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Resumo

O crescente volume de dados GNSS apresenta desafios significativos no seu armazenamento,
processamento e interoperabilidade, especialmente devido as ineficiéncias do formato RINEX,
que, embora amplamente utilizado, tem dificuldades em lidar com grandes volumes de dados
e ndo é otimizado para ambientes em cloud. Esta dissertacdo explora o potencial das bases de
dados baseadas em arrays, em particular o TileDB, como uma solu¢do moderna para otimizar
a gestao de dados GNSS. Uma contribuigao central deste trabalho é o desenvolvimento de duas
aplicagbes: raw2rin e tiledb_manager, que facilitam a conversdo de ficheiros em formatos
proprietdrios de recetores GNSS para os formatos RINEX e TileDB, apoiando a traducao
bidirecional entre os ultimos, oferecendo ajuste de parametros, corregées de metadados, e o
armazenamento e consulta eficientes de dados. A dissertacdo também inclui uma avaliacao
do desempenho do TileDB, focando-se nos efeitos de diferentes granularidades de dados e
fragmentagao. Os testes realizados apontam para que o desempenho de leitura podera ser

prejudicado a medida que a quantidade de dados e fragmentos aumentam.

Palavras-chave

TileDB, GNSS, RINEX, Armazenamento de Dados, Armazenamento pronto para andlise e

otimizado para a cloud, Arquivo de Dados, IntercAmbio de Dados.
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Resumo alargado

Nos dltimos anos, o uso de sistemas GNSS tornou-se fundamental em varias areas, como
geodesia, navegagao, e monitorizacdo ambiental, gerando uma quantidade crescente de dados
que precisam de ser armazenados e processados eficientemente. O formato RINEX, que é o
formato standard utilizado para a troca de dados GNSS, embora seja uma solug¢do consol-
idada, apresenta limitagdes notaveis quando se lida com grandes volumes de dados. A sua
estrutura de armazenamento linear e a falta de otimizagao para ambientes em nuvem tornam-
no ineficiente quando se trata de gerir dados em larga escala. Este trabalho tem como um
dos objetivos explorar formas de superar essas limitacoes, utilizando bases de dados baseadas
em array otimizadas para grandes volumes de dados, como o TileDB.

O TileDB permite o armazenamento e manipulagdo eficiente de dados esparsos e multidi-
mensionais, sendo, portanto, uma excelente solucao para armazenar dados GNSS. O objetivo
central da dissertacdo é desenvolver um sistema que facilite a conversdo e o processamento
desses dados eficientemente. Para isso, foram desenvolvidas duas ferramentas essenciais:
raw2rin, uma aplicagdo que converte os dados dos recetores GNSS, que frequentemente uti-
lizam formatos proprietdrios, para o formato RINEX, que permite, ainda, a alteracdo de
pardmetros e corregoes de metadados, e tiledb_manager, que converte esses dados para
TileDB e de volta para RINEX.

Além das aplicacoes desenvolvidas, o trabalho inclui uma anélise do desempenho do TileDB.
Mediante uma série de testes, foi possivel avaliar o impacto de diferentes niveis de granulari-
dade dos dados e o efeito da fragmentagao na desempenho de leitura das bases de dados. Os
resultados indicam que, a medida que o nimero de fragmentos de uma TileDB ou quantidade

de dados pedidos aumenta, o desempenho de leitura do TileDB degrada-se.
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Abstract

The growing volume of GNSS data presents significant challenges in its storage, processing,
and interoperability, particularly due to the inefficiencies of the RINEX format, which, while
widely used, struggles to handle large datasets and is not optimized for cloud environments.
This dissertation explores the potential of array-based databases, particularly TileDB, as a
modern solution to optimize GNSS data management. A central contribution of this work
is the development of two applications: raw2rin and tiledb_manager, which facilitate the
conversion of files of proprietary GNSS receiver formats to RINEX and TileDB formats, sup-
porting bidirectional translation between the latter, parameter adjustment, metadata correc-
tions, and efficient data storage and querying. The dissertation also includes an evaluation of
TileDB’s performance, focusing on the effects of different data granularities and fragmenta-
tion. The tests conducted point to a worse read performance for both higher data retrieved,

and higher fragment numbers.

Keywords

TileDB, GNSS, RINEX, Data Storage, Analysis-Ready and Cloud-Optimized Storage, Data
Archiving, Data Exchanging.

xi



Optimization of GNSS Data Archival and Exchange using TileDB

xii



Optimization of GNSS Data Archival and Exchange using TileDB

Contents

h Introductiod

1.1 Scope and Motivatiod ...............................
[[.2 Problem Statement| . . . . . ... ... ... ... .. oo
1.2.1 Multiple Proprietary Receiver Formats Hinder Processing] .......
1.2.2 RINEX’s Inefficiency on Maintaining an Archive{ ............
h.3 Ob]'ectivesl ......................................
|1.4 Report Outline{ ...................................
I‘Z Fundamental Concepts{
D.1 Introductiod .....................................
2.2 GNSS . . .
2.3  Proprietary Forrnatsl ................................
.......................................
|2.4.1 RINEX File Naming Conventionsj .....................
2.4.2 RINEX File Structurd . . . . . o vvvve oo
E.S TileDa ........................................
2.5.1  Architecture Descriptiod ..........................
2.5.2  Capabilities of TileDBI ...........................
2.5.3 Filterd . . . . . . . .
2.5.4 Encryptiod .................................
|2.5.5 Fragments and Consolidatiod .......................
l2.5.6 Parallelism and Concurrencﬂ .......................
|2.5.7 Performance Considerationsl ........................
|2.6 Conclusiod .....................................
State-of-the-Ard
I3.1 Introductiod .....................................
B.2 Why Consider TileDB for Storing GNSS Data? . . . . . . . oot ..
B.3 UNAVCO'’s Approacﬂ ...............................
3.4 GFZ’s Pynexl ....................................
8.5 GFZ's GNSS TileDB| . . . . o ot e e e
3.6 Conclusiod .....................................

Raw2Rin Software Packagej

|4.1 Introductiod .....................................
|4.2 Application Architecture’ ..............................
|4.3 Client Applications{ .................................
1.3.1 Registeri ...................................
1.3.2  Loginl . . . . . . e e
1.3.3 Converd ...................................

W N NN NN =

© oo co ot ot G

10
13
14
14
20
20
21
22
23
25

27
27
27
29
31
31
31



Optimization of GNSS Data Archival and Exchange using TileDB

................................... 39
|4.3.5 Convert and Correcd ............................ 41
..................................... 42
..................................... 2
|4.3.8 Downloadl .................................. 45
.................................... 1
.................................... A7
...................................... e

|4.4.1 Routing and Form Handlingj ........................ 48
H.4.2 Job Handling . . . . o o v oot 48
|4.4.3 Database] .................................. 49

|4.5 Converterl ...................................... 51
|4.5.1 File Upload and Validatiod ........................ 51
|4.5.2 Convertl ................................... 51
................................... 52
U5.4  File SYSterm] . . o o oo 53
U.5.5  Scheduling . . . o o oo 54

|4.6 Conclusiod ..................................... 56
b TileDB Data Generation and Storage Using TileDB Managet{ 57
b.l Introductiod ..................................... Y
b.2 TileDB Importable Datal .............................. Y
b.2.1 TileDB Data Generation From Rawl ................... Y
b.2.2 TileDB Data Generation From RINEXI .................. 58

b.3 TileDB Manageli .................................. 59
.3.1 Insert into TileDB . . . . . . oo 59
B5.3.2  Add Metadatal . . . . o oo 61
b.3.3 Generate RINEX| . . . . . . oo o i 63

b.4 Conclusiod ..................................... 64
6 TileDB Evaluation 67
b.l Introductiod ..................................... 67
b.2 System Environmenﬂ ................................ 67
b.3 Data Preparatiod .................................. 67
b.4 Performance Metricsl ................................ 69
b.5 Test Scenariosl .................................... 69
........................................ 69
b.6.1 Write Performancel ............................. 69
b.6.2 Read Performancd ............................. 70

b.? DiscussiorJ ...................................... 70
b.S Conclusiod ..................................... 74
t? Conclusiod 77

Xiv



Optimization of GNSS Data Archival and Exchange using TileDB

B egraphy 79
|Z Appendiﬁ 85
A.1 Full Size Web Client Imagesl ............................ 85
A.2 IGS-Type Log Fild . . . . . . . . . . . . e 92
A.3 Resulting Tables for the Different Queriesl .................... 97

XV



Optimization of GNSS Data Archival and Exchange using TileDB

xvi



Optimization of GNSS Data Archival and Exchange using TileDB

List

of Figures

D.1

Global navigation satellite system (GNSS) segments. From NovAtel Inc. irJ

‘An Introduction to GNSS”, 2015[Incl15] . . . . . . . ... ... ... .... 6

2.2

Space vectors of satellites and receivers with relation to the Earthl ......

2.3

Four satellites used for trilateration around a location on Earth. Adapted from

GISGeography in “How GPS Receivers Work — Trilateration vs. Triangula-
tion”, 2022[GIS]| . . . . . . ...

R4 (<) 3.01 RINEX filename description] . . . .. ... ... . ... ... .... 9
:2.5 (>) 3.02 RINEX filename description| . . . ... ... ... .. ........ 10
‘2.6 Two equal unfilled TileDB arraysl ......................... 16
2.7 An untiled arrayl .................................. 17
D.8  Atiled array] . . . .. L 17
2.9 The four possible combinations of tile/cell orderl ................ 18
2.10 Representation of an array of tile extent 2 x 2] ................. 19
.11 A series of write operations to the same arrayl .................. 21
|2.12 The logical view of the array after the three Writesl ............... 22
3.1 An example of “sparse” GNSS datal ....................... 28
3.2 HDF5’s data model overview. From Neonscience in “Hierarchical Data For-l

mats - What is HDF5?”, 2020[Was]| . . . . . . . ... ... ... ... .... 28
I3.3 UNAVCOQO’s TileDB ARCO real-time storage system prototype using AWSI

IFrom Henry Berglund in “TileDB” [Ber23]l .................... 30
1.1  The application’s system architecturel ...................... 34
1.2  The Web client register pag‘el ........................... 36
1.3 The Web client login page). . . . . . . . . .. . .. .. ... ... ... ... 37
1.4  The Web client convert pagel ........................... 39
1.5 The Web client correct pagel . . . . . . . .. ... .. ... ... ... ..., 41
1.6 The Web client convert and correct pagel .................... 42
1.7 The Web client jobs pagel . . . . . . . . . .. ... 45
1.8  Application database ER diagraml ........................ 50
1.9 Metadata correspondencel ............................. 53
1.10 Waiting time score graphl ............................. 55
1.11 Usage score graphl ................................. 55
b.l Local metadata database ER diagraml ...................... 62
6.1 Comparison of Performance Metrics Across Granularitiesl ............ 72
6.2 Variance of the execution time metrics across granularitiesl .......... 73
6.3 Comparison of Performance Metrics Across Granularities Spanning a Wholel

Monthl . . . . . . e 74

6.4

Comparison of Performance Metrics Across Granularities Spanning Two Daysl 75

xvii



Optimization of GNSS Data Archival and Exchange using TileDB

A.1 Full-size home page on the web clientl ...................... 86
A.2 Full-size register page on the web clientl ..................... 87
A.3 Full-size login page on the web client] . . .. ... .. ... ... ....... 88
A.4 Full-size convert and correct page on the web clientl .............. 89
A.5 Full-size convert and correct page with optional fields on the web clientl o090
A.6 Full-size jobs page on the web clientl ....................... 91

xviii



Optimization of GNSS Data Archival and Exchange using TileDB

List

of Tables

.1 Details of the six core GNSSs in the worldl ................... 5
2.2  Most popular GNSS receiver manufacturersl ................... 8
.3 Header data formats for single variables. # is used to represent blanksl e |
.4 Possible snns| . . . . ... L 12
D.5 A TileDB 2D 4 x 4 array with three attributes (Age, Favorite Color, and Nextl
Birthday)| . . . . . . . e 14
I2.6 TileDB’s concurrency scenariosl .......................... 23
1.1 Initial list of jobs in the queuel .......................... 56
1.2 Calculated priority scores for jobsl ........................ 56
6.1 Import times for different granularities for 9151 total different ﬁlesl ...... 70
6.2 Time Comparison Between Granularitied . . . . . . . .. .. ... .. ..... 70
6.3 CPU Usage Comparison Between Granularitiesl ................. 71
6.4 Memory Usage Comparison Between Granularities’ ............... 71
A.1 Query Results for TileDB stationonlyl . . . . .. ... ... ... ....... 97
A.2 Query Results for TileDB station yeay . . . . . . .. ... .. .. ....... 98
A.3 Query Results for TileDB station year montﬂ .................. 98
A.4 Query Results for a whole month for TileDB station onlyl ........... 99
A.5 Query Results for a whole month for TileDB station, and yearl ........ 100
A.6  Query Results for a whole month for TileDB station, year, and monthl . ... 101
A.7 Query Results for two days for TileDB station only| . . .. ... .. .. ... 101
A.8 Query Results for two days for TileDB station, and yearl ........... 101

IA.9

Query Results for two days for TileDB station, year, and monthl ....... 102

Xix



Optimization of GNSS Data Archival and Exchange using TileDB

XX



Optimization of GNSS Data Archival and Exchange using TileDB

Acronyms

Iassociation for computing machinery|

Iasynchronous JavaScript and XMII

Iapplication programming interfacd

>@EE
@) Al T

Ianalysis—ready and cloud—optimizedl

ASCII american standard code for information interchange

Iaustralian positioning online servicd

Iamazon web servicesl

l:omputing classification systerd

Icommand—line interfacel

bomNav binary formatl

kentral processing unid

conversion and update of RINEX files

Q > [>]
feEEEREE
: :
1058

S kross—site request forgery|

kjSRS-PPPl l:anadian spatial reference system - precise point positioningj

E

I:omma—separated Valuesl

IEPOS-GNSd Isuropean plate observing system - global navigation satellite systed

lentity relationshid

trequency channel numberl

balois /Counter modei

k}EO serial interfacei

B EEEE

lg;eoForschungsZentruni

k}LONASd lglobalnaya navigazionnaya sputnikovaya sistemal

Elobal navigation satellite systenrl

2
&

Elobal positioning systend

ElRE

hierarchical data format version 5|

an
H
<
3

hypertext markup language

as
=
=
w

hypertext transfer protocol

xxi



JRERHHEL R
s = N wn
Q| o )

o)
PN

oy
j)

Optimization of GNSS Data Archival and Exchange using TileDB

Iidentiﬁcation numberi

Iinternational GNSS systerd

indian regional navigation satellite system

IjavaScript object notatiod

|loss of lock indicatorl

Iminimum bounding rectangle{

master of engineering

Inavigation with indian constellatiorj

bperating systerd

Ipositioning, navigation, and timingJ

propagation time

huasi—zenith satellite systerri

|rEpresentational State Transfell

lRequest for Commend

Ireceiver INdependent EXchangd

|resident set sizd

Isimple storage servicd

Isatellite navigatiod

¢ 2 E
=
= s
< |

7))
o
e

e g | &

lsatellite based augmentation systeni

Iseptentrio binary formatl

space and earth geodetic analysis laboratory

Isignal—to—noise ratid

structured query language

|simple queue servicd

lsimple notification servicel

secure shel

|signa1 strength indicatorl

xxii



Optimization of GNSS Data Archival and Exchange using TileDB

UBI university of beira interior

ﬁ

|UNAVCd hniversity NAVSTAR Consortiutd

@ hniform resource locatori

xxiii



Optimization of GNSS Data Archival and Exchange using TileDB

XxXiv



Optimization of GNSS Data Archival and Exchange using TileDB

Chapter 1

Introduction

1.1 Scope and Motivation

Satellite-based navigation systems have become indispensable tools in the contemporary days.
is a key technology, encompassing satellite constellations like |GP§ and k;LONASﬂ,

which provides vital data for navigation, positioning, and timing, playing a crucial role in

global communication, transportation, and emergency services.

On account of systems generating abundant measures of data, there is an ongoing de-
mand for advanced data storage and management solutions. Distinct receivers’ manufacturers
generate data in varying, sometimes proprietary and closed-source, formats, aggra-
vating interoperability between communities and services. Adopting standards like
ensures consistent data storage, facilitates compatibility across different systems, and
simplifies the processing and exchange of data among interested parties.

Within the academic context of the Engenharia Informdtica (9286) | g course at the
University of Beira Interior (), this document comprises the investigation study of the
dissertation in the scope of the curricular unit of Dissertacio em Engenharia Informdtica
(14477). The goal is to summarize the research conducted, delineate the system that was
built, present the methodologies employed, and analyze the results obtained to demonstrate
the contributions and insights of this work.

The scope of this work lies at the intersection of the areas of Data Storage and Geo-
science. Given the nature of the dissertation’s focus on data storage solutions for
data, databases and application programming interfaces (@s) stand out as crucial compo-
nents for the successful execution of research and development tasks.

Under the 2012 version of the association for computing machinery ()’s computing clas-
sification system () [ACM], the de facto standard classification system for the computing

fields for computer science, the areas that encompass this dissertation are:
e Database web servers;
e Application servers;
o« Earth and atmospheric sciences;
e Cloud based storage;
o Multidimensional range search;
e Incomplete data;
e Data compression;

e Data encryption.
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1.2 Problem Statement

The two main problems addressed in this work are:

e Multiple proprietary receiver formats hinder processing;

e R {'s inefficiency on maintaining an archive.

1.2.1 Multiple Proprietary Receiver Formats Hinder Processing

Because data is often provided in proprietary RAW file formats unique to each equip-
ment manufacturer, it is often difficult and inaccessible for users to process and analyze data
efficiently, as each format requires specific software tools that are often platform-dependent
and not interoperable.

Currently, there is no unified system capable of handling multiple proprietary formats that
ensure seamless conversion and metadata correction to .

1.2.2 RINEXs Inefficiency on Maintaining an Archive

The files’ text-based nature introduces challenges such as during data retrieval, as
R {| files must be parsed using an iterative line reading procedure, which causes significant
overhead, particularly for lengthy files.

The division of files into data and metadata portions introduces additional challenges,
as changes in metadata require updates across all files, potentially resulting in redundancy
and inconsistency. Furthermore, the practice of staging files with data before metadata arrival
and verification is common due to their asynchronous arrival.

While version 4.01 is the latest, many processing software and entities continue to
work with previous versions. Generating new versions or sample rates from the original
R { files proves to be computationally expensive, and maintaining multiple copies under
different versions or sample rates occupies a significant amount of space.

Due to the nature of files, they are not analysis-ready and cloud-optimized (), especially
since it is cost prohibitive to upload the current abundance of files (in the case of several

communities) to the cloud.

1.3 Objectives

Addressing the challenges mentioned in Section is crucial to establish an efficient and
reliable system for storing and retrieving data. Thus, this dissertation’s central objec-
tives are (i) to implement a conversion framework, by creating an application that translates
receiver-specific formats to , which also establishes a bidirectional translation between
it and the novel TileDB methodology, and (ii) to evaluate TileDB as the novel storage method-
ology for data, positioned as a contender to the ubiquitous universal format, R I,
whose read and write performance will be evaluated through series of tests to systematically

ascertain its possible advantages.
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1.4 Report Outline

The sequential design of this document ensures a coherent and clear reading experience,
meaning each chapter is meticulously written to maintain clarity and logical continuity; thus,

this text was thoroughly grouped into the following six chapters:

Chapter 2 - Important concepts Delineates the core concepts of bNSEj, IRINEXI and
TileDB;

Chapter 3 - State-of-the-Art Explores the cutting-edge technology that is already avail-

able for data storage, including both [UNAVCQ and (GFZ's current research

approach on using TileDB to store data;

Chapter 4 - Raw2Rin Software Package Details the design, functionality, and imple-
mentation of the raw2rin software package for converting proprietary RAW

files to the standardized format;

Chapter 5 - TileDB Data Generation and Storage Using TileDB Manager Explains
the process of generating importable data for TileDB and managing it using the

tiledb_manager application, including data import/export and metadata handling;

Chapter 6 - TileDB Evaluation Evaluates TileDB’s performance and suitability for

data storage through benchmarking and analysis of its storage and query efficiency;

Chapter 7 - Conclusion Summarizes the work conducted, highlights its contributions, and

suggests potential directions for future research and development.
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Chapter 2

Fundamental Concepts

2.1 Introduction

This chapter comprises the research and analysis of the fundamental concepts needed for
this dissertation. First, Section @ explores the core aspects of and the kind of
data it generates. Section @ explores the different receiver manufacturers and the kind
of proprietary formats they include. Moreover, Section @ further dives into the universal
format for storing bNSﬂ data, IRINEXL its characteristics and structure. Finally, Section @
presents TileDB as a possible contender to lRINEXi as a k}NSQ data archival system.

2.2 |GNSS

Navigation is the discipline centered on guiding vehicles or individuals between locations.
Typically, electronic-based systems are employed to facilitate accurate navigation; most no-
tably, satellite navigation () systems are sophisticated networks of satellites, which
provide data used to generate geospatial positioning, navigation, and timing () [Tho21].
Upon achieving global coverage, this system is conferred with the designation of global navi-
gation satellite system () [Gov21], meaning it embodies all systems and their
augmentations and provides accurate, continuous, worldwide, three-dimensional position and
velocity information to users with the appropriate receiving equipment[KH17].

At the time of writing, there are six core s in the world[Rut] owned by different political
organizations. Table EI displays who owns each , the year each started their operation,

and how many satellites they currently have in orbit.

k}NSS name | Location | Operation start | Satellites in orbit
crq USA 1978 31[Gov24, Gov]
GLONASY Russia 1993 26[[AC]
BeiDou China 2000 45[Noval|
|OVA| Japan 2010 4[Novb|
[RNSY India 2013 7[Orgd, Orgh]
Galileo EU 2016 24[Cen, Age]

Table 2.1: Details of the six core s in the world.

comprises three segments[Ash20, Ted|:

e Space segment: constellation of satellites equipped with atomic clocks deployed in al-
most circular orbits at approximately 20,000 kilometers from Earth, which provides

their identity, time, orbit, and status;

e Control segment: A network of ground stations, comprising receivers and antennas,

which is established to conduct monitoring activities for the satellite constellation. It
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Space Segment

GNSS Satellites E_Q_E ese E_Q_E

~ ~
~ ~

| GNSS Broadcast Signals

GNSS Control
Channel

Data Uploading Master Contol Monitor

Stations Stations Stations
| | User Segment

Control Segment

Figure 2.1: segments. From NovAtel Inc. in “An Introduction to GNSS”, 2015[[nc15].

encompasses an array of ground-based monitoring stations, which observe the signals
and status of the satellites, relaying them to the master control stations, which, in turn,
implement corrections to the satellites’ orbits, so that they accurately reach the data

uploading stations;

o User segment: instruments with receivers that track signals and produce
position and velocity solutions, typically with low-cost clocks.

Figure @ shows how each segment relates to each other.

The satellites contain very accurate (atomic) clocks[Incl5] and transmit their data to an
antenna, which captures electromagnetic waves and converts them into electrical signals for
a receiver to process|[MO0Y]. A receiver is a specialized device designed for processing the
previously received signals and delivering positioning da‘caE using advanced chipsets and al-
gorithms to track and generate accurate navigation information[POL™08, SEPh].

The positioning data is calculated by using ranges and specific algorithms. Consider the space
vector ®° with respect to the center of the Earth for each satellite, which can be computed
from the satellite broadcast of navigation data (ephemerides), and the space vector ®" relative
to the center of the Earth for each receiver, represented in Figure @

The geometric distance ® can be accurately measured by recording the run time required for

the satellite signal to reach the receiver, as shown in Equation @

o= [[®% —a7|| (2.1)

1Such as, for example, latitude, longitude, and height.

6
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Safe”ite

Geocenter

Figure 2.2: Space vectors of satellites and receivers with relation to the Earth.

In an idealized context devoid of errors, the geometric distance can be calculated with pre-
cision. However, natural errors[Inclj], including inaccuracies arising from the refraction
of satellite signals as they traverse the ionosphere and troposphere, as well as equipment
errorsfery] often stemming from the suboptimal quality of the equipment involved in the
data collection process, introduce uncertainties. Consequently, the accurate determi-
nation of range using geometric distance becomes impractical[PHR™23].

Instead, a new measurement, termed pseudorange (7) is employed, which represents the
distance between the satellite at the instant of signal emission and the receiver antenna,
measured at the time of reception. Equation @ outlines the procedure for calculating the

pseudorange[Rom21).

7 = ® + ¢(r — s) + other biases (2.2)

, where c is the speed of light, r is the receiver clock offset and s is the satellite clock offset.
Each range corresponds to the surface of a sphere centered at the respective satellite. The
receiver’s position can be accurately estimated through the application of the trilateration
principle, a method that refines the potential locations of the receiver. This process neces-
sitates information on distances and orbits from a minimum of four satellites. Figure @
provides a visual representation elucidating the trilateration process.

In this process, the orange satellite determines the receiver’s location to lie somewhere on a
sphere. The gray satellite refines the potential receiver locations to the intersection circle be-
tween the two spheres. Subsequently, the blue satellite further narrows down the possibilities

to two points and, finally, the green satellite precisely pinpoints the receiver’s exact position.

7
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Figure 2.3: Four satellites used for trilateration around a location on Earth. Adapted from GISGeography in
“How GPS Receivers Work — Trilateration vs. Triangulation”, 2022[].

2.3 Proprietary Formats

The receivers are producer-dependent, hence each adopts its own architecture and algorithms.
One important aspect is how each stores the data, as each secures its own proprietary
format. Table @ lists some common receiver producers and their proprietary formats.

Receiver Manufacturer Data Format
Septentrio[SEPal Septentrio binary format (SBH) (.sbf file)[SBH]
Trimble[TRI] DAT or T02/T04 formats (.dat or .t02/.t04 files) [DAT]

GEO serial interface (GSI) format (.gsi files) or MO0
(.m00 files) [GST, GSI03, kur13)
ComNav Technology[COMb] | ComNav binary format (CNB) (.cnb files)[CNB]

South Surveying[SOU] SOUTH (BTH) format (.sth files)[STH]|

Leica Geosystems[LE]|

Table 2.2: Most popular GNSS receiver manufacturers.

Because each format is different from each other, there was a need to introduce an industry-

standard format for storing data.

2.4 EINEX

The Receiver INdependent EXchange () file format was developed by the Astronomical
Institute of the University of Bern for the easy exchange of data from one specific type of

kiNS@, the kiPS[Bonﬂ 1.
It is the universal standard for storing and exchanging observation, navigation, and
meteorological data and seeks to endorse interoperability among the dissimilar receiver brands

?Later expanded to the remaining popular kiNSSs.
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and processing software. Ergo, it is of particular relevance that its details are well-defined and

documented, as several communities, such as the australian positioning online service

(), the canadian spatial reference system - precise point positioning (), the
european plate observing system - global navigation satellite system (), and others,
rely on user-submitted data in compliance with the standard for their operations[Jan23].
The whole format is well-documented in a series of Request for Comments (s), pertaining
to each version. It consists not only of one file type, but instead three file
types, which store their respective data|[GHH'09):

o Observation data files: store observation (“Obs”) data, viz., (pseudo)range, phase,
Doppler, or other signal quantity computed with a receiver;

o Navigation data files: store navigation (“Nav”) data, viz., broadcast of satellite naviga-

tion data records;

o Meteorological data files: store meteorological (“Met”) data.

Each observation and meteorological data files usuallyE contain the data from one site and
session only. Amidst this dissertation, the primary focus will be on observation files,

given their widespread usage and the substantial volume of data they encompass.

2.4.1 File Naming Conventions

R {| filenames are of uttermost importance, as they reveal crucial information about
the contents of the files. Figures @[GE(W&] and @[GEO?b] represent the filenames across

versions 3.01 (and previous) and 3.024, respectively.

ssssdddf.yyt

[
+-- t: file type:

: Observation file
GPS navigation message file
Meteorological data file
GLONASS navigation message file
Galileo navigation message file
Mixed GNSS navigation message file
SBAS Payload navigation message file
SBAS broadcast data file

(separate documentation)

C: Clock file (separate documentation)

S: Summary file (used e.g., by IGS, not a standard!)
--- yy: two-digit year
+———— f: file sequence number/character within day.
daily file: £ = 0 (zero)
hourly files:

wmowtHEQR 20

a = 1st hour: 00h-01lh; b = 2nd hour: 01h-02h;
.. x = 24th hour: 23h-24h
ffemmmm== ddd: day of the year of first record
Femmmmses=os ssss: 4-character station name designator

Figure 2.4: (<) 3.01 filename description.

The filenames of versions 3.02 and onward are larger and contain a greater level of detail

than those of previous versions.

3Technically, the format supports more than one receiver per file, but the does not recommend it even
if their time does not overlap.
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Name S Start Time Period Obs. Freq. Content FormatCompression

f

2-3
Char. -
defining
the
compression
method

—1

3 Characters —
defining the file format

—1
2 Characters —
defining the content type

B
3 Characters — defining the
observation frequency

]
3 Characters - defining the intended
(nominal) file period

— 11 Characters - defining YYYYDDDHHMM

— 1 Character — defining the data source

—{ 9 Characters — defining the site, station and country code

Figure 2.5: (>) 3.02 filename description.

2.4.2 File Structure

Each file type is structurally composed of two segments: the header (metadata) section and

the data section.

2.4.2.1 Header (metadata) Section

Positioned at the file’s beginning, the header section is divided into header lines, each one
entailing file-wide information that shall be used in post-processing applications[] by
establishing coherence to the data section.

The metadata exhibits differences across distinct file types, i.e., its possible fields within an
observation file diverge from those observed in a navigation file; however, they present an
akin layout: each line must contain no more than 80 characters, reserving characters 61-80

for a mandatory header label, indicating what type of information the preceding line segment
(1-60) refers toll, Listing @ represents the metadata of a RINEX| 3 observation file.

Listing 2.1: A RINEX 3 observation file header.
5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80

4Note that both the header label and header information segments may not be entirely filled, resulting in
the utilization of blank spaces to occupy the remaining character spaces. This practice ensures conformity to
the stipulated structure, allowing flexibility in accommodating varying lengths of header labels and associated
information.
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RINEX VERSION / TYPE
PGM / RUN BY / DATE

COMMENT

WELLOOGBR MARKER NAME
0 MARKER NUMBER
CORS MARKER TYPE
c4G C4G OBSERVER / AGENCY
3055312 3SNAVIGATION 3SNAV GNSS-300 REC # / TYPE / VERS
1910180014 3SNAVIGATION ANT # / TYPE
4394607.8938 -2354743.6206 3965148.0973 APPROX POSITION XYZ
0.0000 0.0000 0.0000 ANTENNA: DELTA H/E/N
c 6 C2I C6I C7I L2I L6I L7I SYS / # / OBS TYPES
E 10 C1C C5Q C6C C7Q C€8Q L1C L5Q L6C L7Q L8Q SYS / # / 0BS TYPES
G 11 Ci1C CiL C1W C2L C2W C5Q L1C L1L L2L L2W L5Q SYS / # / 0BS TYPES
I 2 C5A L5A SYS / # / OBS TYPES
J 10 CiC C1L C1Z C2L €5Q L1C L1L L1Z L2L L5Q SYS / # / 0BS TYPES
R 4 C1C C2C L1C L2C SYS / # / 0BS TYPES
S 4 C1C C5I L1C L5I SYS / # / 0BS TYPES
2020 12 25 18 0 0.0000000 GPS TIME OF FIRST 0BS
9 RO1 1 RO7 5 RO8 6 R12 -1 R13 -2 R14 -7 R22 -3 R23 3 GLONASS SLOT / FRQ #
R24 2 GLONASS SLOT / FRQ #

END OF HEADER

The metadata in files includes both mandatory and optional labels. In Listing @,
exclusively the obligatory header labels are presented, excluding the COMMENT record, which

serves to incorporate any additional non-standard information into the header.
Notably, the RINEX VERSION / TYPE record marks the start of the file, as it must, always,
stand as the initial record in a file, followed by the PGM / RUN BY / DATE record and con-
cluding with the END OF HEADER as the closing record in the header section. The sequence of

the remaining header labels can be flexibly rearranged, and their descriptions and formatting
guidelines are meticulously delineated in the s[R0m21]. Each line’s formatting

rule is a string of the general form [Repetition] type format, where the type format is

defined in Table @[Pesw].

T Dat
ype ara Examples Description
format Type
I3 : 123 . . - . . . . .
An integer with n digits (including the sign). A floating point
I3.5 : 00123 . . .
In/In.m Integer forces the n number to always be of m size, being padded with
I3.5 : -0123 AP . ‘s
zeros, if its initial size does not match that of m digits.
I4 : \#123
F4.2 : 1.31 A float with n digits (including the sign and floating point num-
Fn.m Float .
F5.1 -11.2 | ber) and m decimal places.
D7 1 A double exponential with n digits (including the sign, floating
’ point number, exponential letter and the exponent itself) and m
1.5D+02 . .
Dn.m/En.m | Power 8.1 decimal places. Note that the letter of the type format is the
—O. 1ﬁ+06 letter used in the actual number; the reasoning for the accep-
’ tance of the two letters (E and D) is compiler compatibility.
A3 : GPS
An String | A7 : A string with n digits.
\#String
1X @ \#
nX Blank BX : n blank characters.
\#\#\#\#\#

Table 2.3: Header data formats for single variables. # is used to represent blanks.
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The repetition is the number of times the data type repeats and commas separate several
formats in the same line, which should be read one after the other. For example, the format
F9.2,11X,A1,19X,A1,19X consists of a floating-point number of nine digits, where three
are decimal points (with the dot included); then, it contains eleven spaces, a string of one

character, nineteen spaces, another string of one character and another nineteen spaces.

2.4.2.2 Observation file data section

The data section, succeeding the header, functions as the repository for the content specific
to the file type. The observation files contain two types of linesfPDMM16]:

o Epoch Record: line that includes the time (epoch) of the record. Always starts with a
>-

)

e Data Record: line that starts with an snn, i.e., a satellite code identifying the constella-
tion and its slot number (possible satellites and their codes are specified in Table @)
followed by the observation types for each satellite, which are defined in the SYS / #
/ 0BS TYPES metadata header section of the file.

Code | Constellation
GPy
GLONASS

EBAS Payload

Galileo
BeiDou
Qzss
lNavId

Table 2.4: Possible snns.

—| Q™| Q

Listing @ depicts the excerpt of the data section of an observation file.

Listing 2.2: A RINEX 3 observation file data section.
5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
> 2006 03 24 13 10 36.0000000 0 5 -0.123456789012
GO6 23629347.915 .300 8 -.353 4 23629347.158 24.158
GO9 20891534.648 -.120 9 -.358 6 20891545.292 38.123
G12 20607600.189 -.430 9 .394 5 20607600.848 35.234
E11 .324 8 .178 7
S20 38137559.506 335849.135 9
> 2006 03 24 13 10 54.0000000 0 7 -0.123456789210
GO6 23619095.450 -53875.632 8 -41981.375 4 23619095.008 25.234
GO9 20886075.667 -28688.027 9 -22354.535 7 20886076.101 42.231
G12 20611072.689 18247.789 9 14219.770 6 20611072.410 36.765
R21 21345678.576 12345.567 5
R22 22123456.789 23456.789 b5
E11 65432.123 5 48861.586 7
S20 38137559.506 335849.135 9

The values listed after the snn correspond to various types of measurements, including pseu-
doranges, carrier phases, Doppler shifts, signal-to-noise ratios (s), and cycle slips. These

observations are provided for each satellite observed at that specific epoch.

12
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The SYS / # / OBS TYPES line will list the observation types, and each satellite’s data record
will match the order of these types. For instance, if the header line lists the following observa-
tion types: G / 4 / C1C L1C DiC Si1C, it means that it has four observation types for
systems and its data columns will contain the following measurements: C1C (code pseudo-
range on the L1 frequency), L1C (carrier phase on the L1 frequency), D1C (doppler shift on
the L1 frequency), and S1C (signal-to-noise ratio on the L1 frequency). A corresponding data
record could look like: GO1 1234567890 100.1234 2.3456 12.6789[Pesl5].

Additional flags like loss of lock indicator () and signal strength indicator () may also
be included and indicate if a satellite signal was lost temporarily during the observation
period and the signal strength (a complement to ), respectively[Rom21].

2.4.2.3 Problems with m

The file format is, by definition, text-based[TEX]. Text-based formats, although
easy to work with, entail several disadvantages[Ber23] over other forms of storage, such as
databases.

Data retrieval on files is time-limited. Software that processes may need to read only
a small portion of the file, but still needs to read line-by-line until the needed portion is read.
For compressed files (such as Hatanaka[Hat0§] files), even if only a small portion of the file
is needed, the whole file still needs to be decompressed to be read. This creates a significant
overhead, especially because files may be thousands of lines long, as the data pertains
to a specific period in a specific frequency for one site and session only[PDMM16].

The metadata portion contains some informationa, such as marker 1D, antenna /
receiver, approximate coordinates, measurement time, and more.[RIN]. Because both the

data and metadata parts are stored inside a single file, several problems start to arise:

e Changing metadata implies that all metadata be changed as well, e.g., if a receiver

name changes, all files containing that receiver name must be changed;

o Files need to be staged (placed in a temporary repository) before metadata arrives and
is verified. Often, the data and metadata do not arrive at the storage site at the same

time[Ber23], so the files need to be stored somewhere before it arrives and is verified.

Although the most recent version of is version 4.01[Tra22], most processing software
and entities still work with previous versions, such as 2.11, 3.05 and others. Likewise, several
distinctive samples rates for the same information may be desired. Generating new versions
and/or samples rates from files is computationally expensive[Ber23] and maintaining
several copies of the same file under different versions/samples rates takes up space and may

result in data redundancy and inconsistency.

2.5 TileDB

TileDB is an array database designed for efficiently storing, querying and accessing array

data, notably sparse array data. It is currently implemented for a single node, supports high

SEspecially useful for the processing software.
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performance linear algebra[L 15, Lil7], and was devised by Stavros Papadopoulos et al. in
[PDMM16].

It was initially conceived as a scientific data storage and management system, and it has
proven particularly advantageous due to its capability to facilitate the efficient retrieval of

specific relevant areas within the array[GCRS17].

2.5.1 Architecture Description

In TileDB, an array is composed of cells within an n-dimensional space. Each cell is uniquely
identified by coordinates, defined as a set of values within a dimension’s domain range and
may be empty or contain a tuple of values, known as attributes. A dimension corresponds
to a value space E?, where i denotes a coordinate value constrained by a minimum and
maximum value specified in its domain. On the other hand, an attribute is an atomic value
characterized by a specific datatype, such as primitive types like integers, floats, or characters
or fixed-/variable-sized vectors of primitive types, which can also be used to represent other
complex data types, such as complex numbers or strings[BP17].

For example, in a 2D array (A), a tuple that identifies a set of three named attributes « is

of type A(i, j), as portrayed in Table @

1 2 3 4

(14,red,2024-01-31)

(67,blue,2024-04-15)

(33,yellow,2024-07-21)

(46,white,2024-10-19)

(26,pink,2024-03-01)

(50,brown,2024-04-21)

(67,blue,2024-07-24)

(14,red,2024-10-30)

(78,blue,2024-03-23)

(27,green,2024-06-08)

(16,white,2024-08-20)

(78,yellow,2024-12-09)

W N

(96,yellow,2024-04-06) |  (37,red,2024-06-22) (1,pink,2024-09-08) (70,black,2024-12-15)

Table 2.5: A TileDB 2D 4 x 4 array with three attributes (Age, Favorite Color, and Next Birthday).

The domain is consistent for both dimensions, constraining them to a minimum value of 1
and a maximum value of 4. Therefore, each potential table query spans from (1,1) to (4,4).
For instance, the query A(2,2) ["Favorite_Color"] uniquely retrieves “brown”.

In a 3D array, on the contrary, the tuple would extend to include a third dimension, denoted
as A(i,j, k), representing a cube.

Note that distinct attributes within the same array may even differ in datatype; for instance,
in the case of the array represented in table @, a3 is an integer, as is a string, and a3 is a
date.

2.5.2 Capabilities of TileDB

TileDB distinguishes itself as a capable storage management system, particularly excelling
in handling large datasets.

The following subsections highlight the specific characteristics that make TileDB better-suited
for storing substantial volumes of data than other comparable systems.

2.5.2.1 Dense Arrays and Sparse Arrays

There are two types of arrays in TileDB:

e Dense array: array in which every cell has an associated value, materialized in storage;

14
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e Sparse array: array in which there may be array cells, which do not contain a value,

such as “undefined” or “empty” values, which are not materialized in storage.

Figure @ presents two Sub Figures, each with a logical view (more on this in Section )
of two identical arrays with only the attribute ;. The array of Sub Figure is dense and
the array of sub Figure is sparse.

Note that the dense array contains all values filled up, including empty ones which are filled
up with dummy values. In contrast, the sparse empty values are, indeed, empty and do
not occupy storage space when persisted. The performance considerations of this will be

discussed in Section .

The workflow of TileDB consists on:

e Creating the array: create the array schemaﬁ (the structure of the array), specifically
the type of array (dense/sparse), the number of dimensions, their domain, the number,
and type of attributes, the tile extent and cell/tile order (more on these two is covered in
Section . The array is, then, stored as persistent storage in the form of directories

on disk;

e Writing to the array: open the array for writing and emit the values needed for writing;
by default, the writing is done on row-major order (but the remaining orders will be
described in Section ) Each attribute will be stored in a .tdb file with the name
of the attribute. For instance, the values of an attribute named “color” will be stored

in a file named color.tdb;

e Reading from the array: open the array for reading and read the values in the order

defined previously by slicing the array.

2.5.2.2 Tiling

Attempting to access an attribute of a small subarray from a substantial, but compressed ar-
ray, requires decompressing the entire .tdb file, which may be cost prohibitive. Furthermore,
retrieving a cell at a time from the file is further exacerbated, as it may involve numerous
input/output (@) system calls to the local file system or requests to a cloud system.
To address these challenges, TileDB employs the concept of tiling, which involves the division
of the array into chunks known as tiles, which hold a tile extent (i.e., a specific dimensional
size). There are two distinct types of tiles: space tiles and data tiles. Space tiles represent a
division of the array in its logical view, i.e., the actual n-dimensional array, while data tiles
signify a segmentation in its physical view, meaning in the actual .tdb file.

Figure @ depicts the logical view of a 2-dimensional untiled compressed array with dimen-
sions 1000 x 1000 and only one attribute.

The red rectangle highlights the subarray to be read from the array. In this case, the .tdb
file corresponding to the attribute a; must be fully decompressed, and each cell needs to be

read until all six required cells are retrieved.

50nce created, the array schema cannot be changed.
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cols

4 2 3 9 2147483648 2147483648
3 2147483648 9 8 4 1
9 1 2 5 1 2
row
8 8 9 2147483648 0 8
2147483648 8 2147483648 2 2147483648 3
5 2147483648 1 4 9 2147483648

(a) An example of an unfilled dense array.

cols

4 2 3 9
3 9 8 4 1
l/'ow 9 1 2 5 1 2
8 8 9 0 8
8 2 3
5 1 4 9

(b) An example of an unfilled sparse array.

Figure 2.6: Two equal unfilled TileDB arrays.
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1 2 3 4 5 6 - 1000

1000

Figure 2.7: An untiled array.

On the contrary, Figure @ represents the logical view of the same array subjected to tiling

with a tile extent of 2 x 3.

1 2 3 4 5 6 - 1000

1000

Figure 2.8: A tiled array.

Because of this, only four tiles of the array must be decompressed and retrieved (the tiles
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1 2 3 4 5 6 ! 2 } : ; :
1 —> A R A > ! / / / '// /
2 i, é% > 2
3 44 44 /‘—/j 3 v v / ,,/ v v v
4 5| A2 AT ‘ f f / f /
5 44, 44» 4—» 5
R 1, A0 T T

(a) Tile row-major and cell row-major order (b) Tile row-major and cell column-major or-
der of writes/reads.

of writes/reads.

2 by / — / > 2 / /

3 4—} i# 4% 3 v / v v / v I/ v/ \ 4
) T S " I AN R
NN / /

6 é%/ “, / L, 6 v/ ,,/ ,,/ v/ v/ v

(c) Tile column-major and cell row-major or- (d) Tile column-major and cell column-major
order of writes/reads.

der of writes/reads.

Figure 2.9: The four possible combinations of tile/cell order.

that intersect the red rectangle). These logical tiles necessitate representation in the physical
file as groups also of the size equal to the product of the tile extent that constitutes the space

tiles. The arrangement of logical values in the physical file can follow two distinct orders:

e Tile order: the sequence in which tiles are read;

o (ell order: the sequence in which cells within each tile are read.

For both tile and cell ordering, there are two possible configurations: row-major (reading

row by row) or column-major (reading column by column). Figure @ illustrates the four

potential combinations resulting from these orders.

Considering the array in Figure , its physical representation with a tile extent of 2 x 2 will
differ depending on both the tile/cell order. Sub Figure of Figure represents the

physical representation of the first 12 values of this array in tile row-major/cell column-major

order, and Sub Figure shows the reasoning behind it.

Given TileDB’s design to manage large datasets that may surpass main memory capacity,
the consideration of tiles becomes essential. Section will explain how the tile extent

may affect performance.
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2 2147483648

2147483648 4

2147483648 1

9 1 2 5 1 2

8 8 9 2147483648 0 8
2147483648 8 2147483648 2 2147483648 3

5 2147483648 1 4 9 2147483648

(b) The reasoning for the ordering of the array.

Figure 2.10: Representation of an array of tile extent 2 x 2.
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2.5.3 Filters

Filters are mechanisms crafted to apply specific transformations on attributes prior to their
recording in the array, such as compression|[FIL].

The application of multiple filters is systematically orchestrated within a filter list, so that
during the process of writing data to the array, the specified filters are applied in the order
previously defined. Subsequently, the filtered data, when read from the array, undergoes
a reverse unfiltering process, where the same list of filters is applied in the reverse order,
resulting in the restoration of the original, unaltered data. The starting location of each
filtered tile and the original tile size are both stored in the __fragment_metadata.tdb file.

Before initiating the filtering process for each data tile of an attribute, TileDB systematically
partitions the tile into separate, non-overlapping chunks, which are subjected to independent
filtering. This achieves cache optimization, as the chunk size can be strategically chosen to
align with the L1 cache of processor cores, thereby enhancing its efficiency. This optimization
proves especially beneficial for multi-stage filter lists, as the output from the preceding filter
is more likely to remain in the L1 cache when utilized as input for the subsequent filter.
Furthermore, this increases parallel computing capabilities, as unmistakable chunks can be
filtered independently of one another.

The compression filter is independently applied to each attribute in TileDB, a critical con-
sideration given the potential diversity in data types and values across attributes. TileDB
provides a variety of compressors, such as GZIP, Zstandard, LZ4, RLE, Bzip2, and its pro-
prietary implementation of double-delta compression. The selection of the most suitable
compressor for a specific attribute presents, however, a significant challenge, as there is no
universally ideal compressor; instead, the decision involves finding a balance between com-
pression ratio and compression/decompression speed, a decision heavily influenced by the

specific characteristics of the array data][COMa|.

2.5.4 Encryption

TileDB offers a feature known as at-rest encryption, allowing the encryption of all attribute
data and array metadata before persisting it. This encryption ensures that data and metadata
are stored in an encrypted form on disk and are only decrypted in main memory when
read[ENC].

When writing to an encrypted array, the process is similar to the unencrypted case. However,
when the array is created or when it is opened for writing, the encryption algorithm and key
must be specified. Reading from an encrypted array involves opening the array for reading
with the correct encryption key, so that the decrypted (plaintext) result values are stored in
memory. When compression or other filtering is configured, encryption is applied last.
TileDB never persists the encryption key, but it stores a copy of the encryption key in main
memory while the encrypted array is open. When the array is closed, it zeroes out the
memory used to store its copy of the key and frees the associated memory.

It currently supports AES-256 in the Galois/Counter mode () mode as the encryption

algorithm, which is a symmetric, authenticated encryption algorithm.
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2 4 2
1 3 5
2
(a) First write to the array. (b) Second write to the array.
7 0
1
3

(¢) Third write to the array.

Figure 2.11: A series of write operations to the same array.

2.5.5 Fragments and Consolidation

Inside the array directory, subdirectories named fragments are created after each write query.
They hold the .tdb files, containing the written attribute information, along with associated
metadata. The fragments pertain to the specific general name of __<timestamp>_<times-
tamp>_<uuid> , where UUID is a unique identifier for a process-thread pair and the timestamp
records the time when the fragment was created!.

Fragments are, thus, immutable, meaning a subsequent write operation never overwrites a
file of a previously created fragment. Effectively, this means that fragments function as a
versioning system for TileDB, each maintaining an array snapshot containing the cells written
in the write operation.

In a read operation, TileDB chronologically imposes the most recent fragment (snapshot)
as the one to be read, unless specified otherwise. Sub Figures to of Figure
represent the independent logical view of each fragment after a write operation.
Considering that each of these write operations were chronologically followed by one another
from the first to the third write, the final logical view and the one that would be retrieved
by default by TileDB can be observed in Figure .

The presence of numerous fragments can potentially impact TileDB’s read performance (more
on this in Section ) To address this issue, TileDB offers consolidation, a feature that

"The reasoning for two timestamps will be explained below, but after a write operation, both timestamps
will match.
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Figure 2.12: The logical view of the array after the three writes.

allows the fusion of existing fragments into a single one. Note that, now, the timestamps
of the fragment’s filename do not match anymore, since the first corresponds to the first
timestamp of the first fragment that was consolidated and the second to the first timestamp

of the last fragment that was consolidated.

2.5.6 Parallelism and Concurrency

TileDB not only incorporates extensive internal parallelization to optimize the queries’ per-
formance, ensuring scalability for hardware with parallelism capabilities, but also multipro-
cessing capabilities for user programming.

The following parallelization capabilities are ensured[PAR]:

e Read and write parallelism: TileDB parallelizes both read and write queries to efficiently

utilize available cores;

o Filtering parallelism: During read queries involving filtering, such as compression,

TileDB adopts a nested parallelism strategy. The strategy is specified in Algorithm

il

Algorithm 1 TileDB’s parallelism algorithm for filtering.
Let A be the list of all attributes pertaining to the array.
Parallelize for each « in A do

T «+ getAttributeTiles(a)

Parallelize for each ¢ in T do
C' + divideTileIntoChunks(t) > 64KB chunks, the common size of L1 caches.
Parallelize for each ¢ in C' do

Filter(c)

end for

end for

end for

As for concurrency, there may be three cases for concurrency, as listed in Table @
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Scenario

Thread-
/Process-safe?

Explanation

Array Creation

No

TileDB considers multiple threads or processes attempting
to define the same array in parallel as considered impracti-
cal, especially considering it is an exceptionally lightweight
process, whose performance is not anticipated to construct a
significant bottleneck.

Writing

Yes

All write operations are atomic, regardless of array type, as it
involves writing data to an array slice, thus, concurrent writes
are possible due to each thread/process creating a separate
fragment upon the first submission of a write query (invisi-
ble until the query is concluded), whose name is unique by
incorporating the unique UUID per process/thread and the
current timestamp; this eliminates any need for synchroniza-
tion or locking, but still avoids all possible conflicts, even at
the file system level.

Reading

Yes

Similar to the writing operations, all read operations are
atomic too; in multiprocessing settings, concurrent reads
are independent and require no locking, however, in multi-
threading scenarios, locking (using mutexes) is employed only
when queries access the tile cache, resulting in minimal over-
head. Note that, because of this, concurrent reads and writes
can be freely interleaved.

Consolidation

Yes

Consolidation can also be performed concurrently with other
reads and writes, as it occurs independently of them, as the
new fragment is not visible until consolidation is complete.
Locking is only enforced by a brief period after consolida-
tion, when old fragments are deleted, and the new fragment
becomes visible. TileDB employs, again, mutexes for locking
in multi-threading, but file locking for multiprocessing.

2.5.7 Performance Considerations

When designing the array schema in TileDB, it is crucial to account for various factors that
can impact performance, as its effectiveness is inherently tied to the essence of the data the

array will accommodate and the specific types of queries expected to be performed. Crafting

Table 2.6: TileDB’s concurrency scenarios.

a well-suited schema for a TileDB array involves considering a series of factors, such as:

e Sparse arrays vs. Dense arrays: sparse arrays incur additional overhead due to the
necessity of explicitly storing the coordinates of non-empty cells. Depending on the use
case, this additional overhead may be justified by the storage efficiency gained from
not storing dummy values for empty cells, as required in the dense alternative. It is
imperative to consider the nature of the data in the array. If most cells in the array

have non-empty values, dense arrays may be more suitable, but if the opposite is true,

sparse arrays become the preferred choice for most cases;

e Space tile extent: in both dense and sparse arrays, the space tile shape and size play a

crucial role in determining their atomic unit of m and compression. In dense arrays,

all space tiles that intersect a read query’s slice are thoroughly read from disk, even
if they only partially intersect with it, therefore, optimizing the space tile shape and

size to closely match the typical read query can significantly enhance performance.
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Similarly, in sparse arrays, the space tiles have a significant impact on the order of the
non-empty cells and the shape and size of the minimum bounding rectangles (s),
as all tiles in a sparse array whose s intersect a read query’s slice are read from
disk, hence, selecting space tiles in a way that shapes the resulting s to be similar

to the read access patterns can lead to improved read performance as well;

Tile Capacity: determines the number of cells in a data tile of a sparse fragment, serving
as the atomic unit for @ and compression. If the tile capacity is too small, it may result
in the generation of numerous small and independent read operations to fulfill a specific
query; additionally, very small tiles can lead to poor compressibility, impacting the
overall storage size. On the other hand, if the tile capacity is too large, m operations
become less frequent but larger in scale. While larger tiles are generally favorable,
excessive capacity may lead to wasted work, as more data is read than necessary to

fulfill a typical read query;

Dimensions and Attributes: when read queries consistently access the entire domain
of a particular dimension, a more effective design choice may be to consider making
that dimension an attribute, as dimensions are more suitable when read queries involve
retrieving specific ranges of cells based on that dimension, which TileDB optimizes for.
Another point to consider is that subselecting on dimensions is not supported, as, while
a read query can specify a subset of attributes to be read, it must always specify all

dimensions;

Filtering: filtering, including compression, applied to attributes can lead to a reduction
in persistent storage consumption, at the cost of increased time required for reading
and writing tiles to and from the array (compression/decompression time). Despite the
potential overhead in time, the smaller storage may be preferred, especially since smaller
tiles on disk may be read quicker, ultimately enhancing performance. Furthermore,
there exist several compressors, with different levels of compression, so it is important
to fine-tune for the specific data being stored, reaching a balance between storage space

and speed;

Number of Array Fragments: Each write operation in TileDB results in the creation of
a new fragment. During read queries, TileDB considers all fragments and sorts them by
timestamp to ensure that the latest data is returned, so, when dealing with numerous
fragments, a performance overhead may occur, as, internally, TileDB must conduct
sorting operations and determine potential overlaps of cell data across all fragments
during read queries. The user must decide between keeping a versioning system us-
ing the fragments, or consolidate them if performance is a bigger problem, leading to

improved read performance;

Read/Write layouts: if an ordered layout is specified for a read/write query and that
layout differs from the array’s physical layout, TileDB must internally sort and reor-

ganize the cell data that is read/written from/to the array into the requested order.
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TileDB may skip this process if the global order query layout is specified instead, saving

time;

e Opening and closing arrays: an array must be opened before any queries can be issued
to it; after being opened, TileDB reads and decodes the array and fragment data, which
may involve disk operations and potentially decompression, so, it may be worthwhile
to issue all the needed queries without closing the file, so that that overhead may not

occur.

2.6 Conclusion

In conclusion, TileDB has been identified as a possible contender to to save the
data gathered by the satellites. This data must be stored efficiently in order to achieve an

easy data management, even if the amount of data is significant.
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Chapter 3

State-of-the-Art

3.1 Introduction

This chapter seeks to explore the contemporary research of TileDB, as a storage
framework. Section @ explains why TileDB is being considered for storing data,
outlining other possible storage methods and why TileDB is superior. Section @ explains
’s approach to using TileDB in a cloud-based model to store and exchange
data. Finally, Section @ presents a software developed by to upload RINEX data into
TileDB.

3.2 Why Consider TileDB for Storing GNSS Data?

TileDB has several useful features that make it well-suited for storing data, such as:

¢ Reduces storage needs through sparse arrays: data is, by definition, sparse (see
Figure @), as in any instance, not all possible satellites may be available, causing
“gaps” in the data; by using sparse arrays, it is ensured that those empty values do not

occupy unneeded storage;

o Supports fast multidimensional slicing (via tiling): read operations are simplified by
slicing between the dimensions needed, and TileDB incorporates efficient algorithms
that significantly accelerate read operations compared to the outdated method of read-

ing from files;
o Supports efficient multi-threading: which further hastens read/write operations;

e Supports versioning through fragmentation: old data is preserved through the use of
fragments, allowing it to be queried by specifying the fragments’ timestamp, which may
be useful, as even previously incorrect data may be required in an archive, even if it

has been corrected;

e Leading innovators in the data storage research area, such as [UNAVCQ (see

Section @), have considered and implemented early prototypes using TileDB.

3.2.0.1 TileDB vs.

The hierarchical data format version 5 () is a data model, library, and file format
designed for storing and managing diverse data types efficiently. It introduces groups and
datasets, which provide flexibility for high-volume and complex data[FHK'11]. Figure @
shows an overview of ’s data model.

27



Optimization of GNSS Data Archival and Exchange using TileDB
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Figure 3.1: An example of “sparse” data.
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Figure 3.2: ’s data model overview. From Neonscience in “Hierarchical Data Formats - What is HDF57”,

A study by Yiyu Ni et al.[] found improved performance in compute time and mem-
ory throughout when using TileDB compared to the conventional data format. Ac-
cording to Stavros Papadopoulos et al.[tPDMMlGh, IHDF5| has two main shortcomings that
TileDB solves: first, it struggles to efficiently capture sparse arrays, as it does not support
them natively as TileDB does; secondly, is optimized for in-place writes of large blocks,

which results in poor performance when writing small blocks of elements that are randomly

distributed, primarily due to the expensive random disk accesses they incur.
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3.2.0.2 TileDB vs. Zarr

Closely aligned with the model, Zarr adopts a similar hierarchical structure, organizing
groups of datasets with associated metadata at each level. A distinctive feature of Zarr, in
contrast to , lies in its utilization of individual files for each dataset, employing a
simplified internal binary data structure[MK23].

There are no meaningful studies comparing Zarr to TileDB yet, leaving a notable gap in the
understanding of their relative strengths and weaknesses. Further research in this area is

essential for providing comprehensive insights into the optimal use cases of Zarr on storing

data.

3.3 UNAVCO’s Approach

The University NAVSTAR Consortium () is a non-profit university-governed con-
sortium, which facilitates geoscience research and education using geodesy[UNAa4]. It belongs
to EarthScope Consortium, a community of scientists, educators, and professionals working
together to understand Earth processes and hazards using geophysics[UNAd]. The volume of
data is experiencing exponential growth, nearing 1 petabyte of data and consisting of

approximately 35 million discrete files for UNAVCQ,.
NAVCQ intends to address ’s problems by creating a system that encompasses[Ber23]:

o An analysis-ready and cloud-optimized () storage system: the primary objective
is not to eliminate , as several processing tools and communities heavily rely
on them for their operations; instead, they aim at establishing an improved archiving

method that is cloud-ready;

e Separating metadata storage from data: they aim at storing metadata inde-
pendently of the data, although concerns about synchronization and consistency are

acknowledged;

o Creating a real-time cloud system: the organization is working towards the development
of a real-time cloud system to enhance the management and accessibility of data

by third-party communities.

Currently, they have been in development for a year with a team of 20, working on the system
depicted in Figure @

Stations are streaming real-time data (0), and they are periodically downloading the data
from stations as well (1). That data goes to a scheduled task in amazon web services (AWS)
Fargate, where it uploads all the data to an simple storage service (@) bucket (3).
Through simple notification service (), they send a notification to some message
queues in simple queue service (@) with some metadata of the RAW files uploaded
to the bucket (4) and then, through the converters, they are converted to and then
converted to TileDB arrays (through lambda functions) also stored on @ buckets.
Then, an application will mark the file as downloaded, ensuring it does not get repeatedly

downloaded (5). They do this in batches to avoid overloading the system.
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Development of Batch Dataflow is in Progress

@) Shared Resource

m * @ AWS S3 Bucket - earthscope-file-ingestion
1
— Q AWS S3 Bucket - tiledb-gnss-obs
GNSS Download oo
~ Raw @ AWS S3 Bucket - tiledb-strain
—>
®
N +
GTSM
Query station
connection
information
*—(5)
Metadata DB
API (POD?)

Figure 3.3: UNAVCQ'’s TileDB real-time storage system prototype using , From Henry Berglund
[Ber23.

in “TileDB”

3.3.0.1 NAVCOQ’s TileDB data model
The [UNAVCQO'’s TileDB prototype comprises four dimensions[]:

o Time (POSIX);

e System (GPY, GLONASS, GALILEO, etc.);

e Satellite number,
o Observation codes: type (C,L,D,S,X), Band/Freq (1,2,..,9) and Attribute (W, I, Q, C,
P, ..).

It is easy to slice for time, system, satellite, and observation codes with this design. For each

set of coordinates in these four dimensions, seven attributes are defined:

Pseudorange (meters,float64);

Phase (cycles, float64);

Doppler (Hz, float64);

Signal-to-noise (dbHz, float32);

Slip (count, uint16);

Flags (uint16): , multi-path mitigation, smoothing, etc;

frequency channel number ( ) (byte).

The design aims to have an array per station, as too many dimensions may cause performance
issues. To query all observations from a specific time period while disregarding the stations,

an external catalog is maintained and used for multi-query purposes.
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3.4 GFZ’s Pynex

The GeoForschungsZentrum () is the national research center for Earth sciences in
Germany[GFZ]. They have been developing an application that transforms a file
into a Python Pandas DataFrame, which can subsequently be imported into TileDB. The
application is designed to convert observation, navigation, and meteorological files
into DataFrames and supports the parsing of both 3/4 observation/meteorological
files and 4 navigation files. It can be used from the command line by issuing the
command pynex read RINEX_FILE(S)[Brab].

3.5 GFZ’'s GNSS TileDB

has also developed an application that creates a TileDB schema and enables bidirectional
conversion between and TileDB formats by using previously created DataFrames
(possibly using Pynex)[Braal.

3.6 Conclusion

In summary, many investigators have started prototypes for TileDB as a novel methodology

for storing data, with possible increases in efficiency over . It is clear that they

are still in early levels of development and its advantages are not yet immediate.
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Chapter 4

Raw2Rin Software Package

4.1 Introduction

To address the challenge posed by numerous proprietary formats and their respective con-
version tools, the software package raw2rin was developed. It is composed of three different

applications and aims at creating an easy-to-use framework, where users are able to:

e Convert RAW files from several proprietary formats to RINEX];

e Change conversion parameters;

e Correct the RINEX/’s metadata;

e Manage different jobs.

This chapter provides a detailed look at its architecture, explaining how its components
integrate to provide functionality to users.

Section @ introduces the overall system architecture, illustrating how the three main appli-
cations of the software package, the client interfaces, web , and converter application, are
interconnected. Sections @, Q, and @ describe the specific roles, operations, and design of
each component: the client applications for user interaction, the web for request handling
and data management, and the converter application for data processing and storage.
Finally, Section @ provides a summary of the chapter, recapping the primary functions and

collaborative flow of each component in the ecosystem.

4.2 Application Architecture

The architecture of the developed application is shown in Figure El]

It is designed as a cloud-based system, enabling clients—whether web- or command-line-based—
to submit requests to a cloud-hosted web server via a ful . The Web server sub-
sequently communicates with a cloud-hosted @ database to manage data associated with
user-created jobs, facilitating both data entry and retrieval. Additionally, a converter appli-
cation hosted on a separate cloud server processes client requests, allowing users to access

results by interacting with the Web server.

4.3 Client Applications

Users may interact with the application through two primary interfaces: a command-line

application and a Web client. Although the command-line application integrates some TileDB
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Figure 4.1: The application’s system architecture.

functionality explained in Section B, all other requests are available in both client types and
function identically. The Web client is optimized for users seeking quick conversions or for
those with limited experience, while the command-line interface caters to advanced users,
particularly those processing large volumes of data or automating tasks.

Regardless of the chosen interface, users initiate requests by specifying required param-
eters, each corresponding to various actions, including user management, data processing
tasks, etc. In the command-line application, users may employ the -r flag to designate the
type of request, followed by additional flags that represent the parameters required for that
request.

Each interaction returns a default raw JavaScript object notation () response that
includes either a message field, signaling a successful operation, or an error field, which
provides structured feedback in the case of a failure. When the request is successful, the
message field provides a confirmation of the completed action. In contrast, if the request
encounters issues, the error field contains a dictionary, where each key represents an input
field and includes an array of error messages describing the validation issues. For instance, a
registration attempt with duplicate information or invalid input (such as a username that is
already in use, an email conflict, or a password with less than the required minimum of eight

characters) will trigger an error message, as shown in Listing @:
Listing 4.1: Returned API errors in JSON format.
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{
"error": {
"email": ["The email 'xpto@example.com' is already taken. Please choose a different one
— ."],
"username": ["The username 'xpto' is already taken. Please choose a different one."],
"password": ["Field must be between 8 and 255 characters long."]
}
}

The command-line client application supports file-based requests, offering two methods to
specify input files. By default, file paths are expected to be enclosed in double quotes,
enabling pattern matching with wildcard charactersm. Alternatively, users can list multiple
file paths directly in a comma-separated list by using the -np flag.

When the -pr or --pretty flag is included in a request, the output is formatted for readability
and displayed directly in the terminal, providing a structured and user-friendly representation
of the response data. In the absence of this flag, the default raw response string is
printed instead.

Data input in the Web application is managed through forms, with each field corresponding
to a specific request parameter. Upon submission, success and error messages are displayed
directly in the browser as flash pop-up windows.

Uploaded files, along with the generated results, are managed by an automated retention
policy, where files are removed from the server under ond of the following conditions: 1) one
full day (24 hours) has passed since file upload, 2) the user downloads the generated results,
3) the processing job encounters an error, or 4) the user explicitly issues a delete or clean
request.

The following sections offer a comprehensive breakdown of each available request type, in-
cluding the necessary input parameters, anticipated response formats, and practical usage

examples.

4.3.1 Register

A register request is used to create a new user account within the system. This request
requires the submission of personal details, including the user’s name, username, email, and

password.

4.3.1.1 Command-Line Application

Listing @ shows the general syntax for the register request within the command-line

application.

Listing 4.2: General syntax of the register request.

1 ‘./raw2rin -r register -n NAME -u USERNAME -e EMAIL -p PASSWORD [-prl

The flags are:

e -n: Specifies the full name of the user to register;

I This behavior mirrors Unix-based commands, such as 1s.
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e -u: Specifies the username for the new user account;
e -e: Specifies the email address for the account;

e —p: Specified the password for the account.

4.3.1.2 Web Application

Figure @ shows the register page on the Web client. For a full-sized image, check Appendix

Raw2Rinex by -

SEGAL "

Register

Figure 4.2: The Web client register page.

It contains the form where users input the required parameters for the register request.
The parameters are identical to those in the command-line application, with the addition of

a Confirm Password field to ensure password accuracy and prevent typographical errors.

4.3.2 Login

A login request authenticates the user in the system. In the command-line application, it
generates a token for the user, enabling access to requests that require authorization, whereas
the web-based clients gain access to authentication cookies. Please check section to learn

more.

4.3.2.1 Command-Line Application

Listing @ shows the general syntax for the login request within the command-line applica-

tion.

Listing 4.3: Login command structure

1 ‘./raerin -r login -ue USERNAME_EMAIL -p PASSWORD [-prl]

The flags are:
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e -ue: Either the user’s username or email;

e -p: The password of the user.

Upon successful authentication, the response returns a message containing the authen-
tication token alongside a confirmation message. For error responses, only the standard error

message structure mentioned in section @ is returned.

Listing @ shows an example of a successful login response.

Listing 4.4: Example of a successful login response

{

"message": "You have been successfully authenticated. Please use the following token in
<~ your future requests. If it doesn't work, please reauthenticate, as the token
<~ may have expired.",

"token": "7a81e2953bcc868ba05532df793f241e"

}

4.3.2.2 Web Application

Figure @ shows the login page on the Web client. For a full-sized image, check Appendix

Al

Raw2Rinex by
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Login

Username or Email

Remember Me? )

( Signn

Figure 4.3: The Web client login page.

It contains the form where users input the necessary parameters for the login request. The
parameters are identical to those in the command-line application, with the addition of a

Remember Me? checkbox, allowing users to remain consistently logged in across sessions.

4.3.3 Convert
A convert request is used to convert one or more RAW files into a single file.
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4.3.3.1 Command-Line Application

Listing @ shows the general syntax for the convert request within the command-line ap-

plication.

Listing 4.5: Convert command structure

./raw2rin -r convert -pf PROPRIETARY_FORMAT -v VERSION -i INPUT_FILES.., -t TOKEN [-np] [-pr
— ]

It contains the following flags:

-pf: The proprietary format in which the RAW input file(s) were encoded. The current

implemented options are: sbf, t02, m00, and cnb;

-v: The version of the resulting file. Note that not all versions are supported
by all proprietary formats, so an error may occur if an unsupported version is assigned.
Only single-numbered versions are supported, and they will translate to either the

default or latest version in the respective converter;

-i: The input RAW files. Each file will be converted separately and then joined

together, resulting in a single file;

-t: The token used for user authentication.

Listing @ shows an example of a convert request command and Listing @ shows an example

of a convert request command with multiple files.

Listing 4.6: Example of a Convert Request command

./raw2rin -r convert -pf sbf -v 3 -i "BUMT202012191700B.sbf.gz" -t
— £3518eef004568£34eb973466504ab2c

Listing 4.7: Example of a Convert Request command with multiple files

./raw2rin -r convert -pf sbf -v 3 -i BUMT202012191700B.sbf.gz,BUMT202102010100A.sbf -np -t
— £3518eef004568£34eb973466504ab2c

Upon successful processing of the request, the response returns a message containing
a job identification number (@) (more on this in section ), which can be used to check
the status of the job and download its results after processing. For error responses, only the
standard error message structure mentioned in section @ is returned.

Listing @ shows an example of a convert success response.

Listing 4.8: Example of a successful convert response

"job_id": 77810,

"message": "Your files have been queued for upload!"
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This service offers an all-in-one solution for converting raw GNSS files into the widely-used RINEX format, while also providing advanced customization options,
such as the correction of the RINEX metadata or precisely controlling certain configurations of the final converted file, such as the epoch start time, duration or rate
to meet specific project needs.

RAW File(s) Upload ~

’Raw Type”

.sbf (Septentrio)

"Version”

3 ~

Convert and Correct

Toggle Optional Parameters

Figure 4.4: The Web client convert page.

4.3.3.2 Web Application

Figure @ shows the general convert page of the Web client. For a full-sized image, check
Appendix @

Since the optional parameters slide is turned off, the system will exclusively execute the
conversion process without incorporating any additional modifications.

All mandatory fields are clearly marked, and some include a question mark icon that provides
concise descriptions of the respective parameters. The RAW files can be uploaded using the
multiple file select field. The two other parameters are implemented as select dropdowns,

offering users a predefined list of possible data types and corresponding version options.
4.3.4 Correct

A correct request is used to modify some parameters of a file and optionally change
its metadata according to user-specified data.

4.3.4.1 Command-Line Application

Listing @ shows the general syntax for the correct request within the command-line ap-

plication.

Listing 4.9: Correct command structure
./raw2rin -r correct -i INPUT_FILE -t TOKEN [-rt RATE] [-es EPOCH_START] [-d DURATION] [-
<~ iso3 COUNTRY-CODE] [-s SETTINGS_FILE] [-pr]

It contains the following flags:

e -i: A single uncompressed file;

e —t: The token used for user authentication;

e -rt: The new rate value of the resulting file;
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e —es: The new epoch start date value of the resulting file;

e -d: The new duration time value of the resulting file;

-is03: The new country code for the resulting file;

-s: A file containing new values for the metadata. If certain metadata parameters

are not provided, they will remain unchanged.

Listing shows an example of a correct request command.

Listing 4.10: Example of a Correct Request command
./raw2rin -r correct -rt 60 -es 2020-01-01_14:11:12 -d 3600 -iso3 BTN -s settings.json -i
< BUMTOOBTN_R_20203541700_01H_30S_MO.rnx -t £3518eef004568f34eb973466504ab2c

A boilerplate for the settings file is displayed in Listing .

Listing 4.11: Boilerplate for the settings file.

"marker": "new_marker_name",
"longMarker": "new_longMarker_name",
"X": "new_X_name",

"Y": "new_Y_name",

"Z": "new_Z_name",

"dE": "new_dE_name",

"dN": "new_DN_name",

"dU": "new_dU_name",

"markerNumber": "new_markerNumber_name",
"agency": "new_agency_name",
"siteOperator": "new_siteOperator_name",
"runBy": "new_runBy_name",

"antType": "new_antType_name",

"antSN": "new_antSN_name",

"recType": "new_recType_name",

"recSN": "new_recSN_name",

"recFW": "new_recFW_name"

}

The response is the same as the convert’s.

4.3.4.2 Web Application

Figure @ shows the general correct page of the Web client. For a full-sized image, check
Appendix @

All mandatory fields are clearly marked, and some include a question mark icon that provides
concise descriptions of the respective parameters. The form allows the upload of a single
RINEX file through a dedicated file select field. Additionally, a settings file can be optionally
uploaded using another single file select field. To simplify customization, a button is provided
to download a boilerplate version of the settings file for reference or editing.

All remaining parameters are optional and pre-configured with default values; if left un-
changed, these defaults ensure the system behaves as though the parameters were not se-
lected. The rate field is implemented as a dropdown menu featuring commonly used rate

values, the epoch start and duration fields enable users to define a specific epoch period for
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This service offers a solution correcting a RINEX's metadata and precisely controlling certain configurations of the file, such as the epoch start time, duration or rate
to meet specific project needs.

RINEX File Upload

Settings File Upload

“Rate

Default v

“Epoch Start

yyyy-mm-dd, —:- [m]

Duration (seg)

Country Code

- -

Figure 4.5: The Web client correct page.

the resulting RINEX file, and the country code field includes a comprehensive list of all ISO

3 country names.

4.3.5 Convert and Correct

The convert_correct request merge the convert request with the correct request. Hence,
it converts one or more RAW files into , modify its parameters, and optionally change

its metadata parameters.

4.3.5.1 Command-Line Application

Listing shows the general syntax for the convert_correct request within the command-

line application.

Listing 4.12: Convert and Correct command structure
./raw2rin -r convert_correct -pf PROPRIETARY_FORMAT -v VERSION -i INPUT_FILES.., -t TOKEN [-

<> rt RATE] [-es EPOCH_START] [-d DURATION] [-iso3 COUNTRY-CODE] [-s SETTINGS_FILE] [-
<~ npl [-pr]
It contains the same flags previously explained in Sections and .

Listing shows an example of a convert_correct request command.

Listing 4.13: Example of a Convert and Correct Request command

./raw2rin -r convert_correct -rt 60 -es 2020-01-01_14:11:12 -d 3600 -iso3 BTN -s settings.
<~ json -pf sbf -v 3 -i "data/MAPX053%" -t £3518eef004568f34eb973466504ab2c

Similarly to the convert and correct requests, this request has the same success and error

messages previously detailed in section @

41



Optimization of GNSS Data Archival and Exchange using TileDB

4.3.5.2 Web Application

Figure @ shows the general convert and correct page of the Web client. For a full-sized
image, check Appendix @

This service offers an all-in-one solution for converting raw GNSS files into the widely-used RINEX format, while also providing advanced customization options,
such as the correction of the RINEX metadata or precisely controlling certain configurations of the final converted file, such as the epoch start time, duration or rate
to meet specific project needs.

RAW File(s) Upload

Settings File Upload

"Raw Type”

.sbf (Septentrio) ~
Version"

3 v
"Rate

30s v

’Epoch Start
yyyy-mm-dd, —— (]

?Duration (seg)

"Country Code

- v

Convert and Correct

Toggle Optional Parameters

«©

Figure 4.6: The Web client convert and correct page.

With the optional parameters slide enabled, the system will execute the conversion process
and apply any additional changes specified by the user.
The fields in this configuration mirror those outlined in Sections |4.3.3.j and |4.3.4d. The key

distinction is that the rate parameter becomes mandatory when multiple files are uploaded,

ensuring consistent processing across all selected files.

4.3.6 Job

A job request retrieves the details of a single job that the user has submitted. This allows

users to monitor a specific job’s progress.

4.3.6.1 Command-Line Application

Listing shows the general syntax for the job request within the command-line applica-

tion.

Listing 4.14: Job Request command structure
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1 ‘./raerin -r job -jid JOB_ID -t TOKEN

D O W N e

~

The flags are:

e -jid: The job’s @ of the job to retrieve, obtained from any processing request;

e —t: The token used for user authentication.

Besides the default string previously defined in section @, there does not exist any
more output for error responses. In a successful response, however, the output includes
a job field, containing the following fields:

e job_id: The unique identifier for the job;
e job_type: The type of job;

status: The current status of the job (more on this in section );

e err_msg: The error message in case the status of the job is error.

For instance, Listing shows the successful response for the job request of listing .

Listing 4.15: Example of a Job Request command
./raw2rin -r job -jid 33 -t £3518eef004568f34eb973466504ab2c

Listing 4.16: Example of a successful response for Job Request

{
"job":{
"job_id":33,
"job_type":"convert",
"status":"error",
"err_msg":"The version 'l' is not valid. Only versions '2, 3, 4' are allowed for
<~ RAW files sbf. Please check the input version and try again".
},
"message":"Your job has been successfully retrieved!"
}

4.3.6.2 Web Application

The request does not have a dedicated web client page because it is designed to provide a
more streamlined and efficient user experience.

By consolidating all job-related details in one place, users can quickly review and manage
their tasks without switching between different pages, which minimizes potential confusion
and improves usability.

Furthermore, it helps optimize system performance by reducing the number of page loads

and redundant data requests.

4.3.7 Jobs

A jobs request retrieves a list of the details of all jobs the user has submitted.
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4.3.7.1 Command-Line Application

Listing shows the general syntax for the jobs request within the command-line applica-

tion.

Listing 4.17: Jobs Request command structure

1 | ./raw2rin -r jobs -t TOKEN

N O O W N e

©

10
11
12
13
14
15
16
17

The only flag is the token:
e —t: The token used for user authentication.

Besides the default string previously defined, there doesn’t exist any more output for
error responses. In a successful response, however, the output includes a jobs field,
containing an array of job details. Each entry containing the same fields as in the job request.

For instance, Listing shows an example of a successful response of a jobs request.

Listing 4.18: Example of a successful response for Jobs Request

{
"jobs": [
{
"job_id":80,
"job_type":"convert",
"status":"error",
"err_msg":"The version 'l' is not valid. Only versiomns '2, 3, 4' are allowed
— for RAW files sbf. Please check the input version and try again."
1,
{
"job_id":83,
"job_type":"convert",
"status":"completed",
"err_msg":""
}
1,
"message":"Your jobs have been successfully retrieved!"
}

4.3.7.2 Web Application

Figure @ shows the general jobs page of the Web client. For a full-sized image, check
Appendix @

The interface includes a table displaying all the user’s jobs in the system. Each job is presented
with its corresponding ID, type, and status.

If the job has finished processing successfully, a download button will be available to retrieve
the results (as explained in Section ) Jobs that have not yet finished processing or have
not been successful will not display the download button.

If a job has any kind of error, the error message will be displayed instead. Each job also has
a delete button that allows the user to schedule its deletion (more details in Section )
The table refreshes its content every 3 seconds via an Asynchronous JavaScript and XML
() request, ensuring that deleted jobs are removed and the status of ongoing jobs is up-
dated. Users can also manually refresh the table by pressing the refresh button. Additionally,

users can schedule the deletion of all jobs at once by using the corresponding button.
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I JOB TYPE STATUS ERROR DOWNLOAD DELETE
6234 tiledb_data_gen_from_rinex completed

6235 tiledb_data_gen_from_rinex completed N/A
6236 convert_correct completed N/A

6237 convert_correct error There was an error during the conversion of file Can't download DELETE
fUsers/windows/software/users\rinex\3\6237\to_be._processed\5426R490162020112602008.T02. Please reupload  any results for this
the files by cveanng a new job and try again. job

6238 convert_correct error There was an error during the conversian of file Can't download
JUsers/windows/software/users\rinex\3\6238\to_be_processed\5426R490162020112602008.T0Z. Please re-upload any results for this

the files by creating a new job and try again job.

%EIEEE

6239 convert_correct processing N/A Can't download
any results for this
job.

Figure 4.7: The Web client jobs page.

4.3.8 Download

The download request allows users to retrieve the output from a specific processing job, such
as convert, correct or convert_correct. The format of the output file depends on the

type of job performed:

e For convert jobs, the output is a single HATANAKA compressed file;

e For correct and convert_correct jobs, the output is a tar.gz file that contains:

— The resulting file, compressed in HATANAKA;

— A log file detailing the metadata values that were modified during the correction

process;

— A log file detailing possible warnings, provided by the software.

4.3.8.1 Command-Line Application
Listing shows the general syntax for the download request within the command-line

application.

Listing 4.19: Download Results command structure
1 ‘./raerin -r download -jid JOB_ID -t TOKEN [-o OUTPUT_PATH]

The flags are:

e -jid: The job’s @ of the job to download the results from, obtained from any processing

request;
e —-t: The token used for user authentication;

o -o: The path where the results should be downloaded to (default is the current direc-
tory).
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Upon successful processing of the download results command, the file is retrieved without
any additional response. Error responses will follow the default string structure
mentioned in section @ without additional information.

The accompanying metadata log file inside the tar.gz may look like the one in Listing
for a change in the MARKER NAME only:

Listing 4.20: Example of a log file inside the tar.gz
========== Metadata changes for BUMTOOBTN_R_20203310000_04H_30S_MO.rnx ==========
OLD LINE: cnvtToRINEX 3.14.0 convertToRINEX OPR 20250119 183621 UTC PGM / RUN BY / DATE
NEW LINE: cnvtToRINEX 3.14.0 convertToRINEX OPR 20250119 183621 UTC PGM / RUN BY / DATE

OLD LINE: BUMT MARKER NAME

NEW LINE: BUMTOOBTN MARKER NAME

0OLD LINE: O MARKER NUMBER

NEW LINE: O MARKER NUMBER

OLD LINE: GNSS Observer Trimble OBSERVER / AGENCY
NEW LINE: GNSS Observer Trimble OBSERVER / AGENCY
OLD LINE: 5426R49016 TRIMBLE NETRY 5.37 REC # / TYPE / VERS
NEW LINE: 5426R49016 TRIMBLE NETR9 5.37 REC # / TYPE / VERS
OLD LINE: 40929390 TRM55971.00 NONE ANT # / TYPE

NEW LINE: 40929390 TRM55971.00 NONE ANT # / TYPE

0LD LINE: 0.0720 0.0000 0.0000 ANTENNA: DELTA H/E/N
NEW LINE: 0.0720 0.0000 0.0000 ANTENNA: DELTA H/E/N
OLD LINE: 3605052.6574 5236537.8562 -510734.0954 APPROX POSITION XYZ
NEW LINE: 3605052.6574 5236537.8562 -510734.0954 APPROX POSITION XYZ

4.3.8.2 Web Application

Figure @ shows the download button beside each job. More information can be found in
Section .

4.3.9  Delete

A delete request is used to schedule the deletion of both the input and output of a specific
job the user has requested from the system. Notice that this is defined as a scheduled task,
meaning it may not be instant. However, note that this action is both non-cancellable and

non-reversible.

4.3.9.1 Command-Line Application

Listing shows the general syntax for the delete request within the command-line appli-

cation.

Listing 4.21: Delete Request command structure

1 ‘./raw2rin -r delete -jid JOB_ID -t TOKEN
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The flags are:
e -jid: The job’s @ of the job to delete, obtained from any processing request;
e —-t: The token used for user authentication.

Besides the default string previously defined in section @, there doesn’t exist any

more output for either success or error responses.

4.3.9.2 Web Application

Figure @ shows the delete button beside each job. More information can be found in Section

h.37.4

4.3.10 Clean

Similarly to the delete request, the clean request is also used to schedule the deletion of

both the input and output of jobs, but in this case, of every job issued by the user.

4.3.10.1 Command-Line Application

Listing shows the general syntax for the clean request within the command-line appli-

cation.

Listing 4.22: Clean Request command structure

1 ‘./ranrin -r clean -t TOKEN

The only flag is the token:
o —t: The token used for user authentication.

Again, besides the default string previously defined in section @, there doesn’t exist

any more output for either success or error responses.

4.3.10.2 Web Application

Figure @ shows a button for deleting all jobs below the table. More information can be

found in Section .

4.4 Web API

The Web m receives, routes, and manages client requests through a series of defined end-
points. Each route handles each of the previously defined request types, processes client input
collected from Web forms, performs certain validations, and interfaces with the database to
store the relevant information.

It runs as a dedicated service on a Web server, and was developed using the Python’s Flask
framework, which was selected for its lightweight, micro-framework architecture, which re-
quires minimal dependencies, which allows for the integration of custom plugins and mod-
ules as needed[FLS]. Its core features—REpresentational State Transfer ()ful request
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handling, uniform resource locator () routing, and view functions—support the fast pro-
totyping needs of this application[WFL].

Moreover, it is the @ which is responsible for including the Web-based client portal that
grants users access to all application functionalities through an intuitive browser interface
in contrast to the command-line interface. At the time of writing, a public portal can be

accessed at https://segal.ubi.pt/raw2rnx.

4.4.1 Routing and Form Handling

Each request type splits into two distinct endpoints: a standard browser endpoint and an
endpoint, with the latter specifically designed for requests originating from the command-line
application. While both endpoints utilize the same controller functions, the differentiation is
crucial due to the distinct ways in which input is processed by each client. For instance, in the
Web client, the user @ is derived from the current user session and passed through routing
parameters; conversely, in the command-line application, the user @ must be generated from
the user’s token, reflecting both the limitations and conventions associated with different
client types.

Furthermore, Web client routes are structured to redirect users through their views, rendering
the appropriate pages and transmitting information for browser display. In contrast,
data intended for the command-line application must be standardized and formatted as
to facilitate user automation.

To enhance organization and maintainability, the routes are organized into blueprints, cate-
gorizing the application components and supporting common patterns within the application;
they serve as a template for constructing and extending the application[BLP].

All input data is processed through form validation utilizing WTForms, a versatile library
for form validation and rendering, which provides data validation, data security and in-
ternationalization (I18N)[WTEF]. Regardless of the source-whether from the Web client or
the command-line application—all client data undergoes validation via these forms, despite
certain data being captured through different mechanisms. Standard validation checks are
implemented for common inputs, such as email and password validation, alongside custom
validators tailored to specific requirements, such as verifying that user input for the propri-
etary format of the conversion jobs adheres to the supported proprietaries.

Additionally, data handling and storage are fortified with robust security measures, including
password hashing and salting via the berypt algorithm[BCR], or protection against common
Web vulnerabilities, such cross-site request forgery () attacks[CSR].

4.4.2 Job Handling

Most requests rest on the concept of “jobs”, which are stored in the database. For each new
client request, a unique job entry is created, which the converter application periodically
monitors and processes as required. Each job may undergo through a series of well-defined

statuses:

e awaiting: Applied exclusively to jobs requiring file inputs, indicating that these files
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have not yet been uploaded to the converter application server;

e queued: The job has been added to the processing queue, where it awaits resource
allocation and is processed sequentially, following higher-priority jobs scheduled by the
converter application (further details in Section );

o processing: The job is currently undergoing active processing by the converter appli-

cation. Once this job is completed, the next queued job will take its place;

e completed: For jobs involving processing, this status signifies that processing is finished
and results are ready for the client to download. For other job types, it indicates that

all required actions have been successfully executed (for example, user creation);

e downloaded: Applied to processing jobs whose results have already been downloaded

by the client after completion;

e error: An error occurred during job processing, with details accessible to the client for

review;

e error_checked: Indicates that the client has reviewed the error associated with a job

(through either a job or jobs request).

Certain statuses—namely, awaiting, downloaded, and error_checked-are internal and not
directly shown to users. Instead, these statuses are mapped to user-facing equivalents: await-
ing is displayed as queued, downloaded appears as completed, and error_checked is rep-
resented as error. This distinction allows for consistent user feedback while maintaining
the internal state tracking necessary for application functions. For instance, the converter
application will only retrieve files from jobs marked as awaiting and will remove jobs from
the queue once results have been either successfully downloaded or the user has acknowledged
an error.

Each job type has specific settings, reflected in the database as various parameters required
for processing. For jobs with file inputs, files are initially uploaded to the web server, after
which the converter application retrieves them once processing begins; for delete requests,
the @ also manages the deletion of associated files from the web server, ensuring data

consistency with the converter application server.

4.4.3 Database

Figure @ portrays the entity relationship (@) diagram used by the applications.

Each user is represented by an entry in the user table, containing personal information, as
well as information required for authentication, viz., username or email and password_hash,
along with token and token_expiration for continuous authentication in command-line
clients, i.e., the system generates and stores a token every time the user “logs in” through
the command-line application (logging in twice replaces the current token and resets the
expiration time) and assigns it an expiration time, after which it stops working and cannot be

used anymore to authenticate the clients’ requests. The application also implements a quota
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Figure 4.8: Application database ER diagram.

system: each user has a designated max_quota that sets their maximum personal storage size.
Once a user’s current file storage (curr_quota) nears this limit, the system restricts additional
uploads until existing files are deleted to free up space. By default, each user is allocated
a storage quota of 1 GB. Users may also be assigned superuser status (is_super_user),

granting them elevated privileges, such as higher queue priority for processing requests.

Each user can manage multiple jobs, stored in the job table, each configured with job-specific
settings depending on the job_type. These configurations include convert_settings, cor—
rect_settings, tiledb_settings (more on this in Section E) and delete_settings. Addi-
tionally, the status is used to track the job’s current status as previously explained in Section
and job_date for scheduling (more on this in Section ) Moreover, jobs involving
file processing may contain input files (input_file), which can be either in RAW form or in
the format, based on the file_type; each job’s output is stored in output_files,

making processed results accessible for download.

Error handling is managed via the error table, where entries are recorded if a job’s status
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changes to error. This table captures error details, enabling users to review and address

issues encountered during processing.

4.5 Converter

The raw2rin converter application is responsible for handling all processing-intensive jobs
related to the conversion of RAW files to . It operates by periodically querying
the database for newly created jobs, which it then submits to a scheduler algorithm, which
calculates a priority value for each job and organizes them into a processing queue (further
details in Section ) Once prioritized, each job is processed individually according to its
specific job_type.

It is hosted in a cloud environment, similar to the Web server. However, unlike it, which
operates on a Linux-based server, raw2rin runs on a Windows-based server. This is because,
while all the current proprietary conversion software (Septentrio, Trimble, Leica, and Com-
Nav) are designed specifically for Windows, not all of them have Linux-compatible versions; it
is technically possible to transition to a Linux-based server in the future, by leveraging tech-
nologies such as virtualization, Docker, or Wine, allowing the software to run independently
of the operating system (@)

This software is responsible for updating job statuses, meaning that as jobs are processed or
completed, the application updates their statuses in the database, ensuring that the system
accurately reflects the current state of each task. Moreover, it manages the deletion of user
files, by both removing the specified files from storage and consequently adjusting each user’s

quota.

4.5.1 File Upload and Validation

For each job that requires file inputs, the initial step is to transfer user-uploaded files from
the web server to the converter application server. This transfer occurs securely via secure
shell () between the two servers. Once the files are successfully uploaded, the system
updates the user’s current quota to reflect the additional storage usage.

Thereafter, the files undergo a thorough validation process based on the user’s specified
parameters, ensuring that each file meets the necessary requirements before any processing
begins. This validation step is essential to confirm that all input files are present and adhere
to required formats, versions, and time-related settings, such as duration and sampling rate.
By validating these aspects, the system reduces the likelihood of errors occurring during the

actual processing, whose ensued faults would be strenuous to catch and handle.

4.5.2 Convert

RAW files are converted individually using specialized conversion software, each designed
to handle the respective proprietary file format of the raw data. raw2rin is flexible in terms
of input formats, supporting both compressed (gzip) and uncompressed raw files, meaning
that if the input files are compressed, the software first uncompresses them before proceeding

with the conversion.
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Each software tool has its own set of specific settings, which can vary significantly depending
on the tool. For instance, some software may allow users to choose the resulting
version, while others do not. Additionally, many software tools provide settings through
command-line flags, whereas software like the ComNav conversion software accepts param-
eters via the standard input. As such, each conversion tool requires individual handling to
ensure compatibility with its specific behavior.

Some proprietary conversion software solely generate observation files, while others
produce a broader range of output, including observation, navigation, and even meteorological
files. In cases where the software generates additional files beyond the observation data, these
are discarded as they are not needed for the intended conversion output.

The resulting files are placed in unique folders, each named with a unique SHA512
hash, pertaining to the original filename, the conversion date, and a secret key, ensuring that
the likelihood of hash collisions is minimized. At that point, they are merged together using
the software, which assigns the 9-character long name associated to the station of the
file, following the standard naming convention for files.

If no errors occur during these processes, the conversion is considered successful. The merged
m file is, thus, compressed using the HATANAKA software and moved to the processed

directory, where they are made available for retrieval by the user.

4.5.3 Correct

All corrections made to the files are handled through the software. Some

corrections are applied directly as flags within the software, such as adjusting the sampling
rate or epoch. However, metadata corrections require a more structured approach, which is
facilitated through a specific configuration file format called . This configuration file
is designed to edit and manipulate the headers of files systematically, providing a
structured way to apply specific editing operations, including updating, inserting, or replacing
header lines[CRU]J.

The file utilizes a line-by-line syntax that defines how and when changes should be

made. An example of a file is provided in Listing .

Listing 4.23: A CRUX file.

update_insert:

ALL:
"REC # / TYPE / VERS" : { 0: "4831K57521", 1: "TRIMBLE NETR5", 2: "Nav 4.87 / Boot
— 4.18"}
"ANT # / TYPE" : { 0: "30767802", 1: "TRM55971.00"}

In this example, the file instructs the software to either update or insert metadata for
all data types (observation, navigation, and meteorological) across all epochs. The specific
headers targeted for change are REC # / TYPE / VERS and ANT # / TYPE and the values
within the file represent key-value pairs that specify the location of the metadata
within the header, with the corresponding value indicating the new data to be inserted
or updated; for instance the REC # field under the header REC # / TYPE / VERS is updated
to the value 4831K57521, because, as shown in Figure @, the number 0 corresponds to the
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first parameter of this specific header. The actual values to be modified in the file

come from the file mentioned in section .

0 1 2
N
REC #/TYPE / VERS

Figure 4.9: Metadata correspondence.

Once the metadata corrections are applied, a log file is created documenting the changes made
to the metadata, which shows which pieces of metadata were altered, indicating the
original and new values for each field. Additionally, the software generates its own log
during the correction process. Both the correction log and the software log are
bundled together alongside the corrected file converted to HATANAKA, so that the
tar resulting file is compressed using gzip and placed in the processed directory, ready for
retrieval by the user.

In cases where files undergo both conversion and correction jobs, the output from the con-
version job is passed directly to the correction process without first being compressed into
the HATANAKA format. The corrector is designed to accept uncompressed files as well
as files compressed using both or any of the following—gzip or HATANAKA-regardless of the
order in which they are compressed.

During the correction process, the corrector attempts to derive the standard 9-character
filename for the resulting file. If the initial file lacks sufficient information to generate

this filename, the following checks are performed:

¢ Station Name: The corrector verifies whether a valid 4-character station name exists
in the marker field of the settings file. If found, it replaces the default XXXX with the

appropriate station name;

e Country Code: The corrector examines the long_marker field in the settings file for
the last three characters of the country code. If this field is absent, it looks for the

country code parameter specified in the request.

Using these two pieces of information, the corrector generates the final, standardized 9-

character filename for the file.

4.5.4 File System

Upon user registration, the converter application allocates dedicated file system space for the
new user designated for storing all file results. Within it, a unique subdirectory is
created for each user, named according to their user @

Within each @ directory for a job, files awaiting processing are stored in a designated
to_be_processed folder. Here, all active processing takes place; once completed, the re-
sulting files are saved to a processed directory within the job’s structure, where they await
user retrieval.

Listing illustrates an example of the system’s directory structure.
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Listing 4.24: Filesystem example

Users/
|-- RINEX/
[-- 1/
| |-- 789/
| | |-- to_be_processed/
| | |-- processed/
| |-- 791
| |-- to_be_processed/
| |-- processed/
[-- 2/
|-- 3/
|-- 790/

|-- to_be_processed/

|-- processed/
According to the example, the system currently supports three users with @s ranging from
1 to 3. User 1 has two active jobs (@s 789 and 791), user 2 has no active jobs, and user 3
has one job (@ 790).

4.5.5 Scheduling

The converter software employs a scheduling mechanism that regularly reorders the jobs in
a queue to ensure that they are processed in an order that prioritizes critical tasks while
optimizing fairness and resource usage.

The process begins by analyzing a list of jobs that need processing. Each job is assigned
a priority score, which reflects its importance relative to others in the queue. High-priority
jobs, such as user creation or deletion, are given precedence. Once priorities are calculated,
the jobs are sorted in descending order of priority. If two or more jobs have the same priority,
they are further sorted by their unique job identifiers.

Critical jobs of certain types are assigned fixed, predefined priority scores above 1 to ensure
they are always prioritized over non-crucial jobs, whereas for other regular processing jobs,

the priority is dynamically computed using the formula in equation @

Priority Score = Waiting Time Score x 71 + Usage Score x 75 (4.1)

The waiting time score measures how long a job has been in the queue, meaning that jobs that
have been waiting longer are assigned higher scores. It is calculated based on the difference

between the current time and the job’s submission time, as shown in equation @

Current Time — Job Submission Time 1 (4.2)
MAX WAITING TIME ’ '

Waiting Time Score = min <

The MAX_WAITING_TIME is defined as 60 minutes on this system.
The usage score evaluates how many jobs a user has submitted recently. In order to prevent

any single user from monopolizing the system, the system tracks the number of jobs submitted
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by each user over a recent period (viz., the last 24 hours) and users with a higher submission

count receive lower scores, reducing the priority of their jobs, as shown in equation @

Usage Score = min <max <MAXUSERUSAGEJOBS — Jobs Submlttedvo) 71) (4.3)

MAX USER_USAGE_JOBS

The MAX_USER_USAGE_JOBS is defined as 5 minutes on this system.

Both the Waiting Time Score and the Usage Score are normalized between 0 and 1; this
ensures that the scores are positive, with 0 representing the minimum possible score and 1
representing the maximum. As a result, and since critical jobs have fixed priorities greater
than 1, regular processing jobs will never be scheduled ahead of the latter. Figures
and illustrate the functions used to calculate the Waiting Time Score and the Usage

Score, respectively.

Waiting Time Score

1.0
0.6
0.2

0 10 20 30 40 50 60 70 80

» Waiting Time (minutes)
90

Figure 4.10: Waiting time score graph.
Usage Score

1.0
0.6
0.2

o 1 2 3 4 5 6

Number of Jobs in Last 24 Hours
Figure 4.11: Usage score graph.

Additionally, the parameters ; and 72, shown in equation @, represent the weights of the
Waiting Time Score and the Usage Score, respectively. The constraint v; + v = 1 and
0 <7 <1,0 < v <1 ensures that the total weight is divided between the two scores in a
manner that reflects the system’s specific needs. Right now, they are both defined to be equal
to 0.5, meaning they have the same weight, but further testing of the system may reveal that
one may need to be greater than the other.

To illustrate the scheduling mechanism, consider a queue of six jobs submitted by three
different users. The details of the jobs are shown in table @

Assuming v; = 9 = 0.5, the calculated priorities are shown in Table @

Notice that the jobs with @s 2 and 8 have the same priority score (0.5). In such cases, the
jobs are sorted by their unique job identifiers in ascending order, therefore, the job with @
2 precedes the one with @ 6 in the final job queue. The final sorted job order is:

JobOrder: 6 41 —+9—-7—5—+2—>8—3—4.
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Job ID | User | Waiting Time (min) | User Job Count (Last 24h) Job Type

1 User A 0 4 Job Deletion

2 User B 0 0 Data Processing

3 User B 5 1 Data Processing

4 User A 30 5 Data Processing

5 User C 45 0 Data Processing

6 User B 60 2 User Creation

7 User C 60 1 Data Processing

8 User A 80 6 Data Processing

9 User D 90 8 Super User Data Processing

Table 4.1: Initial list of jobs in the queue.

Job ID | Waiting Time Score | Usage Score | Priority Score
1 N.A. N.A. 3
2 0 1 0.5
3 0.08 0.8 0.44
4 0.5 0 0.25
5 .75 1 0.875
6 N.A. N.A. 4
7 1 0.8 0.9
8 1 0 0.5
9 N.A. N.A. 2

Table 4.2: Calculated priority scores for jobs.

4.6 Conclusion

This chapter outlined the architecture and key functionalities of the software package. Begin-
ning with the client interfaces—the command-line and web applications—the system provides
users with a flexible and accessible way to initiate jobs, manage files, and retrieve results.
Input validation and quota management ensure data integrity and system resource balance,
preventing errors and securing user data.

The web and the converter application play central roles in data management and
processing, respectively. The first serves as the gateway, handling data validation, user au-
thentication, and routing client requests to the appropriate endpoints. Each request is then
stored as a job within the database. The converter, then, organizes and prioritizes each job
and consequently, processes all specific tasks, including data conversion, corrections, and job
status management.

The conversion software handles proprietary formats, transforming raw data files into stan-
dardized files, while metadata adjustments and corrections are made via the ’s
gfz2rnx software with custom metadata configurations managed through files. Final

outputs are stored in user-specific directories on the server for organized retrieval.
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Chapter 5

TileDB Data Generation and Storage Using
TileDB Manager

5.1 Introduction

Originally, the thesis aimed to evaluate the performance of TileDB, so while the focus has
since shifted toward the raw2rin , assessing TileDB’s performance remains an important
objective. To facilitate this, it is crucial to extend the overall to support the import of

data into TileDB.

This chapter will, therefore, concentrate on the bidirectional conversion between RINEX| and

TileDB, enabling both the import of data into TileDB and the generation of

files from it for further use.

5.2 TileDB Importable Data

It is straightforward to convert Python’s Pandas’ DataFrames to TileDB format and vice
versa. Hence, the first step of importing the data into TileDB is to parse the observation
data from files into a Pandas DataFrame, which is facilitated by ’s Pynex[Brab|

software, which has been adapted to meet the specific needs of this software.

5.2.1 TileDB Data Generation From Raw

A tiledb_data_gen_from_raw request is used to convert one or more RAW files into a single
file and then to a Pandas DataFrame.

After the conversion explained in Section , Pynex reads and parses the resulting
file, extracting all data (time, system, satellite, and various observation types (e.g., phase,
pseudorange, Doppler, SNR)) and compiling it into a Pandas DataFrame. The resulting
DataFrame is written onto a comma-separated values () file, which is compressed and

returned once the user downloads the result.

5.2.1.1 Command-Line Application

Listing El] shows the general syntax for the tiledb_data_gen_from_raw request within the

command-line application.

Listing 5.1: Tiledb Data Generation From Raw command structure

./raw2rin -r tiledb_data_gen_from_raw -pf PROPRIETARY_FORMAT -v VERSION -i INPUT_FILES.., -t
— TOKEN [-np] [-prl
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The flags are the same present in the convert request of Section .

Listing @ shows an example of a tiledb_data_gen_from_raw request command.

Listing 5.2: Example of a Tiledb Data Generation From Raw Request command
./raw2rin -r tiledb_data_gen_from_raw -pf sbf -v 3 -i "BUMT202012191700B.sbf.gz" -t
<> £3518eef004568f34eb973466504ab2c
Upon successful processing of the request, the response returns a message containing
a job @ (more on this in section ), which can be used to check the status of the job and
download its results after processing. For error responses, only the standard error message
structure mentioned in section @ is returned.

Listing @ shows an example of a tiledb_data_gen_from_raw success response.

Listing 5.3: Example of a successful Tiledb Data Generation From Raw response

"job_id": 91287,

"message": "Your files have been queued for upload!"

5.2.2 TileDB Data Generation From RINEX

A tiledb_data_gen_from_rinex request is used to convert one file to a Pandas
DataFrame.
Unlike the correct request, this request does not allow any kind of customization or metadata

changing; its only purpose is to generate the importable Pandas’ DataFrame compressed
file and not to generate files.

5.2.2.1 Command-Line Application

Listing @ shows the general syntax for the tiledb_data_gen_from_rinex request within

the command-line application.

Listing 5.4: Tiledb Data Generation From RINEX command structure

1 ‘./raw2rin -r tiledb_data_gen_from_rinex -i INPUT_FILE -t TOKEN [-np] [-pr]

1

The flags are the same present in the correct request of Section .

Listing @ shows an example of a tiledb_data_gen_from_rinex request command.

Listing 5.5: Example of a Tiledb Data Generation From RINEX Request command
./raw2rin -r tiledb_data_gen_from_rinex -i BUMTOOBTN_R_20203541700_01H_30S_MO.rnx -t
< £3518eef004568f34eb973466504ab2c
Upon successful processing of the request, the response returns a message containing
a job @ (more on this in section ), which can be used to check the status of the job and
download its results after processing. For error responses, only the standard error message
structure mentioned in section @ is returned.

Listing @ shows an example of a tiledb_data_gen_from_rinex success response.
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Listing 5.6: Example of a successful Tiledb Data Generation From RINEX response

"job_id": 91289,

"message": "Your files have been queued for upload!"

5.3 TileDB Manager

While the tiledb_data_gen_from_raw and tiledb_data_gen_from_rinex requests focus on
generating data for import into TileDB, and make use of the raw2rin converter—particularly
for converting RAW files into in the case of the tiledb_data_gen_from_raw request—
this integration is sensible within the context of the raw2rin command-line application.

However, the actual tasks of importing data into TileDB and generating
files should be handled separately. Therefore, a new command-line application was created,
called tiledb_manager. It functions similarly to raw2rin, but exclusively supports these

TileDB-related tasks and implements some code of [Braal|.

5.3.1 Insert into TileDB

An insert_into_tiledb request is a local request and is used to import the DataFrame
data inside the compressed file into the user’s designated TileDB storage space.

The TileDB storage path is dynamically generated based on the station name and date (year,
month, day) extracted from the ﬁlenauneﬂ7 with the time granularity serving as a key
factor in how the data is organized. The chosen granularity (e.g., station-only, station and
year, or station, year, and month) determines how the data is segmented across different
TileDB arrays. For instance, if the time granularity is set to year, a separate TileDB array
will be created for each station-year combination. At this stage, the exact granularity that
works best is not yet determined, and it can be modified as needed to optimize the data
storage and access for specific use cases.

If no TileDB array exists for the specified station and time granularity, a new one is created
according to a schema that is similar to that used by UNAVCO (referred to in section )

and .

The chosen schema contains the following TileDB dimensions:

o Time Dimension (time) — The different observation epochs:

— Data Type: np.int64 (64-bit integer representing miliseconds);

— Domain: From 315964800000 milliseconds since the GPS epoch, corresponding
to January 6, 1980, to 4102444800000 milliseconds, corresponding to January 1,
2100;

'Note that the k‘Sy files returned by both the DataFrame generation requests are named according to
the 9 character long filename of the files they derive from with the addition of the and gzip file
extensions, meaning that it is possible to derive the station name and date from them.
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— Tile Size: 6 hours (21600000 milliseconds).
o System Dimension (sys) — The different systems associated with each observation:

— Data Type: ascii (A single-character system code: G: GPS, R: GLONASS, S:
SBAS Payload, E: Galileo, C: BeiDou, J: QZSS, I: NavIC).

o Satellite Dimension (sat) — The satellite identification number (PRN code or slot

number).
— Data Type: np.uint8 (8-bit unsigned integer).
o Observation Type Dimension (obs) — The actual observation.

— Data Type: ascii (The observation types).

The attributes define the types of data associated with each observation:

Pseudorange (p_range):
— Data Type: np.float64 (64-bit floating point).

o Carrier Phase (phase):

— Data Type: np.float64 (64-bit floating point).
o Doppler Shift (doppler):

— Data Type: np.float64 (64-bit floating point).
« Signal-to-Noise Ratio (snr):

— Data Type: np.float32 (32-bit floating point).
o Loss-of-Lock Indicator (111i):

— Data Type: np.uint16 (16-bit unsigned integer).
o Signal Strength Indicator (ssi):

— Data Type: np.int16 (16-bit signed integer).
o Flags (flags) — Empty for now, but for future-proofing as the M format evolves.
— Data Type: np.uint16 (16-bit unsigned integer).

The array is sparse because not all satellites are observed at all times, so empty cells are
allowed, which allows for much more efficient storage; both the cell order and tile order are
defined as row-major, meaning the array is stored with the fastest-changing dimension being
the time dimension, followed by the system, satellite, and observation dimensions. This is

imperative, because most queries will be based on time.
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All the dimensions and attributes are compressed using different compression filters, such as
ZstdFilter and BitWidthReductionFilter; these filters and some code used to populate
the TileDB was taken from [Braa].

After the TileDB structure is in place, the observation data from the DataFrame is directly

imported to the TileDB array.

5.3.1.1 Command-Line Application

Listing @ shows the general syntax for the insert_into_tiledb request within the command-

line application.

Listing 5.7: Insert into TileDB command structure

1 |./tiledb_manager -r insert_into_tiledb -td TILEDB_DIR -ods OBSERVATION_DATAFRAME_FILE [-np]
—  [-pr]

It contains the following flags:

e -td: Either the current user’s TileDB directory or an empty one, where a TileDB

directory will be created;

e -ods: The file containing the DataFrame observation data to be imported into
TileDB. It must have a 9-character long filename, followed by the .csv extension, as it
contains the necessary information to derive the station, year, month, and day, which

are then used to form the TileDB granularity storage path.

Listing @ shows an example of a insert_into_tiledb request command.

Listing 5.8: Example of an insert into TileDB Request command
1 |./tiledb_manager -r insert_into_tiledb -td user/tiledb_dir -ods

s BUMTOOBTN_R_20203541700_01H_30S_MO.rnx.csv

No meaningful response is returned from this request.

5.3.2 Add Metadata

A add_metadata request is also a local request and is used to import the required metadata to
a local database from an international GNSS system ()—type log file, so that it is possible
to regenerate the file back from the TileDB.

Most metadata is not imported to the TileDBs, and it is not feasible to first import the
R {| metadata into a local SQLite3 database, as some of this metadata may change over
time.

Figure @ illustrates the @ diagram of the local database used to store the metadata required
to regenerate the EINEX file. The database only includes the mandatory metadata that is not
already implied by the TileDB data (viz., SYS / # / 0BS TYPES , RINEX VERSION / TYPE,
TIME OF FIRST OBS and TIME OF LAST OBS) or generated artificially (viz., PGM / RUN BY
/ DATE and END OF HEADER).
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Figure 5.1: Local metadata database ER diagram.

The database contains a station table that stores specific metadata about the station. Ad-
ditionally, it tracks a history of the different receivers and antennas used at each station,
spanning a specific period, to reflect the changes in equipment over time.

Given the local database path, the database is created if it doesn’t already exist. Once the
database is in place, metadata can be retrieved from an —type log file corresponding to
the specific station from which data is to be imported. This file contains several sections:
one section with the station’s metadata, and two additional sections that provide the history
of the receiver and antennas used at that station (see Appendix @ for a template of an
—type log file.

The only two mandatory and non-implicit metadata parameters that aren’t present in the
—type log files are the observer and agency, so those need to be explicitly given as input

on the request.

5.3.2.1 Command-Line Application

Listing @ shows the general syntax for the add_metadata request within the command-line

application.

Listing 5.9: Add metadata command structure
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./tiledb_manager -r add_metadata -md METADATA_DIR -1f IGS_LOG_FILE -ob OBSERVER -ag AGENCY
~ [-np] [-pr]

It contains the following flags:

e -md: Either the current user’s metadata directory or an empty one, where the local

metadata database will be created;

o -1f: The —type log file;
e -ob: The actual observer metadata parameter;

o -ag: The actual agency metadata parameter.

Listing shows an example of an add_metadata request command.

Listing 5.10: Example of an add metadata Request command
./tiledb_manager -r add_metadata -md user/metadata_dir -ods bumt_20230816.log -ob C4G -ag
— SEGAL

No meaningful response is returned from this request.

5.3.3 Generate RINEX

A generate_rinex request is also a local request and is used to regenerate the file
using the data stored in the user’s TileDB, the metadata stored in the user’s local metadata
directory, according to certain parameters. This request is analogous to a query in a database.
Therefore, from now on, whenever a query to TileDB is mentioned, it should be understood
as referring to this request.

To retrieve data from TileDB and reconstruct a file, the process is designed to be
precise, especially when working with time-related information. Because the TileDB data
can be organized based on different time granularities, a query may require data that spans
across multiple TileDB arrays, depending on the selected epoch period.

When querying for time-based data and satellite-specific information, the system uses specific
query parameters to ensure that only the relevant data is retrieved from TileDB.

Once the necessary data is collected into the DataFrame, the Pynex library is used to generate
the file. To make sure the file contains all the required information, a query
is made to the local metadata database to fetch any missing metadata, based on the station
and the time period of interest. This metadata is then combined with the observation data in
the DataFrame to produce the final file, ensuring that both the data and metadata

are accurately integrated.

5.3.3.1 Command-Line Application

Listing @ shows the general syntax for the generate_rinex request within the command-
line application.

./tiledb_manager -r generate_rinex -td TILEDB_DIR -md METADATA_DIR -o OUTPUT_PATH -st
< STATION -rst RINEX_START_TIME -ret RINEX_END_TIME -int INTERVAL [-gsat] [-rsat] [-
< esat] [-csat] [-jsat] [-ssat] [-isat] [-np]l [-prl
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Listing 5.11: Generate RINEX command structure

It contains the following flags:

e —td: The TileDB directory where data is stored;
e -md: The local metadata directory used to store the metadata database;
e -0: The output path where the generated file will be saved;

e -st: The station 9 character long filename, specifying the station for the data extrac-

tion;

e -rst: The start time for the file, indicating the beginning of the time period
for the data to be included;

e -ret: The end time for the file, indicating the end of the time period for the
data to be included;

e -int: The interval between consecutive observations in the file, determining

the frequency of the data entries;

e —gsat: Do not include the global positioning system (@) satellite system;

o -rsat: Do not include the globalnaya navigazionnaya sputnikovaya sistema (GLONASS)
system;

e -esat: Do not include the Galileo system;

e —csat: Do not include the BeiDou system;

o —jsat: Do not include the quasi-zenith satellite system (QZSS) system;

e -ssat: Do not include the satellite based augmentation system ()system;

e —isat: Do not include the navigation with indian constellation () system.

Listing shows an example of a generate_rinex request command.

Listing 5.12: Example of a generate rinex Request command
1 | ./tiledb_manager -r generate_rinex -td user/tiledb_dir -md user/metadata_dir -o user/

< output_rinex -st BUMTOOBTN -rst 2020-01-01_00:00 -ret 2020_01-02_00:00 -int 30 -rsat

No meaningful response is returned from this request.

5.4 Conclusion

This chapter demonstrates the critical processes involved in converting and importing
data into TileDB. By using both the raw2rin and the tiledb_manager applications, it is
enabled the integration of datasets into TileDB, making them accessible for further
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analysis. The detailed explanation of data generation from both RAW and files into
TileDB-compatible formats, alongside the insertion of data into TileDB storage, illustrates
the practical aspects of working with large datasets, providing a robust system for
handling, storing, and accessing observation data efficiently within TileDB, creating

the framework for the tests conducted in chapter E
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Chapter 6

TileDB Evaluation

6.1 Introduction

This chapter outlines the tests conducted to assess the performance of the TileDB-based

system developed for storing and querying RINEX| data. The evaluation primarily fo-
cuses on the impact of different storage granularities (i.e., creating one TileDB for each station

(station-only granularity), each station-year pair (station-year granularity), each station-year-
month combination (station-year-month granularity). While these tests do not encompass
the full spectrum of potential TileDB configurations, they may provide some insights into

the performance of TileDB.

6.2 System Environment

The tests were conducted on a virtual server with the following hardware:

o CPU: Intel(R) Xeon(R) Silver 4112 CPU @ 2.60GHz (4 cores);
e Virtual memory size: 3.8GiB;

e Storage type: SSD.
It has the following software features:

¢ Operating system: Ubuntu 22.04.4 LTS;
e TileDB version: 0.33.0;

e Python version: 3.10.16.

6.3 Data Preparation

The files used for testing came from three stations (CAS100ATA, TLSEOOFRA,
MAS100ESP) and spanned a period of 11, 9, and 12 years, respectively.

The chosen timeframe for processing the files was based on the objective gathering of all
available data from ; the reasoning behind choosing these particular three stations
was somewhat arbitrary; however, they were chosen because they contained a substantial
amount of data, covering a lot of years in the dataset. Note that, due to the long time span,
not all years and months had complete data coverage, as some days were missing.

The data preparation process began by converting the files into DataFrames auto-

matically by use of a custom-built script. This process took around three days for the 9151
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different files. These DataFrames were stored in compressed files, making it easier to
manage and manipulate the data. The script iterated through the yearly, monthly, and daily
directories containing the files, invoking the command-line application to process
each file individually and automatically and return its corresponding results; the result was
a series of compressed files ready to import into TileDB.

Once they were prepared, they were ingested into TileDB. The ingestion process was con-
ducted three times (to get a statistically significant import timing valueﬂ) for each of the
three granularities separately, namely, for the station-only granularity, all data for a given
station was stored in a single TileDB array, for the station-year granularity, data was divided
into yearly partitions, creating a separate TileDB array for each station-year combination,
and for the station-year-month granularity, the data was further divided by month as well.

The resulting file system can be observed in Listing @

Listing 6.1: Test data file system example
tiledb_archive/
|-- tiledb_station_only/
| |-- CAS100ATA/ (TileDB)
| |-- __commits/
| | |-- ...
| |-- __fragment_meta/
| | - ...
| |-- __fragments/
| | I-- ...
| |-- .../
|-- MAS100ESP/ (TileDB)
| |-- ...
| -- TLSEOOFRA/ (TileDB)
l-- ...

|-- CAS100ATA/

| |-- 2014/ (TileDB)
| | |-- __commits/
| | | l-- ...

| | l-- ...

| |-- 2015/ (TileDB)
| | |-- __commits/
| | | [-- ...

| | l-- ...

|

|

|

|

|

|

|

|

|

|

|

|-- tiledb_station_year/

|

|

|

|

|

|

|

|

|

|

| |-~

|-- tiledb_station_year_month/
|-- CAS100ATA/
| |-- 2014/

| |-- 4/ (TileDB)

| | |-- __commits/

| | | |-- ...

| | [-=- ...

| |-- 5/ (TileDB)

| | |-- __commits/

| | | |-- ...

| | [-- ...

|

|-~

No data was repeated in the TileDBs, however more fragments were generated; this was accounted to.
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6.4 Performance Metrics

The evaluation was based on multiple performance metrics, selected to provide a comprehen-
sive understanding of the system’s behavior.

For the query operations, the following metrics were chosen:
o Execution time (s): the duration required to execute each query;
o Memory usage (GB): the total memory consumption during each query;

e central processing unit (@) utilization (%): The average processing power required

during each query.

For the import operations, only the execution time metric was measured. While execution
time is the primary focus for optimizing the overall system performance, the remaining met-
rics also provide valuable insights into the system’s efficiency, as they may offer a more
comprehensive understanding of how the system operates under various conditions and how
resources are being utilized during processing.

All the metrics were computed using the Linux time command. The execution time is the real
time value. The memory usage is the resident set size () [Oral0Q] value. The utilization
was computed using the formula in Equation @[Mad%] [Tec24]; note that, because the

has four cores, this must be accounted for in the formula, so the nproc command was used

to get the number of available cores as well.

User CPU Time + System CPU Time
Elapsed Time x Number of CPU Cores

CPU Usage (%) = ( ) x 100 (6.1)

Moreover, the storage size and fragment number of each granularity is also chosen to contrast

against the other metrics.

6.5 Test Scenarios

The tests were designed to cover a range of realistic query scenarios. For the query operations,
the first set of tests random daily queries, daily queries for a whole month, and queries
spanning two days. Import operations were simpler to evaluate, as they involved measuring

the time and storage requirements for ingesting all data into each granularity.

6.6 Results

The results of the evaluation are presented in the following sections, divided by granularity

for clarity.

6.6.1 Write Performance

The results of the compressed files’ import are shown in Table @ The imports were

performed three times, and the averages were computed to ensure statistical significance.
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A P i Total  Si
Granularity T;,;rj?zours) TOCeSSIE | Number of TileDBs (((;,E;l) e
TileDB per station only 11.47h 3 114GB
TileDB per station, and year | 11.50h 32 114GB
TileDB per station, year, 11.44h 314 114GB
and month

Table 6.1: Import times for different granularities for 9151 total different files.

6.6.2 Read Performance

For several days, and for each of the three stations, five different queries spanning one day were
conducted ten times to account for statistical significance for each of the three granularities.
The results are presented in tables @, @, and @, corresponding to the station-only,
station-and-year, and station-year-month granularities, respectively in Appendix @

For a whole month, 31 different queries spanning one day were conducted five times to account
for statistical significance for each of the three granularities with and without consolidation.
The results are presented in tables @, @, and @, corresponding to the station-only,
station-and-year, and station-year-month granularities, respectively in Appendix @ Note
that all fragments are equal for each day, being 11520, 1089, and 93 fragments for the station-
only, station-and-year, and station-year-month granularities, respectively.

For three periods, three different queries spanning two days between two different months
and years were conducted five times to account for statistical significance for each of the
three granularities with and without consolidation. The results are presented in tables @,
@, and @, corresponding to the station-only, station-and-year, and station-year-month
granularities, respectively in Appendix @

6.7 Discussion

The import process for the three granularities took a considerable amount of time due to
the large volume of imported data. However, as the number of TileDB instances increased,
the average processing time did not exhibit a noticeable rise, suggesting that the creation of
TileDBs is nearly instantaneous. Additionally, the number of fragments did not appear to
impact write performance, as previously discussed in [Til24].

Regarding storage size, the addition of extra TileDBs did not lead to a significant increase
in overall size, with all instances maintaining approximately the same size.

Tables @, @, and @ show the variance of performance between granularities for execution

time, @ usage, and memory usage, respectively.

Granularity Avg Time (s) | Faster than Station Only (%)

Station Only 68.84 -

Station-Year 40.25 41.5%
Station-Year-Month 39.38 42.8%

Table 6.2: Time Comparison Between Granularities
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Granularity Avg CPU Usage (%) | Increase from Station Only (%)

Station Only 25.53% -

Station-Year 30.65% +20.1%
Station-Year-Month 31.07% +21.7%

Table 6.3: CPU Usage Comparison Between Granularities

Granularity Avg Memory (GB) | Lower than Station Only (%)

Station Only 0.768 -

Station-Year 0.678 11.7%
Station-Year-Month 0.675 12.1%

Table 6.4: Memory Usage Comparison Between Granularities

Figure @ presents a grouped bar chart comparing the average values of the three performance
metrics across the three granularities for daily queries.

Analyzing the graphs and tables, a clear pattern emerges: the fewer TileDBs used to store
the data, the longer the query execution time. This effect is particularly evident when
comparing the station-only TileDB configuration to the monthly and yearly databases, i.e.,
the difference in query times between monthly and yearly configurations is relatively small,
but the increase in execution time becomes substantial in the station-only case. This suggests
that the variance is not linear, as also shown in the variance figures.

Figure @ shows the variance in execution time across all tested days; again, as can be seen,
the station-year is close to the year-month, while the station only stands out as the most
varying of the three, pertaining to a worse performance.

An interesting observation is that usage percentage decreases as the number of TileDBs
decreases; while the decrease is relatively minor between the yearly and monthly databases,
there is a significant drop in utilization for the station-only configuration. This suggests
that, when using fewer but larger TileDBs, such as in the station-only configuration, the lower
usage could indicate that the queries are bottlenecked by disk @, leading to longer
overall execution times. Conversely, when using more but smaller TileDBs, such as in the
monthly or yearly configurations, the higher @ usage suggests that more of the processing
happens in memory, reducing reliance on slower disk reads. The station-only configuration
contains many fragments within a single database, which increases the time required to scan
and retrieve data. Instead of parallelizing computation across multiple TileDBs, the system
may be forced to wait on disk operations more frequently, leading to lower utilization.
Memory usage for read queries remains relatively low, consistently under 1GB. While memory
consumption does increase slightly as the number of fragments grows, this increase does not
appear to be statistically significant between the yearly and monthly configurations.

One possible conclusion from this is that the number of fragments positively correlates with
query execution time and total memory usage, while it inversely correlates with utiliza-
tion. However, this correlation is not absolute—occasional deviations suggest that hardware
factors such as caching, disk @ speeds, or parallel processing capabilities may influence the
results.

Higher memory usage and execution times also appear to correlate with the volume of queried
data and the resulting file sizes. For example, the generated files CAS100ATA_R_20220660000_01D_30S_MO.rr
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Figure 6.1: Comparison of Performance Metrics Across Granularities

and CAS100ATA_R_20242470000_01D_30S_MO.rnx occupy 77MB and 76MB, respectively,
whereas MAS100ESP_R_20130950000_01D_30S_MO.rnx and MAS100ESP_R_20143290000_01D_30S_MO.rnx
are significantly smaller at 22MB. Examining the tables, there is a clear increase in query
execution time and total memory usage from the second pair to the first across all three gran-
ularities. This reinforces the hypothesis that larger data volumes also count to contribute to
increased resource consumption.

The analysis of queries spanning the entire month of January 2019 further supports these
observations, as shown in Figure @ Here, the number of fragments remains constant within
each granularity, but increases as the number of TileDBs decreases. Once again, the same
metric correlations hold: increased fragments result in higher query times and memory usage,
while reducing @ utilization.

More intriguing, however, are the queries spanning two days from different months and years,

as illustrated in Figure @ These queries introduce an additional level of complexity since
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Figure 6.2: Variance of the execution time metrics across granularities.

they must access multiple TileDBs at different granularity levels. For the station and year or
station, year, and month configurations, these queries require access to at least two TileDBs.
In contrast, the station-only configuration still relies on a single TileDB. As a result, the
differences in query metrics across the three granularities diminish significantly.

Although the general trend—where time and memory increase while usage decreases as
fragment count rises—still holds, the magnitude of these differences is noticeably smaller in
cross-period queries. A particularly interesting case is the TLSEOOFRA station query spanning
2023-12-31 to 2024-01-02. Here, the execution time for the station-only configuration is lower
than that of the other two granularities, even though memory consumption remains higher.
This suggests that in specific scenarios, the overhead of accessing multiple TileDBs outweighs

the fragmentation-related slowdown seen in the station-only approach. My hypotheses for
this are:

e Indexing Overhead: The need to read data across multiple TileDBs might introduce
extra computational overhead;

e Merging Effects: When accessing two separate TileDBs, additional processing is re-
quired to merge results from different periods.

Another interesting observation is that all metrics appear to increase as the volume of data

read grows. This trend is evident for the time and memory metrics, but it is less intuitive
for the metric, which actually decreased as the number of fragments increased. This

counterintuitive result suggests that fragmentation may have a unique impact on @ usage,
potentially optimizing processing efficiency under certain conditions.
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Figure 6.3: Comparison of Performance Metrics Across Granularities Spanning a Whole Month.

6.8 Conclusion

In conclusion, the results of the tests highlight the complex interplay between TileDB frag-
mentation, query execution time, usage, and memory consumption. The key takeaway
is that increasing the number of TileDBs generally results in higher memory consumption
and longer query times, probably due to the increased m overhead. This suggests that the
system can be further optimized, because the current metric results are not acceptable for a

real use system. Query times of 30s+ seconds for a single day is too long.

One notable observation is the substantial increase in query times and memory usage when the
number of TileDBs is reduced, especially when working with a larger number of fragments
in the station-only configuration. The high volume of fragments likely contributes to this
performance degradation. Moreover, the current TileDB consolidation feature, while still

under testing, does not seem to efficiently handle the number of fragments present in the
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Figure 6.4: Comparison of Performance Metrics Across Granularities Spanning Two Days.

data. Future work could explore the consolidation feature in more depth, particularly with
a focus on optimizing the merging of fragments to improve both query performance and
memory usage.

Given that the current consolidation feature is not yet fully optimized, the prolonged query
times for certain configurations can be attributed to these inefficiencies. As TileDB continues
to refine its consolidation methods, the hope is that these issues will be addressed, leading
to more efficient performance with fewer TileDBs.

It is important to note that the results are not conclusive, as other factors could influence
performance; however, I conclude that the station-year granularity is the most promising
granularity, because its performance is akin to the station-year-month granularity with sub-

stantially less TileDBs.
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Chapter 7

Conclusion

This dissertation presents a comprehensive study of a unified system designed to facilitate
the management, conversion, and storage of observation data, particularly
focusing on the integration of various proprietary formats into a common framework. The

two main contributions were:

e The raw2rin application, which includes a converter application, which efficiently con-
verts RAW data from multiple vendors to the m format, which, when
combined with a Web and Web/Command-line interface () clients, handles
different receiver data formats, allows the changing of conversion parameters,

and perform metadata corrections;

e The tiledb_manager application, which manages TileDBs, allowing the import of
GNSE observation data between, enabling users to query and process data back into
RINEZ by simply issuing a few commands.

The integration of TileDB for storage was tested with various granularities of file system
storage, by dividing the TileDB archive into several TileDBs according to i) station, ii)
station, and year, and iii) station, year, and month. The tests revealed that although TileDB’s
performance is generally favorable in terms of read and write operations, certain trade-offs
may exist between granularity levels; the tests indicate a correlation between both increased
data size and number of fragments and higher time and memory usage, with a decrease in
@ usage.

One prominent area of future research is the consolidation of fragments within TileDB. Cur-
rently, the system does not consolidate fragments, and as a result, the number of fragments
has grown to a point where consolidating them all would introduce significant overhead due
to the current limitations of the consolidation feature and the hardware used. This leads to
suboptimal read times, especially as the dataset grows, however, exploring methods to con-
solidate fragments dynamically—perhaps on a per-query basis or gradually over time—could
lead to substantial performance improvements in read operations.

More testing with different granularities (two years, weekly, etc.), as well as querying more
than two days could also provide valuable insights as to how the performance of TileDB
deteriorates overtime.

In addition, future work could extend the system’s capabilities by further enhancing error
detection in data, and improving support for additional proprietary formats.
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Appendix A

Appendix

A.1 Full Size Web Client Images
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IGS-Type Log File

Listing A.1: IGS-Type log file template

XXXX Site Information Form (site log)

3.

International GNSS Service

See Instructions at:

https://files.igs.org/pub/station/general/sitelog_instr.txt

Form

Prepared by (full name)
Date Prepared

Report Type

If Update:

Previous Site Log
Modified/Added Sections

Site Identification of the

Site Name

Four Character ID

Monument Inscription

IERS DOMES Number

CDP Number

Monument Description
Height of the Monument
Monument Foundation
Foundation Depth

Marker Description

Date Installed

Geologic Characteristic
Bedrock Type
Bedrock Condition
Fracture Spacing
Fault zones nearby

Distance/activity

Additional Information

Site Location Information

City or Town
State or Province
Country

Tectonic Plate

Approximate Position (ITRF)

X coordinate (m)

Y coordinate (m)

Z coordinate (m)

Latitude (N is +)

Longitude (E is +)

Elevation (m,ellips.)
Additional Information

GNSS Receiver Information

(CCYY-MM-DD)
(NEW/UPDATE)

(ssss_ccyymmdd.log)

(n.n,n.n,...)

GNSS Monument

(A4)

(A9)

(Ad)

(PILLAR/BRASS PLATE/STEEL MAST/etc)
(m)

(STEEL RODS,
(m)
(CHISELLED CROSS/DIVOT/BRASS NAIL/etc)
(CCYY-MM-DDThh : mmZ)
(BEDROCK/CLAY/CONGLOMERATE/GRAVEL/SAND/etc)
(IGNEOUS/METAMORPHIC/SEDIMENTARY)
(FRESH/JOINTED/WEATHERED)

(1-10 cm/11-50 cm/51-200 cm/over 200 cm)
(YES/NO/Name of the zone)

(multiple lines)

CONCRETE BLOCK, ROOF, etc)

(multiple lines)

(+/-DDMMSS.SS)
(+/-DDDMMSS.SS)
(F7.1)

(multiple lines)
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55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
7
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
929
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115

Receiver Type

Satellite System

Serial Number

Firmware Version
Elevation Cutoff Setting
Date Installed

Date Removed

Temperature Stabiliz.

Additional Information

Receiver Type

Satellite System

Serial Number

Firmware Version
Elevation Cutoff Setting
Date Installed

Date Removed

Temperature Stabiliz.

Additional Information

GNSS Antenna Information

Antenna Type

Serial Number

Antenna Reference Point
Marker->ARP Up Ecc. (m)
Marker->ARP North Ecc(m)
Marker ->ARP East Ecc(m)
Alignment from True N
Antenna Radome Type
Radome Serial Number
Antenna Cable Type
Antenna Cable Length
Date Installed

Date Removed

Additional Information

Antenna Type

Serial Number

Antenna Reference Point
Marker->ARP Up Ecc. (m)
Marker ->ARP North Ecc(m)
Marker ->ARP East Ecc(m)
Alignment from True N
Antenna Radome Type
Radome Serial Number
Antenna Cable Type
Antenna Cable Length
Date Installed

Date Removed

Additional Information

Surveyed Local Ties

Tied Marker Name

Tied Marker Usage

Tied Marker CDP Number
Tied Marker DOMES Number

Optimization of GNSS Data Archival and Exchange using TileDB

(A20, from rcvr_ant.tab; see instructions)
(GPS+GLO+GAL+BDS+QZSS+SBAS)

(A20, but note the first A5 is used in SINEX)
(A11)

(deg)

(CCYY-MM-DDThh : mmZ)

(CCYY-MM-DDThh : mmZ)

(none or tolerance in degrees C)

(multiple lines)

(A20, from rcvr_ant.tab; see instructions)
(GPS+GLO+GAL+BDS+QZSS+SBAS)

(A20, but note the first A5 is used in SINEX)
(A11)

(deg)

(CCYY-MM-DDThh : mmZ)

(CCYY-MM-DDThh : mmZ)

(none or tolerance in degrees C)

(multiple lines)

(A20, from rcvr_ant.tab; see instructions)
(A*, but note the first A5 is used in SINEX)
(BPA/BCR/XXX from "antenna.gra"; see instr.)
(F8.4)

(F8.4)

(F8.4)

(deg; + is clockwise/east)

(A4 from rcvr_ant.tab; see instructions)

(vendor & type number)
(m)
(CCYY-MM-DDThh : mmZ)
(CCYY-MM-DDThh : mmZ)
(multiple lines)

(A20, from rcvr_ant.tab; see instructions)
(A*, but note the first A5 is used in SINEX)
(BPA/BCR/XXX from "antenna.gra"; see instr.)
(F8.4)

(F8.4)

(F8.4)

(deg; + is clockwise/east)

(A4 from rcvr_ant.tab; see instructions)

(vendor & type number)
(m)
(CCYY-MM-DDThh : mmZ)
(CCYY-MM-DDThh : mmZ)
(multiple lines)

(SLR/VLBI/LOCAL CONTROL/FOOTPRINT/etc)
(A4)
(A9)

Differential Components from GNSS Marker to the tied monument (ITRS)
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116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
163
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176

Optimization of GNSS Data Archival and Exchange using TileDB

dx (m)

dy (m)

dz (m)
Accuracy (mm)
Survey method
Date Measured

Additional Information

Frequency Standard

Standard Type
Input Frequency
Effective Dates

Notes

Standard Type
Input Frequency
Effective Dates

Notes

Collocation Information

Instrumentation Type
Status
Effective Dates

Notes

Instrumentation Type
Status
Effective Dates

Notes

(m)

(m)

(m)

(mm)

(GPS CAMPAIGN/TRILATERATION/TRIANGULATION/etc)
(CCYY-MM-DDThh : mmZ)

(multiple lines)

(INTERNAL or EXTERNAL H-MASER/CESIUM/etc)
(if external)

(CCYY-MM-DD/CCYY-MM-DD)

(multiple lines)

(INTERNAL or EXTERNAL H-MASER/CESIUM/etc)
(if external)

(CCYY-MM-DD/CCYY-MM-DD)

(multiple lines)

(GPS/GLONASS/DORIS/PRARE/SLR/VLBI/TIME/etc)
(PERMANENT/MOBILE)

(CCYY-MM-DD/CCYY-MM-DD)

(multiple lines)

(GPS/GLONASS/DORIS/PRARE/SLR/VLBI/TIME/etc)
(PERMANENT /MOBILE)

(CCYY-MM-DD/CCYY-MM-DD)

(multiple lines)

Meteorological Instrumentation

.1.1 Humidity Sensor Model

Manufacturer

Serial Number

Data Sampling Interval

Accuracy (% rel h)
Aspiration

Height Diff to Ant
Calibration date
Effective Dates

Notes

8.1.x Humidity Sensor Model

Manufacturer

Serial Number

Data Sampling Interval

Accuracy (% rel h)
Aspiration

Height Diff to Ant
Calibration date
Effective Dates

Notes

8.2.1 Pressure Sensor Model

Manufacturer

(sec)

(% rel h)
(UNASPIRATED/NATURAL/FAN/etc)
(m)

(CCYY-MM-DD)
(CCYY-MM-DD/CCYY-MM-DD)
(multiple lines)

(sec)

(% rel h)
(UNASPIRATED/NATURAL/FAN/etc)
(m)

(CCYY-MM-DD)
(CCYY-MM-DD/CCYY-MM-DD)
(multiple lines)
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177
178
179
180
181

231
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Serial Number

Data Sampling Interval
Accuracy

Height Diff to Ant
Calibration date
Effective Dates

Notes

8.2.x Pressure Sensor Model
Manufacturer
Serial Number
Data Sampling Interval
Accuracy
Height Diff to Ant
Calibration date
Effective Dates

Notes

8.3.1 Temp.
Manufacturer

Sensor Model

Serial Number
Data Sampling Interval
Accuracy
Aspiration
Height Diff to Ant
Calibration date
Effective Dates
Notes
8.3.x Temp. Sensor Model
Manufacturer
Serial Number
Data Sampling Interval
Accuracy
Aspiration
Height Diff to Ant
Calibration date
Effective Dates

Notes

8.4.1 Water Vapor Radiometer
Manufacturer
Serial Number
Distance to Antenna
Height Diff to Ant
Calibration date
Effective Dates

Notes

8.4.x Water Vapor Radiometer
Manufacturer
Serial Number
Distance to Antenna
Height Diff to Ant
Calibration date
Effective Dates

Notes

8.5.1 Other Instrumentation

8.5.x Other Instrumentation

(sec)

(hPa)

(m)

(CCYY-MM-DD)
(CCYY-MM-DD/CCYY-MM-DD)
(multiple lines)

(sec)

(hPa)

(m)

(CCYY-MM-DD)
(CCYY-MM-DD/CCYY-MM-DD)
(multiple lines)

(sec)

(deg C)
(UNASPIRATED/NATURAL/FAN/etc)
(m)

(CCYY-MM-DD)
(CCYY-MM-DD/CCYY-MM-DD)
(multiple lines)

(sec)

(deg C)
(UNASPIRATED/NATURAL/FAN/etc)
(m)

(CCYY-MM-DD)
(CCYY-MM-DD/CCYY-MM-DD)
(multiple lines)

(m)

(m)

(CCYY-MM-DD)
(CCYY-MM-DD/CCYY-MM-DD)
(multiple lines)

(m)

(m)

(CCYY-MM-DD)
(CCYY-MM-DD/CCYY-MM-DD)
(multiple lines)

(multiple lines)

(multiple lines)
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238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298

10.

10.1

10.x

11.

12.
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Radio Interferences
Observed Degradations
Effective Dates

Additional Information

Radio Interferences
Observed Degradations
Effective Dates

Additional Information

Multipath Sources
Effective Dates

Additional Information

Multipath Sources
Effective Dates

Additional Information

Signal Obstructions
Effective Dates

Additional Information

Signal Obstructions
Effective Dates

Additional Information

Local Ongoing Conditions Possibly Affecting Computed Position

(TV/CELL PHONE ANTENNA/RADAR/etc)
(SN RATIO/DATA GAPS/etc)
(CCYY-MM-DD/CCYY-MM-DD)

(multiple lines)

(TV/CELL PHONE ANTENNA/RADAR/etc)
(SN RATIO/DATA GAPS/etc)
(CCYY-MM-DD/CCYY-MM-DD)

(multiple lines)

(METAL ROOF/DOME/VLBI ANTENNA/etc)
(CCYY-MM-DD/CCYY-MM-DD)
(multiple lines)

(METAL ROOF/DOME/VLBI ANTENNA/etc)
(CCYY-MM-DD/CCYY-MM-DD)
(multiple lines)

(TREES/BUILDINGS/etc)
(CCYY-MM-DD/CCYY-MM-DD)
(multiple lines)

(TREES/BUILDINGS/etc)
(CCYY-MM-DD/CCYY-MM-DD)
(multiple lines)

Local Episodic Effects Possibly Affecting Data Quality

Date

Event

Date

Event

On-Site,

Agency

Preferred Abbreviation

Mailing Address

Primary Contact
Contact Name
Telephone (primary)
Telephone (secondary)
Fax
E-mail

Secondary Contact
Contact Name
Telephone (primary)
Telephone (secondary)
Fax
E-mail

Additional Information

(CCYY-MM-DD/CCYY-MM-DD)
(TREE CLEARING/CONSTRUCTION/etc)

(CCYY-MM-DD/CCYY-MM-DD)
(TREE CLEARING/CONSTRUCTION/etc)

Point of Contact Agency Information

(multiple lines)
(A10)
(multiple lines)

(multiple lines)

Responsible Agency (if different from 11.)

Agency

(multiple lines)
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299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330

Preferred Abbreviation

Mailing Address

(A10)

(multiple lines)

13.

Primary Contact
Contact Name
Telephone (primary)
Telephone (secondary)
Fax
E-mail

Secondary Contact
Contact Name
Telephone (primary)
Telephone (secondary)
Fax
E-mail

Additional Information (multiple lines)

More Information

Primary Data Center
Secondary Data Center
URL for More Information :

Hardcopy on File

Site Map : (Y or URL)
Site Diagram : (Y or URL)
Horizon Mask : (Y or URL)
Monument Description : (Y or URL)
Site Pictures : (Y or URL)

Additional Information

(multiple lines)

Antenna Graphics with Dimensions

(insert text graphic from file antenna.gra)
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A.3 Resulting Tables for the Different Queries

) Start End Number Time Avg CPU Us- Total
Station Epoch Epoch of Frag- (s) age (%) Memory

ments (GB)
CASI100ATA 2015-07-13 2015-07-14 11520 81.94s 20.60% 0.617GB
CASI100ATA 2018-12-27 2018-12-28 11520 77.08s 23.40% 0.755GB
CASI100ATA 2020-01-16 2020-01-17 11520 78.88s 23.50% 0.798GB
CAS100ATA 2022-03-07 2022-03-08 11520 100.01s 24.20% 1.188GB
CAS100ATA 2024-09-03 2024-09-04 11520 95.50s 23.80% 1.171GB
TLSEOOFRA 2016-02-25 2016-02-26 7410 53.08s 26.40% 0.560GB
TLSEOOFRA 2017-10-26 2017-10-27 7410 42.89s 29.00% 0.613GB
TLSEOOFRA 2019-08-21 2019-08-22 7410 44.51s 29.30% 0.642GB
TLSEOOFRA 2021-04-21 2021-04-22 7410 42.87s 29.10% 0.612GB
TLSEOOFRA 2023-12-31 2024-01-01 7410 54.37s 30.10% 0.873GB
MAS100ESP 2013-04-05 2013-04-06 10767 70.77s 23.20% 0.543GB
MAS100ESP 2014-11-25 2014-11-26 10767 59.82s 24.10% 0.547GB
MAS100ESP 2017-05-27 2017-05-28 10767 66.72s 24.40% 0.652GB
MAS100ESP 2021-03-31 2021-04-01 10767 82.03s 26.30% 0.957GB
MAS100ESP 2024-06-07 2024-06-08 10767 82.13s 25.60% 0.986GB
Total Average - - 9899 68.84s 25.53% 0.768GB

Table A.1: Query Results for TileDB station only
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. Start End Number Time Avg CPU Us- Total
Station Epoch Epoch of Frag- (s) age (%) Memory

ments (GB)
CAS100ATA 2015-07-13 2015-07-14 993 31.66s 30.60% 0.495GB
CAS100ATA 2018-12-27 2018-12-28 1092 36.66s 30.70% 0.635GB
CAS100ATA 2020-01-16 2020-01-17 75 37.46s 31.10% 0.671GB
CAS100ATA 2022-03-07 2022-03-08 216 58.32s 31.10% 1.095GB
CAS100ATA 2024-09-03 2024-09-04 768 58.91s 30.70% 1.080GB
TLSEOOFRA 2016-02-25 2016-02-26 861 29.48s 30.30% 0.486GB
TLSEOOFRA 2017-10-26 2017-10-27 1095 33.06s 30.20% 0.546GB
TLSEOOFRA 2019-08-21 2019-08-22 1095 35.45s 30.60% 0.584GB
TLSEOOFRA 2021-04-21 2021-04-22 1086 34.19s 30.60% 0.548GB
TLSEOOFRA 2023-12-31 2024-01-01 1086 58.60s 31.00% 0.847GB
MAS100ESP 2013-04-05 2013-04-06 1044 27.87s 30.30% 0.429GB
MAS100ESP 2014-11-25 2014-11-26 1089 28.34s 30.40% 0.434GB
MAS100ESP 2017-05-27 2017-05-28 1089 34.24s 30.20% 0.539GB
MAS100ESP 2021-03-31 2021-04-01 1086 50.42s 30.80% 0.875GB
MAS100ESP 2024-06-07 2024-06-08 783 49.05s 31.10% 0.900GB
Total Average - - 897 40.25s 30.65% 0.678GB

Table A.2: Query Results for TileDB station year

, Start End Number | 1/ e | Avg CPU Us- | rotal
Station Epoch Epoch of Frag- (s) age (%) Memory

ments (GB)
CAS100ATA 2015-07-1 2015-07-14 42 29.82s 31.00% 0.488GB
CAS100ATA 2018-12-2 2018-12-28 93 35.53s 31.30% 0.628GB
CAS100ATA 2020-01-1 2020-01-17 75 37.39s 30.80% 0.671GB
CAS100ATA 2022-03-0 2022-03-08 54 57.51s 31.00% 1.094GB
CAS100ATA 2024-09-0 2024-09-04 51 57.33s 31.20% 1.077GB
TLSEOOFRA 2016-02-2 2016-02-26 81 29.41s 31.00% 0.480GB
TLSEOOFRA 2017-10-2 2017-10-27 93 32.07s 30.80% 0.538GB
TLSEOOFRA 2019-08-2 2019-08-22 93 33.80s 30.90% 0.577GB
TLSEOOFRA 2021-04-2 2021-04-22 90 31.25s 31.40% 0.541GB
TLSEOOFRA 2023-12-3 2024-01-01 93 56.64s 31.40% 0.846GB
MAS100ESP 2013-04-0 2013-04-06 87 26.88s 31.10% 0.421GB
MAS100ESP 2014-11-2 2014-11-26 90 26.71s 30.90% 0.426GB
MAS100ESP 2017-05-2 2017-05-28 93 31.33s 30.80% 0.532GB
MAS100ESP 2021-03-3 2021-04-01 90 56.89s 31.30% 0.906GB
MAS100ESP 2024-06-0 2024-06-08 90 48.15s 31.10% 0.897GB
Total Average - - 81 39.38s 31.07% 0.675GB

Table A.3: Query Results for TileDB station year month

98




Optimization of GNSS Data Archival and Exchange using TileDB

) Start End Time | Avg CPU Us- | rotal
Station Epoch Epoch (s) age (%) Memory
(GB)
CAS100ATA 2019-01-01 2019-01-02 141.21s 14.00% 0.746GB
CAS100ATA 2019-01-02 2019-01-03 69.70s 23.40% 0.746GB
CAS100ATA 2019-01-03 2019-01-04 71.88s 23.40% 0.744GB
CAS100ATA 2019-01-04 2019-01-05 71.34s 23.40% 0.752GB
CASI100ATA 2019-01-05 2019-01-06 70.01s 23.80% 0.751GB
CASI100ATA 2019-01-06 2019-01-07 71.05s 23.80% 0.751GB
CAS100ATA 2019-01-07 2019-01-08 71.32s 24.00% 0.751GB
CAS100ATA 2019-01-08 2019-01-09 73.04s 23.60% 0.753GB
CAS100ATA 2019-01-09 2019-01-10 70.90s 23.80% 0.755GB
CAS100ATA 2019-01-10 2019-01-11 71.87s 23.20% 0.752GB
CAS100ATA 2019-01-11 2019-01-12 71.93s 23.20% 0.749GB
CAS100ATA 2019-01-12 2019-01-13 71.43s 22.80% 0.755GB
CAS100ATA 2019-01-13 2019-01-14 71.18s 23.40% 0.750GB
CAS100ATA 2019-01-14 2019-01-15 72.47s 22.80% 0.751GB
CAS100ATA 2019-01-15 2019-01-16 70.45s 23.20% 0.746GB
CASI100ATA 2019-01-16 2019-01-17 70.60s 23.40% 0.749GB
CASI100ATA 2019-01-17 2019-01-18 70.05s 23.60% 0.751GB
CAS100ATA 2019-01-18 2019-01-19 69.56s 23.60% 0.746GB
CAS100ATA 2019-01-19 2019-01-20 71.27s 23.60% 0.747GB
CAS100ATA 2019-01-20 2019-01-21 70.43s 23.60% 0.747GB
CAS100ATA 2019-01-21 2019-01-22 69.93s 23.60% 0.747GB
CAS100ATA 2019-01-22 2019-01-23 69.72s 23.60% 0.736GB
CAS100ATA 2019-01-23 2019-01-24 70.18s 24.00% 0.749GB
CAS100ATA 2019-01-24 2019-01-25 71.44s 23.40% 0.758GB
CAS100ATA 2019-01-25 2019-01-26 71.00s 23.20% 0.764GB
CAS100ATA 2019-01-26 2019-01-27 72.05s 22.80% 0.765GB
CASI100ATA 2019-01-27 2019-01-28 72.95s 23.20% 0.758GB
CAS100ATA 2019-01-28 2019-01-29 71.13s 23.60% 0.755GB
CAS100ATA 2019-01-29 2019-01-30 69.81s 23.20% 0.759GB
CAS100ATA 2019-01-30 2019-01-31 70.63s 23.60% 0.768GB
CAS100ATA 2019-01-31 2019-02-01 71.84s 23.60% 0.765GB
Total Average - - 73.30s 23.14% 0.752GB

Table A.4: Query Results for a whole month for TileDB station only.
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) Start End Time | Avg CPU Us- | rotal
Station Epoch Epoch (s) age (%) Memory
(GB)
CASI100ATA 2019-01-01 2019-01-02 46.80s 25.80% 0.625GB
CASI100ATA 2019-01-02 2019-01-03 36.24s 31.40% 0.627GB
CAS100ATA 2019-01-03 2019-01-04 35.70s 31.00% 0.625GB
CAS100ATA 2019-01-04 2019-01-05 36.92s 31.00% 0.630GB
CAS100ATA 2019-01-05 2019-01-06 36.12s 31.20% 0.633GB
CASI100ATA 2019-01-06 2019-01-07 35.47s 31.20% 0.632GB
CASI100ATA 2019-01-07 2019-01-08 36.34s 31.20% 0.630GB
CAS100ATA 2019-01-08 2019-01-09 36.53s 31.40% 0.631GB
CAS100ATA 2019-01-09 2019-01-10 36.33s 31.00% 0.634GB
CAS100ATA 2019-01-10 2019-01-11 36.16s 31.20% 0.629GB
CASI100ATA 2019-01-11 2019-01-12 35.97s 31.40% 0.630GB
CASI100ATA 2019-01-12 2019-01-13 36.77s 31.40% 0.634GB
CAS100ATA 2019-01-13 2019-01-14 36.63s 31.80% 0.631GB
CAS100ATA 2019-01-14 2019-01-15 36.39s 31.40% 0.629GB
CAS100ATA 2019-01-15 2019-01-16 35.96s 31.40% 0.631GB
CASI100ATA 2019-01-16 2019-01-17 36.46s 31.00% 0.631GB
CASI100ATA 2019-01-17 2019-01-18 36.11s 31.40% 0.630GB
CASI100ATA 2019-01-18 2019-01-19 35.78s 31.60% 0.625GB
CAS100ATA 2019-01-19 2019-01-20 35.98s 31.40% 0.630GB
CAS100ATA 2019-01-20 2019-01-21 35.83s 31.40% 0.626GB
CAS100ATA 2019-01-21 2019-01-22 35.91s 31.60% 0.625GB
CASI100ATA 2019-01-22 2019-01-23 35.16s 31.20% 0.615GB
CASI100ATA 2019-01-23 2019-01-24 35.58s 31.20% 0.635GB
CAS100ATA 2019-01-24 2019-01-25 36.47s 31.00% 0.639GB
CAS100ATA 2019-01-25 2019-01-26 36.41s 31.20% 0.643GB
CAS100ATA 2019-01-26 2019-01-27 36.23s 31.20% 0.645GB
CASI100ATA 2019-01-27 2019-01-28 35.66s 31.40% 0.641GB
CASI100ATA 2019-01-28 2019-01-29 37.10s 30.80% 0.638GB
CAS100ATA 2019-01-29 2019-01-30 35.58s 31.00% 0.642GB
CAS100ATA 2019-01-30 2019-01-31 36.74s 31.40% 0.647GB
CAS100ATA 2019-01-31 2019-02-01 35.85s 31.20% 0.645GB
Total Average - - 36.49s 31.09% 0.633GB

Table A.5: Query Results for a whole month for TileDB station, and year.
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. Start End Time Avg CPU Us- Total
Station Epoch Epoch (s) age (%) Memory
(GB)
CAS100ATA 2019-01-01 2019-01-02 36.89s 29.80% 0.618GB
CAS100ATA 2019-01-02 2019-01-03 35.47s 30.80% 0.620GB
CAS100ATA 2019-01-03 2019-01-04 36.01s 30.60% 0.618GB
CAS100ATA 2019-01-04 2019-01-05 35.96s 30.80% 0.623GB
CAS100ATA 2019-01-05 2019-01-06 35.74s 31.00% 0.626GB
CAS100ATA 2019-01-06 2019-01-07 35.76s 31.60% 0.625GB
CAS100ATA 2019-01-07 2019-01-08 35.64s 31.40% 0.622GB
CAS100ATA 2019-01-08 2019-01-09 35.89s 30.80% 0.624GB
CAS100ATA 2019-01-09 2019-01-10 35.12s 30.80% 0.626GB
CAS100ATA 2019-01-10 2019-01-11 34.91s 31.00% 0.622GB
CAS100ATA 2019-01-11 2019-01-12 35.13s 30.80% 0.623GB
CAS100ATA 2019-01-12 2019-01-13 35.14s 30.40% 0.627GB
CAS100ATA 2019-01-13 2019-01-14 34.94s 30.40% 0.624GB
CAS100ATA 2019-01-14 2019-01-15 34.94s 30.80% 0.622GB
CAS100ATA 2019-01-15 2019-01-16 35.46s 31.00% 0.624GB
CAS100ATA 2019-01-16 2019-01-17 35.23s 30.80% 0.624GB
CAS100ATA 2019-01-17 2019-01-18 35.06s 31.20% 0.622GB
CAS100ATA 2019-01-18 2019-01-19 35.36s 31.20% 0.618GB
CAS100ATA 2019-01-19 2019-01-20 34.88s 30.80% 0.623GB
CAS100ATA 2019-01-20 2019-01-21 35.43s 31.20% 0.619GB
CAS100ATA 2019-01-21 2019-01-22 35.36s 31.40% 0.618GB
CAS100ATA 2019-01-22 2019-01-23 35.46s 30.80% 0.608GB
CAS100ATA 2019-01-23 2019-01-24 36.13s 30.80% 0.628GB
CAS100ATA 2019-01-24 2019-01-25 36.04s 31.20% 0.632GB
CAS100ATA 2019-01-25 2019-01-26 36.68s 30.60% 0.635GB
CAS100ATA 2019-01-26 2019-01-27 36.03s 31.00% 0.638GB
CAS100ATA 2019-01-27 2019-01-28 36.68s 31.00% 0.634GB
CAS100ATA 2019-01-28 2019-01-29 36.57s 31.00% 0.631GB
CAS100ATA 2019-01-29 2019-01-30 37.12s 30.80% 0.634GB
CAS100ATA 2019-01-30 2019-01-31 36.89s 31.40% 0.639GB
CAS100ATA 2019-01-31 2019-02-01 48.70s 30.60% 0.661GB
Total Average - - 36.15s 30.90% 0.626GB

Table A.6: Query Results for a whole month for TileDB station, year, and month.

_ Start End Number | o e | Avg CPU Us- | 10!
Station Epoch Epoch of Frag- (s) age (%) Memory
ments (GB)
CAS100ATA 2017-12-31 2018-01-02 11520 111.60s 28.24% 1.098GB
TLSEOOFRA 2019-12-31 2020-01-02 7410 95.25s 30.72% 1.055GB
MAS100ESP 2023-12-31 2024-01-02 10767 153.79s 28.28% 1.713GB
Total Average - - 9899 120.22s 29.08% 1.289GB

Table A.7: Query Results for two days for TileDB station only.

. Start End Number Time Avg CPU Us- Total
Station Epoch Epoch of Frag- (s) age (%) Memory
ments (GB)
CAS100ATA 2017-12-31 2018-01-02 1068 105.44s 31.56% 1.047GB
TLSEOOFRA 2019-12-31 2020-01-02 1095 100.71s 32.04% 1.031GB
MAS100ESP 2023-12-31 2024-01-02 1095 134.30s 32.96% 1.697GB
Total Average - - 1086 113.48s 32.19% 1.258GB

Table A.8: Query Results for two days for TileDB station, and year.
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. Start End Number Time Avg CPU Us- Total
Station Epoch Epoch of Frag- (s) age (%) Memory
ments (GB)
CAS100ATA 2017-12-31 2018-01-02 93 100.91s 32.52% 1.039GB
TLSEOOFRA 2019-12-31 2020-01-02 93 102.43s 32.48% 1.036GB
MAS100ESP 2023-12-31 2024-01-02 93 131.86s 33.60% 1.695GB
Total Average - - 93.00 111.73s 32.87% 1.257GB

Table A.9: Query Results for two days for TileDB station, year, and month.
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