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EELCCIREN TN S 8 The integration of imaging technologies with geolocation

sensors such as GPS, accelerometers, gyroscopes, and compasses enables precise
determination of the camera’s position and orientation during image capture. This capability
plays a crucial role in simplifying the georeferencing process of 3D models, particularly in
mobile mapping systems and short-range terrestrial applications. In this context,
smartphones, equipped with these geolocation sensors, have gained significant prominence
as imaging devices. This study examines the feasibility of direct georeferencing of 3D models
generated through Structure-from-Motion (SFM) photogrammetry using camera position and
orientation data simultaneously recorded by the sensors embedded in a smartphone.

The research data comprises ground control points collected using a Leica TS09
R1000 total station in reflector less mode, along with data obtained from an iPhone 13 Pro
smartphone. In the proposed method, the relative orientation parameters estimated by the
Structure-from-Motion algorithm were refined using orientation parameters directly
measured by the smartphone’s motion sensors. Image acquisition was conducted under static
conditions; therefore, the estimated and measured angles at each station should remain
constant and, in the absence of errors, should be identical. The final model was oriented using
the average of the measured angles at each station. The measured distance was then used to
establish the model scale, and the average coordinates obtained at each station were
employed to transform the model into the UTM coordinate system. Additionally, an
alternative model was generated using the precise positions of the imaging stations via
indirect georeferencing. The RMSE of the check points was used as the accuracy assessment
metric for the proposed method.
m The studied stockpile was approximately 150 meters in length and 25 meters in
height, oriented roughly from south to north. In this study, five 3D models were generated
based on the collected data. The first model was constructed solely using images, positional
data, and angles recorded by the smartphone’s sensors. Subsequently, coded targets were
incrementally added as control points, with one, two, and three control points being
incorporated into the equations. The fifth model was generated using the same images but
with the precise coordinates of twelve imaging stations measured by a total station.
In the first model, the positioning error remained at the accuracy level of the iOS single-point
positioning system (approximately 2 meters in planimetric accuracy and 11 meters in height).
In the model with a single control point, aligning the model with the low-accuracy GPS
coordinates from the smartphone resulted in an azimuth calculation error, leading to model
rotation. Although the model was correctly transferred, the azimuth error caused a
misalignment with the reference system, resulting in an error of approximately 0.40 meters.
With the addition of two and three control points, accuracy improved, reaching 0.004 meters,
which matched the accuracy achieved using precise camera center coordinates. In the fifth
case, where the exact coordinates of the imaging stations were used, an accuracy of 0.0007
meters was obtained.
As observed, GPS accuracy remains the most challenging aspect of this system.
Most smartphones do not provide raw GNSS data or high-quality raw positioning data;
instead, they only offer the final processed position determined by the operating system.
Given the hardware and environmental limitations, the following considerations are
recommended for future studies:
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a) Development of a handheld mobile mapping system by integrating survey-grade GPS with

a smartphone Camera.

b) Since the study area consists of earthwork features with irregular shapes, when applying
this method to structured objects such as buildings, it is recommended to refine the relative
exterior orientation parameters of images using constraints derived from prominent vertical
and horizontal features in the scene and incorporating them into the bundle adjustment

process.
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Fig. 4: a) Map of geodetic network points, b) Results of smartphone GNSS measurements compared to the geodetic network points
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Table 2: Measurement of Absolute and Relative Position Errors of the Smartphone Sensor Compared to Geodetic Network Points

RMSE (meter)

S35 45t Llis -
Geodetic Network & Cubya S5 03Il S 0L wiele S5 oaalis
Points Real-Time Position Average of Twenty Measurements One-Hour Observation
X Y z X Y z X Y z
ALl 0.83 3.25 -10.50 1.68 2.18 -12.40 -1.17 -2.33 -11.29
AL2 -1.64 2.75 -11.32 0.98 -1.84 -10.50 - - -
AL3 2.10 3.86 -13.69 1.77 4.05 -12.91 - - -
AL4 -1.08 -1.97 -14.27 0.69 1.36 -15.06 0.50 0.90 -11.16
ALS 3.17 6.05 -15.84 -2.54 -3.25 -11.43 - - -
AL6 -3.22 -3.41 -13.97 -3.82 -3.09 -13.46 - - -
AL7 1.97 -0.62 -12.05 -0.54 -1.02 -10.83 0.91 0.76 -9.54
RMSE Total 217 3.495 -13.20 2.02 2.606 -12.46 0.903 1.50 -10.69
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Fig. 6: (a) indicates an error for a distance of 10 meters, and (b) indicates an error for a distance of 5 meters.

—

slgly g S g sy IS
Fig. 7: Angular Orientation Error



A. Milan et al. $3) 9] OlylKas g Mo o]
Qiods 5ali GNSS g cpiuiinl JUg b ool Cllils (6,10 1S (gloolKiy) slaises ST Jgun
Table 3: Coordinate Differences of Photography Stations Measured by Total Station and Smartphone GNSS
Error (Unit mm)
G0 S oK) X v s 610 S ol X v ;
Photography Station Photography Station
1 3.62 4 10 7 173 -0.64 10.48
2 2.81 2.17 9.38 8 0.28 0.72 9.60
3 0.84 -1.32 10.42 9 0.845 1.73 11.80
4 2.15 -1.68 11.63 10 -1.10 -2.18 14.27
5 -1.52 2.47 13.56 11 0.47 3.15 12.11
6 -3.87 -3.16 10.36 12 3.19 6 13.19
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Table 4: Positional Error of Markers Determined by the Geotagging Method

Target No. L o Loy X Y z Totalg gaze
Error (Unit mm)
1 -0.710 0.590 9.533 9.587
2 -0.124 2.579 9.814 10.149
3 -1.907 0.585 9.207 9.420
4 0.856 -1.613 11.383 11.528
5 -2.571 -1.267 9.466 9.890
6 0.976 -0.106 10.848 10.893
7 2421 0.628 11.460 11.730
8 -2.198 2.147 9.209 9.709
9 1.169 1.440 10.243 10.410
10 4.686 -0.890 8.651 9.879
11 -3.131 0.732 8.890 9.453
12 -0.951 -2.408 10.649 10.960
13 1.399 1.104 10.206 10.515
14 -0.132 1.231 9.727 9.806
15 2.730 2.270 11.252 11.799
16 -1.637 -0.035 9.264 9.407
Totalg gooxe 2.081 1.450 10.026 10.332
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Fig. 8: The produced 3D model and the positions of the imaging stations.
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Table 5: Accuracy of target positioning in each method

S bl slows J S bla RMSE (.Sl S bl RMSE .55k
Jae JsS bl olass (loaS (sla Siles) Average RMSE of control points Average RMSE of check points
Number of control o ¢ )
Model points Number of check Unit (meter)
points (coded target) X \% z X Y z
GLLJ‘P T 0 16 2.891 4.828 1.893 2.081 1.450 10.026
Geotagged Image
| Slas
J 295 JSJLM ! 15 0.002 0.003 0.005 0.384 0.332 0.417
1 coded target
aaly laas” Slas ¥
B JJ‘Q S8 N 14 0.004 0.005 0.009 0.051 0.092 0.356
Integrated Model 2 coded targets
lsas” Slas ¥
S8 X 13 0.002 0.002 0.003 0.008 0.009 0.011
3 coded targets
wl&:" ‘JAA 12 16 0.004 0.003 0.004 0.004 0.006 0.005
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