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Resumen

La Colaboracion KM3NeT es el equipo mas grande de cientificos e ingenieros operando la mas grande
infraestructura de investigacién multipropdsito, multidisciplinar submarina en el fondo del Mar
Mediterraneo, incorporando una red de telescopios de neutrinos de nueva generacidn y dispositivos
dedicados a ciencias multidisciplinarias. KM3NeT estd actualmente escalando dos detectores de neutrinos
de gran volumen (~km3), compartiendo la misma tecnologia pero con diferentes disefios y objetivos
cientificos. Estos detectores son los llamados ORCA (investigacion de oscilacion con césmicos en el
abismo) y ARCA (investigacion de astroparticulas con cosmicos en el abismo). ARCA se encuentra en el
sitio KM3NeT-It (Capo Passero, Italia) y ORCA esta en el sitio KM3NeT-Fr (Toulon, Francia). El principio de
deteccién se basa en el registro de la luz de Cherenkov, inducida por particulas cargadas relativistas
producidas en interacciones de neutrinos al cruzar los detectores. Cada detector comprende una matriz
tridimensional (3D) de unidades de deteccién (DU), en un disefio modular. Cada DU comprende 18
maddulos épticos digitales (DOMs), y cada DOM contiene 31 tubos fotomultiplicadores (PMT) de 3
pulgadas, responsables de registrar la luz Cherenkov. Cada DOM recopila informacién que permite la
reconstruccion de la direccion, energia y tiempo relacionado a eventos de neutrinos. Los detectores
funcionan en el modo all-data-to-shore de transferencia de datos para el andlisis posterior de esta
informacion.

Conocer la orientaciéon de cada DOM es crucial para determinar la direccionalidad de los eventos de
interés en KM3NeT. Dentro de cada DOM especificamente en la llamada CLB, se integra una brudjula digital
compuesta por un acelerometro 3D y un magnetdometro 3D, a cargo de la lectura de inclinacién vy
orientacién (Yaw, Pitch y Roll). En el presente trabajo, se definié un procedimiento de calibracién para el
subsistema de posicionamiento de la brujula, identificando los pardametros de calibracidén necesarios para
mitigar las incertidumbres vinculadas al dispositivo. Ademas, se realiza un estudio crudo acerca de la
estimacion de incertidumbres para el subsistema de posicionamiento de brujulas de KM3NeT y se
propone una parametrizacidon preliminar. Como resultado, se verifica que se cumple la orientacién
requerida para cumplir con los objetivos fisicos de KM3NeT: la precision de la orientacion debe ser menor
a 3.5° esencial para garantizar la reconstruccidn dptima de eventos tipo-neutrino a partir de la
reconstruccidn sus trayectorias. El andlisis de datos en este trabajo apunta a una precisién de orientacién
mejorada.

Palabras clave: KM3NeT, Posicionamiento, Brujulas, Incertidumbres, Calibracion, Software



Abstract

The KM3NEeT Collaboration is the largest team of scientists and engineers operating the largest deep-sea
research infrastructure being built in the Mediterranean Sea, incorporating a network of next-generation
neutrino telescopes and devices for multidisciplinary science. KM3NeT is scaling two underwater
infrastructures housing large-scale neutrino detectors that share the same technology but with different
layouts and scientific targets. These detectors are so-call ORCA (Oscillation Research with Cosmics in the
Abyss) and ARCA (Astroparticle Research with Cosmics in the Abyss). ARCA is located at the KM3NeT-It
site (Capo, Passero, Italy), and ORCA is in the KM3NeT-Fr site (Toulon, France). The detection principle is
based on the recording of Cherenkov light when induced by relativistic charged particles produced in
neutrino interactions while crossing the detectors. Each detector comprises a 3D array of Detection Units
(DUs) in a modular design. Each DU comprises 18 Digital Optical Modules (DOM), and each DOM contains
31 3-inches PhotoMultiplier Tubes (PMT) responsible for recording the Cherenkov light. Each DOM
collects information that allows the reconstruction of the direction, energy range, and timing of neutrino-
like events. The detectors work in an all-data-to-shore data transfer mode for the subsequent analysis of
this information.

Knowing each DOM'’s orientation is crucial to determine the directionality of the events of interest in
KM3NeT. Within each DOM, specifically in the so-called CLB, a compass board is integrated with a 3D-
accelerometer and a 3D-magnetometer, in charge of tilt and orientation readout (Yaw, Pitch, and Roll). In
addition, an offline calibration procedure was defined for the compass positioning subsystem, identifying
the necessary calibration parameters to mitigate uncertainties linked to the device. In this work, the
uncertainties estimation for the KM3NeT compass positioning subsystem is studied, and a preliminary
parameterization is proposed. As a result, it is verified that the orientation required to meet the KM3NeT
physics goals is satisfied: orientation accuracy must be less than 3.5°, essential to guarantee the optimal
reconstruction of neutrino-like events from the line-shape reconstruction. The data analysis in this work
pointed to an improved orientation accuracy.

Keywords: KM3NeT, Positioning, Compasses, Uncertainties, Calibration, Software
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Chapter 1
Problem Statement

The KM3NeT Collaboration is the largest team of scientists and engineers building and operating an undersea
research infrastructure in the Mediterranean Sea, incorporating the next generation neutrino telescopes network,
multidisciplinary and multipurpose. As of February 2020, KM3NeT Collaboration comprises 56 institutes and
groups in 48 cities in 17 countries along four continents*. Multidisciplinarity programs include Physics, Earth and
Sea Science, i.e. monitoring seafloor and marine life. Physics programs are focused on the study of extraterrestrial
Neutrino sources, the Neutrinos Mass Hierarchy (NMH), and the CP leptonic phasel. In addition, KM3NeT offers
long-term monitoring since permanent connections (powering and readout instruments) to shore. Although it is
not yet in its final stage of construction, KM3NeT is projected as a world-leading observatory with enormous
discovery potential (ESFRI?? and LASF4RI* roadmaps), being also an important node in a global neutrino and
undersea observatories. KM3NeT is scaling two neutrinos detectors with well-defined purposes, following a modular
design to keep operational while construction. These detectors are ORCA, densely configured to detect atmospheric
neutrinos, and ARCA optimized to detect high-energy neutrinos. ARCA is being implemented at the KM3NeT-
It site (Capo Passero, Italy), at 3500 m depth, and ORCA at the KM3NeT-Fr site (Toulon,France), at 2500 m
depth'. Detectors differ in their layout but share the same technology. Both detectors are based on the Cherenkov
radiation detection, induced by relativistic charged particles that emerge from neutrino interactions. The design of
the KM3NeT infrastructure offers the possibility of studying neutrinos and monitoring the ocean floor and marine
life. Each detector is made up of building blocks, a building block comprises 115 Detection Units (DUs). Each DU
is anchored to the seabed and vertically houses 18 Digital Optical Modules (DOMs). The vertical and horizontal
arrangement of the DOMs depends on the detector layout, as summarized in Table 1.1. The DOM is the Cherenkov
sensitive frontier, each containing 31 3-inches PhotoMultiplier Tubes (PMT), collecting the intensity, timing and
direction of light in the vicinity of the DOM.

*https : //www.km3net.org



2 1.1. GENERAL AND SPECIFIC OBJECTIVES

Detectors Configuration (KM3NeT Phase-II)

ARCA ORCA
Number of Building Blocks (115 DUs) 2 1
Average Separation between DUs [m] 95 20
Total Length of DU (vertical direction) [m] 700 200
Space between DOMs [m] 36 9
Distance of the first DOM with respect of the seabed [m] 80 40

Table 1.1: ARCA and ORCA detectors, DU and DOM spacing '.

To reach the KM3NeT physics goals, concerning positioning and orientation (this work) requirements, a DOM
positioning < 20 cm and orientation accuracy < 3.5° need to be reached. In this sense, an Acoustic Positioning
System (APS) has been implemented to provide accurate positioning data, using acoustic transmitters and receivers
to determine the DOM position in a geo-referenced field>. Concerning sea current affecting the detectors elements
positioning, DOMs experience two types of movements: translation and rotation. It is expected that the greater the
intensity of the sea current, the greater the influence on DOM positioning. Specifically, a positioning subsystem
called the Attitude Heading Reference System (AHRS) board has been included inside each DOM to act as the
“compass” system. The compass board, installed in the Central Logic Board (CLB), consists of a 3D-accelerometer
and a 3D-magnetometer which determine the tilt and orientation data for each DOM®. The compass system collects
raw data; then, this raw data must be calibrated (offline calibration for each compass“). An improved uncertainties
analysis must be done looking to upgrade the available compass calibration scheme (the essence of this work).

1.1 General and Specific Objectives

As general, this work, aims to evaluate the Digital Compasses performance in KM3NeT and carry out a dedicated
analysis of systematics, based on the following specifics:

 Establish improved filtering conditions for compass data.
» Performs compass data communication sanity checks.

» Study the accelerometer and magnetometer vector modulus from digital compasses, and get insights about
orientation uncertainties of the DOM and its stability in time.

» Estimation of Yaw (Y) as representative magnitude for orientation assessment for several periods of ORCA
detector and assumption of external effects conditions (horizontal and vertical drag forces by sea current).

» Parameterization of Nominal Y values, accounting for statistical and associated systematics uncertainties.
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* Verify the DOM orientation accuracy required for the successful reconstruction of directionality of neutrino-
like events is < 3.5°.

Applications beyond experimental High-Energy Physics (HEP). Digital Compasses are not limited to undersea
neutrino observatories. Compass orientation principles are shared with most commonly known geolocation systems,
i.e. the behavior and conditions found in the Global Navigation Satellite System (GNSS)®. GNSS is based on a
network of satellites (of known position) with synchronized clocks?®, similar to the positioning and timing procedure
applied in KM3NeT. Specifically, the transmission of the signal from at least three satellites allow calculating the
distances concerning a signal receiver is referred to as triangulation technique®, the same principle applied with the
APS implemented in KM3NeT. The main difference between GPS and APS is that the radio frequency attenuation
(used by GPS ') is very high in marine environments. Implementing an APS is more effective, whose attenuation is
much lower using triangulation principles and positioning of underwater structures. Another innovative positioning
technique is the space positioning, i.e. NASA’s Jet Propulsion Laboratory developed the ‘“Positioning System
in Deep Space”, based on optical navigation using a camera system to determine a vehicle relative position or

orientation to the Earth!'. Another example comes from SpaceX, Starlink project '?

expected to deploy a network
of 4,425 satellites in low Earth orbit to increase internet bandwidth integrating complex communication and relative
positioning systems'3. Along with APS and GNSS-based reference systems, it is common to implement orientation
systems with technology similar to the compass system implemented in the KM3NeT infrastructure '4. Although
the orientation systems implemented in satellite positioning do not depend directly on the Earth’s magnetic field,
all the orientation systems, regardless of the technology used, depend on referential systems projection to a global
reference system. In the case of SpaceX satellites, they integrate the relative positioning system information and
takes advantage of the instrumentation present in the satellite'>. Similarly, the relative positioning systems (APS
and compasses) data from each KM3NeT DOM allow positioning to a global reference system (Earth reference
frame). A typical application case of this technology comes from smartphones: the uncertainties of this technology

orientation are closely related to the nature of the materials integrated into the device 1.






Chapter 2

Overview on positioning and off-shore
infrastructures

Back in history, positioning started when humanity began to navigate the seas taking as reference the coastlines.
Then, the reference system became the sky stars, a known star is identified, then the angle to the horizon is estimated.
It was then possible to determine the region and orientation of a navy'®. The development of this positioning at
the beginning of navigation science set the basis of modern navigation tools concerning GPS ' and APS-based!”.
Positioning is defined as the process of determining the precise physical location of objects, vehicles, ships, people
or places, at a particular point in time '®. The available positioning systems and models offer different performances
depending on the number of objects to be positioned, the absolute-relative positions, and environmental conditions.
In general, any positioning method is based on referencing the relative position of an object of interest to a known
object position (fixed or not) !’ coordinates.

2.1 Sea-level Infrastructures

For navigation and underwater communications, acoustic transmission systems are primordial. An acoustic system
works by exchanging acoustic signals among the implemented system components. The transmission of these
acoustic signals is determined by factors such as the sound speed in the medium, the configuration of components,
specification of the electronics, and other environmental conditions. The marine environment factors interfere
with an acoustic signal when propagating. An acoustic signal is distributed in different directions, depending on
temperature, pressure, and salinity factors. It is possible to identify an acoustic signal pattern over the acoustic
background in the environment. The greater the distance traveled by the acoustic signal, the lesser the intensity
because a fraction of the signal energy is absorbed by the water. These conditions for the transmission of acoustic
signals are considered in the development of underwater positioning systems. An APS is based on the acoustic
signal exchange between emitters (e.g. transducer) and receiving elements (e.g. hydrophones). Commonly, the
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acoustic emitters are piezoelectric elements. The piezoelectric element receives a pressure (mechanical) wave, then
this signal is converted in electrical pulses '°. In this way, acoustic positioning is based on the propagation of acoustic
signals produced by known position devices. When these acoustic signals are received, it is possible to determine
the relative position of the place where this signal is received, concerning the emitting devices, this process is called
Triangulation '8, as illustrated in Figure 2.1. This method considers certain environmental factors to determine the
positioning accuracy, being density the most crucial factor. The density of the water affects the speed at which
sound can travel. An accepted value for the speed of sound in salt water is ~1500 m/s. However, an improvement
in accuracy is reached with additional information about the environment, such as water temperature and salinity

conditions 2°.

Figure 2.1: Triangulation method in APS. Acoustic receivers of known positions receive omnidirectional signals (red
color) generated by an acoustic emitter (i.e., the cetacean at the center). The method determines the relative distance
between emitter-receiver (blue circle). Various receivers allow estimating the absolute position of the emitter’.

In general, the APS uses acoustic pulses sources/receivers to determine the wished object location, which acts as
an acoustic receiver/emitter. The distance between the emitter and receiver is calculated according to the time in
which the pulse was produced, and the time it was received. The position obtained is relative to the devices that
generate the acoustic pulses. In APS, the most used devices to act as acoustic transmitters at fixed locations are
transducers that generate acoustic signals (sound pulses) commonly traveling omnidirectionally. Hydrophones are
standard acoustic detection devices, while the beacons act as acoustic emitters. Once the distances from the beacons
and hydrophones are known, it is possible to determine the device location in a geo-referenced field. In this way,
the APS allows positioning and tracking in the water of ROV (Remote Operated Vehicles), AUV (Autonomous
Underwater Vehicles), and sensors located in the seabed. In the same way, APS is useful for transfer of position
from the surface to the seabed (i.e. drilling and installations on the seabed of oil sites) and relative positioning
of sea creatures (used in multidisciplinary submarine observatories as KM3NeT). An APS-based technique is
more convenient than a radio-based technique in undersea environments. Radio signals are absorbed by water easily,
creating a limitation for implementing GPS-based methods in underwater environments !”. The specific configuration
of acoustic emitters/receivers implemented characterizes the type of APS choice. A general classification of these
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positioning systems is shown in Table 2.1.

Types of Acoustic Positioning Systems (APS)

Ultra Short Baseline (USBL)
Determines beacon position by measur-
ing the relative phases of the acoustic
signal received by closely spaced ele-
ments in a single hydrophone.
Advantages:
¢ Low system complexity.
 Single acoustic transmitter (beacon).
Disadvantages:

* Absolute position accuracy depends
on additional sensors.

¢ Detailed calibration of system re-
quired.

Short Baseline (SBL)
Determines beacon position by measur-
ing the relative arrival times at three or

more vessel-mounted hydrophones.

Advantages:

* Low system complexity

* Improved accuracy over USBL.

Disadvantages:

* Absolute position accuracy depends
on additional sensors.

e Detailed calibration of system re-
quired.

Long Baseline (LBL)
Determines beacon position by mea-
suring the slant ranges from three or
more widely spaced acoustic transmit-
ters (beacon).

Advantages:

¢ Very good position accuracy indepen-
dent of water depth.

e High relative accuracy positioning
over large areas.

Disadvantages:

* Complex System.

» Large arrays of expensive equipment.

Table 2.1: General configuration for APS systems. The accuracy of the positioning of an object mainly depends on

the number of acoustic emitters/receivers and the layout used'”.

2.2 Undersea Infrastructures: KM3NeT

Acoustic positioning applied to underwater observatories is a special challenge. Considering a particular case, the
ANTARES Neutrino Observatory was designed with 12 vertical strings separated by 70 m between them, located
40 km offshore Toulon (France) at 2500 m depth. Each string comprises 75 Optical Modules (OM) arranged in
triplets by storey?!, each housing single large-area PMTs and a Local Central Module (LCM) just above. The strings
are anchored to the seabed and maintained vertically by a buoy, similar as in KM3NeT. The strings are not fixed,
then positions of the OMs can be drifted by water current flows. ANTARES demands accuracy of the OM better
than 20 cm for positioning, ~ 1 ns for timing, and a few degrees for orientation?!. An APS based on an LBL was
implemented in ANTARES. This LBL monitors the signals sent by the five hydrophones distributed in each string
in a non-uniform way considering only the most strategic points. The APS also integrates a transponder (acoustic
transmitter/receiver) at the base of each string, accompanied by autonomous transponders in the sea floor?>. Hence,
the position of elements in the infrastructure is determined by acoustic triangulation concerning fixed emitters in
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the seabed. Additionally, the APS is complemented with the information provided by the compass—tiltmeter system
mounted on each storey, this system gives the local measurements of tilt and heading?' ?2. ANTARES plus other
undersea neutrino observatories prototypes set a precedent for developing the next generation neutrino observatories
to be constructed this decade: Baikal-GVD?Z, P-ONE?*, and KM3NeT.

In the case of KM3NeT, the detector layout is composed of Building Blocks (Table 1.1). The Building Blocks are
connected to the shore station, following all-data-to-shore data transfer mode. The shore station is responsible for
the power supply and connects the undersea infrastructure readouts with a PC farm, responsible for loading and
filtering the information collected. Each DOM collects information about the direction and energy of the Cherenkov
light detected in its vicinity, furthermore these optical data, positioning, and orientation data, among others. In the
DOM, the main processing unit is the Central Logic Board (CLB). Each CLB houses different elements capable of
ordering, labeling, and transmitting the PMT data to the shore station. All the CLBs are controlled by the Detector
Manager (DM) at the software level. As seen in Figure 2.2, each DOM is surrounded by a 17-inch high-pressure
resistant glass sphere, innermost a plastic structure that fixed the 31 PMTs position, along with all the electronics,
calibration devices including those for positioning and orientation.

Figure 2.2: Internal Components of the KM3NeT DOM. All the readout, control system, and power supply are
managed by the CLB.

The DU structure and DOM designs favor stability, moreover, the buoyancy in the top of the DU structure gives
an extra flotation mechanism to avoid collapse and reduce sudden horizontal movements!. At ideal conditions (i.e.
negligible ocean currents), the mechanical position of the DU elements is unaltered (nominal position). In default
conditions, sea currents displace the structures of their nominal position, and the DOMs experience rotations. In
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KM3NeT, two APS have been implemented to determine key parameters for the line shape reconstruction and satisfy
the observatory scientific goals. The APS for ARCA and ORCA detectors are composed of two subsystems: 1)
baseline of acoustic transmitters (beacons) and receivers located at known positions, and 2) an array of Digital
Acoustic Receivers (DARs) installed along the DUs. An On-Shore acoustic data analysis software is run to interpret
and filter the acquired positioning data®. Currently, not all the elements of each subsystem are implemented in the
detector sites. The integration of these devices is taking place gradually.

Deployment of DUs and NAAPS. The absolute position of the baseline elements is determined by the Navigation and
Absolute Acoustic Positioning System (NAAPS), NAAPS geo-reference deployment position of baseline elements '
accordingly to each detector APS configuration. For ORCA, it is planned to implement a LBL system, for ARCA, an
USBL. The absolute position of the structures in the detector can be determined using the baseline elements absolute
position. This absolute positioning can be verified by identifying the arrival position using external instruments (i.e.
ROV vehicle). NAAPS is expected to obtain the absolute geo-referenced position of the bases of each deployed DU.
In general, it has been estimated that the accuracy of the position offered by the NAAPS varies ~3 m concerning the
actual position of the deployed element on the sea floor>. The baseline elements position at the ARCA and ORCA
sites has to be known in the same order at which it is necessary to know the DOM position®, an accuracy better
than 20 cm is mandatory. An iterative algorithm has been designed to recalculate each baseline element position,
improving the position accuracy. The algorithm considers the absolute position provided by the NAAPS, accounting
there are an hydrophone and an acoustic emitter installed in the same mechanical structure, expected to be integrated
with each DU base. Additionally, with the amount of "autonomous" acoustic emitters deployed in strategic places,
the algorithm can estimate the necessary corrections to the absolute position provided by NAAPS for each baseline
element. This estimation considers each baseline element fixed at a relative distance, and compares these relative
distances to calculate the associated residuals. For this, it is necessary to take into account the Time of Emission
(ToE) and Time of Arrival (ToA) of the acoustic signals emitted, the calculation of the relative distances is also
possible knowing the speed of sound in-situ. At the moment, this iterative algorithm is partially operational in the
KM3NeT integration state, considering only autonomous emitters >>.

Operative conditions of the DUs. The acoustic position at first instance depends on the position obtained by the
NAAPS, which then allows determining the position of each DOM using the Relative Acoustic Positioning System
(RAPS) system. The DARs acquire all the acoustics signal emitted, distributed throughout the detector layout
with two purposes. An iterative algorithm uses External DAR (digital hydrophones) elements data to calibrate the
baseline position by measuring the relative distance among baseline elements. Additionally, internal DAR elements
(piezoelectric glued inside the glass sphere of DOM) are used to calculate the relative position of each DOM to the
baseline elements, allowing to monitor the movements of the DUs due to underwater currents %5 The features of the
baseline and DARs elements in KM3NeT are shown in Table 2.2.

The frequency at which acoustic transmitters emit a signal typically is in the 20-40 kHz range to properly propagate
through the water at the detector volume?>. The acoustic data collected by acoustic receivers are sent to the shore
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station for analysis. The shore station includes a PC farm that analyzes the data allowing to obtain the DOM position
through multiple triangulation 0. It is considered that the primary source of uncertainty of the APS implemented in
the KM3NeT is the errors in the baseline relative position elements. The main challenge when applying corrections
is to precisely determine the acoustic disturbances or proper calibration of the DAR and baseline elements>>. The
information provided by APS can be used to detect and monitor external sources of noise pollution, such as marine

27 even to analyze correlations between acoustic and optical signals while

vessels, tracking and detecting of cetaceans
detecting High-Energy neutrino interactions 8. Complementing the APS, a Digital Compasses system is responsible

for measuring the orientation and tilt of the DOM, complemented by pressure, current, and sound velocity devices.

External Digital Acoustic Receiver . . Internal Digital Acoustic Receiver
Acoustic emitters
(DAR) (DAR)
¢ Model DG0330. ¢ Model SX30. « Model not defined.

* Spherical ~piezo-ceramic element < Can be reconfigured for in-sifu Opti- . pegtined to monitor the DU move-

along with an analogue board. mization of the signal detection. ment under sea currents and allow line

* Calibrated in pressure sensitivity and  * Synchronized with the detector master reconstruction.

directionality. clock. * Allows RAPS implementation.
* Calibrates baseline elements. » Can operate autonomously.
Location: DU Anchor Base. Location: DU Anchor Bases and Location: Glued from the inside to
Strategic Locations. “south pole” of the glass sphere of each

DOM.

Table 2.2: Baseline and DAR elements for APS in KM3NeT. They have been selected accordingly to positioning
requirements. DAR receivers have not yet been implemented at detector sites?.

Digital Compasses operation. Although the first compasses were initially based on magnetic materials, the
technologies used for orientation have improved over time, leading to Digital Compasses. Digital Compasses do not
require magnetic materials to determine the direction of the Earth’s magnetic field. The reliability of the orientation
obtained depends on the configuration of sensors implemented in the compass. In general, a Digital Compass
integrates a magnetometer to estimate the Earth’s magnetic field and an accelerometer that estimates the acceleration
field’s intensity. The magnetometer contains an Anisotropic Magnetoresistive Sensor (AMS). This sensor estimates
the Earth’s magnetic field’s ultra-low frequency signals coming from the North or South direction, estimating the
field’s orientation, direction, and intensity. In the accelerometer case, the sensor contains a Micro Electro-Mechanical
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System (MEMS) in charge of estimating the angle between the compass reference system and the horizontal plane,
estimating the intensity and direction of the acceleration field. The magnetometer is responsible for estimating the
orientation (Yaw). In contrast, the accelerometer estimates the inclination (Pitch and Roll) concerning the horizontal
plane in the compass reference system??3°, In KM3NeT, each DOM has an independent orientation system consisting
of a custom Digital Compass integrated in the CLB. Moreover, each compass contains: a 3D-accelerometer and
a 3D-magnetometer, estimating the acceleration field vector and the magnetic north’s deviation, respectively. The
CLB receives accelerometers and magnetometers data from the compass board. Then, compass data is sent to the
shore station for filtering and long-term storage and analysis. The data collected by this system is essentially raw.
The calibration procedure (offline) finds the calibration parameters needed to properly reconstruct the orientation?>.
The technology used for DOM orientation is the same implemented in most systems that depend on the Earth’s
magnetic field. The 3D-accelerometer and 3D-magnetometer collects the necessary information to calculate the
orientation parameters, which in the case of this work correspond to Yaw (Y), Pitch(P), and Roll (R) notation (YPR),
most common aeronautical rotational description?'.

2.2.1 Digital Optical Module (DOM)

To properly reconstruct neutrino events concerning positioning and orientation, the DOM coordinates frame is
defined as the reference system for the 31 PMTs inside the DOM. The PMTs are physically fixed in a support
structure inside the DOM, so each PMT has fixed coordinates in the DOM reference frame. Figure 2.3 illustrates

DOM external view and the main inner components 2.

Power
Board

17-inch
glass

sphere
Boards

(b)

Figure 2.3: The KM3NeT DOM. (a) External view, PMT are clearly visible. (b) Internal view drawing, CLB is seen
at the top. (c) CLB electronics top view, in charge of managing all the instrumentation inside the DOM.*

The DOM reference frame shown in Figure 2.4 can be translated to a global reference system. For this purpose, it is
required to know each DOM orientation definition and position with respect to a global reference.
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AHRS board

(@) (b) (©)

Figure 2.4: The DOM reference system represented by Cartesian axes centered at "X". (a) Frontal View. (b) Lateral
View. (c) CLB and AHRS reference system.*

To determine the orientation of each DOM in the global referencing system, the CLB3* (Figure 2.3c) reference
system aligns with the DOM’s reference system. Additionally, it must be taken into account that the CLB board is
mounted upside-down, then, all compass data on the z-axis has the opposite sign. The cartesian reference system of
the DOM, CLB, and compass are equivalent. The compass board is located in one of the corners of the CLB, when
calculating the orientation, it is equivalent to the same as the CLB>?. The notation used to represent the orientation
from compass data is based on YPR angles representation, as illustrated in Figure 2.5. YPR angles representation
was routinely used to represent the orientation of rigid bodies in aerospace, navigation, and robotics3!. A general
object in 3D can be rotated around its 3 orthogonal axes. Thus, YPR represents the rotation angle around the former
z-axis, the angle of rotation around the formerly y-axis, and the angle of rotation around the x-axis. DOM orientation
is projected in the global reference frame (Earth magnetic field and total Earth acceleration field). In the DOM
reference system, x-axis points to the geographical North and the y-axis points to the geographical East'.

* The photos contained in this section were obtained from a private database of the KM3NeT collaboration.
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Roll

Pitch é’v R

(b)
Figure 2.5: Yaw (Y), Pitch (P), and Roll (R) angle notation. (a) YPR in DOM reference frame. (b) Any 3D-object
orientation can be represented in YPR notation (i.e. plane orientation).

In Table 2.3, the YPR notation is further explained for the DOM reference system and the global reference system
used in this work.

Yaw Angle Rotation Pitch Angle Rotation Roll Angle Rotation

e Angle of the DOM +x-axis with the ¢ Angle of the DOM +y-axis with < Angle of the DOM +x-axis with
magnetic North in the global reference the horizontal in the global reference the Magnetic East (horizontal) in the

frame. frame. global reference frame.

* Angle of rotation of the DOM around ¢ Angle of rotation of the DOM around ¢ Angle of rotation of the DOM around
its z-axis from +x-axis to +y-axis. its +y-axis from +z-axis to +x-axis. its +x-axis from +y-axis to +z-axis.

¢ Varies between [0,360]°. ¢ Varies between [-90,+90]°. ¢ Varies between [-90,+90]°.

North

ROLL = +30

PITCH = +30

Vertical up

Table 2.3: Yaw, Pitch, and Roll (YPR) definition for DOM and global referential system. This rotation angle notation
is commonly used to define the orientation of objects and vehicles, in KM3NeT for DOMs analysis rotation '.
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2.2.2 Central Logic Board (CLB)

The most representative DOM control systems are: octopus boards (used to gather signals from PMT bases), a
power board (supply all the voltage needed by the CLB), and the primary control and readout system within the
DOM: the CLB 343, In the all-data-to-shore data transfer model implemented in KM3NeT, each DOM is a "node"
integrated into the KM3NeT detector’s communication network. Each CLB is responsible for synchronizing all
nodes of this network with the master clock (on the shore station), organizing and labeling the suitable timestamp
to the digitized readouts from integrated devices. Moreover, the CLB controls: compass, tiltmeter, piezoelectric
sensor, LED nanobeacon, and temperature sensor>*.

e Hardware. The CLB has several integrated components, the main one being the FPGA, where all the reading
and instrumentation functionalities are implemented. The FPGA stores four firmware images, three of which
are reconfigurable. The non-reconfigurable image (also called the golden image) provides a safe boot in case
of corruption of the reconfigurable images. The CLB can boot with any of this four firmware images >*.

e Firmware. The CLB firmware is based on two LM32 microprocessors. One of them integrates the necessary
protocol to achieve sub-nanosecond synchronization with the master clock. The second one accesses the
communications of all the devices integrated into the DOM (e.g., instrumentation devices and optical/acoustic
reading systems). The CLB readouts are sent to the shore station*.

* Software. A complex and robust software running on the LM32 microprocessors controls the DOM operations.
This software contains three layers: 1) communication layer dedicated to basic functions, 2) platform layer
includes the necessary drivers, and 3) layer of application that includes the specific codes that contain the
necessary configurations for the control of the devices integrated into the DOM (optical/acoustics reading

systems) 34,

2.2.3 Digital Compasses: accelerometers and magnetometers

To determine the tilt (PR) and the heading (Y), a Digital Compass has been implemented in each DOM. This
compass, formed by an accelerometer and magnetometer, allows estimating the orientation with respect to geo-
referenced fields, Earth magnetic field, and total accelerating vector, as commented before. Currently, two Digital
Compass models have been implemented in ARCA and ORCA detectors, as listed in Table 2.4. The oldest model,
called AHRS-LNS, is operative since 2017/09/22 (deployment of ORCA DU1), and a new compass model called
LSM303, since 2020/01/26 (deployment of ORCA DU7). Each compass model shares the same objective but has
different technology, their electronic features are closely similar, but a different impact on data recorded.
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Compass models in ARCA and ORCA detectors

AHRS-LNS LSM303

O

of: 1 [ wlis 8105 &l
LIS3LV02DL 3D accelerometer and HMC5843 3D | 3D accelerometer and 3D magnetometer sensor inte-
magnetometer in separated chips. grated in a single custom chip.
Accelerometer  Magnetometer Accelerometer  Magnetometer
Range +2g +4 gauss Range +2g +2 gauss
Resolution <1 mg <7 mgauss Resolution N/A <2 mgauss

Table 2.4: Some technical specs of Digital Compass models available in KM3NeT detectors. The intrinsic features
of each Digital Compass model impacts the behavior of the communication and sources of uncertainty 36373839,

In agreement to Table 2.4, the range corresponds to the sensor absolute maximum value, which depends on the
operating mode configured for each sensor. On the other hand, the resolution is the least significant amount that
the sensor can reliably represent. Additional features such as nonlinearity, sensitivity, etc., are available in the
technical data sheets provided for each compass model®’3#3%. Both compasses have similar features, then similar
performance is expected. The older compass model (AHR-LNS) consists of a board built with the commercial sensors
LIS3LVO02DL (accelerometer) and HMC5843 (magnetometer), both from different suppliers. Preliminary studies in
KM3NeT determined that the behavior of the AHRS-LNS satisfies technical requirements 3¢, as the expected both
sensors provide reliable data. However, the behavior of the data stream may be different. In the case of the LSM303
compass, sensors are integrated into a single chip modified to meet the requirements of KM3NeT. LMS303 is the
most recent model and has an improved performance over the former one.

The instrumental features of each compass model represent different conditions that affect both the data stream and
compass data quality. An analysis of these features is necessary to understand the compasses behavior and the
influence of systematic uncertainties.






Chapter 3
Experimental Methodology

This work started by collecting technical and experimental information concerning the state of the art of the
Digital Compasses operation in KM3NeT. Afterwards, the experimental methodology is followed by the dedicated
analysis on the digital compasses readout, cross-checks or fundamental calibration aspects and how the orientation is
reconstructed from YPR parameters. Looking forward to the robustness of the experimental methodology, a special
data selection is proposed aimed to a promising systematics study to be improved in the near future, for compass
data, and started in this work.

3.1 Digital Compasses readout, calibration and YPR reconstruction

Two models of compasses are in charge of the DOM orientation in KM3NeT: AHRS-LNS and LSM303. Each
model implements a 3D-magnetometer (3-axis) and a 3D-accelerometer (3-axis), estimating the geomagnetic and
gravitational field respectively?’. The accelerometer and magnetometer sensors data are used for the reconstruction
of the YPR rotation angles. The technology implemented in the AHRS-LNS and LSM303 models is widely used
in orientation devices. Such devices share common sources of instrumental uncertainties from the intrinsic nature
of their constituent materials and the method of construction?, as summarized in Table 3.1. The accelerometers
and magnetometers instrumental uncertainties propagate to the reconstructed YPR orientation values. The default
analytic method to reconstruct YPR and the compass calibration method (offline) were developed by KM3NeT
previous to this work. The work done in this thesis goes beyond, and explores some unidentified behavior of
compasses and discusses the calibration methods (offline) implemented for the KM3NeT compasses.

17
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Accelerometers/Magnetometers electronics contributions

Offset Error: Instrumental deviation of zero prior in the in the absence of any field.

Cross Axis Sensitivity Error ~ Combination of alignment errors, etching inaccuracies and circuit crosstalk.

Sensor noise Error related with nature of measurements.
A/D converter resolution The Analog-to-Digital conversion defines the resolution of the measurement.
Temperature effects Temperature affects the nature of the sensor components.

Magnetic fields contributions

Hard iron errors Caused by a magnetic source with permanent field, generate a bias in the sensed field for
magnetometers.
Soft Iron Errors Caused by ferromagnetic materials. These magnetic fields have a direct relationship with

the Earth’s magnetic field. Orientation-dependent perturbations that create scale errors.

Table 3.1: Main sources of uncertainties for Accelerometer and Magnetometer sensors2’. Instrumental uncertain-
ties impact on compass performance, the magnitude of their influence is different for each compass. Additional
uncertainties comes from the environment, interfering with the magnetometers performance.

The accelerometers and magnetometers data can be generally represented in vector notation as seen in Equation 3.1.

Ay Hy
Compass data => { Accelerometer => A = |A,| , Magnetometer =>H = |H, 3.D
A, H,

The uncertainties associated with raw data of compasses are propagated to accelerometer and magnetometer data in
matrix or vector form. Based on Table 3.1, uncertainties for compasses data can be better represented by 4 categories
according to the effects over accelerometer/magnetometer vectors as shown in Table 3.2.

Uncertainty Explanation

Offset Errors Compass measurement in vector notation is shift by a constant vector value with respect the
real one.

Scale Factor Errors Instrumental errors or environmental factors affect the scale at which each sensor axis
measure.

Non-Orthogonal Errors Three axis of the sensor may not be orthogonal due to manufacturing defects.

Misalignment Errors The axes of the sensor (accelerometer/magnetometer) are not always aligned with the axes

of the compass board on which they are mounted.

Table 3.2: Consolidated uncertainty sources mainly impacting compasses data, according the analytical form of their
influence over A-H vector .
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Specifically, the analytical form of the corrections for Scale Factor, Non-Orthogonal, and Misalignment Errors can
be represented as a matrix. On the other hand, the analytic form of the corrections for Offset Errors can be simply
a vector??3%. The matrix-vector corrections components depend on the implemented technique and the compass
features. Before the DOMs integration in the DUs, a calibration procedure is carried out on all the implemented
compasses, an improved strategy over time performed in the different integration sites. Two calibration procedures
have been developed so far: 1) Plane Calibration and 2) Wobbling Calibration.

Plane Calibration

¢ Accelerometers (A). The AHRS board (implemented in the CLB) is held horizontally on a suitable horizontal
surface to be the test bench (e.g. table/desk), accelerometer data are recorded during ~ 2 minutes. In this
case, the values of A, and A, should be close to 0, and their offsets (Ax,q and Ay,g) can be obtained from
the average of the values of Ay and Ay taken during this time. The Azt can be determined if the CLB board
is vertically placed in the test bench position and performing the same procedure. Depending on the selected
position, an equivalent Ayys or AX, is obtained equivalent to the previously calculated value. Preliminary
studies in KM3NeT ¢ showed that the maximum tilt experienced by the DOM in the underwater environment is
< 10°. When increasing the tilt (PR) more than such value, uncertainties on Y becomes more representative®.

* Magnetometers (H). In the presence of a uniform magnetic field, the values of H recorded while rotating
the CLB in 3-dimensions must correspond to a perfect sphere centered at the origin if placed in a Cartesian
representation, under uncalibrated conditions, a spheroid is obtained. In the presence of hard magnetic
materials (field independent on the external field), the sphere is shifted concerning the origin (0,0 system of
coordinates of the magnetometer). In the presence of soft magnetic materials (field dependent on the external
field), the sphere is deformed (ellipsoid). Previous studies in KM3NeT determined that the influence of soft
magnetic materials is negligible’, therefore, the offset errors are the most representative. The magnetometer
offsets (Hyg) are determined from the spheroid representation. To obtain the offsets, the CLB is rotated
in 6 different planes. For each plane, an ellipse is obtained, a fit is made on its contour to determine the
displacement to the origin (0,0 system of coordinates of the magnetometer), the offsets of the plane’s axes are
obtained. When considering 6 planes, a comparison can be made with all the parameters obtained.

In this way, the Plane Calibration for Digital Compasses runs over the offset corrections only (A¢gx and Hg).
Studies of compasses performance in different conditions® show the calibration effectiveness depends directly on
the environmental conditions.

Wobbling Calibration In this case, the CLB is attached to a gyro-gimbal plastic mounting for freely tilt. Additionally,
a surface capable of free rotation is required (no metal objects), a magnetic-field-free environment is necessary. The
procedure starts by recording data from accelerometers and magnetometers by rotating the CLB in 8 predetermined
positions: rotation concerning its 3 orthogonal axes of the CLB, another rotation at 45° concerning the z-axis and
their corresponding 4 mirror rotations’. A dedicated software uses the collected data to automatically determine
the accelerometer and magnetometer offsets (similar to the Plane Calibration) and the necessary rotation matrix
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to correct non-linear errors. Data from rotations in the different planes must create an ellipsoid (in the system
of coordinates of the magnetometers). The algorithm determines the adjustment to fit the ellipsoid to the sphere
shape and determines the offset vector (Aog-Hog) and matrix corrections (Ayei-Hyot) needed. In KM3NeT, the
default offline calibration starts by taking raw compass data (accelerometers and magnetometers), afterwards, a set
of dedicated algorithms estimate the calibration parameters that correspond to the components of the matrix-vector
correction needed. In other words, the default calibration technique generates an offset and a matrix correction for
each compass accelerometer/magnetometer sensor. Finally, the associated calibration parameters are stored in the
DB, defined, for instance, as shown in Equations 3.2-3.3.

0.0204 0.9929 -0.0024 -0.0034

Aofiset = | —0.0031 [; A =|—-0.0024 1.0094 —-0.0075 (3.2)
0.0004 —-0.0034 -0.0075 0.9978
-0.0233 0.9641  0.0006 —0.0026

Hofrset = | —0.0345|; Hyoe = 0.0006  0.9602  —0.0086 (3.3)
-0.0234 -0.0026 -0.0086 1.0801

The implementation process of the offset vector and matrix corrections to raw compass data is explained by means
of Equations 3.4-3.5.

Ay

Accelerometer data (calibrated) = Aca = Aot (A — Aopr) = | A, 3.4
A;
H,

Magnetometer data (calibrated) = Hea) = Hyot (H — Hog) = | Hy 3.5)
H;

From these latest Equations, the YPR values are reconstructed as:

Yaw (Y) = atan® (H:sin(R) — Hycos(R), H,cos(P) + H,sin(P)sin(R) + stin(P)cas(R)) 3.6)
Pitch (P) = atan’ (Ax, Jaz+ Ag) 3.7
Roll (R) = atan® (—A)., —Az) 3.8)

As seen, P and R values are obtained with accelerometer data only while Y depends on both accelerometers and
magnetometers data, then Y drags the propagation of their direct related-uncertainties. Once the compass calibration
procedure (Plane/Wobbling) has been carried out, two procedures at the KM3NeT labs to guarantee data reliability
by the DOM are done: Functionality Test and Acceptance Test. Functionality Test checks the raw measurements of
compass do not show values 0 or NaN, and other functional errors in the compass readouts from the DOM (in-situ)
to the shore station. Acceptance Test verifies the compass data accuracy fulfills KM3NeT performance expectations
(i.e., DOM orientation accuracy better than 3.5°) for achieving physics goals. The results are used to know which
DOMs are suitable for integration into the corresponding DUs before deployment in the detector sites.
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3.2 On-Site operation and Digital Compasses data selection

In the sea environment, the main parameters influencing DOM positioning and orientation are the intensity and
direction of the sea current in the detector site. In this sense, the analysis and compass data monitoring developed
in this work need to consider different periods to validate the experimental methodology success, thus perform a
reliable statistics and systematics studies. Since all the DOMs integrated into each DU are fixed in the same structure,
it is possible to infer correlations between DOMs position and their orientation in the same DU, undergoing drag
forces and effects of the DU’s floating system. The mechanical model stated for KM3NeT DU shape reconstruction
considers the drag forces and establishes a relation between the position for all DOMs in the same DU. The orientation
of the DOMs in the same DU (same mechanical and environmental conditions) is expected to be correlated, this
work proposes the first assessment towards the orientation relations among DOMs along the same DU.

In KM3NeT, the DM is in charge of the data stream communications, from-to DUs (detector site) to-from control
room (shore-station). The DataBase (DB) stores ARCA and ORCA data stream at CC-Lyon*, available for offline
analysis. The DB stores a permanent record of A and H data with an associated data structure format. The analysis
developed in this work, addresses the data obtained from the DB and the improvement of the software required for
a deeper analysis. The compass data are stored in ASCII format in the DB (see Table 3.3) and can be retrieved in a
friendly format with the methods already developed by the DM maintainers (software libraries). The default access
to the DB and data retrieving (Python-based codes) is developed and maintained by the KM3NeT Collaboration
Software and Computing Group.

Name Data Type Meaning

DETID int Identifier number associated to a given detector.

RUN int Run number associated with a data collection period.

UNIXTIME int Timestamp according Unix system format, describe a specific point of time.
DUID int Identifier number for a specified DU of the detectors.

FLOORID int Floor where a DOM in each DU is located.

CLBUPI string CLB Unique Product Identifier (CLB code name for DB indication).
AHRS_A float Accelerometer, data of each axis board is stored independently, the (x,y,z)

axes, corresponding to AHRS_AQ®, AHRS_A1, AHRS_A2, respectively.

AHRS_H float Magnetometers, data of each axis board is stored independently, the (X,y,z)
axes, corresponding to AHRS_HO®, AHRS_H1, AHRS_H2, respectively.

Table 3.3: Compass Data format in the KM3NeT DB. The already developed methods to retrieve compass data can
query an specific dataset using these parameters.

*https : //cc.in2p3.fr/
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The Figure 3.1 shows a specific extract of compass data retrieved for ORCA6 DUI1F9 compass (RUN 8501).
Additionally, each electronic component integrated into the detector site has a Unique Product Identifier (UPI) label.
In the DB, compass data are linked to the CLB’s UPI in which the compass is installed.

RUN UNIXTIME DUID FLOORID CLBUPI AHRS_A0 AHRS Al AHRS A2 AHRS HO AHRS H1 AHRS H2

0 8501 1597838400477 9 1 3.432/nVv2-2-1/2.284 -0.008 0.014 1.040 -0.086667 0.058182 -0.199697
107 8501 1597838410477 9 1 3.4.3.2/v2-2-1/2.284 -0.008 0.014 1.041 -0.089091 0.0593%4 -0.199091
216 8501 1597838420477 L] 1 3.432/NVv2-2-1/2.284 -0.008 0.014 1.041 -0.090000 0.057879 -0.200000
325 8501 1597838430484 9 1 3.43.2/NVv2-2-1/2.284 -0.008 0.014 1.041 -0.086667 0.0593%4 -0.201515
432 8501 1597838440477 9 1 3.432/NVv2-2-1/2.284 -0.008 0.014 1.041 -0.087273 0.058182 -0.199697

Figure 3.1: Extract of compass data from the DB, labeled in the DB query.

3.2.1 Data filtering

The data selection considerations constitutes an important basis of this work, hence, next formalisms are of consid-

eration:

1. Calibration version. Performance of the available calibration procedures affects the compass data accuracy.

 Calibration v1. Defines the absence of calibration parameters for a certain compass.
« Calibration v2. Defines the implementation of Plane Calibration®.
« Calibration v3. Defines the implementation of Wobbling Calibration”.

2. Instrumental aspects. Some situations along the detector construction/operation impact compasses perfor-

mance.
¢ No Operational. Compass data not recorded (DOM is switch-off).

3. Compass Firmware. Firmware versions installed in the compass board are directly related with the DOM
performance.

e FW v4.1. For AHRS-LNS compasses installed with firmware v4.1, expected behavior in compasses data
stream is observed.

* FW <4.1. For AHRS-LNS compasses installed with firmware < v4.1, atypical behavior is observed in
the data stream.

* No FW. For LSM303 compasses, it does not need firmware.

4. Compass Data default filtering. For compasses, data filtering is done to guarantee data quality.

(a) Exclude data if any of components of A-H vector (Equation 3.1) reaches zeroid by calibration parameters
implementation.

(b) Exclude data if any of components of A-H vector is zero.

(¢) Cleaning duplicates. Data is removed if any of A-H vector components is the same in consecutive
measurements.
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5. Sea current period. According to the selected period, different environmental conditions induce DOMs
translation/rotation movements. This work considers two data periods:

¢ Short-Period. Around 15 days of data, weak contributions from sea current to the DOM orientation are
expected, this is used to determine the expected behavior of compasses in "optimal conditions".

* Long-Period. Around 9 months of data, considers all possible variations of intensity and direction of
the sea current on the compass data.

In ORCAG6, DU11 contains the LSM303 model, except F15, while in the rest of DUs, the AHRS-LNS model is
implemented. Figure 3.2 shows the kind of duplicated (random) data obtained for AHRS-LNS and LSM303 compass
model, implemented in DU10 and DU11.

Duplicated Data
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Figure 3.2: A sample of duplicated data in ORCA6 compasses (RUN 8501-8550). AHRS-LNS accelerometers
representatively shows a greater number of duplicates.

As seen, the number of duplicated entries is representatively larger in the A components for AHRS-LNS model, what
is also identified for other DUs, independently of the analyzed period. For the LSM303 model, the duplicated data
is significantly lesser than the number of duplicates found in the AHRS-LNS readouts. Default filtering conditions
remove an entry if at least one A-H component is identified as a duplicate, as represented in Figure 3.3 (the duplicates
identified in the same A component are surrounded by colored boxes). Preliminarily, it is observed that the duplicates
can appear randomly, what may contradict the idea that duplicates arise from instrumental problems, and therefore
should affect all A-H components at once.
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Figure 3.3: Duplicated entries from a fragment of accelerometer data. A particular case is identified for ORCA6
DU3-F4 (AHRS-LNS model), RUN 7221-7222. Colored boxes enclose the "duplicates” found in different columns.

Two main effects associated to compass data retrieved from DB are hence identified:

* Resolution Effect. The sensitivity of the AHRS-LNS accelerometer allows a measurement limit of 3 significant

decimal places, the situation is not the same for the accelerometers of the LSM303 model. The existence of a

representative number of duplicates in AHRS-LNS accelerometers can be related to the accelerometer board

sensitivity. The resolution effect is also associated with the fact that accelerometers and magnetometers in

the AHRS-LNS constitute separated sensor chips implemented on the same compass board, showing different

data sensitivity/resolution. This work proposes improved data filtering conditions for both Digital Compasses

models.

Communication Effect. The compasses data show the presence of Non-Associated-Numbers (NaN) in the

dataset retrieved from the DB. The NaN found in a compass entry interferes with the default filtering algorithms

that identify duplicates. It has been corrected in this work with a simple routine discarding NaN entries.

The structure of the unfiltered compass data handling technique developed in this work is represented in Figure 3.4,

each column represents a A or H component, and each row corresponds to a compass measurement at a given time.
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Figure 3.4: Duplicates filtering technique for compass data according to Resolution and Communication Effect

applied over three different cases (a,b,c).

The algorithm identifies duplicates comparing row-by-row the values of each A or H component in the datasets.

According to the Resolution and Communication Effect considerations, for AHRS-LNS A, only the data with at

least two column values identified as duplicates are filtered (data surrounded by blue/yellow rectangle). For the
AHRS-LNS H and LSM303 A-H data, if at least one column value is identified as duplicate, the row is discarded
(data surrounded by rectangles). A row in the unfiltered dataset is discarded if it contains NaN in its columns. The

default filtering conditions are thus "upgraded" to the Improve data filtering, as an important contribution of this

work, summarized by Table 3.4, in order-wise implementation.

Improved Data Filtering Conditions

1. Exclude data if any of components of A-H reach zeroid by calibration parameters implementation.

2. Exclude data if any of components of A-H is zero.

3. Eliminate rows with NaN values.

4. Cleaning duplicates in A-H in consecutive measurements:

4.1 For AHRS-LNS (A data only): data are discarded if at least two parameter of A are identified as

duplicates.

4.2 For AHRS-LNS (H data only) and LSM303 data: data is discarded if at least one parameter (components

of A-H) is identified as duplicate.

Table 3.4: Improved data filtering conditions for compass data developed in this work.

In this work, only compass data from ORCA6 were considered. The number of integrated compasses reaches 108 in

6 DUs, with some key factors for data selection summarized in Figure 3.5.
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Calibration v3
No FW (LSM303 model)
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Figure 3.5: Some key factors (Calibration, firmware versions) for compasses in ORCAG6 regarding data selection in
this work.

Looking to analyze the sea current influence on the DOM orientation, two periods for ORCAG6 were selected.

* Short-Period: RUN 8000 - 8085 (2020/05/12 - 2020/05/30).
¢ Long-Period: RUN 7221 - 8721 (2020/01/26 - 2020/10/05).

By considering the improved data filtering conditions applied to ORCA6 with the best calibration and firmware
versions, for the Short and Long-Period, Table 3.5 summarises the consolidated criteria for compass data selection.

Consolidated data selection criteria for compasses (ORCA6)

Criteria Compass Requirements Comments

1. Firmware Version 4.1 AHRS-LNS needs to be FW 4.1. For LSM303,
no FW is needed.

2. Calibration Version v2,v3 Compasses with suitable XML calibration files at
DB.

3. Data Filter Improved filtering As defined in Table 3.4.

4. Time Period o Short-Period (RUN 8000 —8085)  Two periods accounting for global effects of the sea

e Long-Period (RUN 7221 —8721) current. Short: no significant orientation changes
are expected, Long: representative changes are
expected.

Table 3.5: Consolidated data selection criteria (cuts/filtering) for compasses data, meaning unbiased inputs towards
reasonable systematics study.
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3.3 Digital Compasses performance and systematics

The preliminary analysis (method) of uncertainties (systematics study) in compasses for the consolidated data
selection in ORCAG is presented in this section. The first part of the analysis consists of handling the instrumental
effects that may not have been totally suppressed during the offline calibration (Plane/Wobbling). These effects
(indirect) become propagated when using the YPR equations, impacting the correct reconstruction of the magnitudes
(direct effects from |A|-|H| readouts included). Figure 3.6 summarizes possible sources of uncertainty related to the
YPR calculation.

INPUTS OUTPUTS

! —3 !

Pitch (P) Roll (R)

calibrated

g=f(Xy, X5, ..., X)

Hcalibrated X2

""" P=atan’(A,,V(Al+A2) )
Other Factors: A,H Y Yaw (Y)

uncertainties, R=atan’(—A,,—A,

significant digits, Xn ( g )

gains, biased Y=atan’(H,sin(R)—H ,cos(R), H,cos(P)+ H sin(P)sin(R)+H ,sin(P)cos(R))
data,etc.

Figure 3.6: General scheme for A-H data and uncertainty factors in YPR calculation. The proposed model to
reconstruct the YPR values indicates the Y values contain the propagation of the global effects (indirect, direct) of
systematic uncertainties.

According to Figure 3.6, the global effect of the different uncertainty sources goes through YPR equations impacting
the orientation values. The uncertainties associated with P and R are propagated to Y, which keeps the effects of the
direct uncertainties coming from A and H. On the other hand, P and R keep the effects of uncertainty propagated
by A only as observed. Since YPR equations are known, a method of propagating uncertainties using partial
derivatives may sound reasonable to determine the magnitude of the global uncertainty effects on the calculated
orientation data. However, there is no additional information beyond the compass data recovered from the DB in
this work. Preliminary, it has been found that residual uncertainties are different for each compass. Some effects
associated with each compass can be partially canceled in the ratios of the YPR equations and the magnitude of the
propagated uncertainty linked to sign interpretations (compensation direction), hence, partial derivatives may not
be trusty enough. Propagation equations at higher orders are needed, implying covariance effects between P and
R concerning Y. Given the restriction established for the error propagation methods already commented, this work
formally proposes a model to work around the residual uncertainties associated with each compass differently.
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3.3.1 The Accelerometer and Magnetometer modulus

The compass board housing the accelerometer and magnetometer sensors estimate the total acceleration vector and
the local magnetic field in the surroundings, respectively. The modulus of accelerometer components in vector
form (Equation 3.4) needs to be equivalent to the total acceleration vector modulus. Similarly, the modulus of
magnetometers components in vector form (Equation 3.5) needs to be equivalent to the modulus of the local
magnetic field®. The total acceleration vector and the local magnetic field modulus are assumed stable quantities
with slight variations over time that can be ignored.

¢ Total acceleration vector (IXI). The modulus of this vector estimates Earth’s gravity (~ 9.8 m/ s%), the
direction of the vector is perpendicular to the Earth’s surface plane (Figure 3.7a). Each compass accelerometer
in vector form estimates a projection of the total acceleration vector in each of its 3 orthogonal axes. Then,
the accelerometer components vector modulus is equivalent to the total acceleration vector modulus (Figure
3.7b), regardless of the orientation of the compass board or reference frame.

Total ,
Acceleration|=1g~9.8m/s
Vector
e Earth
Surface 2 Surface
(2 (b)

Figure 3.7: Acceleration vectors in the global reference system. (a) Acceleration vector in Earth’s reference frame.
(b) Acceleration vector estimated by compass board (accelerometer).

). The Earth’s magnetic field vector modulus |§)| (Figure 3.8a) along with

¢ Local magnetic field vector (|?I
minor magnetic contributions are estimated by magnetometer components vector modulus II_-I)I (Figure 3.8b).
Then, each magnetometer’s orthogonal axes within the compass board are projections of local magnetic field
vector axes (Earth and local magnetic contributions). The specific value for |T3>| depends on the longitude,
latitude, and height of the terrestrial position (ORCAG6 detector site is used).
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Figure 3.8: Magnetic vectors in the global reference system. (a) Earth’s magnetic field vector. (b) Magnetic field
vector estimated by compass board (magnetometer).

The accelerometer and magnetometer vector modulus are defined in Equation 3.9.

Al = JA2+ A2+ A2 ; |H| = JH? + H? + H? (3.9)

In the KM3NeT compasses, accelerometer readouts are scaled, precisely, as a function of g (g ~ 9.8 m/ s% Earth’s
gravity), so IXI has to be equivalent to 1g. In the case of the magnetometers, Iﬁl has to be equivalent to |T3>| plus
other “local” magnetic contributions. The location of |§>| for the ORCAG6 detector site (4248” N 0602 E, depth
2450 m, 40 km offshore from Toulon, France) points 0.465 gauss in the surroundings, according to World Magnetic
Model®. The estimated value for |T3>| (for the proposed analysis) needs to be equivalent to |?I| value. With this idea, the
accelerometer/magnetometer module technique for inspection on compass uncertainties are based on comparing how
well |1_&)| and II_->I| (from compass data) estimate the total acceleration and local magnetic field modulus, respectively.
In principle, the more representative the difference to the modulus, the larger the uncertainty propagated over the
compass data.

Taken from National Centers for Environmental Information at https : //www.ngdc.noaa.gov






Chapter 4
Results and Discussion

In this chapter, offline data monitoring considerations are developed from the sanity checks over compass data
retrieved, along with the evaluation of the frequency and distribution over time of recorded events. Besides, in
this chapter, a parameterization is proposed for assessment of systematics (a first attempt) for ORCA6 compasses.
Additionally, the results of parallel works that emerged in the development of this work are also presented.

4.1 Compass data, monitoring and orientation

As commented in previous chapters, DB stores a permanent record of compass data streamed to the KM3NeT servers,
coming from its accelerometer or magnetometers. The offline compass data analysis is carried out by retrieving the
DB compass data for a certain detector period, calculating the corresponding YPR orientation values, the online
monitoring cannot directly verify the DB-related issues. Final sanity checks for consolidated data selection follows:

* Frequency of recorded events. It verifies that the DM frequency programmed for the compass data recording
is the same as the one observed in the compass dataset retrieved from the DB. An effective way to calculate
the frequency associated with the dataset is done by comparing and evaluating the time differences of two
consecutive measurements from the compass dataset, using the recorded times (UNIXTIME format) converted
to Coordinated Universal Time (UTC). Figure 4.1a shows the estimated time differences for each of the ORCA6
DU Floors. The estimated time differences distribution points out the frequency (time difference histogram)
is around 1 compass event recorded every 10 seconds. Currently, the DM recording frequency is set to 10
seconds. In this example, the recording frequency estimated from the compass dataset retrieved from the DB
is similar to the value stated by the DM. Similar results are obtained for an arbitrary compass dataset (Figure
A.l).

¢ Compasses communication. The distribution over time of the compass measurements is also an indicator
of the communication sanity. Some interruptions in the compass data stream are expected, as Figure 4.1b
shows. As an example, F15 and F16 show no data records for the entire period, it is usually reported (black
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color) rarely during detectors operation®. Similar results are obtained if it looks for a random compass dataset

(Figure A.2).
x10° bul ORCA6 Dataset for DU1 RUN 7721 8721
ol | =:
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Figure 4.1: Frequency of recorded events for compass data. (a) Recording frequency histogram. (b) Distribution of

compass readout over time.

By applying our consolidated data selection (Table 3.5), YPR orientation values are reconstruct from accelerometer
and magnetometer data, in agreement to Equations 3.6-3.8. In this sense, Figures 4.2-4.4 show P, R and Y
reconstructed values. It is observed that all YPR orientation values behave differently over time, result of the size of
the orientation changes. For instance, the range of Y values is broader than the range of PR values. This difference can
be explained because each DOM is fixed vertically in the DU. The rotations tend to have less restrictions around the
z-axis (Y parameter) than rotations in the horizontal plane (PR). The Short-Period (2020/05/12-2020/05/30) shows
minimal variations as expected and the Long-Period (2020/01/26 - 2020/10/05) evidences non-periodic variations
in orientation, however, an average angle is clearly constrained. In both periods, a very marked trend to conserve
Y orientation is thus observed. The same reasoning is valid for PR. It represents a "nominal" orientation for
each compass available in each DU of the ORCAG6 detector. This nominal orientation represents the averaged of
the corresponding orientation values. The size of the orientation changes observed in the Long-Period is mainly
associated with external factors impacting the orientation of the DOMs, namely the global effect of sea current
observables (intensity, direction), mainly impacting Y. In the Short-Period, the sea current is minimal, thus the

orientations changes are minimal.

*https : //elog.km3net.de/Operations + FR/3592
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Figure 4.2: Reconstructed Pitch (P) values for ORCA6 compasses in Long-Period (includes the Short-Period). Each
color represents compass readouts along the DU. Time format: yyyy-mm-dd.
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Figure 4.3: Reconstructed Roll (R) values for ORCA6 compasses in Long-Period (includes the Short-Period). Each
color represents compass readouts along the DU. Time format: yyyy-mm-dd.
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Figure 4.4: Reconstructed Yaw (Y) values for ORCA6 compasses in Long-Period (includes Short-Period). Each
color represents compass readouts along the DU. Time format: yyyy-mm-dd.
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4.2 Compass systematics

The values of IXI and If)II are expected don’t be changing over time, regardless of the orientation/position of the
compass board, they estimate the total acceleration and Earth’s magnetic vector modulus, respectively. In this
sense, the effect of uncertainties not totally suppressed by calibration would also be conserved in time. Hence, the
uncertainties over each compass can be estimated by comparing how IXI and II—->I| differ with respect to the reference
values (|1_&)| =1gand |?I| =~ (0.465 gauss). As seen in Figures 4.5 and 4.6, |1_&)| and II_->I| readouts associated to the
same compass model are consistent, nonetheless, "spurious values" are also present mainly for II—->I| data, presumable
because external factors. In Figure 4.5a for AHRS-LNS data from DUY, the readouts seem to be very close to the
reference IXI =1 g. In Figure 4.5b for LSM303 data from DU11, the data range is wider.
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Figure 4.5: Acceleration vector modulus IXI estimated by both compass models in ORCA6 Long-Period (except
— —
F15). (a) |A| values for AHRS-LNS in DU9. (b) |A| values for LSM303 in DUI11.

In Figure 4.6a, the data is clustered around the reference If)ll = 0.465 gauss, but it is not clear enough for LSM303
—

compasses (DU11), as Figure 4.6b represents. The distribution of |H| values is stable over time than LSM303 values,

however, data range is representatively wider.
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Figure 4.6: Magnetic vector modulus Iﬁl estimated by both compass model in ORCA6 Long-Period (except F15).
— —
(a) |H| values for AHRS-LNS in DU9. (b) |H| values for LSM303 in DU11.
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On the other hand, Figure 4.7 and 4.8 show "heat maps" for |/—-\>| and |?I| averaged values for join operation of ORCA6
compasses. Figure 4.7a supports the AHRS-LNS (DU 1,2, 3,9, 10 and DU 11 F15) and LSM303 (DU11 except F15)
readouts are, nonetheless, statistically compatible (close tonality), except for DU11 F8 and F15. Figure 4.7b, endorse
this observation: the mean values of IXI are very close (except for DU11 F8), where the reference is represented as
an horizontal purple line (IXI =1g).
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Figure 4.7: IXI averaged values overtime for ORCA6 compasses (Long-Period). (a) Heat map: fractions of g by DU
—

and Floor of all DUs (unavailable compasses in black). (b) Fractions of g by Floor and reference value (|A| =1 g)

for DUs detailed comparison.

As done for |1_&>|, Figure 4.8a shows that |ﬁ| mean values roughly estimate the reference for AHRS-LNS model
(DU1,2,3,9,10 and DU11F15), except for DU3F17. Most of LSM303 compasses (DU11 except F15) show different
values with respect to the AHRS-LNS model, what is supported by results in Figure 4.8b. |ﬁ| mean values for DU11
are far from reference (violet line I?II = 0.465 gauss), except DU11 F14-15. Previous analysis in KM3NeT showed
that the II_->I| estimated from AHRS-LNS calibrated data required a 2.04 scale factor correction so that the calculated
modulus adequately estimates the local magnetic vector modulus®. For the LSM303 model, a scale factor is not
considered yet.

Scale Factor for AHRS-LNS magnetometers obtained experimentally by KM3NeT researchers.
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Figure 4.8: II—->I| averaged values overtime for ORCA6 compasses (Long-Period). (a) Heat map, gauss by DU and
Floor of all DUs (unavailable compasses appear in black color). (b) Gauss by Floor and reference value (|?I| =0.465

gauss) comparison.

All indicates that ORCA6 compasses are mostly correctly calibrated (the estimated modulus adequately represents
the reference for |X| and |?I|), with few exceptions. Regardless the size, the differences may represent the most
representative uncertainties for compass data. Table A.1 lists IXI and II—->I| mean values (X), standard deviation (SD)
and percentage change with respect to the reference in the Long-Period. In general, Table A.1 shows that IXI and I?II
mean values do not have strong variations over time. The standard deviation of IXI is between [0.001 - 0.07] fractions
of g, the standard deviation of II_-)II is between [0.001 - 0.06] gauss, using more than 1.5x10° samples contained
in the Long-Period. The variation of IXI is between [0.19 - 7.51] % with respect to the reference considering the
compasses of all DUs, in exceptional cases reaching [15.7 - 35.62]% (i.e. DU11 F8 and F15). For AHRS-LNS I?II
variation is between [0.01 - 8.89]%, one exceptional case with 35.62% (DU11F15) for LSM303 model in DU11 (all
Floors except F15). The variation of II_->I| is between [1.96-26.4]% with respect to the reference, the largest variation
in the LSM303 do not necessarily indicate miscalibration of the LSM303 model, but a scale factor may be needed
for estimate correctly the reference. Considering the results obtained in Table A.1, it is possible to estimate how
much YPR values change with respect to IXI and II_-I>| (next section).

4.2.1 Compass modulus (accelerometer, magnetometer) and YPR orientation values

In Figure 4.9 a different representation for Y in DU11 is shown, being possible to appreciate the spread of this
magnitude along the DU having the number of events as indicator. From Figure 4.9a (Short-Period), Y values
from F1-18 show appreciable differences, but considering changes between nearby floors only (i.e. F1 and F2)
similar orientations are obtained. In general, compasses integrated into the same DU undergo to similar mechanical
and environmental conditions. The spread in Y along the DU can be associated to the influence of unidirectional
sea currents, affecting DOM orientation, or, generated by the propagation of uncertainties over Y estimated. Over
Figure 4.9b (Long-Period), the differences between nearby Floors become statistically compatible with the Short-
Period data. Regardless of the period, external factors (sea current intensity, direction) are not impacting Y readout
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significantly, thus an indicator of robustness of the experimental methodology.
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Figure 4.9: 2D orientation distribution of Y (consolidated data selection). (a) Short (Calm) Period dataset. (b)
Long-Period dataset.

Back to |X| and II_->I|, the existence of special cases should be related (in principle) with identifiable differences
in the estimated orientation from those compasses data, i.e., looking at IXI and II_->I| variation from the reference
and compare with the orientation distribution. The comparison of IXI and II_->I| modulus, with the 2D orientation
orientation distribution of Y in Short-Period is shown in Figure 4.10. As seen for DU, |X| and |ﬁ| variations from
their reference are between [0.38-9.33]% and [0.85-8.57]% respectively. For DU2, |X| and II_->I| variations are between
[2.56-8.63]% and [0.25-5.41]% respectively. DU3F17 represents a particular case of DU3 where II_-)II variation is
about 35.05% from the reference value, while |X| variation is about 5.63%. DU9-D10 are identified with the best
performance in IXI and I?II estimations. DUI11 IXI variation is between [1.96-26.4]%. As concluded by visual
inspection, the assumption that IXI and II_->I| variation may estimate uncertainties for A-H is not sufficient to determine
a global effect over YPR orientations. It seems that representative shifts in Y between nearby Floors is not directly
related with the percentage change estimated for IXI and |?I|. Considering the |X| and II_->I| forms in Equations 3.1,
their components are squared, then losing the sign (direction) of associated uncertainties, so, variations (Table A.1)
may maximize/minimize the estimations. Thus, in general, significant variation of vector modulus doesn’t suggest a
significant shifts in Y.
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According to the form of YPR Equations, the ratios/products propagate A and H uncertainties. Then, the propagation
of uncertainties for YPR is different from the propagation in IXI and II_->I|. Given this, the magnitude of the shifts
found in Y spread between nearby Floors has no relation with the |X| or I?II estimated values. The Y spread shifts
are thus expected to be observed independently of the period observed, then, external contributions are not causing
these shifts. The estimation of Y shifts lead to the global effect of (propagated) systematic uncertainties on Y data,
it is represented in the next section, representing the main contribution of this work.

4.2.2 Preliminary parameterization of Systematic Uncertainties

Considering the mechanical model used in KM3NeT for line shape reconstruction*’, DOM positioning is influenced
by horizontal and vertical drag forces (Figure 4.11a) generated by external factors (i.e. sea current), also, influencing
the DOM orientation.

:‘.(n FLOOR 18

|

f.‘n FLOOR 17

)

—>43 rLoor1s

‘i

—>{3 FLoor3

Principal

Rotation
FLOOR 2

—
FLOOR 1

Base
4 Module

(@ (b) ©
Figure 4.11: Considerations about DOM orientation. (a) Drag forces diagram acting on DU elements. (b) The

individual rotations of a Floor is transmitted to nearby ones, due to cable stretching. (¢) Each DOM is fixed in the
DU structure by two metallic fibers.

The sea current has different directions along the year, the drag forces in the detectors vicinity vary, in general,
horizontal forces magnitude is larger than vertical ones. Since each KM3NeT DU is implemented with a floating
system that prevents the DU structure from collapsing, vertical drag forces are minimized and do not contribute to
the DOM orientation changes. Besides, the DU structure keeps the 18 DOMs fixed using two metal fiber cables on
the opposite sides of each DOM (Figure 4.11c). At the base of each DU, a fixed structure called "Base Module"
maintain the metal fiber cables straight, in turn holding the 18 DOMs tight, at the top, there is a floating buoy. The
horizontal drag forces are the principal sources of the external contributions to DOM positioning and orientation,
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and their magnitude is more significant as the DU structure height increases, a statement, for instance, supporting
what observed before on Y spread of F18, being broader than Y spread in F1.

Since sea current contributions to DOM orientation can differ, each Floor is subjected to individual horizontal forces.
However, metallic fiber cables that hold the DOMs can propagate the rotations experienced from each DOM to
nearby due to cables stretching (Figure 4.11b). The DOM rotation contribution to nearby Floors specifically refers
to rotations concerning the z-axis only (Y contributions), according to the global reference system. Furthermore,
these contributions are stronger when more significant the principal rotation (metallic fiber cables stretch more).
Considering DOM orientation contributions by sea current are varied at different heights, then these "secondary”
contributions may impact differently. Considering all secondary orientation contributions DOM can experience
over time, it is possible that metal fiber cables stretching not only propagates rotation contributions but also tends
to constrain the possible rotations. It is assumed in this work, the Y shifts are generated due to DOM orientation
stability acquired by each DU, and the parameterization of such changes (residuals) is a main motivation. Hence,
it is necessary to infer about a possible pattern for Y shifts independent of the sea current influence over DOM
orientation in all DUs. The work is then focused to determine the magnitude of the changes affecting Y by defining a
model that predicts Y shifts. Figure 4.12 represents the Y spread for all the ORCA6 DU, it is expected that Y shifts
pattern is conserved in both periods (Short and Long-Period). The cases of DU2F3, DU3F1, DU11F1-F2 does not
represent a significant sample impacting statistics for a parameterization in a first attempt. In order to verify that Y
shifts have the same trend independently of the period, a comparison based on the mean and mode of Y spreads of
Short and Long-Period becomes appropriate. First, the statistical information needed for this comparison is shown
in Tables A.2 - A.3. According to the results, the calculated mode (most representative Y) for ORCA6 compasses
data is the same in both periods. The largest difference between Short and Long-Period modes is ~ 0.3°. This result
supports the assumption that the pattern associated with shifts is conserved over time, a similar comparison can be
made using the mean instead of the mode from Y spreads, reaching the same conclusion. The mean is the estimator
selected for the systematics analysis developed in this work.

The "stable orientation" is associated to the "nominal" orientation of the DOM, and can be characterized by the
mean compass dataset for Y. A similar analysis for PR stresses the stability of each Floor along all DUs. As seen
in Figure 4.12, it seems Y nominal increases systematically from F1 to FI8 in all DUs, what may represents a
manifestation that DU is twisted in the same direction (around z-axis). The Y nominal from the same DU is thus
parameterized in this work, with a first order polynomial function (linear) as indicated. The Figures 4.13-4.14
represent the Linear parameterizations obtained when the mean and mode of Y for DU9 and DU11 are considered
in Short and Long-Period (Tables A.2-A.3).
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Figure 4.12: 2D orientation distribution for Yaw (Y), Short (Calm) and Long-Period, together Linear Parameterization
of Y nominal values (Long-Period) in all ORCA6 DUs. Consolidated data selection is used.
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A seen, linear parameterizations in both periods are equivalent, regardless mean or mode is used as estimator for Y,
however, as commented, the mean is selected for our analysis. It is then convenient to express now the associated
systematics (Y shifts) in terms of residuals, as Equation 4.1 refers.

Y s (systematics) = Y parameterized — Y data “.1)
The results of the implementation of Y. over Ygu, (mean) per DU-Floor are summarized in Tables A.4 - A.9
(Short-Period), Y4aa (mode) is only list for comparison. In particular, Table 4.1 shows Y final estimations (\A() from
Equation 4.2, where Vdm is the average of Y g, SDi}f‘ém is the Standard Deviation on Y gy, and ?:Z: is the average of
the absolute residuals Y, per DU. Propagation of uncertainties on Y g and Yparameterizea Were assumed "negligible”
(because the small size of the uncertainties observed) in this analysis.

¥ = Ygua = SDIL 2 Y0 4.2)

res
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Y Ydata SD%({-adtata VIS'ZSS SE%ﬁes DU ?data SD 'A;(tf‘cltata ?:ZSS SEi}:ies
1 196.88 1.90 0.79 0.31 1 196.80 1.93 0.85 0.32
2 248.83 345 1.70 0.64 2 249.66 3.65 1.73 0.64
3 265.54 2.34 1.64 0.57 3 265.99 243 1.64 0.57
9 145.07 345 2.08 0.57 9 143.53 3.94 2.01 0.57
10 267.44 4.14 1.86 0.53 10 268.28 4.44 1.81 0.52
11 270.41 242 2.02 0.56 11 270.74 2.41 1.98 0.55
(a) Using Y mean values in Short-Period. (b) Using Yaw mean values in Long-Period.

Table 4.1: Ygaa-Yres averaged and SD§;_"d’ata (Short and Long-Period) and their uncertainties for all ORCA6 DUs.

As appreciable in both periods (Short and Long), the results are statistically similar, the maximum difference found
between results of both periods is ~ 0.03°. Based on the associated systematics (?:ey:' ), the compass accuracy is
better than 2.08°, fulfilling the 3.5° for KM3NeT neutrino physics and astrophysics programs'. The choice of the
most suitable model to parameterize the DOM orientation along the same DU will depend on other comparative
analyses that were not developed in this work.

4.2.3 Selection of compasses for online orientation monitoring

Based on the results of this work, in particular, regarding systematics, it is possible to identify the compasses
with the best performance. Then, the best choices for online monitoring of the corresponding DU follows the
next-considerations: compasses with smaller Y ., same Floors with similar Y., (compasses at some height) along
the DU, and minimum 3 compasses per DU in order to monitor three specific sectors (bottom, middle, and top).
Because the consolidated data selection in this work, the online compasses monitoring doesn’t contemplate those
higher than F12 in DU1. In this specific case, it is proposed to monitor a Floor that is not within the main selection.
For ORCAG, the selection of F4, F8, and F17 is proposed for compass online monitoring. Figure 4.15 graphically
shows the results obtained in the previous section. These results are also supported by the Gaussian distributions
shown in Figure 4.16).
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Figure 4.15: Error Band representation (Ygata(mean) + Yyes = Ydata(SD) ) and Linear parameterized of Yga, in
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Figure 4.16: Gaussian distributions of reconstructed Y for DU1, DU2, DU3, DU9, DU10 and DU11 in Long-Period
dataset of ORCAG.
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4.3 Other Contributions to the compass calibration scheme

Along the development of this work, opportunities for improving the routines of compasses calibration arose. The
following subsections explain further contributions beyond the main goal of this work (compasses systematics).

4.3.1 Data Quality from DB

Each DU element is labeled along testing routines (Lab, Dark Room, etc.). If the DU elements pass the corresponding
tests, they are implemented in the corresponding detector site (in-situ). Referring specifically to the compass, at
DB, there are compass data available from online and offline tests. Having control of the compass data sent to the
DB, it allows to verify the compatibility between settings configured in the DM and the intrinsic operation of DUs
compasses (at the lab and deployed at the detector site). To control the compass data stream features, a Python-based
script was developed. Once the compass data is retrieved from the DB by selecting the appropriate period and source
(off-site/on-site), the script is able to estimate the amount of unexpected data (zeros or NaN). The algorithm doesn’t
quantify the number of duplicates stored in the dataset but manipulation. Figure 4.17 shows the script output in
the shell for a sample of compass data. Additionally, the script also generates 2D histograms of the compass data
distribution over time.

DATA QUALITY AKALYSTS
FLOOR  DOMUPT CLBUPT Total  Valid  Na_val Zero val (¥)Valid (¥)NaN (%)Zero

3.2.2/AFR/A11 3.4.3.2/V2-2-1/2.262 87964 59429 624 27911  67.561 0.709 31.730

[
1 3.4/CHS6C/4.291 3.4.3.2/V2-2-1/2.49 87897 87426 0 an 99.464 0.000 0.536
" 2 3.4/CH54C/4.292 3.4.3.2/V2-2-1/2.251 85628 85626 1 99.998 0.091 0.001
3 3.4/CH52C/4.293 3.4.3.2/V2-2-1/2.47 87590 87589 0 99.999  0.091 0.000
4 3.4/CHS0C/4.294 3.4.3.2/V2-2-1/2.240 86067 86067 ] 100.000 0.000 ©.000
5
6
7

3.4/CHABC/4.295 3.4.3.2/V2-2-1/2.76 86119 86118 ] 99.999  0.601 0.000
3.4/CHA6C/4.296 3.4.3.2/V2-2-1/2.582 88514 86893 1621 98.169 0.000 1.831
3.4/CHA4C/3.282 3.4.3.2/V2-2-1/2.457 87330 87330
3.4/CHA2C/3.283 3.4.3.2/V2-2-1/2.131 89918 89918
9 3.4/CHAEC/3.284 3.4.3.2/V2-2-1/2.558 92297 91667
10 3.4/CH38C/3.285 3.4.3.2/V2-2-1/2.156 86477 86477
11 3.4/CH36C/3.286 3.4.3.2/V2-2-1/2.71 87665 75486
12 3.4/CH34C/3.287 3.4.3.2/V2-2-1/2.439 86758 86758
13 3.4/CH32C/3.67 3.4.3.2/V2-2-1/2.452 89095 89093
14 3.4/CH30C/3.68  3.4.3.2/V2-2-1/2.77 89135 88277
17 3.4/CH24C/A.71  3.4.3.2/V2-2-1/2.432 90048 O
18 3.4/CH22C/4.72  3.4.3.2/V2-2-1/2.402 88090 88087
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] 100.000 0.000 ©.060
] 109.000 0.009 0.000
630 99.317 0.000 ©.683
[ 100.000 0.009 0.000
12179 86.107 0.000 13.893
0 100.000 0.000 ©.000
1 99.998 0.081 0.001
858 99.037 0.000 0.963
90040  ©.000  ©.090 109.000
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DATA QUALITY

Figure 4.17: Interface and outputs of compass data quality script. The script shows by percentage the amount of 0,
NaN and raw compass data available in the retrieved dataset.

The performance and reach of this script is subject of improvements and feedback by KM3NeT experts?.

4.3.2 Calibration file checks

Once the compasses calibration has been carried out, calibration parameters are saved in a dedicated XML file,
later on this file is sent to the DB. A specific compass can be associated with several calibration files. During the
development of this work, it was proposed to use the most recent XML file available to properly calibrate the compass
dataset. However, not all compass calibration files have a suitable format (corrupted files can appear). A script

*https : //git.km3net.de/working — groups/daq/ — /issues/116
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was developed to verify the health of the compass calibration files and verify the contained calibration parameters.
Figure 4.18 shows the script output in the shell for a given group of compasses.

COMPASS
CALIERATIOM

Gt

Figure 4.18: Interface and outputs of compass calibration file check script. The script easily verifies the sanity of

compass calibration files.

4.3.3 Compass testing in the Dark Room

The compasses tests in the "Dark Room" are based on setting the compass board in 4 referential orientations:
0°, 90°, 180°, and 270° to Magnetic North (keeping the compass board horizontally). Once the compass data
(accelerometer/magnetometer) is obtained in these four reference orientations, the Y values are calculated with the
corresponding calibrated parameters. The residuals obtained from the difference between the referential orientations
and the values from calibrated compass data are considered. If some residual becomes greater than 3.5° (minimum
accuracy expected for calibrated compasses), the calibration procedure is considered unsuccessful®. At the beginning
of this work, the routine of this verification needed some improvements. The routine was then entirely rewritten
in C++ to improve the software’s compatibility and avoid software environment conflicts reported by the operators
using the former routine. Figure 4.19 shows the script output run in the shell over data of a given compass.

Yaw 0 dist. Binning 0.1 dogrees.

COMPASS

TEST

Figure 4.19: Interface and outputs of compass testing script Dark Room setups.

The implementations developed in the compass test software for Dark Room DU setups were already considered for
future implementation in the official KM3NeT software®.

§https : //git.km3net.de/bdarquea/compass — data — analysis/ — /issues/1






Chapter 5

Conclusions and Future Work

5.1 Conclusions:

KM3NeT is a long-term multidisciplinary infrastructure incorporating two neutrino telescopes: ARCA and ORCA.
The compass positioning subsystem is in charge of determining the orientation of the DOM (arranged along the
DUs). Each compass board consists of 3D-accelerometer and 3D-magnetometer to determine the orientation. The
DOM orientation accuracy required for the successful reconstruction of directionality of neutrino-like events is <
3.5°. Main conclusions of this work are as follow:

» The analysis developed about compass performances indicates that the systematics (< 3.5°) required for the
success of the KM3NeT physics goals is satisfied for the current state of the ORCA detector. Results of this
work delivered an ~ 2.08 ° of associated systematics.

This was possible thanks to the following technical achievements:

» New filtering conditions for compass data proposed to improve their, with a remarkable improvement regarding
default filtering.

* Compass data communication sanity checks were carried out. In this sense, a set of scripts were developed:
data quality analysis, compass calibration file check, compass test in the dark room and compass data analysis.

From the physics and statistical data analysis perspective:

— —

* The |A| and |H| vector modulus estimates the uncertainties related to each compass accelerometer and magne-
tometer. However, this may not be related to the global effect propagated in the equations used for reconstruction
of orientation (YPR).

. ﬁ H . . . . . ﬁ
e It is verified that |A| and |H| does not vary representatively in time regardless of orientation. |H| may be
slightly affected due to local magnetic interference, or an undetermined scale factor is needed.
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52 5.2. FUTURE WORK:

* Y values can be estimated independently of the period and external effects on orientation, averaged with data
of a selected period, and define nominal orientation.

* Nominal Y values can be parameterized with a predefined model in such a way that the residuals found give
an idea of the associated systematics, not compensated by calibration of the compasses.

* For ORCAG6 detector the F4, F8 and F17 show the lesser systematic influence according to the developed
Linear Parameterization.

From the consolidated data selection analysis, the Short-Period (stable orientation, weak interaction with external
influences, e.g., sea current) and Long-Period (highly influenced by sea current) deliver compatible results regarding
systematics (the same is expected in random periods). In this sense, the experimental methodology in this work is
independent of the selected period, and independent of external influences.

5.2 Future Work:

During the work, different aspects were found that must be considered to improve both the current calibration
procedures of compasses, the understanding of the communication scheme, and the storage of compass data. This
work considered only compass data from the ORCAG6 detector (6DUs), however, is reproducible for other ORCA
and ARCA detector layouts. From the DU mechanical model point of view (did not discussed in this work), the
systematics identification is possible due to the nominal orientation acquired by the mechanical stability of the
DU elements at the detector site. For future works, it is proposed to develop a similar analysis beyond the linear
parameterization model to estimate systematics and a better/robust estimator as the y? (instead r%). Additionally,
similar parameterization models can be included in P and R nominal values. Considering that Y values include the
uncertainties of P and R, it is expected that the systematic uncertainties of P and R to be lower than the estimated
uncertainties for Y. A more rigorous considerations on Y residuals components uncertainties propagation are also
proposed. Furthermore upgraded tools are being developed for future compasses that will be deployed in ORCA
and ARCA detectors (hardware and software). The task of verifying that the corresponding calibration files are
saved in the appropriate format is proposed to future researchers. The testing of the final Y estimation, with its
uncertainties, in the mechanical model and line shape reconstruction algorithm, is an important activity could be
done in an advanced phase of this study.



Appendix A

Figures and Tables

The frequency for recorded events and compasses communication over over Long-Period (RUN 7721-8721) are
shown in Figures A.1 and A.2.

53



54
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Figure A.1: Estimated compass recording frequency for Long-Period, considering all compasses in ORCA6. The
recording frequency can be estimated by the time differences mode, calculated as the time difference of consecutive
events in the dataset.

Figure A.1 shows the estimated recording frequency (time difference between consecutive measurements), around
10 seconds in all histograms, as expected.
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Figure A.2: Distribution of compass communication data over time for Long-Period, considering all compasses in
ORCAG. It is obtained using the UNIXTIME parameter of each compass event recorded in DB.

As seen in Figure A.2, in some cases, data is almost absent in the entire period (i.e. F16 and 15 DU1 Figure A.2a),
but it is because Floors were turned off during this period and data was not recorded until to develop a technical
solution to be implemented. The absence of compass data can also happen due to DOM unexpected operational
errors. In general, all compasses can show no uniform communications. During this work, this incident was reported
through the KM3NeT git* for subsequent crosscheck diagnosis.

“https : //git.km3net.de/working — groups/daq/issues/105
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Table A.1: Mean, Standard Deviation (SD) and Percentage change (%) with respect to the reference values of |X|
—
and [H| (fractions of g and gauss respectively) for ORCA6 compasses in Long-Period.

DU FLOOR Me_)an Mean S]_? SD DU FLOOR Me_)an Mean S]_? SD
Al H A ) W H A A

1 1 1.05 048 0.00 0.02 9 1.03 048 0.00 0.01
1 2 1.08 047 0.07 0.03 9 8 1.04 047 0.00 0.02
1 3 1.03 047 0.02 0.00 9 9 1.04 048 0.00 0.01
1 4 1.09 0.45 0.00 0.00 9 10 1.03  0.48 0.00 0.02
1 5 1.08 045 0.00 0.02 9 11 1.03 047 0.00 0.02
1 6 1.07 049 0.00 0.00 9 12 1.02 046 0.00 0.01
1 7 1.08 045 0.00 0.01 9 13 1.04 042 0.00 0.00
1 8 1.05 045 0.00 0.00 9 14 1.03 049 0.00 0.01
1 10 1.07 047 0.00 0.00 9 16 1.05 047 0.01 0.02
1 12 1.00 0.43 0.00 0.00 9 17 1.02  0.48 0.00 0.02
2 1 1.04 044 0.00 0.02 9 18 1.04 048 0.00 0.01
2 2 1.08 045 0.00 0.01 10 1 1.03  0.47 0.00 0.06
2 3 1.05 048 0.08 0.04 10 2 1.03  0.47 0.00 0.00
2 4 1.06 048 0.00 0.01 10 3 1.03  0.49 0.00 0.00
2 5 1.04 0.48 0.00 0.00 10 4 1.04 0.48 0.00 0.02
2 6 1.05 049 0.00 0.00 10 5 1.02 047 0.00 0.02
2 7 1.06 047 0.00 0.00 10 6 1.02 045 0.00 0.00
2 8 1.09 046 0.00 0.00 10 7 1.02 0.48 0.00 0.01
2 9 1.03 047 0.00 0.03 10 8 1.04 045 0.00 0.09
2 10 1.07 048 0.00 0.02 10 9 1.04 045 0.00 0.02
2 12 1.05 049 0.01 0.01 10 10 1.05 0.49 0.00 0.02
2 13 1.06 0.49 0.00 0.00 10 11 1.04 047 0.00 0.03
2 14 1.09 048 0.00 0.03 10 12 1.02 047 0.00 0.01
2 15 1.07 046 0.00 0.02 10 13 1.05 047 0.00 0.00
2 16 1.07 0.48 0.00 0.00 10 14 1.02 047 0.00 0.01
2 17 1.05 047 0.00 0.00 10 15 1.02 047 0.02 0.02
2 18 1.07 0.49 0.00 0.01 10 16 1.02 045 0.00 0.00
3 1 1.06 045 0.00 0.02 10 17 1.00 0.47 0.00 0.02
3 3 1.06 045 0.00 0.02 10 18 1.02 046 0.00 0.00
3 4 1.05 044 0.00 0.02 11 1 099 036 0.00 0.00
3 5 1.02 047 0.00 0.00 11 2 1.01 034 0.00 0.01
3 8 1.07 045 0.00 0.00 11 3 099 037 0.01 0.00
3 9 1.06 046 0.00 0.00 11 4 1.05 038 0.00 0.00
3 10 1.05 044 0.00 0.02 11 5 1.00  0.37 0.00 0.00
3 11 1.07 050 0.00 0.01 11 6 1.08 037 0.01 0.00
3 12 1.05 046 0.00 0.01 11 7 1.05 038 0.00 0.00
3 13 1.07 0.45 0.00 0.00 11 8 1.16 037 0.01 0.00
3 14 1.04 044 0.00 0.02 11 9 1.00 037 0.00 0.00
3 16 1.05 046 0.00 0.00 11 10 099 037 0.01 0.00
3 17 1.06 0.63 0.01 0.00 11 11 099 037 0.00 0.00
3 18 1.05 047 0.00 0.01 11 12 099 038 0.00 0.00
9 1 1.02 047 0.00 0.00 11 13 098 0.38 0.00 0.00
9 2 1.03 048 0.00 0.02 11 14 1.00 0.46 0.00 0.01
9 3 1.04 048 0.00 0.02 11 15 0.64 047 0.02 0.02
9 4 1.02 048 0.00 0.02 11 16 099 035 0.00 0.00
9 5 1.04 048 0.00 0.03 11 17 097 037 0.00 0.00
9 6 1.04 0.48 0.00 0.02 11 18 1.00  0.37 0.00 0.00
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Table A.2: Ygata(mean), Y gaa(SD) and Y gaa (mode) in estimated from compass data in Short-Period. All quantities

are represented in degrees.

DU FLOOR Ygsa(mean) Y gaa(SD) | Ydata(mode)

DU FLOOR Ygga(mean) Ygaa(SD) @ Ydata(mode)
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145.36
144.05
149.61
144.22
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144.15
149.59
148.84
145.68
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263.30
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265.60
267.29
264.50
262.20
267.15
265.56
268.80
267.80
266.11
270.48
271.56
276.46
268.60
271.57
275.19
274.05
274.00
267.33
268.79
270.44
267.40
266.66
268.08
269.47
273.37
268.49
272.57
271.50
269.25
269.30
271.04
270.88
274.32

0.77
0.79
0.90
0.94
0.96
0.96
1.01
1.08
1.24
1.21
1.42
0.52
0.55
0.57
1.54
0.55
0.65
0.60
0.64
0.62
0.61
0.64
0.65
0.70
0.67
0.67
0.71
0.71
0.65
0.23
0.26
0.32
0.28
0.30
0.30
0.32
0.33
0.36
0.38
0.39
0.42
0.43
0.44
0.78
0.47
0.46
0.53

145.2
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264.0
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267.4
264.6
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267.4
265.5
268.9
268.0
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270.5
271.8
276.3
268.7
271.5
2753
274.0
273.9
267.3
268.7
270.4
267.4
266.6
268.0
269.4
2733
268.4
272.5
271.4
269.2
268.9
270.9
270.8
274.2
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Table A.3: Ygata(mean), Ygaea(SD) and Y gaea(mode) in estimated from compass data in Long-Period. All quantities
are represented in degrees.

DU FLOOR Yua(mean) Yua(SD | Yua(mode) DU FLOOR Yua(mean) Ygua(SD) | Yaum(mode)
1 1 195.79 0.75 195.6 9 7 144.34 2.94 1453
1 2 195.43 2.11 195.1 9 8 142.89 3.19 1439
1 3 195.01 0.89 194.7 9 9 148.27 3.63 149.5
1 4 193.29 0.97 1932 9 10 142.75 4.00 144.0
1 5 197.50 1.06 1972 9 11 141.06 4.29 1425
1 6 195.65 1.20 195.6 9 12 142.57 4.40 144.0
1 7 196.51 1.37 196.4 9 13 147.76 5.02 149.5
1 8 197.89 1.36 197.4 9 14 146.78 4.98 148.7
1 10 199.16 1.48 198.8 9 16 143.42 6.32 145.4
1 11 199.54 1.50 199.1 9 17 147.34 6.36 149.5
1 12 199.13 1.60 198.7 9 18 148.04 7.15 150.6
2 1 241.29 1.10 241.0 10 1 260.04 0.68 259.9
2 2 243.94 1.37 243.6 0 2 263.48 0.83 263.3
2 3 255.04 1.62 254.6 0 3 264.39 0.93 264.1
2 4 245.47 1.97 245.1 10 4 265.81 127 265.7
2 5 247.45 231 246.8 0 5 267.60 1.06 267.4
2 6 24831 2.59 247.6 0 6 264.86 1.29 264.7
2 7 248.11 291 247.4 07 262.60 1.34 262.1
2 8 250.17 3.40 2493 10 8 267.42 1.58 267.4
2 9 250.14 3.61 2493 10 9 266.03 1.53 265.5
2 10 246.70 3.92 245.7 10 10 269.31 1.59 268.9
2 12 249.00 432 248.1 10 11 268.29 1.61 268.0
2 13 252.25 4.49 251.2 0 12 266.69 1.77 266.3
2 14 251.05 4.92 250.0 0 13 271.09 1.93 270.5
2 15 251.08 5.37 249.8 10 14 272.18 1.96 271.8
2 16 252.47 5.40 251.4 10 15 277.13 2.12 276.4
2 17 251.93 541 251.0 10 16 269.30 2.28 268.7
2 18 254.66 5.30 253.7 0 17 272.23 2.26 2715
3 1 259.42 1.00 259.2 10 18 275.82 2.23 275.3
3 3 268.31 1.43 268.0 11 1 274.15 0.71 274.0
3 4 266.99 1.68 266.8 11 2 274.10 0.89 273.9
3 5 264.46 1.97 264.4 11 3 267.49 1.13 267.2
3 8 265.49 2.74 265.4 11 4 269.01 1.32 268.7
3 9 268.01 2.94 267.4 11 5 270.74 1.43 270.3
3 10 265.20 3.33 264.6 11 6 267.67 1.63 267.3
3 11 265.36 3.68 264.9 11 7 267.00 1.90 266.6
3 12 263.39 3.94 262.7 11 8 268.45 2.05 268.0
3 13 265.50 4.10 264.8 11 9 269.89 2.32 269.4
3 14 267.53 4.46 266.8 10 273.81 2.49 2733
3 16 266.34 470 265.5 1 1 268.94 2.66 268.4
3 17 267.88 2.75 267.5 11 12 273.04 2.76 2724
3 18 269.23 5.17 268.3 1 13 271.98 3.03 2714
9 1 141.89 1.21 142.1 11 14 269.75 3.17 269.1
9 2 139.58 1.54 140.1 115 269.99 435 268.9
9 3 143.02 1.90 1435 116 271.65 3.76 270.9
9 4 144.04 2.02 144.6 117 271.49 3.99 270.7
9 5 140.28 2.39 141.0 118 274.89 4.01 2742
9 6 138.69 2.62 139.5
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In each Tables A.4 - A.9 are shown the following values for a specific DU: Y gy,(mean) ,Yaw mean values from a
compass dataset; Y4a.(SD), the standard deviation of the set of Yaw mean values for a compass dataset; Y parameterizeds
the parameterized Y according Linear model; and Y., the residual estimated for each compass. For comparison, Y

mean and mode values used to estimate the parameterization.

Table A.4: Y, for DU1 in Short-Period (RUN 8000-8085). All quantities are represented in degrees.

(a) Using Yaw mean values. (b) Using Nominal mode Yaw values.

DU FLOOR Ygya(mean) Yqua(SD) Y parameterized | Yres DU FLOOR ' Ygua(mode) Yparameterized | Yres
1 1 195.78 0.66 19439 -1.38 1 1 195.6 19432 [-1.28
1 2 195.30 0.66 194.84 1 -0.47 1 2 195.2 194.75 [-0.45
1 3 194.97 0.66 19528 1 0.31 1 3 194.8 195.17 0.37
1 4 193.26 0.75 19572 247 1 4 193.2 195.60 | 2.40
1 5 197.42 0.69 196.17 -1.26 1 5 197.2 196.02 | -1.18
1 6 195.58 0.74 196.61 1.03 1 6 195.6 196.45 0.85
1 7 196.44 0.80 197.05 | 0.61 1 7 196.5 196.87 | 0.37
1 8 197.77 0.74 19749 -0.28 1 8 197.5 197.30 -0.20
1 10 199.02 0.73 198.38 -0.64 1 10 198.8 198.15 | -0.65
1 11 199.45 0.75 198.82 -0.62 1 11 199.1 198.57 [-0.53
1 12 199.02 0.79 199.27 1 0.24 1 12 198.7 199.00 | 0.30




Table A.5: Y,s for DU2 in Short-Period (RUN 8000-8085). All quantities are represented in degrees.

(a) Using Yaw mean values. (b) Using Nominal mode Yaw values.
DU FLOOR Ygya(mean) Ydaa(SD) Yparameterized | Yres DU FLOOR Y gyta(mode) Yparameterized | Yres
2 1 241.13 0.60 245.30 4.17 2 1 241.1 245.26 4.16
2 2 243.68 0.59 245.71 2.03 2 2 243.6 245.66 2.06
2 3 254.73 0.58 246.12 -8.61 2 3 254.6 246.07 -8.53
2 4 245.11 0.57 246.52 1.42 2 4 245.1 246.47 1.37
2 5 247.02 0.67 246.93 -0.09 2 5 246.9 246.87 -0.03
2 6 247.82 0.61 247.34 -0.48 2 6 247.8 247.28 -0.52
2 7 247.54 0.61 247.75 0.21 2 7 247.5 247.68 0.18
2 8 249.51 0.67 248.16 -1.35 2 8 249.5 248.08 -1.42
2 9 249.50 0.63 248.57 -0.94 2 9 249.5 248.49 -1.01
2 10 245.96 0.66 248.97 3.01 2 10 2459 248.89 2.99
2 12 248.23 0.66 249.79 1.56 2 12 248.2 249.70 1.50
2 13 251.40 0.66 250.20 -1.20 2 13 251.2 250.10 -1.10
2 14 250.16 0.67 250.61 0.45 2 14 250.0 250.50 0.50
2 15 250.08 0.72 251.02 0.94 2 15 249.9 250.91 1.01
2 16 251.55 0.74 251.42 -0.12 2 16 251.4 251.31 -0.09
2 17 251.07 0.73 251.83 0.77 2 17 251.0 251.71 0.71
2 18 254.00 0.72 252.24 -1.76 2 18 253.9 252.12 -1.78

Table A.6: Y, for DU3 in Short-Period (RUN 8000-8085). All quantities are represented in degrees.

(a) Using Yaw mean values. (b) Using Nominal mode Yaw values.

DU FLOOR Ygya(mean) Ygau(SD) Yparamelerized Yies DU FLOOR Y gaa(mode) Yparameterized Yies
3 1 259.33 0.56 263.79 4.46 3 1 259.2 263.79 4.59
3 3 268.15 0.56 264.17 -3.98 3 3 268.1 264.16 -3.94
3 4 266.79 0.57 264.36 -2.42 3 4 266.8 264.35 -2.45
3 5 264.19 0.60 264.56 0.36 3 5 264.4 264.53 0.13
3 8 265.14 0.62 265.13 -0.01 3 8 265.4 265.09 -0.31
3 9 267.63 0.60 265.32 -2.31 3 9 267.4 265.27 -2.13
3 10 264.77 0.60 265.51 0.75 3 10 264.6 265.46 0.86
3 11 264.96 0.64 265.71 0.75 3 11 264.9 265.64 0.74
3 12 262.83 0.67 265.90 3.06 3 12 262.7 265.83 3.13
3 13 264.95 0.65 266.09 1.14 3 13 264.8 266.01 1.21
3 14 266.94 0.63 266.28 -0.65 3 14 266.8 266.20 -0.60
3 16 265.69 0.67 266.67 0.97 3 16 265.5 266.57 1.07
3 17 267.53 0.43 266.86 -0.67 3 17 267.5 266.75 -0.75
3 18 268.50 0.70 267.05 -1.45 3 18 268.5 266.94 -1.56
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Table A.7: Y,s for DU9 in Short-Period (RUN 8000-8085). All quantities are represented in degrees.

(a) Using Yaw mean values. (b) Using Nominal Yaw values.

DU FLOOR  Ygaa(mean) Ydae(SD) Yparameterized Yies DU FLOOR Y gata(mode) Yparameterized Yies
9 1 142.27 0.63 141.07 -1.20 9 1 142.2 140.99 -1.21
9 2 140.08 0.67 141.56 1.47 9 2 140.0 141.47 1.47
9 3 143.65 0.83 142.04 -1.60 9 3 143.6 141.94 -1.66
9 4 144.73 0.69 142.53 -2.20 9 4 144.6 142.41 -2.19
9 5 141.09 0.70 143.02 1.93 9 5 140.8 142.89 2.09
9 6 139.60 0.74 143.51 3.91 9 6 139.5 143.36 3.86
9 7 145.36 0.77 144.00 -1.37 9 7 145.2 143.83 -1.37
9 8 144.05 0.79 144.48 0.43 9 8 143.8 144.31 0.51
9 9 149.61 0.90 144.97 -4.64 9 9 149.4 144.78 -4.62
9 10 144.22 0.94 145.46 1.24 9 10 144.0 145.25 1.25
9 11 142.67 0.96 145.95 3.27 9 11 142.6 145.73 3.13
9 12 144.15 0.96 146.44 2.28 9 12 144.0 146.20 2.20
9 13 149.59 1.01 146.92 -2.67 9 13 149.4 146.68 -2.72
9 14 148.84 1.08 147.41 -1.43 9 14 148.5 147.15 -1.35
9 16 145.68 1.24 148.39 2.71 9 16 1454 148.10 2.70
9 17 149.63 1.21 148.88 -0.75 9 17 149.4 148.57 -0.83
9 18 150.76 1.42 149.36 -1.39 9 18 150.3 149.04 -1.26

Table A.8: Y, for DU10 in Short-Period (RUN 8000-8085). All quantities are represented in degrees.

(a) Using Yaw mean values. (b) Using Nominal Yaw values.

DU FLOOR  Ygaa(mean) Ydae(SD) Yparameterized Yies DU FLOOR Y gata(mode) Yparameterized Yies
10 1 259.93 0.52 261.73 1.80 10 1 259.9 261.73 1.83
10 2 263.30 0.55 262.42 -0.88 10 2 263.2 262.42 -0.78
10 3 264.16 0.57 263.11 -1.06 10 3 264.0 263.11 -0.89
10 4 265.60 1.54 263.79 -1.81 10 4 265.7 263.81 -1.89
10 5 267.29 0.55 264.48 -2.81 10 5 267.4 264.50 -2.90
10 6 264.50 0.65 265.17 0.66 10 6 264.6 265.19 0.59
10 7 262.20 0.60 265.85 3.65 10 7 262.1 265.89 3.79
10 8 267.15 0.64 266.54 -0.61 10 8 267.4 266.58 -0.82
10 9 265.56 0.62 267.23 1.66 10 9 265.5 267.27 1.77
10 10 268.80 0.61 267.91 -0.89 10 10 268.9 267.96 -0.94
10 11 267.80 0.64 268.60 0.80 10 11 268.0 268.66 0.66
10 12 266.11 0.65 269.29 3.18 10 12 266.3 269.35 3.05
10 13 270.48 0.70 269.97 -0.51 10 13 270.5 270.04 -0.46
10 14 271.56 0.67 270.66 -0.90 10 14 271.8 270.73 -1.07
10 15 276.46 0.67 271.35 -5.11 10 15 276.3 271.43 -4.87
10 16 268.60 0.71 272.03 3.43 10 16 268.7 272.12 3.42
10 17 271.57 0.71 272.72 1.15 10 17 271.5 272.81 1.31
10 18 275.19 0.65 273.41 -1.78 10 18 275.3 273.50 -1.80




Table A.9: Y, for DU11 in Short-Period (RUN 8000-8085). All quantities are represented in degrees.

(a) Using Yaw mean values. (b) Using Nominal Yaw values.

DU FLOOR Ygaa(mean) Ygaa(SD) Yparameterized | Yres DU FLOOR Y gyta(mode) Yparameterized | Yres
11 1 274.05 0.23 269.82 -4.23 11 1 274.0 269.79 -4.21
11 2 274.00 0.26 269.89 -4.11 11 2 2739 269.85 -4.05
11 3 267.33 0.32 269.96 2.62 11 3 267.3 269.91 2.61
11 4 268.79 0.28 270.02 1.23 11 4 268.7 269.97 1.27
11 5 270.44 0.30 270.09 -0.35 11 5 270.4 270.03 -0.37
11 6 267.40 0.30 270.15 2.75 11 6 267.4 270.09 2.69
11 7 266.66 0.32 270.22 3.56 11 7 266.6 270.15 3.55
11 8 268.08 0.33 270.29 2.21 11 8 268.0 270.21 2.21
11 9 269.47 0.36 270.35 0.89 11 9 269.4 270.26 0.86
11 10 273.37 0.38 270.42 -2.95 11 10 273.3 270.32 -2.98
11 11 268.49 0.39 270.48 1.99 11 11 268.4 270.38 1.98
11 12 272.57 0.42 270.55 -2.02 11 12 272.5 270.44 -2.06
11 13 271.50 0.43 270.62 -0.88 11 13 271.4 270.50 -0.90
11 14 269.25 0.44 270.68 1.43 11 14 269.2 270.56 1.36
11 15 269.30 0.78 270.75 1.45 11 15 268.9 270.62 1.72
11 16 271.04 0.47 270.82 -0.22 11 16 270.9 270.68 -0.22
11 17 270.88 0.46 270.88 0.01 11 17 270.8 270.74 -0.06
11 18 274.32 0.53 270.95 -3.37 11 18 274.2 270.80 -3.40
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