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

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

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

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

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

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

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

SfM typically applies lens distortion correction using the Brown model, under the assumption that no prior
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distortion correction has been applied to the input images. However, some UAV cameras perform manufacturer-
specific geometric corrections when saving images. Applying the Brown model to such pre-corrected images
may introduce additional errors in intrinsic parameter estimation.

To address these issues, this study conducted three investigations:

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

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

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

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

validated strategies to mitigate these issues.
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