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AbSt raCt Keywords

Vessel offset surveys (VOS) are essential for accurately integrating hydrographic systems, vessel offset surveys -
ensuring correct positioning and mounting angles for sonars, and positioning and orientation hydrographic system
systems within specified manufacturer accuracies, which are necessary to meet the expected integration - sonar mounting
hydrographic survey standards summarized in the International Hydrographic Organization’s angles

publication S-44. This study examines factors affecting VOS accuracy, such as the number of
station setups, baseline lengths, least square plane fitting, and instrument accuracies. Results
indicate that multiple setups are required to achieve accurate mounting angles. Longer base-
lines improve accuracy, particularly for small sensors like an inertial measurement unit, while
circular transducers benefit from fitting a plane with multiple points. This analysis supports
standardizing VOS procedures to enhance VOS reliability and accuracy.

Resumé

Les levés des déports du navire (VOS) sont essentiels pour intégrer avec précision les systemes hy-
drographiques, garantir le positionnement et les angles de montage adéquats des sonars, ainsi que le
positionnement et |'orientation des systémes dans les limites de précision spécifiées par les fabricants, ce
qui est nécessaire pour respecter les normes de levés hydrographiques attendues, résumées dans la publi-
cation S-44 de I'Organisation hydrographique internationale. Cette étude examine les facteurs qui affectent
la précision des VOS, tels que le nombre de configurations de stations, les longueurs de base, I'ajustement
d'un plan par la méthode des moindres carrés et la précision des instruments. Les résultats indiquent que
plusieurs configurations sont nécessaires pour obtenir des angles de montage précis. Des lignes de base
plus longues améliorent la précision, en particulier pour les petits capteurs comme les unités de mesure
inertielle, tandis que les transducteurs circulaires tirent avantage de I'ajustement d'un plan a partir de plu-
sieurs points. Cette analyse plaide en faveur de la normalisation des procédures VOS afin d'améliorer leur
fiabilité et leur précision.
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Resumen

Los levantamientos de calibracion del buque (VOS) son esenciales para integrar con precision los siste-
mas hidrograficos, asegurar la correccion del posicionamiento y angulos de montaje de los sonares, y el
posicionamiento y orientacion de los sistemas dentro de los margenes de precision especificados por los
fabricantes, lo que es necesario para cumplir con las normas de levantamientos hidrograficos resumidas
en la publicacion S-44 de la Organizacion Hidrografica Internacional. Este estudio examina los factores
que afectan a la precision de los VOS, como el nimero de configuraciones de estacion, las longitudes
de las lineas de base, el ajuste de planos por minimos cuadrados y la precision de los instrumentos. Los
resultados indican que se requieren multiples configuraciones para conseguir angulos de montaje precisos.
Las lineas de base mas largas mejoran la precision, particularmente para sensores pequenos como las un-
idades de medicion inercial, mientras que los transductores circulares se benefician del ajuste de un plano
con multiples puntos. Este andlisis respalda la normalizacion de los procedimientos de VOS para mejorar
su fiabilidad y precision.

1 Introduction CRS, requiring the identification of specific points
The hydrographic survey ships use positioning and  on the vessel relative to the defined origin and ori-
orientation systems (POS) in conjunction with sonar — entation of axes. Establishing the VRF is one of the
systems to determine seafloor positions and depths.  objectives of any VOS, followed by measuring the
Modermn surface POS consists of two subsystems:  spatial and angular offsets of onboard systems rel-
a global navigation satellite system (GNSS) unit with  ative to the realized VRF. VOS are referred to by var-
two antennas and an inertial measurement unit (IMU)  ious terms, including Dimensional Control Survey,
(Kongsberg, 2024; SBG, 2025; Applanix, 2025). Alignment Survey, Vessel Configuration Survey, or
On the multibbeam side, high-frequency, shallow Vessel Geometry Survey. In some cases, they are
water sonars may have transmit and receive arrays  even called Land Surveys as these surveys are often
mounted on machined frames and generally en- conducted on land in a dry dock. These different
closed in a single casing, while low-frequency sonars  names reflect the same underlying objective: to pre-
(e.g., 100 kHz or lower, such as EM 304 (Kongsberg,  cisely measure and define the spatial and angular re-
2021), SeaBeam 3050 (ELAC Sonar, 2021), and lationships of various system components to ensure
HydroSweep DS (Teledyne Marine, 2022)) have sep-  accurate integration and performance of the hydro-
arate transmit (Tx) and receiver (Rx) arrays mounted  graphic and positioning systems.
on the ship. To integrate these systems properly, it
is crucial to understand the spatial and angular rela- 1.1 Accuracy requirement of VOS
tionship of all physical components, including GNSS  The deviations of spatial and angular offsets of var-
antennas, IMU, multibeam Tx and Rx arrays, with re-  ious system components critically influence system
spect to a common reference frame, typically referred  performance (Applanix, 2017; Kongsberg, 2021). For
to as the vessel reference frame (VRF). instance, any error in the spatial relationship of GNSS
A coordinate reference system (CRS) defines the antennas directly impacts the accuracy of position
rules for measuring coordinates within a specific ~ and heading. Similarly, any error in the IMU’s angular
framework (Vanicek & Krakiwsky, 2015). In the con-  alignment with the VRF directly affects the orientation
text of a vessel reference system, these rules include  accuracy. Given the three-dimensional spatial rela-
defining: tionships among system components and the three
1.the location of the origin of the coordinate system,  degrees of freedom in orientation, errors in spatial
which can be a physical or virtual point on the ves-  and angular offsets measured during VOS introduce
sel (e.g., a center of gravity, IMU reference mark or  non-linear effects on final bathymetry (Hughes Clarke,
phase center, sonar acoustic center, or a granite  2003). In general, larger spatial offsets between
reference block (IMTEC Group, 2021; Westlake system components and increased vessel motion
Consultant, 2021)) or a fictitious point anywhere  exacerbate the impact of errors in VOS on the po-
in or outside the vessel (Hiroji & Oderinde, 2022);  sition and motion outputs from POS, multibeam and
2.the orientation of three orthogonal axes, which typ-  other system performance, ultimately affecting the
ically follows the POS or sonar coordinate system’'s  accuracy of seafloor position and depths. In some
convention; cases, the manufacturers of hydrographic systems
3.the linear scale, which is one for VOS given the  provide the minimum accuracy with which various off-
small distances involved (a few hundred meters);  sets must be obtained during VOS. An example of

and such a requirement is shown in Table 1.
4.the unit of measure, which is usually consistent In all multibeam systems with separate Tx and Rx
with the hydrographic data collection software. arrays, the angular relationship between Tx and Rx

The VRF is the physical realization of the vessel's s crucial to sonar performance (90° + 2°). The most
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Table 1 Summary of accuracy requirements for VOS extracted from Kongsberg EM 304 installation manual (Kongsberg, 2021).

Parameter Sensor Accuracy
Pitch Tx, IMU +0.05°
Roll Rx, IMU +0.02°
Pitch Rx +0.2°
Roll Tx +0.2°
Heading Tx, Rx, IMU +0.1°
Relative heading between Rx and Tx transducer Tx, Rx +0.1°
Position (x, y, 2) Tx, Rx, IMU +0.05m

stringent linear accuracy requirement during VOS is
for the flatness of different modules of the Tx and Rx
units; for example, for Kongsberg systems, this is 0.6
mm (Kongsberg, 2021). Similarly, the most stringent
angular requirement can be for Applanix POS MV
Ocean Master IMU at +0.008° at its highest perfor-
mance level (Applanix, 2017).

1.2 Patch test and VOS

Before delving into the experiments and analysis, it is
essential to clarify why a multibeam patch test cannot
replace VOS. When the first multibeam systems were
deployed, it was found that residual angular offsets,
the remaining angular offset after applying offsets
computed during VOS, and latency between posi-
tioning and sonar system could introduce significant
systematic errors in seafloor positioning (Hughes
Clarke, 2018). To address this, a field calibration pro-
cess, commonly known as the multibeam patch test,
was developed to estimate these residual angular
offsets. The patch test, now a standard procedure
following new sonar installations, derives residual roll
and pitch offsets between the IMU and the multi-
beam system (combined Tx and Rx), along with the
residual heading offset between the heading device
and the multibeam system (combined Tx and RX).
The patch test results are applied in addition to the
angular offsets obtained from VOS. Typically, a patch
test provides roll offsets with an angular resolution on
the order of 0.001° and pitch and yaw offsets on the
order of 0.01°, as demonstrated in published tech-
nical reports from the U.S. academic research fleet
(MAC, 2024).

However, the patch test estimates only the residual
angular offsets and does not replace the need for
the initial angular and spatial offsets derived through
VOS. The patch test provides three residual an-
gular misalignments: roll, pitch, and yaw. However,
it is important to acknowledge the limitations of the
patch test. First, it cannot estimate the angular mis-
alignment between a system'’s reference frame and
the VRF. The patch test only addresses the residual
misalignment between the sonar and other systems
(Hughes Clarke, 2003). For instance, if an IMU has a
roll mounting angular error of -0.05° with VRF and the
combined transmit (Tx) and receive (Rx) multibeam
system has a mounting angle error of +0.05° with
VRF, the patch test will theoretically show a residual
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roll offset with a magnitude of 0.10° to be applied to
the IMU or Tx and Rx, with the sign depending on
the adopted coordinate-system convention and the
correction definition.

Additionally, the patch test cannot detect the an-
gular misalignment between the separate multibeam
Tx and Rx units in low-frequency sonar systems.
Residual errors in this alignment remain undetectable,
but significant unaccounted misalignment degrades
the performance of the sonar system, especially in
the mathematical beamforming process where the Tx
and Rx cone intersections are computed.

Moreover, the patch test does not account for
the heading misalignment between the IMU forward
axis and the VRF forward axis. Since the heading in
the POS system is primarily derived from the GNSS
vector, the residual heading value from the patch test
does not reflect the IMU's heading misalignment with
the VRF. Any misalignment left uncorrected will distort
the IMU’s roll and pitch readings, with the error in-
creasing in magnitude as higher roll and pitch motion
are experienced.

Because of the above reasons, while the patch
test can reduce systematic errors in bathymetric
data, it cannot fully eliminate the effects of residual
angular misalignments and their cross-talk. The only
way to minimize these errors effectively is through a
high-accuracy VOS.

1.3 Motivation for this study

Typically, a sonar manufacturer or a shipyard con-
tracts a survey company to conduct a VOS. The
survey company is usually provided with the
minimum requirements set by the equipment manu-
facturers. The resulting reports detail the computed
offsets, aiming to present the information in a us-
er-friendly format and to prevent misunderstandings
in sign conventions. In some cases, a national advi-
sory committee provides guidelines for standardizing
these reports across different survey companies and
vessels for a national fleet (MAC, 2024). However,
a review of several reports, along with discussions
with survey companies and contractors, reveals that
while  minimum accuracy requirements and report
guidelines are provided, there are no publicly avail-
able formal standards or guidelines outlining how
the survey itself should be designed and executed.
In addition, IHO S-44 (IHO, 2022) does not provide
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Table 2 Different total stations and their corresponding linear and angular accuracies. Generally, total stations with an accuracy of 0.5”,
0.5 mmto 1”7, and 1 mm are utilized for VOS (LEICA, 2014, 2020; TOPCON, 2016, 2018, 2019, 2025; Trimble, 2015, 2023).

Total station

Angular accuracy (”) Linear accuracy

Sokkia NetO5AXII 0.5 0.5 mm + 1 ppm
Topcon MS05AX 0.5 0.5 mm + 1 ppm
Leica Nova MS60 1 1 mm + 1.5 ppm
Trimble SX12 Robotic 1 1 mm + 1.5 ppm
Topcon GT1201 1 1 mm + 2 ppm
Trimble S9 Robotic 0.5 1 mm + 2 ppm
Topcon GM-55 5 1.5 mm + 2 ppm
Leica TSO7 5 1 mm + 1.5 ppm

specific guidance on minimum accuracy or uncer-
tainty requirements for vessel offset surveys, either in
general or by survey order. We hope that this study
represents a step toward the development of a more
standardized, traceable, and technically defensible
approach for conducting VOS.

The methodology for performing a VOS is typ-
ically left to the discretion of the surveyors and is
not required to be detailed in the final report. In the
absence of standardized procedures, key variables,
such as the accuracy of the instrumentation, the
number of redundant observations, the methods for
computing angular offsets, and the overall observed
uncertainties, can vary significantly between survey
companies. A review of recent VOS reports for the
U.S. academic fleet (IMTEC Group, 2021) indicates
that general estimates for both linear and angular ac-
curacies are provided. Linear accuracies are typically
reported between 1 mm to 2 mm, which is generally
twice the distance measurement accuracy of the in-
strument used. Angular accuracies are reported be-
tween 30" and 60", corresponding to approximately
60 times the angular accuracies of the instrument
used. Mostly, the instrument used for VOS is a total
station, an electro-optical instrument measuring slope
distance, vertical angles, and horizontal angles in
an instrument-related relative frame (Ghilani & Wolf,
2012). In certain cases, particularly for short-range
measurements conducted in stable environments, a
laser tracker may also be utilized. The methods de-
scribed in this document apply equally to all such in-
struments. Table 2 outlines some of the available total
stations with different accuracies.

Due to varying geometries and distances involved
during field measurements, several parameters asso-
ciated with the VOS method can likely cause different
angular offsets to have different observed errors.
Several key parameters that may influence the final
observed accuracies have been identified. These
include the accuracy of the instruments used, the
geometry and orientation of the station setups, the
baseline length, the number of points used for gen-
erating a line or plane, the orientation and number of
reference points, and the number of station setups
performed. This research aims to compute more
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reliable observed uncertainties in angular misalign-
ments and identify parameters that critically affect
those uncertainties, ultimately contributing to the
standardization of VOS procedures to achieve spe-
cific required thresholds.

The findings presented are based on two ex-
perimental setups. The first focused on the IMU's
mounting angles, conducted in a controlled labo-
ratory environment at the Stennis Space Center,
Mississippi, USA. The second setup, targeting a cir-
cular transducer, collected data during the VOS of EV
Nautilus in Hawalii, USA. These experiments allowed
for a detailed analysis of the factors influencing an-
gular and linear offset accuracies, providing a foun-
dation for establishing a more standardized and
reliable VOS methodology.

2 Methodology

VOS is typically conducted using survey-grade total
stations, either in dry docks or on floating dry docks.
Fig. 1 illustrates a typical survey network for a 29-foot
survey launch secured on a trailer, covering all hydro-
graphic systems. For the purposes of this study, only
one sensor was analyzed to ensure efficiency and
allow sufficient time for the multiple sets of observa-
tions required for the analysis.

In the first experimental setup, the IMU was se-
lected as the sensor for observation. Generally, the
IMU has the smallest physical footprint but the most
stringent angular accuracy requirements, with a par-
ticular focus on roll, which demands an uncertainty
of £0.02°; for example, in the case of the Applanix
POS MV WaveMaster with RTK (Applanix, 2015). In
the second experimental setup, a circular transducer
(Simrad EC150) was chosen, which similarly requires
a VOS uncertainty of +0.02° in both roll and pitch
(Simrad, 2019).

The following sections detail the general setup and
methodology used for both experiments, focusing
on ensuring the required angular accuracy and fa-
cilitating reliable comparisons between the sensor
setups.

2.1 Experimental setup 1: IMU
In the first experimental setup, an IMU was placed in
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a stable, quiet storage room to ensure no movement
during the one-week data collection period. Eight
reference targets were positioned approximately
two meters above the IMU at four cormers around it
(Sokkia 30 mm reflective tape) (Fig. 2). Fig. 3 shows
the photograph of the experimental setup. The setup
involved observing all eight reference targets and
then collecting measurements from specific points
on the IMU, including a level placed flush to the IMU
base plate, to calculate roll, pitch, and yaw angles.

A Sokkia NetOSAXII industrial total station was
used for the experiment. The manufacturer-specified
accuracy of the total station is 0.5 mm + 1 ppm for
distance measurements and 0.5” for angular meas-
urements (SOKKIA, 2022). The total station was cal-
ibrated by a Sokkia certified servicing center eight
months prior to this study. The total station measures
three basic observables: slope distance, vertical
angle, and horizontal angle from the phase center of
the instrument to the back of a reflective target. Using
trigonometric calculations and applying corrections
for environmental factors, these observed quantities
were converted by the algorithm inside the total sta-
tion processor into 3D Cartesian coordinates relative
to the origin of the defined local coordinate system.

When doing measurements to compute coordi-
nates of a single point, direct and indirect observa-
tions were conducted to minimize residual systematic
errors, once with the vertical circle of the total station
on the left side of the telescope (known as "face-left"
or direct observation) and once with the telescope ro-
tated 180° and the vertical circle on the right (known
as "face-right" or indirect observation) (Ghilani & Wolf,
2012). One distance measurement was taken in both
face-left and face-right positions, and the average
distance was used in the computation. These direct
and indirect observations were mathematically ad-
justed to correct for any residual systematic errors
caused by instrument inaccuracies, and the final 3D
coordinates of the measured points were calculated.
In this context, one observation refers to the com-
bined, adjusted results from both face-left and face-
right observations.

For each total station setup, a unigue coordinate
system was defined using a fixed offset (100 m North,
100 m East, and 10 m up) from the point of occu-
pation and setting the azimuth to 0° while pointing
roughly towards North. This approach avoided using
the real-time resection method for station setup and
ensured that each setup remained independent, re-
flecting real-world VOS scenarios where resection
or coordinate transformation is typically handled in
post-processing. A custom Python script using the
singular value decomposition method was developed
to compute the six parameters required for coordi-
nate transformation between systems, with flexibility
in considering a variable number of common points
between the two coordinate systems. The script also
performed the coordinate transformation and pro-
duced the transformed coordinates of subsequent
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Fig. 1 A network of measurements performed during a VOS for a 29-foot survey vessel (Class of 2023,
2023).
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Fig. 2 General overview of the experimental setup, showing the location of eight reference points and
IMU along with its X and Y orientation axis. The Z axis is orthogonal to the X and Y axis and points down,
completing the right-handed coordinate system.

Fig. 3 A picture taken during field measurements.
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Xs

Fig. 4 Conceptual example of coordinate transformation: A slave coordinate system (subscript s) is
transformed into a master coordinate system (subscript m) using measurements to common points with
known coordinates in both systems, providing six transformation parameters. During the transformation,
the translation vector, defined by three translation parameters (shown in red), moves the origin O, to O, .
The orientation of the slave frame is then adjusted by the three rotations (shown in green) about its axes
until the slave frame aligns with the master frame.
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side view

Fig. 5 Target arrangement on the level for measuring roll angle. A single cube target was used at four
locations (100, 101, 102, and 103) separated by approximately 20 cm. In this experiment, the level was
positioned directly on top of the IMU.

West Set 1
West Set2 |
WestSet3 ' ' South Set 1

& South Set 2
' South Set 3
SW Set1
swset2 N /
swset3 | °

Fig. 6 Conceptual figure showing the 9 different station setups: three from each orientation (South,
Southwest, and West). The 8 reference points are also depicted. All local coordinate systems were ap-
proximately aligned to the north with the origin (100mN, 100mE, 10m2).
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setups (called slave) in the coordinate system of
the first setup (taken as master). As the experiment
did not involve any ship, the first setup (master) was
treated as the VRF. A schematic of the transformation
is provided in Fig. 4.

2.2 Measurements for computing roll, pitch, and
yaw angles

During each setup, coordinates of multiple points
were measured on a level 1o calculate the roll, pitch,
and yaw angles of the IMU. A single 20 mm cube with
one standard Sokkia 20 mm reflective tape with 0.3
mm target lines on one side was used as the target
for these measurements. The cube was placed on
top of a 1 m long-level to extend the baseline of the
smaller IMU, enhancing measurement precision. No
observations of any type using the bubble level were
taken for this experiment. The level should preferably
pe placed on manufacturer-recommended reference
surfaces or designated reference points. However,
because the reference base plate was not available
in this experiment, the level was placed directly on
top of the IMU, as shown in Fig. 5.

For roll calculations, the level was positioned ap-
proximately aligned along the east (Y) axis on top of
the IMU, while for pitch, the level was approximately
aligned along the north (X) axis. Any deviation from
the exact Y or X axis when making the observations
will not impact final computed roll and pitch values, as
the measured points are projected onto the YZ plane
for roll and onto the XZ plane for pitch. To measure
yaw, the level was placed flush with the base of the
IMU along either the north (X) axis or with the east (V)
axis, depending on the location of the total station,
ensuring a clear line of sight. The IMU manufacturer
explicitly identifies these edges as the reference edge
for heading alignment measurements. For each orien-
tation, the cube was spaced equally along the length
of the level, allowing measurements of four points on
the level. Regardless of the total station’'s position,
the cube was always oriented perpendicular to the
line of sight to maintain measurement consistency.

From each station setup, measurements were
taken to points needed to compute roll, pitch, and
yaw, along with the eight reference marks on the
walls. A total of nine different setups were observed,
with three setups taken from the South, Southwest,
and West directions, as illustrated in Fig. 6. These
varied locations ensured comprehensive spatial cov-
erage and allowed for precise calculation of the IMU’s
angular offsets.

2.3 Computing roll, pitch, and yaw angles

Once all setups were transformed to the coordinate
system of the first setup (master setup), the roll, pitch,
and yaw angles between the master coordinate
frame and the IMU's coordinate frame were calcu-
lated. A dedicated Python script was developed to
handle these computations, providing the flexibility to
specify the number of points on the level to be used
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for angle calculations. When more than two points
were used, a 3D least squares line fitting was ap-
plied to the measured points. This fitted line was then
used to compute the inclination angles (roll, pitch, or
yaw) relative to the coordinate system of the master
setup, which is taken as the VRF in this context. The
measured inclination angles are then converted to
the corresponding mounting rotation angles required
for system configuration. In practice, this conversion
is typically performed using a built-in utility or wizard
provided in the IMU manufacturer's configuration
software. The procedure used for this conversion is
beyond the scope of the present study.

A set of results obtained from the custom Python
script  were  cross-validated against calculations
performed using commercially available software
(Coulson, 2024). The differences between the two
methods were in the order of 10, making them
negligible and confirming the achievable accuracy
using the developed script.

The combination of the nine different setups, the
four targets on the level, and the eight reference tar-
gets provided multiple variables that could be ana-
lyzed for their influence on the computed roll, pitch,
and yaw values. This setup enabled a comprehensive
examination of how different observational configura-
tions and reference points affected the uncertainty of
the angular measurements.

2.4 Experimental setup 2: EC150 transducer face
This experimental data collection was part of an actual
VOS for the EV Nautilus, which was in a floating dry
dock as seen in Fig. 7. The same Sokkia NETO5AXII
industrial total station used for experimental setup
1 was used for all observations. A new sonar, the
Simrad EC1580, had been installed at the bottom of
the keel (Fig. 8). The primary objective of this VOS
was to accurately determine the position and orienta-
tion of the EC150 transducer with a diameter of 346
mm (Simrad, 2019) relative to the previously estab-
lished VRF.

For this purpose, coordinates of nine evenly dis-
tributed points on the face of the EC150 transducer
(Fig. 9) were collected from three independent total
station setups. Three total station setup locations
were selected around the EC150: one forward of the
EC150 near the vessel centerline, one to starboard of
the EC150 across the centerline, and one aft of the
EC180 near the vessel centerline. These locations
were selected to maximize direct line-of-sight visibility
to the EC150 transducer face and a minimum of eight
previously established control points. The transducer
face was recessed compared to the vessel's keel,
which prevented straightforward extension of the
plane of the transducer’'s bottom face using a level
similar to one done in experimental setup 1 (IMU).
This experimental setup was ideal for evaluating the
effectiveness of roll and pitch calculations using a
fitted plane to the points on the circular transducer
face compared to the shorter baseline available.
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Fig. 7 EV Nautilus in floating dry dock Kapolei, Hawaii, December 2022.

EC150 NS
ransduce

Fig. 9 EC150 transducer face with nine squares representing the ap-

proximate locations used for position measurements. A single 20 mm
cube with one standard Sokkia 20 mm reflective tape with 0.3 mm
target lines on one side was used as the target for these measure-

ments similar to the one used in experimental setup 1.
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3 Data analysis, results, and discussion
This section is divided into subsections, and each
has a focus on analyzing the impact of different pa-
rameters on the uncertainty of the VOS. To maintain
clarity and conciseness, only the results for one of
the computed angles, either roll or pitch, whichever
has the most stringent uncertainty requirements, are
discussed below.

3.1 Instrument accuracy

To investigate the effect of instrument accuracy on
the VOS results, the ideal approach to obtain re-
al-world values would be to collect parallel datasets
using a separate instrument with lower accuracy.
However, due to time constraints and the complexity
of data collection, a Monte Carlo based simulation
approach was adopted instead. Specifically, to sim-
ulate results from an instrument with accuracy of
+1” for angular measurement and +1 mm for linear
measurements, the raw measurements from the
Sokkia NetOSAXII were modified to simulate low-
er-accuracy results. This was achieved by adding
normally distributed random errors of +0.866" for
angular measurements and +0.866 mm for linear
measurements to the raw measurements from the
Sokkia NetO5AXII with stated manufacturer's accu-
racy of =£0.5" for angular measurements and 0.5
mm + 1 PPM for linear measurements. The ex-
pected random error after this simulation is +1 for
angular measurements in seconds and linear meas-
urements in mm. A total of 11 simulated datasets
were generated each containing 9 observations,
resulting in 99 simulated estimates of the IMU
mounting angles.

This approach ensured that all random observa-
tional errors present in the original data remained
consistent, with the only variable being the simulated
random instrument errors. The modified measure-
ments were then used to compute the final 3D point
coordinates. These modified datasets, incorporating
the added random errors, were subsequently pro-
cessed in the same manner as the original data to
compute the roll, pitch, and yaw of the IMU. The re-
sults of this analysis are summarized in Tables 3 and
4,

All consecutive results in this section are arranged
in a similar manner to Table 3. The table is organized
into two primary sections: Computed angle values
and Statistics. Each row corresponds to a specific
location, denoted as S (South), SW (Southwest),
and W (West), while each column represents either
a computed value from a setup or a statistical metric.

The computed angle values section displays the
computed roll from three distinct experimental setups
labeled Setup1, Setup2, and Setup3. For each lo-
cation, the table lists three corresponding roll values
derived from these setups. These values represent
the core data from which the subsequent statistical
analysis is drawn. The headers from the statistic sec-
tions are self-explanatory and offer a summary of
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computed values for each location (by row). The last
row in green-colored values in the statistic section
summarizes the statistics for nine roll values from the
three locations and three setups per location. This
structured organization allows for an intuitive compar-
ison between the different setups and locations, as
well as a clear understanding of the statistical char-
acteristics of the computed values. Please note that
all values in the presented tables are expressed in
degrees unless specified otherwise.

The average roll angle of -0.27°, as seen in the last
row in Table 3, and the average roll value of -0.29°,
as seen in the last row in Table 4 indicate that, for
the simulated observation scheme used in this study,
there is no substantial difference in the estimated
mean roll angle when using the higher-accuracy in-
strument data and the simulated lower accuracy
observations. However, a substantial difference is
observed in the standard deviation of the individual
roll estimates between the two cases (0.05° versus
0.15°).

However, the standard error of the mean obtained
from 9 original observations in Table 3 is +0.017°
(0.05 /4/9), while the corresponding value obtained
from 99 simulated observations in Table 4 is +0.015°
(0.15 /4/99) and both values are within the required
tolerance of +0.02°. These standard errors of the
mean represent the Type A standard uncertainty of
the estimated roll angle referred to hereatfter in this
paper as the Type A standard uncertainty and were
calculated from repeated observations in accord-
ance with the Guide to the Expression of Uncertainty
in Measurement (JCGM, 2008). This indicates that a
lower-accuracy instrument may still yvield a compa-
rable uncertainty in the estimated mean roll angle if a
sufficiently large number of observations is acquired.
However, in practical field applications, acquiring 99
observations for a single sensor is not realistic, and
even the 9 setups used in this experiment may be
difficult to achieve under routine survey conditions.

Table 5 presents results obtained by randomly
selecting 9 observations from the 99 simulated ob-
servations, thereby matching the number of observa-
tions acquired with the higher-accuracy total station.
Although the estimated mean roll value remains
comparable (-0.27°) between the two instrument-ac-
curacy cases, the Type A standard uncertainty in-
creases substantially to 0.053° (0.16 / v/9) for the
simulated lower-accuracy instrument. This indicates
that, when the number of observations is held con-
stant, the lower-accuracy instrument does not meet
the manufacturer's 0.02° uncertainty expectation.

The standard error of the mean is £0.017° in the
case of Table 3 and +0.015° in the case of Table 4.
Since all other parameters remained constant be-
tween the two sets of observations, the simulated
reduction in instrument accuracy did not materi-
ally affect the uncertainty of the estimated mean roll
value when a sufficiently large number of observa-
tions was used. This suggests that, in this case, the
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Table 3 Roll values and associated statistics for the Sokkia NetO5AXIl (0.5 mm and 0.5” accuracy). The values are shown in degree and computed using two innermost
targets, 101 and 102 (Fig. 5).

, Computed roll values Statistics
Location - - }
Setup1 Setup?2 Setup3 Min Max Diff (Max-Min) Mean Stdv
S -0.27 -0.25 -0.30 -0.30 -0.25 0.05 -0.27 0.03
Sw -0.38 -0.25 -0.24 -0.38 -0.24 0.14 -0.29 0.08
w -0.27 -0.24 -0.19 -0.27 -0.19 0.08 -0.23 0.04
-0.38 -0.19 0.19 -0.27 0.05

Table 4 Roll angle associated statistics derived from modified observations recomputed with added theoretical normally distributed random errors corresponding to instru-
ment accuracies of 1 mm and 1". The statistics were computed from 99 roll angle values, obtained from 11 modified datasets, and are not listed individually due to space
limitations. The roll angles were computed using the two innermost targets (101 and 102; Fig. 5) and are reported in degrees.

. Statistics
Location - } .
Min Max Diff (Max-Min) Mean Stdv
S -0.63 0.27 0.90 -0.26 0.19
sw -0.55 -0.11 0.44 -0.30 0.11
w -0.58 0.00 0.58 -0.31 0.16
-0.63 0.27 0.90 -0.29 0.15

Table 5 Roll values and associated statistics for the modified observations obtained by recomputing the measurements with added theoretical, normally distributed random
errors corresponding to equipment accuracies of 1mm and 1" and selecting random 9 values from the 99 simulated observations. The values are shown in degree and
computed using two innermost targets, 101 and 102 (Fig. 5).

, Computed roll values Statistics
Location - ; .
Setup1 Setup2 Setup3 Min Max Diff (Max-Min) Mean Stdv
S -0.41 -0.24 -0.58 -0.58 -0.24 0.34 -0.41 017
Sw -0.05 -0.35 -0.13 -0.35 -0.05 0.30 -0.18 0.15
w -0.25 -0.19 -0.19 -0.25 -0.19 0.06 -0.21 0.03
-0.58 -0.05 0.52 -0.27 0.16

effect of increased observational redundancy com-
pensated for the lower nominal instrument accuracy.
Consequently, the simulated lower-accuracy instru-
ment, with approximately 1" angular and 1 mm linear
accuracy, produced a comparable Type A standard
uncertainty in the estimated mean roll angle to that
obtained from the higher-accuracy Sokkia NETOSAXII.
However, this comparison is based on 9 observa-
tions obtained with the higher-accuracy instrument
and 99 simulated observations representing the low-
er-accuracy instrument. In practical field applications,
acquiring such a large number of observations for
a single sensor installation is generally not feasible.
Therefore, instrument selection should be based not
only on the required uncertainty of the final result but
also on the practical number of observations that can
realistically be acquired in the field.

3.2 Direct and indirect observations

The next parameter examined during the experi-
ment was the effect of using direct-only observations
versus both direct and indirect observations. As pre-
viously discussed, combining adjusted direct and
indirect observations helps to eliminate any residual
internal  instrument systematic errors  (Schofield,
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2001) after calibration, while also minimizing the im-
pact of random errors, such as pointing errors. In
the field, both direct and indirect observations were
performed for each angle and distance measurement
targeting a single cube on a level. The resulting com-
puted roll values are presented in Table 3. To assess
the 3D position values based solely on direct ob-
servations, the indirect observations were manually
removed from the raw data prior to calculating the 3D
positions of the points. These points were then used
to compute the roll values based on direct observa-
tions alone, as shown in Table 6.

As shown in the last row of Tables 3 and 6 (green-
colored), the mean roll angle differs by only 0.01°
between the two results (-0.27° and -0.28°). The
standard deviation computed from the nine observa-
tions remains consistent at 0.05° in both cases. This
suggests that, at relatively short distances (approx-
imately 3 meters in this case), the residual system-
atic errors in horizontal and vertical angles, stemming
from instrument inaccuracies such as collimation
error, misalignment in the horizontal plane of rotation,
or the vertical plane not being exactly perpendicular,
with the used total station (with its magnitude of cali-
bration parameters) and in this particular scenario,
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Table 6 Roll values and associated statistics using direct observations only. The values are shown in degree and computed using two innermost targets, 101 and 102

(Fig. 5).
. Computed roll values Statistics
Location : : :
Setup1 Setup2 Setup3 Min Max Diff (Max-Min) Mean Stdv
S -0.22 -0.22 -0.30 -0.30 -0.22 0.08 -0.25 0.05
SW -0.38 -0.25 -0.27 -0.38 -0.25 0.13 -0.30 0.07
w -0.33 -0.27 -0.24 -0.33 -0.24 0.08 -0.28 0.04
-0.38 -0.22 0.16 -0.28 0.05

do not significantly impact the results. However, this
finding may change in the presence of larger sys-
tematic errors or when observations are made over
longer distances. Additionally, this implies that when
instruments are calibrated by a certified servicing
center and subsequently verified on-site by the sur-
veyor prior to data acquisition, surveyors can rely
on direct observations alone for shorter distances.
Nevertheless, prior to data acquisition, the calibration
parameters should be verified by the surveyor to en-
sure the integrity and reliability of the measurements,
particularly in applications demanding high accuracy.
When operational time permits, performing direct
and indirect observations is advisable, as this prac-
tice further enhances measurement precision and
robustness.

3.3 Baseline length

The accuracy of 3D point coordinates on the level
is largely independent of the distance between the
points. However, the angular offset is computed from
the relative positions of the points. Therefore, for the
same angular offset, a longer distance between the
points (i.e., a longer baseline) should, in theory, re-
duce the influence of coordinate uncertainty and
improve the accuracy of the estimated offset. The
authors have observed that, while it is possible to
extend baseline lengths using a precise level or any
other machined flat surface, surveyors do not always
take advantage of this option. In most cases, the
shortest baselines are observed with IMUs, where
the reference base plate is relatively short (10-30
cm). However, using a precise flat surface, the base-
line can be extended to 1 meter or more, provided
there are no obstructions such as bulkhead walls or
mounting screws.

To quantify any improvement in precision with a
larger baseline, selective points were used to com-
pute the angular offsets. As previously described,
four equally spaced points were measured on the
level from each setup (see Fig. 5). This allowed the
innermost two points (101 and 102) to be used for
the computation of roll offsets (see Table 3) with a
shorter baseline, while the outermost two points (100
and 103) were used to compute a second set of roll
offsets (Table 7) with a longer baseline. The difference
pbetween these two sets of angular offsets was used
to assess the improvement in standard deviation.

Upon reviewing Tables 3 (short baseline) and 7
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(long baseline), it is evident that the final mean roll
value (shown green-colored in the last row of the ta-
bles) for the short baseline is -0.27° with a standard
deviation of 0.05°, while for the longer baseline it is
-0.23° with a standard deviation of 0.04°. Although
the improvement in standard deviation is small, the
mean value changes by 0.04°, which is notable rela-
tive to the required roll uncertainty of +0.02°. The dif-
ference between the minimum and maximum values
for the short baseline is 0.19°, compared to 0.11° for
the long baseline. If only one observation were per-
formed, the min-max difference obtained from the set
of nine observations represents the possible range of
the resulting roll value. This range is smaller for the
longer baseline, indicating lower variability in the esti-
mated roll values compared with the shorter baseline
for the observations considered in this study.

Although the standard deviation of the individual
observations (0.04° for the long baseline and 0.05°
for the short baseline) exceeds the required roll tol-
erance of +0.02° for both configurations, the Type A
standard uncertainty obtained from nine observations
is +£0.013° for the longer baseline and +0.017° for
the shorter baseline. These values are within the re-
quired tolerance. The longer baseline, therefore, pro-
vides a smaller uncertainty. Furthermore, the standard
deviation of the mean can be reduced either by in-
creasing the number of observations or by eliminating
outlier roll values, as discussed in Section 3.7.

3.4 Number of points on the baseline
This section analyzes any improvements in the final
mean roll value resulting from measuring multiple
points along a baseline. As previously described, a
total of four points were measured on the level during
data collection. One set of roll values was computed
using the two outermost points (Table 7), while an-
other set of roll values

Table 8 was calculated using a best-fitting 3D line
through all four points. The mean roll values from
Table 7 (-0.23°) and Table 8 (-0.24°) are nearly iden-
tical, both with a standard deviation of 0.04°. Using
only two points, particularly the outermost points,
introduces higher sensitivity to outliers, as these
points act as leverage points and strongly influence
the fitted line. Therefore, including additional points
provides redundancy and allows potential outliers to
be detected during post-processing. However, in this
case, the nearly identical mean roll values suggest
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. Computed roll values Statistics
Location : : :
Setup1 Setup2 Setup3 Min Max Diff (Max-Min) Mean Stdv
S -0.27 -0.22 -0.22 -0.27 -0.22 0.05 -0.24 0.03
Sw -0.32 -0.21 -0.22 -0.32 -0.21 0.1 -0.25 0.06
w -0.22 -0.21 -0.23 -0.23 -0.21 0.02 -0.22 0.001
-0.32 -0.21 0.11 -0.23 0.04
Table 8 Roll values and associated statistics computed using all four points on the baseline. All values are shown in degrees.
. Computed roll values Statistics
Location : : :
Setup1 Setup2 Setup3 Min Max Diff (Max-Min) Mean Stdv
S -0.27 -0.23 -0.23 -0.27 -0.23 0.048 -0.24 0.02
Sw -0.33 -0.22 -0.22 -0.33 -0.22 0.11 -0.25 0.06
w -0.23 -0.21 -0.23 -0.23 -0.21 0.02 -0.22 0.01
-0.33 -0.21 0.12 -0.24 0.04

that no outliers are present. Under this assumption,
the results indicate that the number of points used in
the roll computation has an insignificant effect on the
uncertainty of the computed roll. Instead, the base-
line length plays a more significant role in determining
the uncertainty than the number of points measured
on the baseline, as discussed in Section 3.3.

3.5 Number of reference points

In geodetic network adjustment, the precision of
estimated parameters, in this case the roll value, is
influenced by both the number of observations and
the spatial distribution (geometry) of the reference
points. A limited point distribution can weaken the
network geometry and increase the uncertainty of the
transformation parameters and ultimately that of the
roll value. As previously described, nine independent
local setups were established in their respective co-
ordinate systems. One setup was selected as the
master coordinate system, and the remaining eight
setups were transformed into this system using ob-
servations to eight common reference points. This
section investigates the impact of the number of ref-
erence points used during the transformation on the
computed mean roll values. For the roll values pre-
sented in Table 9, only three reference points (6, 7,
and 8) were used during the transformation. Although
this configuration results in a limited spatial distribu-
tion of reference points, it was intentionally selected
to represent constrained measurement geometries
that may occur in practical environments, such as
narrow corridors or hallways, where observations are
often performed. This configuration, therefore, rep-
resents a near worst-case scenario. The positions
of the two outermost targets on the level were then
used to compute the associated roll value. A similar
process was applied using all eight reference points,
resulting in the roll values shown in Table 7.

As shown in Table 9, using three reference points
yielded a mean roll value of -0.25°, with a standard
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deviation of the observations of 0.05° (last row of the
table in green color). According to Table 7, when all
eight reference points were used, the mean roll value
is -0.23°, while the standard deviation of the observa-
tions decreased slightly to 0.04°. The corresponding
standard deviation of the mean is approximately
0.017° for the three-reference point configuration and
0.013° when eight reference points are used. These
results indicate that, in this case, using eight refer-
ence points yields only a small reduction in uncer-
tainty compared with using the three reference points
in Table 9. This suggests that the positional errors
of the three reference points are small and that the
number of reference points has a limited influence on
the computed roll values. Similar behavior was ob-
served for the pitch and yaw values.

However, this may not always be the case in field
conditions. If one of the three reference points had a
relatively large positional error, it would likely impact
the accuracy of the computed roll values. Using mul-
tiple reference points minimizes the influence of error
from any single reference point through least squares
estimation, and any erroneous reference point can be
identified by higher residual values following the least
squares adjustment. Another important consideration
when using three reference points is their orientation.
The orientation of the reference points relative to the
total station can affect how positional errors associ-
ated with the reference points affect the positional
error of the total station computed using the resection
process. Furthermore, the orientation of the IMU with
respect to the total station will influence how posi-
tional errors in the total station translate to the posi-
tion of the targets on the level.

In practical field conditions, surveyors are often
constrained by restricted geometry, leading to orien-
tations similar to those used in this case. Therefore,
it is essential to use multiple reference points to ac-
count for both the orientation of the total station with
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Table 9 Roll values and associated statistics computed after transforming the 8 setups to the first (Master) setup using only three common points (6, 7, and 8). The two

outermost targets on the level were then used for the roll computation. All values are reported in degrees.

Computed roll values Statistics
Setupi Setup?2 Setup3 Min Max  Diff (Max-Min) Mean Stdv
-0.27 -0.25 -0.30 -0.30 -0.25 0.05 -0.27 0.03
-0.33 -0.17 -0.22 -0.33 -0.17 0.16 -0.24 0.08
-0.27 -0.27 -0.22 -0.27 -0.22 0.06 -0.25 0.03
-0.33 -0.17 0.16 -0.25 0.05
Table 10 Pitch values and associated statistics for the three measurement locations (S, SW, and W).
Computed roll values Statistics
Setupi Setup?2 Setup3 Min Max  Diff (Max-Min) Mean Stdv
-0.04 -0.08 -0.03 -0.08 -0.03 0.05 -0.05 0.03
-0.09 -0.04 -0.04 -0.09 -0.04 0.05 -0.06 0.03
-0.07 -0.07 -0.04 -0.07 -0.04 0.03 -0.06 0.01
-0.09 -0.09 0.06 -0.06 0.02
Table 11 Yaw values and associated statistics for the three measurement locations (S, SW, and W).
Computed roll values Statistics
Setupi Setup?2 Setup3 Min Max  Diff (Max-Min) Mean Stdv
-0.35 -0.44 -0.45 -0.45 -0.35 0.10 -0.41 0.06
-0.43 -0.38 -0.39 -0.43 -0.38 0.05 -0.40 0.03
-0.41 -0.40 -0.38 -0.41 -0.38 0.03 -0.40 0.02
-0.45 -0.35 0.10 -0.40 0.03

respect to the reference points and to identify and
eliminate any high-error reference points during the
computation process.

3.6 Effect of the location of the total station

This section examines the influence of the observa-
tion location on the computed orientation parameters.
Roll, pitch, and yaw values were computed for three
different measurement locations (S, SW, and W), each
based on three independent setups. The resulting
values and their associated statistics are presented
1o evaluate the variability of the estimated parameters
for the different observation configurations.

Upon reviewing the tables presented in the anal-
ysis (from Tables 3 to 9), it is evident that the S and
W orientations consistently exhibit lower standard
deviations (shown in the last column, not green-
colored) compared to the SW orientation, indicating
that, for roll-angle estimation, the S and W station lo-
cations yielded lower variability than the SW location.
However, no such pattern was observed in the case
of pitch (Table 10) and yaw (Table 11) computations.

Table 10 presents the computed pitch values and
associated statistics for the three measurement loca-
tions (S, SW, and W). The S and SW locations ex-
hibit comparable variability, each vielding a standard
deviation of 0.03° across the three setups, whereas
the W location shows a smaller standard deviation of
0.071°. This behavior differs from that observed for the
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roll values, where the S and W locations generally ex-
hibited lower variability than the SW orientation.

Table 11 presents the computed yaw values and
associated statistics for the three measurement lo-
cations (S, SW, and W). The S location exhibits the
largest variability, with a standard deviation of 0.06°,
while the SW and W locations show smaller standard
deviations of 0.03° and 0.02°, respectively. This
behavior also differs from that observed for the roll
values, where the S and W locations generally exhib-
ited lower variability than the SW orientation.

Given the limited number of observations per loca-
tion, these results should be interpreted cautiously.
With the available data, it is not possible to conclu-
sively determine whether the station location relative
to the sensor has a measurable influence on the
computed orientation angles. Further field testing,
involving a greater number of setups and longer dis-
tances, is necessary to draw definitive conclusions.

3.7 Number of station setups: variability and outlier
assessment

For this analysis, the means and standard devia-
tions from Table 7 are used. When analyzing the
Setup1 values for the three orientations (S, SW, and
W), the obtained roll values are -0.27°, -0.32°, and
-0.22°, These observations vyield a mean roll value
of -0.27° with a standard deviation of the observa-
tions of approximately 0.05°. The corresponding
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Table 12 Summary of computed pitch and associated statistics for EC150 transducer using three methods. All values are in degrees.

Computed pitch values Statistics
Approach - - -
Setup1 Setup?2 Setup3 Min Max Diff (Max-Min) Mean Stdv
Method 1:
3-Point Line Fit -0.02 -0.011 -0.07 -0.11 -0.00 0.09 -0.07 0.05
Method 2:
4-Point Plare Fit -0.04 -0.01 -0.03 -0.06 -0.01 0.05 -0.04 0.03
Method 3: -0.04 -0.04 -0.03 -0.06 -0.04 0.02 -0.05 0.01

9-Point Plane Fit

standard deviation of the mean, representing the Type
A standard uncertainty, is approximately 0.03°. This
value exceeds the required uncertainty threshold of
0.02°, indicating that additional independent observa-
tions from further station setups would be required to
achieve the desired uncertainty level. Additionally, no
potential outliers can be identified among the three roll
values (-0.27°, -0.32°, and -0.22°), as all observations
lie within one standard deviation of the mean value
(-0.27°); therefore, none of the observations can be
reasonably excluded from the analysis.

When analyzing the Setup? values for the three
orientations (S, SW, and W), the roll observations
(-0.22°, -0.21°, and -0.21°) vield a standard deviation
of approximately 0.01°. The corresponding standard
deviation of the mean is approximately 0.003°, which
is below the required uncertainty threshold of 0.02°. A
similar result is obtained for Setup3, where the obser-
vations (-0.22°, -0.22°, and -0.23°) vield a standard
deviation of approximately 0.01° and a standard devia-
tion of the mean of approximately 0.003°.

When three independent angle values, either from
different orientations or from different setups, do not
meet the required minimum uncertainty threshold, the
observations can be examined for potential outliers by
evaluating their deviation from the mean relative to the
standard deviation of the observations. A new mean
and standard deviation can then be calculated using
the remaining two values and compared against the
required minimum standard deviation. This situation
occurs when considering the three setups for the

SW orientation, where the value of -0.32° shows the
largest deviation from the mean and can be treated as
a potential outlier. After excluding this value, the recal-
culated mean becomes -0.21° with a standard devia-
tion of approximately 0.01°,

Similarly, for the three setups from the S orientation,
the value of -0.27° can be considered an outlier, re-
sulting in a standard deviation of 0.00° when excluded.

3.8 Using a fitted plane to compute roll and pitch
To quantify precision and Type A uncertainty in the
obtained angles using plane fitting compared to line
fitting, data collected for the VOS of EV Nautilus
was analyzed. Table 12 presents the pitch values
derived using three different methods. Please note
that for the EC150 transducer, the required accu-
racy for roll and pitch mounting angle estimation is
0.02°. For all three methods, the coordinates of
the points are initially measured in local coordinate
frames and subsequently transformed into the ves-
sel's coordinate frame before computing the pitch
and roll angle values.

The first method utilizes a 3D line best fitted to the
along-track points on the face of the EC1560 trans-
ducer (as shown in Fig. 10a). The fitted line represents
the longitudinal orientation of the transducer. To com-
pute the pitch angle, the fitted line is projected onto
the vessel's XZ plane (forward-down), eliminating the
Y (across-track) component. The pitch angle is then
derived from the slope of this projected line relative to
the vessel's longitudinal (X) axis. The second method

Fig. 10 (a) EC150 transducer face with 9 squares used for measurements. (b) EC150 transducer face with four points used for plane fitting. (c) EC150 transducer face with all 9

points used for fitting.
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involves a normal vector to a 3D best-fit plane, fitted
using four out of nine points measured on the face
of the transducer (Fig. 10b). The third method uses
a normal vector to a 3D best-fit plane fitted to all nine
points on the transducer's surface (Fig. 10c). In the
second and third methods, the normal vector is pro-
jected onto the vessel's XZ plane (forward-down),
and the pitch angle is computed as the angle be-
tween the projected normal vector and the Z axis of
the vessel reference frame. The orientation angles
are derived from geometric relationships between the
measured point coordinates and the vessel reference
frame. The direction vector of the fitted line or the
normal vector of the fitted plane defines the orienta-
tion of the transducer surface, from which the pitch
and roll angles are computed.

From Table 12, it can be observed that the standard
deviation is highest for the first method, which uses
only three points in the along-track direction. The
standard deviation decreases to 0.03° for the second
method, which fits a plane using four points, and fur-
ther decreases to 0.01° for the third method, which
fits a plane using all nine points to compute the pitch
angle. The corresponding standard deviation of the
mean (Type A standard uncertainty for three samples)
is approximately 0.029°, 0.017°, and 0.006° for the
three methods, respectively. Similar improvements
were observed for the roll angle.

It should be noted that the face of the EC150
transducer is designed to be planar; therefore, fitting
a plane to multiple points on the transducer surface
provides a stable estimate of its orientation. These
results indicate that for circular transducers, such as
the EC150, using the normal vector of a fitted plane
to multiple points on the transducer surface provides
improved roll and pitch estimations. This approach is
particularly advantageous when physical constraints
restrict the use of a level to extend the baseline
length of the transducer for improving the accuracy of
angle measurements.

4 Conclusions

Although a priori and a posteriori uncertainty analysis
can be derived from the mathematical relationships
between measured quantities and estimated param-
eters, this study focused on quantifying the variation
of the final estimated installation parameters through
simulated and real-world observations. Two com-
plementary case studies were used. A simulated
IMU configuration was employed to evaluate the in-
fluence of survey design and measurement factors
on the precision of the estimated parameters, while
field measurements from EV Nautilus were used to
assess the influence of the computation method on
the precision of roll and pitch estimates. Collectively,
these analyses provide insight into how observation
strategy, measurement geometry, redundancy, and
processing methodology influence the precision and
Type A standard uncertainty of the estimated orienta-
tion parameters obtained during VOS.
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4.1 Observation method and instrument factors

(instrument accuracy and direct-indirect observations)
Within the short-distance experimental configuration
tested in this study, instrument accuracy had a meas-
urable influence on the precision of the estimated
parameters, whereas the use of direct versus com-
bined direct-indirect observations did not produce a
measurable change in the estimated angles or in their
associated precision metrics, including the standard
deviation of the observations and the Type A standard
uncertainty. Under the tested conditions, observations
obtained with the higher-accuracy instrument (0.5"/0.5
mm) using 9 observations and simulated lower-accu-
racy observations (1"/1 mm) using 99 observations
produced comparable mean angular estimates and
comparable Type A standard uncertainties. However,
when the number of observations was held constant,
the higher-accuracy instrument provided lower Type A
uncertainty and therefore greater confidence in the es-
timated parameters than a randomly selected subset
of 9 observations from the simulated lower-accuracy
datasets. This indicates that lower nominal instrument
accuracy may be compensated for by substantially
increasing the number of observations, although
such observation counts are often impractical in field
applications.

By contrast, the use of only direct observations did
not produce a significant increase in the uncertainty of
the estimated parameters under the conditions of this
experiment setup, suggesting that random observa-
tional variability had a greater influence on the final es-
timates than the residual systematic errors remaining
after instrument calibration. This observation is limited
to the tested configuration and does not reduce the
importance of identifying and minimizing systematic
errors in general survey practice. Systematic effects,
typically mitigated through direct—indirect observations,
were likely small in this case because of the short
observation distances and the limited range of zenith
angles. In practical vessel installations, however, dif-
ferent sensors may be observed under different ge-
ometric configurations and zenith-angle ranges, which
may increase sensitivity to systematic deviations.
Accordingly, standard survey practice should still in-
clude the use of instruments with appropriate nominal
accuracy, proper factory and field calibration, and di-
rect-indirect observations.

4.2 Baseline geometry (baseline length and number
of points on baseline)
Baseline length had an influence on the precision of
the estimated roll offsets. As expected, longer base-
lines reduced the standard deviation of the estimated
parameters because the same linear measurement
uncertainty translated into a smaller angular uncer-
tainty. In contrast, increasing the number of points
used to define the baseline from two to four did not
produce a noticeable reduction in the dispersion of
the estimated roll values under the tested conditions.
These results are specific to the baseline lengths and
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geometry evaluated in this study. In practical survey
applications, extending the baseline length is beneficial
when feasible, whereas the number of points used to
define the baseline should be selected based on re-
dundancy needs, site constraints, and the expected
gain in precision.

4.3 Reference geometry and instrument location
(number of reference points and location of the
total station)

Within the tested short-range configuration, increasing
the number of reference points from three to eight
did not significantly improve the precision of the esti-
mated parameters, and the location of the total station
relative to the measured object did not produce a
measurable change in the estimated angles. These
outcomes are specific to the experimental measure-
ment configuration evaluated in this study. In theory,
a larger number of reference points strengthens the
observation network and reduces sensitivity to indi-
vidual point-coordinate errors; however, in this case,
the positional errors of the three reference points were
small, which likely limited any observable improve-
ment in the computed roll values. The available data
also does not permit a conclusive assessment of the
influence of station location, as the number of obser-
vations per station location was limited. Nevertheless,
using only the minimum of three reference points is
not recommended in practice because it provides
no redundancy for identifying point-coordinate errors
during post-processing.  Additional, well-distributed
reference points enable least-squares adjustment and
improved detection of positional inconsistencies when
transforming local coordinates into the master coordi-
nate system. This analysis was performed for a single
sensor and therefore does not evaluate the full intermal
vessel sensor network.

4.4 Observation redundancy and quality control
Observation redundancy (number of station setups)
had a direct influence on the precision of the esti-
mated roll value and on the ability to identify potential
outliers. Nine independent station setups were ana-
lyzed to examine how the standard deviation of the
derived roll values changed with the number of setups.
In the tested configuration, two independent setups
with different orientations were sufficient to produce
roll estimates with a standard deviation below 0.02°.
However, this standard deviation reflects only the
precision of the estimated roll values and not their ab-
solute accuracy. Although two setups were sufficient
in this experimental case, reliance on only two obser-
vations is not recommended in practical survey work.
If one observation is later identified as an outlier during
processing, it may not be possible to retum to the
field and acquire an additional setup. For this reason,
at least three independent station setups are recom-
mended in practice to provide redundancy for outlier
detection and to improve confidence in the estimated
orientation parameters.

https://doi.org/10.58440/ihr-32-1-a01

STANDARDIZING HYDROGRAPHIC VESSEL OFFSET SURVEYS

4.5. Computation method (fitted plane vs. line fitting)
The computation method had a substantial effect on
the precision of the estimated roll and pitch param-
eters. For sensors or surfaces that can reasonably
be treated as planar, fitting a plane to the maximum
possible number of observed points produced lower
standard deviations and lower Type A standard un-
certainties than line fitting or plane fitting with fewer
points. This is expected because the fitted-plane
approach uses more observations and better rep-
resents the full sensor surface geometry, thereby
reducing sensitivity to individual point-measurement
noise. In contrast, line fitting relies on fewer points
and is therefore more sensitive to local observation
errors. This effect was especially important for short
baselines and for sensors with narrow dimensions in
the direction relevant to the angle being estimated.

For non-circular or linear-array sensors, such as
multibeam transducers and some IMUs, plane fitting
should be used to compute roll and pitch whenever
sufficient points are available. When plane fitting is
not feasible, such as in constrained spaces around
an IMU, a line fit should be used with the longest
possible baseline, since increasing baseline length
improves the precision of the estimated angles. This
is particularly important for roll estimation in narrow
multibeam transmitters and pitch estimation in narrow
multibeam receiver arrays. For circular sensors such
as the EC150, the fitted-plane method based on nine
points substantially reduced the Type A standard un-
certainty relative to short-baseline line fitting.

For azimuth or heading offset estimation, plane fit-
ting is generally not applicable, and the surveyor must
instead use manufacturer-identified edges, marks, or
machined reference surfaces, as is often the case for
IMU base plates. In such cases, a line fit using the
longest feasible baseline should be applied. For cir-
cular arrays, including IMUs with circular base plates
and circular transducers, baseline extension is often
not possible for heading estimation. In these situa-
tions, multiple two-point line-based heading meas-
urements should be acquired, and the mean value
together with the standard deviation of the observa-
tions should be used to estimate the most reliable
heading offset and to identify potential outliers. For
larger linear transducers, such as lower-frequency
sonar arrays, the full length of the transmitter or re-
ceiver edge should be used wherever possible to
compute along-axis or across-axis heading angular
offsets. In practical applications, the choice between
plane fitting and line fitting should therefore be guided
by actual sensor geometry, available access, and the
number and distribution of observable points.

4.6 Overall implications

Taken together, the results indicate that for short-
range VOS configurations, the precision and Type
A standard uncertainty of the estimated installation
parameters are govemed primarily by instrument
accuracy, observation geometry, redundancy, and
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computation method. Within the tested range,
lower nominal instrument accuracy can be partially
compensated for by increasing the number of obser-
vations, but this is often impractical in field conditions.
By contrast, the tested direct-only observation
strategy did not significantly degrade the estimated
uncertainties in this short-range, well-calibrated con-
figuration. Accordingly, instrument selection should
be based not only on nominal specifications but also
on the number of repeat observations that can re-
alistically be collected, the target uncertainty of the
estimated installation parameters, and the expected
sensitivity of the observation geometry to residual
systematic effects.

These findings do not establish a universal accu-
racy standard for all hydrographic survey categories
under IHO S-44. Rather, they represent a step toward
a more standardized and technically defensible meth-
odology for dimensional control vessel offset surveys
that can meet or exceed manufacturer requirements
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