically consistent geometric model (Triggs et al., 2000; Forstner and
Wrobel, 2016).

The mathematical foundation rests on the collinearity equations, which for
each image point can be written as (Wolf and Dewitt, 2000; McGlone, 2013):

111 (X — Xo) + 12 (Y = Yp) + 113(Z — Zy) S
131 (X — Xo) + 13, (Y — Yp) + 133(Z — Zp) shift—(2.31)
+ (¢ — to) Sarife
(X = Xo) + 1 (Y = Yo) +153(Z = Zy) (2.32)
Y—Yo=— + Bshife
r31(X — Xo) + 15, (Y = Yp) + 133(Z — Zp)
+ (t — to) Sarife

X—%xy=—f

where (x, y) are measured image coordinates, (x,, ¥o) is the principal point, f
is the focal length, (X, Y, Z) are ground point coordinates, (X, Yy, Z,) are cam-
era position EOPs, 7;; are elements of the rotation matrix R constructed from
the orientation angles w, @, K, 87, is the constant GNSS shift correction
accounting for datum offsets between the GNSS coordinate system and the
ground control coordinate system, §gyif; is the linear drift coefficient repre-
senting time-dependent GNSS systematic errors, and (t — t;) is the elapsed
time since reference epoch ¢y, so that the drift contribution grows linearly with
time (Jouybari, Bagherbandi and Nilfouroushan, 2022).

The GNSS shift and drift terms are an important practical extension of the
standard collinearity model. Systematic shift errors arise primarily from un-
solved datum inconsistencies between the GNSS positioning reference frame
and the ground control coordinate system, while drift errors accumulate pro-
gressively over time due to atmospheric effects, unmodelled GNSS biases, and
imperfect camera to IMU synchronisation. Incorporating both terms directly
into the collinearity equations ensures that these systematic effects are ab-
sorbed into the adjustment rather than propagating into the final EOPs and ob-
ject point coordinates.

The rotation matrix elements 7;; are derived from the three Euler angles that
define the camera's orientation (Wolf and Dewitt, 2000; McGlone, 2013):

1 Tz T3
R=Ry,-Ry R, =(T21 T2z T23 (2.33)
731 T32 T33
where the individual rotation matrices for each angle are:
1 0 0 cos¢$ 0 sin ¢
R, =|0 cosw -—sinw| Ry = 0 1 0 |,Rg
0 sinw cosw —sin¢ 0 cos ¢ (2.34)

sink cosk O

[cos Kk —sin k Ol
0 0 1
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These elements transform coordinates from the ground system to the image
coordinate system, accounting for the camera's three-dimensional orientation
in space. The angles w, ¢, and k represent rotations about the x, y, and z axes
respectively in the photogrammetric convention.

For a typical aerial survey block with n images and m ground points, the
bundle adjustment solves a large system of observation equations. Each image
point contributes two equations (one for x, one for y), creating a massive but
sparse system that must be solved iteratively (Triggs et al., 2000). Modern im-
plementations exploit this sparsity through efficient matrix decomposition
techniques like Schur complement or sparse Cholesky factorization (Lourakis
and Argyros, 2009).

2.5.3 GNSS/IMU-Derived EOPs Constraints in Bundle Adjustment

The power of modern aerial triangulation lies in its ability to incorporate
GNSS/IMU-derived EOPs as weighted observations rather than as fixed un-
knowns. This leads to a GNSS/IMU-supported bundle adjustment, where nav-
igation-derived positions and attitudes are combined with image observations
and ground control points within a single least-squares framework (Cramer and
Stallmann, 2001; Jacobsen, 2004).

In a conventional bundle adjustment, all EOPs are estimated from image co-
ordinates and control information only. When GNSS/IMU data are available,
additional observation equations are introduced that link the adjusted EOPs to
the directly measured values from the navigation system. For each camera sta-
tion i, these equations can be written as (Cramer and Stallmann, 2001):

ngj — XSNSS/IMU + AX, (2.35)
92di — gGNSSIMU 4 A g (2.36)

where X39 = [X,, Yo, Zo]7 is the adjusted camera position, X3N5™V s the po-

sition obtained from GNSS/IMU integration, 824 = [w, ¢, x]” is the adjusted
orientation, and @SN58™U s the corresponding orientation from the IMU so-
lution. The correction vectors AX, and Aw are unknowns that are solved to-
gether with the other bundle parameters during the iterative adjustment
(Cramer and Stallmann, 2001; Jacobsen, 2004).

These GNSS/IMU observation equations are weighted according to the ex-
pected accuracy of the navigation solution. A typical stochastic model uses a
diagonal weight matrix (Cramer and Stallmann, 2001):

0(? 0y O0p O0p Op Uo) (2.37)

Winssmvu = diag (— T T T g
2,2’ 2" .2’ 2’ .2
oz o 07 02 03’ o

where o, is the a priori standard deviation of unit weight and
Oxy) Ovyr 07y, Ogys O, 0y denote the STD of the GNSS positions and IMU atti-
tudes provided by the system or calibration. High-grade tactical IMUs with
small attitude uncertainties receive large weights and therefore act as strong
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constraints, whereas lower-grade MEMS systems with larger uncertainties are
given lower weights, allowing the image geometry to refine the EOPs more
strongly (Cramer and Stallmann, 2001):

This integration strategy combines the strengths of navigation sensors with
the geometric redundancy of overlapping imagery. The GNSS/IMU-derived
EOPs provide reliable initial values and constrain the solution, reducing the
number of required ground control points and improving robustness against
divergence. At the same time, the bundle adjustment refines these values, com-
pensates for remaining effects in the navigation solution, and mitigates the im-
pact of temporary GNSS outages or IMU drift by using the full block geometry
(Gruen and Huang, 2001; Jacobsen, 2004).

2.5.4 Self-Calibrating Bundle Adjustment

Real-world camera systems exhibit systematic errors, distortions, principal
point offsets, and focal length variations that violate the ideal pinhole camera
model assumed by the basic collinearity equations. A self-calibrating bundle
adjustment extends the adjustment to simultaneously solve for these additional
parameters, modelling them through polynomial corrections to the measured
image coordinates (Fraser, 1997; Remondino and Fraser, 2006):

8x = (x — x0)[K1 (%) + K, (") + K3 (r®)] + Py[r? + 2(x (238)
— X0)%] + 2P, (x — x0) (¥ — ¥o) '

8y = (v —yo)[K1(r?) + K (r") + K3 (r®)] + Po[r? + 2(y (2.39)
—¥0)%] + 2P, (x — x0) (¥ — ¥o)

where 72 = (x — x0)? + (y — yo)?, the K; parameters model radial distortion
(the symmetric lens imperfections), and P; and P, model decentring distortion
(caused by lens element misalignment). For GNSS/IMU-supported adjust-
ment, these parameters can be pre-calibrated in the laboratory or solved as ad-
ditional unknowns within the block adjustment itself (Fraser, 1997).

The advantage of self-calibration is substantial. It absorbs systematic errors
that would otherwise contaminate the geometry, improving final accuracy by
factors of two to five compared to adjustment without proper distortion mod-
elling (Remondino and Fraser, 2006). For high-precision applications, self-cal-
ibration becomes mandatory.

2.5.5 The Synergy with Direct Georeferencing

The relationship between DG (Section 2.4) and bundle adjustment is comple-
mentary rather than competitive. In projects with high-quality GNSS/IMU sys-
tems and when absolute positional accuracy requirements are moderate (say, 10—
20 cm), DG alone may suffice, eliminating the need for ground control entirely.
However, when ultimate geometric fidelity matters for engineering surveys, ur-
ban modelling, or quality control applications bundle adjustment takes the DG
EOPs as excellent starting values and refines them using the geometric strength
of overlapping imagery (Gruen and Huang, 2001; Jacobsen, 2004).
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Studies have shown that GNSS/IMU-supported bundle adjustment can re-
duce the required GCPs density by 80-90% compared to traditional aerial tri-
angulation while maintaining equivalent final accuracy. For a typical block, 3—
5 well-distributed GCPs and 10-15 independent check points suffice where
conventional practice might demand dozens of control points (Cramer and
Stallmann, 2001; Jacobsen, 2004). This dramatic reduction in field survey ef-
fort represents one of the most tangible economic benefits of integrated sensor
systems in operational photogrammetry.

2.6 Deflection of Vertical (DOV) in Airborne
Photogrammetry

While GNSS/IMU integration and bundle adjustment address many challenges
in airborne georeferencing, a subtle but systematic error source whose impact
becomes critical at high accuracies: the deflection of the verticals (DOV). This
geodetic phenomenon arises from the fundamental difference between two ref-
erence surfaces used in navigation and mapping, i.e. the reference system ob-
tained from the Earth’s gravity field (represented by physical shape of the Earth
i.e. the geoid) and the mathematical shape of the Earth i.e. the reference ellip-
soid (Hofmann-Wellenhof and Moritz, 2006). Understanding and correcting
for DOV becomes increasingly important as we push toward centimetre-level
accuracy in DG applications.

2.6.1 The Physical Origin of Deflection of Vertical

The DOV is the angular difference between two conceptually distinct "verti-
cal" directions at any point on Earth's surface (Torge, Miiller and Pail, 2023).
The first is the plumb line direction, defined by the local gravity vector and
perpendicular to the geoid (the equipotential surface of Earth's gravity field
that best approximates mean sea level). The second is the ellipsoid normal, the
geometric perpendicular to the reference ellipsoid, a mathematically perfect
surface that approximates Earth's shape but ignores local gravity variations
(Heiskanen and Moritz, 1967).

These two directions rarely coincide. Variations in Earth's density distribu-
tion and mass redistribution including mountain ranges, ocean trenches, sub-
surface geological structures, create irregularities in the gravity field that cause
the geoid to undulate relative to the ellipsoid. Where the geoid deviates from
the ellipsoid, the plumb line tilts away from the ellipsoid normal, creating the
DOV (Hofmann-Wellenhof and Moritz, 2006). The DOV is traditionally de-
composed into two orthogonal components (Heiskanen and Moritz, 1967):

& = north-south component (positive toward north)
1 = east-west component (positive toward east)

These angular deflections typically range from a few arc-seconds in flat terrain
to 3040 arc-seconds (approximately 0.01°) in mountainous regions, with ex-
treme values exceeding 50 arc-seconds near major topographic features (Pepe,
Prezioso and Santamaria, 2015; Bagherbandi ef al., 2022).
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2.6.2 Impact of DOV on Direct Georeferencing

The challenge for airborne photogrammetry stems from how IMU sensors
measures orientation. Accelerometers sense the direction of apparent gravity,
which corresponds to the plumb line, not the ellipsoid normal (i.e. the normal to
the reference ellipsoid on which the coordinates are defined using GNSS). When
we use IMU-derived attitudes to georeferenced images, we are implicitly assum-
ing these two directions are identical. However, they are not, and the angular
difference introduces systematic positioning errors in the final georeferenced co-
ordinates (Grejner-brzezinska et al., 1999; Bagherbandi ef al., 2022).

The magnitude of these errors depends on both the DOV magnitude and the
imaging geometry (flight altitude, camera field of view, and look angle)For a
typical aerial survey, the induced positional errors can be approximated as
(Barzaghi et al., 2016; Pepe et al., 2015; Bagherbandi ef al., 2022):

§h = H sin (DOV) (2.40)
FOV
6v = Htan (T) sin (DOV) 241)

where 6h is the horizontal position error, §v is the vertical position error, H is
the flight altitude above ground, FOV is the camera field of view, and DOV (a)
is the deflection of the vertical component in geodetic azimuth direction o.

DOV(a) = &cos a + nsin a (2.42)

For example, consider a typical photogrammetric mission flying at 1000 m al-
titude with a 60° FOV camera over terrain where DOV is 20 arc-seconds
(0.0056°). The horizontal error would be approximately 9.7 cm, while the ver-
tical error could reach 5.6 cm (Barzaghi et al., 2016). At higher altitude like
3000 m for regional mapping these errors scale proportionally, reaching 29 cm
horizontally and 17 cm vertically. These systematic biases can severely com-
promise the accuracy of DG if left uncorrected (Pepe, Prezioso and Santamaria,
2015; Bagherbandi ef al., 2022).

2.6.3 Computing Deflection of Vertical Components

Accurate DOV correction requires knowledge of the deflection components
along the flight trajectory. Although astronomical methods using zenith cam-
eras can determine DOV with high precision at specific ground stations, these
techniques cannot provide the continuous spatial coverage needed for airborne
mapping and are therefore not considered in this study. Instead, two gravimet-
ric approaches are commonly used in operational photogrammetry (Barzaghi
et al., 2016):

2.6.3.1 DOV Using Global Geopotential Models (GGMs):

The most practical approach for operational mapping uses spherical harmonic
representations of Earth's gravity field derived from a combination of satellite
missions (like GRACE and GOCE), terrestrial, shipborne and airborne
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gravimetry. The EGM2008 (Earth Gravitational Model 2008) is a combined
EGM model which provides global coverage with resolution to degree and or-
der 2190, corresponding to roughly 5 km spatial resolution (Pavlis et al., 2012).
The DOV components can be computed from the geopotential model harmonic
coefficients as follows (Hofmann-Wellenhof and Moritz, 2006):

£ = 1 aT (2.43)
Yor 0¢ .

_ 1 B_T (2.44)

"~ yorcos ¢ 9

where T is the disturbing potential, y, is normal gravity, r is geocentric radius,
¢ and A are geodetic latitude and longitude, respectively. The disturbing po-
tential is expressed as a spherical harmonic expansion (Sjoberg and
Bagherbandi, 2017):

Mmax n

T(r,0,1) = GTM Z Z (g)n+1 (AC cOS MA (2.45)

n=2 m=0

+ Symsin mA)P,,,, (cos 6)

where GM is the geocentric gravitational constant, a is the equatorial radius,
Nmay is the maximum degree of the expansion, AC,,, and S, are the fully
normalized spherical harmonic coefficients representing deviations from the
reference ellipsoid, and P,,, are the fully normalized associated Legendre
functions.

Studies have shown that EGM2008-derived DOV values are sufficiently
accurate for aerial mapping purposes above flight altitudes of 1000—1500 m,
with typical uncertainties of 1-2 arc-seconds in flat to moderately hilly terrain
(Barzaghi et al., 2016). However, in mountainous regions where short-wave-
length topographic signals dominate, EGM2008 may not fully capture the local
gravity variations, potentially underestimating DOV by 3-5 arc-seconds
(Bagherbandi et al., 2022).

2.6.3.2 DOV Using Regional Quasigeoid Model and Terrestrial Gravity
Data:

For higher accuracy in challenging terrain, DOV can be computed using ter-
restrial gravity measurements combined with regional quasigeoid models
through the Vening Meinesz formulas. This approach incorporates local grav-
ity anomalies that may not be resolved in global models, achieving typical ac-
curacies of 0.5-1 arc-second for DOV components.

When working with a quasigeoid model that represents height anomalies
(§) at Earth's surface rather than geoid heights, the Vening Meinesz formulas
provide the relationship between DOV components and spatial gradients of the
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quasigeoid combined with gravity and topographic information (Hofmann-
Wellenhof and Moritz, 2006):

19¢ Ag10H »
R0 y RO8 (2:46)
1 o Ag 1 0H (2.47)

" Rsin 602 ¥ Rsin 091

&=

r]:

where & and 1 are the north-south and east-west DOV components, ( is the
height anomaly from the quasigeoid model, Ag is the gravity anomaly (differ-
ence between observed and normal gravity), y is normal gravity evaluated at
the computation point, R is Earth's mean radius (approximately 6371 km), H
denotes topographic height, 6 is co-latitude, and A is longitude. The first term
in each equation represents the geometric contribution from the quasigeoid's
spatial variation, while the second term accounts for the gravitational influence
of topographic masses. Partial derivatives are obtained through numerical dif-
ferentiation of gridded height anomaly, gravity, and elevation datasets. These
formulas yield DOV components at Earth's physical surface. For airborne ap-
plications requiring DOV at flight altitude, an upward continuation procedure
must subsequently be applied.

2.6.3.3 Upward Continuation of DOV

Upward continuation transfers gravitational field quantities computed at
Earth's surface to values at flight altitude above the topography. This transfor-
mation exploits the harmonic nature of the gravitational potential in mass-free
space above the terrain. Under the Cartesian approximation, which is valid for
survey areas of limited horizontal extent (typically less than a few hundred
kilometres), DOV components & and 1 behave as harmonic functions, allowing
efficient upward continuation through Fourier domain techniques.

The Fast Fourier Transform provides a computationally efficient method
for upward continuation of gridded DOV data. In the frequency domain, up-
ward continuation from surface elevation (z = 0) to flight altitude z is achieved
through multiplication by an exponential attenuation factor (Forsberg and
Tscherning, 2008):

F([¢ n](k,z)) = F([€ N o) )exp (—2mkz) (2.48)

where F represents the two-dimensional discrete Fourier transform operator,
the subscript (k,z) denotes evaluation at wavenumber k and height z, the sub-

script (k,0) denotes evaluation at the surface, and k = \/kZ + k3 is the radial
wavenumber magnitude, with k, and k, being the wavenumbers in the hori-

zontal x- and y-directions. The exponential decay factor causes high-frequency
(short-wavelength) components to attenuate more rapidly with increasing
height than low-frequency components, reflecting the physical smoothing of
the gravity field with distance from mass irregularities. After applying this
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frequency-domain filter, inverse FFT transforms the upward-continued com-
ponents back to the spatial domain.

This upward continuation procedure is implemented in geodetic software
packages such as GRAVSOFT (Forsberg and Tscherning, 2008), where the
GEOFOUR program performs the transformation under the assumption that DOV
components are harmonic outside the topographic masses. For typical photogram-
metric flight altitudes (1-6 km), this approximation introduces negligible errors
compared to other uncertainty sources in the DOV computation workflow.

2.6.4 Implementing DOV Effect in Direct Georeferencing

The correction procedure involves transforming IMU-measured attitudes (ref-
erenced to the local vertical defined by gravity) into attitudes referenced to the
ellipsoid normal. This transformation is applied during the georeferencing
computation before applying the DG equations from Section 2.4 (Grejner-
brzezinska et al., 1999).

This matrix represents the first-order approximation of the rotational trans-
formation between the astronomical reference frame (defined by the local
gravity vector sensed by the IMU) and the geodetic reference frame (defined
by the ellipsoidal normal). It is valid when deflection components are small
(typically |g|, In| < 100 arc-seconds), a condition satisfied in all but the most
extreme topographic regions. The corrected attitude angles are obtained by ap-
plying this rotation to the IMU-derived orientation parameters, ensuring con-
sistency with the geodetic coordinate system used in photogrammetric pro-
cessing (Heiskanen and Moritz, 1967).

The corrected orientation matrix becomes:

REE™D = Rpgy - R - Ry, (2.49)

where RS is the body-to-Earth rotation from IMU measurements (as used in
Section 2.4) and R2,,,, is the boresight matrix.

Empirical studies have demonstrated the effectiveness of this correction. In
Swedish terrain with moderate topographic relief, DOV correction reduced
horizontal positioning errors by 50-70% and vertical errors by 40-60% com-
pared to uncorrected DG (Bagherbandi ef al., 2022). For surveys targeting 10
cm horizontal positioning accuracy at ground level, DOV compensation be-
comes essential for flight altitudes above 1500 m.

2.6.5 Practical Considerations

For operational implementation, several interrelated factors determine whether
DOV correction is necessary for a given airborne mapping project
(Bagherbandi et al., 2022; Barzaghi et al., 2016). Flight altitude plays a primary
role, as higher altitudes amplify DOV-induced errors through the longer geo-
metric path between sensor and ground; corrections become critical above
2000-3000 m for high-accuracy work. Terrain characteristics also matter sig-
nificantly mountainous regions exhibit larger and more spatially variable de-
flections compared to flat areas, making correction more important in
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topographically complex environments. The project's accuracy specifications
provide another decision criterion: surveys targeting better than 15-20 cm po-
sitional accuracy should carefully consider DOV effects, while less demanding
applications may safely neglect them. Finally, camera geometry influences the
magnitude of vertical coordinate errors, with wider field-of-view cameras ex-
periencing larger vertical position errors from DOV, thereby increasing the
benefit of applying corrections.

Modern GNSS/IMU processing software increasingly incorporates DOV
compensation as an optional or automatic feature, using a precise geoid model,
EGM2008 or more recent models to apply corrections during trajectory pro-
cessing. For projects where ultimate accuracy matters, verifying that DOV has
been properly accounted for either through software compensation or through
the inclusion of sufficient ground control in bundle adjustment represents an
important quality assurance step.

A rigorous treatment of DOV in airborne applications must account for
plumb line curvature, which describes how the direction of the plumb line
changes along a vertical path through the gravity field. Because the normal
gravity field varies with both latitude and height rather than being uniform, the
ellipsoidal normal's direction differs slightly from the trajectory traced by an
actual plumb line as it extends vertically. This effect introduces a small correc-
tion to the north-south DOV component (&) but does not affect the east-west
component (1)), as the normal gravity field exhibits no longitudinal variation
(Heiskanen and Moritz, 1967).

The correction depends on latitude and altitude, typically amounting to 0.5—
0.6 arc-seconds at 4 km flight altitude in mid-latitudes. While this magnitude
may appear small, it becomes significant when using high-precision IMU sen-
sors with angular uncertainties approaching or exceeding this level. For the Ap-
planix POS AV 510 system employed in many Swedish mapping campaigns,
with published accuracies of 18 arc-seconds (roll and pitch) and 28.8 arc-seconds
(heading), the plumb line curvature correction represents a systematic effect
comparable to the sensor's noise floor. Modern GNSS/IMU processing software
that implements DOV compensation typically includes this refinement automat-
ically when applying corrections based on regional quasigeoid models (Vanicek
and Krakiwsky, 1986). For pure DG applications targeting centimetre-level ac-
curacy, explicit consideration of plumb line curvature ensures that systematic
biases do not accumulate unchecked, particularly in projects spanning significant
latitude ranges or employing extended flight altitudes.
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Chapter 3

Methodology and Data Processing
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Introduction

Chapter 3 presents the empirical foundation of this thesis. It links the theoreti-
cal framework developed in Chapter 2 with the four research papers that in-
vestigate specific aspects of GNSS/IMU-integrated airborne photogrammetry.
The chapter describes how real airborne datasets, simulated scenarios, and pro-
cessing strategies were designed and implemented to analyse exterior orienta-
tion parameter quality under different error sources and processing choices.

Each section corresponds to one paper and outlines the study areas, sensors
and flight configurations, reference data, and processing workflows used. To-
gether, these sections provide the methodological basis for evaluating obser-
vation weighting in aerial triangulation, the influence of deflection of the ver-
tical on direct georeferencing, the impact of GNSS signal outages on trajectory
estimation, and the effect of LA uncertainties on EOPs.

3.1 Assessment of Observation Weights in GNSS/IMU-
Supported Bundle Adjustment (Paper I)

The first study investigated how different a priori observation uncertainties, which
set the observation weights assigned to GNSS position and IMU orientation meas-
urements, influence the accuracy and reliability of AT results. Specifically, the
research compared strip-wise and block-wise approaches for correcting GNSS
shift and drift systematic errors (as defined and modelled in Section 2.5.2), eval-
uating how each correction strategy performs under varying observation weight
configurations and their combined effect on the final EOPs accuracy.

3.1.1 Study Area and Dataset

The test data were collected on July 8, 2018, over Gothenburg in the southwest
part of Sweden by Lantmiteriet, the Swedish mapping, cadastral, and land reg-
istration authority. The photogrammetric block covered approximately 75 x 90
km? and consisted of 1198 images arranged in 24 strips, acquired with a 0.25
m ground sample distance (GSD). The aircraft flew at an altitude of 3700 m
with 60% forward overlap and 25% lateral overlap.

Ground control points (GCPs) included 18 full control points and 28 verti-
cal control points, while independent accuracy assessment relied on 10 hori-
zontal and 19 vertical checkpoints. The horizontal components (Easting,
Northing) of ground control points were measured using RTK GNSS on roof-
tops, achieving +3 cm accuracy; vertical components (height) were derived by
interpolating points on roads and asphalt surfaces using Sweden's national
height model, achieving +5 cm accuracy. All coordinates were referenced to
the SWEREF99 TM map projection and RH2000 height system, ensuring that
EOPs-related residuals are evaluated in a consistent national mapping frame.
In addition, a land cover map was employed for further assessment in Paper 1.
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The study area's land cover was characterized using the CORINE Land Cover
(CLC2018) inventory, which was generated from Sentinel-2 imagery (10 m
geometric accuracy) with gaps filled by Landsat-8 data. This land cover clas-
sification proved relevant for understanding tie-point extraction performance,
as forested areas, water bodies, and other poorly textured regions typically
yield fewer reliable tie-points compared to built-up areas with abundant match-
able features.

3.1.2 GNSS/IMU System and Camera Specifications

DG data were acquired using an Applanix POS AV 510 system, which inte-
grates a dual-frequency GNSS receiver (Applanix GPS17, tracking L1 and L2
frequencies at 1 Hz) with a high-quality tactical-grade IMU (Applanix IMU31
operating at 200 Hz). The IMU specifications included angular random walk
noise of 0.02°/\'hr and gyroscope drift of 0.1°/hr. The manufacturer's claimed
accuracies for the integrated GNSS/IMU solution were 0.05-0.3 m for posi-
tion, better than 0.005° for roll and pitch, and better than 0.008° for yaw (head-
ing). Imagery was captured using an UltraCam Eagle digital aerial camera
equipped with an 80 mm focal length lens, a large-format sensor optimized for
high-resolution mapping applications (Figure 3.1).

ULTRACAM

|
|
» B
| 2

(a) (®)
Figure 3.1: Primary data acquisition systems employed in the aerial triangulation experi-

ments. (a) Microsoft/Vexcel UltraCam Eagle and (b) Applanix POS AV 510 integrated
navigation system.
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3.1.3 Aerial Triangulation Processing Strategy

All BBA computations were performed using Trimble Inpho Match-AT soft-
ware (version 8.0.9.55161). The adjustment workflow began with automatic
tie-point extraction by the software, followed by manual quality control where
a photogrammetry operator removed unreliable tie-points and added additional
manual measurements in areas where automatic extraction failed particularly
in forested, water-covered, and mountainous terrain where detectable ground
features were sparse.

The mathematical model for the bundle adjustment was based on the col-
linearity equations (described in Section 2.5), extended to include GNSS shift
and drift corrections. These corrections are introduced as additional unknown
parameters in the adjustment: a constant three-dimensional shift term (AX, AY,
AZ) accounts for unknown datum-related offsets between the GNSS-derived
camera positions and the ground control coordinate system, while a linear drift
term models time-dependent bias growth within each strip. Two correction
strategies were compared in this study:

e Strip-wise approach: Shift and drift coefficients were estimated
independently for each flight strip, allowing the model to capture
strip-specific synchronization offsets between the GNSS receiver
and camera shutter, as well as other time-varying effects within in-
dividual strips.

e Block-wise approach: A single set of shift coefficients (but no
drift terms) was estimated for the entire photogrammetric block
simultaneously. This method requires well-distributed GCPs
across the block area but produces more stable solutions when
high-accuracy GNSS measurements are available.

3.1.4 Observation Weight Setting

The core investigation focused on assessing different a priori observation un-
certainties (which set the observation weights in the least-squares adjustment
context) for GNSS position and IMU orientation measurements. Two system-
atic testing scenarios were designed:

e Scenario 1: IMU orientation uncertainties were varied between
0.001° and 0.009° in increments of 0.001° for each of the three rota-
tion angles (¢’ 6-1), while GNSS position uncertainties were held
constant at 0.2 m for all three coordinate components (E, N, H).

e Scenario 2: GNSS position uncertainties were varied between 0.04
m and 0.36 m in increments of 0.04 m, while IMU orientation un-
certainties were held constant at the manufacturer's nominal values
(0.003° for ¢ and 6, 0.007° for V).

This experimental strategy isolates the influence of each observation type on
bundle adjustment performance. Fixing one sensor's uncertainties at realistic
manufacturer-specified values while systematically varying the other enables
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clear identification of how GNSS position weighting and IMU orientation
weighting independently affect aerial triangulation accuracy. Simultaneous
variation of both observation groups would create confounding effects that ob-
scure which sensor type drives observed changes in checkpoint residuals and
EOPs quality, preventing meaningful conclusions about optimal measurement
uncertainty for operational photogrammetric workflows.

For all adjustment runs, the following additional a priori uncertainties were
consistently applied based on Lantmiteriet's operational processing standards
for this dataset: 0.1 m for horizontal GCP components, 0.25 m for vertical GCP
components, 0.004 mm for automatically measured image points, and 0.002
mm for manually measured image points. These values reflect typical precision
levels achievable with the respective measurement techniques.

Both strip-wise and block-wise GNSS shift/drift correction methods were
tested across all weight scenarios, producing a comprehensive matrix of results
for comparative analysis. Determining optimal observation weights is critical
for operational DG because improper weighting degrades both the accuracy
and reliability of aerial triangulation solutions. Weights that are too optimistic
prevent the bundle adjustment from effectively correcting systematic errors,
while overly conservative weights underutilize high-quality GNSS/IMU meas-
urements and increase reliance on ground control. Establishing evidence-based
measurement uncertainty thus improves the robustness of photogrammetric
workflows and enables cost-effective, high-accuracy mapping production.

3.1.5 Evaluation Criteria

Three complementary evaluation methods were employed to assess adjustment
quality and identify optimal observation weights:

¢  Checkpoint RMS Residuals: The root mean square (RMS) of re-
siduals at independent vertical checkpoints provided a direct meas-
ure of georeferencing accuracy. Vertical component residuals were
emphasized because photogrammetric height accuracy is inher-
ently more sensitive to GNSS/IMU errors and systematic effects
than horizontal positioning. This differential sensitivity stems from
fundamental imaging geometry, as expressed in the error propaga-
tion equations (Kraus, 2007):

Ox = Oy =My - 0y 3.1)
h (3.2)
Oz =3 My " Opy!

where o, represents height accuracy, oy and oy represent horizontal accuracy,
h is flying height, b is photo base, m,, is image scale, and 0,/ and o,/ are
parallax and image measurement precision, respectively. The term h/b (in-
verse of the base-to-height ratio) directly amplifies height errors, demonstrat-
ing why vertical coordinates are geometrically weaker than horizontal coordi-
nates. Empirical studies confirm that vertical coordinates are typically 1.5 to 3
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times less accurate than horizontal coordinates under operational conditions
(Hohle and Potuckova, 2011). Consequently, checkpoint height residuals serve
as a more discriminating indicator of GNSS/IMU weighting quality and sys-
tematic error detection than horizontal residuals.

e  Statistical Hypothesis Testing (t-test): A paired t-test was applied
to detect outliers in individual images by comparing EOPs before
and after adjustment. For each image and each of the six EOPs
components (three position coordinates E, N, H and three rotation
angles ¢, 8,1), the test statistic was computed as:

AL

tobs = —— ~tn_1,a/2 (3.3)
UpL

where L represents the adjusted EOPs, L' is the DG EOPs before adjustment,
AL=L—L',and uy, = ’uf + uZ is the combined uncertainty. At the 0=5%

significance level with n — 1 degrees of freedom, images with |t | > 1.96
were flagged as containing outliers, indicating that the assigned weights were
unrealistic (either too optimistic or too pessimistic). The total number of re-
jected images across all six EOPs components served as a quality indicator,
fewer rejections implied more appropriate weight assignments.

e DSM-DTM Comparison: Photogrammetric DSM generated from
the adjusted imagery using semi-global matching (SGM) in
nFrames Sure software (nFrames GmbH, 2026) were compared
against Lantmiteriet’s LIDAR-derived DTM on flat road surfaces
(Lantmateriet, 2022). This provided an independent validation of
absolute vertical accuracy. Ground points in the LIDAR data were
classified using Terrasolid Terrascan software, and a gridded DTM
was created by triangulation of classified ground points. Statistical
analysis of elevation differences (mean, RMS, and variance) be-
tween the photogrammetric DSM and LiDAR DTM was performed
for selected road patches (flat areas) where the two models should
theoretically agree most closely.

e Analysis of Residual: Beyond aggregate statistics, the spatial dis-
tribution and magnitude of residual vectors at both ground control
points and checkpoints were examined for selected best-case and
worst-case weight scenarios. Horizontal and vertical residual vec-
tors were visualized overlaid on the land cover classification to in-
vestigate potential correlations between terrain type and residual
patterns. This analysis aimed to determine whether systematic bi-
ases related to specific land cover classes (e.g., forest canopy ef-
fects on vertical accuracy) were present in the solutions.
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3.2 DOV Impact Assessment in Direct Georeferencing
(Paper Il)

The second study quantified the impact of deflection of the verticals (DOV) on
DG accuracy in airborne mobile mapping systems. DG determines EOPs solely
from GNSS/IMU measurements without image-based geometric refinement.
This approach is directly susceptible to angular discrepancies between the
plumb line, which serves as the IMU accelerometer's reference vertical, and
the ellipsoidal normal, which defines the GNSS positioning reference vertical.
In assisted aerial triangulation, ground control points provide external geomet-
ric constraints that can detect and mitigate systematic coordinate biases. Pure
DG lacks this validation mechanism, allowing DOV-induced errors to propa-
gate unchecked into final map coordinates. This research assessed the magni-
tude of DOV-induced horizontal and vertical coordinate errors across Sweden
under various operational scenarios, comparing the performance of global and
regional gravity field models.

3.2.1 Study Area and Geographic Scope

The investigation covered the entire territory of Sweden, spanning from
54.5°N to 69.5°N in latitude and 10.5°E to 24.5°E in longitude. This geo-
graphic diversity provided an excellent testbed for evaluating DOV effects
across varied terrain types, from flat southern plains to mountainous north-
western regions along the Norwegian border. To examine regional variations
in DOV characteristics and their directional dependencies, three representative
subregions were selected for detailed analysis:

Jonkoping region (southern Sweden): 56°-58°N, 13°-16°E, representing rel-
atively flat to moderately hilly terrain.

Dalarna region (central Sweden): 61°-63°N, 13°-16°E, featuring mixed to-
pography with moderate elevation changes.

Norrbotten region (northern Sweden): 66°-68°N, 17°-20°E, encompassing
mountainous areas with significant topographic relief.

Sweden's high-quality national geoid model (SWEN17_RH2000), with standard
uncertainties of 8—10 mm across most of the country, provided a unique oppor-
tunity to validate DOV computations derived from global geopotential models
and assess their suitability for operational photogrammetric applications.

3.2.2 Datasets for DOV Calculation

Three primary datasets were employed to compute and validate DOV components:

EGM2008 Global Geopotential Model: The Earth Gravitational Model
2008 (Pavlis et al., 2012) provided a spherical harmonic representation of
Earth's gravity field complete to degree and order 2190, corresponding to
approximately 9 km spatial resolution at the equator. DOV components
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derived from EGM2008 offer global coverage and computational efficiency,
making them practical for operational mapping applications where regional
gravity data may be unavailable. The spherical harmonic coefficients were
used to compute DOV through differentiation of the disturbing potential
(the difference between actual and normal gravity potential), shown in Eqgs.
(2.43) and (2.45).

SWEN17 _RH2000 Swedish Quasigeoid Model: Sweden's official na-
tional quasigeoid model (Agren, Kempe and Lantmiteriet, 2018) represents
the height anomaly surface with exceptional accuracy standard uncertainties of
8—10 mm across most of the country, increasing to 2—4 cm only in challenging
areas such as Lake Vittern, offshore regions, and the highest northwestern
mountains. The SWEN17 RH2000 model incorporates dense terrestrial grav-
ity measurements, regional geoid modelling techniques, and high-resolution
topographic information, enabling it to resolve short-wavelength gravity vari-
ations that EGM2008 cannot capture. For this study, SWEN17 RH2000-de-
rived DOV values served as the high-accuracy reference standard against
which EGM2008 performance was evaluated.

Swedish National Elevation Model: High-resolution topographic data
were obtained from Lantmiteriet's national elevation model, stored in a 50 m
grid format and derived from airborne laser scanning campaigns conducted
between 2009 and 2017 (Lantmateriet, 2019). Elevation data were essential for
computing DOV from the quasigeoid model using the Vening Meinesz formu-
las (cf. Heiskanen & Moritz, 1967), which require knowledge of both gravity
anomalies and terrain heights.

All height anomaly and elevation data were processed on a regular grid with
0.01° resolution in latitude and 0.02° resolution in longitude, providing dense
spatial coverage across the study domain.

3.2.3 DOV Computation Methodology

Deflection of vertical components (& for north-south, n for east-west) were
computed across the Swedish study area using two distinct approaches corre-
sponding to the gravity field models under investigation. The computational
domain covered latitudes from 54.5°N to 69.5°N and longitudes from 10.5°E
to 24.5°E, with grid spacing of 0.01° in latitude and 0.02° in longitude. DOV
values were calculated at six flight altitudes (1, 2, 3, 4, 5, and 6 km above the
ellipsoid) to assess altitude-dependent effects on DG accuracy.

EGM2008-based DOV computation: For the global geopotential model
EGM2008 (complete to degree and order 2190), DOV components were com-
puted directly at each flight altitude through spherical harmonic synthesis of
the disturbing potential (see Section 2.6.3.1 for theoretical background). The
normalized spherical harmonic coefficients were obtained from the official
EGM2008 distribution, and DOV values were evaluated using associated Le-
gendre polynomials and their derivatives following standard geodetic practice
(Heiskanen and Moritz, 1967). This approach yielded DOV values directly at
the desired flight altitudes without requiring separate upward continuation pro-
cedures, as the spherical harmonic representation is mathematically valid at all
heights above the topographic surface.
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SWEN17_RH2000-based DOV computation: Since SWEN17_ RH2000
is a quasigeoid model that represents height anomalies strictly at Earth's sur-
face, DOV computation required a two-stage workflow. First, surface DOV
components at topographic elevations were derived by applying the Vening
Meinesz formulas (see Section 2.6.3.2) to the gridded height anomaly and ele-
vation data. This step required numerical differentiation of the
SWEN17 _RH2000 height anomaly grid combined with gravity anomaly infor-
mation and topographic heights from the Swedish national elevation model
(Lantmiteriet, 2019). Second, the computed surface DOV values were upward
continued from ground level to the specified flight altitudes using the
GRAVSOFT software package (Forsberg and Tscherning, 2008). Specifically,
the GEOFOUR program was employed to perform Fast Fourier Transform-
based upward continuation, which treats DOV components as harmonic func-
tions in the space above the topographic masses under Cartesian approximation
(see Section 2.6.3.3 for mathematical formulation).

Both computational approaches produced gridded DOV datasets at identi-
cal spatial resolution and altitude levels, enabling direct comparison of the two
gravity field models' performance in predicting DOV-induced coordinate er-
rors under operational photogrammetric conditions.

3.2.4 Operational Scenario Design

The impact assessment examined three key operational parameters that control
DOV-induced georeferencing errors in photogrammetric missions:

e Flight Altitudes: Six discrete altitude levels were tested in this
study i.e., 1, 2, 3, 4, 5, and 6 km above the ellipsoid. These values
span the typical range of manned aerial photogrammetric surveys
in Sweden, with 4 km representing the standard altitude for most
Lantméteriet mapping projects and therefore receiving particular
analytical emphasis.

e Camera Field of View (FOV): Two FOV configurations were
evaluated corresponding to the specifications of the UltraCam Ea-
gle MARK 3 digital photogrammetric camera employed by
Lantmateriet: 46.1° (along-track direction) and 67° (across-track
direction). The wider FOV produces larger vertical coordinate er-
rors for a given DOV magnitude due to the greater angular separa-
tion between nadir and image edge points.

¢ Flight Direction (Azimuth): To assess the directional anisotropy
of DOV effects, horizontal and vertical coordinate errors were
computed for flight azimuths ranging from 0° to 360° in 10° incre-
ments. This analysis revealed optimal flight line orientations that
minimize DOV-induced errors, an actionable finding for survey
planning.
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For each combination of altitude, FOV, and azimuth, the induced horizontal
error (65,) and vertical error (§,) were calculated using the geometric relation-
ships derived in Section 2.6.

3.2.5 Evaluation and Comparison Strategy

The analysis framework incorporated both statistical characterization and prac-
tical performance assessment:

64

Statistical Characterization of DOV: For each flight altitude and
gravity model (EGM2008 and SWEN17), comprehensive statistics
were compiled across the entire Swedish study area: maximum and
minimum values, mean, and standard deviation for both & and n
components. These statistics quantified the spatial variability of
DOV and how this variability diminishes with increasing altitude
due to the smoothing effect of upward continuation.

Model Comparison: Direct comparison of EGM2008-derived and
SWEN17-derived DOV values identified regions where the global
model performs adequately versus areas requiring higher-resolu-
tion regional gravity information. Difference grids (A =
$sweN17 — SEGm200s and AN = NsweN17 — MEGMm2008) Were exam-
ined to assess whether EGM2008 meets the accuracy requirements
for operational DG in Swedish terrain.

Practical Significance Assessment: To determine whether DOV
correction is necessary for operational mapping in Sweden, a base-
line scenario was analysed representing typical Lantmaéteriet mis-
sions: northward flight at 4 km altitude with a 46.1° field of view
camera. Horizontal and vertical coordinate errors induced by DOV
were computed across the entire study area using both gravity mod-
els and summarized statistically. These predicted errors were com-
pared against the published specifications of the operational
GNSS/IMU system (Applanix POS AV 510: +5-10 cm positioning
accuracy, £0.005-0.008° attitude accuracy). This comparison es-
tablished whether DOV-induced errors exceed sensor measure-
ment uncertainties and thus warrant systematic correction in DG
workflows.

Regional Azimuth Optimization: For each of the three subre-
gions (Jonkoping, Dalarna, Norrbotten), polar plots visualized how
horizontal and vertical errors vary with flight azimuth. These anal-
yses identified region-specific optimal flight directions that mini-
mize DOV impacts, information that is valuable for mission plan-
ning. The DOV computation and model comparison were imple-
mented in a consistent processing environment. DOV values from
the EGM2008 global geopotential model were computed using



in-house programs that implement standard geodetic formulas for
differentiation of the disturbing potential. DOV estimates based on
the SWEN17_RH2000 gravity field and their upward continuation
to flight altitude were obtained with the GEOFOUR program in the
GRAVSOFT software package (version documented in Forsberg
& Tscherning, 2008). All statistical analyses, error propagation cal-
culations, and visualisations, including polar diagrams and spatial
maps, were carried out using custom MATLAB scripts. This setup
ensured that the differences observed between the global and re-
gional models reflect genuine gravity field characteristics rather
than numerical artefacts or software inconsistencies.

3.3 GNSS Signal Outage Effect Analysis (Paper lIll)

The third study investigated the degradation of EOPs accuracy when GNSS
signals become unavailable during airborne photogrammetric missions. GNSS
signal outages represent a significant operational challenge in mobile mapping
systems, occurring due to aircraft manoeuvres, signal blockage, receiver mal-
functions, or atmospheric disturbances. This research systematically evaluated
how tightly coupled GNSS/IMU integration algorithms, specifically forward
KFing and forward-backward smoothing respond to signal interruptions of var-
ying durations, providing quantitative guidance on positioning resilience in
practical survey scenarios.

3.3.1 Study Area and Flight Campaign

The investigation utilized data from an operational airborne survey conducted
by Lantmadteriet in the Halland region of southwestern Sweden on May 1,
2017. The approximately two-hour flight mission collected aerial imagery,
GNSS observations, and IMU measurements over terrain spanning coastal
lowlands to gently rolling agricultural landscapes. The geographic location,
between the cities of Gothenburg and Halmstad, provided a representative en-
vironment for assessing navigation system performance under typical opera-
tional conditions.

The flight trajectory covered multiple parallel strips typical of systematic
photogrammetric block coverage, incorporating numerous turns between flight
lines that naturally stress GNSS/IMU integration systems due to the dynamic
platform motions and potential signal blockage by aircraft structures. The max-
imum three-dimensional distance from any point along the flight trajectory to
the nearest GNSS reference station was less than 40 km, ensuring favourable
differential positioning geometry throughout the mission.

3.3.2 Navigation System Equipment

The primary navigation equipment was the Applanix POS AV 510, a survey-
grade integrated GNSS/IMU system widely employed in professional aerial
mapping. The system comprises a dual-frequency GNSS receiver with Trimble
AV39 antenna mounted on the aircraft, a tactical-grade IMU providing gyro-
scope and accelerometer measurements, and integrated processing firmware
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for real-time navigation solution generation. The published absolute accuracy
specifications for POS AV 510 in smart-based post-processing mode indicate
position accuracy of 0.02 m horizontally and 0.05 m vertically (RMS), velocity
accuracy of 0.005 m/s (RMS), roll and pitch accuracy of 0.005° (18 arc-sec-
onds, RMS), and true yaw (heading) accuracy of 0.01° (36 arc-seconds, RMS).
These manufacturer specifications provided the benchmark against which
GNSS signal outage-induced degradation was assessed.

Seven stations from SWEPOS (Sweden's Positioning System), the national
network of continuously operating reference stations (CORS), provided the
ground-based GNSS observations required for differential positioning. The sta-
tions FBER.1, JONS.0, LJUN.2, SKEN.0, TRAN.0, ORKE.0, and TOUP.0 were
distributed around the project area to enable both single-baseline and network-
based processing configurations (see Paper III, Figure 6). All SWEPOS stations
recorded dual-frequency GPS and GLONASS observations at 15-second sam-
pling intervals. TOUP.0, located centrally within the project area, served as the
primary reference station for single-baseline processing scenarios.

3.3.3 Integration Algorithm Configurations

The study evaluated four distinct GNSS/IMU integration configurations to iso-
late the effects of reference station geometry and processing methodology.
Two fundamental integration architectures were implemented for comparative
analysis: loosely coupled and tightly coupled. In loosely coupled integration,
GNSS and IMU subsystems generate independent navigation solutions
through separate KFs, with the GNSS-derived position and velocity solution
then combined with IMU-derived orientation in a second integration filter.
This architecture is simpler but cannot utilize individual satellite observations
when fewer than four satellites are available (see Section 2.3.1). In tightly cou-
pled integration, raw GNSS observations including pseudorange, carrier phase,
and Doppler measurements are combined with IMU measurements in a single
unified KF (see Section 2.3.2). This architecture enables continued position
aiding even when fewer than four satellites are tracked, provides superior in-
teger ambiguity resolution through INS-aided cycle slip detection, and gener-
ally achieves better accuracy during challenging conditions.

Based on initial comparative testing demonstrating tightly coupled superi-
ority, with position differences reaching up to 68 cm when using forward
KFing and 4.5 cm when using forward-backward smoothing (RTS) during
180-second outages, tightly coupled integration was adopted for all subsequent
analyses. Two differential GNSS processing strategies were then compared:
single-based PPK and network-based PPK. Single-based PPK uses a single
GNSS reference station (TOUP.0) for calculating corrections and is effective
when the rover-to-base distance remains within approximately 30 km. Net-
work-based PPK employs a network of SWEPOS stations to generate Virtual
Reference Station (VRS) corrections. The network pre-processing models dis-
tance-dependent errors including orbital, ionospheric, and tropospheric effects,
enabling accurate differential positioning at greater distances of 70 to 100 km
from non-virtual reference stations.
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The POSPac MMS (Trimble Inc., 2026) employed two complementary
strategies to address GNSS outages: Inertially-Aided Kinematic Ambiguity
Resolution (IAKAR) and RTS smoothing (see Section 2.3.2 and 2.3.3.3 for
theoretical background). During GNSS signal outages, no satellite observa-
tions are available, and the navigation solution necessarily operates in pure in-
ertial mode, with position and attitude errors growing over time due to IMU
drift; in this phase neither IAKAR nor any other ambiguity resolution strategy
can be applied because carrier phase measurements are absent. IAKAR be-
comes relevant only once GNSS signals are required, when the system must
re-establish fixed carrier phase ambiguities to recover centimetre-level posi-
tioning accuracy. In that situation, the INS-predicted trajectory, although de-
graded by drift, typically remains within the decimetre-to-metre range for out-
ages on the order of 20-60 seconds, which is accurate enough to significantly
constrain the ambiguity search space and thereby accelerate integer fixing. For
final accuracy assessment in this study, forward-backward RTS smoothing was
applied in post-processing to all trajectories, exploiting measurements from the
entire trajectory to propagate information forward and backward in time,
thereby refining position and orientation estimates during intervals where only
IMU data were available (see Section 2.3.3.3 for mathematical formulation).

3.3.4 GNSS Signal Outage Simulation Design

To systematically characterize the relationship between outage duration and
positioning degradation, GNSS signal availability was artificially manipulated
in the recorded observation files. The simulation approach involved complete
removal of all GNSS observations from both GPS and GLONASS during spec-
ified time windows, forcing the navigation solution to rely entirely on IMU-
based dead reckoning during those periods. Eight distinct outage configura-
tions were tested: 15, 30, 45, 60, 120, and 180 seconds of complete GNSS
signal loss (both GPS and GLONASS), 180 seconds of GPS-only signal loss
with GLONASS remaining available, and 180 seconds of GLONASS-only sig-
nal loss with GPS remaining available.

All simulated outages began at GPS time 128,500 seconds, corresponding
to a mid-flight epoch during straight-and-level flight along a survey strip. This
timing was selected to isolate the effects of signal loss from aircraft manoeu-
vring dynamics. The GPS-only and GLONASS-only outage scenarios enabled
assessment of multi-constellation redundancy. During the nominal mission,
approximately 5 GLONASS and 9 GPS satellites were typically available,
providing the reference condition for evaluating single-constellation position-
ing capability.

3.3.5 Evaluation Metrics and Analysis Framework

EOPs accuracy was characterized using uncertainty estimates, which are for-
mal errors derived from the KF and smoother covariance matrices. The analy-
sis focused on six parameters: three positional components (north, east, height)
and three orientation angles (roll, pitch, yaw). Before introducing simulated
outages, each of the four processing configurations combining single or net-
work-based solutions with forward KF or smoothing was evaluated under
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nominal signal availability conditions. Statistical metrics including maximum,
minimum, mean, and standard deviation of uncertainties across the entire flight
mission established reference performance levels.

For each outage duration and processing method, time series of uncertainties
were examined during and immediately following the simulated signal loss. Key
metrics included peak uncertainty during the outage period, time required for
uncertainties to return to pre-outage levels after signal restoration, and improve-
ment factor comparing forward KF and smoothing performance. Computed un-
certainties were compared against POS AV 510 manufacturer specifications to
assess whether outage-induced degradation exceeds nominal system capabilities.
Separate analysis of position and orientation parameters revealed differential
sensitivity to GNSS signal loss, attributed to the continued availability of IMU
angular rate and specific force measurements during outages.

The GNSS/IMU processing and outage simulations were carried out using
a unified software environment. All integrated navigation solutions were gen-
erated with Applanix POSPac MMS, which implements tightly coupled
GNSS/IMU filtering and Rauch—Tung—Striebel smoothing, using the same
processing settings as in the operational workflow of Lantmiteriet. Simulated
GNSS outages of different durations were introduced at the measurement level
within POSPac, and the resulting trajectories and covariance information were
exported for further analysis. Subsequent statistical evaluation, error metric
computation, and visualisation of position and attitude differences were per-
formed using MATLAB. This combination of tools provided consistent
GNSS/IMU solutions across all outage scenarios and allowed the analysis to
focus on the effects of outage duration and processing strategy rather than soft-
ware-specific behaviour.

3.4 Lever Arm Calibration Importance in Direct
Georeferencing (Paper IV)

Paper IV investigates the precision requirements for LA measurements in
GNSS/IMU integration and their impact on EOPs. The study utilized calibration
data from a TerrainMapper 2 system operated by Lantméteriet during an airborne
mapping campaign conducted on August 31, 2021, near Givle, Sweden.

3.4.1 Data Acquisition and System Configuration

The experimental dataset consisted of 6 flight strips comprising 86 aerial pho-
tographs captured at a flight altitude of 2,000 meters. The TerrainMapper 2
system integrated a SPAN CNUS-H Class 5 IMU operating at 500 Hz with a
NovAtel SPAN OEM7 GNSS receiver operating at 10 Hz (output extracted at
1 Hz). The system was equipped with a Trimble AV39 GNSS antenna mounted
on the aircraft ceiling. A Virtual Reference Station (VRS) computed using the
SWEPOS network served as the GNSS reference, with data interpolated to 0.5
Hz for processing in Inertial Explorer software. The positional root mean
square (RMS) error for horizontal measurements was better than 35 cm, while
for vertical measurements it was better than 57 cm. The attitude RMS errors
were within 0.005° for roll and pitch and 0.008° for yaw.
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3.4.2 Lever Arm Measurement

Precise LA measurements were conducted at Borldnge Dala Airport using a
Leica TS16 total station and Leica GMP111 Miniprism. The measurement
strategy involved surveying ten specific points: four on the GNSS antenna
(three screw positions G1, G2, G3, and one marking the antenna centre G-
Centre), four on screws surrounding the TerrainMapper 2 system (M1, M2,
M3, M4), one on the gimbal top (MS5), and two reference points on the aircraft
nose and tail for establishing coordinate frame orientation (see Figure 4.6).

The virtual centre (M-centre) of the TerrainMapper 2 circular plane was
determined using a nonlinear least-squares method based on equidistant con-
ditions between the four measured screw positions (M1-M4). This optimiza-
tion was implemented in MATLAB to obtain precise X and Y coordinates of
the M-centre in a local coordinate frame, providing a robust geometric repre-
sentation of the sensor mounting configuration (see Paper IV, Supplementary
Material, Section S1, for the full mathematical formulation).

The offset between the GNSS antenna centre and the virtual centre of Ter-
rainMapper 2 was calculated as:

dX =X G-centre — XM-centre (34)
dY = YG—centre - YM—centre (3 5)
dZ = ZG—centre - hl - ZM—centre - hZ —-d (36)

where h, is the height of the antenna, h, is the height of the L1 phase centre
obtained from the antenna database for antenna type AERAT1675 180NONE,
and d = 0.071 m is the depth of the virtual centre provided by Leica Company.
The final LA between the IMU sensor and GNSS antenna after accounting for
the offset between the virtual centre and IMU sensor centre was determined as
follows X = 0.057 m, Y = 0.213 m, Z = 1.289 m.

3.4.3 Uncertainty Analysis Framework

To assess the impact of LA measurement precision on EOPs estimation, different
uncertainty values (2 mm, 1 cm, 5 cm, 10 cm, and 20 cm) were assigned to the
LA vector components as standard deviations in the Inertial Explorer configura-
tion (Xsens, 2022; Novatel, 2025). This approach effectively weights the LA
measurements in the tightly coupled GNSS/IMU integration algorithm, allowing
systematic evaluation of how varying precision levels affect EOPs estimation.
Higher LA uncertainties result in reduced weighting of these measurements in
the KF, potentially allowing GNSS positioning and IMU mechanization to exert
greater influence on the final trajectory solution (Novatel, 2025).

e Mathematical Framework: The mathematical relationship be-
tween LA and position estimation is expressed as:

PGNSS = PIMU +R-LA (37)

where Pgngs 18 the position of the GNSS antenna phase centre, Ppyy is the
position of the IMU reference point, R is the rotation matrix representing the
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body-to-navigation frame transformation, and LA is the vector expressed in
the body frame (Stovner and Johansen, 2019). It should be noted that Ppy is
not error-free but contains accumulated errors from IMU mechanization, in-
cluding integration of accelerometer biases, scale factor errors, and numerical
integration drift. In tightly coupled integration, the KF simultaneously esti-
mates both position and attitude states by minimising the residuals between
GNSS-derived and INS-predicted positions, with the LA serving as a kine-
matic constraint linking these two reference points (Jouybari, Bagherbandi and
Nilfouroushan, 2024).

The rotation matrix R is composed of three sequential rotations following
the ZY X Euler angle convention (yaw-pitch-roll), where (¢n, 64, Yn) represent
roll, pitch, and yaw angles, respectively. The individual rotation matrices and
their combined expanded form are defined in Eqs. 2.6 and 2.8 (Section 2.1.5).

R =R, (¥n)Ry(61)Ry(¢n) (3-8)

e Error Propagation Analysis: The uncertainty in the LA, denoted
as 8LA, propagates to the position estimation through first-order
linearization:

8PGNSS =R 8LA (39)

This relationship indicates that LA errors are rotated from the body frame to
the navigation frame, with the magnitude of the resulting position error de-
pending on the current attitude of the platform. The error becomes particularly
significant during dynamic manoeuvres when attitude angles deviate substan-
tially from the initial alignment, as the rotation matrix amplifies LA uncertain-
ties through trigonometric coupling (Stovner and Johansen, 2019).

For orientation estimation, the attitude parameters ® = [, 8,%]7 can be
extracted from the rotation matrix elements through the following inverse
transformations (Groves, 2013):

@n = atan2(rs,, 133) (3.10)
6, = arcsin (—134) (3.11)
Y, = atan2(ry,111) (3.12)

where 7;; denotes the element in the i-th row and j-th column of the rotation
matrix R} (Eq. 2.8), @n, 04, and Y, represent roll, pitch, and yaw (heading) an-
gles respectively, and atan2(:,+) is the four-quadrant inverse tangent that re-
solves the correct angular quadrant for roll and yaw.

The influence of LA uncertainty on attitude estimation operates through the
tightly coupled KF mechanism. When LA errors are present, they introduce
systematic discrepancies between the GNSS-measured antenna position and
the INS-predicted position after applying the LA transformation (Stovner and
Johansen, 2019). The KF interprets these position residuals as arising from er-
rors in both the position and attitude state estimates, distributing the correction
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across multiple state components based on their respective uncertainties and
the observability of the system (Stovner and Johansen, 2019). This coupling
can be expressed as:

of
— . 3.13
60 5 6LA (3.13)

where f represents the implicit function relating LA errors to attitude correc-
tions through the Kalman gain matrix and measurement residual formulation.

The partial derivative ;L—fA quantifies the sensitivity of attitude estimates to LA

uncertainties and depends on several factors: the magnitude and frequency of
platform angular motions, the geometric strength of the GNSS constellation
(as reflected in the DOV values), the relative weighting of GNSS and IMU
measurements in the filter, and the correlation structure encoded in the state
covariance matrix. Generally, the coupling between LA errors and attitude es-
timation is most pronounced during periods of high angular acceleration, when
the centripetal acceleration term w X (w X LA) introduces observation veloc-
ity discrepancies that the filter must reconcile (Stovner and Johansen, 2019).

3.4.4 Integration Processing Strategy

Tightly coupled differential GNSS/IMU integration was performed in both for-
ward and reverse directions using Inertial Explorer software. Forward processing
integrates data from a known starting point progressing in the direction of mo-
tion, while reverse processing integrates data backward from the end of the data
sequence. This approach is often utilized to refine and improve the accuracy of
a trajectory by iteratively adjusting the initial conditions or constraints based on
observations made toward the end of the data collection period.

The processing parameters included a 12° elevation mask, an L1 lock time
cutoff of 4 seconds (if the lock time falls below this threshold, the receiver
might disregard the data from that satellite because the signal is considered
unreliable), and maximum ranges of 4 km for single-frequency and 30 km for
dual-frequency GNSS observations. The standard deviations used were 1 m for
code, 0.1 m for Doppler, and 0.035 m for the GNSS carrier phase observations.
Ambiguities were solved with good condition fixed for all different LA stand-
ard deviations. Both the VRS and rover could capture signals from GPS and
GLONASS satellites.

3.4.5 Alignment Period Determination

Prior to analysing LA uncertainty effects, the optimal alignment period for the
GNSS/IMU system was determined using Allan variance analysis. The align-
ment period refers to a stable and known orientation duration within which
calibration and estimation procedures can be carried out to precisely determine
the LA between the GNSS antenna and IMU (Fu ef al., 2018). This is essential
for ensuring precise integration of GNSS and IMU data, since errors in LA
estimation during this phase could impact data collection, leading to inaccurate
positioning and orientation estimates. The Allan variance method is
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particularly effective in identifying different types of sensor errors, such as bias
instability and random walks (Steve Arar, 2022).

The process involved calculating the sampling frequency derived from GPS
time data, establishing distinct time intervals, and computing the mean angular
rate over each interval. These calculated means were then compared against
the initial interval mean, with differences noted and stored. The variance of
these differences was then computed and documented. The detailed mathemat-
ical formulation of the Allan variance for a given time interval is provided in
paper IV (See, Equation 14).

Allan variance analysis was performed on the angular rate data across the
X, Y, and Z axes in both forward and reverse directions. Unique characteristics
are exhibited by each curve over time, offering insights into sensor performance
and error contributions at varied averaging times. Notably, the system's stability,
or alignment, is observed at the beginning and end of the data. In the forward
direction, the system achieves alignment in 901 seconds, while in the reverse
direction, it takes 225 seconds for the system to become aligned. The alignment
period threshold is indicated by a dotted red vertical line at approximately
201,463 and 203,939 seconds. These trends and patterns observed in the Allan
variance curves are instrumental in determining the optimal alignment period.
By accurately defining the alignment period, researchers can ensure that LA es-
timation takes place during a stabilized platform orientation (Fu et al., 2018).
This alignment period is closely related to the stability of the sensors, thus
providing a reliable measure of the performance of the GNSS/IMU tightly cou-
pled integration in the airborne mobile mapping system.

3.4.6 Quality Assessment Metrics

EOPs accuracy was evaluated through multiple complementary metrics to en-
sure comprehensive quality assessment, which are described below:

Standard deviations of attitude parameters (roll, pitch, yaw) and position
components (East, North, height) were analysed across different LA uncer-
tainty scenarios. The analysis included correlations with Horizontal Dilution
of Precision (HDOP) and Vertical Dilution of Precision (VDOP) to assess the
influence of satellite geometry on positioning accuracy.

Forward-reverse separation plots assessed integration quality using empir-
ically determined thresholds of £0.1 arcmin (0.0016°) for attitude separation
and £10 cm for position separation (determined through consultation with
Lantmiteriet). Separations exceeding these thresholds indicate potential errors
in LA assignment. In both attitude and position separation plots, the differences
between forward and reverse processing should ideally approach zero, demon-
strating optimal data processing.

Position misclosure examined the positional difference between results de-
rived from IMU and GNSS, with a threshold of 5 mm in East and North direc-
tions. A significant disparity greater than this threshold may suggest inaccurate
LA values. The position misclosure plot serves as a useful tool for assessing
the accuracy of the GNSS/IMU solution and determining the stability of the
IMU. Any sudden large jumps or spikes in the plot may indicate an unreliable
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IMU solution, whereas minimal separations approaching zero confirm the re-
liability of the GNSS solution.

The correlation between VRS-rover baseline distance and separation be-
haviours provided additional insights into LA estimation accuracy under var-
ying satellite geometry conditions. The analysis specifically examined how po-
sition and attitude separations behaved when the horizontal distance between
the VRS and rover station was less than or greater than 5 km. The results indi-
cated that the GNSS/IMU integration algorithm excels in determining a more
accurate estimation of the LA when a shorter baseline between the base and
rover station is applied.
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Chapter 4

Results and Analysis
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Introduction

This chapter presents the results and discusses the findings from four intercon-
nected studies that investigate critical factors affecting exterior orientation pa-
rameter accuracy and quality assessment methodologies in airborne mobile
mapping systems. Building on the theoretical foundations established in Chap-
ter 2 and the experimental methodologies described in Chapter 3, each study
addresses a distinct challenge in GNSS/IMU integration and photogrammetric
processing while contributing to a unified framework for understanding how
sensor calibration, geodetic corrections, integration algorithms, and adjustment
strategies collectively influence the precision and reliability of geospatial data
products. These were the main goals of this thesis. The four papers examine
observation weight optimization in aerial triangulation, DOV effects on DG,
GNSS signal outage impacts on EOPs, and LA measurement precision require-
ments, respectively.

The presentation follows a consistent structure for each paper, beginning
with quantitative results that demonstrate the magnitude and spatial character-
istics of the investigated effects, followed by discussion sections that interpret
these findings within the broader context of operational airborne mapping
practice. Paper I establishes optimal measurement uncertainty for GNSS po-
sition and IMU attitude observations in BBA, demonstrating measurable accu-
racy improvements through block-wise processing approaches compared to
strip-wise methods. Paper II quantifies DOV induced coordinate errors across
Swedish territory, revealing when global geopotential models provide ade-
quate accuracy and when regional gravity field solutions become necessary for
maintaining georeferencing precision. Paper III evaluates the resilience of
tightly coupled GNSS/IMU integration during simulated signal outages of var-
ying durations, comparing forward KFing with post-processed smoothing al-
gorithms to establish operational robustness thresholds. Paper IV examines
the relationship between LA measurement uncertainties and exterior orienta-
tion parameter quality, identifying practical calibration tolerance levels that
balance measurement effort against system performance requirements.

The chapter concludes with a synthesis section that integrates findings
across all four studies, establishing a hierarchical framework of error sources
that enables practitioners to prioritize resources according to application-spe-
cific accuracy requirements. This integrated perspective demonstrates how
strategic decisions in processing methodology, including the choice between
loosely and tightly coupled integration, the selection of single-baseline versus
network-based positioning, and the application of forward filtering versus
smoothing algorithms, combine with systematic geodetic corrections, post-
processing refinements, and sensor calibration procedures to achieve the cen-
timetre-level accuracies required by contemporary geospatial applications in
topographic mapping, urban planning, environmental monitoring, and

76



infrastructure management. Through systematic investigation of these inter-
connected factors, the research advances quality assessment methodologies for
airborne mobile mapping and provides practical guidance for implementing
high-precision DG workflows in operational environments.

4.1 Paper I: Assessment of Observation Weights in AT

4.1.1 Results

The systematic investigation of observation weight assignment in aerial trian-
gulation revealed significant differences between strip-wise and block-wise
GNSS shift correction approaches. Across all tested weight configurations, the
block-wise method consistently provided superior accuracy at checkpoints
compared to the strip-wise solution, with an average improvement of approxi-
mately 6 cm in vertical positioning.

When examining different IMU observation uncertainties while maintain-
ing constant GNSS uncertainties at 0.2 m for East, North, and Height coordi-
nates, the block-wise method achieved a best checkpoint RMS of residuals of
0.151 m, representing a 0.017 m improvement over the default values used by
Lantmateriet in their photogrammetry projects. In contrast, The strip-wise
method achieved its best result with an RMS of 0.196 m, an improvement of
0.065 m over the default configuration, though it remained less accurate than
the block-wise approach. The best-performing configuration combined IMU
orientation uncertainties of 0.007° for roll and pitch and 0.009° for heading
with a constant GNSS position uncertainty of 0.2 m.

In the second experimental scenario, where GNSS observation uncertain-
ties varied between 0.04 and 0.36 m while IMU uncertainties remained con-
stant at 0.003° for roll and pitch, and 0.007° for yaw, the block-wise method
again demonstrated superior performance. The best checkpoint RMS of resid-
uals achieved was 0.157 m, representing a 0.011 m improvement over default
values, while the strip-wise method produced 0.239 m, representing a 0.022 m
improvement but remaining substantially inferior to the block-wise solution.
These results, combined with those from the first scenario where IMU uncer-
tainties varied while GNSS remained constant, confirmed the consistent supe-
riority of block-wise processing across different weighting configurations, as
shown in Table 4.1.
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Table 4.1: Comparison of Checkpoints RMS of residuals and hypothesis test results for
different observation weight configurations (See Section 2.1.5 for angle definitions)

IMU
Sr!\(lzii observa- Check- Nfumber
Configura- ; tion un- point ;
tion tainty certainty Method RMS Rejected
(E, N, (0,6,1) (m) Images
Hym —&" by t-test
Default 0.20, 0.003, Block- 0.168 95
Lantmateriet  0.20, 0.003, wise
0.20 0.007
Best Case 0.20, 0.007, Block- 0.157 1
(Recom- 0.20, 0.007, wise
mended) 0.20 0.009
Alternative 0.08, 0.007, Block- 0.154 8
Configura- 0.08, 0.007, wise
tion 0.08 0.009
Worst Case 0.20, 0.001, Block- 0.184 2007
0.20, 0.001, wise
0.20 0.001

Table 4.1 presents a summary comparison of checkpoint RMS of residuals and
statistical image rejection results for selected observation weight configura-
tions. Because the t-test is applied separately to each of the six EOP compo-
nents (three position, three orientation) for every image, the reported rejection
counts represent the total number of component-level failures summed across
the block, rather than the number of distinct images rejected. A single image
can therefore contribute up to six rejections if all of its EOP components fail
the test. The table demonstrates the dramatic sensitivity of bundle adjustment
performance to weight assignment appropriateness.

The recommended configuration achieves minimal image rejection while
maintaining low checkpoint residuals, illustrating the practical importance of
careful observation weight selection in operational photogrammetric work-
flows.

The analysis of GNSS shift and drift corrections revealed fundamental
methodological differences between the strip-wise and block-wise approaches.
The strip-wise method calculated separate drift values for each of the 24 flight
strips, resulting in spatially variable drift corrections that ranged from -0.006
to +0.008 m in the horizontal components and exhibited systematic patterns
across the block. In contrast, the block-wise method consistently estimated
zero drift values in all three coordinate directions for the entire photogrammet-
ric block, indicating that a simple constant shift model adequately described
the systematic GNSS positioning biases (shift/drift) for this dataset and that the
measurements did not support statistically significant linear drift over the tem-
poral span of data collection. This finding suggests that the apparent drift
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values in strip-wise processing may represent over-parameterization rather
than genuine temporal variations in GNSS systematic biases.

Statistical evaluation using t-tests at the o = 5% significance level identified
the pronounced sensitivity of the bundle adjustment solution to observation
weight selection. The optimal uncertainty combination of 0.2 m for GNSS co-
ordinates and 0.007°, 0.007°, 0.009° for IMU angles (¢, 8, 1) resulted in only
one image being flagged as a statistical outlier, demonstrating robust agree-
ment between a priori and adjusted EOPs across the 1,198-image block. This
contrasted dramatically with the worst-case scenario, where assigning overly
optimistic IMU uncertainties of 0.001° for all three angles produced 2,007 im-
age rejections (summed across all six EOPs), indicating widespread break-
down of the adjustment solution due to unrealistic stochastic modelling. An
alternative configuration using tighter GNSS weighting of 0.08 m combined
with IMU uncertainties of 0.007°, 0.007°, 0.009° achieved the lowest absolute
checkpoint RMS of 0.154 m but yielded eight rejected images, suggesting that
while this configuration provides marginally superior geometric accuracy, the
recommended 0.2 m GNSS weighting offers enhanced robustness for opera-
tional implementation.

Visual analysis of checkpoint residual spatial distribution provides critical
insights into the quality of the optimal weight configuration. Figure 4.1 pre-
sents the vertical checkpoint residuals overlaid on the Copernicus CORINE
Land Cover (CLC2018) classification for the Gothenburg test area. The vector
magnitude and direction reveal heterogeneous error patterns strongly corre-
lated with surface characteristics. In bare-land and built-up areas (brown and
blue colours in the land cover), checkpoint residuals exhibit predominantly
systematic upward displacement with magnitudes generally below 0.20 m, in-
dicating consistent photogrammetric surface reconstruction. In contrast, for-
ested regions (green colours) display random variation in both magnitude and
direction, with some residuals exceeding 0.30 m. This land-cover-dependent
behaviour, clearly visible in Figure 4.1, underscores the necessity of terrain-
stratified quality assessment in operational photogrammetry.
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Ground control points residual vector analysis provided visual confirmation of
the accuracy differences between optimal and suboptimal weight assignments.
Both horizontal and vertical residual vectors for the worst-case scenario were
consistently larger than those for the best-case configuration across nearly all
ground control points, with particularly noticeable differences in the marginal
regions of the study area.

The comparison between photogrammetric DSMs and the national LiDAR-
derived DTM over flat road segments confirmed the findings from the aerial
triangulation analysis. The optimal uncertainty combination of 0.2 m for GNSS
and 0.007°, 0.007°, 0.009° for IMU produced the lowest RMS of residuals
(1.832 m) when compared against the LiDAR reference (reported in Paper I,
Table 2; not reproduced here). Although the absolute differences between the
best-performing configurations were modest, ranging up to approximately 25
cm, the consistency of results across multiple evaluation criteria reinforced
confidence in the recommended observation weights.

4.1.2 Discussion and Implications

The consistent superiority of the block-wise GNSS shift correction method
over the strip-wise approach across multiple evaluation criteria establishes a
clear recommendation for operational aerial triangulation workflows when ad-
equate GCPs distribution is available. The block-wise method modelled GNSS
systematic errors using only a constant offset in three dimensions, with drift
parameters consistently estimated as zero. This indicates that for this dataset,
the discrepancy between GNSS-derived positions and ground control points
remains stable over time and does not require time-dependent corrections.

These findings challenge earlier operational recommendations in GPS-sup-
ported aerial triangulation, where strip-wise linear modelling of GPS drift cor-
rections was considered the preferred approach when combined with block ad-
justment (Pfeifer, Glira and Briese, 2012). The strip-wise method estimates
linear drift and constant shift coefficients independently for each flight strip,
resulting in large inter-strip variability in drift corrections that suggests the
model may be overparameterized, capturing adjustment artefacts rather than
genuine temporal variations in GNSS systematic errors. Under conditions with
well-distributed GCPs, the more parsimonious block-wise shift correction
model which estimates only three constant offset parameters for the entire
block rather than six time-dependent parameters per strip yields a more robust
and statistically stable solution, while simultaneously reducing computational
complexity and inter-parameter correlations.

The relationship between IMU observation weights and final adjustment
quality proved more nuanced than earlier investigations suggested. (Kruck,
2001) concluded that IMU uncertainties had no significant effect on AT out-
comes; however, that study assigned very low weights to IMU observations
effectively rendering attitude measurements near-redundant in the adjustment
rather than systematically varying them across a physically meaningful range.
In contrast, the present investigation demonstrates that carefully tuned IMU
uncertainties substantially improve checkpoint residuals. The optimal uncer-
tainty values of 0.007° for roll and pitch and 0.009° for heading are consistent
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with the published accuracy specifications of the POS AV 510 navigation sys-
tem (roll and pitch: 0.005°; heading: 0.008°), and correctly reflect the well-
established principle that heading determination in GNSS/IMU integration is
inherently less accurate than the transverse attitude components, due to the de-
pendence of yaw on horizontal GNSS geometry (Scherzinger, 1996).

The dramatic difference in t-test results between the best case (one rejected
image) and worst case (2007 rejected images) demonstrates the critical im-
portance of realistic observation weight selection. Overly optimistic weights
can lead to an over-constrained system where discrepancies between direct and
adjusted EOPs are incorrectly interpreted as outliers, resulting in widespread
rejection of otherwise valid observations. This underscores that observation
weights must balance two objectives: minimizing RMS residuals at check-
points while maintaining statistical consistency where differences between di-
rect and adjusted orientations remain within expected uncertainty bounds.

The examination of checkpoint residual vectors in relation to land cover
revealed systematic patterns that have important implications for quality as-
sessment (Figure 4.1). Vertical residuals near beachfront areas and built-up re-
gions exhibited predominantly upward displacement with systematic behav-
iour, while residuals in forest and green areas showed random variation. This
pattern reflects the inherent limitations of photogrammetric image matching in
vegetated areas, where the measured surface includes vegetation canopy rather
than true ground elevation. The correlation between land cover type and resid-
ual vector characteristics suggests that operational quality assessment should
account for terrain characteristics and potentially implement land-cover-spe-
cific evaluation criteria rather than relying solely on global statistics.

The LiDAR-DSM comparison provided independent validation of the op-
timal observation weight selection. Although the magnitude of improvement
in DSM-DTM RMS was modest (approximately 25 cm range across configu-
rations), the consistency with which the optimal configuration performed best
across all evaluation criteria: checkpoint RMS, t-test statistics, ground control
point residuals, and LIDAR comparison strengthens confidence in the recom-
mended observation weights.

From a practical operational perspective, the findings provide concrete
guidance for similar aerial photogrammetry projects. For blocks with com-
parable geometry, ground control point distribution, and when employing
the same navigation sensor model (in this case, the Applanix POS AV 510
system), initiating bundle adjustment with GNSS position uncertainties
around 0.2 m and IMU orientation uncertainties of approximately 0.007°,
0.007°, 0.009° for roll, pitch, and heading, respectively, represents a well-
founded choice. However, the investigation also demonstrates that no uni-
versally optimal weight configuration exists across all operational scenar-
ios. The appropriate observation weights depend on several interdependent
factors, including block geometry, the number and spatial distribution of
ground control points, GNSS/IMU sensor model and performance specifi-
cations, GNSS satellite constellation geometry during flight operations, ter-
rain characteristics, land cover composition, and tie-point measurement
quality. Consequently, production environments should routinely conduct
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sensitivity analyses on observation weight configurations when initiating
new projects or when substantive changes occur in flight parameters, sensor
equipment, or survey design.

A significant limitation identified in this study concerns the inability to as-
sign individual observation weights to specific images showing degraded qual-
ity or outliers. The t-test analysis successfully identified problematic images,
but current software constraints prevented implementation of image-specific
weight adjustments. Future research should investigate adaptive weighting
schemes that automatically adjust observation uncertainties for individual im-
ages based on quality indicators such as texture quality, atmospheric condi-
tions, or partial cloud cover. Such approaches may further stabilize the adjust-
ment solution and prevent local defects from propagating through the network.

The relationship between vertical accuracy and vegetation height observed
in checkpoint residual analysis aligns with previous findings regarding photo-
grammetric limitations in forested areas (Hodgson and Bresnahan, 2004). Ad-
vanced filtering algorithms to exclude vegetation effects represent a promising
direction for improving DSM accuracy in complex terrain, potentially narrow-
ing the accuracy gap between photogrammetric DSMs and LiDAR-derived
DTMs in vegetated regions. For quality control purposes, stratifying residual
analyses by land cover type would provide more meaningful assessment than
global statistics alone.

4.2 Paper lI: Deflection of Vertical Effects on Direct
Georeferencing

Paper II examines the influence of the deflection of the verticals (DOV) on DG
accuracy in aerial mobile mapping systems across Sweden. The DOV repre-
sents the angular difference between the plumb line and the normal to the ref-
erence ellipsoid, arising from variations in Earth's gravity field and curvature
of reference ellipsoid. While this effect was largely negligible with earlier
INSs, modern high-precision INS sensors have reached accuracy levels where
DOV-induced errors become significant and require explicit correction in DG
workflows.

4.2.1 Results
4.2.1.1 DOV Component Magnitudes and Model Comparison

The study computed DOV components using two independent approaches i.e.
the global EGM2008 geopotential model (expanded to degree and order 2190)
and Sweden's national SWEN17 RH2000 quasigeoid model. The analysis
covered flight altitudes ranging from 1 to 6 km, reflecting operational condi-
tions for aerial mapping missions conducted by Lantmaéteriet (Swedish Map-
ping, Cadastral and Land Registration Authority). The DOVs computed from
SWEN17 RH2000 were calculated at Earth's surface using regional gravity
data and elevation models, then upward-continued to flight altitudes using Fast
Fourier Transform techniques implemented in the GRAVSOFT package.
Since most photogrammetry projects in Sweden are flown at approxi-
mately 4 km altitude, detailed statistics at this operationally relevant height
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are presented in Table 4.2. At this altitude, the north-south DOV component
(&) ranged from -14.64 to 10.04 arc-seconds with a standard deviation of
3.14 arc-seconds using the SWEN17 model, while the east-west component
(n) varied between -12.27 and 17.30 arc-seconds with a standard deviation
of 3.53 arc-seconds.

Table 4.2: DOV Component Statistics at 4 km Flight Altitude using EGM2008 and
SWEN17 in Sweden.

EGM2008 SWEN17 Difference

Max 9.88 10.04 1.34
Mean 0.66 0.67 0.01
& (arc-seconds)
Min -14.76 -14.64 -1.49
STD 3.13 3.14 0.19
Max 17.42 17.3 1.63
Mean 0.69 0.69 0
1 (arc-seconds)
Min -11.94 -12.27 -1.68
STD 3.51 3.53 0.22

The comparison between EGM2008 and SWEN17 models revealed excellent
agreement across most of Sweden, with mean differences of zero and standard
deviations of only 0.19 and 0.22 arc-seconds for & and 1 respectively. This
negligible systematic bias confirms that EGM2008 performs well in regions
with moderate topographic relief. However, when propagated through the DG
equations, the DOV-induced effects on final object coordinates exhibited sig-
nificant discrepancies in mountainous regions along the Sweden-Norway bor-
der, particularly in Jdmtland and Lappland, where coordinate differences
reached 2-3 cm horizontally and 1-2 cm vertically. These coordinate-level dis-
crepancies demonstrate that even relatively small angular variations in DOV
components, when combined with operational flying heights and sensor orien-
tations, can translate into positionally significant biases that exceed typical aer-
ial mapping accuracy requirements in high-relief terrain. These discrepancies
arise because EGM2008's spatial resolution (approximately 9 km at mid-lati-
tudes) inadequately captures high-frequency topographic signals in complex
terrain, whereas SWEN17 incorporates dense terrestrial gravity observations
that better resolve local gravity field variations.

The obtained DOV magnitudes are comparable to modern INS sensor un-
certainties. The Applanix POS AV 510 system used operationally by
Lantmiteriet has published attitude uncertainties of 18 arc-seconds for roll and
pitch and 28.8 arc-seconds for heading. The latest generation POS AV 610
achieves even higher precision: 9 arc-seconds for roll and pitch and 18 arc-
seconds for heading. This convergence between gravitational field variations
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and sensor precision represents a critical threshold where previously negligible
DOV effects become significant contributors to systematic positioning errors.

4.2.1.2 Impact of DOV on Horizontal and Vertical Coordinates

The DOV-induced coordinate displacements were quantified using mathemat-
ical expressions that account for flight altitude (z), flight azimuth (o), and cam-
era field of view (FOV). The analysis considered two FOV configurations
based on the Ultracam Eagle Mark 3 camera specifications used operationally
in Sweden: 46.1° (along-track) and 67° (across-track). Figure S3 in paper II,
illustrates the geometric relationship between these parameters and the result-
ing coordinate errors.

Table 4.3 presents comprehensive statistics of DOV-induced errors across
different flight altitudes assuming northward flight direction (azimuth = 0°).
At the operationally significant 4 km altitude with FOV = 46.1°, horizontal
errors ranged from -28.39 to 19.47 cm with a mean of 1.29 cm, while vertical
errors ranged from -12.08 to 8.29 cm with a mean of 0.55 cm. For the wider
67° FOV, vertical errors increased to a range of -18.79 to 12.89 cm. Across all
flight altitudes (1-6 km), horizontal errors spanned from 8.36 cm (minimum at
1 km) to 38.82 cm (minimum magnitude at 6 km), while vertical errors for
FOV = 67° ranged from 5.53 to 25.70 cm.
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Figure 4.2 shows the spatial distribution of these coordinate errors across Swe-
den for northward flight at 4 km altitude with FOV =46.1°. The maps reveal that
DOV effects are minimal (a few centimetres) in flat central Swedish plains but
increase substantially to several decimetres in mountainous northern and north-
western regions where topographic relief amplifies gravity field variations.

&h

15°E 20 E 15"E 20 E
Figure 4.2: Spatial Distribution of DOV-Induced Coordinate Errors in Sweden
Maps showing (a) horizontal displacement (6h) and (b) vertical displacement (v) at 4 km

altitude, azimuth 0°, FOV 46.1°. Errors range from a few centimetres in flat terrain to over
25 cm horizontally and 12 cm vertically in mountainous regions. Unit: cm.

These error magnitudes are particularly significant when compared against the
published accuracy specifications of operational GNSS/INS systems. The Ap-
planix POS AV 510 achieves 5 cm horizontal and 10 cm vertical accuracy in
post-processed mode. The maximum DOV-induced errors at 4 km altitude ex-
ceed these thresholds in many areas, demonstrating that DOV effects cannot
be ignored in high-accuracy DG applications where positioning precision is
critical for automated 3D mapping and terrain modelling.

4.2.2 Discussion and Implications
4.2.2.1 Operational Significance and System Integration

The magnitude of DOV components observed in Sweden directly challenges
the positioning capabilities of modern aerial mapping systems. This finding
has immediate practical implications for quality assurance protocols. While
commercial software packages such as Applanix POSPac MMS and Inertial
Explorer incorporate basic geoid models to account for gravity field effects,
the study demonstrates that relying solely on global models (EGMs) introduces
systematic errors in mountainous terrain. However, it should be noted that the
quality of DOVs derived from EGMs depends on the gravity data available to
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the NGA (National Geospatial-Intelligence Agency) for the computation of
EGM2008, and this varies from country to country. Although in Sweden
EGM2008 is almost as good as the regional gravimetric model, this is due to
the contribution of Swedish gravity data to the EGM2008 computation and the
fact that most of Sweden has a smooth gravity field, resulting in low omission
errors. Therefore, quality control procedures should explicitly evaluate DOV
corrections and report their influence in project documentation, particularly for
applications requiring decimetre-level accuracy such as infrastructure moni-
toring or high-resolution topographic mapping.

The choice between EGM2008 and regional gravity models involves prac-
tical trade-offs. EGM2008 provides operationally sufficient accuracy for aerial
mapping in flat to moderately rolling terrain, enabling implementation without
requiring access to national geoid models. This is advantageous for interna-
tional mapping projects where regional gravity data may not be readily avail-
able or for rapid deployment scenarios. However, in mountainous regions
where topographic mass variations dominate the gravity signal, regional mod-
els derived from dense terrestrial gravity observations become essential. For
Sweden specifically, the SWEN17 model should be used in areas with eleva-
tion changes exceeding 500 meters or along the mountainous Norway-Sweden
border.

4.2.2.2 DOV and Its Role in Aerial Mapping Planning

Flight planning offers a practical approach to mitigating DOV effects
through strategic azimuth selection, representing a novel contribution not
addressed in previous studies. The optimal flight direction varies regionally
across Sweden due to the underlying structure of the gravity field, which
reflects regional geology, topography, and crustal density variations. Figure
4.3 presents polar plots showing how DOV-induced errors vary with flight
azimuth at different altitudes.
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Figure 4.3: Azimuth De-
pendency of DOV-Induced
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When averaged across Sweden as a whole, the influence of DOVs is minimized
when flight lines are oriented between azimuths 30° and 50°. However, re-
gional analysis reveals significant spatial variation, as detailed below. Table
4.4 summarizes optimal azimuths for three representative regions spanning
Sweden's latitudinal extent.

Table 4.4: Regionally Optimized Flight Azimuths for Minimum DOV Impact

Region Latitude Range Longitude Optimal Azi- Characteris-
Range muth tics
Jonkoéping 56° to 58° N 13°to 16° E ~110° (or 290°) Southern
(South) plains and
lakes

Dalarna 61°t0 63° N 13°to 16° E ~150° (or 330°) Mixed terrain
(Central)
Norrbotten 66° to 68° N 17°t0 20° E ~170° (or 350°) Northern
(North) mountains

The optimal azimuth variation shows a 60° change from the south to the north
of Sweden, which reflects the spatial structure of Sweden's gravity field and
suggests that mission planning should incorporate local DOV characteristics.
For large-area mapping projects, flight strips can be aligned with regionally
specific azimuths to minimize systematic errors. This finding is particularly
relevant for automated 3D mapping workflows where consistent accuracy
across project areas is essential.

4.2.2.3 Model Selection Guidelines for Practitioners

Based on the comparative analysis between EGM2008 and SWEN17, practical
recommendations for DOV model selection can be formulated. Table 4.5 sum-
marizes the performance differences between the two models across Sweden,
highlighting where each approach is appropriate.
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Table 4.5: Comparison of EGM2008 and SWEN17 DOV Models in Sweden

DOV Difference  Coordinate

Location/ . . EGM2008 Recom-
Terrain Statistics Error Dif- Performance mendation
(4 km altitude) ferences
Most of <lcm(H
Sweden AE: 0.00 +0.19" & V) Excellent . Either
(Flat to Ar- 0.00 £ 022" See Table agreement with  model
moderately -0 ) S2 in Paper  SWENI17 acceptable
rolling) I
Model dif-
ference:
up to £2.9
cm (H)
Jimtland & up to £1.9 Topographic
Lappland cm (V) signals not Regional
(Mountain- ](;{asrcgrzr :1(1)1?:?::5 modelled model
ous, Sweden- (U torjt 1.5") Total DOV correctly due (SWEN17)
Norway P ' effectifun-  to limited required
border) corrected: resolution
~20-28 cm
(H)
~8-19 cm
V)
Regional
Mission- Lo model rec-
o Systematic bias ~ Depends on =~ May be
critical : . . . ommended
C . possible terrain insufficient .
applications for quality
assurance

Based on the comparative analysis between EGM2008 and SWEN17, practical
recommendations for DOV model selection can be formulated (Table 4.5). The
analysis distinguishes between model-to-model coordinate differences and the
absolute DOV effect when corrections are entirely omitted.

For routine mapping operations across most of Sweden, particularly in flat
to moderately rolling terrain, EGM2008 provides adequate performance.
Model-to-model coordinate differences remain below 1 cm in both horizontal
and vertical components at typical operational flight altitudes around 4 km.
The negligible systematic bias (mean differences of zero with standard devia-
tions of 0.19 and 0.22 arc-seconds for & and 1, respectively) confirms excellent
agreement between the global and regional models throughout these regions,
making either model operationally acceptable.

In mountainous regions along the Sweden-Norway border, particularly Ji-
mtland and Lappland, EGM2008's limited spatial resolution fails to adequately
capture short-wavelength topographic gravitational signals. This results in co-
ordinate discrepancies between models reaching £2.9 cm horizontally and £1.9
cm vertically (FOV 67°). More critically, if DOV effects are entirely neglected
in these regions, absolute coordinate errors can reach 20—28 cm horizontally
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and 8—19 cm vertically, substantially exceeding acceptable tolerances for high-
precision mapping. Therefore, the regional SWEN17 model is strongly recom-
mended for operations in high-relief terrain.

For mission-critical applications demanding centimetre-level absolute ac-
curacy, regardless of terrain, the regional SWEN17 model should be employed
as a quality assurance measure. This reflects both the superior resolution of
terrestrial gravity-derived DOV components and the principle that systematic
biases should be minimized in applications where uncertainty budgets ap-
proach sensor noise floors.

4.2.2.4 Integration with Aerial Triangulation

An important finding relates to the interaction between DOV corrections and
assisted aerial triangulation. Bundle adjustment based on least squares princi-
ples fundamentally assumes that observations contain only random errors. Sys-
tematic errors such as DOV-induced biases violate this assumption and cannot
be properly eliminated through the adjustment process. When ground control
points are used, they provide geometric constraints that may force the solution
to fit control geometry, thereby masking coordinate-level manifestations of
DOV effects. However, this does not remove the underlying systematic bias in
EOPs. The adjustment instead redistributes the unmodeled DOV error across
the solution, potentially degrading relative geometry within the block. This
masking effect depends on GCP density, spatial distribution, and local DOV
magnitude. For aerial laser scanning applications where DG operates without
image tie points or GCPs, DOV corrections become essential, particularly for
long flight lines where systematic errors accumulate linearly with distance, po-
tentially reaching several decimetres over tens of kilometres.

The study demonstrates that as INS sensor technology continues improving,
the relative importance of gravity field modelling increases. What was once a
minor correction has become a primary error source that must be addressed
systematically in modern high-accuracy mapping workflows. This trend is
likely to continue as next-generation INS systems approach angular accuracies
of 5 arc-seconds or better, further elevating the significance of precise DOV
modelling in DG applications.

4.3 Paper lll: GNSS Signal Outage Impact on EOPs

Paper III investigated the critical issue of GNSS signal outages in airborne mo-
bile mapping systems and their impact on EOPs. The study employed tightly
coupled GNSS/IMU integration using both forward KFing and smoothing al-
gorithms to evaluate positioning robustness during simulated signal interrup-
tions. This research addressed a practical challenge faced in operational pho-
togrammetric missions where GNSS signal blockage can occur due to aircraft
manoeuvres, electromagnetic interference, or receiver malfunctions.

4.3.1 Results

The analysis employs the tightly coupled GNSS/IMU integration and RTS
smoothing framework described in Section 2.3.2 and illustrated in Figure 2.2.
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Tables 4.6a and 4.6b present baseline performance for the four processing con-
figurations evaluated under nominal operating conditions with continuous
GNSS signal availability. The results demonstrate a clear performance hierar-
chy across processing strategies. Network-based smoothing consistently
achieves the lowest uncertainties, with position components ranging between
26 and 42 mm and orientation components between 0.25 and 0.66 arc-minutes.
In contrast, single-based forward filtering exhibits substantially higher uncer-
tainties across all EOPs components, highlighting the cumulative benefits of
both network processing and post-processing smoothing. Readers seeking a
graphical comparison of these baseline results are referred to in Figure 9 in
Paper III, Section 3.1. These baseline results establish the reference perfor-
mance against which outage-induced degradation is subsequently evaluated,
enabling quantitative assessment of how processing strategy influences system
resilience during GNSS signal interruptions.

Table 4.6a: Position Uncertainty (mm) Statistics of Different Processing Configurations

Component Processing Mode Mean STD Max Min

Single-Forward 52 5.2 63 32
£ Network-Forward 51 5.2 60 29
§ Single-Smooth 43 3.0 45 27
Network-Smooth 42 3.2 44 24
Single-Forward 39 9.1 59 28
% Network-Forward 38 8.7 57 26
i Single-Smooth 27 3.9 45 25
Network-Smooth 26 3.7 43 24
Single-Forward 48 10 78 38
.‘g Network-Forward 46 9.9 75 37
% Single-Smooth 27 1.3 32 25
Network-Smooth 26 1.3 30 24

Note. Bold values indicate the best-performing configuration for each component.
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Table 4.6b: Orientation Uncertainty (arc min) Statistics of Different Processing Configu-
rations

Component Processing Mode Mean STD Max Min
Single-Forward 0.65 0.78 3.6 0.27
= Network-Forward 0.65 0.79 3.6 0.27
o Single-Smooth 025 0048 041 020
Network-Smooth 0.25 0.048 0.41 0.20
Single-Forward 0.64 0.74 3.0 0.27
5 Network-Forward 0.63 0.74 3.0 0.27
o Single-Smooth 0.25 0.049 0.42 0.20
Network-Smooth 0.25 0.049 0.42 0.20
Single-Forward 1.7 1.6 11 0.62
£ Network-Forward 1.7 16 11 0.61
©
L Single-Smooth 0.66 0.24 15 0.41
Network-Smooth 0.66 0.24 1.5 0.40

Note. Bold values indicate the best-performing configuration for each component.

The smoothing algorithm demonstrated substantial improvements over for-
ward KF processing. For positioning components, the smoothing algorithm en-
hanced north positioning uncertainty by approximately 17% (from 51 mm to
42 mm mean), while east and height improvements ranged from 17% to 43%.
Orientation uncertainties showed even more dramatic improvements, with roll,
pitch, and heading uncertainties reduced by approximately 60% when using
the smoothing algorithm compared to forward KF.

In addition to the above-mentioned studies, we evaluated several alternative
data processing strategies. Network-based PPK solutions consistently outper-
formed their single-based counterparts, although the performance gains were
modest. The network configuration incorporated seven SWEPOS reference
stations distributed around the Halland project area in Sweden, with all 3D
baseline distances maintained below 40 km. This spatial arrangement facili-
tated effective modelling of atmospheric delays (both ionospheric and tropo-
spheric) alongside other spatially correlated errors through virtual reference
station (VRS) corrections.

4.3.1.1 GNSS Signal Outage Simulations

The study simulated complete GNSS signal outages of 15, 30, 45, 60, 120, and
180 seconds duration to evaluate system resilience. The impact of outage du-
ration on positional accuracy varied significantly between processing methods.
For the worst-case scenario of 180-second outages processed with forward KF,
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height uncertainties increased to approximately 10 meters, while smoothing
processing limited the degradation to approximately 0.43 meters. This repre-
sents a 95% improvement in position uncertainty when using smoothing algo-
rithms instead of forward KF for outages up to 180 seconds. Figure 4.4 illus-
trates this dramatic difference in height uncertainty response to signal outages.

= 30 sec GN5S Signal Outage
— 60 sec GN3S Signal Outage
= 120 sec GNSS Signal Outage
— 180 sec GNSS Signal Outage
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Figure 4.4: Height uncertainties during 180-second GNSS signal outage comparing for-
ward KF (a) and smoothing algorithm processing (b).
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Orientation parameters exhibited greater resilience to signal outages. Roll and
pitch uncertainties using forward KF during 180-second outages were approx-
imately 2.5 times worse than smoothing processing. Specifically, under the
worst-case scenario with smoothing, roll, pitch, and heading uncertainties
reached 0.241 arcmin (0.00401 degrees), 0.249 arcmin (0.00415 degrees), and
0.605 arcmin (0.01 degrees), respectively. These values remained within the
orientational accuracy specifications of the POSAV system (roll/pitch: 0.005
degrees; heading: 0.008 degrees) used in SmartBase post-processing.

Table 4.7: Impact of GNSS Outage Duration on Network-Based Smoothing Performance

Outage 2D Position Height Roll/Pitch Er- Heading
Duration Error Error ror Error
No outage 42-26 mm 26 mm 0.25 arcmin 0.66
arcmin
15 seconds Minimal Minimal Negligible Negligible
30 seconds <50 mm <50 mm <0.26 arcmin <0.67
arcmin
60 seconds <100 mm <100 mm <0.27 arcmin <0.68
arcmin
120 sec- <200 mm <200 mm <0.28 arcmin <0.70
onds arcmin
180 sec- 250 mm 430 mm 0.24-0.25 0.61
onds arcmin arcmin

4.3.1.2 Tightly vs. Loosely Coupled Performance

A comparative analysis between tightly coupled (TC) and loosely coupled
(LC) integration schemes demonstrated the superiority of TC methods during
signal outages. For smoothing algorithm processing with 180-second outages,
positional component differences between TC and LC methods reached up to
4.5 cm, while attitudinal differences reached 0.005 arcmin. Forward KF pro-
cessing showed even larger discrepancies, with positional differences up to 68
cm and attitudinal differences up to 0.01 arcmin between TC and LC ap-
proaches. Figure 4.5 demonstrates the superior performance of tightly-coupled
integration, particularly evident during the outage period from 128,500 to
128,680 seconds GPS time.
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Figure 4.5: Position uncertainties (a) and attitude uncertainties (b) in tightly-coupled ver-
sus loosely-coupled network-based PPK with smoothing algorithm during 180-second
GNSS signal outage. Maximum positional differences reach 4.5 cm.

4.3.2 Discussion and Implications

The research demonstrated that GNSS signal outages have a more pronounced
effect on positional uncertainties compared to orientation uncertainties during
smoothing processing. This differential impact stems from the measurement
characteristics of integrated sensor systems. Position determination relies
heavily on GNSS measurements, which become unavailable during outages,
forcing the system to depend solely on IMU dead reckoning with its inherent
drift characteristics. In contrast, orientation parameters (roll, pitch, heading)
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benefit from accelerometer and gyroscope measurements that remain continu-
ously available and are less susceptible to short-term degradation.

The smoothing algorithm's effectiveness derives from its bidirectional pro-
cessing approach. Unlike forward-only KF, which accumulates errors during
outages, the smoothing algorithm processes data both forward and backward
in time, enabling it to leverage post-outage GNSS measurements to retroac-
tively correct drift that occurred during the signal loss, referring to Figures 4.6
and 4.8. This characteristic makes smoothing particularly valuable for post-
processed aerial photogrammetry, where real-time solutions are not required.

An interesting finding emerged regarding GPS versus GLONASS contri-
butions. The study simulated selective constellation outages and found that
180-second GPS-only outages (with GLONASS remaining available, repre-
senting nine satellites) produced minimal degradation compared to full
GNSS operation. However, 180-second GPS outages with GLONASS una-
vailable showed the same severe degradation as complete GNSS outages,
confirming that maintaining at least one healthy constellation is critical for
position continuity.

The practical implications for operational aerial photogrammetry are sig-
nificant. Aircraft manoeuvres, particularly banking angles exceeding 15-20 de-
grees, can obstruct GNSS signals with wing surfaces, creating temporary out-
ages. The research confirms that such brief interruptions (under 60 seconds)
have minimal impact when processed with smoothing algorithms and network-
based PPK. However, extended outages approaching 180 seconds introduce
positional uncertainties (25-43 cm) that exceed typical DG specifications, ne-
cessitating either flight plan modifications to minimize sharp turns or ac-
ceptance of reduced accuracy during affected segments.

For mission-critical applications requiring centimetre-level accuracy
throughout the entire flight, the findings suggest implementing redundant
GNSS constellations (GPS, GLONASS, Galileo, Beidou) to minimize the
probability of complete signal loss. Additionally, the superior performance
of network-based PPK over single-station approaches, while modest under
normal conditions, provides valuable redundancy during challenging signal
environments.

The study's comparison with commercial processing software (POSPac
MMS) validates the operational relevance of the findings. The smoothed EOPs
achieved positioning accuracies of 0.02 m horizontal and 0.05 m vertical,
matching the published specifications of the POSAV system in SmartBase
post-processing. This agreement confirms that the simulated outage scenarios
accurately represent real-world system behaviour and that the mitigation strat-
egies identified are directly applicable to operational workflow.

4.4 Paper IV: Lever Arm Measurement Precision Impact

Paper IV addressed a fundamental yet often overlooked component in
GNSS/IMU integration: the LA vector connecting the GNSS antenna phase
centre to the IMU navigation centre. While previous papers examined pro-
cessing algorithms and error sources affecting EOPs, this study quantified how
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measurement uncertainty in the physical offset between sensors propagates
through the integration system. The research employed the TerrainMapper 2
system operated by Lantméteriet in Sweden to investigate whether precise ter-
restrial surveying of LA components justifies the effort compared to approxi-
mate measurements. The evaluation framework employed multiple comple-
mentary assessment strategies, including standard deviation (SD) analysis of
attitude and position parameters across different LA uncertainty levels (2 mm,
1 cm, 5 cm, 10 cm, and 20 cm), forward-reverse separation tests comparing
results from bidirectional processing to identify potential LA misspecifica-
tions, position misclosure analysis examining the consistency between IMU-
predicted and GNSS-measured positions, and correlation analysis between vir-
tual reference station (VRS)-rover baseline distances and positioning accuracy.
These rigorous assessment methods collectively provided comprehensive in-
sights into the relationship between LA measurement precision and system
performance, enabling practical recommendations for operational airborne
mapping campaigns.

4.4.1 Results

4.4.1.1 LA Measurement Methodology

The LA determination employed high-precision terrestrial surveying to estab-
lish the spatial relationship between the GNSS antenna phase centre and the
IMU navigation centre. Figure 4.6 illustrates the measurement configuration,
showing the distribution of control points surveyed on the GNSS antenna, Ter-
rainMapper 2 mounting structure, and aircraft reference points.
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Figure 4.6: Schematic illustration of measured control points on the GNSS antenna, Ter-
rainMapper 2 system, and aircraft platform. Points G1-G3 and G-centre define the an-
tenna reference point, while M1-M5 establish the IMU navigation centre through geomet-
ric solution.

The measurement campaign was conducted on August 31, 2021, at Borlange
Dala Airport using a Leica TS16 total station and Leica GMP111 Miniprism.
A local coordinate frame was established with the aircraft longitudinal axis
defining the X-direction, the transverse axis defining Y, and Z pointing down-
ward. Ten specific control points were surveyed: four points on the Trimble
AV39 GNSS antenna (three screw positions G1, G2, G3, plus the antenna hor-
izontal midpoint G-centre), four points on the TerrainMapper 2 mounting
screws (M1-M4), one point on the gimbal top (M5), and two aircraft reference
points (nose and tail) to establish coordinate frame orientation.

The geometric centre of the TerrainMapper 2 mounting plane (M-centre)
was computed by solving a system of nonlinear equations based on the equi-
distant relationship between the four surveyed screw positions, following the
mathematical formulation detailed in Section 3.4.2. MATLAB numerical op-
timization with initial values of 107 m and 100 m for the X and Y components
converged to the M-centre location using least-squares minimization (see Pa-
per 1V, Supplementary Material, Section S1, for the complete mathematical
formulation). This computed M-centre represents the geometric midpoint of
the circular mounting plane, not the actual IMU navigation centre, which re-
sides within the sealed sensor housing at a manufacturer-specified depth below
the mounting surface.

The final LA vector connecting the GNSS antenna phase centre to the IMU
navigation centre was calculated through coordinate transformation account-
ing for antenna geometry and internal sensor offsets, as described in Section
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3.4.2. These calculations incorporate vertical corrections for the antenna phys-
ical height (h;), the L1 phase centre offset (h,, obtained from the
AERAT1675_180 antenna calibration in the NGS database), and the depth
from the mounting plane to the virtual IMU centre (d, provided by Leica Ge-
osystems). The resulting LA vector was (—0.057, —0.213, 1.289) m expressed
in the aircraft body frame. This systematic approach of measuring multiple
control points on both the GNSS antenna and IMU mounting structure provides
geometric redundancy and enables validation of the measurement consistency,
which proved essential for the subsequent uncertainty analysis examining LA
precision requirements.

4.4.1.2 Allan Variance Analysis for Alignment Period

Prior to evaluating the effects of LA uncertainty on EOPs estimation, it was
necessary to establish a reliable alignment period during which the IMU oper-
ates under steady-state conditions. Allan variance analysis was therefore ap-
plied to the angular rate measurements recorded by the SPAN CNUS5-H IMU
at a sampling frequency of 500 Hz. The Allan variance is a well-established
time-domain technique for characterizing stochastic sensor errors as a function
of averaging time, expressed as (Jouybari, Bagherbandi and Nilfouroushan,
2024):

M
1 _ _
HOEEDICHES I 4.

where 2(7) is the Allan variance at averaging time 7, M is the number of non-
overlapping data clusters of length 7, and X; is the mean angular rate within
the i-th cluster. A full derivation is provided in Paper IV (Eq. 14 therein).

Applying Eq. (4.1) to the X, Y, and Z gyroscope axes in both the forward
and reverse processing directions revealed distinct noise regimes, including
angle random walk and bias instability. The analysis showed an asymmetry in
alignment requirements: the forward direction required 901 seconds to reach
steady-state behaviour, while the reverse direction stabilised in 225 seconds,
reflecting differences in platform dynamics at the start and end of the dataset.
Figure 4.7 presents the Allan variance values plotted against GPS time on a
linear scale for all three gyroscope axes, clearly showing elevated variance
during the alignment periods at the beginning and end of the dataset, with near-
zero stable values during the steady-state flight segment between the two dot-
ted red vertical lines at GPS times 201,463 s and 203,939 s.
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4.4.1.3 Impact of LA Uncertainty on EOPs Standard Deviations

The core experiment assigned different standard deviation (SD) values ranging
from 2 mm to 20 cm, plus a fixed scenario, to the measured LA vector during
tightly coupled GNSS/IMU processing, following the methodology detailed in
Section 3.3.4. The processing employed a virtual reference station from the
SWEPOS network with dual-frequency GPS and GLONASS observations.

The results revealed remarkable insensitivity of EOPs to LA measurement
precision. Attitude standard deviations (roll, pitch, heading) remained virtually
identical across all scenarios, whether the LA was assigned 2 mm or 20 cm un-
certainty. This insensitivity stems from the IMU's dominant role in attitude de-
termination, as gyroscopes directly measure angular rates and the integration al-
gorithm weights these measurements far more heavily than LA-derived correc-
tions. Position standard deviations exhibited minimal sensitivity, with differ-
ences of only 1-2 mm observed in localized portions of the trajectory. Both
horizontal and vertical position SD tracked closely with HDOP and VDOP var-
iations respectively, indicating that satellite geometry exerted substantially
greater influence than LA weighting, as illustrated in Figure 4.8. Horizontal SD
ranged from approximately 2.5 to 4.5 cm throughout the mission, while vertical
SD varied between 3 and 7 cm, both tracking their respective DOV values.

103



[dop] doaH

[0as] awi) gd9

005502 00070 005802 000802 005202 000202 005102 000102 005002
90 T T T T T 0
H ]
| |
: 2000
" ™ L .
80 : :
i v00'0
60 ]
L - i - 9000
-
_ ,_ 8000
3! | ,"
! ! 100
el ! '
: : JOOH—
! . as 1BjuozuoH —
vl ~zl00

[w] gs |eyuozioy

(®)



*Auienaoun vy ueyy Aoeunooe uolisod uo aduanjjul Jayealb syaxa Ajpwoab ayljjeles ey bul
-jesysuowap ‘dOaA Yim as [esileA (4) ‘dOaH Yim as |euoziioH (e) Alyawosb a)ljjaies pue suoleirsp pJepue)s uoiisod usamiaq Uone|allo) 8 y ainbi4

[o9s] swil §dO
005702 00002 005€02 000€0Z 005202 000202 005102 000102 005002
T T

80 - : : —0
: Ny~ m : 4
f ” T 'l m
zl 5000
, : <
! : o
g ” " 3
8, m m 8 @
= ! i w
g | | 2
3 ; 3
9l _ __ i LOD
gl i
! i !
) : = : dOOA—
m ; as [esmes—

[4 : : —6L0°0



For attitude SD analysis and comprehensive comparison across all LA uncer-
tainty scenarios, see Figures 4, 7, and 8 in Paper IV (Jouybari, Bagherbandi
and Nilfouroushan, 2024). These findings demonstrate that LA measurement
precision requirements can be relaxed to the 2-3 cm level for tactical-grade
IMU systems without compromising EOPs estimation quality, as satellite ge-
ometry and IMU quality dominate the error budget.

4.4.1.4 Forward-Reverse Separation Analysis

To validate LA accuracy, the study examined forward and reverse processing
separations, a quality assessment metric comparing results from bidirectional
GNSS/IMU integration where data are processed both chronologically forward
from mission start and chronologically backward from mission end (see Sec-
tion 3.3.5 for detailed methodology). Quality thresholds of +£0.1 arcmin
(0.0016 degrees) for attitude and +£10 cm for position, established through op-
erational experience at Lantmateriet, serve as indicators of integration reliabil-
ity. Separations exceeding these thresholds suggest systematic errors in LA
specification or other configuration parameters, as the forward and reverse so-
lutions should ideally converge to nearly identical values when the system is
properly calibrated.

All attitude separations remained comfortably within the 0.1 arcmin
threshold regardless of assigned LA uncertainty. The analysis of roll, pitch,
and heading separation plots between forward and reverse processing provided
valuable insights into attitude behaviour across different uncertainty scenarios,
as illustrated in Figure 4.9. Remarkably, even when altering the LA uncertain-
ties from 2 mm to 20 cm, the attitude parameters consistently remained within
the threshold. This demonstrates the robustness and reliability of the LA esti-
mation procedure in maintaining accurate attitude measurements throughout
data processing. The consistency across vastly different uncertainty assign-
ments confirms that the terrestrially surveyed LA accurately represents the true
sensor offset.
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Position separations similarly met acceptance criteria, remaining within the
+10 cm threshold for all LA uncertainty scenarios. The study consistently
achieved position separations within this acceptable range for East, North, and
Height components, regardless of whether the LA was assigned 2 mm or 20
cm uncertainty. This affirms the accuracy and precision of the GNSS/IMU LA
measurements. Notably, height separation exhibited distinct behaviour com-
pared to horizontal components, showing correlation with VDOP and follow-
ing satellite geometry variations throughout the flight. A 6-degree polynomial
fit demonstrated that height separation magnitude tracked VDOP trends, with
larger separations occurring during periods of poor vertical geometry regard-
less of LA uncertainty, Figure 4.10. This vertical-horizontal dichotomy reflects
the fundamental nature of satellite positioning. Vertical precision depends pri-
marily on satellite elevation distribution, while horizontal precision benefits
from azimuthal diversity.
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4.4.1.5 Position Misclosure Assessment

Position misclosure, representing the difference between IMU-propagated po-
sition and GNSS-determined position, provides an independent validation met-
ric. The analysis employed a +5 mm threshold for east and north components,
with exceedances potentially indicating LA errors or IMU instability.
Throughout the dataset, most misclosure values remained within +5 mm for
both east and north directions across all LA uncertainty scenarios. Occasional
spikes exceeding the threshold occurred during aircraft manoeuvres but did not
persist, confirming overall system reliability and LA accuracy.

4.4.1.6 VRS-Rover Baseline Distance Effects

The virtual reference station baseline distance emerged as a critical factor in-
fluencing both position and attitude separation behaviour. Figure 4.11 illus-
trates the correlation between position separation diagrams (East, North, and
Height) and the VRS-rover horizontal distance across different LA uncertainty
scenarios. When the VRS-rover horizontal distance remained below 5 km, the
position separation diagrams exhibited stable behaviour across different LA
uncertainties. For VRS-rover distances below 5 km, an increase in LA uncer-
tainties resulted in a corresponding escalation of East and North separation
values. However, for VRS-rover distances exceeding 5 km, the East and North
separation diagrams displayed unstable behaviour, indicating that atmospheric
decorrelation and differential errors dominated over LA effects. In contrast,
height separation behaviour differed fundamentally from horizontal compo-
nents, rather than correlating with baseline distance, height separation consist-
ently tracked VDOP regardless of VRS-rover separation, as previously dis-
cussed in conjunction with Figure 4.10.

Attitude separations mirrored position separation patterns relative to base-
line distance, as shown in Figure 4.12. The attitude separation diagrams exhib-
ited increased stability when VRS-rover horizontal distances were less than 5
km across all tested LA uncertainty scenarios. Nevertheless, when the VRS-
rover horizontal distance exceeded 5 km, the attitude separation diagrams dis-
played slight fluctuations. These results indicate that the GNSS/IMU integra-
tion algorithm achieves more accurate LA estimation when shorter baselines
between the base and rover stations are employed. This observation under-
scores the enhanced precision in LA validation achieved with shorter baselines,
supporting the established principle that differential positioning accuracy de-
grades with increasing baseline length.
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4.4.2 Discussion and Implications

The study's most significant finding challenges conventional assumptions
about LA measurement requirements. The complete insensitivity of attitude
standard deviations to LA uncertainties ranging from 2 mm to 20 cm demon-
strates that, for the high-grade IMU employed (SPAN CNUSS5-H, Class 5),
attitude determination depends almost exclusively on gyroscope quality rather
than LA precision. This occurs because attitude integration operates in the an-
gular domain, where the IMU's direct angular rate measurements dominate the
solution in which these effects remain negligible for the aircraft dynamics en-
countered in typical photogrammetric missions.

The minimal impact on position standard deviations, on the order of 1-2
mm across all tested scenarios, indicates that the GNSS/IMU solution and its
formal covariance are largely insensitive to the a priori standard deviation as-
signed to the lever-arm vector, once that vector has been accurately surveyed.
In practical terms, the choice of stochastic weight given to an already well-
measured lever arm has little bearing on the final trajectory estimate, since the
precision of the GNSS observations dominates the overall error budget. This
finding should not, however, be read as evidence that an actual, uncorrected
lever-arm measurement error of up to 20 cm would be inconsequential. Be-
cause a rotation matrix preserves the magnitude of the vector it transforms, a
genuine bias of that size in the physical lever-arm coordinates would translate
into a sensor-position offset of comparable magnitude, with its distribution
across the north, east, and height components depending on the aircraft's atti-
tude at each epoch. The distinction between an assigned measurement uncer-
tainty and an actual calibration bias is therefore critical to how this result
should be interpreted, and it is one this thesis makes explicit to avoid overstat-
ing the tolerance of the system to genuine lever-arm miscalibration. However,
the forward-reverse separation analysis reveals a more nuanced interpretation.
While standard deviations remained unaffected by LA uncertainty assign-
ments, the separations themselves validate the accuracy of the terrestrially sur-
veyed LA. Had the true LA differed significantly from the measured value,
systematic biases would appear in forward-reverse separations regardless of
assigned uncertainties. The fact that all separations remained within opera-
tional thresholds confirms that the surveying methodology captured the true
sensor offset to sufficient precision.

The correlation between height separation and VDOP, independent of
LA uncertainty, underscores the fundamental limitation of satellite-based
positioning in the vertical dimension. Even with perfect LA knowledge,
height precision degrades during poor satellite geometry. This finding em-
phasizes that mission planning should prioritize GNSS constellation avail-
ability and base station proximity over incremental improvements in LA
measurement precision.

The observed baseline-dependent behaviour provides important insights
into the relative contributions of different error sources in GNSS/IMU integra-
tion. The transition from stable to unstable separation patterns at approximately
5 km suggests that differential atmospheric errors begin to overwhelm lever-
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arm-related uncertainties at extended baselines. This crossover point has sig-
nificant operational implications: efforts to improve LA measurement preci-
sion yield diminishing returns when reference station distances introduce
larger systematic errors into the positioning solution. The findings indicate that
mission planning should prioritize minimizing VRS-rover distances over
achieving millimetre-level LA accuracy, as atmospheric errors decorrelate
with increasing baseline length and eventually dominate the error budget. For
operational photogrammetry, this implies that network densification or strate-
gic reference station placement may provide greater exterior orientation pa-
rameter improvements than investing resources in ultra-precise terrestrial LA
surveys. The results reveal a fundamental hierarchy of error sources: at ex-
tended baselines exceeding 5 km, GNSS baseline-dependent atmospheric and
orbital errors dominate system performance, whereas LA uncertainties remain
secondary contributors at shorter baselines where differential atmospheric de-
lays maintain sufficient spatial correlation for effective cancellation.

The practical implications for operational photogrammetry are substantial.
The results suggest a tiered approach to LA determination based on project
requirements and available resources. For routine mapping with high-grade
IMUs and short GNSS baselines (< 5 km), approximate LA measurements
achieving 2-3 cm accuracy provide adequate performance. The terrestrial sur-
veying effort required to achieve millimetre-level precision yields negligible
improvements in EOPs standard deviations or final product accuracy. How-
ever, for mission-critical applications, long baselines, or lower-grade IMUs,
the validation capability of precise LA measurements remains valuable, not for
improving solutions directly, but for confirming system calibration and detect-
ing sensor mounting changes.

The study's limitations warrant consideration. The TerrainMapper 2 system
employs a Class 5 tactical-grade IMU with excellent bias stability and low ran-
dom walk. Lower-grade MEMS IMUs might exhibit greater sensitivity to LA
errors due to higher noise levels and poorer calibration stability Additionally,
the relatively benign aircraft dynamics encountered during photogrammetric
missions (gentle turns, constant altitude) limit the magnitude of motion-in-
duced errors arising from sensor offset. More aggressive manoeuvres with
higher angular rates could amplify LA sensitivity.

The alignment period asymmetry (901 s forward vs. 225 s reverse) provides
operational insight into integration initialization. The longer forward align-
ment likely reflects the need to resolve integer ambiguities and establish initial
velocity and attitude, while reverse processing benefits from known terminal
conditions. Understanding these time requirements helps optimize mission
planning and ensuring adequate straight-and-level flight at mission start and
end facilitates reliable alignment.

Future extensions of this work could investigate LA uncertainty impacts
across different IMU grades, comparing tactical, navigation, and MEMS sen-
sor classes to establish grade-specific calibration requirements. Dynamic LA
estimation, where the offset vector becomes a state variable in the KF, offers
potential for systems where mechanical flexure or thermal expansion alter the
physical sensor separation during flight. Additionally, examining LA
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sensitivity during aggressive aircraft manoeuvres such as steep banking and
rapid altitude changes would establish the applicability boundaries of these
findings beyond conventional photogrammetric missions.

A particularly promising direction involves investigating the coupled ef-
fects of LA errors, camera interior orientation parameters, and boresight misa-
lignment on final photogrammetric product accuracy. While this research iso-
lated LA uncertainty as an independent factor, operational systems experience
simultaneous errors from multiple calibration sources. The interaction between
LA specification errors and boresight angle misalignment may exhibit nonlin-
ear propagation characteristics, particularly when both errors align geometri-
cally to amplify positioning discrepancies in ground coordinates. Similarly, the
coupling between LA uncertainties and camera interior orientation parameters,
including principal point location and lens distortion coefficients, could influ-
ence both DG accuracy and bundle adjustment convergence. Systematic inves-
tigation of these multi-parameter error interactions would enable development
of holistic calibration strategies that optimize the entire sensor chain rather than
individual components in isolation, potentially revealing compensatory rela-
tionships where deliberate adjustment of one parameter set can mitigate errors
originating from another subsystem.

4.5 Synthesis and Overall Contributions

This thesis advances systematic and stochastic error analysis for airborne mo-
bile mapping systems by comprehensively investigating error sources affecting
EOPs estimation in GNSS/IMU-integrated photogrammetry. The four studies
collectively address critical knowledge gaps spanning data processing strate-
gies, systematic error modelling, sensor integration robustness, and calibration
precision requirements.

4.5.1 Complementary Contributions Across Studies

The central finding of this thesis is that EOP quality in airborne mobile map-
ping depends on the interaction of measurement uncertainties, geodetic and
GNSS infrastructure, trajectory processing and integration, and sensor calibra-
tion. The four papers address distinct aspects of the exterior orientation param-
eter estimation chain, yet their findings exhibit significant interdependencies
that reveal a coherent framework for understanding error propagation in air-
borne mobile mapping systems. Rather than operating as isolated investiga-
tions, each study illuminates how errors from different sources interact to de-
termine final georeferencing accuracy.

Papers I and II demonstrate a particularly compelling synergy in photo-
grammetric processing. Paper I established optimal observation weighting
schemes for integrating GNSS and IMU measurements within bundle adjust-
ment, while Paper II quantified systematic geodetic errors arising from DOV.
The results demonstrate, within the investigated conditions, that observation
weight optimization determines how effectively bundle adjustment can absorb
random measurement noise. In addition, the DOV corrections eliminate pre-
dictable geometric distortions that would otherwise manifest as residual
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patterns in ground control point discrepancies. The block-wise adjustment
strategy validated in Paper I provides the algorithmic framework within which
the geodetic corrections investigated in Paper II can be most effectively ap-
plied. This unified treatment of systematic GNSS shifts enables consistent ap-
plication of coordinate transformations across entire photogrammetric blocks,
avoiding strip-dependent variations that might interact unpredictably with
gravity field modelling uncertainties.

Papers Il and IV collectively establish infrastructure requirements and cal-
ibration priorities for robust DG. Paper III quantified how processing method-
ology choices fundamentally determine system resilience during operational
challenges such as signal interruptions, comparing forward filtering against
smoothing algorithms and network-based against single-baseline differential
positioning. Paper IV then examined whether ultra-precise sensor calibration,
specifically LA determination, provides commensurate improvements in exte-
rior orientation parameter quality. The integration of these findings reveals an
important operational hierarchy: processing algorithm selection and GNSS in-
frastructure configuration exert dominant influence on final accuracy, whereas
sensor calibration precision beyond moderate thresholds yields diminishing re-
turns. This relationship suggests that operational resources should prioritize
establishing robust network geometry and implementing post-processed
smoothing workflows before investing in millimetre-level mechanical surveys
of sensor offsets.

Building on the paper-specific findings above, this cross-study comparison
reveals that error sources scale differently with operational parameters, ena-
bling mission-specific optimization strategies: narrow field-of-view cameras
flown at lower altitudes with short GNSS baselines permit relaxed DOV cor-
rections and simplified LA calibration, whereas wide-angle sensors at high al-
titudes with extended network geometries demand rigorous geodetic modelling
despite tolerating less precise mechanical calibration. Perhaps most signifi-
cantly, the four studies collectively challenge the traditional assumption that
sensor-level calibration precision directly determines final georeferencing ac-
curacy and consequently the final product accuracy. While classical error prop-
agation theory suggests that measurement uncertainties cascade linearly
through the processing chain, the empirical findings demonstrate substantial
nonlinearities arising from redundancy in integrated systems. Bundle adjust-
ment algorithms absorb moderate exterior orientation parameter uncertainties
through tie point networks, smoothing algorithms retrospectively correct tra-
jectory drift by exploiting bidirectional information flow, and satellite geome-
try effects dominate positioning uncertainty beyond certain baseline distances
regardless of LA specification. This integrated perspective suggests that mod-
ern airborne mapping systems benefit more from robust algorithmic implemen-
tations and strategic infrastructure deployment than from incremental improve-
ments in individual sensor calibration procedures. Such insights fundamentally
reorient quality assurance priorities toward system-level optimization rather
than component-level precision, reflecting the evolution of photogrammetric
practice toward holistic integration strategies that leverage the complementary
strengths of multiple sensors and processing approaches.
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4.5.2 Operational Implications

The integrated findings from these four studies provide actionable guidance
for operational airborne mobile mapping workflows. Rather than pursuing uni-
form precision across all calibration parameters, practitioners can strategically
allocate resources based on the demonstrated hierarchy of error sources and
their operational context.

Geodetic infrastructure and processing algorithms emerge as the highest
priority for accuracy optimization. Maintaining virtual GNSS reference sta-
tion—rover baselines below 5 km can substantially reduce the contribution of
atmospheric decorrelation to the overall error budget, although the precise ben-
efit depends on atmospheric conditions, satellite geometry, constellation avail-
ability, observation duration, and processing strategy. Implementing Rauch-
Tung-Striebel smoothing in post-processing reduces uncertainties by up to
95% for position and 60% for orientation compared to forward-only filtering.
These infrastructure and algorithmic choices provide substantially greater ac-
curacy improvements than incremental sensor calibration refinements, sug-
gesting that network densification and robust processing workflows should re-
ceive priority in operational planning and resource allocation.

In addition, a physical geodetic correction requires here which needs geo-
detic infrastructure related to the Earth’s gravity field i.e. DOV correction. The
DOV effect varies with terrain characteristics and sensor configurations. DOV
corrections become essential in mountainous regions, where regional gravity
models such as SWEN17 RH2000 for Sweden should replace global models
like EGM2008 to capture high-frequency topographic signals inadequately re-
solved at the approximately 9 km spatial resolution of spherical harmonic ex-
pansions. Mission planning can further minimize geodetic distortions through
terrain-specific flight azimuth optimization, with optimal directions varying
substantially between southern and northern Sweden due to regional gravity
field characteristics. These azimuth-dependent error patterns enable predictive
mission design that reduces coordinate errors before data acquisition rather
than relying solely on post-processing corrections.

Photogrammetric adjustment strategies benefit from block-wise processing
with carefully optimized observation weights. The empirically validated un-
certainty assignments of 0.2 m for GNSS position observations and 0.007°,
0.007°, 0.009° for IMU roll, pitch, and heading enable bundle adjustment al-
gorithms to appropriately balance direct observations against photogrammetric
tie point networks. This configuration reduces checkpoint residuals by approx-
imately 6 cm horizontally compared to strip-wise approaches or suboptimal
weighting schemes, while maintaining statistical consistency that minimizes
outlier rejection and preserves observation redundancy.

Sensor calibration requirements can be relaxed for certain parameters with-

out compromising final product quality. LA measurements achieving 2 to 3 cm
accuracy through conventional terrestrial surveying methods prove sufficient
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for tactical-grade IMU systems, as GNSS satellite geometry and atmospheric
effects dominate positioning uncertainty beyond this threshold. The substantial
effort required for millimetre-level mechanical surveys yields negligible im-
provements in exterior orientation parameter quality, suggesting that calibra-
tion resources would be better invested in establishing robust GNSS network
geometry or implementing advanced processing algorithms. These findings
challenge traditional emphasis on ultra-precise sensor alignment, instead di-
recting attention toward system-level optimization where algorithmic and in-
frastructure enhancements provide superior return on investment.
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Chapter 5

Conclusions
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Introduction

This chapter synthesises the principal findings from the four research studies
presented in this thesis, addressing the research objectives established in Chap-
ter 1 and articulating both theoretical and practical contributions to the field of
airborne mobile mapping. The limitations of the current investigation are
acknowledged, and promising directions for future research are outlined to
guide continued advancement in quality assessment methodologies for
GNSS/IMU-integrated photogrammetry.

5.1 Summary of Key Findings

This thesis investigated four critical factors affecting exterior orientation pa-
rameter accuracy in airborne mobile mapping systems: observation uncertain-
ties effects in aerial triangulation, Earth’s gravity field related parameters ef-
fects on DG, GNSS signal stability impacts on navigation solutions, and sensor
calibration parameters such as LA measurement precision requirements. The
integrated findings establish a comprehensive framework for quality assess-
ment and error mitigation in high-precision photogrammetric applications.

Within the first study (case study), block-wise aerial triangulation yielded
superior accuracy compared to strip-wise approaches under conditions of well-
distributed ground control points and a large photogrammetric block, with de-
tailed results presented in Section 4.1. However, this finding should be inter-
preted with caution, as the optimal correction strategy depends on block geom-
etry, GCP distribution, and sensor characteristics, and may not generalize di-
rectly to all operational configurations. The optimal observation weight con-
figuration (0.2 m for GNSS, 0.007°/0.007°/0.009° for IMU) minimizes
statistical inconsistencies while achieving maximum accuracy.

The second study quantified DOV effects across Sweden's diverse terrain, with
detailed error magnitudes presented in Section 4.2. The findings establish when
global EGM2008 models suffice versus when regional SWEN17 RH2000 solu-
tions become necessary, particularly in mountainous regions.

The third study demonstrated the critical importance of smoothing algorithms
for GNSS outage mitigation, with quantitative improvements detailed in Section
4.3. Tightly coupled integration maintained operational accuracy during interrup-
tions up to 180 seconds when post-processing smoothing was applied.

The fourth study established practical calibration tolerances for LA meas-
urements, as detailed in Section 4.4. Tactical-grade IMU systems exhibit re-
markable insensitivity to uncertainties below 20 cm, with GNSS satellite ge-
ometry exerting dominant influence over position accuracy.
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5.2 Addressing the Research Questions

The four research questions established in Section 1.8 have been systematically
addressed through empirical investigation, each contributing essential
knowledge toward understanding how multiple error sources interact to deter-
mine exterior orientation parameter quality in airborne mobile mapping systems.

RQ1: Assessing Observation Uncertainties Effects in Aerial Triangulation
The first research question sought to establish empirically validated weighting
schemes for GNSS position and IMU attitude observations within GNSS/IMU-
supported bundle adjustment. This question emerged from the recognition that
bundle adjustment algorithms require appropriate stochastic models to balance
direct sensor measurements against photogrammetric geometric constraints, yet
no universally validated weighting scheme existed, as prior studies had demon-
strated that optimal uncertainty values are dataset- and sensor-dependent.

To investigate this question, a comprehensive sensitivity analysis was con-
ducted using a large photogrammetric block over Gothenburg, Sweden, sys-
tematically varying GNSS position uncertainties while holding IMU uncertain-
ties constant, and independently varying IMU orientation uncertainties while
holding GNSS uncertainties constant. Two systematic error correction strate-
gies, strip-wise and block-wise GNSS shift and drift modelling, were com-
pared across all weight combinations through checkpoint residual statistics,
statistical hypothesis testing, and independent LiDAR validation.

The appropriately assigned stochastic models improve solution stability and
directly address the first research question by establishing that observation weight
optimization yields measurable accuracy benefits, but these benefits depend crit-
ically on the systematic error correction strategy employed. Notably, the block-
wise method consistently estimated zero drift parameters, indicating that simpler
constant-shift models adequately capture systematic GNSS positioning biases for
well-controlled blocks, whereas strip-wise drift corrections likely represent over-
parameterization rather than genuine systematic bias variations. The broader sig-
nificance lies in demonstrating that processing methodology choices, specifically
unified block-level error modelling combined with realistic sensor uncertainty as-
signments, provide a more effective path to accuracy improvement than strip-by-
strip correction approaches that introduce additional degrees of freedom without
corresponding geometric justification.

RQ2: Investigating Deflection of the Vertical in Direct Georeferencing
The second research question aimed to quantify coordinate errors introduced
by DOV effects across diverse Swedish terrain and flight configurations, ad-
dressing the question of when and where geodetic corrections transition from
optional refinements to essential requirements for high-accuracy DG.

This question was investigated through systematic computation of deflec-
tion components using two independent approaches: the global EGM2008 ge-
opotential model and Sweden's regional SWEN17 RH2000 quasigeoid model.
Deflection components were computed at flight altitudes spanning operational
ranges using upward continuation techniques, and coordinate errors were
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propagated through DG equations for camera configurations representing nar-
row and wide field-of-view sensors. The analysis covered Sweden's entire lat-
itudinal extent, encompassing flat coastal plains, moderately rolling terrain,
and mountainous regions with significant elevation gradients.

The comparison between global and regional models demonstrated a good
agreement in flat to moderately rolling regions, indicating that global models
provide adequate accuracy for most mapping applications. However, in moun-
tainous regions, discrepancies emerged where the global model's spatial reso-
lution fails to capture high-frequency topographic signals adequately resolved
in regional models. These error magnitudes prove comparable to modern tac-
tical-grade IMU uncertainties, confirming that deflection corrections have
transitioned from negligible to essential for high-accuracy applications. The
research further identified terrain-specific optimal flight azimuths that mini-
mize coordinate errors, with optimal directions varying regionally due to grav-
ity field characteristics. This investigation directly answers the second research
question by establishing quantitative thresholds: deflection corrections become
critical for surveys targeting high horizontal accuracy at elevated flight alti-
tudes, particularly when employing wide field-of-view cameras over topo-
graphically complex terrain. The broader contribution demonstrates that geo-
detic rigor in processing workflows has become essential as sensor accuracy
improvements push DG into centimetre-level regimes where systematic effects
previously dismissed as negligible now represent dominant error sources.

RQ3: Studying GNSS Signal Outage Resilience

The third research question investigated how processing algorithm selection,
specifically the choice between forward KFing and Rauch-Tung-Striebel
smoothing alongside network versus single-baseline differential positioning,
influences exterior orientation parameter quality during GNSS signal interrup-
tions, a practical operational challenge arising from aircraft manoeuvres, elec-
tromagnetic interference, or temporary receiver malfunctions.

The investigation employed tightly coupled GNSS/IMU integration with
simulated complete signal outages ranging from brief interruptions to extended
durations. Four processing configurations were systematically compared: sin-
gle-baseline forward filtering, network-based forward filtering, single-baseline
smoothing, and network-based smoothing. Baseline performance was estab-
lished under nominal continuous operation, then outage-induced degradation
was quantified through position and orientation uncertainty analysis. The
framework additionally compared tightly coupled integration, where raw
GNSS observations directly enter the KF, against loosely coupled integration,
where pre-computed positions constrain the solution.

These findings directly address the third research question by establishing
that algorithmic sophistication, post-processing smoothing combined with
tightly coupled integration, provides far greater resilience improvements than
infrastructure enhancements alone. The bidirectional information flow inher-
ent in smoothing enables retrospective correction of drift accumulated during
signal loss, whereas forward-only filtering allows errors to grow unconstrained
until GNSS restoration. Network-based processing consistently outperformed
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single-baseline approaches, though improvements under normal conditions
proved modest, indicating that network configurations provide valuable redun-
dancy during challenging signal environments rather than dramatic baseline
accuracy enhancement. The broader implication challenges traditional opera-
tional practice: investing in advanced processing algorithms yields superior re-
turn compared to incremental sensor upgrades or simplified workflows, funda-
mentally reorienting quality assurance priorities toward system-level optimi-
zation rather than component-level specifications.

RQ 4: Studying GNSS/IMU Lever Arm Calibration

The fourth research question examined the relationship between LA measure-
ment uncertainty and exterior orientation parameter quality, addressing the
practical question of whether millimetre-level terrestrial surveying efforts pro-
vide commensurate accuracy improvements or whether moderate-precision
calibration suffices for operational systems.

This investigation employed a tactical-grade airborne mapping system with
LA components determined through high-precision terrestrial surveying. Sys-
tematic uncertainty assignment spanning two orders of magnitude was applied
during tightly coupled processing, with evaluation through multiple comple-
mentary metrics: standard deviation analysis of attitude and position parame-
ters, forward-reverse separation testing, position misclosure assessment, and
correlation analysis between virtual reference station-rover baseline distance
and separation behaviours.

The analysis demonstrated that GNSS satellite geometry exerted substan-
tially greater influence on position standard deviations than LA uncertainty
variations across the tested range. Critically, virtual reference station-rover
baseline distance emerged as a modulating factor: separations remained stable
for short baselines but displayed unstable behaviour beyond empirically deter-
mined thresholds, indicating that differential atmospheric errors and baseline-
dependent GNSS effects dominate over LA calibration precision at extended
distances. These results directly answer the fourth research question by estab-
lishing that LA measurements achieving moderate accuracy through conven-
tional terrestrial surveying methods prove sufficient for tactical-grade systems
operating with short GNSS baselines, as atmospheric and satellite geometry
effects dominate the error budget beyond this calibration threshold. The sub-
stantial effort required for millimetre-level mechanical surveys yields negligi-
ble improvements in final exterior orientation parameter quality. The broader
scientific contribution demonstrates that error propagation in redundant inte-
grated systems exhibits substantial nonlinearities: traditional linear uncertainty
propagation would suggest that sensor calibration precision directly deter-
mines output accuracy, yet empirical findings reveal that algorithmic filtering,
satellite constellation geometry, and atmospheric correlation distances exert
dominant influence, fundamentally challenging component-level precision re-
quirements and redirecting calibration resources toward system-level optimi-
zation strategies.
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5.3 Thesis Contributions in Aerial Mobile Mapping

In classical error analysis, it is commonly assumed that measurement uncer-
tainties propagate through a system in a proportional, additive manner, mean-
ing that a larger error in one sensor input should result in a correspondingly
larger error in the final output. However, the findings of this thesis reveal that
this assumption does not always hold in multi-sensor integrated systems. When
GNSS and IMU data are fused together, the redundancy between sensors cre-
ates a compensating effect: errors originating from one source, such as an im-
precise LA measurement, may be effectively suppressed by the stronger influ-
ence of another, such as satellite geometry. As a result, the relationship be-
tween input uncertainty and output accuracy becomes nonlinear, and the sys-
tem proves more resilient to individual sensor errors than classical theory
would predict.

Error Source Classification Framework: The research establishes a system-
atic taxonomy for categorizing factors affecting EOPs quality based on their
operational characteristics and correction strategies. This framework distin-
guishes between direct estimation factors, which operate within the adjustment
and integration algorithms themselves, and external systematic errors, which
require independent modelling or compensation. Direct estimation factors in-
clude observation weight assignments and sensor offset calibration parameters
that can be optimized through adjustment configuration and algorithmic tun-
ing. External systematic errors encompass geodetic distortions such as DOV
effects and stochastic challenges such as signal interruptions, which demand
mission-specific assessment and correction strategies independent of the inte-
gration algorithm itself. This conceptual distinction clarifies where algorithmic
optimization versus external correction provides optimal accuracy gains, ena-
bling practitioners to identify whether accuracy limitations stem from pro-
cessing methodology choices or require enhanced physical infrastructure and
geodetic modelling.

Critically, the framework also distinguishes between systematic errors,
which exhibit predictable and repeatable patterns that can be corrected through
modelling (for example DOV effects and inappropriate a priori observation
uncertainty assignments), and stochastic errors, which vary in a less predicta-
ble manner and therefore require robust algorithmic strategies (for example
GNSS outages and LA measurement noise under varying satellite geometry).

Nonlinear Error Propagation in Redundant Systems: Taken together, the
empirical findings across the four studies show that the sensitivity of final out-
put accuracy to any single input uncertainty depends heavily on how that un-
certainty is weighted within the estimator, how much redundancy the measure-
ment system provides, the quality of the sensors involved, and the geometry of
the mission itself. This means that specifying the precision of an individual
component in isolation is rarely sufficient to predict how well the overall sys-
tem will perform operationally. Rather than contradicting established uncer-
tainty propagation theory, these results illustrate a point that is often
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underappreciated in practice: redundancy and estimator weighting in multi-
sensor photogrammetric systems can substantially dampen the effect that any
one input's uncertainty has on the final result, so that operational quality assur-
ance must consider the system as a whole rather than relying solely on compo-
nent-level specifications.. Bundle adjustment algorithms absorb moderate ex-
terior orientation parameter uncertainties through photogrammetric tie point
network constraints, effectively redistributing errors across the geometric
framework rather than propagating them directly to output coordinates. Post-
processing smoothing algorithms exploit bidirectional information flow to ret-
rospectively correct trajectory drift, fundamentally altering error accumulation
behaviour compared to forward-only filtering. Satellite constellation geometry
and atmospheric correlation distance effects dominate positioning uncertainty
beyond empirically determined thresholds, masking LA calibration precision
variations across two orders of magnitude. These observations reveal that in-
tegrated airborne mapping systems exhibit emergent error characteristics not
predictable from component-level specifications alone, requiring system-level
analysis frameworks that account for algorithmic redundancy and sensor com-
plementarity rather than simple uncertainty propagation calculations.

Relative Influence of Error Sources Under Varying Mission Conditions:
The cross-study synthesis reveals that the influence of different error sources
on exterior orientation parameter accuracy is not fixed, but varies according to
mission configuration, processing strategy, and operational environment. Un-
der the conditions investigated in this thesis, processing algorithm selection,
specifically the choice between forward filtering and bidirectional smoothing
combined with tightly coupled integration, emerged as a particularly influen-
tial factor in determining system resilience and final accuracy. Baseline-
length-dependent atmospheric decorrelation and satellite geometry configura-
tions were found to further shape the effectiveness of infrastructure enhance-
ments such as reference station network densification. Systematic geodetic
corrections, including deflection of the vertical compensation, proved espe-
cially significant in mountainous terrain and at higher flight altitudes with wide
field-of-view cameras, while their importance diminished in flat regions and
lower-altitude campaigns. Sensor-level calibration precision, specifically LA
measurement, showed context-dependent sensitivity, as its contribution to ex-
terior orientation parameter accuracy became less pronounced when satellite
geometry and atmospheric effects were the dominant limiting factors. These
findings suggest that quality assurance in airborne mobile mapping benefits
from a context-aware approach, where the relative contribution of each error
source is assessed against mission-specific conditions before allocating cali-
bration and processing resources.

Observation Uncertainty assignment in GNSS/IMU-Supported Bundle
Block Adjustment:

This investigation shows that selecting the right observation weights in bundle
block adjustment is not simply a matter of reading values from sensor specifi-
cations. The results demonstrate that the performance of different weight
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assignments depends closely on which systematic error correction strategy is
applied alongside them. Specifically, the block-wise GNSS shift correction,
which applies a single constant offset to the entire flight block, consistently
produced better results than the strip-wise approach, which estimated separate
time-dependent drift parameters for each individual flight strip. Notably, the
block-wise processing consistently returned zero drift values, suggesting that
the drift terms produced by the strip-wise method do not reflect genuine
changes in the data, but are instead a consequence of fitting too many parame-
ters to a problem that does not require them. This finding highlights an im-
portant principle in adjustment design: observation weighting and systematic
error modelling are closely connected, and both need to be considered together
to achieve a reliable solution. In practical terms, this means that identifying
appropriate observation weights requires more than consulting sensor
datasheets. It requires understanding the geometry of the flight block, the dis-
tribution of ground control points, and the type of systematic error correction
being applied.

5.4 Limitations of the Study

The outcomes of this thesis should not be interpreted as universal rules, as the
results may depend on many factors discussed throughout the preceding chap-
ters. These factors include sensor characteristics, flight altitude and other flight
configurations, terrain, GNSS infrastructure, atmospheric conditions, the
availability of ground control, and the processing strategy. While this research
provides comprehensive insights into systematic and stochastic error sources
affecting EOPs in airborne mobile mapping, several limitations circumscribe
the generalizability of the findings and point toward areas requiring further
investigation. The geographic scope of the four studies remains confined to
Swedish territory, which, despite encompassing diverse terrain from southern
coastal plains to northern mountainous regions, does not capture the full range
of environmental conditions encountered globally. Extreme mountain ranges
such as the Alps, Himalayas, or Andes exhibit substantially larger topographic
relief and correspondingly larger DOV magnitudes than observed anywhere in
Sweden. Equatorial regions experience distinct ionospheric conditions that af-
fect GNSS signal propagation differently from mid-latitude environments,
while polar regions present unique challenges related to satellite constellation
geometry and magnetic field variations that can affect IMU calibration behav-
iour. Validation in these geographically diverse contexts would strengthen
confidence in the broader applicability of the findings and operational recom-
mendations presented here.

The sensor systems tested represent a limited subset of available technolo-
gies. The Applanix POS AV 510 and the NovAtel SPAN CNUS-H IMU both
occupy the tactical-grade performance tier, and the findings regarding optimal
observation weights and integration robustness reflect the error characteristics
specific to this class of sensor. Consumer-grade MEMS IMUs exhibit substan-
tially different noise behaviour and may show greater sensitivity to LA uncer-
tainties owing to their lower intrinsic accuracy, while navigation-grade
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systems using fiber-optic or ring-laser gyroscopes achieve superior perfor-
mance that could shift optimal weighting configurations. Similarly, the Ultra-
Cam Eagle represents large-format metric photogrammetric cameras; smaller
or non-metric cameras commonly used in UAV-based mapping present differ-
ent interior orientation stability characteristics that were not addressed in this
work. Testing across a broader sensor spectrum would clarify how the findings
scale to different operational and technological contexts.

The GNSS signal outage simulations addressing RQ3, while systematically
designed, represent idealised total interruptions rather than the complex and
gradual signal degradation patterns encountered in real operational environ-
ments. In airborne mobile mapping, signal degradation typically arises from
aircraft banking manoeuvres that temporarily obstruct the GNSS antenna, low
signal-to-noise conditions during aggressive turns, and ionospheric disturb-
ances that introduce rapid carrier phase fluctuations not captured by simple
data masking. Forest canopy attenuation, relevant for low-altitude flights, pro-
duces spatially variable signal blockage depending on vegetation density and
canopy structure. In mountainous terrain, topographic masking can block sat-
ellite signals from certain azimuths, reducing the available constellation and
degrading positioning geometry. Field validation campaigns conducted in
these challenging real-world environments would provide more realistic as-
sessments of integration robustness and help confirm whether the empirical
thresholds derived from simulated conditions translate reliably to operational
practice.

The temporal scope of the empirical data spans from 2017 to 2021, predat-
ing several recent developments in GNSS infrastructure and sensor technol-
ogy. The growing proliferation of Low Earth Orbit satellite augmentation con-
stellations, the continued maturation of multi-constellation receivers simulta-
neously tracking GPS, GLONASS, Galileo, and BeiDou signals, and improve-
ments in real-time precise point positioning services may alter the relative
importance of the error sources examined here. Advances in IMU miniaturiza-
tion for UAV platforms may similarly shift optimal calibration and measure-
ment uncertainties. Ongoing validation with contemporary systems is therefore
advisable to ensure that the operational recommendations presented in this the-
sis remain current as the technology landscape continues to evolve.

It is also worth acknowledging openly that the accuracy of 3D geospatial
products in airborne photogrammetry depends on a considerably broader range
of factors than those investigated across the four studies. The research was de-
liberately scoped to address four specific EOPs error sources, namely meas-
urement uncertainties in aerial triangulation, deflection of the vertical in direct
georeferencing, GNSS signal outages during flight, and LA measurement pre-
cision. However, this focus necessarily left other relevant contributors unex-
amined, not because they are inconsequential, but because a rigorous investi-
gation of each fell outside what was feasible within the time and data con-
straints of a single doctoral project.

One of the most practically significant unaddressed factors concerns the
coordinate uncertainty of the reference GNSS stations used as base stations in
differential processing. Throughout all four studies, reference station
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coordinates were treated as fixed and error-free within the processing frame-
work. In reality, these coordinates carry their own uncertainty arising from the
accuracy of the geodetic network adjustment, long-term monument instability,
unmodeled tectonic motion, and the realization quality of the underlying ref-
erence frame. In differential GNSS processing, any error in the reference sta-
tion coordinates can propagate systematically into the rover trajectory solution
and therefore into all derived EOPs, in a way that is largely indistinguishable
from other biases present in the system. This effect is most pronounced for
campaigns relying on a single base station and is substantially mitigated when
network-based corrections from a well-maintained infrastructure such as
SWEPOS are employed, as was the case in the studies addressing RQ3 and
RQ4. Nevertheless, the residual absolute uncertainty of even network-derived
VRS coordinates is not zero, and this uncertainty was not formally propagated
through the EOPs estimation chain in any of the four studies.

A further limitation is that the quality of the raw GNSS and IMU measure-
ments was not independently assessed or controlled as an experimental varia-
ble across the studies. For the IMU, raw measurement quality is influenced by
how the sensor responds to temperature changes during warm-up and flight,
vibration from the aircraft engine and airframe, and the gradual shift of factory
calibration values over the sensor's working life. These factors collectively de-
fine a practical limit on achievable accuracy, below which no processing algo-
rithm can further improve the trajectory solution. A more thorough character-
ization of sensor health and raw observation quality across different campaigns
and flight conditions would therefore strengthen confidence in how broadly
the findings of this thesis can be applied.

5.5 Future Research Directions

The findings and limitations discussed above point to four concrete avenues
for extending the quality-assessment framework developed in this thesis. Multi-
sensor validation represents a critical next step for generalizing findings across
different equipment classes. Systematic testing with MEMS-grade IMUs com-
mon in consumer UAV platforms would clarify whether the demonstrated insen-
sitivity to LA uncertainties persists at lower sensor performance levels or
whether tighter calibration tolerances become necessary. Conversely, naviga-
tion-grade IMUs with fiber-optic gyroscopes achieving orientation accuracies
below 0.005° might benefit from more sophisticated measurement uncertainties
that better exploit their superior performance. Evaluation across multiple camera
systems, including small-format non-metric cameras, medium-format phase-one
sensors, and emerging CMOS technologies, would establish whether optimal
bundle adjustment configurations remain consistent or require camera-specific
adjustments depending on whether interior orientation parameters remain stable
or drift with temperature, time, and operational conditions.

Real-world GNSS denial scenarios in operational environments would pro-
vide critical validation of simulated outage findings. Field campaigns in dense
urban environments with tall buildings creating signal blockage, forested re-
gions with varying canopy density, and mountainous terrain with topographic
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masking would reveal whether the 95% uncertainty reduction from smoothing
algorithms observed under idealised conditions translates to practical accuracy
improvements. Investigation of gradual signal quality degradation rather than
abrupt interruptions would clarify integration algorithm performance under re-
alistic conditions. Equatorial regions experiencing ionospheric scintillation of-
fer opportunities to evaluate robustness under challenging propagation condi-
tions. These studies would establish operational resilience thresholds and val-
idate whether laboratory-derived guidelines provide adequate margins for field
applications.

Dynamic LA estimation through KF state augmentation offers potential for
in-flight calibration refinement. Rather than treating the GNSS antenna-to-
IMU offset as a fixed parameter measured during pre-flight procedures, joint
estimation of position, velocity, orientation, sensor biases, and LA components
could accommodate thermal expansion, structural flexure, or measurement un-
certainties. The demonstrated insensitivity to static LA errors suggests that es-
timation convergence might prove challenging due to weak observability, but
multi-flight campaigns with varied manoeuvres and flight patterns could pro-
vide sufficient geometric diversity for reliable determination. Successful dy-
namic estimation would eliminate dedicated calibration procedures and reduce
operational overhead, while potentially improving accuracy through continu-
ous adaptation to changing structural geometry.

Multi-constellation GNSS integration benefits warrant systematic evalua-
tion in the context of airborne mapping accuracy requirements. Modern receiv-
ers tracking GPS, GLONASS, Galileo, and BeiDou simultaneously achieve
improved satellite geometry, enhanced redundancy, and reduced time-to-first
fix compared to single-constellation operation. However, inter-system biases,
differential signal characteristics, and varying clock stability introduce com-
plexities in tightly coupled integration. Quantifying whether multi-constella-
tion operation provides sufficient accuracy improvements to relax other system
requirements such as reference station network density or IMU performance
specifications would inform cost-benefit analyses for equipment procurement
decisions.

DOV modelling in extreme topography represents a fundamental challenge
in physical geodesy where the theoretical framework advances beyond availa-
ble observational infrastructure. The findings addressing RQ2 demonstrated
that regional gravity models are adequate for Swedish terrain; this adequacy
does not necessarily extend to high-mountain environments where both data
acquisition and model validation face substantial practical barriers. Mountain-
ous regions present compounded difficulties: sparse terrestrial gravity meas-
urements due to access limitations, degraded DTM quality in areas with steep
slopes and snow cover, and DOV magnitudes potentially exceeding 50 arc-
seconds where modelling uncertainties become comparable to the geodetic sig-
nals themselves. Recent developments in zenith camera technology, including
implementation efforts at the University of Gévle, offer promising pathways
for direct astronomical DOV determination that circumvents reliance on grav-
ity field interpolation in data-sparse regions. However, zenith camera meas-
urements provide point-wise validation rather than continuous spatial coverage
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required for flight trajectory correction, highlighting the persistent need for en-
hanced gravity data collection strategies in topographically complex terrain.
Future research should prioritize improving DOV models specifically for
mountainous areas through targeted terrestrial gravity campaigns, advanced
interpolation techniques that better exploit sparse observations, and integration
of multiple validation sources including astronomical measurements, high-res-
olution geoid models derived from satellite missions, and photogrammetric
bundle adjustment residual analysis. Advancing physical geodesy infrastruc-
ture in these challenging environments directly enables the centimetre-level
DG accuracy that modern airborne mapping applications increasingly demand,
particularly for natural hazard monitoring, glaciology, and alpine infrastructure
management where traditional ground control establishment proves logisti-
cally prohibitive.

5.6 Concluding Remarks

This thesis has shown that, in GNSS/IMU-integrated airborne photogrammetry,
processing-algorithm choices, particularly tightly coupled integration combined
with Rauch-Tung-Striebel smoothing, and GNSS infrastructure choices, partic-
ularly network-based reference stations and short virtual reference station—rover
baselines, generally exert a stronger influence on EOPs accuracy than sensor-
level calibration precision, a finding that runs counter to the linear error-propa-
gation assumptions long embedded in calibration practice.

By offering the first systematic, terrain- and altitude-dependent character-
ization of DOV effects for Swedish mapping conditions, together with vali-
dated observation-weighting strategies for bundle adjustment, the work trans-
lates abstract error-propagation theory into practical, mission-specific guid-
ance for practitioners moving toward direct-georeferencing workflows.

As sensor technologies and multi-constellation GNSS infrastructure con-
tinue to evolve, the frameworks established here provide a foundation for con-
tinued quality-assessment research in airborne mobile mapping. By establish-
ing validated approaches for classifying, quantifying, and mitigating both sys-
tematic and stochastic error sources in integrated GNSS/IMU sensor systems,
this research contributes to realizing the full potential of airborne mobile map-
ping for urban development, environmental monitoring, disaster response, and
infrastructure management.

134



References

Aber, J.S. et al. (2019) “Unmanned Aerial Systems,” Small-Format Aerial
Photography and UAS Imagery, pp. 119-139. Available at:
https://doi.org/10.1016/B978-0-12-812942-5.00008-2.

Agren, J., Kempe, C. and Lantmiiteriet, L.J. (2018) “Noggrann héjdbestimning
med den nya nationella geoidmodellen SWEN17 RH2000 Enheten for
Geodetisk Infrastruktur, Sektionen for Referenssystem.” Available at:
https://www.isgeoid.polimi.it/Geoid/Europe/Sweden/SWEN17 _RH2000
_180321.pdf (Accessed: March 28, 2026).

Arkali, M. and Atik, M.E. (2025) “Accuracy Assessment of RTK, PPK, and
PPP-AR Techniques for Direct Georeferencing in UAV-Based
Photogrammetric =~ Mapping,”  International — Archives of the
Photogrammetry, Remote Sensing and Spatial Information Sciences -
ISPRS Archives, pp. 325-330. Available at: https://doi.org/10.5194/isprs-
archives-XLVIII-M-6-2025-325-2025.

Bachmann, N. et al. (2022) “The Contribution of Data-Driven Technologies in
Achieving the Sustainable Development Goals,” Sustainability
(Switzerland), 14(5). Available at: https://doi.org/10.3390/su14052497.

Bagherbandi, M. et al. (2022) “Deflection of Vertical Effect on Direct
Georeferencing in Aerial Mobile Mapping Systems: A Case Study in
Sweden,” Photogrammetric Record, 37(179), pp. 285-305. Available at:
https://doi.org/10.1111/phor.12421.

Barzaghi, R. et al. (2016) “Computing the Deflection of the Vertical for
Improving Aerial Surveys: A Comparison between EGM2008 and
ITALGEOOS Estimates,” Sensors 2016, Vol. 16, Page 1168, 16(8), p.
1168. Available at: https://doi.org/10.3390/s16081168.

Boguspayev, N. et al. (2023) “A Comprehensive Review of GNSS/INS
Integration Techniques for Land and Air Vehicle Applications,” Applied
Sciences (Switzerland), 13(8). Available at: https://doi.org/10.3390/
app13084819.

Bommakanti, H.R.K. (2019) Impact of Time Synchronization Accuracy in
Integrated Navigation Systems KTH Master Thesis Report. Available at:
https://www.diva-portal.org/smash/get/diva2:1354856/FULLTEXTO1.pdf
(Accessed: March 25, 2026).

Brandt, S.A. et al. (2021) “Mapping Flood Risk Uncertainty Zones in Support
of Urban Resilience Planning,” Urban Planning, 6(3), pp. 258-271.
Available at: https://doi.org/10.17645/up.v6i3.4073.

Brodie, M.A., Walmsley, A. and Page, W. (2008) “The static accuracy and
calibration of inertial measurement units for 3D orientation,” Computer
Methods in Biomechanics and Biomedical Engineering, 11(6), pp. 641—
648. Available at: https://doi.org/10.1080/10255840802326736.

Brown, R.G. and Hwang, P.Y.C. (1997) “Introduction to random signals and
applied Kalman filtering : with MATLAB exercises and solutions,” itrs
[Preprint].

135



Carbonneau, P.E. and Dietrich, J.T. (2017) “Cost-effective non-metric
photogrammetry from consumer-grade sUAS: implications for direct
georeferencing of structure from motion photogrammetry,” Earth Surface
Processes and Landforms, 42(3), pp. 473-486. Available at:
https://doi.org/10.1002/esp.4012.

Chu, T. et al. (2012) “Monocular Camera/IMU/GNSS Integration for Ground
Vehicle Navigation in Challenging GNSS Environments,” Sensors 2012,
Vol. 12, Pages 3162-3185, 12(3), pp. 3162-3185. Available at:
https://doi.org/10.3390/s120303162.

Chunpeng, K. and Zhong, S. (2008) “Design of data acquisition and processing
system for IMU,” Proceedings - 2nd 2008 International Symposium on
Intelligent Information Technology Application Workshop, IITA 2008
Workshop, pp. 585-588. Available at: https://doi.org/10.1109/
IITA.Workshops.2008.82.

Colomina, I. et al. (2003) “WHAT CAN SKEWED REDUNDANT IL.M.U.
CONFIGURATIONS CONTRIBUTE TO PHOTOGRAMMETRY?,” 9,
pp. 22-23.

Colomina, I. et al (2004) “REDUNDANT IMUS FOR PRECISE
TRAJECTORY DETERMINATION.”

Cramer, M. and Stallmann, D. (2001) “On the use of GPS / inertial exterior
orientation parameters,” Most [Preprint], (March 2002).

Dev Acharya, T. and Ha Lee, D. (2019) “Remote Sensing and Geospatial
Technologies for Sustainable Development: A Review of Applications,”
Sensors and Materials, 31(11), pp. 3931-3945. Available at:
https://doi.org/10.18494/SAM.2019.2706.

Ebadi, H. (2006) Advanced Analytical Aerial Triangulation. Available at:
https://wp.kntu.ac.ir/ebadi/AAT.pdf.

Ekaso, D., Nex, F. and Kerle, N. (2020) “Accuracy assessment of real-time
kinematics (RTK) measurements on unmanned aerial vehicles (UAV) for
direct geo-referencing,” Geo-Spatial Information Science, 23(2), pp. 165—
181. Available at: https://doi.org/10.1080/10095020.2019.1710437.

El-Sheimy, N. (2005) “An overview of mobile mapping systems,” FIG
Working Week, pp. 1-24. Available at: https://www.fig.net/resources/
proceedings/fig_proceedings/cairo/papers/ts_17/ts17_03_elsheimy.pdf
(Accessed: March 25, 2026).

Elbahnasawy, M., Shamseldin, T. and Habib, A. (2018) “Image-assisted
GNSS/INS navigation for UAV-based mobile mapping systems during
GNSS outages,” 2018 IEEE/ION Position, Location and Navigation
Symposium, PLANS 2018 - Proceedings, pp. 417-425. Available at:
https://doi.org/10.1109/PLANS.2018.83734009.

Elhashash, M., Albanwan, H. and Qin, R. (2022) “A Review of Mobile
Mapping Systems: From Sensors to Applications,” Sensors, 22(11).
Available at: https://doi.org/10.3390/s22114262.

Farrell, J.A. (2008) “Aided Navigation Systems: GPS and High Rate Sensors,”
p. 552.

Flood, M. and Gutelius, B. (1997) “Commercial implications of topographic
terrain mapping using scanning airborne laser radar,” Photogrammetric
Engineering and Remote Sensing [Preprint].

136



Forsberg, R. and Tscherning, C. (2008) “An overview manual for the
GRAVSOFT geodetic gravity field modelling programs,” Contract
report for JUPEM, (September), pp. 1-59. Available at:
http://scholar.google.com/scholar?hl=en&btnG=Search&qg=intitle: An+o
verview+manual+for+the+GRAVSOFT+Geodetict+Gravity+Field+Mode
lling+Programs#0 (Accessed: March 28, 2026).

Forstner, W. and Wrobel, B.P. (2016) “Photogrammetric Computer Vision,”
11. Available at: https://doi.org/10.1007/978-3-319-11550-4.

Fraser, C.S. (1997) “Digital camera self-calibration,” ISPRS Journal of
Photogrammetry and Remote Sensing, 52(4), pp. 149—159. Available at:
https://doi.org/10.1016/S0924-2716(97)00005-1.

Fu, Q. et al. (2018) “Automatic estimation of dynamic lever arms for a position
and orientation system,” Sensors (Switzerland), 18(12). Available at:
https://doi.org/10.3390/s18124230.

Fugro (2024) The Effect of Space Weather Phenomena on Precise GNSS
Applications User Manual.

Gabrlik, P. et al. (2018) “Calibration and accuracy assessment in a direct
georeferencing system for UAS photogrammetry,”International Journal
of Remote Sensing, 39(15-16), pp. 4931-4959. Available at:
https://doi.org/10.1080/01431161.2018.1434331.

Gan, X.L. et al. (2020) “State-Space Measurement Update for GNSS/INS
Integrated Navigation,” Mathematical Problems in Engineering, 2020.
Available at: https://doi.org/10.1155/2020/3675824.

Gao, Z. et al. (2015) “Tightly coupled integration of ionosphere-constrained
precise point positioning and inertial navigation systems,” Sensors
(Switzerland), 15(3), pp. 5783-5802. Awvailable at: https://doi.org/
10.3390/s150305783.

Gehrke, S. et al. (2022) “HIERARCHICAL AERIAL TRIANGULATION OF
OBLIQUE IMAGE DATA,” The International Archives of the
Photogrammetry, Remote Sensing and Spatial Information Sciences,
XLIII-B2-2022(B2-2022), pp. 45-50. Available at: https://doi.org/
10.5194/isprs-archives-XLIII-B2-2022-45-2022.

Gelb, A. (1999) “Applied optimal estimation,” p. 374.

George, M. and Sukkarieh, S. (2005) “Tightly Coupled INS/GPS with Bias
Estimation for UAV Applications.”

Grayson, B. et al. (2018) “GPS precise point positioning for UAV
photogrammetry,” Photogrammetric Record, 33(164), pp. 427-447.
Available at: https://doi.org/10.1111/phor.12259.

Grejner-Brzezinska, D. et al. (2002) “MULTI-SENSOR SYSTEMS FOR
LAND-BASED AND AIRBORNE MAPPING: TECHNOLOGY OF
THE FUTURE ?”

Grejner-brzezinska, D.A. et al. (1999) “on Improved Gravity Modeling
Supporting  Direct Georeferencing of Multisensor  Systems,”
Environmental Engineering [Preprint)].

Grejner-Brzezinska, D.A. et al. (2004) “From Mobile Mapping to
Telegeoinformatics,” Photogrammetric Engineering and Remote Sensing,
70(2), pp. 197-210. Available at: https://doi.org/10.14358/PERS.70.2.197.

Groves, P.D. (2013) “Principles of GNSS, inertial, and multisensor integrated
navigation systems,” p. 800.

137



Gruen, A. and Huang, T.S. (eds.) (2001) “Calibration and Orientation of
Cameras in Computer Vision,” 34. Available at: https://doi.org/
10.1007/978-3-662-04567-1.

Guo, J.Y. et al. (2016) “Temporal-spatial distribution of oceanic vertical
deflections determined by TOPEX/poseidon and Jason-1/2 missions,”
Earth Sciences Research Journal, 20(2), pp. HI-H5. Available at:
https://doi.org/10.15446/esrj.v20n2.54402.

Gwinner, K. et al. (2000) “High-resolution, digital photogrammetric mapping:
A tool for earth science,” Fos, 81(44), pp. 513-520. Available at:
https://doi.org/10.1029/00EO00364.

Habib, A. et al. (2005) “Photogrammetric and Lidar Data Registration Using
Linear Features,” Photogrammetric Engineering and Remote Sensing, 71(6),
pp. 699-707. Available at: https://doi.org/10.14358/PERS.71.6.699.

Habib, A. and Morgan, M.F. (2003) “Automatic calibration of low-cost digital
cameras,” https://doi.org/10.1117/1.1555732, 42(4), pp. 948-955.
Available at: https://doi.org/10.1117/1.1555732.

Hackeloeer, A. et al. (2014) “Georeferencing: A review of methods and
applications,” Annals of GIS, 20(1), pp. 61-69. Available at:
https://doi.org/10.1080/19475683.2013.868826.

Hakansson, M. (2020) GNSS hardware biases in code and carrier phase
observables.

Hao, S. ef al. (2020) “Analysis of Deflection of Vertical Compensation for
Inertial Navigation System,” Mathematical Problems in Engineering,
2020(1), p. 1975672. Available at: https://doi.org/10.1155/2020/1975672.

He, K. (2015) “GNSS kinematic position and velocity determination for
airborne gravimetry,” Cehui Xuebao/Acta Geodaetica et Cartographica
Sinica, 44(10), p. 1179. Available at: https://doi.org/10.11947/j.AGCS.
2015.20150133.

Heinz, E. et al. (2015) “Development, Calibration and Evaluation of a Portable
and Direct Georeferenced Laser Scanning System for Kinematic 3D
Mapping,” Journal of Applied Geodesy, 9(4), pp. 227-243. Available at:
https://doi.org/10.1515/jag-2015-0011.

Heiskanen, W.A. and Moritz, H. (1967) “Physical geodesy,” Bulletin
Géodésique, 41(4), pp. 491-492. Available at: https://doi.org/10.1007/
BF02525647.

Hiller, T. et al. (2019) “Origins and Mechanisms of Bias Instability Noise in a
Three-Axis Mode-Matched MEMS  Gyroscope,” Journal of
Microelectromechanical Systems, 28(4), pp. 586-596. Available at:
https://doi.org/10.1109/JMEMS.2019.2921607.

Hirt, C. et al. (2010) “Modern Determination of vertical deflections using
digital zenith cameras,” Journal Surveying Engineering, 136(1), pp. 1-12.
Available at: https://doi.org/10.1061/ ASCE SU.1943-5428.0000009.

Hodgson, M.E. and Bresnahan, P. (2004) “Accuracy of Airborne Lidar-
Derived Elevation: Empirical Accuracy of Airborne Lidar-Derived
Elevation: Empirical Assessment and Error Budget Assessment and Error
Budget,” Photogrammetric Engineering and Remote Sensing, 70(3), pp.
331-339. Available at: https:/scholarcommons.sc.edu/geog_facpub
(Accessed: March 29, 2026).

138



Hofmann-Wellenhof, B. and Moritz, H. (2006) “Physical geodesy (Second,
corrected edition),” Physical Geodesy (Second, corrected edition), pp. 1—
403. Available at: https://doi.org/10.1007/978-3-211-33545-1.

Hohle, J. and Potuckova, M. (2011) “Assessment of the Quality of Digital
Terrain Models Official Publication N o 60,” European Spatial Data
Research [Preprint].

Hong, S. et al. (2006) “Experimental study on the estimation of lever arm in
GPS/INS,” IEEE Transactions on Vehicular Technology, 55(2), pp. 431—
448. Available at: https://doi.org/10.1109/TVT.2005.863411.

Hutton, J. et al. (2007) “New developments of inertial navigation systems at
Applanix,” Photogrammetric Week, 7, pp. 201-213.

Hutton, J. et al. (2008) “Tight Integration of GNSS Post-processed Virtual
Reference Station with Inertial Data for Increased Accuracy and
Productivity of Airborne Mapping,” XXIst ISPRS Congress Technical
Commission V, pp. 3—11.

Im, J. (2020) “Earth observations and geographic information science for
sustainable development goals,” GIScience and Remote Sensing, 57(5), pp.
591-592. Available at: https://doi.org/10.1080/15481603.2020.1763041.

Irfan, M. et al. (2025) “LGVINS: LiDAR-GPS-Visual and Inertial System
Based Multi-Sensor Fusion for Smooth and Reliable UAV State
Estimation,” IEEE Transactions on Intelligent Vehicles, 10(7), pp. 3976—
3992. Available at: https://doi.org/10.1109/TIV.2024.3469551.

Jacobsen, K. (2004) “Direct/ Integrated Sensor Orientation,” ISPRS -
International Archives of the Photogrammetry, Remote Sensing and
Spatial Information Sciences [Preprint].

Jansson, P. and Horemuz, M. (2013) “Methods for Accuracy Verification of
Positioning Module, ” Rapport 2013:008. Trafikverket, Borlinge. ISBN
978-91-7467-452-1.

Jiang, S., Jiang, W. and Wang, L. (2022) “Unmanned Aerial Vehicle-Based
Photogrammetric 3D Mapping: A survey of techniques, applications, and
challenges,” IEEE Geoscience and Remote Sensing Magazine, 10(2), pp.
135-171. Available at: https://doi.org/10.1109/MGRS.2021.3122248.

Jouybari, A., Bagherbandi, M. and Nilfouroushan, F. (2022) “Comparison of
the strip- and block-wise aerial triangulation using different exterior
orientation parameters weights,” Journal of Spatial Science, 67(3), pp.
377-394. Available at: https://doi.org/10.1080/14498596.2020.1871086.

Jouybari, A., Bagherbandi, M. and Nilfouroushan, F. (2023) “Numerical
Analysis of GNSS Signal Outage Effect on EOPs Solutions Using Tightly
Coupled GNSS/IMU Integration: A Simulated Case Study in Sweden,”
Sensors, 23(14), 6361. Available at: https://doi.org/10.3390/s23146361.

Jouybari, A., Bagherbandi, M. and Nilfouroushan, F. (2024) “Lever arm
measurement precision and its impact on exterior orientation parameters
in GNSS/IMU integration,” Journal of Geodetic Science, 14(1). Available
at: https://doi.org/10.1515/jogs-2022-0179.

Kalman, R.E. (1960) “A New Approach to Linear Filtering and Prediction
Problems,” Journal of Basic Engineering, 82(1), pp. 35—45. Available at:
https://doi.org/10.1115/1.3662552.

139



Kraus, K. (2007) Photogrammetry - Geometry from Images and Laser Scans.
Available at: https://www.degruyterbrill.com/document/doi/10.1515/
9783110892871/html#contents (Accessed: March 25, 2026).

Kruck, E. (2001) “Combined IMU Sensor Calibration and Bundle Adjustment
with BINGO-F,” in H. Heipke, C.; Jacobsen, K.; Wegmann (ed.) OEEPE
Workshop on Integrated Sensor Orientation. Hannover, Germany:
OEEPE (European Organisation for Experimental Photogrammetric
Research), pp. 84-108. Available at: https://www.eurosdr.net/sites/
default/files/uploaded_files/eurosdr publication ndeg 43.pdf (Accessed:
March 29, 2026).

Lantmiteriet (2019) National Elevation Model Figure 1. Example National
Elevation Model. Figure 2. Example National Elevation Model. Available
at:  https://www.lantmateriet.se/globalassets/geodata/geodataprodukter/
hojddata/quality_description_dem.pdf (Accessed: March 28, 2026).

Lantmiteriet (2022) Laser data. Available at: https://www.lantmateriet.se/
globalassets/geodata/geodataprodukter/hojddata/quality description lida
r.pdf (Accessed: March 28, 2026).

Li, J. et al. (2017) “Airborne Position and Orientation System for Aerial
Remote Sensing,” International Journal of Aerospace Engineering,
2017(1), p- 8721391. Available at: https://doi.org/10.1155/2017/8721391.

Liu, X. et al. (2022) “Accuracy Assessment of a UAV Direct Georeferencing
Method and Impact of the Configuration of Ground Control Points,”
Drones 2022, Vol 6, Page 30, 6(2), p. 30. Available at:
https://doi.org/10.3390/drones6020030.

Lourakis, M.ILA. and Argyros, A.A. (2009) “SBA: A software package for
generic sparse bundle adjustment,” ACM Transactions on Mathematical
Software, 36(1). Available at: https://doi.org/10.1145/1486525.1486527.

Luhmann, T. et al. (2013) Close-Range Photogrammetry and 3D Imaging,
Close-Range Photogrammetry and 3D Imaging. Berlin, Boston: DE
GRUYTER. Available at: https://doi.org/10.1515/9783110302783.

Madhu, K. et al. (2020) “New Multi-Step Iterative Methods for Solving
Systems of Nonlinear Equations and Their Application on GNSS
Pseudorange Equations,” Sensors (Basel, Switzerland), 20(21), p. 5976.
Available at: https://doi.org/10.3390/s20215976.

Marques Junior, A. et al. (2020) “Statistical assessment of cartographic
product from photogrammetry and fixed-wing UAV acquisition,”
European Journal of Remote Sensing, 53(1), pp. 27-39. Available at:
https://doi.org/10.1080/22797254.2020.1717998.

Matzka, J. ef al. (2021) “The Geomagnetic Kp Index and Derived Indices of
Geomagnetic  Activity,” Space Weather, 19(5). Available at:
https://doi.org/10.1029/2020SW002641.

Maybeck, P.S. (ed.) (1979) “Stochastic Models: Estimation and Control: v. 1:
Estimation and Control:” Academic Press, p. 446.

McGlone, J.C. (2013) “Manual of photogrammetry,” p. 1318.

Mostafa, M.M.R. (2001) “Boresight Calibration of Integrated Inertial/Camera
Systems.”

140



Mostafa, M.M.R. and Schwarz, K.P. (2001) “Digital image georeferencing
from a multiple camera system by GPS/INS,” ISPRS Journal of
Photogrammetry and Remote Sensing, 56(1), pp. 1-12. Available at:
https://doi.org/10.1016/S0924-2716(01)00030-2.

Mwenegoha, H.A. et al. (2025) “A Model-Based Tightly Coupled Architecture
for Low-Cost Unmanned Aerial Vehicles for Real-Time Applications,”
IEEE  Access, 13,  pp. 124429-124448.  Available  at:
https://doi.org/10.1109/ACCESS.2020.3038530.

National Imagery and Mapping Agency (2000) Department of Defense World
Geodetic System 1984: Its Definition and Relationships with Local
Geodetic Systems, 3rd edn, Amendment 1. Available at: http:/earth-
info.nga.mil/GandG/publications/tr8350.2/wgs84fin.pdf (Accessed:
March 27, 2026)

Neumann, K., Welzenbach, M. and Timm, M. (2016) “CMOS IMAGING
SENSOR TECHNOLOGY FOR AERIAL MAPPING CAMERAS,” The
International Archives of the Photogrammetry, Remote Sensing and
Spatial Information Sciences, XLI-B1, pp. 69-72. Available at:
https://doi.org/10.5194/isprs-archives-xli-b1-69-2016.

nFrames GmbH (2026) SURE Products, nFrames GmbH. Available at:
https://docs.nframes.com/features/sure-products/ (Accessed: March 28, 2026).

Nocerino, E., Rodriguez-Gonzalvez, P. and Menna, F. (2019) “Introduction to
mobile mapping with portable systems,” Laser Scanning, pp. 37-52.
Available at: https://doi.org/10.1201/9781351018869-4.

Novatel (2025) What is the effect of bad lever arms in the GNSS/INS filter? Available
at: https://shop.novatel.com/s/contactsupport/article/ What-is-the-Effect-of-
Bad-Lever-Arms-in-the-GNSS-INS-Filter (Accessed: March 28, 2026).

Ouyang, W. and Wu, Y. (2022) “A Trident Quaternion Framework for Inertial-
Based Navigation Part I: Rigid Motion Representation and Computation,”
IEEE Transactions on Aerospace and Electronic Systems, 58(3), pp.
2409-2420. Available at: https://doi.org/10.1109/TAES.2021.3133223.

Park, J.W., Yang, C.K. and Shim, D.S. (2008) “Particle Filter Performance for
Ultra-tightly GPS/INS integration,” Journal of Institute of Control,
Robotics and  Systems, 14(8), pp. 785-791. Available at:
https://doi.org/10.5302/J.1CR0OS.2008.14.8.785.

Parvu, LM. et al. (2024) “The Importance of Ground Control Points In A
Photogrammetric Workflow,” Journal of Applied Engineering Sciences,
14(1), pp. 139-146. Available at: https://doi.org/10.2478/jaes-2024-0017.

Pavlis, N.K. ef al. (2012) “The development and evaluation of the Earth
Gravitational Model 2008 (EGM2008),” Journal of Geophysical
Research: Solid Earth, 117(4), p. 4406. Available at: https://doi.org/
10.1029/2011JB008916.

Pepe, M., Prezioso, G. and Santamaria, R. (2015) “Impact of vertical deflection
on direct georeferencing of airborne images,” Survey Review, 47(340), pp.
71-76. Available at: https://doi.org/10.1179/1752270614Y.0000000087.

Pfeifer, N., Glira, P. and Briese, C. (2012) “Direct Georeferencing With on
Board Navigation Components of Light Weight Uav Platforms,” ISPRS -
International Archives of the Photogrammetry, Remote Sensing and
Spatial Information Sciences, XXXIX-B7(September), pp. 487-492.
Available at: https://doi.org/10.5194/isprsarchives-xxxix-b7-487-2012.

141



Pilartes-Congo, J.A. et al. (2024) “Empirical Evaluation and Simulation of
GNSS Solutions on UAS-SfM Accuracy for Shoreline Mapping,” Drones
2024, Vol 8, Page 646, 8(11), p. 646. Available at:
https://doi.org/10.3390/drones8110646.

Poppl, F., Neuner, H., Mandlburger, G. and Pfeifer, N. (2023) "Integrated
trajectory estimation for 3D kinematic mapping with GNSS, INS and
imaging sensors: A framework and review," ISPRS Journal of
Photogrammetry and Remote Sensing, 196, pp. 287-305. Available at:
https://doi.org/10.1016/j.isprsjprs.2022.12.022.

Rauch, H.E., Tung, F. and Striebel, C.T. (1965) “Maximum likelihood
estimates of linear dynamic systems,” AI4A4 Journal, 3(8), pp. 1445-1450.
Available at: https://doi.org/10.2514/3.3166.

Remondino, F. and Fraser, C. (2006) “Digital camera calibration methods:
considerations and comparisons,” International  Archives  of
Photogrammetry, Remote Sensing and Spatial Information Sciences,
36(5), pp. 266-272.

Rizaldy, A. and Firdaus, W. (2012) “Direct georeferencing: A new standard in
photogrammetry for high accuracy mapping,” International Archives of
the Photogrammetry, Remote Sensing and Spatial Information Sciences -
ISPRS Archives, 39, pp. 5-9. Available at: https://doi.org/10.5194/
isprsarchives-xxxix-b1-5-2012.

Samatas, G.G. and Pachidis, T.P. (2022) “Inertial Measurement Units (IMUs)
in Mobile Robots over the Last Five Years: A Review,” Designs 2022,
Vol. 6, Page 17, 6(1), p. 17. Available at: https://doi.org/10.3390/
designs6010017.

Sarkka, S. (2010) Bayesian filtering and smoothing, Bayesian Filtering and
Smoothing. Cambridge University Press. Available at: https://doi.org/
10.1017/CB0O9781139344203.

Scherzinger, B.M. (1996) “Inertial navigator error models for large heading
uncertainty,” Record - IEEE PLANS, Position Location and Navigation
Symposium, pp. 477-484. Available at: https://doi.org/10.1109/
plans.1996.509118.

Scherzinger, B.M. (2006) “Precise robust positioning with inertially aided
RTK,” Navigation, Journal of the Institute of Navigation, 53(2), pp. 73—
83. Available at: https://doi.org/10.1002/j.2161-4296.2006.tb00374.x.

Sjoberg, L.E. and Bagherbandi, M. (2017) “Gravity inversion and integration:
Theory and applications in geodesy and geophysics,” Gravity Inversion
and Integration: Theory and Applications in Geodesy and Geophysics, pp.
1-383. Available at: https://doi.org/10.1007/978-3-319-50298-4.

Skaloud, J. (2002) 'Direct Georeferencing in Aerial Photogrammetric Mapping,'
Photogrammetric Engineering & Remote Sensing, 68(3), pp. 207-210.

Skaloud, J. and Schwarz, K.P. (2000) “Accurate orientation for airborne
mapping systems,” Photogrammetric Engineering and Remote Sensing,
pp- 393-401.

Steve Arar (2022) Introduction to Allan Variance—Non-overlapping and
Overlapping Allan Variance - Technical Articles. Available at:
https://www.allaboutcircuits.com/technical-articles/intro-to-allan-variance-
analysis-non-overlapping-and-overlapping-allan-variance/ (Accessed:
January 19, 2024).

142



Stovner, B.N. and Johansen, T.A. (2019) “GNSS-antenna lever arm
compensation in aided inertial navigation of UAVs,” 2019 18th European
Control Conference, ECC 2019, pp. 4040-4046. Available at:
https://doi.org/10.23919/ECC.2019.8795760.

Teunissen, P.J.G., Montenbruck, O. and Hein, G.W. (2017) “Springer
handbook of global navigation satellite systems,” p. 1268.

Titterton, D.H. and Weston, J.L. (2004) “Strapdown inertial navigation
technology,” p. 558.

Torge, W., Miiller, J. and Pail, R. (2023) “Geodesy,” Geodesy, pp. 1-506.
Available at: https://doi.org/10.1515/9783110250008.

Toth, C. (2009) “The State-of-the Art in Airborne Data Collection Systems-
Focused on LiDAR and Optical Imagery.”

Triggs, B. et al. (2000) “Bundle Adjustment — A Modern Synthesis,” Lecture
Notes in Computer Science (including subseries Lecture Notes in Artificial
Intelligence and Lecture Notes in Bioinformatics), 1883, pp. 298-372.
Available at: https://doi.org/10.1007/3-540-44480-7 21.

Trimble Inc. (2026) Applanix POSPac MMS | Office Sofiware | Trimble
Geospatial, Trimble Geospatial. Available at: https://geospatial.trimble.com/
en/products/software/applanix-pospac-mms (Accessed: March 28, 2026).

Tsai, V.J., Kao, J.-S. and Chen, C.-N. (2006) “ON GPS AND GPS-RTK
ASSISTED AEROTRIANGULATION.”

Vallet, J. (2007) “GPS/IMU and LiDAR integration to aerial photogrammetry:
Development and practical experiences with Helimap System ®.”

Vanicek, P. and Krakiwsky, E.J. (1986) Geodesy: The Concepts (2nd edn).
Amsterdam:  North-Holland/Elsevier =~ Science.  Available  at:
https://www.sciencedirect.com/book/9780444877758

Vaughn, C.R. et al. (1996) “Georeferencing of airborne laser altimeter
measurements,” [nternational Journal of Remote Sensing, 17(11), pp.
2185-2200. Available at: https://doi.org/10.1080/01431169608948765.

Vilan, Y. and Gozes, A. (2013) “VisionMap Sensors and Processing
Roadmap,” Photogrammetric Week 2013, pp. 51-57.

Walstra, J. et al. (2011) “Evaluation of the controls affecting the quality of
spatial data derived from historical aerial photographs,” Earth Surface
Processes and Landforms, 36(7), pp. 853-863. Available at:
https://doi.org/10.1002/esp.2111.

Week, P., Hutton, J. and Mostafa, M. (2005) “10 Years of Direct
Georeferencing For Airborne Photogrammetry.”

Welch, G. and Bishop, G. (2006) “An Introduction to the Kalman Filter,” In
Practice, 7(1), pp. 1-16. Available at: https://doi.org/10.1.1.117.6808.
Wolf, P. and Dewitt, A. (2000) “Elements of Photogrammetry, with

Application in GIS, McGraw Hill,” Boston, MA, p. 696.

Woodman, O.J. (2007) “Number 696 An introduction to inertial navigation An
introduction to inertial navigation.” Available at: http://www.cl.cam.ac.uk/
http://www.cl.cam.ac.uk/techreports/ (Accessed: March 27, 2026).

Xsens (2022) The GNSS lever arm (antenna offset) and its role in the
GNSS/INS sensor fusion algorithm. Available at: https://base.xsens.com/s/
article/The-GNSS-lever-arm-antenna-offset-and-its-role-in-the-GNSS-
INS-sensor-fusion-algorithm?language=en_US (Accessed: March 28,
2026).

143



Xue, X., Qin, H. and Lu, H. (2021) “High-precision time synchronization of
kinematic navigation system using GNSS RTK differential carrier phase
time transfer,” Measurement, 176, p. 109132. Available at:
https://doi.org/10.1016/j.measurement.2021.109132.

Yuan, G. and Zhang, T. (2009) “Unscented kalman filtering for ultra-tightly
coupled GPS/INS integration,” 2009 IEEE International Conference on
Mechatronics and Automation, ICMA 2009, pp. 4556—4560. Available at:
https://doi.org/10.1109/ICMA.2009.5244821.

Zhang, H. et al. (2024) “Exterior Orientation Parameter Refinement of the First
Chinese Airborne Three-Line Scanner Mapping System AMS-3000,”
Remote Sensing 2024, Vol. 16, Page 2362, 16(13), p. 2362. Available at:
https://doi.org/10.3390/rs16132362.

Zhang, X. et al. (2018) “The improvement in integer ambiguity resolution with
INS aiding for kinematic precise point positioning,” Journal of Geodesy
2018 93:7, 93(7), pp. 993-1010. Available at: https://doi.org/10.1007/
s00190-018-1222-3.

Zhao, H. and Wang, Z. (2012) “Motion measurement using inertial sensors,
ultrasonic sensors, and magnetometers with extended kalman filter for
data fusion,” IEEE Sensors Journal, 12(5), pp. 943-953. Available at:
https://doi.org/10.1109/JSEN.2011.2166066.

Zhao, L., Qiu, H. and Feng, Y. (2014) “Study of robust Ho filtering application
in loosely coupled INS/GPS system,” Mathematical Problems in
Engineering, 2014. Available at: https://doi.org/10.1155/2014/904062.

Zhaoxing, L. et al. (2018) “Dynamic Lever Arm Error Compensation of POS
Used for Airborne Earth Observation,” International Journal of
Aerospace  Engineering, 2018(1), p. 9464568. Available at:
https://doi.org/10.1155/2018/9464568.

Zhong, M. et al. (2016) “Simultaneous Lever-Arm Compensation and
Disturbance Attenuation of POS for a UAV Surveying System,” /EEE
Transactions on Instrumentation and Measurement, 65(12), pp. 2828—
2839. Available at: https://doi.org/10.1109/TIM.2016.2598038.

144



Papers

Associated papers have been removed in the electronic version
of this thesis.

For more details about the papers see:
https://urn.kb.se/resolve?urn=urn:nbn:se:hig:diva-50807




	Abstract
	Sammanfattning
	Acknowledgements
	List of Papers
	Other Publications and Contributions
	The author’s contribution to the papers
	Nomenclature
	Table of Contents
	Chapter 1
	Research Context and Background

	Introduction
	1.1 Background
	1.2 3D Mapping and Its Contribution to the Sustainable Development Goals
	1.3 Evolution of Airborne Mobile Mapping Systems
	1.4 GNSS/IMU Integration in Mobile Mapping Systems
	1.5 Direct Georeferencing and Exterior Orientation Parameters
	1.6 Factors Affecting EOPs Accuracy
	1.6.1 GNSS/IMU Integration Uncertainty and Lever ArmMeasurement
	1.6.2 System Calibration, Time Synchronization, and Environmental Factors
	1.6.3 Deflection of Vertical Problem in Direct Georeferencing

	1.7 Photogrammetric Data Processing Workflow
	1.7.1 Aerial Triangulation and Bundle Block Adjustment
	1.7.2 Measurements Uncertainties and Quality Assessment in Aerial Triangulation

	1.8 Problem Definition and Research Objectives
	1.9 Scope of the Study and Target Areas in Focus
	1.9.1 Aerial Triangulation (AT) Procedures
	1.9.2 DOV Impact on Georeferencing Accuracy
	1.9.3 GNSS Signal Outage Effects on EOPs
	1.9.4 LA Measurement Precision

	1.10 Thesis Outline

	Chapter 2
	Theoretical Framework and Methods

	Introduction
	2.1 Geodetic Reference Systems and Coordinate Frames:background and review
	2.1.1 Earth-Centred Earth-Fixed (ECEF) Coordinate System
	2.1.2 Local-Level Frame (North-East-Down)
	2.1.3 Body Frame and Sensor Frames
	2.1.4 Coordinate Transformations
	2.1.5 The Coordinate Transformation Chain

	2.2 GNSS and IMU Principles
	2.3 GNSS/IMU Integration
	2.3.1 Loosely Coupled Integration
	2.3.2 Tightly Coupled Integration
	2.3.3 Advanced Filtering and Post-Processing (KF, EKF, RTS)

	2.4 Direct Georeferencing and Exterior Orientation Parameters
	2.4.1 Camera Position Determination
	2.4.2 Camera Orientation Determination
	2.4.3 Complete Exterior Orientation Parameters

	2.5 Aerial Triangulation and Bundle Block Adjustment
	2.5.1 The Principle of Aerial Triangulation
	2.5.2 Bundle Block Adjustment
	2.5.3 GNSS/IMU-Derived EOPs Constraints in Bundle Adjustment
	2.5.4 Self-Calibrating Bundle Adjustment
	2.5.5 The Synergy with Direct Georeferencing

	2.6 Deflection of Vertical (DOV) in Airborne Photogrammetry
	2.6.1 The Physical Origin of Deflection of Vertical
	2.6.2 Impact of DOV on Direct Georeferencing
	2.6.3 Computing Deflection of Vertical Components
	2.6.4 Implementing DOV Effect in Direct Georeferencing
	2.6.5 Practical Considerations


	Chapter 3
	Methodology and Data Processing

	Introduction
	3.1 Assessment of Observation Weights in GNSS/IMU-Supported Bundle Adjustment (Paper I)
	3.1.1 Study Area and Dataset
	3.1.2 GNSS/IMU System and Camera Specifications
	3.1.3 Aerial Triangulation Processing Strategy
	3.1.4 Observation Weight Setting
	3.1.5 Evaluation Criteria

	3.2 DOV Impact Assessment in Direct Georeferencing (Paper II)
	3.2.1 Study Area and Geographic Scope
	3.2.2 Datasets for DOV Calculation
	3.2.3 DOV Computation Methodology
	3.2.4 Operational Scenario Design
	3.2.5 Evaluation and Comparison Strategy

	3.3 GNSS Signal Outage Effect Analysis (Paper III)
	3.3.1 Study Area and Flight Campaign
	3.3.2 Navigation System Equipment
	3.3.3 Integration Algorithm Configurations
	3.3.4 GNSS Signal Outage Simulation Design
	3.3.5 Evaluation Metrics and Analysis Framework

	3.4 Lever Arm Calibration Importance in Direct Georeferencing (Paper IV)
	3.4.1 Data Acquisition and System Configuration
	3.4.2 Lever Arm Measurement
	3.4.3 Uncertainty Analysis Framework
	3.4.4 Integration Processing Strategy
	3.4.5 Alignment Period Determination
	3.4.6 Quality Assessment Metrics


	Chapter 4
	Results and Analysis

	Introduction
	4.1 Paper I: Assessment of Observation Weights in AT
	4.1.1 Results
	4.1.2 Discussion and Implications

	4.2 Paper II: Deflection of Vertical Effects on Direct Georeferencing
	4.2.1 Results
	4.2.2 Discussion and Implications

	4.3 Paper III: GNSS Signal Outage Impact on EOPs
	4.3.1 Results
	4.3.2 Discussion and Implications

	4.4 Paper IV: Lever Arm Measurement Precision Impact
	4.4.1 Results
	4.4.2 Discussion and Implications

	4.5 Synthesis and Overall Contributions
	4.5.1 Complementary Contributions Across Studies
	4.5.2 Operational Implications


	Chapter 5
	Conclusions

	Introduction
	5.1 Summary of Key Findings
	5.2 Addressing the Research Questions
	5.3 Thesis Contributions in Aerial Mobile Mapping
	5.4 Limitations of the Study
	5.5 Future Research Directions
	5.6 Concluding Remarks

	References



