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The Multi-MNO project aim ed to develop, implement and demonstrate a proposal for a reference standard
processing pipeline for the future production of official statistics in Europe based on M obile Network
Operator (MNO) data from multiple operators . The term "processing pipeline" refers to the combination of a
methodological framework and a reference open-source software adhering to such a framework. This report
presents the list of software artefacts developed within the Multi -MNO project based on th e requirements and
specifications provided by the methodological framew ork defined in deliverables D2.3 and D3.3. The software
artefacts include: (i) open-source software and testing datasets, (ii) techntal documentation (including software
requirements, design and tests), (iii) developers guide and (iv) user manual. This report provides detailed
information about the software technological stack, requirements and design. Rest of software artefacts (code,
testing datasets, user manual, developer guide, etc.) ar
available at the following link: https://github.com/eurostat/multimno
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5G Fifth-generation technology

AWS Amazon Web Services

EMR Elastic MapReduce

ESS European Statistical System

GCP Google Cloud Platform

GSM Global System for Mobile Communications
IDE Integrated Development Environment

ISO International Organisation for Standardisation
LCL Lower Control Limit

LTE Long Term Evolution (mobile networks)

MNO Mobile Network Operator

NSI National Statistical Institute

n/a not applicable

PEP 8 Python Enhancement Proposal 8
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INTRODUCTION

1.1 BACKGROUND AND OBJECTIVES

The Multi-MNO project aimed to develop, implement and demonstrate a proposal for a reference standard
processing pipeline for the future production of official statistics in Europe based on M obile Network Operator
(MNO) data from multiple operators. If successful, the proposal developed by the project may be endorsed as
European Statistical System (ESS)ktandard by the relevant ESS bodies. The termiprocessing pipelinedrefers to
the combination of a methodological framework and a reference open -source software adhering to such a
framework. The methodological framework mainly includes the definition of scenarios, use cases, methods
business processes and a quality framevork. Detailed information about the methodological framework
developed in this project is provided in the following documentation:

D2.3- Final technical documentation for scenarios, requirements, use  cases and methods, and high -level
architecture
D3.3- Final technical documentation for Business Processes and Quality Framework

Based on the requirements and specifications derived from the methodological framework, an open-source
software for the production of official statistics has been developed.

1.2 SCOPE OF THE DOCUMENT

This document presents the complete list of the software artefacts developed within the Multi -MNO project,
providing detailed information about the software technological stack, requirements and design of the multimno
1.0 software release Rest of software documentation (user manual, developer guide, etc.) is provided in the
projectds Github r epatthe followinglink httwd:/fgithdbyomsewastatimaltbmine .

1.3 DOCUMENT STRUCTURE

In addition to this introductory section, the remainder of this document is org anised as follows:

T Chapter 2 6Overview of software artefacts and
presents the list of artefacts developed within the project and provides a mapping between the software
components and the methods described in D2.3

T Chapter 3 06Sof t vsdproddestre geguiramenisefthe software, addressing both general
requirements and component-specific requirements.

T Chapter 4 §3F ecldasaibenthe technology stack established for the software, providing a
rationale for the decision taken.

1T Chapter 5 prdvidess theg degign of the software, addressing both general design and
component-specific design.

T Chapter 6 ONext St mprgsents potential fotwrke tinesnoh wotk focused on software
optimization and feature enhancements.

T Annex | 06 D apreaents édetailedtdsséription of the data objects generated by the software.

mappin
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OVERVIEW OF SOFTWARE
ARTEFACTS AND MAPPING TO THE
METHODOLOGICAL FRAMEWORK

2.1 SOFTWARE ARTEFACTS AND REPOSITORY STRUCTURE

Table 1 presents the list of software artefacts developed in this project. Main artefacts cover: (i) open-source
software! and testing datasets, (ii) technical documentation (including software requirements, design and tests),
(i) developers guide, to facilitate maintenance and the future development of the software and (iv) user manual,
to guide the deployment and executio n of the software. Most of the documentation is publicly available in the

project GitHub repository: https://github.com/eurostat/multimno
file to facilitate the navigation through the software documentation, as well as HTML documentation that enables
interactive web-based navigation.

. The GitHub repository includes aREADME.md

Table 1: List of software artefacts and location of the associated documentation

I Open-source code:
https://github.com/eurostat/multimno/tr
ee/main/multimno

Open-source code
Open-source % Spnthetic datasets (inputs and T seowm:
Y P https://github.com/eurostat/multimno/b
software components outputs for a set of - .
. lob/main/licenses/sbom.json
scenarios) .

Synthetic datasets:
https://github.com/eurostat/multimno/tr
ee/main/sample_data/lakehouse/bronze

T  Requirement specifications Present document, Chapter 3 (requirements) and
i Chapter 5 (design
Technical 9 Software design Chapter 5 (design)
documentation ) ) . . . .
i Testing codes and documentation https://eurostat.github.io/multimno/latest/DevGui
de/2_dev_guidelines/#testing
I Guide for future developers to be able to
De_velopers contribute to the sqftware . https://eurostat.github.io/multimno/latest/DevGui
guide I Methods and functions documentation de/
as well as codelevel comments e
9 (how-to guide) on the deployment
l (hOW'tO guide) use of the software (data https://eurostat.github.io/multimno/latest/UserMa
User manual and infrastructure requirements,

installation of the software, how to
configure and run the software, etc.).

nual/

! Multimno software comprises a set of components with the main purpose of orchestrating the generation of statistical outputs. It
does not include functionalities related to the deletion or removal of data files generated during this process. Such actions should be
carried out by MNOs in accordance with their internal policies.
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2.2 MAPPING TO THE METHODOLOGICAL FRAMEWORK

Table 2 shows the software components developed for the multimno 1.0 software release and their
correspondence with the methods described in D2.3 (Volume III, Table 1) The software developed consists of a set
of components covering the different use cases defined in Task 2 Software components usually cover one or more

functionalities described in Task2met hods (e. g. the component ©6Cell Connecti o
functional ities described by the methods: 6Cel | Connecti
Esti mati ond) . Note that it ¢ oukekntlis rotedirettly eelated avgheanytmbtiaod a s of t

described in Task 2 nonetheless, its implementation is needed for the correct functioning of the solution (e.g.
"I nspireGridGenerator® module creates the | NSPIRE grid th:

Table 2: Mapping of the software modulesin the multi-MNO codesrelease 1.0 to the methods described in the
deliverables from Task 2

SOFTWARE COMPONENTS METHOD NAME IN TASK 2

1 NetworkCleaning 1.1 MNO Network Topology Data Cleaning-Syntactic checks

2 NetworkQualityWarnings 2.1 MNO Network Topology Data Syntactic Quality Warnings

3.1 Estimation of Signal Strength from MNO Network Topology Data with

3 SignalStrengthModeling Physical Properties

4 CellFootprintEstimation 4.1 Cell Footprint Estimation

5.1 Cell Connection Probability Estimation 6.1 Posterior Probability

5  CellConnectionProbabilityEstimation o
Estimation

7.1 MNO Event DataCleaning - Syntactic Checks
6 EventCleaning 7.2 MNO Event General Statistics
9 9.1Device Demultiplex

7  EventQualityWarnings 8.1 MNO Event Data Syntactic Quality Warnings

8 DeviceActivityStatistics 11.1 DeviceActivity Statistics

9  SemanticCleaning 10.1 Event Cleaning at Devce Level- Semantic Checks

10 SemanticQualityWarnings 12.1 MNO Event Data at Device Level Semantic Quality Warnings

11 DailyPemanenceScore 13.2 Daily Permanence Score Estimation

12 ContinuousTimeSegmentation

13.3 Continuous Time Segmentation

13 InspireGridGenerator n/a

14 SyntheticDiaries n/a

15 SyntheticNetwork n/a

17 Synthetic Events n/a

17 PresentPopulation 13.1 Present Population Estimation
18 GridEnrichment n/a

19 GeoZonesGridMapping n/a

20 MidTermPermanenceScore 14.1 Mid-Term Permanence Analysis

21

LongTermPermanenceScore

15.1 Long-Term Permanence Analysis

11
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22 UsualEnvironmentLabelling 15.2 Long-Term Home Location Method
23 UsualEnvironmentAggregation 16.1 Device Filtering and Aggregation for Usual Environment
24 CellsProximityEstimation n/a
25 InternalMigration Home Location changes detection method
26 TourismStaysEstimation 16.1 Inbound Tourism
27 TourismStatisticsCalculation 16.1 Inbound Tourism

28 TourismOutboundStatisticsCalculation 16.2 Outbound Tourism

17.1 Device Filtering and Aggregation for Usual Environment

19.1 Projection/Mapping Multi-MNO Counts to relevant output geography

29 Outputindicators for Usual Environment

20 Estimation

30 MultiMNO Aggregation 18.1 Merge Single MNO Aggregates in Multi-MNO Aggregates

31 DailyPermanenceScoreQualityMetrics n/a

32 CellFootprintQualityMetrics n/a

Note: The numbering of the Modules and Methods, indicated in the tableic o | umn 6 Met hod Name in Task
be confused with the numbering of the chapters and suizhapters in Deliverable 2.3. For instance, Module 3: Estimation

of Signal Strength, together with its corresponding methods (3.1 and 3.2), makes up the contenit Chapter 4 in

Deliverable D2.3?

2.3 GENERAL OVERVIEW OF THE SOFTWARE SOLUTION DESIGN

In this section, we provide an overview of the software solution design of the multi -MNO release 1.0. The following
diagram provides a high-level overview of the software pipeline. The components are presented in boxesand the
data is represented by cylindrical objects in various colors: (i) bright yellow indicates that the data is an input to
the process and (ii) light yellow indicates that the data was generated during the process.

2 Deliverable D2.3 is available under the Project Results section atMulti -MNO project | Eurostat CROS

12


https://cros.ec.europa.eu/landing-page/multi-mno-project

G OPA Prosiium NOMMON E"Ib B0 Istat

WORLDWIDE CONSULTANTS

Figure 1: High-level overview of the software pipeline
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This

SOFTWARE REQUIREMENS

chapter describes all the functional and non-functional requirements that each software module of the

pipeline must fulfil. A requirement is a singular documented physical and functional need that a particular design,

prod

uct or process must be able to perform. In the definition of the software requirements, it is important to

comply with the following set of rules:

1.

10.

11.

Clear and Unambiguous : requirements should be expressed in a clear and unambiguous manner, leaving
no room for interpretation. Ambiguity can lead to misunderstandings and errors.

Complete : requirements should cover all necessary aspects of the software's functionality, leaving no
critical features or behaviours undocumented.

Consistent : requirements should not contradict each other, and they should align with the project's goals
and constraints. Inconsistencies can lead to confusion and conflicts.

Feasible: requirements should be technically achievable within the project's constraints, including time,
budget, and available resources.

Measurable : requirements should be quantifiable so that they can be objectively verified during testing or
upon delivery. This often involves specifying criteria for success.

Testable: requirements should be written in a way that allows for effective testing. Test cases should be
derived directly from the requirements to ensure thorough testing coverage.

Modular : requirements should be modular and encapsulate individual pieces of functionalities or features.
This modularity simplifies development and maintenance.

Traceable: requirements should be traceable throughout the software development lifecycle, from the
initial concept to the final implementation. Traceability ensures that all requirements are met.

Approved : requirements should go through an approval process by relevant stakeholders to ensure that
they accurately represent their needs and expectations.

Non -Functional Requirements : these include aspects like performance, security, scalability, usability, and
reliability, in addition to functional requirements.

Constraints : requirements should identify any constraints, such as regulatory, hardware, or budget
limitations, that may impact the project.

General requirements (Section 3.1 General requirements) as well as specific module requirements Gection 3.2
Component requirements) are provided. Requirements are provided using a table template (see Table 3) that

contains the following information:

% B Istat

ID: requirement identifier -AMAANNNDOhe wh el b oabliedigiidnrofteei nd ed TSS
requirements group (e.g. O0GENG6 refers to dgenerald requi
within the requirement group (e.g. 600106 for the first r¢

Definition : requirement specification. Must be atomic and not ambiguous.

14
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Table 3: Requirements table template with examples

TSSMNO-001

Timestamp data shall be given in the UTC standard.

TSSMNO-002

The pipeline shall process a single combination of MNO and country data at each instance within the
MNO infrastructure

3.1 GENERAL REQUIREMENTS

The general requirements, covering the functional, infrastructure, software, data and performance dimensions are
described in this section. Some of the requirements are derived by the fact that Big Data sources are used in the
calculation of the indicat ors®. Therefore, the software must be executable within the Apache Big Data ecosystem

(Hadoop,

Hi ve, Sparké). Other requi r e nroéthd-astinttastnucturedoe r

Big Data analyses (e.g. the use of cloud environments like AWS, GCP or Azure) or the need of local execution (in
conventional laptop and desktops) with synthetic datasets for development and/or demonstration scenarios
purposes. A complete list of the general requirements considered for the development of the software is presented

in Table 4.

Table 4: Software general requirements classified by category

Functional

TSSGENO001 The software shallprocess data with a minimum temporal scope of a single day.

TSSGEN 002 The software shall process a single combination of MNO and country data at each execution.
TSSGENO003 Timestamp data shall be given in the UTC standard.

TSSGENO004 The software shall be able to generate synthetic data for an end-to-end pipeline execution.
TSSGENO005 The software shall generate data quality indicators for a set of pipeline components.
Infrastructure

TSSGENO006 The software shall be executable in cloud environments (AWS, GCP, Azure) of MNO Operators.
TSSGENO007 The software shall use the Spark framework for big data processing.

TSSGENO008 The software shall be executableon a single computer.

TSSGENO009 The software shall be executableon Windows, Linux and Macoperating systems.

Software

TSSGEN010 The software shall execute a pipeline of isolated components which do not share inrmemory

information between them. *

3 The Multi-MNO project introduces several use cases that involve the processing of MNO data and lists for each use case the
statistical indicators that can be produced. In the reports from the project, the terms statistical indicator and indicator a re used
interchangeably. The use cases and targeted statistical indicators are detailed in the project deliverables D2.

4 Rationale: by resetting both the Spark Session and the Python cache before the execution of each component, the isolated
components paradigm helps maintaining the integrity and predictability of the PySpark application. It ensures that each component
can be executed independently, without being influenced by the state or results of other components. This promotes modularity,
simplifies debugging, and enhances overall reliability.

15
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The software shall use a general configuration file and a specific component configuration file for each

TSSGENO11 of the components in the pipeline.

TSSGENO012 Configuration files shall be in INI format.

TSSGENO13 If the same configuration value is specified in the component configuration file and the general
configuration file, the component configuration value shall be the one to be used by the software.

TSSGENO014 Each component execution shall be performed through a spark-submit command.

TSSGENO015 All software dependencies shall be open source.

TSSGENO016 All software dependencies shall be free to use.

TSSGENO017 The software shall be able to perform spatial computations in a distributed environment.

TSSGENO018 The software shall be able to generate code documentation from docstrings.

TSSGENO019 The software shall be implemented with modular components following the object -oriented paradigm.

TSSGEN020 The software shall be open source and stored in a public repository.

TSSGEN 021 The software shall use the European Union public license v. 1.2.

TSSGENO029 Each component shall log the configuration used in a log file at the start of its execution.

Data

TSSGEN 022 The software shall write intermediate and output data in parquet format file.

TSSGEN023 _If data to be written coptalns a geometry column, the software shall write intermediate and output data
in geoparquet format file.

TSSGEN024 The software shall be able to read and write in local filesystems and distributed filesystems (HDFS, AWS
S3, GCP, Azure).

TSSGENO025 The software shall be able to ingest reference data in csv, json, txt, shapefile and geojson formats.
The software shall use a spatial grid following the INSPIRE specification for representing spatial data in

TSSGEN026 . . ) L
intermediate calculations through the pipeline.
Input data, configuration data and all output data generated by a demo execution of an end -to-end

TSSGEN 027 - . . .
pipeline shall be provided in the code repository.

Performance

TSSGEN028 The software shall be able to execute an end-to-end pipeline for any of the use cases in less than 24

hours.

16
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3.2 COMPONENT REQUIREMENTS

3.2.1 NETWORKCLEANING

The software shall read network topology input data from parquet files stored partitioned by year

TSSNET001 (YYYY), month (MM), and day (DD).
TSSNET002 The software shall be able to write processed network topology data in parquet format, partitioned by
year (YYYY), month (MM), and day (DD).
TSSNET003 The software shall be able to write processed network topology top frequent errors data in parquet
format, partitioned by year (YYYY), month (MM), and day (DD).
TSSNET004 The software shall be able to write processed network topology row error metrics data in parquet
format, partitioned by year (YYYY), month (MM), and day (DD).
The software shall check that all the mandatory columns specified in Annex |- 1.7 Cell Locations with
TSSNET-005 . . - .
Physical Properties- Rawexist in the input data.
The software shall be able to read network topology input data with the data type scheme specified in
TSSNET-006 . . . i
Annex |- .7 Cell Locations with Physical Properties Raw.
TSSNET007 The software shall write output network topology data following the data type scheme specified in
Annex | - 1.8 Cell Locations with Physical Propertiesd Cleaned.
TSSNET008 The software shall write output syntactic quality metrics following the data type scheme specified in
Annex |- 1.9 MNO Network Topology Data Quality Metrics.
TSSNET009 The software shall write output top frequent error data following the data type scheme specified in
Annex |- .26 MNO Network Topology Top Frequent Erros.
The software shall write output row error metrics following the data type scheme specified in Annex 18
1.27 MNO Network Topology Row Error Metrics.
TSSNET-10 The software shall discard records where any of the mandatory fields are null.
TSSNET-011 The software shall discard records where the cell_id field is not a string of length 14 or 15.
TSSNET012 The software shall impute a null value in records where the valid_date_start cannot be parsed as a valid
timestamp following the 1SO:8601 format YYY¥MM-DDThh:mm.ss.
TSSNET013 The software shallimpute a null value in records where the valid_date_end, if it is not null, cannot be
parsed as a valid timestamp following the I1ISO:8601 format YYYYMM-DDThh:mm.ss.
The software shall impute null values where the valid_date_start and valid_date_end fields are both
TSSNET-014 non-null, can be parsed to timestamp, and the valid_date_end is an earlier point in time than the
valid_end_start.
TSSNET015 The sqftware shall discard records where the latitude field is not within the configuration -specified
bounding box.
TSSNET016 The sqftware shall discardrecords where the longitude field is not within the configuration -specified
bounding box.
TSSNET-017 The software shall discard records where the antenna_height is less than or equal to 0.
TSSNET-018 The software shall discard records where the directionality is not equal to either 0 or 1.
TSSNET019 The software shall discard records where the azimuth_angle field is null and the directionality field is
equal to 1.
The software shall discard records where the azimuth angle is less than 0 or greater than 360, and the
TSSNET-020 L P
directionality field is equal to 1.
TSSNET-021 The software shall discard records where the elevation_angle is less thar90 or greater than 90.
TSSNET-022 The software shall discard records where the horizontal_beam_width is less than O or greater than 360.
TSSNET-023 The software shall discard records where the vertical_beam_width is less than 0 or greater than 360.
TSSNET-024 The software shall discard records where the power is equal to or less than 0.
TSSNET-025 The software shall impute a null value in records where the range is equal to or less than 0.

17



G OPA Positium

% B Istat

TSSNET-026 The software shall impute a null value in records wherethe frequency is equal to or less than 0.
The software shallimpute a null value in records where the technology is not equal to one of the
TSSNET-027 ) . .
allowed configuration -specified values
TSSNET028 The software shall impute a null value in records where the cell_type is not equal to one of the allowed
configuration -specified values.
The software shall record the time when the component was executed and save it as the
TSSNET029 . ) . .
result_timestamp field of the output quality metrics data.
The software shall count the number of records that the input network topology dataset had before
TSSNET-030 . :
performing any transformation or check.
The software shall record a quality metric with the number of registers in the original input network
TSSNET-031 topology dataset, with a field_name of null , ai
met hod6é corresponding error code.
The software shall count the number of records that the output network topology dataset has after all
TSSNET032 :
transformations and checks are performed.
TSSNET033 The software shall count the number of records that are deleted after the transformations and checks
are performed.
TSSNET-034 The software shall count the number of records that had any erroneous or missing value in any of its
fields.
The software shall record a quality metric with the number of registers in the original input network
TSSNET035 topology dataset, with a field_name of null, ai
met hoddé corresponding error code.
TSSNET036 The software shall count, for each of the fields of the input data object 1.7 Cell Locations with Physical
Properties - Raw (see Annex |) the number of records that had a correct value for that field.
The software shall record a quality metric with the number of correct values in a given field, with a
TSSNET-037 field_name equal to that fieldés value, and a |
code.
TSSNET038 The software shall count, for each of the fields of the input data object 1.7 Cell Locations with Physical
Properties - Raw (see Annex |)the number of records that had a non -admitted null value for that field.
The software shall record a quality metric with the number of null values in a given field, with a
TSSNET-039 field_name equal to that fieldés value, and a |
code.
TSSNET-040 The software shall count, for each applicable field of the input data I.7 Cell Locations with Physical
Properties - Raw(see Annex |) the number of records that had a value that could not be parsed.
The software shall record a quality metric with the number of non -null values that could not be parsed
TSSNET-041 in a given field, with a field_name equal to t|
parsed6 corresponding error code.
The software shall count, for each applicable field of the input data object 1.7 Cell Locations with
TSSNET-042 Physical Properties- Raw(see Annex I)the number of records that had a value outside of the accepted
value range.
The software shall record a quality metric with the number of non -null values that could not be parsed
TSSNET-043 in a given field, with a field_name equal to t|
rangedé corresponding error code.
The software shall record a quality metric with the number of registers with non -null valid_date_start
TSSNET-044 and valid_date_end fields such that valid_date_end wasn earlier point in time than valid_date_start,
with a field_name of null, and atype codee qual to the oOout of rangeo
The software shall be able to count the number of invalid entries found for each of the fields of the
TSSNET-045 . . L
input data, as well as the frequency of each particular invalid value.
The software shall be able to record the top k most frequent invalid values found in the input data,
TSSNET046 where k is an integer representing the number of most frequent values to record specified via

configuration, whenever an absolute number of the most frequent invalid values is indicated via
configuration.

18
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The software shall be able to record the most frequent invalid values found in the input data that
represent ak percentage of all total invalid values ordered by absolute frequency, where k is a number

TSSNET-047 L
SS 0 larger than 0 and equal or less than 100, whenever a percentage number of the most frequent invalid

values is indicated via configuration.

The software shall read via configuration the parameter k and the parameter frequent_error_criterion,
TSSNET-048 indicating whether the top k most frequent invalid values or the most frequent invalid values

covering k percentage of all invalid values must be recorded.

The software shall read via configuration the float parameter latitude_min that will define the bounding
TSSNET049

box used to check for out-of-range values.

The software shall read via configuration the float parameter latitude_max that will define the bounding
TSSNET050

box used to check for out-of-range values.

The software shall read via configuration the float parameter longitude_min that will define the
TSSNET-051 ;

bounding box used to check for out -of-range values.

The software shall read via configuration the float parameter longitude_max that will define the
TSSNET-052 .

bounding box used to check for out -of-range values.

The software shall read via configuration the comma-separated parameter cell_type_options that will
TSSNET-053 . )

define accepted values of the cell_type field.

The software shall read via configuration the comma-separated parameter technology_options that will
TSSNET054 . :

define accepted values of the technology field.

The software shall read via configuration the date parameter data_period_start, the starting date
TSSNET055 ) . .

(included) for which data is to be processed.
TSSNET-056 The software shall read via configuration the date parameter data_period_end, the ending date

(included) for which data is to be processed.
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3.2.2 NETWORKQUALITYWARNINGS

DEFINITION
The software shall readnetwork topology syntactic quality metrics input data from parquet files
stored partitioned by year (YYYY), month (MM) and day (DD).

TSSNQW-002

The software shall be able to write quality warnings log table in parquet format, partitioned by year
(YYYY), month (MM), and day (DD).

TSSNQW-003

The software shall be able to write line plot data in parquet format, partitioned by variable, year
(YYYY), month (MM), day (DD), and execution timestamp.

TSSNQW-004

The software shall be able to write pie plot data in parquet format, partitioned by variable, year
(YYYY), month (MM), day (DD), and execution timestamp.

TSSNQW-005

The software shall be able to read network topology syntactic quality metrics data following the data
type scheme specified in Annex | - 1.9 MNO Network Topology Data Quality Metrics.

TSSNQW-006

The software shall be able to write the output quality warnings log table following the data type
scheme specified inAnnex | - 1.10 MNO Network Topology Data Quality Warnings 0 log table.

TSSNQW-007

The software shall be able to write the output line plot data following the data type scheme specified
in Annex | - 1.23 MNO Network Syntactic Quality Warnings Line Plot Data.

TSSNQW-008

The software shall be able to write the output pie plot data following the data type scheme specified
in Annex |- 1.24 MNO Network Syntactic Quality Warnings Pie Plot Data

TSSNQW-009

The software shall check that all the metrics for the current date, as well as for the previous period
used for comparison, exist in the input data, and stop the execution of the do not.

TSSNQW-010

The software shall be able to compute the average value of every quality metric for the previous
period used for comparison.

TSSNQW-011

The software shall be able to compute the sample standard deviation of every quality metric for the
previous period used for comparison.

TSSNQW-012

The software shall record, for each quality warning, the date of execution of the quality warnings
component.

TSSNQW-013

The software shall record, for each quality warning, the study date of the metric that raised the
warning.

TSSNQW-014

The software shall record, for each quality warning, the value of the metric that raised the warning.

TSSNQW-015

The software shall record, for each quality warning, the value of the threshold crossed by the metric
that raised the warning.

TSSNQW-016

The software shall record, for each quality warning, the condition that had to be checked in order to
raise the warning

TSSNQW-017

The software shall record, for each quality warning, a warning text giving context to the raised
warning.

TSSNQW-018

The software shall be able to create a warning when the number of rows before the syntactic checks
in the study date, N, verifies some of the following: a) 100 * (N - AVG) / AVG > T1, b) 100 * (N- AVG)
[AVG <T2,c)N>AVG +T3*S,d) N<AVG T3*S,e) N >T4, f) N <T5; where AVG and S are the
average and standard deviation of the number of rows before the syntactic checks over the previous
period respectively, T1 and T2 are percentage thresholds, T3 is a numbeof-standard-deviations
threshold, and T4 and T5 are absolute thresholds.

TSSNQW-019

The software shall be able to create a warning when the number of rows before afterthe syntactic
checks in the study date, N, verifies some of the following: a) 100 * (N- AVG) / AVG > T1, b) 100 * (N
-AVG)/AVG <T2,c)N>AVG +T3*S,d)N<AVG T3*S, e) N> T4, f) N < T5; where AVG and S
are, respectively, the average and standad deviation of the number of rows before the syntactic
checks over the previous period respectively, T1 and T2 are percentage thresholds, T3 is a numbeof-
standard-deviations threshold, and T4 and T5 are absolute thresholds.

TSSNQW-020

The software shall be able to create a warning when the error rate in the study date, E, verifies some
of the following: a) 100 * (E - AVG)/AVG >T1,b) E>AVG + T2* S, ¢) E > T3; where AVG and S are,
respectively, the average and standard deviation of the error rate over the previous period, T1 is a
percentage threshold, T2 is a number of-standard-deviations threshold, and T3 is an absolute
threshold.
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DEFINITION
The software shall be able to create a warning when the rate of missing values for any applicable field
in the study date, M, verifies some of the following: a) 100 * (M - AVG)/AVG >T1,b) M > AVG + T2 *
S, ¢) M > T3; where AVG and S are, respectively, thaverage and standard deviation of the rate of
missing values for a given field over the previous period, T1 is a percentage threshold, T2 is a
number-of-standard-deviations threshold, and T3 is an absolute threshold.

TSSNQW-022

The software shall be able to create a warning when the rate of out-of-range values for any applicable
field in the study date, R, verifies some of the following: a) 100 * (R- AVG)/AVG > T1, b) R > AVG + T2
* S, ¢) R>T3; where AVG and S are, respectiyelthe average and standard deviation of the rate of
out-of-range values for a given field over the previous period, T1 is a percentage threshold, T2 is a
number-of-standard-deviations threshold, and T3 is an absolute threshold.

TSSNQW-023

The software shall be able to create a warning when the rate of parsing errors for any applicable field
in the study date, P, verifies some of the following: a) 100 * (P- AVG)/AVG > T1,b) P >AVG + T2 * S,
c) P > T3; where AVG and S are, respectively, thaverage and standard deviation of the rate of
parsing errors for a given field over the previous period, T1 is a percentage threshold, T2 is a number
of-standard-deviations threshold, and T3 is an absolute threshold.

TSSNQW-024

The software shall be able to write into a parquet file the necessary data to create a line plot showing
the time evolution of the number of rows before the syntactic checks over the previous period and
the study date, along with the average, upper control limit, and lower control limit over the previous
period.

TSSNQW-025

The software shall be able to write into a parquet file the necessary data to create a lineplot showing
the time evolution of the number of rows after the syntactic checks over the previous period and the
study date, along with the average, upper control limit, and lower control limit over the previous
period.

TSSNQW-026

The software shall be able to write into a parquet file the necessary data to create a line plot showing
the time evolution of the error rate over the previous period and the study date, along with the
average and upper control limit over the previous peri od.

TSSNQW-027

The software shall be able to write in a parquet file the necessary data to create, for each field of the
network topology data, a pie plot showing the percentage distribution of errors for that field in the
current date.

TSSNQW-028

The software shall be able to read the extent of the lookback period from a configuration file with the
foll owing options: oweeké (7 days), omontho (3

TSSNQW-029

The software shall be able to read from a configuration file the percentage threshold over the average
for all quality metrics , one per metric.

TSSNQW-030

The software shall be able to read from a configuration file the percentage threshold under the
average for the number of rows before the syntactic checks and the average number of rows after the
syntactic checks, one for each metric.

TSSNQW-031

The software shall be able to read from a configuration file the number of standard deviations
threshold over the average for all quality metrics, one per metric.

TSSNQW-032

The software shall be able to read from a configuration file the number of standard deviations
threshold under the average for the number of rows before the syntactic checks and the average
number of rows after the syntactic checks, one for each metric.

TSSNQW-033

The software shall be able to read from a configuration file the absolute threshold over the average
for all quality metrics, one per metric.

TSSNQW-034

The software shall be able to read from a configuration file the absolute threshold under the average
for all quality metrics, for the number of rows before the syntactic checks and the average number of
rows after the syntactic checks, one for each metric

TSSNQW-035

The software shall contain default values for every threshold to be used in case they were not
specified via configuration file.
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3.2.3 SIGNALSTRENGTHMODELING

D | DEFINITION

The software shall read input data objects from parquet files stored partitioned by year (YYYY), month
TSSSSE001

(MM), and day (DD).
TSSSSE002 The software shallread INSPIRE grid data from geoparquet files.
Theinput shall be 1.8 Cell Locations with Physical Propertiesd Cleanedand 1.11 Reference GridData
Objects (in Annex ).
TSSSSE004 The output shall be |.12 Cells Sgnal Strengths Data Object (in Annex I).

TSSSSEOQ03

TSSSSE005 The software shallread input data for a date range based on the configuration parameter.
TSSSSE006 The software shall perform all processing steps for each date in the given date range independently.
TSSSSEO07 The software shall write output data into parquet format partitioned by year, month, and day.

The software shall verify the presence of allrequired attributes of cells for signal strength propagation

modeling. The required attributes are: power, antenna_height.
TSSSSE008
If directionality is equal 1, then elevation_angle, vertical_beam_width, horizontal_beam_width shall be

present as well.
The software shall impute missing attributes with default values for different cell types. Default values
are provided for 2 cell types: normal cells and micro cells.

Default values for normal cells are: power = 10, antenna_height = 30, elevation_angle = 5,

TSSSSE009 vertical_beam_width = 9, horizontal_beam_width = 65

Default values for micro cells are: power = 5, antenna_height = 8, elevation_angle = 5,
vertical_beam_width = 9, horizontal_beam_width = 65

The software shall add additional attributes which are not part of 1.8 Cell Locations with Physical
Properties 6 Cleaned, but are required for signal strength modeling.

TSSSSE010
These attributes are: range, path_loss_exponent, azimuth_signal_strength_back_loss,

elevation_signal_strength_back_loss
The software shall add additional attributes with default values for different cell types. Default values
are provided for 2 cell types: normal cells and micro cells.

Default values for normal cells are: range = 10000, path_loss_exponent = 3.75,

TSSSSEOLL azimuth_signal_strength_back_loss =30, elevation_signal_strength_back_loss =30

Default values for micro cells are: range = 1000, path_loss_exponent = 6.0,
azimuth_signal_strength_back_loss =30, elevation_signal_strength_back_loss =30
If the cell type is missing the software shall impute missing attributes and add necessary additional
attributes using a single set of default values. The default values are: power = 5, antenna_height = 8,
TSSSSE012 elevation_angle = 5, vertical_beam_width = 9, horizontal_beam_width = 65, range = 5000,
path_loss_exponent = 3.75, azimuth_signal_strength_back_loss =30,
elevation_sgnal_strength_back_loss =30
TSSSSEO13 All default properties for a set of different cell types shall be provided in the configuration file.
The software shallconvert cell antenna power parameters from watts to decibel milliwatts using
formula: P(dBm) = 10 * log10(P(W)) + 30
The software shall create 3D point geometry of cells using latitude, longitude, and elevation plus the
height of the antenna.
TSSSSEO014 The software shall create 3D point geometry of grid centroids by adding elevation.
If elevation or height of the antenna is missing in the input data, the software shall set these attributes

TSSSSEO014

TSSSSEO013

TSSSSEO015

to 0.
TSSSSE016 The software shall perform a spatial join of cells with grid centroids based on cell range.

For signal strength propagation modeling, the software shall calculate planar and 3D cartesian
TSSSSEO017 distances between each cell and grid centroids within the cell radius. If both cells and grid centroids'

elevations are 0, only planar distance is calculated.
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TSSSSEO018

DEFINITION

The software shall calculate signal strength per grid tile based on the path loss exponent and power
attributes of a cell and 3D distance from cell to grid tile.

Formula for it is: Sg,a = SO- Sdist(Rg,a), where SO is P(dBm), Sdist is path_loss_exponent * 10 *
log10(distance_to_cell_3D).

TSSSSEO019

For directional cells, the software shallsupport the option for adjusting calculated previously signal
strength values using formula Sg,a = SO- Sdist(Rg,a)- Sa z i ( Ug, a ) Sdist{Rb,&) is previsusly
calculated signal strength values, Sazi (Ug, a) |
angles between main direction of a cell and a grid tile.

Sazi(Ug,a) is calculated using | inear-ctrexpd{ P @rn
* () "where)wand , 2 are constants, whose value is determined by the cell's direction, horizontal

beam width and the difference in signal strength between back and front of the cell
(azimuth_signal_strength_back_loss).

Whether to perform the adjustment or not shall be a configuration parameter.

TSSSSE020

For directional cells, the software shallsupport the option for adjusting signal strength values using
formula Sg,a = SO- Sdist(Rg,a)- Se |l ev ( 0 g, a Bdist(Rgla)dsrpeevioBdly calculated signal
strength values, Selev(U0g,a) is relation betwe:
of a cell and a grid tile.

Selev(lg,a) is calculated using | inearc*erpa(nig d)
(2 * wherexyand , 2 are constants, whose value is determined by the elevation angle (tilt), vertical
beam width and the difference in signal strength between back and front of the cell
(elevation_signal_strength_back_loss).

Whether to perform the adjustment step or not should be a configurable parameter.
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3.2.4 CELLFOOTPRINTESTIMATION

DEFINITION

TSSCFE001 The software shall read input cell plan data from parquet files stored partitioned by year (YYYY), month
(MM), and day (DD).

TSSCFE002 The software shallread INSPIRE grid data from geoparquet files.

TSSCFE003 The input shall be |.8 Cell locations with Physical Properties- Cleanedand 1.28 INSPIRE GridData
Objects.

TSSCFE004 The output shall be 1.13 Cell Footprints Data Object.

TSSCFE005 The software shall write output data objects into parquet format partitioned by year, month, day.

TSSCFE006 The software shall read input data for a date range based on the configuration parameter.

TSSCFE007 The software shall perform all processing steps for each date in the given date range independently.

TSSCFE008 The software shall verify the presence of all required attributes of cells for signal strength propagation
modeling. The required attributes are: power, antenna_height.

If directionality is equal to 1, then elevation_angle, vertical_beam_width, horizontal_beam_width shall be
present as well.

TSSCFE009 The software shall impute missing attributes with default values for different cell types. Default values
are provided for 2 cell types: normal cells and micro cells.

Default values for normal cells are: range = 10000, power = 10, antenna_height = 30, elevation_angle =
5, vertical_beam_width = 9, horizontal_beam_width = 65

Default values for micro cells are: range = 1000, power = 5, antenna_height = 8, elevation_angle = 5
vertical_beam_width = 9, horizontal_beam_width = 65

TSSCFEO010 The software shall add additional attributes which are not part of 1.8 Cell locations with Physical
Properties - Cleaned, but are required for signal strength modeling.

These attributes are: path_loss_exponent, azimuth_signal_strength_back_loss,
elevation_signal_strength_back_loss

TSSCFEO11 The software shall add additional attributes with default values for different cell types. Default values
are provided for 2 cell types: normal cells and micro cells.

Default values for normal cells are: path_loss_exponent = 3.75, azimuth_signal_strength_back_loss-=
30, elevation_signal_strength_back_loss =30.

Default values for micro cells are: path_loss_exponent = 6.0, azimuth_signal_strength_back_loss-30,
elevation_signal_strength_back_loss =30.

TSSCFEO012 If the cell type is missing the software shall impute missing attributes and add necessary additional
attributes using a single set of default values. The default values are: power = 5, antenna_height = 8
elevation_angle = 5, vertical_beam_width = 9, horzontal_beam_width = 65, range = 5000,
path_loss_exponent = 3.75, azimuth_signal_strength_back_loss =30,
elevation_signal_strength_back_loss =30.

TSSCFEO013 All default properties for a set of different cell types shall be provided in the configuration file.

TSSCFEO014 The software shall convert cell antenna powerparameters from watts to decibel milliwatts using
formula: P(dBm) = 10 * log10(P(W)) + 3Q

TSSCFEO015 The software shall create 3D point geometry of cells using latitude, longitude, and elevation plus the
height of the antenna.

TSSCFEO016 The software shall create 3D point geometry of grid centroids by adding elevation.

TSSCFEO017 If elevation or height of the antenna is missing in the input data, the software shall set these attributes
to 0.

TSSCFE018 The software shall perform a spatial join of cells with grid centroids based on cell range.

TSSCFE019 For signal strength propagation modeling, the software shall calculate planar and 3D cartesian
distances between each cell and grid centroids within the cell radius. If both cells and grid centroids’
elevations are 0, only planar distance is calculated.

TSSCFE020 The software shall calculate signal strength per grid tile based on the path loss exponent and power

attributes of a cell and 3D distance from cell to grid tile.
Formula for it is: Sg,a = SO- Sdist(Rg,a), where S0 is P(dBm), Sdist is path_loss_exponent * 10 *
log10(distance_to_cell_3D).
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[ D | DEFINITION

TSSCFE021 For directional cells, the software shall adjust calculated previously signal strength values using formula
Sg,a=S0- Sdist(Rg,a- Sazi ( Ug, a) SdistRb,&) is previ®uBly calculated signal strength values,
Sazi (Ug,a) is r e lossandtheoffdetearimuth anglesshéetgeanariain direction of a cell
and a grid tile.
Sazi(Ug,a) is calculated using | inear-ct*expd Yha@n,
* (0 "where)wand , 2 are constants, whose value is determined by the cell's direction, horizontal
beam width and the difference in signal strength between back and front of the cell
(azimuth_signal_strength_back_loss).
This step shall be optional.

TSSCFE022 For directional cells, the software shall adjust signal strength values using formula Sg,a = SG
Sdist(Rg,ay S e | e V), (whege,S& Sdist(Rg,a) is previously calculated signal strength values,
Selev(ldg,a) is relation between signal | oss ani
grid tile.

Selev(0g,a) is calculated using | inearc*erpa(ng d)

(2 * wherexyand , 2 are constants, whose value is determined by the elevation angle (tilt), vertical
beam width and the difference in signal strength between back and front of the cell
(elevation_signal_strength_back_loss).

This step shall be optional.

TSSCFE023 The software shall produce a o6footprint' attri.l
input.

TSSCFE024 Transformation of O6signal strengthoé to O6signal
Q) = 1 / o ex@éx pYami

TSSCFE025 Parameters for signal strength transformation equation - Ssteepand Smid shall be defined in
configuration file. Default values are Ssteep = 0.2,"Y & "@Q92.5.

TSSCFE026 The software shall have functionality to prune records by selecting cells whose signal dominance is
equal or greater than a threshold percentage of the best (i.e., highest) signal strength in that tile.

TSSCFE027 The software shallhave functionality to prune records by selecting top X cell footprints per grid tile.

TSSCFE028 The software shall have functionality to prune records by selecting signal dominance values higher than
given threshold.

TSSCFE029 Pruning steps are optional. Whether the step is performed or not shall be based on config parameters.

TSSCFE030 Parameters for defining top X cells per grid tile and threshold signal dominance values shall be defined

in configuration file.
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3.2.5 CELLCONNECTIONPROBABILITYESTIMATION

NSULTANTS

DEFINITION
The software shall read input data objects from parquet files stored partitioned by year (YYYY), month

TSSCCPPPHEO01 (MM), and day (DD).

TSSCCPPPENO2 The softy\(are she}ll have one or two inputs: cell footprint values (mandatory) and land use prior
probabilities (optional).

TSSCCPPPEIO3 The input schema for the cell footprint values input dataset shall be 1.13 Cell Footprints. This input is
mandatory.

TSSCCPPPEIOA The |r_1put s.chema for the land use prior probabilities input dataset shall be .11 Reference Grid This
input is optional.

TSSCCPPPEIOS The software shall write output data objects to parquet files stored partitioned by year (YYYY), month
(MM), and day (DD).

TSSCCPPPE06  The software shall have one output: cell connection probability values.

TSSCCPPPEIO7 The out.pgt schema for cell connection probability values shall be 1.15 Cell Connection and Posterior
Probabilities.

TSSCCPPPEIOS The software shall receive a configurable value for the validity period of input data (start and end
dates).

TSSCCPPPEIOY The softwar(.a.sjhal! receive a.conflguratl)le boolean va}lue for decllfjlng whether to use the land use
prior probabilities input data in calculating the posterior_probability column.

For each date in the validity period, for each grid tile, the software shall calculate the sum of cell

TSSCCPPPE10 signal dominances on that grid tile using the corresponding data from the cell footprint values input
dataset.

For each date, for each grid tile, for each cell, the software shall calculate normalized signal

TSSCCPPPE11  dominance. Normalized signal dominance is calculated by dividing the cell signal dominance value by
the sum of signal dominance values of the same grid tile on the same date.

TSSCCPPPE12  For each date, for each grid tile, the normalized signal dominance values shall add up to a sum of 1.
If using land use prior probabilities is enabled, for each date, for each grid tile, for each cell, the
software shall calculate the posterior probability. Posterior probability is calculated by multiplying the

TSSCCPPPHE13 ) . : . - o
normalized signal dominance value by the prior probability value of the same grid tile in the land use
prior probabilities input dataset.

TSSCCPPPELA If usmg_ land gse prior probabllltles is not enabled, the posterior probability value is equal to the
normalized signal dominance value.

For each date, for each grid tile, for each cell, the software shall calculate the cell connection

TSSCCPPPE15  probability. The cell connection probability is calculated by dividing the posterior probability value by
the sum of posterior probability values of the same cell on the same date.

TSSCCPPPEL6 zfo; each date, for each cell, the normalized cell connection probability values shall add up to a sum

TSSCCPPPEILY For each date, for each grid tile, for each cell, the output shall contain both the normalized signal

dominance and the normalized cell connection probability.
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3.2.6 EVENTCLEANING

DEFINITION
The software shall read event input data from parquet files stored under a folder structure with the

TSSEVN-001 format year=YYYY/month=MM/day=DD/user_id_modulo=x where YYYY represents the year, MM the
month, DD the day for the event, x the user id modulo value and the /' symbol denotes different folders.
The software shall be able to write the syntactically cleaned event output data in parquet format,
TSSEVN-002 partitioned by year (YYYY), month (MM) and day (DD), and user_id_modulo in the schema defined.2
MNO Event Data d Syntactically Cleaned
The software shall be able to write the quality metrics frequency distribution in parquet format,
TSSEVN-003 partitioned by date, in the schema defined in [.4 MNO Event Data Syntactic Quality Metricsd frequency
distribution .
The software shall be able to write the quality metrics by column in parquet format, partitioned by date,
TSSEVN-004 . ) . . . .
in the schema defined in |.3 MNO Event Data Syntactic QualityMetrics 8 by column.
TSSEVN-005 Thg softvyarg shall.checkthat all the mandatory columns specified in .1 MNO Event Datad Rawdata
object exist in the input data.
TSSEVN-006 If the input data is missing an optional column, the software shall create the optional column with all its
values set to the null value.
TSSEVN-007 The software shall create a year column of the pyspark datatype ShortType from the timestamp data.
TSSEVN-008 The software shall create a month column of the pyspark datatype ByteType from the timestamp data.
TSSEVN-009 The software shall create a day column of the pyspark datatype ByteType from the timestamp data.
TSSEVN-010 The software shall sort the output data to be written by the user_id and timestamp column.
TSSEVN-011 The spftware shall write output data in parquet format partitioned by year, month, day and
user_id_modulo.
The software shall infer the domain of the data following the logic:
TSSEVN-012  Ifthe pImn valug is not null, the domain |s.0utb.ound. . . o .
f  Ifthe mcc value is equal to local_mcc (defined in the configuration), the domain is domestic.
{ Otherwise, the domain is inbound.
The software shall discarddomestic and inbound records which do not meet at least one of the following
conditions:
LSS  the cell_id value is valid;
f latitude and longitude values are valid.
The software shall discard records in which any
TSSEVN-014 requirements specified in the .1 MNO Event Datad Rawdata object.
The software shall be able to receive by configuration abounding_boxvalue composed of four decimal
TSSEVN-015 ) o
numbers that define a square within WGS84 bounds.
TSSEVN-016 The software shall discard records in which the user_id is not a binary data type of 32 bytes.
The software shall discarddomestic and inbound records which do not meet both of the following
conditions:
USSR the mcc value isa 3-digit code;
I the mncis a 2- or 3-digit code (can also begin with 0).
TSSEVN-018 The software shall discard outbound records where the plmn value is not a 5 or 6 digit number.
TSSEVN-019 The software shall discarddomestic and inbound records if no latitude and longitude values are given
and the cell_id does not follow CGIl and eCGlI standards.
TSSEVN-020 The ;oftware shall discarddo_mestic and inbound records if no .ceII_id v.alu_e is given ar_ld thg latitude or
longitude values are not within WGS84 bounds and the bounding_boxif given by configuration.
TSSEVN-021 The software shall receive timestamp data in UTC format.
The software shall extract the first 12 characters of the user id hash, convert it into integer of base 10, and
TSSEVN-022 . )
apply the modulo function on that result to calculate the user_id_modulo.
The software shall discard records with identical timestamps and identical location information for every
TSSEVN-023 user, i.e. it shall remove same location duplicates from the data. Two rows have an identical location

information when user_id, timestamp, cell_id, bngitude and latitude and plmn columns are identical.
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3.2.7 EVENTQUALITYWARNINGS

DEFINITION
The software shall be able to perform Quality Warnings checks afterMNO Event Cleaning -
Syntactic Checks.

% B Istat

TSSEVN-QW-002

The software shall be able to read and process configs ofEvent Cleaning Quality Warnings.

TSSEVN-QW-003

The software shall read Quality Metrics of MNO Event Cleaningin parquet format stored under a
folder structure with the format date=YYYY-mm-dd. The Quality Metrics include Frequency
Distribution and By Column Data Objects, with schema specified in [.4 MNO Event Data Syntactic
Quality Metrics 0 frequency distribution and 1.3 MNO Event Data Syntactic Quality Metricsd by
column.

TSSEVN-QW-004

The output of the component shall be a Log Table and ForPlots Data Objects following the data
type scheme specified in 1.5 MNO Event Data Quality Warningsd log table and .22 MNO Event
Data Quality Warnings 6 for plots.

TSSEVN-QW-005

The software shall perform Quality Warnings based on Quality Metrics data. Given that
data_period_startand data_period_end define the time boundaries of Event Quality Warnings, the
period of available data of Quality Metrics should span over [data_period_dart - lookback_period,
data_period_end], since the intermediate results for Quality Warnings are calculated based on
previous data.

TSSEVN-QW-006

The software shall write Quality Warnings Log Table and ForPlots data into parquet format
partitioned by date column, the storing period of Log Table should be [ data_period_start,
data_period_end, ForPlots- [data_period_start- lookback_period, data_period_end.

TSSEVN-QW-007

The software shall compute Quality Warnings and store results in Log Table Data Objectregarding
data size (initial and final frequency), which includes checking if a size within a range of two
absolute numbers (upper and lower limit) and between [mean+X*std, mean-X*std] boundaries
(calculated based on lookback data). Applicable only for Event Cleaning Quality Warnings.

TSSEVN-QW-008

The software shall compute Quality Warnings and store results in Log Table Data Object regarding
error rate (formula = (Total initial frequency - Total final frequency) / Total initial frequency*100))on
four granularity levels: by date, by date and cell_id, by date and user_id, by date and cell_id and
user_id. The error rate is checked on three warnings: should not be higher than some absolute
number; should not be higher than average of previous error rates by some X%, should not be
higher than mean + X*std (average and std are calculated on lookback data). Applicable only for
Event Cleaning Quality Warnings

TSSEVN-QW-009

The software shallcompute Quality Warnings and store results in Log Table Data Object regarding
error type rate for each specified error rate&field name combination (formula = number of errors of
error type&field name combination / Total initial frequency *100). The checks on error type rate
contains three warnings: it must not exceed a specific absolute number; it should not surpass the
average of prior error type rates by a certain percentage X; and it cannot be greater than the mean
plus X times the standard deviation (where both average and standard deviation are determined
using historical data). Applicable for Event Cleaning Quality Warnings.

TSSEVN-QW-010

The software shall store data in ForPlots Data Object to plot three variables' distribution - initial
frequency, final frequency, and error rate by date along with their corresponding mean,
mean+X*std (UCL- upper control limit), mean -X*std values (LCL- lower control limit), computed on
lookback period. Applicable only for Event Cleaning Quality Warnings.

TSSEVN-QW-011

The softwareds orchestration shall
Warnings to compute and what values for different thresholds to choose .

provide t

h
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3.2.8 EVENTDEDUPLICATION

DEFINITION
The software shall perform removal of same and different location duplicates and calculate

TSSEVNDEDO001 . . .
corresponding quality metrics.
TSSEVNDED002 The software shall read and process configs of EventDeduplication module.
TSSEVNDEDO003 The input event data schema shall bel.2 MNO Event Datad Syntactically Cleaned
TSSEVNDED004 The software shall calculate and write threequality metrics: (i) same location deduplication discarded
row count, (ii) different location deduplication discarded row count (iii) record frequency distribution.
TSSEVNDEDO005 The output schema for deduplicated event data shall be |.6 MNO Event Datad Deduplicated.
The software shall distinguish between two types of duplication errors: same location duplicates
TSSEVNDED00G and.different Iocgtion duplicates. In case of same location duplicates, oply one row is kept. In case
of different location duplicates, all rows are dropped. All rows that remain are considered
deduplicated event data.
TSSEVNDEDO07 The software shall apply same location deduplication before different location deduplication.
The software shall identify as a group of same location duplicates any two or more event records
TSSEVNDEDO008 that meet each of the following conditions: (i) identical user id, (ii) identical timestamp, (iii) identical
location (either (iiia) identical cell id or (iiib ) identical longitude -latitude pair).
TSSEVNDED009 The software shall for each group of same location duplicates keep one record and discard all other
records.
The software shall calculate thesame locationdeduplication discarded row countquality metric as
TSSEVNDEDBO010 . : .
the total number of records discarded by same location duplicate removal for each date.
The output schema for the same location deduplication discarded row countjuality metric shall be
TSSEVNDEDO11 1.3 MNO Event Data Syntactic Quality Metricsd by column, using the error code reserved for same
location duplicate errors.
The software shall identify as a group of different location duplicates any two or more event
TSSEVNDEDO012 recor_ds th_at meet gach c_)f the igllowing_cond_itions: (i) iden_t_i.cal user.id, (ii_) identicgl timestgmp, (iii)
non-identical location (either (iiia) non-identical cell id or (iiib) non -identical longitude -latitude
pair).
TSSEVNDEDO013 The software shall for each group of different location duplicates discard all the records.
TSSEVNDED014 The software shall calculate t_hedifferent Iogation deduplication .discarded row count quality metricas
the total number of records discarded by different location duplicate removal for each date.
The output schema for the different location deduplication discarded row count quality metricshall
TSSEVNDEDO015 be 1.3 MNO Event Data Syntactic Quality Metricsd by column, using the error code reserved for
different location duplicate errors.
TSSEVNDEDO16 The software shall calculate thgre(?ord frequency distriputipn quality metricas the number of records
per user per cell before deduplication and after deduplication for each date.
TSSEVNDEDO17 The output schema for the record frequency distribution quality metricshall be 1.4 MNO Event Data

Syntactic Quality Metrics & frequency distribution .
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3.2.9 SEMANTICCLEANING

DEFINITION
The software shall be able to read deduplicated event input data from parquet files stored partitioned

TSSESC001 by year (YYYY), month (MM), day (DD), and user_id_modulo.
TSSESG002 The software shall be able to read clean network topology input data from parquet files stored
partitioned by year (YYYY), month (MM), and day (DD).
TSSESG003 The software shall be able to read syntactically clean event input data with the data type scheme
specified in [.2 MNO Event Data- Syntactically Cleaned
The software shall be able to read clean network topology input data with the data type scheme
TSSESG004 I ) . . .
specified in 1.8 Cell locations with Physical Properties- Cleaned.
The software shall be able to write the semantically clean event output data in parquet format,
TSSESG005 " )
partitioned by year (YYYY), month (MM), day (DD), and user_id_modulo.
The software shall beable to write the semantic quality metrics output data in parquet format,
TSSESG006 "
partitioned by year (YYYY), month (MM), and day (DD).
TSSESG007 The software shall be able to write the output semantically cleaned event data at device level following
the data scheme specified in[.16 MNO Event data- Semantically Cleaned
The software shall be able to write the output device semantic quality metrics following the data
scheme specified inl.17 MNO Device Semantic Quality Metrics
TSSESG008 The software shall be able to identify outbound events as events where the MCC component of the
PLMN column differs from the configuration -specified local MCC value.
The software shall apply only duplicate error checking (TSSESG021) to outbound records. Outbound
records shall not be tested for other error types.
The software shall be able to flag with the corresponding error code those event registers which make
TSSESG009 a reference to a cell ID that does not exist in the input network topology data for the date in which that
event was registered.
The software shall be able to flag with the corresponding error code those event registers which make
TSSESCG010 a reference to a cell ID that does in the input network topology data for the date in which that event
was registered, but is not operational at the moment the event was registered.
The software shall be able to flag with the error code corresponding to certain incorrect location an
TSSESCO011 event register where the estimated distance and speed between this event and both the previous and
following event are above some distance and speed thresholds specified via configuration.
The software shall be able to flag with the error code corresponding to suspicious incorrect location an
TSSESGO012 event register where the estimated distance and speed between this event and either the previous or
the following event, but not both at the same time, are above some distance and speed thresholds
specified via configuration.
The software shall be able to flag with the error code corresponding to suspicious incorrect location the
TSSESCO013 first event of a user if the estimated distance and speed with the second event register are above some
distance and speed thresholds specified via configuration.
TSSESC014 The software shall be able to flag with the error code corresponding to different location duplicate
TSSESC015 The software shall not delete any event registers when they are flagged.
TSSESCO016 The software shall be able to count the number of events flagged with each error code for a given day.
TSSESGO17 The software shall be able to count the number of events not flagged with any error code for a given
day.
The software shall be able to record each quality metric together with the timestamp of the moment
TSSESCG018
when the component was executed.
TSSESC019 The software shall be able to record each quality metric together with the date to which it refers.
TSSESC020 The software shall be able to read from a configuration file the minimum distance threshold, in meters,
above which an event might be flagged with a location related error code.
TSSESCG021 The software shall be able to flag with the corresponding error code those event registers which are

different location duplicates. These are rows which haveidentical timestamp values for a given user, but
non-identical values in any other columns.
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3.2.10 SEMANTICQUALITYWARNINGS

DEFINITION
The software shall be able to read semantic quality metrics input data from parquet files stored

TSSESWO001 "
partitioned by year (YYYY), month (MM) and day (DD).
TSSESW002 The software shall be able to read semantic quality metrics input data with the data type scheme
specified in 1.17 MNO Device Semantic Quality Metrics.
The software shall be able to write bar plot data in parquet format, partitioned by variable, year (YYYY),
TSSESWO003 o
month (MM), day (DD), and execution timestamp.
TSSESWO004 The software shall be able to write the output quality warnings log table following the data type scheme
specified in 1.18 MNO Event Data at Device Level Semantic QualityVarnings & log table.
TSSESWO005 The software shall be able to write the output bar plot data following the data type scheme specified in
I.25 Event Data at Device Level Semantic Quality Warnings Bar Plot Data
The software shall be able to calculate the percentage with which each error type occurs, including the
TSSESW006 o0no error6 type, defined as the fraction of the
for a given date.
The software shall be able to calculate, for each error type, the sample standard deviation of the
TSSESWO007 percentage of each error type over a lookback period specified via configuration file for each particular
error type.
The software shall be able to raise a waning, in the case that all lookback period dates are present, when
TSSESWO008 the percentage of a given error type is greater than the average percentage over its lookback period by
more than a given number of standard deviations
The software shall be able to raise a warning, in the case that all lookback period dates are present but
TSSESWO009 are strictly lower than 3, when the percentage of a given error type is greater than a given absolute
threshold.
TSSESWO10 The .so.ftware shall not raise a warning for a given error type when any of the dates in its lookback period
is missing.
TSSESW011 The software shall record the percentage of eac
The software shall record the threshold computed for a given error type from the average and sample
TSSESWO012 - . . o .
standard deviations of its lookback period whenever all dates in its lookback period are present.
The software shall be able to write into a parquet file the necessary data to create a bar plot with the
dates in its horizontal axis, ranging from the furthest lookback period in the past to the study date, and
TSSESWO013 . .
the absolute count of each error type, incl usdni n
which this data exists.
The software shall be able to write into a parquet file the necessary data to create a bar plot with the
dates in its horizontal axis, ranging from the furthest lookback period in the past to the study date, and
TSSESWO014 . . | . :
the percentage of each error type, includingt he o6no erroro6 type, in the
this data exists.
TSSESWO15 The softwa_re shall be able to regd from a configuration file the lookback period to be considered,
measured in days, one per metric.
The software shall be able to read from a configuration file the number of standard deviations to be
TSSESWO016 . .
considered to compute the thresholds, one per metric.
The software shall be able to read from a configuration file the percentage threshold to use as threshold
TSSESWO017 - .
when the standard deviation cannot be computed, one per metric.
TSSESWO18 The software shall contain default values for every threshold and lookback period, to be used in case they

are not specified via configuration file.
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3.211 DAILYPERMANENCESCORE

DEFINITION
The software shall read semantically cleaned event input data from parquet files stored partitioned by

TSSDPS001 year (YYYY), month (MM), day (DD), and user_id_modulo.

The software shall be able to read semantically cleaned event input data with the data type scheme

TSSDPS002  specified in .16 MNO Event Data- Semantically Cleanedfor the date being analysed, and following 1.60
Event Cachefor the needed events of the previous and following day.

The software shall read cell footprint input data from parquet files stored partitioned by year (YYYY),

TSSDPS003
month (MM), and day (DD).

TSSDPS004 The sqftware shall be able to read cell footprint input data with the data type scheme specified in .13 Cell
Footprints.

TSSDPS005 The software shall be able to read cell to group input data with the data type scheme specified in .58 Cell
to Group.

TSSDPS006 The software shall be able to write daily permanence score data to parquet files stored partitioned by
year (YYYY), month (MM), day (DD), user_id_modulo, and id_type.

The software shall write output daily permanence score data following the data type scheme specified in

TSSDPS007 :

1.21 Daily Permanence Score

TSSDPS008 The software shall load parameter values from a configuration file.

The software shall load all events of the user within the analyzeddate, also including the last event

TSSDPS009 . . i L
preceding this date and the first event following it.

TSSDPS010 The software shall mark outbound events.

TSSDPS011 v
The software shall calculate the minimum Euclidean distance between the cell footprints of the event

TSSDPS012  sequence.

E.g.: d(A,B), d(B,C), d(A,C).

TSSDPS013  The software shall calculate the sum of the distance from the first cell of the 3-cell event sequence (A) to
the second cell (B) plus the distance from this "intermediate” cell (B) to the last cell of the event sequence
©).

E.g.: d(A,B,C) = d(A,B) + d(B,C)

TSSDPS014  The software shall select the maximum distance from d(A,C) and d(A,B,C).
E.g.: d = max(d(A,C),d(A,B,C))

TSSDPS015 The software shall calculate the time difference between the first and the last event of each event
sequence.

E.g.: ettA) = t (C)

TSSDPS016  The software shall calculate the speed resulting from dividing the maximum distance by the time
difference between the first and last events of the sequence.
s = d [/ ¢t

TSSDPS017  The software shall tag all the intermediate events between the first and last events of the sequence as
"move" events if the maximum speed (s) is higher than a specified threshold (e.g. 50 km/h).

TSSDPS018  The software shallgenerate a preliminary initial timestamp and a preliminary final timestamp for each
permanence-associated event (events which have not been tagged as "move"). The preliminary initial
timestamp shall be equal to the average time point between the previous e vent of the user and this
event, and the preliminary final timestamp shall be equal to the average time point between this event
and the following. If no previous event or no posterior events are available, a standard predefined
displacement (max_time_thresh/2) shall be applied to the event time in order to obtain the initial/final
timestamp (e.g. 15 min).

TSSDPS019  The software shall modify the preliminary initial timestamp when the previous event happens in the same

cell as the current event if the time between the previous event and the current event is higher than a
specified threshold. This threshold shall be configurable for day (max_time_thresh_day for 9:022:59)
and night (max_time_thresh_night for 23:00.8:59) periods (e.g. 2h from 9:00h to 2259h and 8h from
23:00 to 8:59h). In case the time difference is higher than the theshold, a standard predefined
displacement (max_time_thresh/2) shall be applied to the current event time in order to obtain its initial
timestamp (e.g. 15 min).
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TSSDPS020

DEFINITION
The software shall modify the preliminary final timestamp when the posterior event happens in the same
cell as the current event if the time between the posterior event and the current event is higher than a
specified threshold. This threshold shall be corfigurable for day (max_time_thresh_day for 9:0022:59)
and night (max_time_thresh_night for 23:00-8:59) periods (e.g. 2h from 9:00h to 22:59h and 8h from
23:00 to 8:59h). In case the time difference is higher than the theshold, a standard predefined
displacement (max_time_thresh/2) shall be applied to the current event time in order to obtain its final
timestamp (e.g. 15 min).

TSSDPS021

The software shall modify the preliminary initial timestamp when the previous event happens in a
different cell from the current event cell if the time between the previous event and the current event is
higher than a specified threshold (max_time_thresh).In case the time difference is higher than the
theshold, a standard predefined displacement (max_time_thresh/2) shall be applied to the current event
time in order to obtain its initial timestamp (e.g. 15 min).

TSSDPS022

The software shall modify the preliminary final timestamp when the posterior event happens in a
different cell from the current event cell if the time between the posterior event and the current event is
higher than a specified threshold (max_time_thresh).In case the time difference is higher than the
theshold, a standard predefined displacement (max_time_thresh/2) shall be applied to the current event
time in order to obtain its final timestamp (e.g. 15 min).

TSSDPS023

If the current event is abroad event and previous or next event is NULL, the software shall modify initial
and final timestamps by subtracting/adding max_time_thersh_abroad time duration from/to current

eventds timestamp.

TSSDPS024

The software shall split the day into N time slots of equal length, where N is the "time_slot_number"
parameter loaded from the configuration file and can only take the integer values 24, 48, or 96.

TSSDPS025

The software shall intersect each of the N time slots with the permanence events of the user in the
analyzed date, and thus obtain, for each time slot, the cells in which the user presents permanence and
for how long within the time slot.

TSSDPS026

The software shall compute for each user and time slot, the total time in seconds that the user has not
presented permanence in any cell.

TSSDPS027

The software shall convert from cell to group of tiles by using the cell to group data, obtaining the
information of how long the user is presents in each group of tiles in each time slot, which by definition
will be equal to the time present in each separate tile.

TSSDPS028

The software shall map the total time in seconds in a time slot that a user has not presented permanence
in any cell to a virtual tile under the name 0Ou

TSSDPS029

I  The software shall map the total time in seconds in a time slot that a user has permanence
abroad to a virtual tile with ID value of a mobile country code of the foreign country.

TSSDPS030

The software shall generate a daily permanence score (DPS) for each time slot and tile combination
according to the time that the user presents permanence in that group of tiles during the time slot, t, and
the duration of that time slot, T. The DPS shall be an integer between 0 and 1, following this rule:
9 Ifthe user presents permanence in a group of tiles for 0 < t < T/2 during the time slot, then
DPS = 0 for that user, group of tiles and time slot.
9 Ifthe user presents permanence in a group of tiles for T/2 <=t <= T during the time slot, then
DPS =1 for that user, group of tiles and time slot.

TSSDPS031

9 The software shall aggregate all groups of tiles with DPS=1 per user and timeslot so that DPS is
stored as a sparse matrix.

TSSDPS032

Thesoft ware shal/l add a metadata record for each

T a value of o0gridé whenever the o0dpso field
f ounknowné when the o0dpsdé field contains the
T oabroado when the o0dpso field contains fore
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3.2.12 CONTINUOUSTIMESEGMENTATION

DEFINITION
The software shall read input data from parquet files stored under a folder structure with the format

TSSCTS001
year=YYYY/month=MM/day=DD.
TSSCTS002 The mpqt data shall be .16 MNO Event Data- Semantically Cleanedand .14 Cell Intersection Groups
Data Objects.
TSSCTS003 The optional |nput data is previously calculated |.20 Daily Continuous Time Segmentsfor the date before
current processing date.
TSSCTS004  The output data shall be |.20 Daily Continuous Time SegmentsData Object.
TSSCTS005  The software shall write output data in parquet format partitioned by year, month, day.
TSSCTS006  The software shall read input data for a date range based on the configuration parameter.
TSSCTS007 If.the clgarlng of output directories parameter is set to true, The software shall delete all existing output
directories.
TSSCTS008 The software shall process date in the configuration-specified data period separately.
For each date, the software shall read input event data which is from that date and has the error flag
TSSCTS009 ) . .
value as one of the configuration-specified accepted values.
For input event data, the software shall mark as abroad all events where the MCC component of the
TSSCTS010
PLMN column does not match the local MCC parameter value.
TSSCTS011  For each date, the software shall read input cell intersection groups data which is from that date.
If the configuration parameter is_first_run=Falsethe software shall read input Daily CTS data which is
TSSCTS012 .
from that date and has the flag is_last=True.
TSSCTS013 The softwart_a shall add overlapping cell ids to event data by joining event data to cell intersection groups
data on cell id.
TSSCTS014  If previous Daily CTS data does not exist, the software shall set event data CTS columns to null values.
TSSCTSO015 If previous Daily CTS data does exist, the software shall perform and outer join between event data to
previous Daily CTS data on user_id and set event data CTS columns to the existing CTS values.
TSSCTSO016 The software shall Convert user_id column to String for Pandas processing and back to binary hex before
output.
TSSCTSO017 E(I)Dr':each date, the software shall perform segments aggregation for each user separately using a Pandas
TSSCTS018  The UDF shall retrieve user id, partition modulo, MCCand MNC values from the first row of event data.
TSSCTS019  The UDF shall determine current date start timestamp and end timestamp.
TSSCTS020 If the user has no data for the current date, the UDF shall generate one time segment for the current
date.
I f the user has no data for the current date an
and the time gap between the previous segment and the end of the current date is below the
TSSCTS021  configuration -specified maximum time threshold, the UDF shall create one time segment starting from
the start timestamp of the current date, ending at the end timestamp of the current date, with state
UNKNOWN.
Otherwise, if the user has no data for the current date, the UDF shall generate one time segment starting
TSSCTS022  from the start timestamp of the current date, ending at the end timestamp of the current date, with state
UNKNOWN.
If the user has event data for the current date, the UDF shall calculate adjusted time pad duration, create
TSSCTS023 R . ; .
an initial time segment, and iterate over events in chronological order.
The UDF shall calculate the adjusted time pad duration. The time pad duration shall be the minimum
TSSCTS024  between the configuration -specified pad time value and half of the time between the start timestamp of
the current date and the timestamp of the first event in the current date.
The UDF shall create an initial time segment that covers the time from the start timestamp of the current
TSSCTS025 i )
date until the first event of the date.
If the user has no previous time segments, the initial time segment shall start from the start timestamp of
TSSCTS026 the current date, end at the first eventds ti me
UNKNOWN.
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If the user has previous time segments, the UDFshall attempt to continue them. If the previous time
segment is of state STAY, MOVE, or ABROAD and the duration between the end timestamp of the
previous time segment and the timestamp of the first event of the current date is shorter than the state -
corresponding configuration -specified maximum time value, the initial time segment shall start from the
start timestamp of the current dat e, end at the
PLMN values as the previous time segment.
If the user has previous time segments but they do not fulfill continuing conditions, the initial time
TSSCTS028 segment shall start from the start timestamp of
adjusted time pad duration, and have state UNKNOWN.
The UDF shall iterate over user events in chronological order to generate time segments for the current
date. The UDF shall use the latest time segment when handling each event.
When iterating, if the current event is abroad and the latest time segment is not state ABROAD, then the
TSSCTS030  UDF shall create one time segment starting from the end timestamp of the latest time segment, ending
at the current eventds bOimestamp, with state AB
When iterating, if the current event is abroad and the latest time segment is state ABROAD and it shares
the MCC value with the current event and the time gap between the end timestamp of the time segment
and the current event 0 s iguratiomepetifedmmax time thresholdothen theHJOF
shall extend the existing time segment by chang
When iterating, if the current event is abroad and the latest time segment is state ABROAD and it does
not share the MCC value with the current event and the time gap between the end timestamp of the time
TSSCTS032 segment and current ev e rconfigarationi-spexibet man pmeitheeshold them w
the UDF shall create one time segment starting from the end timestamp of the latest segment, ending at
the current eventds timestamp, with state ABROA
When iterating, if the current event is abroad and none of the previous conditions were met, then the
TSSCTS033  UDF shall create one time segment startingfrom the end of the latest time segment, ending at the
current eventds timestamp, with state UNKNOWN.
When iterating, if the current event is local, the UDF shall determine cell intersection. The latest time
TSSCTS034  segment and the current event shall be considered intersected if each of the cells of the latest time
segment are included ilappingdeleidstisur rent eventds ove
When iterating, if the current event is local, the UDF shall calculate the time gap value. The time gap
TSSCTS035  value shall be the duration between the end timestamp of the latest time segment and the current
eventds timestamp.
When iterating, if the current event is local and the latest time segment state is UNKNOWN or ABROAD,
TSSCTS036  the UDF shall create one time segment starting from the end timestamp of the latest time segment,
ending at the current evemMERMWNED.i mestamp, with s
When iterating, if the current event is local and the current event and latest segment are intersected and
the time gap is below the configuration -specified threshold and the latest time segment state is
UNDETERMINED or STAY, then the UDF shall extend tlexisting time segment, setting the end

TSSCTS027

TSSCTS029

TSSCTSO031

TSSCTS037 timestamp to the current eventds timestamp and
Then if the duration of the time segment exceeds the configuration -specified minimum stay duration, the
UDF dall set the time segment state to STAY.
When iterating, if the current event is local and the current event and latest segment are intersected and
TSSCTS038 the time gap is below the configuration -specified threshold and the latest time segment state is MOVE,

then the UDF shall create one time segment stating from the end timestamp of the latest time segment,
ending at the current eventofs timestamp, with s
When iterating, if the current event is local and the current event and the latest time segment are not
intersected and the time gap is below the configuration -specified threshold, then the UDF shall create
TSSCTS039  two time segments with state MOVE: one starting from the end of the latest segment ending at the
halfway point of the time gap, and the other starting from the halfway point and ending at the cur rent
eventds timestamp.
When iterating, if the current event is local and none of the previous conditions were met, then the UDF
TSSCTS040  shall extend the end timestamp of the latest segment by the configuration -specified pad time. Then the
UDF shall create a new time segment starting fran that time point and ending at current event
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timestamp minus pad time, with state UNKNOWN. Then the UDF shall create a new time segment
starting from the event timestamp minus pad time, ending at the current events timestamp, with state
UNDETERMINED.

TSSCTS041  The UDF shall set the last time segment of the current date withis_last=True

For each date, the software shall convert the daily segments to the expected schema and write the

output.

TSSCTS042
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TSSGG-001 The software shall be able to generate Spatial Reference Grid followingINSPIRE Specification
The software shall have possibility to generate Spatial Reference Grid for extent given in WGS84

TSSGG002 )

coordinate system.

The software shall have possibility to generate Spatial Reference Grid for a country polygon given in
TSSGG003 .

WGS84 coordinate system.
TSSGG 004 The software shall be able to read countries dataset input data with the data type and schema specified

in 1.29 Countries
TSSGG 005 Spatial context option (extent or country) for grid generation shall be defined in configuration file.
If spatial context option is extent, extent has to be provided as a parameter. If spatial context option is

TSSGG006 country, country iso2 code has to be set in config.

TSSGG007 The software shall be able to convert spatial zones dataset coordinate system into internal coordinate
system (EPSG: 3035) before grid generation

TSSGG008 The software shall be able to extend country polygon to fixed buffer distance before grid generation.

Buffer distance shall be provided in config file.
TSSGG-009 The software shall use a 4 byterepresentation for the identifier of each grid tile.
TSSGG010 The software shall write grid data object following schema specified in .28 INSPIRE Grid
TSSGGO011 The software shall be able to partition output grid data object by quadkey .
TSSGG012 The software shall be able to assign quadkey to each grid tile
TSSGG 013 Quadkey level for partitioning shall be provided in configuration file .
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TSSSYNDI-001

3.2.14 SYNTHETICDIARIES

DEFINITION
The software shall load all necessary parameters from a configuration file.

TSSSYNDI-002

The output of the component shall be [.30 Synthetic Diariesparquet files partitioned by year, month
and date.

TSSSYNDI-003

The software shall generate N activity trip diaries per specified date, where N is a parameter provided
through the configuration file.

TSSSYNDI-004

The software shall generate, for each user, an activity trip diary that contains some of thestays
speci fi stdy sequentehsaperdéiby probabilistically generating (or not) each of the stays
according to the specified 6stay_sequence_prolt

TSSSYNDI-005

The software shall generate, for each user and date, a home location that is within the bounding box
provi ded through the pa@laamredietrdd et maxgdd Halitdde méxd a

TSSSYNDI-006

The software shall generate, for each user and date, a work location that is within the bounding box
provided through the parameters 6 | on g i t ulahgitudmmimaxd, o6l ati tude_mi nt
and which is at a distance between® o me _wor k _di stance_mi nd andathé h
home location of the user.

TSSSYNDI-007

The software shall locateeveryu s er st ay t h ahomed s o n otd anacdtitnfviii phes atéa
di st ance ofherhistaneeemndnd &athdr_déstance_maxfrom the location of the previous
stay, and which is within the bounding box.

TSSSYNDI-008

The software shall assign a duration for each trip (interval between stays), which is equal to the
distance between the locations of the staysdivi ded by t he s pdsplacénmert distandeta

TSSSYNDI-009

The software shall assign a duration for each stay, whib s hal | be compatible
a n dlurabion max®8parameters corresponding to the stay type.

TSSSYNDI-010

The stays and trips of each diary shall cover the whole day, from 00:00:00 to 23:59:59.
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3.2.15 SYNTHETICNETWORK

DEFINITION
The software shall be able to write synthetic generated network topology data to parquet files stored

TSSSN-001 partitioned by year (YYYY), month (MM, and day (DD).

The software shall be able to write synthetic generated network topology data following the schema
TSSSN-002 I . . . .

specified in |.7 Cell Locations with Physical Properties Raw.

The software shall be able to read from a configuration file the start and end date of the range of dates
TSSSN-003 . .

for which data will be generated.
TSSSN-004 The software shall be able to read from a configuration file the number of cells to be generated.

The software shall be able to read from a configuration file a seed value that will be applied to all the
TSSSN-005 i

random processes within the component.

The software shall be able to read from a configuration file the latitudes and longitudes defining a
TSSSN-006 ; . . . .

bounding box in which cell coordinates will be generated.

The software shall be able to read from a configuration file the minimum and maximum value for the
TSSSN-007 . )

values of the altitude, power, range, and frequency fields.

The software shall be able to read from a configuration file the maximum, positive value that the
TSSSN-008 ) )

antenna height field can take.

The software shall be able to read from a configuration file the value that will be set in the valid date
TSSSN-009 . )

start and valid date end fields of all cells.
TSSSN-010 The software shall be able to read from a configuration file the list of values that the field cell_type can

take.

The software shall be able to read from a configuration file the probabilities of not generating any
TSSSN-011 optional fields, of setting null values in mandatory fields, of generating values outside of the allowed

ranges, and of creating erroneous values in the cél_id, valid_date_start and valid_date_end fields.

The software shall be able to create physical network topology data for the number of cells and the
TSSSN-012 - . ) .

range of dates specified via configuration.

The software shall be able to create records where all the nonmandatory columns of 1.7 Cell Locations
TSSSN-013 ) . i . o . . - .

with Physical Properties- Rawhave a non-null value with a probability specified via configuration.

The software shall be able to create records where mandatory fields have a null value with a probability
TSSSN-014 " ) ) )

specified via configuration.

The software shall be able to create records where fields take values outside of the allowed ranges with
TSSSN-015 . o - i .

a probability specified via configuration.
TSSSN-016 The software shall be able to create records with erroneous values in the cell_id, valid_date_start and

valid_date_end fields with a probability specified via configuration.
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3.2.16 SYNTHETICEVENTS

L0 | DEFINITION

TSSEVN-QW-001 The sof.tware shall be able to reaq anq process the data objects ofl.7 Cell Locations with Physical
Properties - Rawand 1.30 Synthetic Diaries

The output of the component shall be |.1 MNO Event Data- Raw partitioned by year, month and

date.

The software shall generate timestamp, latitude and longitude values for moves (move events

without cell_ids) based on Synthetic Diaries, taking into account the following:

1)The total amount of events generated on the line between the current stay point and next stay

point (as provided in synthetic diaries), shall be equal to the configuration

TSSEVN-QW-003 parameterevent_freq_moves

1. The time differences between event timestamps for a given move event and user shall be
randomly distributed.

2. The generated points shall be randomly distributed on the line from the current stay point and
next stay point.

The software shall perform all spatial calculation operations using the coordinate reference system

in the configuration parameter cartesian_crs

The software shall generate timestamp, latitude and longitude values for stays (stay events without

cell_ids) based on Synthetic Diaries, taking into account the following:

1. The total amount of events generated for the stay location (a single point) between the period
of initial and final timestamp of a stay, shall be equal to event_freq_moves

2. The time differences between event timestamps for a given stay event and user shall be
randomly distributed.

The software shall generate timestamp, latitude and longitude values for stays (stay events without

cell_ids) based on Synthetic Diaries, taking into account the following:

1. the total amount of events generated for the stay location (a single point) between the period
of initial and final timestamp of a stay, shall be equal to event_freq_moves

2. The time differences between event timestamps for a given stay event and user shall be
randomly distributed.

From the generated stays and move events, the software shall randomly select, using as seed the

configuration parameter seed, the ratio of rows equal to error_location_probability for generating

location errors. It shall modify the longitude and latitude values of these rows, taking into account

TSSEVN-QW-002

TSSEVN-QW-004

TSSEVN-QW-005

TSSEVN-QW-006

the following:
1. The minimum distance from the existing point to the newly generated erroneous point shall
TSSEVN-QW-007 not be below the configuration parameter error_location_distance_minand the maximum

distance shall not exceed the configuration parameter error_location_distance_max
2. The software shall support generating error values in all directions: north, east, south and west
of a point.
3. The software shall store the distance from the newly generated point and existing point in the
column loc_error.
From the generated stays and move events, the software shall randomly select, using as seed the
configuration parameter seed, the ratio of rows equal to error_cell_id_probability for the generating
errors in the cell_id column. It shall create a cell_id column for the selection of these rows,
TSSEVN-QW-008 considering the following:
1. The generated cell_id values shall syntactically follow the format of the cell_id column.
2. The generated cell_id shall be such that no cell_id value in the Synthetic Network data matches
it.
The software shall calculate the closest cell_id for each generated event, based on the latitude and
longitude values, taking into account the following:
1. For every event, only cells within the distance defined by configuration parameter
closest_cell_distance_maxre considered.
2. For every event, the cell_id is selected randomly but only as many cells are considered, as
defined by the configuration parameter max_n_of_cells

TSSEVN-QW-009
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TSSEVN-QW-010

DEFINITION
The software shall set the value of mcc and mnc as a single value for all users as defined by
configuration parameters mcc and mnc respectively.

TSSEVN-QW-011

The software shall set the value of plmn as null for all users.

TSSEVN-QW-012

The software shall generate timestamp values in events that are not within the time boundaries
given in synthetic diaries (out of bound timestamps) according to a configuration provided
probability value. If the given probability is zero, no such errors are generated.

TSSEVN-QW-013

The software shall generate syntactically erroneous values in events according to configuration
provided probability value. These are values that have the same data type as expected, yet the
values are not syntactically correct. For example for columns longitude and latitude, these may be
values outside acceptable ranges (greater than 180), for the cell_id column, values that do not
follow the format of cell_ids, etc. If the given probability is zero, no such errors are generated.

TSSEVN-QW-014

The software shall generate same location duplicates in events based on a given probability value.
These are rows that have identical location information as well as timestamp information. If the
given probability is zero, no such errors are generated.

TSSEVN-QW-015

The software shall generate different location duplicates in events based on a given probability
value. These are rows that have identical timestamps, but differences in at least one of the location
information columns (longitude, latitude, cell_id). If th e given probability is zero, no such errors are
generated.
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3.2.17 PRESENTPOPULATIONESTIMATION

DEFINITION
The software shall be able to read semantically cleaned event input data from parquet files stored
partitioned by year (YYYY), month (MM), day (DD), and user_id_modulo.

TSSPPE002

The software shall be able to read cell connection probabilities input data from parquet files stored
partitioned by year (YYYY), month (MM), and day (DD).

TSSPPE003

The software shall be able to read clean semantically cleaned event input data with the data type
scheme specified in].16 MNO Event Data- Semantically Cleaned

TSSPPE004

The software shall be able to read cell connection probabilities input data with the data type scheme
specified in |.15 Cell Connection and Posterior Probabilities

TSSPPEO05

The software shall be able to perform computations based on the 100m x 100m INSPIRE grid with the
data type scheme specified in].28 INSPIRE Grid

TSSPPE0O06

The software shall be able to write the estimated present population output data in parquet format,
partitioned by year (YYYY), month (MM), day (DD).

TSSPPE007

The software shall be able to write the output estimated present population data following the data
scheme specified inl.42 Present Population(at grid level) if so specified via configuration file.

TSSPPE0O08

The software shall be able to read from a configuration file the timestamp for which the present
population is to be estimated.

TSSPPE009

The software shall be able to read from a configuration file the time gap, in seconds, such that all
devices with a register with a time difference to the timestamp no larger than this gap will be included
in the estimation of the present population.

TSSPPEO10

The software shall be able to read from a configuration file the tolerance threshold for the sum of
absolute differences between the spatial distribution of devices of the current iteration and the
previous iteration over all grid tiles, to stop the iterative procedure of this component.

TSSPPEO11

The software shall be able to read from a configuration file the maximum number of iterations that the
estimation procedure will be allowed to run for.

TSSPPEO12

The software shall be able to read all registers that are within a distance of the timestamp no larger
than the time gap specified via configuration, including registers of the previous or following day if the
time gap crosses over midnight.

TSSPPEO13

The software shall filter out all registers that have a time difference larger than the time gap with
respect to the timestamp.

TSSPPEO14

The software shall consider the remaining devices together with the cell they connected to according to
their register closest to the timestamp. In the case that two events are equally close to the timestamp,
the earlier event is selected.

TSSPPEO15

The software shall count, for each cell, the number of devices that haveconnected to that cell in their
register closest to the timestamp.

TSSPPEO16

The software shall estimate the spatial distribution of devices over the grid tiles that cover the country
and its buffer through an iterative Bayesian procedure.

TSSPPEO17

The software shall use a uniform prior distribution of the devices over the grid tiles equal to the total
number of devices divided by the total number of grid tiles of the distribution as the initial value of the
spatial distribution of devices.

TSSPPE018

The software shall, in each iteration, compute the posterior probability of a device being in grid tile j
when connected to cell i according to Bayes' theorem, multiplying the value of the spatial distribution
for tile j found in the previous iteration (the prior) by the known cell connection probability of
connecting to cell i when being in tile j, and then normalising over all grid tiles.

TSSPPE019

The software shall, in each iteration, compute the new spatial density of devices for a given grid tilej as
the sum, over all cellsi, of the product of devices connected to cell i and the posterior probability of
being in grid tile j when connected to cell i.

TSSPPE020

The software shall stop the iterative estimation if the number of iterations exceeds the maximum
number of iterations specified via the configuration file.

TSSPPE021

The software shall stop the iterative estimation if the sum of absolute differences between the spatial
distribution of devices of the current iteration and the previous over all grid tiles is less than the
tolerance threshold specified via configuration file.
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TSSPPE022 The software shall take the spatial distribution of devices over the grid tiles obtained in the iterative
procedure as the estimation of the present population.
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3.2.18 GRIDENRICHMENT

0 | DEFINITION

The software shall be able to read INSPIRE Grid data object partitioned by quadkey with schema

TSSGEO0L specified in |.28 INSPIRE Grid
TSSGE002 The softwarg shall be able to read transportation data in a format and schema specified in |.33
Transportation.
TSSGEO003 The software shall be able to read landuse data in a format and schema specified inl.32 Landuse
TSSGE004 The software shall ensure that all processing steps are compliant with spatial data processing standards
and ensure accurate spatial data manipulation to prevent data integrity issues.
TSSGEO005 The software shall include error handling mechanisms to manage missing or incomplete data inputs.
The software shall be able to calculate landuse prior probabilities and path loss exponent coefficient for
TSSGEO006 each input grid tile using landuse and transportation data. This shall be optional based on configuration
parameter.
If landuse and transportation data are not available or prior probabilities and path loss exponent not
TSSGEO007 used in pipeline application the software shall skip corresponding processing steps and assign value 1
to both variables.
The software shall write grid data object following schema specified in 1.31 Enriched Gridpartitioned by
TSSGEO008
guadkey.
The software shall be able to convert transportation lines to polygons using predefined buffer widths
TSSGEO009 specific to each transportation class (primary, secondary, tertiary, pedestrian, railroad) as specified in the
configuration.
The software shall be able to perform spatial operations to intersect and merge landuse polygons with
TSSGEO010 transportation polygons based on their geographical boundaries in a way that transportation polygons
do not overlap with landuse polygons.
TSSGEO011 The software shall create grid tiles polygons from grid tiles IDs
The software shall intersect grid tiles to calculate the proportion of each landuse category within the
TSSGEO012 boundaries of each grid tile. This includes calculating the area of each landuse category within a tile as
a percentage of the total tile area.
TSSGEO013 If any landuse category is missing in any given grid tile the software shall assign 0.0 as area share value.
TSSGEO14 If there are no landuse categories in any given grid tile the software shall assign 1.0 as open_area

category area share value.

The software shall apply the predefined weights to the proportions of landuse categories within each
TSSGEO015 grid tile to calculate the landuse prior probabilities. The software shall normalize these probabilities so
that the sum across the whole grid equals one.
The software shall apply the predefined weights to the proportions of landuse categories within each
grid tile to calculate the path loss exponent coefficient for each tile.
The software shall provide functionality to configure the weights for the calculation of both landuse
TSSGEO017 prior probabilities and path loss exponent coefficients. This configuration should allow adjustment of

weights for each landuse category.

TSSGEO016
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3.2.19 GEOZONESGRIDMAPPING

D | DEFINITION

The software shall be able to read INSPIRE Grid data object partitioned by quadkey with schema

TSSZGM-001 specified in 1.28 INSPIRE Grid

The software shall be able to perform mapping of either administrative units data or other geographic
TSSZGM-002 - . . i . L

zones data to grid. Which zoning type to use shall be defined in config file

If @dministrative unitsdis the selected zoning type, the software shall be able to read administrative
TSSZGM-003 . ) e . . .

zoning data in a format and schema specified in |.34 Administrative Units.

If @ther geographic zonesdis the selected zoning type, the software shall be able to read other
TSSZGM-004 ) . - P .

geographic zoning data in a format and schema specified in 1.35 Geographic Zones
TSSZGM-005 The software shall be able to perform mapping with any datasets of a given zoning type based on

configuration parameter.
TSSZGM-006  The software shall perform spatial intersection operation using grid tiles centroids and zone polygons.
The software shall extract number of hierarchical levels from zoning dataset. If number of levels is more

TSSZGM-007 than 1, so the dataset is hierarchical, mapping shall be performed on the lowest level of hierarchy

For each grid tile the software shall extract zone IDs of all levels of hierarchy and combine them into
TSSZGM-008 . . . : -

hierarchical id using 0] 06 as a separator bet wee
TSSZGM-009 | f a gri d ti I e c eimersecowitll anydobd teesgined ZOTesqpcaygansgzlorheyldﬁnd

hierarchica_id shall be set to 6undefined®
TSSZGM-010 The software shall write grid data object following schema specified in .36 Zonesd Grid Map

partitioned by dataset_id.
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3.2.20 MIDTERMPERMANENCEETIMATION

[ D | DEFINITION

TSSMPE 001 The software shall be able to read daily permanence score input data from parquet files stored
partitioned by year (YYYY), month (MM), day (DD), id_type, and user_id_modulo.

TSSMPE002 The software shall be able to read holiday dates input data from parquet files.

TSSMPE003 The software shall be able to read group to tile input data from parquet files.

TSSMPE004 The software shall be able to read thel.21 Daily Permanence Scorgl.40 Holiday Dates Calendar and
1.59 Group to Tile Data Objects.

TSSMPE005 The software shall be able to write mid-term permanence score metrics to parquet files stored
partitioned by year (YYYY), month (MM), day_type, time_interval, id_type, and user_id_modulo.

TSSMPE006 The software shall write results data following schema specified inl.38 Mid-Term Permanence Metrics
for all full months provided in the configured processing interval.

TSSMPE007 The software shall be able to read from a configuration file the start and end month for interval to
process in the format YYYYMM.

TSSMPE008 The software shall be able to read from a configuration file the country of study for which to consider
holiday dates.

TSSMPE-009 The software shall be able to read from a configuration file the number of days (as a positive integer)
for which to include data from the previous month. This parameter will determine the number of
calendar days, for which the values of the daily permanence score data object are read, prior to the
month currently being processed. For instance, if the currently processable month is defined as 05
2024, and the parameter value is 15, rows from the daily permanence data object corresponding to
dates between 16-04-2024 and 30-04-2024 are also included in the processing for mean and standard
deviation calculation of regularity indices, but not for frequency calculation.

TSSMPEO010 The software shall be able to read from a configuration file the number of days (as a positive integer)
for which to include data from the next month. This parameter will determine the number of calendar
days, for which the values of the daily permanence <ore data object are read, after the month currently
being processed. For instance, if the currently processable month is defined as 052024, and the
parameter value is 15, rows from the daily permanence data object corresponding to dates between 01-
06-2024 and 15-06-2024 are also included in the processing for mean and standard deviation
calculation of regularity indices, but not for frequency calculation.

TSSMPEO011 The software shall be able to read from a configuration file the definition of a day based on its start
hour. For example, one might want consider that a day D starts at 4 AM. The definition shall be limited
to full hours, and the parameter must be an inte ger between 0 and 23. All sub-monthly intervals shall
be defined using these borders. For example, Monday interval shall be defined from Monday 4 AM until
Tuesday 4 AM.

TSSMPE012 The software shall be able to readnifghtm_tai medfl
of different start and ending hours, in HH:MM format, for example 18:45 to 08:15. Allowed values of the
minutes (MM) are 00, 15, 30, and 45. Following the definition of a day based on its start hour, specified

via configuration,t he oni ght _timedé will belong to the dat
the onight_timed hours cross the | imit between
onight _timedé end hour is dif fdérstnar tf rloarur0 0i: O Oe &
hour, the oOnight _timed end hour is earl i-alowed hart
configuration: day start hour equal to 4, onigt
equal to 01:00 (01:00 < 03:30 < 04:00).

TSSMPE013 The software shall be able to read from a confi

different start and ending hours, in HH:MM format, for example 08:00 to 17:00. Allowed values of the

minutes (MM) are 00, 15, 30, and 45. Followingthe definition of a day based on its start hour, specified
via configuration, the oworking_hoursoé wildl bel
all owed that the oworking_hoursoé6 cross t htwhdnthei
oworking_hoursoé6 end hour is different from 00: (
day start hour, the oworking_hourso6 end hour i:¢
non-allowed configuration: day state qual t o 4, oOoworking_hoursoé st
owor king hoursé end hour equal to 01:00 (01:00
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TSSMPE014 The software shall be able to read from a configuration flethed ef i ni ti on of o0even

different start and ending hours, in HH:MM format, for example 08:00 to 17:00. Allowed values of the
minutes (MM) are 00, 15, 30, and 45. Following the definition of a day based on its start hour, specified
viaconf i guration, the o0evening_hoursdé will belong
all owed that the Oevening_hoursoé6 cross the | i mi
oevening_hoursoé6 end hourhesodvéhengnhotirem 60at
day start hour, the oOevening_hoursdé end hour ic¢
non-al | owed configuration: day start equal to 4,
oevenowmgs® end hour equal to 01:00 (01:00 < 03:

TSSMPE015 The software shall be able to check that the time slot duration and limits of the daily permanence score
input data is compatible with the o0night_ti meo,
defined in the configuration, and stop the executio n and warn the user when one of the required dates
has an incompatible time slot duration.

TSSMPE016 The software shall be able to read from a configuration file the definition of weekend start and end
days by specifying values between 1 and 7, starting from Monday as 1, Tuesday as 2, up to Sunday as 7
For example, if the start day is 6 and the end day & 7, and the start hour of the day was specified as 4
AM, then the weekend starts at 4 AM of the Saturday and ends at 4 AM of the Monday.

TSSMPE017 Theallowedsubdai |y periods are: o0all o6, onight _ti meod,
monthly periods are: o0all 6, oworkdayso6é, ohol i d:
Ot hursdayso6, ofridaysoé, oOsaturdayso6, Osundayso.

TSSMPE018 The software shall be able to calculate metrics forthe submont hl'y peri od oall o6,
within each month being studied.

TSSMPE019 The software shall be able tocalculate metrics forthe sub-mont hl'y peri od owor kd
days of the week that do not belong to the weekend and that are not marked as holidays in the country
of study within each month being studied.

TSSMPE020 The software shall be able to calculate metrics forthesubmont hl'y peri od ohol i d
days marked as holidays in the country of study within each month being studied.

TSSMPE 021 The software shall be able to calculate metrics forthesubmont hl'y peri od oOomonda
owednesdayso6é, othursdaysé, ofridaysd, oOsaturday
days of the week within each month being studied.

TSSMPE022 The software shall be able to calculate metrics forthesubd ai |'y peri od oall 6, d
contained in a date.

TSSMPE023 The software shall be able to calculate metrics forthesubd ai |y peri od onight _t
slots contained between the start and ending Ot

TSSMPE024 The software shall be able to calculate metrics forthesubd ai |'y peri od owor king
time slots contained between the start and endi

TSSMPE025 The software shall be able to calculate metrics forthesub-d ai |y peri od Oevening
time slots contained between the start and endi

TSSMPE 026 The combinations of sub-daily and sub-monthly periods for mid -term metrics calculation shall be
provided in configuration file.

The input structure has the shape of a dictionary, where the keys are the allowed and nonrepeated
values of sub-monthly periods, and the values are a list of allowed and non-repeated values of sub-

daily periods surrounded by quotes. Example: {all:[all , 6ni ght _ti me', ©6eveni
Oworkdaysd: [Onight time', "working_ hours']}.
TSSMPE027 The software shall read in the daily permanence score data object for the configured month and days in

the previous and next month as defined by configuration parameters.

TSSMPE028 The software shall be able to calculate mid-term permanence score and mid-term frequency count per
device and grid tile, as wel/ as for the ounkn¢
Permanence Score Data Object for the combinations of sib-daily and sub-monthly periods over every
one full month as specified via configuration.

TSSMPE029 The software shall place a nullvalue in the values for regularity mean and standard deviation for each
device and grid tile, as wel |l as for the ounknc
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TSSMPE030 The software shall be abl e t o -teanpermdnentescore peedewcd ¢
from the daily permanence score data, equal to the number of time slots of the sub -monthly and sub-
daily periods over one full month that have a value of the daily permanence score equal to 1 in at least
one group of grid tiles; as well as the mid-term frequency count, equal to the number of dates in which
at least one time slot of a group of grid tiles the sub -monthly and sub-daily period over one full mon th
has a daily permanence score equal to 1. These shall be done using the permanence score values from
the Daily Permanence Score Data Object for the combinations of sub-daily and sub-monthly periods
over every one full month as specified via configuration.

TSSMPE031 Themid-t er m per manence score of a device in a gric¢
the summation of the daily permanence score of the device in that location over all time slots
belonging to the corresponding sub -monthly and sub-daily periods and month being considered.

TSSMPE032 Themid-t er m frequency count of a device in a grid
number of days of the sub-monthly period of the month being studied in which that location has non -
Zero permanence score, i.e. permanence score values equdo 1, for any of the time slots in the sub -
daily period being considered.

TSSMPE033 Themid-t er m metrics that refer to a specific grid
ogrido6o, together with the I D of that grid tile
location or to the device observation,they shall have the value oOounkn
respectively under both o0grid_idoé and o0id_type:«
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3.2.21 LONGTERMPERMANENCEESTIMATION

DEFINITION
The software shall be able to read thel.38 Mid-Term Permanence MetricsData Object stored as parquet
partitioned by year (YYYY), month (MM), day_type, time_interval, id_type, and user_id_modulo.

TSSLPE002

The software shall be able to read from a configuration file the start and end month for interval to
process Mid-term Permanence Metrics in the format YYYY¥MM.

TSSLPEOO3

The software shall be able to read from a configuration file the definition of a sub -yearly intervals.
Potential implementation as a dictionary {'winter:[12,1,2]. 'summer"[5,6,7,8]}, where ketys are names of
sub-yearly interval and values are lists of mmths that constitutes this interval.

TSSLPEO00O4

The software shall read in the monthly permanence metrics for the configured months.

TSSLPEO00S

The software shall be able to calculate long-term permanence score, long-term frequency count, and
long-t erm frequency mean, per device, grid tile an
monthly permanence metrics values from Monthly Permanence Score Data Object for all combinations of
sub-daily, sub-monthly and sub-yearly periods set in the configuration file over all months in the given
time interval.

TSSLPEO06

The combinations of sub-daily, sub-monthly and sub-yearly periods for long-term metrics calculation
shall be provided in configuration file.

Potenti al i mpl ementation as a dictionary of dic
6working_hoursdo], Oworking_daysod: [ 6ni ght _ti me'
keys are subyearly periods and values aredictionaries of sub-monthly periods as keys and and lists of
sub-daily periods as values.

TSSLPEOO7

The software shall perform validation that all configured for processing sub-daily and sub-monthly
periods are present in Mid-term Permanence Metrics Data Object and notify the user about missing
combinations and stop processing.

TSSLPEOO8

The software shall calculate the long-term permanence score as the sum of the tile monthly permanence
scor es ( 0 mp-gdnPerfanence Mitiicd Data Object.

TSSLPEO09

The software shall calculate the long-term frequency count as the sum of the monthly frequency counts
from Mid -term Permanence Metrics Data Object.

The software shall calculate the longterm frequency mean shall as the mean of the monthly frequency
count values of months belonging to the period of reference.

The software shall calculate the longterm frequency standard deviation as the sample standard deviation
of the monthly frequency count values of months belonging to the period of reference.

TSSLPEO10

The software shall set the long-term regularity mean and standard deviation indices to null

TSSLPEO11

The software shall be able to calculate thelongt er m o6devi ce observationé
f long-t erm device observation permanence sScore
values of id_type = 'device_observatiord f r o-tarmNMermhanence Metrics Data Object
f long-t erm device observation frequency by sumn
'"devi ce_obs er vtarm Peonmaience Meirics Dista @bject
Metrics shall be calculated for all combinations of sub-daily, sub-monthly and sub-yearly periods set in
the configuration file over all months in the given time interval.

TSSLPEO12

Themid-t er m metrics that refer to a specific grid
ogrido6, together with the I D of that grid tile
location or to the device observation,they s hal | have the value ounknao
respectively under both o0grid_idé and o0id_typebod

TSSLPEO13

The software shall write results data following schema specified inl.39 Long-Term Permanence Metrics
Obiject for the whole period provided in the configured processing interval.
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The software shall be able to read thel.39 Long-Term Permanence MetricsData Object stored as
TSSUEL-001 " .

parquet partitioned by start _date, end_date and user_id_modulo.

The software shall be able to read following threshold parameters for labeling from the configuration

file:

1 gap_ps_threshold(integer): the threshold of the difference in long permanence score values
between consecutive tiles ordered by long term permanence score in descending order. Used
to filter out tiles with long permanence score difference above this value and all the tiles
following in descending long term permanence score values order. Default: 1 if only tiles with
highest score are to be kept

1 total_ps_threshold (float): the total device permanence score assigned in reference period
below which the user is not assigned a usual environment label, and is flagged as@arely
observedd Default: 300 (averagePS=5 per day in 60 days, when the default value for the
period of reference length is 6 months)

1 freq_days_treshold (float):the percentage out of total number of days when device has
permanence in the reference period below which the user is not assigned a usual
environment label and is flagged as Garely observedd Default: 30 (unit: percentage)

1 ue_gap_ps_threshold float): same as gap_ps_threshold, but used for filtering in UE labeling.
Default: 20 (20 % of the highest permanence score value)

1 ue_ps_threshold (float): the percentage of permanence scores in top tilesout of the sum of
daily device observation values in reference period.Tiles above this threshold are labeled as

TSSUEL-002 Usual Environment tiles. Default value: 70 (unit: percentage)

1 ue_ndays_threshold (float): the percentage of the sum of the number of days with non-zero
permanence in top tiles out of total number of non -zero permanence days in reference
period. Tiles above this threshold are labeled as Usual Environment tiles. Defaudlvalue: 70
(unit: percentage)

1 home_ps_threshold (float): the percentage of permanence scores in top tilesout of the sum of
daily device observation values in reference period If the device has at least this value in top
tiles these tiles are labeled as Home Location. Default value: 80 (unit: percentage)

1 home_ndays_threshold (float): the percentage of the sum of the number of days with non-
zero permanence in top tiles out of total number of non -zero permanence days in reference
period. If the device was in the first tile or group of tiles at least this val ue these tiles are
labeled as Home Location.Default value: 80 (unit: percentage).

T work_ps_threshold(float): minimum percentage of sum of permanence score during working
days and daytime in top tiles out of total permanence score during working days and
daytime, for a tile to be labelled as a work location tile. Default value: 80 (unit: percentage).

1 work_ndays_threshold (float): minimum percentage of non-zero permanence score days
during working days and daytime in top tiles out of total number of non -zero permanence
score days during working days and daytime, for a tile to be labelled as a work location tile.
Default value: 80 (unit: percentage).

The software shall be able to read from a configuration file the start and end month for interval to
process Longterm Permanence Metrics in the format YYYY¥MM.

The software shall perform Usual Environment labeling and Home and Work locations labeling of tiles
for each device.

The software shall perform validation that all combinations of periods required for labeling are present
in Long-term Permanence Metrics Data Object, notify the user about missing combinations and stop
further execution. Currently, the required periods are:

1 UE labeling- all days: all intervals

1 Home labeling - all days: all intervals, all days: nighttime

T  Work labeling - work days: working hours

The software shall filter rarely observed devices using all days: all intervals combination based on the
following rules:

TSSUEL-003

TSSUEL-004

TSSUEL-005

TSSUEL-006
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1. Hilter devices for which 'lps'valueini d _t ype = O6device_observat
parameter into separate table. Mark such devices as filtered by ruled@evice_filter_I(rarely
observed).

2. FHilter devices for which 'total_frequency' valueini d _t ype = &édevice_obs

freq_days_thresholdparameter into same as above separate table. Mark such devices as
filtered by rule @evice_filter_(discontinuously observed).
Devices filtered during this step shall not be used for any labeling.
The software shall label tiles as Usual Environment tiles based on following algorithm:
1. For all days : all intervals combination:
a. Getthe highest value of a long permanence score @psd of a device over all grid tiles
(PS max).
b. Calculate the difference in @psbvalues between consecutive tiles ordered by dpsd
values in descending order.
c. Find tiles that have a difference in dpsdvalue > ue_gap_threshold (default is 20% of
PS max), filter out these tiles and all the tiles with @ps6values below.

TSSUEL007 2. For each tile in the remaining tiles group check if its dpsdvalue is at least ue_ps_threshold
(default is 70% of '"Ips' valwue in id_type
combination). Tiles for which this condition is fulfilled are labeled as UE tiles Labeling rule
code: due_16

3. For tiles which have not got UE label in previous stepperform the same check for all other
combinations of day types and periods. If condition is fulfilled for any of the combinations,
label tiles as UE tiles. Labeling rule codedue_26

4. If no UE label being assigned after all of the above steps, add ue labeling rule@e_nad- label
not assigned.

The software shall save the rule based on which tiles were labeled as UE tiles using predefined rule
codes.
The software shall label tiles as Home location tiles based on following algorithm:
1. For all days: all intervals combination:
a. Calculate the difference in long permanence scores (ps§ between consecutive tiles
ordered by dpsdvalues in descending order.
b. Find first tile that have a difference in dpsdvalue > gap_ps_threshold (default is 1),
filter out this tile and all the tiles with dpsdvalues below from all period
combinations used for home labeling .
2. For each tile in the remaining tiles group check if its dpsdvalue is at least
home_ps_threshold (defaultis 80%of' | ps' value in id_typef

TSSUEL-009 all : all periods combination). Such tiles are labeled as Home tiles. Labeling rule codedh_15

3. If no home label being assigned, repeat this condition check for all days: night_time
combination. Tiles that fulfilled this condition are labeled as Home tiles. Labeling rule
code: ;26

4. If no home label being assigned, check if the device was in the tiles at least
home_ndays_threshold (default is 80% oftotal_frequency' value in id_type =
6devi ce_ ob s efalvdays: allantetvalsrcombination). Tiles that fulfilled this
condition are labeled as Home tiles. Labeling rule code:d_30

5. If no Home label being assigned after all of the above steps, add labeling rule doc_nad-
label not assigned.

The software shall label tiles as Work location tiles based on following algorithm:

1. For working days: working time combination:

a. Calculate the difference in long permanence scores (psd between consecutive tiles
ordered by dpsdvalues in descending order.

TSSUEL010 b. Find first tile that have a difference in dpsdvalue > gap_ps_threshold (default is 1),

filter out this tile and all the tiles with dpsdvalues below from all period
combinations used for work labeling .

2. For each tile in the remaining tiles group check for workdays: working_hours combination if

its dpsovalue is at least work_ps_threshold (default is 70% of 'lps' value in id_type =

TSSUEL-008
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6devi ce_ ob s efralvdays:iallantetvalsrcombination). Tiles for which this condition is
fulfilled are labeled as Work tiles. Labeling rule code:&v_16

3. If no work label being assigned, for each tile in the remaining tiles group check for workdays :
working_hours periods combination if its &otal_frequencydvalue is at least
work_ndays_threshold (default value is 70% oftotal_frequency' value in id_type =
6devi ce_ob s efalvdays: alantetvalsrcombination). Tiles for which this condition is
fulfilled are labeled as Work tiles. Labeling rule code:@v_25

4. If no Work label being assigned after all of the above steps, add labeling rule doc_nab- label
not assigned.

The software shallsave the rule based on which tiles were labeled as Home or Work tiles using

TSSUELO11 predefined rule codes.
TSSUEL012 The .softV\./are shall perform labeling for each location type individually, so same tile can be labeled
multiple times.
The software shall write results data following schema specified inl.37 UE LabeldData Object for all full
TSSUEL-013 . . ) L2 - .
months provided in the configured processing interval. Partitioned by year, month, day, user_id_mod.
The software shall produce following quality metrics:
a. Number of tiles in each labeling rule.
TSSUEL-014 b.  Number of home location tiles which are not labeled as UE.
c.  Number of work location tiles which are not labeled as UE.
d. Number of devices which are filtered out as rarely observed and discontinuously observed.
TSSUELO15 The software shall write quality metrics following schema and format specified in 1.43 Labeling Quality

Metrics.
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The software shall be able to read from a configuration file the &tart month 6and &nd month &for the

TSSUEAOOL interval to select from the 1.37 UE Labelsnput in the format YYYY-MM.
The software shall be able to read from a configuration file a boolean @se land usedparameter indicating
TSSUEA002 . . . . .
whether land use information will be used for the usual environment aggregation.
The software shall be able to read an .37 UE LabelData Object from parquet files stored partitioned by
TSSUEA003 :
start_date, end_date & user_id_modulo.
TSSUEA004 The software shall be able to read anl.31 Enriched GridData Object from parquet files stored partitioned
by quadkey.
The software shall load all usual environment grid tiles for all devices from the 1.37 UE Labeldnput data
TSSUEA005
for the selected start and end month regardless of the label.
The software shall load a tile weight (tw) for each grid tile from the grior_probabilty 6column of the [.31
TSSUEA006 Enriched Grid Data Object if niform_tile_weightsdparameter has been set as False. If this parameter has
been set as True, all grid tiles shall be assigned tw = 1.
The software shall calculate, for each device, its device tile weight value (weight_td) for each of the
deviceds usual environment grid tiles. This is
weight _td ( grid_i ) = tw ( grid_i ) [/ 9gj( tw (
Where:
f grid_i: is a target grid tile, i.e., a tile
TSSUEA007 and for which we are calculating pue.
weight_td ( grid_i ): is the weight of the device in the target grid tile (grid_1).
T tw(grid_i): is the tile weight for target grid tile (grid_1), either 1 or coming from the enriched
grid data.
T j( tw ( grid_j ) ): is the sum of the tile
environment.
The software shall sum the weight_td values of all devices in each grid tile to obtain the aggregated
TSSUEA008 . . .
weighted device counts of each tile.
TSSUEA009 The software shall produce an output 1.44 Aggregated Usual EnvironmentsData Object with the final

usual environment count of each tile in parquet files partitioned by start_date and end_date.
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TSSCPEOOL The softyvare shall be able to read Cell Footprint data object with schema specified inl.13 Cell Footprints
for the given day.

TSSCPEO02  The software shall perform all processing steps for each day of data period specified in configuration file

The software shall model coverage areas of the cells by converting grid tiles to polygons using grid tiles
centroids and concave hull operation

TSSCPEO04  The software shall extend coverage areas (buffer) by the number of meters specified in configuration

The software shall calculate distances between pairs of nearby cells. The search radius for nearby cells
shall be defined in configuration

TSSCPEQO06  For each cell, the software shall aggregate all nearby cells where distance = 0 to overlapping cells list
TSSCPEOO7  The software shall write output data object defined in 1.45 CellDistancespartitioned by year, month, day

The software shall write output data object defined in [.14 Cellintersection Groups partitioned by year,
month, day

TSSCPEO03

TSSCPEO005

TSSCPE008
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DEFINITION
The software shall be able to read the|.37 UE Labeldata object for two different long -term periods for

TSSHCD-001 . . . -

which home location changes will be detected following its data schema.

The software shall be able to read the].36 Zones- Grid Map data object containing the mapping of grid
TSSHCD-002 . . -

tiles to geographic zones data following its data schema.

The software shall be able to read thel.31 Enriched Griddata object containing weights for each grid tile
TSSHCD-003 o i

to be used for the distribution of home location.

The software shall be able to write the resulting estimated home location changes following the schema
TSSHCD-004 ; o

of the output data object 1.46 Internal Migration.
TSSHCD-005 The software shall be able to write quality metrics of the internal migration process following the schema

of the output data object |.47 Internal Migration Quality Metrics .
TSSHCD-006 The software shall be able tolread from a configuration file what two long -term periods to compare for

home location change detection.

The software shall be able to count the number of tiles labelled as home that each device has in both
TSSHCD-007 - . )

long-term periods, as well as the number of home tiles shared by both periods.

The software shall be able to compute the overlap proportion of the home location of each device, equal
TSSHCD-008 to two times the number of shared home tiles in both periods divided the sum of home tiles in the first

and the second period for that device.

The software shall be able to filter out those devices whose overlap proportion is equal or above a
TSSHCD-009 migration threshold for the computation of the output migration indicator, keeping those with an overlap

proportion lower than said threshold.

The software shall be able to map the home tiles of both long -term periods to the specific zone they
TSSHCD-010 . . . .

correspond in according to the input 1.36 Zones- Grid Map.

The software shall be able to compute, for each device and long-term period, a weight for each of its
TSSHCD-011 home tiles, either uniform weights or based on the custom weights as per the 1.31 Enriched Griddata

object.
TSSHCD-012 The software shall be able to compute, for each device and long-term period, the weight for each

geographic zone as the sum of the weights of its home tiles assign to that zone.

The software shall be able to compute, for each device, a migration weight between two different zones
TSSHCD-013 equal to the product of the weight of a zone in the first long -term period and the weight of a zone in the

second long-term period, for every pair of distinct zones with non -zero weight.

The software shall be able to compute the output migration indicator for any pair of zones as the sum of
TSSHCD-014 L : .

migration weights between those two zones aggregated over all devices.

The software shall be able to read from a configuration file the migration threshold, a value between 0
TSSHCD-015 and 1, to select what users are considered to have performed a home location change based on their

overlap proportion.

The software shall be able to read from a configuration file the ID of the zoning dataset and list of
TSSHCD-016 . . . i ;

hierarchical levels to use for mapping the tiles to a set of geographical zones.
TSSHCD-017 The software shall be able to read from a configuration file the start month, end month and season for

both of the usual environment labels datasets that are to be compared to detect home location changes.

55



GOPA Pposiium = gl

3.2.26 TOURISMSTAYSESTIMATION

DEFINITION
The software shall be able to read Continuous Time Segments data object with schema specified in.20

TSSTSEO0L Daily Continuous Time Segments
TSSTSE002 The software shall be able to read Cell Footprints with connection probabilities data object with schema
specified in |.15 Cell Connection and Posterior Probabilities
The software shall be able to read the mapping of grid tiles to geographic zones data object with schema
TSSTSE003 L )
specified in .36 Zones- Grid Map.
The software shall be able to read Usual Environment Labels Data Object with schema specified ih.37 UE
TSSTSEO004 . .
Labels.This shall be optional.
TSSTSEO05 The software shall be able to perform all processing steps one day at a time for the given range of dates.
TSSTSEO006  The software shall select segments relevant for tourism case (inbound) by selecting only foreign MCC.
The software shall remove inbound residents by checking if a device has usual environment in the
TSSTSE007 - -
country of study. This shall be optional.
TSSTSEO08 The software shall select segments with state = 'stay'.
The software shall perform stays mapping from cells to zones using cell footprints and taking into
account cell connection probabilities. For every segment, its corresponding cells shall be first mapped to
their footprints with posterior probabilities. The n posterior probabilities shall be averaged to the number
TSSTSEO009  of cells (Pg * 1/num_cells) so that probabilities of multiple cells in a grid tile can be summed up together
(Pg_total = Pgl * 1/ num_cells + Pg2 * 1/ nallgridc el
probabilities for a stay is equal to 1. The last step is to map all grids to target geographic zoning and
perform aggregation by zone with summing up all probabilities.
TSSTSEO10  The target zoning dataset shall be determined in configuration by zoning_dataset_id parameter.
TSSTSEO11 In case of hierarchical dataset, mapping shall be done to the lowest level of hierarchy
The software shall remove all stays of devices which have UsudEnvironment assigned to them. This shall
TSSTSEO12 be done by checking if any UE exists in the UE labels data object for current devices with duration
overlapping current date. This step shall be optional. Its execution shall be defined by config parameter
and not performed for the cases when usual environment has not been calculated.
The software shall remove all stays with duration under given threshold. The threshold shall be
TSSTSEO013 determined in general configuration by min_duration_segment_m parameter with default value 180
minutes.
The software shall mark overnight stays. Overnight stay shall be defined by following conditions: a) time
interval of a stay crosses functional midnight b) duration of a stay is more than a given threshold.
TSSTSEO014 Functional midnight shall be determined by config parameter functional_midnight_h , default value is
04:00 AM. Duration threshold shall be defined by config parameter min_duration_segment_night_m ,
default value is 5 hours.
TSSTSEO15 The software shall write output data object defined in 1.48 Daily Tourism Stayspartitioned by year, month,

day and user_id_modulo.
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DEFINITION
The software shall be able to read Daily Tourism Stays data object with schema specified irl.48 Daily

TSSTSGO001 .
Tourism Stays
TSSTSG002 The software shall be able to read existing Tourism trips data object with schema specified inl.49 Tourism
Trips.
TSSTSG003 The soﬂware shall be able to read MCC to ISO Timezones data object with schema specified in.50 MCC
to ISO Timezones
The software shall calculate trips and aggregations for each parameterspecified zoning dataset and for
TSSTSGO004 . o
each month in the parameter-specified range of months.
For each month, the software shall calculate a input data period for tourism stays. The input data period
starts from the beginning of the month. The input data period ends with the end of the month plus the
TSSTSG005 ; . o . -
lookforward window: max trip gap parameter -specified number of days in the beginning of the next
month.
For each zoning dataset, for each month, the software shall select as input stays all stays which are within
TSSTSCGO006 the validity period of the current month and which match the current zoning dataset. In addition, the
software shall select as input stays all stag that are part of ongoing trips from the previous month.
TSSTSGO007  The software shall assign a trip id value to eachinput stay.
TSSTSCGO008 If a stay was part of an ongoing trip in the previous month, it shall keep the existing trip id.
If a stay does not have an existing trip id and the chronologically preceding stay of the same user is
TSSTSCGO009  within the parameter -specified max trip gap, the stay shall be assigned the trip id of the previous stay. If
not, the stay shall be assigned a newly geneated trip id.
TSSTSCGO010  The trip ids shall be unique across the trips of one user.
TSSTSGO11 Egch trip shall l?e marked unfinished if it includes any stays from the lookforward window, and marked
finished otherwise.
TSSTSCGO012  The tourism trips of the month shall be written with the schema specified in 1.49 Tourism Trips
TSSTSGO13 Each stay shall be joined with the MCGISO2 data on the MCC value to assign the ISO2 code to the stay.
Stays with no matching MCC value shall be assigned the codeXX
TSSTSCGO014  Each stay shall be unpacked to separate partstays for each value in its zone_id_list.
For each zoning dataset, for each month, the statistical aggregations on each parameter-specified
TSSTSGO015 . . :
hierarchical zoning level shall be calculated.
TSSTSGO16 For each hl erarchical | evel, the corresponding
be used for aggregation.
For each part-stay, a visit id shall be calculated. If there does not exist any previous paristay with the
TSSTSCGO017  same zone id within the max visit gap-specified, then the part-stay shall be assigned a new visit id.
Otherwise, it shall be assigned the same visitid as the previous part-stay.
TSSTSGO18 Visit ids shall be locally unigue. Visit ids may be consecutive numbers, since they are not stored long
term.
Each visit shall be marked unfinished if it contains any partstays within the lookforward window, and
TSSTSCGO019 . . .
considered finished otherwise.
The aggregation of nights spent per zone per country of origin shall be calculated as the sum of the
TSSTSCG020 zone_weight values of all part-stays with the same zone_id and country of origin which are both from
overnight stays and finished visits.
The aggregation of number of departures per zone per country of origin shall be calculated as the total
TSSTSG021 number of distinct finished trips that contain any part -stays with the corresponding zone_id and country
of origin. For the is_overnight=Truebreakdown, only part-stays from overnight stays are included. For the
is_overnight=Falsebreakdown, only part-stays from non-overnight stays are included.
TSSTSG022 The nights spent and number of departures per zone aggregations shall be combined into one data
object and written with the schema 1.51 Inbound Tourism Aggregations I.
TSSTSG023 The average number of destinations per country of origin shall be calculated as the average number of

distinct zone_id values of each trip made by the users from the specified country of origin.
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For each finished trip, the nights spent per destination are the sums of zone_weight values per zone_id
calculated from part-stays of the trip which are from overnight stays. The average number of nights spent
per destination per country of origin shall be calculated as the average of that value across the users
from the specified country.

The average number of destinations and the average number of nights spent per destination per country
TSSTSCG025  of origin shall be combined into one data object and written with the schema .52 Inbound Tourism

Aggregations II.

TSSTSC024
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TOURISMOUTBOUNDSTATISTICSCALCULATI

DEFINITION
The software shall be able to read Continuous Time Segments data object with schema specified in.20
Continuous Time Segments

TSSTOSCG002

The software shall be able to read existing Tourism trips data object with schema specified inl.49 Tourism
Trips.

TSSTOSG003

The software shall be able to read MCC to ISO Timezones data object with schema specified in.50 MCC
to ISO Timezones

TSSTOSC004

The software shall calculate trips and aggregations for each month in the parameter-specified range of
months.

TSSTOSG005

For each month, the software shall calculate a validity period for input stays. The validity period starts
from the beginning of the month. The validity period ends with the end of the month plus the
lookforward window: max trip gap parameter -specified number of hours in the beginning of the next
month.

TSSTOSCG006

The software shall select as input stays all time segments within the validity period of the current month
which have the segment state ABROAD. In addition, the software shall select as input stays all time
segments that are part of ongoing trips from the previous month.

TSSTOSG007

Each stay shall be joined with the MCGISO2 data on the MCC value to assign the ISO2 code and local
timezone to the stay.

TSSTOSCG008

The software shall mark overnight stays. A stay shall be marked as overnight if its duration contains the
parameter-specified functional midnight hour and its duration is longer than the parameter -specified
threshold.

TSSTOSCG009

The software shall calculate a trip id value for each input stay:
1 If astay was part of an ongoing trip in the previous month, it shall keep the existing trip id.
1 If a stay does not have an existing trip id and the chronologically preceding stay of the same
user is within the max trip gap-specified time gap, the stay shall be assigned the trip id of the
previous stay. If not, the stay shall be assigned a newly geneated trip id.

TSSTOSG010

The trip ids shall be unique across the trips of one user.

TSSTOSCGO11

Each trip shall be marked unfinished if it includes any stays from the month following the current
processing month and marked finished otherwise.

TSSTOSGO012

The tourism trips of the month shall be written with the schema specified in 1.49 Tourism Tripswith
dataset_id set to 'abroad'.

TSSTOSCGO013

The software shall calculate the number of overnight stays per country of destination as the number of
overnight stays in that country that are part of finished trips in the current month.

TSSTOSCGO014

The overnight stays aggregation of the month shall be written with the schema specified in 1.53
Outbound Tourism Aggregations .
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3.2.29 OUTPUTINDICATORS

DEFINITION
The software shall be able to read as input the following data objects related to present population: 142.
Present Population and either 1.36 Zones- Grid Map or 1.28 INSPIRE Griavhether spatial aggregation is
to be performed using a custom zoning dataset or on one based on the INSPIRE grid, respectively.

TSSOIN-002

The software shall be able to read as input the following data objects related to usual environment/home
location: .44 Aggregated Usual Environmentsand 1.36 Zones- Grid Map or 1.28 INSPIRE Griavhether
spatial aggregation is to be performed using a custom zoning dataset or on one based on the INSPIRE
grid, respectively.

TSSOIN-003

The software shall be able to read as input the following data object related to internal migration: 1.46
Internal Migration .

TSSOIN-004

The software shall be able to read as input the following data objects related to inbound tourism: [.51
Inbound Tourism Aggregations I: Nights spent and departures per zone, 1.52 Inbound Tourism
Aggregations II: Average number of destinations and nights spent per country of origin , and optionally
1.54 Inbound Estimation Factors

TSSOIN-005

The software shall be able to read as input the following data object related to outbound tourism: 1.53
Outbound Tourism Aggregations: Nights spent per destination country .

TSSOIN-006

The software shall be able to process the specific partition or partitions of each data object as specified in
a configuration file.

TSSOIN-007

The software shall be able to perform spatial aggregation of the indicators of
both present population and usual environment to the zoning specified in a
configuration file:
71 If the INSPIRE 100 m grid is specified, the data is already at the level of
this grid, so only a renaming of columns is to be performed
71 Ifthe INSPIRE 1 km grid is specified, the data is to be mapped from the
100 m grid to the 1km grid and aggregated.
1 If other zoning dataset is specified, the data is to be mapped according to
the grid to zone mapping data object and aggregated.

TSSOIN-008

The software shall be able to multiply the following columns of the input data by
the local deduplication factor specified in a configuration file:
1 0popul ationd6 for present popul ati
1 owei ghted _devi c envooormentthane foaation usescase |
data.
f Oomigrationd6 for internal migratio
! onights spentdé6 for outbound tour.i

TSSOIN-009

The software shall be able to multiply the following columns of the input data of the inbound tourism use
case by the deduplication factor specified in the Inbound Estimation Factors data object by taking into
account the different factors for each country of origin, or use the default deduplication factor for

inbound visitors specified in a configuration file:

onights_spent o6 and 0num_ olbl IrbeupdalroutismrAggsedatioasfl: Nigiise o
spent and departures per zone data object.

TSSOIN-010

The software shall be able to multiply the following columns of the input data by
the local MNO-to-target-population specified in a configuration file:
1 0popul ationd6 for present popul ati
1 oweighted_device_countdé for wusual
data.
f Omigrationd6 for internal migratio
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DEFINITION
1 onights_spentdé6 for outbound tour.i

TSSOIN-011

The software shall be able to multiply the following column of the input data of the inbound tourism use
case by the MNO-to-target-population factor specified in the Inbound Estimation Factors data object by
taking into account the different factors for ea ch country of origin, or use the default MNO -to-target-
population factor for inbound visitors specified in a configuration file.

onights_spent 6 and 0num_ olLbl IrbeupdaloutismrAggsedatioasfl: Nigitise o
spent and departures per zone data object.

TSSOIN-012

The software shall be able to apply k-anonymity by either obfuscating or deleting records, as specified in
a configuration file, for each of the input data objects to be processe

TSSOIN-013

The software shall be able to apply the k-anonimity process on the following columns of each of the
input datasets:
T opopulationo for
f oweighted_device_countdé for usual environme
f omigrationdé for internal migration use case
T onum_of _depart ur B5 Bbowntl Totrikne Agor@gatignis In Nights spent and
departures per zone data object for inbound tourism use case data.

present population use cas

TSSOIN-014

The software shall be able to write the following output data objects based on the use case:

I L41 Present Population- Zones for present population

I L55 Agaregated Usual Environments- Zones for usual environment/home location

9 L46 Internal Migration for internal migration

{ 151 Inbound Tourism Aggregations I: Nights spent and departures per zone and 1.52 Inbound
Tourism Aggregations Il: Average number of destinations and nights spent per country of origin
for inbound tourism

{ 153 Outbound Tourism Aggregations: Nights spent per destination country for outbound
tourism

TSSOIN-015

The software shallbe able to check if the number of fields in the written output data match the expected
number of fields, and log a warning it they do not.

TSSOIN-016

The software shall be able to check if the names of fields in the written output data match the expected
names of fields, and log a warning it they do not.

TSSOIN-017

The software shall be able to check if the types of fields in the written output data match the expected
types of fields, and log a warning it they do not.

TSSOIN-018

The software shall be able to check if columns that do not accept null values contain any, and log a
warning if they do.

TSSOIN-019

The software shall be able to read from a configuration file the use case to be processed by the
component.

TSSOIN-020

The software shall be able to read from a configuration file whether to clean the output directory or not.

TSSOIN-021

The software shall be able to read from a configuration file the local deduplication factor and local MNO -
to-target-population factor.

TSSOIN-022

The software shall be able to read from a configuration file the default values for inbound visitors of the
deduplication factor and the MNO -to-target-population factor.

TSSOIN-023

The software shall be able to read from a configuration file what type of k -anonymity should be applied
to the data, either obfuscate or delete.

TSSOIN-024

The software shall be able to read from a configuration file the value k for the k-anonymity process.

TSSOIN-025

The software shall be able to read from a configuration file, when processing data of the present
population use case, the following parameters to determine what part of the data should be processed:
the zoning dataset to use for spatial aggregation, the hierarchical levels to consider, and a date range
with both dates inclusive.

TSSOIN-026

The software shall be able to read from a configuration file, when processing data of the usual
environment/home location use case, the following parameters to determine what part of the data

should be processed: the zoning dataset to use for spatial aggregation, the hierarchical levels to consider,
a list of usual environment labels, and the start month, end month, and season.
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TSSOIN-027

DEFINITION
The software shall be able to read from a configuration file, when processing data of the internal
migration use case, the following parameters to determine what part of the data should be processed:
the zoning dataset, the hierarchical levels, the start nonth, end month, and season of the first long -term
period, and the start month, end month, and season of the second long -term period.

TSSOIN-028

The software shall be able to read from a configuration file, when processing data of the inbound tourism
use case, the following parameters to determine what part of the data should be processed: the zoning
dataset to use for spatial aggregation, the hierarchical levels, the start month, and the end month.

TSSOIN-029

The software shall be able to read from a configuration file, when processing data of the present
population use case, the following parameters to determine what part of the data should be processed:
the start month and the end month.

TSSOIN-030

The software shall be able to read from a configuration file, when processing data of the present
population use case, the following parameters to determine what part of the data should be processed:
the start month and the end month.
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3.2.30 MULTIMNOAGGREGATION

DEFINITION
The software shall be able to read as input the following data object related to present population: [.41
Present Population - Zones.

TSSMMA-002

The software shall be able to read as input the following data objects related to usual environment/home
location: |.55 Aggregated Usual Environments- Zones.

TSSMMA-003

The software shall be able to read as input the following data objects related to internal migration: 1.46
Internal Migration .

TSSMMA-004

The software shall be able to read as input the following data objects related to inbound tourism: [.51
Inbound Tourism Agaregations |: Nights spent and departures per zone.

TSSMMA-005

The software shall be able to read as input the following data objects related to inbound outbound
tourism: .53 Outbound Tourism Aggregations: Nights spent per destination country .

TSSMMA-006

The software shall be able to write an output data object with the same format as the input data read
which was specified in configuration: 1.41 Present Population- Zones, .55 Aggregated Usual
Environments - Zones, 1.46 Internal Migration, 1.51 Inbound Tourism Aggregations I: Nights spent and
departures per zone, or .53 Outbound Tourism Aggregations: Nights spent per destination country .

TSSMMA-007

The software shall be able to process the specific partition or partitions of each data object as specified in
a configuration file.

TSSMMA-008

The software shall be able to read as many input data objects as single MNOsn, have been specified via
configuration file.

TSSMMA-009

The software shall be able to work with the target columns that contain the target metrics or values of
interest in the input data.

TSSMMA-010

The software shall be able to aggregate, for each input data object type, the target metric or metrics of
each MNO by multiplying it by its respective MNO factor and adding up all values across the single
MNOs that have the same identifier columns, that is, the same values in all columns that are not the
target column.

TSSMMA-011

The software shall ignore records obfuscated by kanonimity, that is, records where the target metric has
been flagged to be less than k.

TSSMMA-012

The software shall be able to read from a configuration file the number of single MNOs, n, to be
aggregated for the input data object type to be processed.

TSSMMA-013

The software shall be able to read from a configuration file as many single MNO factors to be used to in
the multi-MNO aggregation as the number of single MNOs n to be aggregated for each of the input
data object types to be processed.

TSSMMA-014

The software shall be able to read from a configuration file, when processing data of the usual
environment/home location use case, the following parameters to determine what part of the data

should be processed: the zoning dataset to use for spatial aggregation, the hierarchical levels to consider,
a list of usual environment labels, and the start month, end month, and season.

TSSMMA-015

The software shall be able to read from a configuration file, when processing data of the internal
migration use case, the following parameters to determine what part of the data should be processed:
the zoning dataset, the hierarchical levels, the start nonth, end month, and season of the first long -term
period, and the start month, end month, and season of the second long -term period.

TSSMMA-016

The software shall be able to read from a configuration file, when processing data of the inbound tourism
use case, the following parameters to determine what part of the data should be processed: the zoning
dataset to use for spatial aggregation, the hierarchical levels, the start month, and the end month.

TSSMMA-017

The software shall be able to read from a configuration file, when processing data of the present
population use case, the following parameters to determine what part of the data should be processed:
the start month and the end month.

TSSMMA-018

The software shall be able to read from a configuration file, when processing data of the present
population use case, the following parameters to determine what part of the data should be processed:
the start month and the end month.
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3.2.31 DAILYPERMANENCESCOREQUALITYMETRICS

0| DEFINITION

TSSDPSQM001 The :_sgftwgre shall pe able to read the daily permanence score data with the data type scheme
specified in .21 Daily Permanence Score

The software shall be able to write the resulting daily permanence score quality metrics following the

schema of the output data object 1.56 Daily Permanence Score Quality Metrics

The software shall be able to count the number of devices with a number of time slots classified as

ounknowndé equal or higher than a percentage th

The software shall be able to count the number

TSSDPSQMO004 for each date being processed, and compute its percentage with respect to the total devices in the

daily permanence score data of that date.

The software shall raise a critical warning if the percentage of devices with a high number of

ounknowné time slots is equal or higher than t

The software shall raise a noncritical warning if the percentage of devices with a high number of

TSSDPSQM006 o0unknownoé ti me sl ot s i-eriticalthreshad ahdystridily layvbr¢han the briical a

threshold.

The software shall be able to read from a configuration file the date range for which to compute daily

permanence score quality metrics.

The software shall be able to read from a configuration file the critical and non -critical threshold for

the percentage of devices with a high number o

TSSDPSQM002

TSSDPSQM-003

TSSDPSQM-005

TSSDPSQM007

TSSDPSQM-008
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3.2.32 CELLFOOTPRINTQUALITYMETRICS

DEFINITION
The software shall be able to read the syntactically clean network data with the data type scheme

TSSCFQM001 specified in |.8 Cell locations with Physical Properties- Cleaned.

TSSCFQM002 The software shall be able to read the syntactically clean event data with the data type scheme
specified in .2 MNO Event Data- Syntactically Cleaned

TSSCFOM003 The software shall be able to read the cell footprint data with the data type scheme specified in 1.13
Cell Footprints.

TSSCFQM004 The software shall be able to write the resulting cell footprint quality metrics following the schema of
the output data object |.57 Cell Footprint Quality Metrics.
The software shall be able to count the number of cells with no cell footprint for each date being

TSSCFQM005 . . :
processed and compute its percentage with respect to the total number of cells in that date.
The software shall be able to count the number of events assigned to each cell with no footprint for

TSSCFQM-006 each date being processedand compute its percentage with respect to the total number of events in
that date.

TSSCFQM-007  The software shall be able to sum the total percentage of events assigned to cells with no footprints.

TSSCFOM008 The softwqrg shall raise a critical warning if the percentage of cells with no footprint is equal or higher
than the critical threshold.

TSSCFQM009 The software shall raise a noncritical warning if the percentage of cells with no footprint is strictly
higher than a non-critical threshold and strictly lower than the critical threshold.

TSSCFQMO10 The softwarg shall raise a crlFlpaI warning if the percentage of events assigned to cells with no footprint
is equal or higher than the critical threshold.

TSSCFQMO11 The software shall raise a noncritical warning if the percentage of events assigned to cells with no
footprint is strictly higher than a non -critical threshold and strictly lower than the critical threshold.

TSSCFOM012 The spftware.shall bg able to read from a configuration file the date range for which to compute cell
footprint quality metrics.

TSSCFQM013 The software shall be ablg to read frqm a configuration file the critical and non -critical threshold for
the percentage of cells with no footprint.

TSSCFQMO014 The software shall be able to read from a configuration file the critical and non -critical threshold for

the percentage of events with no footprint.
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3.2.33 CELLFOOTPRINTINTERSECTIONS

D | DEFINITION

TSSCFH001 The software shall be able to read as input the cell footprint data object as defined in 1.13 Cell
Footprints.

TSSCFH002 The software shall be able to read as input and write as output the group to tile data object as defined
in .59 Group to Tile.

TSSCFH003 The software shall be able to write as output the cell to group data object as defined in 1.58 Cell to
Group.

TSSCFI004 The software shall be able to process cell footprint data for each date in the date interval specified in a
configuration file.

TSSCF005 The software shall be able to initialise the group to tile relationship dataset as an empty relationship
table if no group to tile input data exists.

TSSCFH006 The software shall be able to identify, for a given date, the exact list of cells that provide coverage to
each tile present in the cell footprint data.

TSSCFH007 The software shall be able to group together, for a give date, the list of grid tiles that are covered by
exactly the same list of cells.

TSSCFH008 The software shall be able to assign an identifier to each group of tiles through the MD5 hash function
applied to the string of the comma -separated, ordered list of tiles covered by the same list of cells.

TSSCF009 The software shall be able to write to file as the |.58 Cell to Group data object and for a given date, the
the relationship between each cell ID and the identifiers of the groups to which that cell provides
coverage.

TSSCF010 The software shall write to file as the [.59 Group to Tile data object the relationship between tile group

identifiers and the tile that comprise them for those group identifiers that are not already present in
the group to tile dataset.
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TECHNOLOGY STACK

Based on the general software requirements (seesection 3.1 General requirements), the technology stack of the

software has been defined. Apache Spark framework has been chosen as it perfectly complies with the
requirements. The only aspect not directly addressed by tF
requirement (TSSGENO 17), as Spark doesndt natively ApachepSedonra geospat
is an extension built on Apache Sparkwhose purpose is to perform efficient spatial computations with Spark. By

adding this extension to Spark, a framework that satisfies all the requirements is met. Spark is natively written in

the Scala programming language, nonethelessit supports bindings for multiple programming languages such as

Java, Python and R. From these languages, thd’ython programming language is chosen since it performs

exceptionally the requirements.

A comprehensive list of the technology stack selected for the development of the software together with the
rationale behind its selection is presented in Table 5.
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Table 5: Software technology stack

TECHNOLOGIES

Operating

System Linux

Cloud environments and containers usually run
Linux asoperating system.

Most Linux distributions are open-source and
free.

Linux is a reliable and secure operating system
due to its design and open-source nature.

RATIONALE REMARKS

Software Language: Python 3.7+

Standard data science, data analytics and data
engineering software language.

It has multiple open-source, state of-the-art
data processing libraries, such as numpy,
pandas and pyspark.

Most popular software language at the
moment, with more than 25% of total share 5.
This increases the probability of external users
contributing to the open -source project.
Supported by all popular IDEs.

Supported by all cloud computing providers.

The Python version may be constrained by
the cloud infrastructure of the MNO
operator.

Development

Data processing engine: Spark Pyspark)

Spark is an opensource data processing
framework ideal for big data pipelines.

It provides bindings for python with the pyspark
library.

Spark can be deployed in a single machine or a
cluster depending on the data workload.

Spark has a machine learning library which
allows data scientists to train and deploy
models at scale.

Spark can be deployed in popular cloud
managed clusters (e.g. AWS EMR, GCP
Dataproc, Azure Hdinsight).

Spark provides native support for local file
systems, distributed file systems (HDFS) and
blob storage systems.

Due to privacy constraints, MNOs require
that the software runs in their closed cloud
environment. This restriction may limit the
available computing resources for software
execution. Based on project team previous
experience working with MNOs, most of
them usually have deployed a cloud-
managed map-reduce cluster, such as
AWS EMR or GCP Dataproc. Spark can
seamlessly operate on these environments,
which simplifies the future deployment of
the software.

5 PYPL PopularitY of Programming Language index
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TECHNOLOGIES

Geospatial data processing framework: Apache Sedona

RATIONALE REMARKS

Apache Sedona is a framework built on top of
Apache Spark for processing high workloads of
geospatial data.

Apache Sedona provides bindings for the
python language.

Apache Sedona provides standard spatial
operations such as spatial joins, nearest
neighbour searches, range queries and spatial
indexes.

As it is built on top of Apache Spark, geospatial
data can be incorporated in machine learning
models.

Code &
Components
Orchestration

Custom module

An ad-hoc/custom orchestration module has
been developed for the pipeline. It is designed
as a modular piece that could be replaced in
the future by a more complex/sophisticated
engine if needed.

Data

File Format:
I Parquet/GeoParquet

It allows the possibility of working with both
centralized and distributed computing systems.
Standard and recommended file format of the
Spark framework.

Data storage:
{ Centralized environment
0 Local file-system
{ Distributed environment
0 HDFS (Hadoop)
Y Cloud environment

O Blob storage (AWS S3, GCP Cloud

storage, Azure Blob storage)

The data storage should be invisible to the
software. If the system has been setup correctly,
the software should be able to read data from
the given path locations.

Spark provides support for local file systems,
distributed file systems (HDFS) and blob storage
systems.

Testing

Pytest

Ability to run multiple tests in parallel for
optimised test suite execution times.
Easyto-use syntax.

Automatic test discovery.

Support for HTML reports on coverage and
testing results.

Source Control

GIT

As the use of GitHub is a requirement, the
source control engine should be git, as it is the
main engine supported by the platform.
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TECHNOLOGIES RATIONALE REMARKS

Git is the most popular source control engine.
PEPS8 is the standard coding style for python
software. It makes code more maintainable and
Code style: readable. It is ideal for open-source projects, as
 PEPS it facilitates contribution due to the fact that all
the code has a homogeneous and welkknown
style.
Readable and compact. Ideal for small
docstrings.
Docstring style: Most popular docstring format.
Google Docstring Style Makes contribution easier.
Supports automatic generation deployment of

Code documentation in HTML files.

Documentation MkDocs uses Markdown, a lightweight markup
language, for content creation, making it easy
for users to write and update documentation.
MkDocs includes a built-in development server,
enabling users to preview their documentation

Code Documentation engine: locally before publishing it, facilitating iterative
 MkDocs improvements.
Multiple plugin support: search -bar, table of
contents, versioning,

Code modules automatic documentation
generation from python docstrings in Google
style.
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DESIGN

This chapter describes all the software design decisions considered in the development of the software. First,
general design aspects are presented $ee section 5.1 General desigr), providing information about the data
design, software design, infrastructure design, version control and software artefacts design. Secondly, the design
considerations of each software component are presented (see section 5.2 Component design).

5.1 GENERAL DESIGN

5.1.1 DATA DESIGN

Big Data demands a meticulous and strategic approach to data design decisions within the pipeline architecture.

In the realm of processing vast volumes of information, every design choice reverberates across the entire
ecosystem, influencing the efficiency, scalability, and ultimately, the success of the data pipeline. The decisions
made in the early stages of data design impact considerably the pipeline's ability to handle, analyse, and derive

meaningful insights from massive datasets.

5.1.1.1 DATA FORMAT

All data processed by the pipeline components will be in (geo)parquet format as it is the ideal format for working
with the spark framework. It may be the case that some input data is not presented in (geo)parquet format (e.qg.
csv, json, etc.)Hence, a format transformation process is needed. In this regard, a data ingestion process is defined
which incorporates all data into the system in the desired (geo)parquet format.

5.1.1.2 DATA STORAGE

As the solution is designed to work in a cloud architecture, its blob storage can be defined as aLakehousewhich
guarantees that all data in it is accessible by any computing infrastructure deployed within the cloud. When
executing locally, the OS filesystem can be used ad.akehouse A medallion architecture is proposed for classifying
the data within the Lakehousebased in three levels in which each one represents a more advanced level of data
processing:

Bronze: almost raw data ingested in the desired format. Mainly MNO data and contextual data.

Silver: data model of the project. Enriched MNO data, intermediate outputs and quality metrics and quality
warnings datasets.

Gold: final aggregated outputs (final indicators) of the pipeline.

As previously mentioned, it is expected that not all input datasets will be in the (geo)parquet format, so a landing
zone has been defined to address this aspect. In this zone all data as it is obtained is centralized so it can be then
ingested into the bronze layer of the Lakehouse
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Figure 2: Medallion architecture scheme
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5.1.1.3 MNO DATA DELIVERY
Event and network topology data for each day will be provided by MNOs at the Bronze level.

This data must be stored with the following folder structure:
bronze/<country>/<mno>/<data_type>/year=<YYYY>/month=<MM>/day=<DD>/*.parquet.

For example:bronze /es/orange / events/year=2023 /month=01 /day=01 /event_data.parquet.

Under the day folder multiple parquet files could be stored. However, it is recommended to use parquet files with
sizes of 512MB-1GB as defined in the official parquet documentation [1].

References:

[1] Apache parquet file-format configurations. Available: https://parquet.apache.org/docs/file -
format/configurations/ [Accessed Nov. 23, 2023]

5.1.2 SOFTWARE DESIGN

The aim of this section is to describe all the software design decisions for the execution of a big data pipeline that
processes and generates data in the data model described in section 5.1.1Data design.

5.1.2.1 PIPELINE DESIGN

Processing multiple Big Data pipelines is the main functionality of the software to be developed. These pipelines
can be divided into independent modules/components in which each one performs an ETL process. For this
purpose the isolated components design principle has been applied which consists on having independent
software processing units that do not share in-memory data and that, as long as they have all required input data,
they can be executed without any dependency of other components. With this approach, components can be
developed independently and will integrate without problems in a pipeline as long as the data objects definitions
are adhered to. Furthermore, if the pipeline execution fails, the pipeline execution can be restored from the
component that failed as all the previous components will have been executed correctly. Additionally, in the
context of a PySparkapplication, using isolated components grants that the temporary and cache data of a Spark
session will be completely cleaned after each execution.

Having each component as a single PySparkapplication allows the project to easily integrate with orchestration

software. A component is definedasaPyt hon package € o nspb3paockade containiag cdmmon
functionalities of all components | i ke | oggiGomp ocnoennftisgdur a
sub-package in which each component will represent a spark job. Besides the code, a spark job submission will

include configuration text files. Two or more configuration files will be used for each component which can be

categorized into two types:

General: general & common configuration of the pipeline.
Component : specific component configuration file(s) that can override some general configuration parameters.
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Figure 3: Pipeline orchestration scheme
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5.1.2.2 COMPONENTS DESIGN

I }—

Core é‘ }

General

While every component executed in the pipeline corresponds to a single module to be executed as a spark-job,
we can define different types of components depending on their purpose.

Ingestion: these components are in charge of getting raw data in different file formats (csv, json, text, shapefile,
etc.) and introducing it into the Lakehousein a common file format: parquet & geoparquet. For

demonstration/testing purposes, synthetic data is generated to simulate a pipeline execution. The synthetic
data generating components is considered as an ingestion component.

Initial Validation:

it is a single component that performs pipelin e setup verification checks. Is main purpose is

to provide a @ail fastdfunctionality for preventing small errors that will break the pipeline halfway like missing a
configuration file for a component at a later stage of the pipeline. The verifications performed are:

9 Configuration files are valid;
I Data can be read and written;
1 Component classes can be initialised.

Execution: components that perform the functional logic of the pipeline. Each component performs ETL
processes for a single functional step in the pipeline. It is recommended not to include too much functionality

in a single component and instead split it up between execution components.

Quality: these components perform validation and quality processes and store these analyses in theLakehouse
5.1.2.3 CLASS DIAGRAM

While the software will execute each component as a separate sparkjob, the whole application can be conceived
as a single python program which provides a component selection for single executions. The proposed software
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architectur eCoospedraksagd iwhiahdécontains the RDhéosaOlgndctcd@dsse
common functionalities like the configuration, spark session and logging management.
Figure 4: Component and DataObject class diagram
IOimerface DaraObject Component
+ read_from_interface("args, “fwargs): Dataframe gyp——————————————— *10-str gy —————— * COMPONENT_ID: str
+ write,_from_interface(dr Dataframe, "angs, *kwargs) + SCHEMA: StruciType = input_data_objects: dict
+ ¢f DataFrame + putput_data_objects: dict
% +spark: SparkSession + config: ConfigParser
Pathinterface + interface: 10Interface + logger: logging
+ FILE_FORMAT: str + read"args, “kwargs) + spark: SparkSession
=+ read_from_interface(spark: SparkSession, path: sir, schema: StructType = None) * winte("args, “kwargs) + intalize_dsta_objects()
+ write_from_interface(df: Dataframe, path: str, partition_columns: list=str= = Nong) + readi)
+ wirita()
+ axacute()
The most important c¢l| a<o mpfo ndabsevhich ighe abstract class that pesforntsithe 6

read, transform and write operations. One of the key aspects of this software architecture is the use of the

at aOktjl asts®s. Every dat a

source

i's accesDBdthd @rlHsaoGHhisd ead an

prevents multiple read and write definitions of a data source used in multiple components, eases the scalability of
software and guarantees consistency in read and write operations as the same schema is always used. The
®at aOhbcjass cantdins am @ Ol nt elask which abstracts input and output operations perform on data

sources. In the realm of

Bi

Dat a

is common

that data can

databases or APIs; having a class that abstracts this access grants madarity and scalability as the
solu@lcret aarafeaglic eb@np tt @Iz jo6eac tmo.d i
Thanks to the Spark framework, different file formats are read with the same code with minimum changes. An
intermedi at e absRataklcltnttehrafsascierdh d Ol end ad definenl éndorder to prevent
having duplication of code for reading and writing a file. From this class concrete classes for reading different file

i ncorporation/change of

formats can be defined. The supported file formats are:

I Parquet
1 Json

T Csv

1 Shapefile

I Geoparquet.

a

The concrete classes for this file access require only a change to the FILE_FORMAT variable as the main logic is
inherited by the parent class reducing code duplication. For special cases, like shapefiles, specific logic for reading
a shapefile is needed & the Sedona Framework is used.
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WORLDWIDE CONSULTANTS

Figure5: 10 Interface class diagram

I0Interface

+ read_from_interface(*args, **kwargs): Dataframe

+ write_from_interface(df: Dataframe, *args, *kwargs)

Pathinterface

+ FILE_FORMAT: str

+ read_from_interface(spark: SparkSession, path: str, schema: StructType = None)

+ write_from_interface(df: Dataframe, path: str, partition_columns: list<str= = None)

VAN

Parquetinterface

GeoParquetinterface Jsoninterface

+ FILE_FORMAT: str = parquet + FILE_FORMAT: str = geoparquet

+ FILE_FORMAT: str = json

Shapefilelnterface

Csvinterface

+ FILE_FORMAT: sir = csv

+ FILE_FORMAT: str = csv

+ read_from_interface(spark: SparkSession, path: str, schema: Structype)

+ write_from_interface(df: Dataframe, path: str, pariition_columns: list = [])

+ read_from_interface(spark: SparkSession, path: str, schema: Structype. header: bool, sep: str="")

+write_from_interface(df: Dataframe, path: sir, header: bool, sep: str ="', partition_columns: list = [])
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After definingall 1 / O i nt erDfad @b fetcit sBdb appl i cati ODat a®ixhdsdedred i ned. A
f or ®at h O&defieed in BAnnex |. These classes contain information about the data they are modeling, like

a unique ID to identify the data, the data schema or the data type. They also hold the spark DataFrame and provide

an easy and centralized way for developers to read and write data o a data object. This prevents multiple read and

write implementations of a data object that is used in multiple components. Figure 5 shows an example of four

different data object class diagrams.
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Figure 6: DataObjects example class diagram
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PathDataObject

+1D: str

+ SCHEMA: StructType
+ df: DataFrame

+ spark: SparkSession

+ interface: Pathinterface

+ default_path: str

+ read(path:str = None)

+ write(path:str = None, partition_columns: list<str> = None)

BronzeEventDataObject

SilverEventDataObject

SilverEventD: icQualityMetri olumn

Sil icQualityMetricsF

Distribution

+1D: str = BronzeEventDO
+ SCHEMA: StructType
+ interface: Parquetinterface

+ partition_columns: list=str>

+ write(path:str = None, partition_columns: list=str= = None)

+ ID: str = SilverEventDO

+ SCHEMA: StructType

+ interface: Parquetinterface
+ partition_columns: list<str=

+ first_write: bool

+write(path:str = None, partition_columns: list<str> = None)

+ ID: str = SilverEventDataSyntacticQualityMetricsBy Column
+ SCHEMA: StructType
+ interface: Parquetinterface

+ partition_columns: list<str=

+ 1D str = SilverEventD ticQuali icsF

yDistribution

+ SCHEMA: StructType
+ interface: Parquetinterface

+ partition_columns: list=str=

+ write(path:str = None, partition_columns: list<str> = None)

+ write(path:sir = None, partition_columns: list=str> = None)
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After modeling all the data objects that will be used in the release of the software, the components that make use
of this data and perform the transformations are implemented. Each component can be though t as an abstract
class which will read data, transform data and write data. They are the main point of execution as each component
represents a step of the pipeline. All components also use some common functionalities which consist of:

I Reading configuration files
i Starting a Spark Session
9 Initialize a Logger

Component c¢l| asskast anwd b absociateseld them ¢o re@d and write data. All this logic can be
centralised in an abstract class which delegates to its inherited classes the only responsibility to implement the
concrete data transformations. This approach keeps codes modular and clean. Furthermore, it eases the
development as developers only need to take care of implementing the logic of the transformations of the
component.

In Section 5.2 Component design all components of the software are described with a class diagram that represents
all the concrete objects that interact in the execution of the component.
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Figure 7: Concrete component implementation class diagram

Component

+ COMPONENT_ID: str

+ input_data_objects: dict
+ output_data_objects: dict
+ config: ConfigParser

+ logger. logging

+spark: SparkSession

+ initalize_data_objects()
+read()

+ transform()

+ write()

+execute()

EE

= B Isiat

SyntheticEvents

EventCleaning

+ COMPONENT_ID: str = SyntheticEvents
+seed: int

+n_agents: int

+ n_events_per_agent: int

+ n_partitions: int

+ timestamp_generator_type: str
+ starting_timestamp: datetime
+ ending_timestamp: datetime

+ location_generator_type: sir

+ cell_id_min: int

+ cell_id_max: int

+mec: int

+ initalize_data_objects()
+ transform()
+ execute()

+ generate_agents(): list

+ calc_hashed_user_id(df: DataFrame): DataFrame

+ generate_agent_records(n_events, starting_event_id, timestamp_generator_params, cell_id_generator_params): udf

+ COMPONENT_ID: str = EventCleaning
+ timestamp_format: str
+input_timezone: str

+ do_bounding_box_fitering: bool

+ bounding_box: dict

+ spark_data_folder_date_format: str

+initalize_data_objects()

+read()

+ transform()

+ write()

+ execute()

+ save_syntactic_quality_metrics_frequency_distribution()

+ save_syntactic_quality_metrics_by_column()

+ filter_nulls_and_update_qa(df- DataFrame): DataFrame
+filter_null_locations_and_update_qa(df. DataFrame): DataFrame

+ convert_time_column_to_timestamp_and_update_qga(df. DataFrame): DataFrame

+ data_period_filter_and_update_qa(df: DataFrame): DataFrame

+ bounding_box_filtering_and_update_ga(df. DataFrame): DataFrame
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\F | parse_configuration(general_config_path: str, component_config_path' str = =) ConfigParser

|

| spark_session

: T = |+ generate_spark_ ConfigParser)

|

|

[ i

| + generate_logger(config: dict): logging.Logger

|

I ErrorTypes

I + missing_value: int = 1

‘ + not_right_syntactic_format: int = 2

! + out_of_admissable_values: int = 3

‘T _ _p| +inconsistency_between_variables: int = 4

‘ +no_location: int =5

| + out_of_bounding_box: int = 6

| +no_error:int=9

| + event_syntactic_cleaning_possible_errors: st : [1, 2, 3,4,5,6,9]

|

| z
Transformations

: + converted_timestamp: int = 1

- + other_conversion: int = 2

+no_transformation: int = 3

+ event_syntactic_cleaning_possible_transformations: list - [1, 2, 3, 4,5, 6, 9]
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5.1.2.4 CONFIGURATION DESIGN

One critical aspect of building robust big data pipelines is the management of configuration settings. To achieve
enhanced flexibility, maintainability, and scalability, a prudent approach is to utili se a combination of a general
configuration file and component -specific configuration files.

\ GENERAL CONFIGURATION FILE

The general configuration file serves as the overarching blueprint for the entire big data pipeline. It encapsulates
settings that are applicable across multiple components, providing a centralised and standardised approach to
configuration management. This file contains global execution settings, like logger settings, path values and spark
session settings. By consolidating these shared settings in a single file, the pipeline gains consistency and becomes
more adaptable to changes in the overall infrastructure.

\ COMPONENT-SPECIFIC CONFIGURATION FILES

Complementing the general configuration file, each individual component within the big data pipeline is associated

with its own specific configuration file. These files contain parameters tailored to the unique requirements and
characteristics of each component. For instance, a daa ingestion component might have settings related to data

sources, formats, and ingestion frequencies, while a execution component may have parameters governing data
transformation logic.

\ ADVANTAGES OF USING SEPARATED CONFIGURATION FILES

a. Modularity and maintainability: separating configurations into distinct files promotes a modular design,
allowing developers to focus on the specific requirements of each component. This modularity not only
simplifies development but also streamlines maintenance efforts. When modifications or updates are necessary,
developers can address specific components without the need to navigate through an extensive monolithic
configuration file.

b. Ease of collaboration: in collaborative development environments, multiple teams or individuals may be
responsible for different components of a big data pipeline. Using separated configuration files facilitates
parallel development and reduces the risk of conflicts. Each teamcan work on their respective configurations
independently, minimi sing the chances of unintentional interference.

c. Scalability: as big data pipelines evolve and expand, the addition of new components or the modification of
existing ones is inevitable. Separated configuration files accommodate this scalability seamlessly. Developers
can introduce new configurations for new componen ts without disrupting the settings of existing ones,
promoting a scalable and extensible architecture. Furthermore, developers can override general settings
parameters in the component specific settings for testing purposes.

d. Version control: by organising configurations in a modular fashion, version control becomes more effective.
Changes to specific components can be tracked independently, providing a clear audit trail of configuration
modifications over time. This enhances traceability, simplifies detugging, and facilitates the rollback to previous
configurations, if needed.

5.1.2.5 LOGGING DESIGN

The logger is initialised after reading the configuration file. A single python logging object is created logging into
the standard out (stdout) file descriptor. Furthermore, the software can also create a logfile in the local filesystem
of the master machine besides the writing to stdout. This functionality is activated via configuration and is
recommended for local mono -cluster deployments. In cloud environments, like AWS EMR and GCMataproc, the
logs written in stdout file descriptor can be saved into their respective blob storage.

Each component shall log the configuration that will use at the start of its execution in the log file.
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5.1.2.6 CRITICAL QUALITY WARNINGS

In a Big Data pipeline, for ensuring its reliable orchestration, it is crucial to differentiate between controlled exits

due to quality warnings and unexpected failures. Our pipeline includes specific Quality Warnings components
designed to exit in a controlled manner with a predefined process exit status 2 . This mechanism signals to the
implemented multimno orchestrator, or any other orchestration layer that the user may use, that the component

has not encountered an unhandled error but has, instead, terminated due to a detected quality issue. By
distinguishing between controlled warnings and failures, the pipeline can enable intelligent decision-making,
allowing downstream processes to react accordingly - whether by triggering alerts, proceeding with caution, or

halting execution based on predefined rules.

The implemented Multimno Orchestrator  will halt pipeline execution upon encountering a Critical Quality
Warning , ensuring that data integrity issues are properly addressed. When a component exits with status 2, the
orchestrator will log the corresponding message, mark the event as a controlled warning, and terminate the
orchestration also with exit status 2 . This guarantees that quality issues are clearly identified and propagated
while preventing further execution in cases where continuing the pipeline cou ld compromise data reliability.

This modular design enhances flexibility for future custom orchestrators while maintaining consistency in
handling quality warnings. By clearly differentiating controlled exits from failures, it prevents false positives and
ensures that operational responses are aligned with the severity of detected issues.

5.1.2.7 COMPONENT TESTING

Ensuring the correct functionality and maintainable evolution of each component within the Multi -MNO Big Data pipeline is a
non-trivial task. Each module typically depends on specific data prerequisites and execution contexts, making automated and
reproducible testing essential. To address this complexity, the repository includes two distinct testing approaches designed to
serve complementary objectives:functional correctness and performance efficiency .

\' FUNCTIONAL CORRECTNESS

To validate component behavior under controlled and predictable conditions, each component must include at least one test
case located within the designated testing directory of the repository. These test cases use synthetically generated minimal
input dat asets, tailored to represent the required schema and logical structure expected by the component. The test framework
then executes the component against this input and compares the resulting output to an expected reference output. Successful
tests confirm that the component processes input data as intended, producing consistent and accurate results.

\ PERFORMANCE EFFICIENCY

To assess component scalability and performance under varying data loads, the repository provides tools for synthetic
generation of MNO data at different volumes. These synthetic datasets allow users to evaluate how each componenfi and
the pipeline as a wholefi performs under realistic workloads. Additionally, a lightweight sample dataset, suitable for execution
on conventional laptops, is included to facilitate local development, testing, and demonstration without the need for high -
performance computing infra structure.

In summary, the combination of functional and performance -focused testing strategies establishes a robust framework for
verifying both the correctness and scalability of the Multi -MNO software components. This dual approach ensures that the
software remains reliable, extensible, and fit for operational deployment.
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5.1.3 INFRASTRUCTURE DESIGN

The software developed in the project processes big data pipelines which, due to the expected large volume of
the data, distributed computing and distributed file systems frameworks will be used. Spark& HDES respectively,
are the proposed open-source frameworks. They can be executed in centrabed environments and distributed
environments.

5.1.3.1 DEVELOPMENT/TESTING ENVIRONMENT

When developing the software, it is important that it can be executed locally so developers can perform an agile
developing cycle. Thankfully both Spark & HDFS frameworks can be deployed locally in a centrabed system of a
single computer. However, in the case of a local execution, the OS filesystem can be used instead of HDFS for
simplicity as the data used in this case should not be large.

For a local execution, docker technology is proposed as it allows to completely isolate software dependencies
from the host machine inside the container. Containers can be conceived as virtual machines that only have the
indispensable libraries for executing the software. With this approach, users only need to have docker installed
in their system to execute the application. Furthermore, it allows to test different versions of libraries in an agile
manner as multiple containers with different environments can be created in order to verify the software
execution across multiple library versioning combination.

Figure 8: Standalone docker depbyment
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5.1.3.2 PRODUCTION ENVIRONMENT

Thanks to cloud providers like AWS and GCP, computing environments that easily scale can be deployed.
Furthermore, the software needs to be executed in the MNO cloud environments due to data privacy constraints.
Based on the project team previous experience working with MNOs, many of them usually provide a cloud -
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managed map-reduce cluster, such as AWS EMR or GCP Dataproc. These clusters follow a drivekecutor
architecture ideal for the Spark and Hadoop frameworks. In Figure 8, a representation of a distributed computing
deployment in the MNO -Cloud is represented.

Figure 9: Distributed computing deployment
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5.1.4 VERSION CONTROL

The code shall be maintained and released following the semantic versioning strategy. It consists on using three
numeric levels for code versioning classified asMajor.Minor.Patch. For example: 1.2.4.

Each levelclassifiesthe changes in the source code:

Major: changes that are not backward compatible.
Minor: changes that are backward compatible. Example: performance improvements or new functionalities.
Patches: bug fixes.

Levels are increased sequentially by one. When a level increases it resets the value for levels to its right to zero
(example: increasing the minor version for version 1.2.4. will result in 1.3.0.)

Generally, when the software is in development before its official first release (beta stage) the major version is set
to zero (example: version 0.7.3.)

Pre-release metadata can be added to the version by appending a hyphen to the end (example: version 1.0.0
alphal)
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5.1.5 SOFTWARE ARTEFACTS DESIGN
5.1.5.1 SOURCE CODE

\  CODING STYLE

PEP 8, which stands for Python Enhancement Proposal 8, is the coding style proposed for writing clean, readable,
and maintainable Python code. It was created to promote consistency in Python code and make it easier for
developers to collaborate on projects. PEP 8 provides the followingadvantages :

1. Readability : PEP 8 enforces aconsistent and easyto-read coding style. This makes it easier for
developers to understand and maintain the code, which is especially important for collaborative projects
or when revisiting your own code in the future.

2. Consistency: PEP 8 helps ensure that Python code looks and feels consistent across different projects
and teams. This consistency simplifies code reviews and reduces the learning curve when working on
new projects.

3. Collaboration : when multiple developers work on a project, using PEP 8 ensures that everyone follows
the same coding conventions. This can prevent misunderstandings and disagreements about coding
style and improves code quality and maintainability.

4. Tooling and automation : many code editors and integrated development environments (IDEs) provide
built-in or third -party tools for checking and formatting code according to PEP 8. These tools can
automatically highlight or fix violations, making it easy to follow the style guid e.

5. Debugging : code that follows PEP 8 is often easier to debug, as it has a consistent structure and naming
conventions. This can save you time when troubleshooting issues.

6. Community standards : PEP 8 is widely accepted in the Python community, and most Python developers
are familiar with its conventions. Adhering to PEP 8 makes it easier for you to collaborate with other
developers and participate in open-source projects.

7. Future -proofing : following PEP 8 helps future proof your code. As Python evolves, adhering to
established coding standards makes it easier to update your code to newer Python versions and libraries.

PEP 8 official guide is availableat the following link: https://peps.python.org/pep -0008/

\" DOCSTRING STYLE

Adhering to a unique docstring style guarantees consistency within software development in a project. Google
Docstrings are the most popular convention for docstrings which facilitates readability and collaboration in open -
source projects. Furthermore, Goayle Docstrings provide the following benefits :

1. Clarity and readability: Google Docstrings provide a structured format that includes sections for a
function's description, parameters, return values, and examples. This format enhances the clarity and
readability of your code documentation, making it easier for both developers and automated
documentation tools to understand your code.

2. Consistency: Google Docstrings provide a consistent way to document your code. When multiple
developers work on a project, using a standardized docstring format ensures that all functions and
classes are documented in a similar and predictable way.

3. Auto -generation: many documentation tools and IDEs can parse Google Docstrings and automatically
generate documentation from them. For example, tools like Sphinx and Doxygen can create HTML or
PDF documentation from the source code docstrings.

4. |IDE support: several Python Integrated Development Environments (IDEs), such as PyCharm and
VSCode, can use Google Docstrings to provide code suggestions, autocompletion, and inline
documentation. This can be a significant productivity boost for developers.
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5. API documentation: Google Docstrings are suitable for generating APl documentation. This makes it
easier to extract and publish the project's APl documentation for others to use.

6. Help for code review: when reviewing code, especially in a collaborative setting, welldocumented
functions with Google Docstrings can provide reviewers with a clear understanding of the purpose of
each function and its expected inputs and outputs. This can lead to more effective code reviews.

7. Self-documentation: Google Docstrings serve as a form of selfdocumentation for your code. They
provide valuable information about how to use the functions and classes without needing to dig into
the implementation details.

Google Docstrings official guide is available in the following link:
https://google.github.io/stylequide/pyguide.html#38 -comments-and-docstrings

5.1.5.2 TESTING
\ EXECUTION ARTEFACTS

Testing code : code written in Python containing the unit -tests of the project. Each module should have, at
least, a testing file with a battery of tests. Both dhappy path6and error cases should be tested. Tests should
evolve as code evolves.

Testing resources: files needed to execute all the unit-tests of the project. They can be divided in the following
categories:

9 Configuration: configuration data needed for the execution of tests.
i Testing Data: small input data and output expected data needed by tests.
9 Automation scripts (optional):  scripts that execute the tests and generate the testing reports.

\  TESTING REPORT

Report containing the results of the testing execution. This report is automatically generated with the automation
scriptsmentioned in the previous section. It is defined as:

Test execution report: file indicating which tests have been passed, failed or skipped. It should also include
the version of the software used, test logs and execution time.

5.1.6 CODE SECURITY

Ensuring code security is a critical aspect of developing robust data processing applications, particularly in
projects of strategic importance such as those involving statistical data analysis. Python and PySpark, while
offering flexibility and scalability for handling large datasets, also require deliberate attention to secure

programming practices. To evaluate the codebase and ensure adherence to security standardsBandit, a widely

recognized static code analysis tool for Python, has been used to assespotential vulnerabilities.

5.1.6.1 SECURITY WARNINGS AND EVALUATION
The Bandit scan has identified the following warnings, each of which has been thoroughly reviewed and assessed:

1. Use of the random module : Bandit has flagged the use of Python's random module, noting its
unsuitability for cryptographic or security -sensitive operations. Upon inspection, it is confirmed that the
random module is not used for any security-related functionality within the codebas e. Its application is
limited to non -sensitive use cases, and therefore this warning does not pose a security risk.

2. Use of the MD5 hashing algorithm : A warning was raised regarding the use of the MD5 hash function,
which is generally discouraged due to its known cryptographic weaknesses. However, in this context,

86


https://google.github.io/styleguide/pyguide.html#38-comments-and-docstrings

GOPA Prosiium % BN [stat

MDS5 is not employed for password hashing, authentication, or the handling of any sensitive data. Its
usage is confined to non-critical purposes, rendering the warning benign in terms of security impact.

3. Invocation of the subprocess module : Bandit reported a potential vulnerability related to the use of
the subprocess module, which could expose applications to command injection if not properly
safeguarded. In this case, the module is exclusively used within the orchestrator_multimno entry pont,
which is responsible for launching components on the Spark cluster via sparksubmit. Importantly,
untrusted input handling has already been implemented within this context to prevent misuse, ensuring
secure operation.

5.1.7 LICENSE
5.1.7.1 INTRODUCTION TO SBOM AND LICENSEDEPENDENCY MANAGEMENT

Open-source software (OSS) is foundational in modern software development, but its use necessitates strict
adherence to license obligations. An integral part of this compliance is the management of license dependencies
through a Software Bill of Materials (SBOM)

An SBOM is a structured, comprehensive inventory of all software components, libraries, and dependencies that
are included in a software product. It provides transparency regarding the origin and licensing of each
component, enabling teams to:

T Identify license obligations and ensure compatibility with overarching license policies.
1 Assess and manage legal and security risks associated with the use of thirgparty components.
9 Guarantee traceability and accountability in software maintenance and auditing processes.

For public institutions and EU bodies, like EUROSTAT, the use of OSS must align with tHeuropean Union Public
Licence (EUPL 1.2). An SBOM serves as a verification tool to ensure such alignment.

5.1.7.2 SBOM IMPLEMENTATION IN THE MULTIMNO SOFTWARE

To support license transparency and legal compliance, theMultimno software project incorporates an SBOM as
a core component of its development and release process.

\  SBOM GENERATION AND STORAGE

The SBOM forMultimmoi s aut omatically generated and maintained with
It captures metadata for each dependency, including:

1 Component name

1 Version

9 Origin (e.g., package manager, direct inclusion)
9 License type

The SBOM is updated as part of the release workflow and is stored in a standardsed format (json) to facilitate
integration with legal and security analysis tools.

\ REGENERATION TOOLS AND DOCUMENTATION

To ensure long-term maintainability and adaptability to future changes in dependencies, the Multimno repository
includes:

9 Scripts and configuration files for SBOM regeneration using widely accepted tools (cyclonedx-bom).
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1 Step-by-step documentation that guides developers and compliance officers in executing the SBOM

generation process.
This setup ensures that SBOM updates are reliable, repeatable, and accessible to both technical and legal
stakeholders.
5.1.7.3 LICENSE OVERVIEW AND VALIDATION

As of the current release, the software incorporates components licensed under the following approved open -
source licenses:

1 Apache License 1.1 and 2.0 : Both versions are recognized as permissive licenses that allow
modification and redistribution.

9 BSD License A permissive license that facilitates broad reuse and redistribution, compatible with the
EUPL and frequently used in academic and foundational software.

I MIT License: One of the most widely adopted permissive licenses, known for its simplicity and EUPL
compatibility.

f  Mozilla Public License (MPL) : A file-level copyleft license that permits mixing with proprietary code
under defined conditions. Its compatibility with the EUPL ensures it can be used within EU public sector
projects.

All license types in use have been validated as compliant with the EUPL through theofficial compatibility matrix
published by the European Commission. This validation ensures that Multimno can be adopted, redistributed,
and modified within European institutions without legal conflict.
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5.2 COMPONENT DESIGN

5.2.1 EVENTCLEANING

521.1

= =

5.2.1.2

MODULE DESCRIPTION

Module Name: EventCleaning

Obijectives: the objective of this method is to perform syntactic checks on the raw event data from the
MNO. Data not matching the expected syntax will be removed. Based on the removed records, quality
metrics will be created.

Functionality:

EventCleaning Requirements Specification

Data Inputs and Outputs :

0 Input:
I.1 MNO Event Datad Raw
0 Outputs:

1.2 MNO Event Datad Syntactically Cleaned
1.4 MNO Event Data Syntactic Quality Metricsd frequency distribution
1.3 MNO Event Data Syntactic Quality Metricsd by column

DEVELOPMENT DESIGN

Key Algorithms/Processes:
The data is processed in oneday chunks. It is expected that the MNOs will provide data that is already
separated by date. All of the following steps are run for each date in the data.
0 Create quality metrics data objects
0 Filter out rows that contain nulls in user_id or timestamp columns and update quality metrics
0 Filter out rows that do not have valid domain columns (each row must have mcc and mnc, or
plmn)
0 Infer the domain of each row:
A If plmnis not null - domain is outbound
A If mccis equal to local_mcc from configuration - domain is domestic
A Otherwise - domain is inbound
0 Filter out domestic and inbound rows that have an invalid MCC code (has to be a number
between 100 and 999) and update quality metrics
0 Filter out domestic and inbound rows that have an invalid MNC code (has to be a number
numerical with 2 or 3 digits, can also be 00) and update quality metrics
0 Filter out outbound rows that have an invalid PLMN code (has to be a number between 10000
and 99900) and update quality metrics
0 Filter out domestic and inbound rows that do not have a valid location. A row has to have a
cell_id or both latitude and longitude columns as not nulls to be considered valid. Update
quality metrics
0 Filter out domestic and inboundrows with invalid cell_id. A valid cell_id contains 14 or 15
numerical digits. Update quality metrics
0 Convert timestamp column to internal timestamp type according to timestamp_format from
configuration and filter out rows where timestamp does not match the given format. Update
quality metrics
0 Filter out rows, where the timestamp is not between data_period_start and data_period_end.
Update quality metrics
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0 Ifdo_bounding_box_filtering is set to True in configuration:
For rows with latitude and longitude: Filter out rows where value is out of bounds for
bounding box defined by bounding_box in configuration. Update quality metrics

0 Ifdo_same_location_duplicate_removal is set to True in configuration:
Remove all rows that have identical values in the columns: timestamp, user_id, cell_id, latitude,
longitude, plmn
For rows with latitude and longitude: Filter out rows where value is out of bounds for
bounding box defined by bounding_box in configuration. Update quality metrics

0 Calculate the modulo of the user_id column, to be used for partitioning the data, so that each
partition would contain a similar amount of users.

0 Write silver event data object and quality metrics
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Data flow diagram:
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1 Class diagram:

ch

= B Istat

BronzeEventDataObject

+ ID: sir = BronzeEventDO

+ SCHEMA: StructType

Read:
Reads

EventCleaning

+ COMPONENT_ID: str = EventCleaning
+timestamp_format: str
+input_timezane: str

+ local_mee: int

+ do_bounding_box_filtering: bool
+do_same_location_deduplication: bool
+ bounding_box: dict

+ spark_data_folder_date_format: str

+ interface: Parquetinterface

+ partition_columns: list<str>

+ write(path:str = None, partition_columns: list<str> = None)

SilverEventDataObject

+ 1D str = SilverEventDO
+ SCHEMA: StructType

Wrif +Interface: Parguetinterface

+ initalize_data_objects()

+ read()

+ transform()

+ write()

+ execute()

+save_syntactic_quality_metrics_frequency_distribution()
+save_syntactic_quality_metrics_by_column()
+filter_nulls_and_update_ga(df: DataFrame): DataFrame
+filter_invalid_domain_columns_and_update_qa(df: DataFrame): DataFrame
+filter_invalid_mec_and_update_ga(df: DataFrame): DataFrame

+ filter_invalid_mnc_and_update_ga(df: DataFrame): DataFrame
+filter_invalid_pimn_and_update_ga(df: DataFrame): DataFrame
+filter_invalid_cell_id_and_update_qa(df: DataFrame): DataFrame
+filter_null_locations_and_update_ga(df: DataFrame): DataFrame
+convert_time_column_to_timestamp_and_update_ga(df: DataFrame): DataFrame
+data_period_filter_and_update_qa(df: DataFrame): DataFrame

+ bounding_box _filtering_and_update_qa(df: DataFrame): DataFrame

+remove_same_location_duplicates_and_update_qa(df: DataFrame): DataFrame

+ calculate_user_id_modulo(df: DataFrame): DataFrame

Code Structure:

+ partition_columns: list<str>

+first_write: bool

+ write(path:str = None, partition_columns: listestr> = None)

+1D: str = SilverE D r

elumn
+ SGHEMA: StructType
Writes————> + interface: Parquetinterface

+ partition_columns: list<str>

+write(path:str = None, partition_columns: list<str> = None)

+ID:str = requencyD
+ SCHEMA: StructType
Writeg—>1 + Interface: Parquetintertace

+ partition_celumns: list<str>

+ write(path:str = None, partition_columns: list<str> = None)

The code structure follows the format set by the core package, and the general repository structure.

The location of the module script in the repository is as follows:

multimno

Cbb components

cCbb execution
Cbb event cleaning
Cbb event cl eani

ng.

contains one class namedEventCleaning

Py

which is a subclass ofComponent .

The EventCleaning class overrides all methods in the Component class:

1 __init__ method initialises the data objects and reads the necessary values from config file.

1 read method is responsible for reading the data from one date into memory.

1 write method is responsible for writing event data and frequency distribution quality metrics
for the date currently being processed.
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1 transform performs all necessary filtering and transformations for daily data and updates the
quality metrics data objects. transform contains calls to many other smaller functions that
perform the actual data manipulation.

1 execute is responsible for calling read, write and transform for each unique date in the
dataset. The processing is done dat&€XeCUt@s responsible for calling read write and
transformfor each unique date in the dataset. The processing is done date by-date. Only
the data from one date is being processed at any given time.

5.2.2 EVENTQUALITYWARNINGS
5.2.2.1 MODULE DESCRIPTION

= —-a

5.2.2.2

Module Name: EventQualityWarnings
Objectives: the objective of this method is to create a flexible/dynamic tool that will compute Quality
Warnings checks based on two outputs - Quality Metrics Frequency Distribution and Quality Metrics By
Column. The flexibility is provided by the option of specifying what group of QWs to compute and what
value for different thresholds to choose. The component writes two Data Objects - Log Table with unified
structure of representing errors' information and For Plots which stores data needed to create graphs of
three variables' distribution along with some other statistical measures - initial frequency, total frequency,
and error rate by date.
Functionality:
the process of managing Quality Warnings is segmented into three major categories: QWSs related to the
daily sizes of data (both raw and preprocessed); the error rate of event data across various granularity
levels (by date, by date and cell_id, by date anduser_id, by date and cell_id and user_id); and quality
assessments of error types (missing values, values out of range, deduplication of identical locations, and
etc.).
Functionality details may be found in the software requirements: 3.2.7 EventQualityWarnings
Data Inputs and Outputs:
0 Input:
In both Quality Warnings cases the Component expects two inputs: Event Data Quality Metrics
Frequency Distribution and Event Data Quality Metrics By Column
A 1.3 MNO Event Data Syntactic Quality Metricsd by column
A .4 MNO Event Data Syntactic Quality Metricsd frequency distribution
o0 Output:
A 1.5 MNO Event Data Quality Warningsd log table
A 1.22 MNO Event Data Quality Warningsd for plots

DEVELOPMENT DESIGN
Key Algorithms/Processes:

The whole Component is heavily relied on the input Quality Metrics. It is important that you specify the
correct time period for Quality Warnings taking into account lookback period timeline so the dates for
which Quality Warning are being calculated have enough previous data. For example, if the Quality
Metrics were computed for the period of [2023 -01-01, 2023-01-15] and a lookback period is set to be
a week (7 days) then the first date of research period for Quality Warnings would be 2023-01-08, and
the end date could be whatever you want although keep in mind it should be higher than start and
Quality Metrics will not have information for dates after 2023 -01-15.
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The whole process of execution Quality Warnings is divided into three big groups: QWSs regarding daily
size of data; error rate of event data on different granularity levels; and quality checks of error types
(e.g. missing value, out of range, deduplication same locations). The first two groups (size and error
rate) solely use Silver Event Data Syntactic Quality Metrics Frequency Distribution object and each sub
Quality-Warning within mentioned sets is invoked by boolean value (basically if True do something).
The last group requires two inputs Frequency Distribution and Silver Event Data Syntactic Quality
Metrics By Column although the later holds the most important information. Also the logic of this

group differs: the algorithm loops through each unigue co mbination of error_type&field_name and
perform same types of Quality Warnings, meaning the input is changing (e.g. number of errors for
combination missing_value&user_id, or out_of _range&mcc) but the Quality Warnings process stays the
same. Below is stepby-step Component description:

o Initialise EventQualityWarnings Component. Create attributes based on corresponding config,
check existence of input, initialize corresponding output Data Objects, if
clear _destination_directory clear all Componentos ol

o Read Quality Metrics for the period: [data_period_start- lookback_period, data_period_end]. In
config lookback_period is specified as string but in component it gets numerical representation

o Perform Quality Warning regarding data size (regards only Event Cleaning Quality
Warnings) , it could be either raw size (initial frequency) or clean size (final frequency), both are
run if their corresponding config boolean params (do_size_raw_data_gw and
do_size_clean_data_qgw) are set to True. The QW involved: checking if a size within a rangd two
absolute numbers (upper and lower limit) and between [mean+X*std, mean-X*std] boundaries,
average and standard deviation are calculated based on previous dataof lookback_period length.
Correspondingly three configurable thresholds (for each type of size) are involved: absolute
upper/lower limits and the number of stds appropriate to deviate from mean. The information of
wrong entries (please refer to its structure in Methodology Section) is stored in Log Table and
apart from that data to plot graphs is being calculated. Important to mention that for Log Table
the period would be as specified in config [data_period_start, data_period_end], while For Plots it
should be [data_period_start - lookback_period, data_period_end].

o Perform error rate Quality Warnings (regards only MNO Event Cleaning Quality Warnings)
which is computed by formula: Error rate = (Total initial frequency - Total final frequency) / Total
initial frequency*100. The error rate is then checked on three warnings: should not be higher than
some absolute number; should not be higher than average of previous error rates by some X%,
should not be higher than mean + X*std. Again, for average and standard deviation information of
previous days is used. The error rag Quality Warnings are computed on different granularity level
(by date, by date and cell_id, by date and user_id, by date and cell_id and user_id). Each warning
for each granularity level has their own configurable thresholds. The decision on running error rate
Quality Warnings on each level is decided by its own boolean config param (e.g.
do_error_rate_by date_qw, do_error_rate_by_date_and_cell_gw, and so on). The information of
wrong entries is stored in Log Table and apart from that data to plot graphs is being calculated
but only for error rate by date

o Perform final set of QWs - error type Quality Warnings for MNO Event Cleaning Quality
Warnings . The same checks are applied as to error rate Quality Warnings absolute upper limit,
not over the average by X%, and mean+X*std limit (and under the hood uses the same function as
for error rate QWSs). However, the logic of invoking these checks is different instead of using
boolean value, the code does it dynamically looping through unique combination of
error_type&field_name (one error type can have many field names) which is specified in a config
param: error_type_qw_checks . Each stated error_type should have another config param to define
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WORLDWIDE CONSULTANTS

thresholds for its field_names (e.g. missing_value_thresholds), for a more detailed description
please refer to configuration. The information of wrong entries is stored in Log Table, no data for

plots is saved.

(0]
(0]

o

1 Data flow diagram:

Write silver output data objects of the Component:

SilverEventDataSyntacticQualityWarningsLogTable and

SilverEventDataSyntacticQualityWarningsForPlots as CSVs partitioned by date

Silver Quality Metrics
Frequency Distribution

Silver Quality Metrics
By Column

|

L

data_period start
data_period_end
lookback_period

Config File

{

Read input and filter data by time period:

data_period_start - lookback_period, data_period_end]

l

’ [Inlt Data Objects, check input/output and conﬁguratlorﬂ

Based on thresholds

do_size_raw_data_qw
do_size_clean_data qw4i|

if do_size_[type_of_data]_qw=True

compute Quality Warnings

E—

data_size_tresholds

do_error_rate_by_date_qw
do_error_rate_by_date_and_cell_qw

do_error.rate_by, date_and_user_qw
do_error_rate by, date_and_cell_user_qw

error_type_qw_checks
missing value_thresholds

if do_error_rate_by_[n column names]=True

e

out_of_admissible_values_thresholds
not_right_syntactic format_thresholds
no_location_thresholds

error_rate._tresholds

for each error type specified in error_type_qw_checks
keys, if its list of columns is not empty and there are
corresponding thresholds defined
for an errror_type&field_name combination

on size of raw/clean event data and
store needed info for plots J

Based on thresholds
compute Quality Warnings
of error rate on different granularity
level (e.g. by date, date&cell_id, etc.)
and store needed info for plots* 2
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compute Quality Warnings
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combination

Silver Quality Warnings
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Silver Quality Warnings
For Plots
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1 Class diagram:

SilverEventDataSyntacticQualityMetricsFrequencyDistribution
+ |D: str = SilverEventDataSyntactic QualityMetrics FrequencyDistribution
+ SCHEMA: StructType
+ interface: Parquetinterface
+ partition_columns: list<str

+ write(path:str = None, partition_columns: list<str> = None)

SilverEventD r icQualit icsByColumn
+ |D: str = SilverEventDataSyntacticQualityMetricsByColumn
+ SCHEMA: StructType
+ interface: Parquetinterface Reads
+ partition_columns: list<str

+ write(path:str = None, partition_columns: list<str> = None)

Reads.

EventQualityWarnings

+ COMPONENT_ID: str = EventQualityWarnings
+ dict_convert_to_num_days: dict

+ lookback_period: str

+ lookback_period_in_days: int

+ dict_error_type_info: dict

+ do_size_raw_data_qw: bool

+ do_size_clean_data_gw: bool

+ data_size_tresholds: dict

+ do_error_rate_by_date_qw: dict

+ do_error_rate_by_date_and_cell_qw: dict
+do_error_rate_by_date_and_user_qw: dict
+ do_error_rate_by_date_and_cell_user_qw: dict
+ error_rate_tresholds: dict

+ error_type_qw_checks: dict

+ missing_value_thresholds: dict

+ out_of_admissible_values_thresholds: dict
+ not right syntactic_format_thresholds: dict
+ no_location_thresholds: dict

+ no_domain_threshelds: dict

+ out of bounding_box_thresholds: dict

+ data_period_start: str

+ data_period_end: str

+qw_dfs_log: list

+ initalize_data_objects()

+ read()

+ transform()

+ write()

+ data_size_qw(df_qga_freq_distribution, lookback_period_in_days, data_size_thresholds,
type_of_data)

+ error_rate_qw(df_qa_freq_distribution, lookback_period_in_days, error_rate_thresholds,
save_data_for_plots)

+ error_type_rate_qw(df_ga_by_column, df_ga_freq_distribution, field_name, error_type,

lookback_period_in_days, error_type_thresholds)

Writes i

SilverEventDataSyr icQualityWarningsLogTable

Yy

+ |D: str = SilverEventDataSyntacticQualityWarningsLogTable
+ SCHEMA: StructType

+ interface: Csvinterface

+ partition_columns: list<str>

+ write(path:str = None, partition_columns: list<str> = None)

tes

SilverEventDataQualityWarningsForPlots

+ |D: str = SilverEventDataQualityWarningsForPlots
+ SCHEMA: StructType

+ interface: Csvinterface

+ partition_columns: list<str>

+ write(path:str = None, partition_columns: list<str> = None)
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1 Code Structure:
The code structure follows the format set by the core package, and the general repository structure.

The location of the module script in the repository is as follows :

multimno
C b tcomponents
cCbb quality
cCbb event _quality_warnings
cCbb event _quality_warnings.py

event_quality_warnings.py contains one class namedEventQualityWarnings which is a
subclass of Component .

The EventQualityWarnings class overwrites all methods in the Component class:

__init__ method initialises the data objects and reads the necessary values from config file.
read method is responsible for reading the data from Event Quality Metrics.

write  method is responsible for writing outputs of the component.

transform  performs all specified Quality Warning checks.

execute is responsible for calling read , write  and transform

5.2.3 EVENTDEDUPLICATION
5.2.3.1 MODULE DESCRIPTION

Module Name: EventDeduplication

Obijectives: the objective of the method is to process event data, so that duplicate records are

removed, and to create quality metrics based on detected duplicated rows.

These quality metrics follow the standard structure of syntactic quality metrics, and include variables

such as initial frequency, total frequency, and error rate by date.

1 Functionality: the Event Deduplication module retrieves and removes the duplicated records in the
device level event data. It distinguishes between same and different location duplicates. It produces
frequency and column-wise statistics for removed duplicates. Quality metrics produced per column are
produces for each date in the configured period.

Functionality details may be found in the software requirements: 3.2.8 EventDeduplication

9 Data Inputs and Outputs:

= =9

0 Input:
A 1.2 MNO Event Datad Syntactically Cleaned
o0 Output:

A 1.3 MNO Event Data Syntactic Quality Metricsd by column
A 1.4 MNO Event Data Syntactic Quality Metricsd frequency distribution
A 1.6 MNO Event Datad Deduplicated

5.2.3.2 DEVELOPMENT DESIGN

1 Key Algorithms/Processes:
0 Iteration over selected dates. All the processes described below are performed on a date bases,
at each level of iteration.
0 Reading in event data for all subscribers for a given date.
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O O o o

Processing the data

Selection of one row in cases of same location duplicates. These are duplicate rows that have
identical location information (cell_id, longitude and latitude) and timestamp information. As
the rows are identical, only one row is kept.

Removal of different location duplicates from the data. These are duplicate rows that have
identical location information timestamp information but may have different location
information. All rows in cases of these duplicates are removed.

Counting the number of rows that have been changed by either of the two duplicate removal
techniques.

Calculating the initial frequency before and after duplicate removal.

Writing deduplicated quality metrics per column.

Writing deduplicated records.

Writing silver output data objects of the Component:
SilverEventDataSyntacticQualityMetricsByColumrtonsidering the error codes for deduplication.
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1 Data flow diagram:

Silver Event Data

(START HERE)
Initialise data objects and
check configuration

data_period_start
data_period_end

EE

= B Istat

For each date between data_period_start and data_period_end

file

B

Read data for one
date

/| cleaned /
T event data (siver)

)

Create initial
frequency distribution

A2
)

Remove same

location duplicates Hitceiod oo

removed )

Remove different Event data with all
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/

Event data with same |
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{ ;

/ Initial frequency |
| distribution |

Create final
l distribution
| Final frequency ,'/
/ distribution |
/
Write f —— ==
dela and Sequency > Silver Event Data Syntatic Quality
Distribution ) Metrics - Frequency Distribution
Deduplicated MNO Silver Event
) Data
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Silver Event Data Syntatic Quality
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1 Class diagram:

SilverEventDataObject

+ ID: str = SilverEventDO
+ SCHEMA: StructType

Reads
eads: + interface: Parquetinterface
+ partition_columns: list<str>
+ write(path:str = None, partition_columns: list<str> = None)
EventDeduplication
+ COMPONENT_ID: str = EventDeduplication
+data_period_start: str SilverEventDataObject
+data_period_end: str + ID: str = SilverEventDO
+ spark_data_folder_date_format: str + SCHEMA: StructType
+initalize_data_objects() Writes +interface:
+read() + partition_columns: list<str>
+ transform() + first_write: bool
Hnite() + write(path:str = None, partition_columns: list<str> = None)
+ execute()
+ save_syntactic_quality_metrics_frequency_distribution()
+ save_syntactic_quality_metrics_by_column()
+remove_same_location_duplicates_and_update_ga(df: DataFrame): DataFrame
+ remove_different_location_duplicates_and_update_ga(df: DataFrame): DataFrame = 5 3 5
+ID: str= Column
+ SCHEMA: StructType
Writes +interface: Parquetinterface
+ partition_columns: list<str>
+ write(path:str = None, partition_columns: list<str> = None)
+1D: str = Sil i i i Distribution
+ SCHEMA: StructType
Writes +interface: Parquetinterface
+ partition_columns: list<str>
+ write(path:str = None, partition_columns: list<str> = None)

1 Code Structure:
The code structure follows the format set by the core package, and the general repository structure.

The location of the module script in the repository is as follows:

1 /multimno_internal/
2 '— multimno
2 L— components
4 L— execution
5 L— event deduplication
6 L— event deduplication.py
event_deduplication.py contains one class named EventDeduplication which is a subclass of

Component.
The EventDeduplication class overwrites all methods in the Component class

__init__ method initialises the data objects and reads the necessary values from config file.
read method is responsible for reading the data from Event Quality Metrics
write  method is responsible for writing outputs of the component.
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transform  performs all specified Quality Warning checks
execute is responsible for calling read , write  and transform

5.2.4 NETWORKCLEANING
5.2.4.1 MODULE DESCRIPTION

Module Name: NetworkCleaning

Objectives: this module is responsible for performing syntax checks on Network Topology Data to

remove erroneous entries and to produce corresponding syntax quality metrics.

9 Functionality: this module finds and removes entries where one field presents one of the following
errors (when applicable): missing or null value, cannot be parsed, and out of range value. It also counts
the number of errors before and after performing these checks, as well as the number of times each type
of error appeared in each field.

Functionality details may be found in the software requirements: 3.2.1 NetworkCleaning.
At this moment in time, only the processing of cell locations with physical properties is implemented.

9 Data Inputs and Outputs:

= =

0 Input:
A 1.7 Cell Locations with Physical Properties Raw
0 Output

A 1.8 Cell Locations with Physical Propertiess Cleaned
A 1.9 MNO Network Topology Data Quality Metrics

A 1.26 MNO Network Topology Top Frequent Erros

A 1.27 MNO Network Topology Row Error Metrics

5.2.4.2 DEVELOPMENT DESIGN

1 Key Algorithms/Processes: The raw data is processed for the set of dates within a date interval specified
via configuration file. It is assumed that the raw input data is partitioned by year, month, day columns,
and the processes below work separately on each dated:
0 Create quality metrics data object.
0 Filter out rows outside of the date interval.
0 Create an empty list auxiliar_columns that will contain the names of auxiliar columns that will
keep track of each possible type of error in each field of a row.

0 Missing values

A Create one boolean column per field name, and set it to True if, for a given row, the
value in a specific field is null.

A Exception: azimuth_angleis expected to be null when directionality is equal to
06t his is not ¢ ompnulvaldeardwil motbe computedas g 6
such for the corresponding quality metric later on.

A Note that valid_date_end is allowed to be null. Nevertheless, the null values of
this column will be checked and reflected in the corresponding boolean
column.

A Add all these columns names to auxiliar_columns.
0 Parsing errors

A Only valid_date_start and valid_date_end can have this type of error.

A Parse the above mentioned columns from string type to timestamp type.

A When a non-null value cannot be parsed with the specified timestamp format, the
function employed, pyspark.sqgl.functions.to_timestamp, returns a null value.
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A Create one boolean column for each of these two fields, and set it to True if the original
value is non-null and the parsing failed.
A Add the two column names to auxiliar_columns.
0 Out of range/out of bounds values :
A First, check for incoherent dates: this occurs when valid_date_start is a later point in
time than valid_date_end.
A Create a new boolean column equal to True when both valid_date_start and
valid_date_end are not null, and valid_date_start > valid_date_end.

A Add the new columnds name to auxiliar_

A Now, check of out of range values for the rest of the variables. A new boolean column
will be created for each of them, True when the value is out of range, and their names
are added to auxiliar_columns.

A cell_id: check if the string has a length different from 14 or 15 characters (to

be improved to check for CGl/eCGl rules).

latitude: check if the value is outside a configuration-specified interval.

longitude: check if the value is outside a configuration -specified interval.

antenna_height: check if the value is less or equal to O (i.e., norpositive).

directionality: check if the value is not equal to O or to 1.

azimuth_angle: whenever directionality is equal to 1, check if the value is lower

than O or higher than 360.

elevation_angle: check if the value is lower than-90 or higher than 90.

horizontal_beam_width: check if the value is lower than O or higher than 360.

vertical_beam_width: check if the value is lower than 0 or higher than 360.

power: check if the value is lower than 0.

range: check if the value is lower than 0.

frequency: check if the value islower than 0.

technology: check if the value is not one of the possible admitted values

specified via configuration file.

cell_type: check if the value is not one of the possible admitted values specified

via configuration file.

0 For each field, create a new boolean column and set it to True if, for a given row, the field does
not have any type of error. Add these column names to auxiliar_columns.

A Exception: the column valid_date_end is allowed to have null values. Thus, the nuil
boolean-column corresponding to valid_date_end is not considered for the
computation of this boolean column.

0 Create a new boolean column to_preserve and set it to True if a given row does not have any
type of error in any of its mandatory fields: cell_id, latitude, longitude, directionality, and
azimuth_angle.

0 Compute quality metrics:

A Count the number of True values in each of the columns whose names are stored in
auxiliar_columns. These are the erroirelated quality metrics for each date considered.

A For each date, count the number of rows present in the raw input data.

A Count the number of times that the True value appears in the to_preserve column for
each date considered. These are the number of rows present after the syntactic checks
are performed.

0 Compute row error metrics:

A Count the total number of rows that are going to be deleted, that is, any row that has
any type of error in any of its mandatory fields.

A Count the total number of rows that have at least one type of error in any of its fields,
irrespective of whether that field is mandatory or optional.

>y > D> D>

> D> > D> D

>
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o Compute top frequent invalid values: the absolute frequency of each invalid value in a given
field is computed. Ordered from most to least frequent, the accumulated sum of percentage of
each error with respect to the total number of errors is calculated. Based on what is requested
via configuration file, this information is saved in two different ways:

A Ifthe top k most frequent invalid values were requested as an absolute number, thek
most frequent combinations of field and invalid value are saved.

A If the top most frequent invalid values were requested as a percentage number k, the
most frequent combinations of field and invalid value that cover at least k percentage
of all invalid values are saved.

0 Filter out rows with the column to_preserve as a mask, select only the original columns (so no
auxiliar_column or to_preserve is kept), replacing invalid values with the null value and save the
result. This is the clean dataset after syntactic checks.
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1 Data flow diagram:

(START HERE)
» Initialise data objects and
check configuration

Bronze Network Data

( /

1

v

data_period_start, Flag non-allowed null values in
data_period_end each field

Configuration file

format

Convert timestamp and flag
invalid timestamps

Flag invalid date combinations
when valid_date_start >

valid_date_end
Bounding box

| Flag out-of-range values for every Flagged /

applicable field

——

'

network data

/[ /
Filter out any flagged record —,/ Filtered
Y,

(

,

v

Write clean network data

Silver Network Data

104

Read data between / /
> data_period_start and —— > Networkdata /
data_period_end /

/ /

/
— —>
4 network data /
/

% B Istat

Count the inital number of records

l

Count the number of times each
column presents each possible error
type

!

Count the number of times each
column presents any type of error

l

Count the number of records without
any type of error

}

Compute error rates

Network Syntactic
Quality Metrics




GOPA O positium

1 Class diagram:

BronzeNetworkDataObject

+ ID: str = BronzeNetworkDO

+ SCHEMA: StructType

+ MANDATORY COLUMNS: list[str]
+ OPTIONAL_COLUMNS: list[str]

+ interface: Parquetinterface

+ partition_columns: list[str]

+ write(path: str = None, partition_columns: list[str] = None)

Reads

h 4

NetworkCleaning

+ COMPONENT_ID: str = NetworkCleaning
+ latitude max: float

+ |atitude_min: float

+ longitude_max: float

+ longitude_min: float

+ cell_type_options: list[str]

+ tech: list[str]

Writes

% B Istat

SilverNetworkDataObject

Y

+ |D: str = SilverNetworkDO

+ SCHEMA: StructType

+ interface: Parquetinterface
+ partition_columns: list[str]

+ write(path: str = None, partition_columns: list[str] = None)

SilverNetworkDataQualityMetricsByColumn

+ data_period_dates: list[datetime.date]
+ valid_date_timestamp_format: str
+ timestamp: datetime.datetime

+ current_date: datetime.date
+ cells_df: DataFrame
+ accdf: DataFrame

+ initialize_data_objects()
+ read()

+ transform()

+ write()

+ ID: str = SilverNetworkDataQualityMetricsByColumn
+ SCHEMA: StructType

+ interface: Parguetinterface

+ partition_columns: list[str]

+ write(path: str = None, partition_columns: list[str] = None)

SilverNetworkDataTopFrequentErrors

SilverNetworkRowErrorMetrics

+ ID: str = SilverNetworkRowErrorMetrics
+ SCHEMA: StructType

+ interface: Parquetinterface

+ partition_columns: list[str]

+ write(path: str = None, partition_columns: list[str] = None)

+ ID: str = SilverNetworkDataTopFrequentErrors

o/ + SCHEMA: StructType
”| + interface: Parquetinterface

+ partition_columns: list[str]

+ write(path: str = None, partition_columns: list[str] = None)

1 Code Structure : The code structure follows the format set by the core package, and the general
repository structure. The location of the module script in the repository is as follows:
0o multimno
O Cbb components
o} Cbb execution
o} cCbb network_cleaning
o} cCbb network_cleaning. py
1 network_cleaning.py contains one class namedNetworkCleaning  which is a subclass of

Component . The NetworkCleaning  class overrides some of the methods of Component :
o The__init  met hod first _cintl | mdthed, which sets updhe Spark
session, initialises data objects and reads the configuration file.
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A transform performs all necessary filtering and transformations pertaining to the
syntactic checks for daily raw network data and computes the associated updates the
quality metrics data objects.

5.2.5 NETWORKQUALITYWARNINGS
5.2.5.1 MODULE DESCRIPTION

Module Name: NetworkQualityWarnings

Objectives: the task of this module is to analysethe quality metrics resulting from the network

syntacitc checks process and identify anomalous situations that mayrequire further investigation .

9 Functionality: the module computes statistics on the quality metrics over a specified lookback period
and compares them with present values. When anomalous situations are identified, warnings are
produced, as well as data to easily create plots that summarise the evoluton of metrics over time and
the frequency of each type of error.

Functionality details may be found in the software requirements : 3.2.2 NetworkQualityWarnings
 Data Inputs and Outputs:

= =4

0 Input:
A 1.9 MNO Network Topology Data Quality Metrics
0 Output:

A 1.10 MNO Network Topology Data Quality Warnings & log table
A 1.23 MNO Network Syntactic Quality Warnings Line Plot Data
A 1.24 MNO Network Syntactic Quality Warnings Pie Plot Data

5.2.5.2 DEVELOPMENT DESIGN

1 Key Algorithms/Processes:

0 Create the data objects.

0 The thresholds to be used for raising warnings that are specified via configuration file are read
and their types and values are validated. In the case that a specific threshold is not present, its
default value is used instead.

0 Read the length of the lookback period from the configuration file, as well as the date to be
studied. If the study date is not present, or any of the lookback dates are not present, an
exception is raised and the execution stops.

0 Compute the necessary statistics, namely the average and the sample standard deviation, of
each quality metric over the lookback period.

0 Load the values of the quality metrics for the study date.

0 Register warnings regarding the number of rows before the syntactic checks when:

A The study date's number of rows is greater than the average number of rows over the
previous period by more than a specified threshold percentage.

A The study date's number of rows is smaller than the average number of rows over the
previous period by more than a specified threshold percentage.

A The study date's number of rows is greater than the average number of rows over the
previous period by a specified number of standard deviations 0 that is, greater than
the upper control limit.

A The study date's number of rows is smaller than the average number of rows over the
previous period by a specified number of standard deviations 0 that is, smaller than
the lower control limit.

A The study date's number of rows is greater than a specified absolute threshold.
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A The study date's number of rows is smaller than a specified absolute threshold.
0 Register warnings regarding the number of rows after the syntactic checks when:

A The study date's number of rows is greater than the average number of rows over the
previous period by more than a specified threshold percentage.

A The study date's number of rows is smaller than the average number of rows over the
previous period by more than a specified threshold percentage.

A The study date's number of rows is greater than the average number of rows over the
previous period by a specified number of standard deviations d that is, greater than the
upper control limit.

A The study date's number of rows is smaller than the average number of rows over the
previous period by a specified number of standard deviations 0 that is, smaller than the
lower control limit.

A The study date's number of rows is greater than a specified absolute threshold.

A The study date's number of rows is smaller than a specified absolute threshold.

0 Register warnings regarding the overall error rate in the syntactic checks process when:

A The study date's error rate is greater than the average error rate over the previous
period by more than a specified threshold percentage.

A The study date's error rate is greater than the average error rate over the previous
period by a specified number of standard deviations & that is, greater than the upper
control limit.

A The study date's error rate is greater than a specified absolute threshold.

0 Register warning regarding the number of errors that each field presented in each error type
(separately):

A The study date's number of errors of a given error type in a given field is greater than
the average number of errors of that error type in that field over the previous period
by more than a specified threshold percentage.

A The study date's number of errors of a given error type in a given field is greater than
the average number of errors of that error type in that field over the previous period
by a specified number of standard deviations 0 that is, greater than the upper control
limit .

A The study date's number of errors of a given error type in a given field is greater than
a specified absolute threshold.

0 Write every registered warning into a log table, specifying:

A the study date,

the date in which the quality warnings component is being executed,

the value of the metric that raised the warning,

the condition that had to be fulfilled to raise the warning,

the threshold with which the metric was compared, and

a warning text giving context to the warning.

0 Using the statistics computed previously, prepare the data needed to plot the required graphs:

A Line plot showing the evolution of the number of rows before the syntactic checks over
the lookback period and the study date, together with the average over the previous
period, the upper control limit, and the lower control limit. Save the data needed to
make this graph into parquet format.

A Line plot showing the evolution of the number of rows after the syntactic checks over
the lookback period and the study date, together with the average over the previous
period, the upper control limit, and the lower control limit. Save the data needed to
make this graph into a parquet file.

> > > >
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A Line plot showing the evolution of the error rate over the lookback period and the study
date, together with the average over the previous period and the upper control limit.
Save the data needed to make this graph into a parquet file.

A For each field, a pie chart showing the percentage distribution of each type of error
present in that field for the study date. Save the data needed to make this graph into
respective parquet files.
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1 Data flow diagram:
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1 Class diagram:

SilverNetworkDataQualityMetricsByColumn

Reads

N

NetworkQualityWarnings

+ COMPONENT_ID: str = NetworkQualityWarnings
+ TITLE: str

+ MEASURE_DEFINITION: dict

+ ERROR_TYPE: dict

+ CONDITION: dict

+ WARNING_MESSAGE: dict

+ date_of_study: datetime.date

+ timestamp: datetime.datetime

+ lookback_period: str = "week" | "month" | "quarter”
+ _dates: di ime.date]

+ warnings: list

+ thresholds: dict

Writes

+ID:str=

+ SCHEMA: StructType
+ interface: Parquetinterface
+ partition_columns: list[str]

rkDataQualityMetricsByColumn

+ write(path: str = None, partition_columns: list[str] = None)

+ initialize_data_objects()

+ get_thresholds() -> dict

+ read()

+ transform()

+ check_needed_dates()

+ get_lookback_period_statistics() -> dict

+ get_study_date_values() -> dict

+ register_warning(measure_definition: str, daily_value: float, condition: str, condition_value: float, warning_text: str)

+ raw_size_warnings(lookback_stats: dict, today_values: dict) -> previous_avg: float, upper_control_limit: float, lower_control_limit: float

+ clean_size_warnings(lookback_stats: dict, today_values: dict) -> previous_avg: float, upper_control_limit: float, lower_control_limit: float

+ error_rate_warnings(initial_rows: dict, final_rows: dict, today_values: dict) -> error_rate: dict, previous_avg: float, upper_control_limit: float
+ all_specific_error_warnings(lookback_stats: dict, today_values: dict)

+ specific_error_warnings(error_rate_type: str, field_name: str, lookback_stats: dict, today_values: dict)

+ create_plots_data(lookback_initial_rows: dict, lookback_final_rows: dict, today_values: dict, error_rate: dict, raw_average: float, clean_average: float,
error_rate_avg: float, raw_UCL.: float, clean_UCL.: fioat, error_rate_UCL.: float, raw_LCL: float, clean_LCL.: float)

+ write()
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+ ID: str = Sil orkDataSyntacticQualityV i ogTable
+ SCHEMA: StructType

+ interface: Parquetinterface

+ partition_columns: list[str]

+ write(path: str = None, partition_columns: list[str] = None)
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+ ID: str = SilverNetworkSyntacticQualityWarningsLinePlotData
+ SCHEMA: StructType

+ interface: Parquetinterface

+ partition_columns: list[str]

+ write(path: str = None, partition_columns: list[str] = None)

Silver y Quality iePlotData

+ ID: str = SilverNetworkSyntacticQualityWarningsPiePlotData

| + SCHEMA: StructType

+ interface: Parquetinterface
+ partition_columns: liststr]

+ write(path: str = None, partition_columns: list[str] = None)
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1 Code Structure: The code structure follows the format set by the core package, and the general
repository structure. The location of the module script in the repository is as follows:

il
2
3
a
5
6

/multimno/
L

5rc

L components

L— quality
L— network quality warnings

- network quality warnings.py

0 network_quality_warnings.py contains one class named NetworkQualityWarnings which is a
subclass of Component. It overrides the following methods:

A

A
A

The _init_met hod f i r st _cisitl method, whictpsats up the Spark
session, initialises data objects and reads the configuration file.

The transform method handles all the logic behind the component.

The write method writes the quality warnings log table containing the computed
warnings. It also writes into parquet files the data required to produce the defined
plots.

0 TheNetworkCleaning component also has the following methods:

A

A

p>

> >

> > > >

p>

A

get_thresholds handles the logic of reading configuration -specified thresholds and
the usage of default threshold whenever a specific threshold value is not specified.
check_needed_datesverifies that both the study date and the dates in the lookback
period are all present in the metrics data and throws an exception when some date is
missing.

get_lookback_period_statisticscomputes the average and sample standard deviation
of the quality metrics over the lookback period

get_study_date_valuegetrieves and computes the metric values of the study date.
register_warning is a method that abstracts away the creation of a warning in the log
table, taking as arguments all necessary information and putting it in the correct
format.

raw_size_warningontains the logic behind the warning computation regarding the
number of rows before the syntactic checks.

clean_size_warningontains the logic behind the warning computation regarding the
number of rows after the syntactic checks.

error_rate_warningscontains the logic behind the warning computation regarding the
error rate detected in the syntactic checks process.

all_specific_error_warningdoops over all field and error type specific errors in order to
compute their warnings.

specific_error_warningcontains the logic behind the warning computation regarding
a specific (field, error type) pair determined in the all_specific_error_warningamethod.
create_plots_datagathers and formats the data required to produce the necessary
plots of the component.

0 NetworkCleaning also contains as attributes different sets of formattable strings used in the
generation of the log table. These include MEASURE_DEFINITIQNCONDITION TITLE
WARNING_MESSAGE
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5.2.6 SIGNALSTRENGTHMODELING

5.2.6.1

=A =4 =4

5.2.6.2

3.

MODULE DESCRIPTION

Module Name: SignalStrengthModeling
Objectives: responsible for modeling the signal strength propagation in a cellular network.
Functionality: takes as input a configuration file and a set of data representing the network's cells and
their physical properties. The component then calculates the signal strength at various points of a
reference grid, taking into account factors such as the distanceto the cell, physical properties of the cell,
the azimuth and elevation angles of the cell, the directionality of the cell and physical environment.
Functionality details may be found in the software requirements . 3.2.3 SignalStrengthModeling
Data Inputs and Outputs:
0 Inputs:
A 1.8 Cell Locations with Physical Propertiesd Cleaned
A 111 Reference Grid
0 Outputs:
A 1.12 Cells Signal Strengths

DEVELOPMENT DESIGN
Key Algorithms/Processes:

Initialization. Read all necessary config parameters, check the availability of input data, read it in data
objects
Prepare input datasets:

1. Filter input network data to include only date range specified in config

2. add Z coordinate to grid centroids. If elevation is used Z coordinate is assigned based on a
grid elevation property. If elevation is not used assign Z = 0.

3. Check that all necessary cells' physical properties are present and impute missing properties.
Based on a cell type, missing properties are filled in by taking default values for this cell type
defined in config file. If cell type is not defined or not pre sent in config file default cell
properties are assigned.

4. Convert signal strength values from W to DBm

5. Create cell point geometries. If elevation is used, set Z coordinate as altitude + antenna
height. If elevation is not used, set Z coordinate as 0 + antenna height.

6. Project coordinate system of cell geometries to coordinate system of the reference grid

Spatial join of cells to grid centroids. Join is done based on spatial intersection of a buffer polygons
around cell points of a radius = maximum cell range with grid centroids.
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4. Calculate planar and 3D cartesian distances between cell point and all joined grid centroids.

5. Calculate signal strength in grid tiles. Using power and Path LossExponent cell properties and
distances to joined grid tiles within cell range calculate signal strength in every grid tile with signal
strength propagation equation.

6. Perform horizontal beam width adjustments to signal strength for directional cells. Optional depending
on config parameter.

1.

w

Get mapping table with standard deviations in signal strength in all horizontal angles for all
combinations of horizontal beam widths and signal strength differences between front and
back of antennas.

Filter only directional cells from cell-grid dataset.

Join mapping table with standard deviations to cell -grid dataset.

Calculate signal strength adjustments based on relative azimuth angle and the distance
between grid tiles and a cell using joined standard deviation value for a cell horizontal beam
width

7. Perform vertical beam width adjustments to signal strength for directional cells. Optional depending
on config parameter.

1.

w

Get mapping table with standard deviations in signal strength in all vertical angles for all
combinations of vertical beam widths and signal strength differences between front and back
of antennas.

Filter only directional cells from cell-grid dataset.

Join mapping table with standard deviations to cell -grid dataset.

Calculate signal strength adjustments based on elevation angle and the distance between grid
tiles and a cell using joined standard deviation value for a cell vertical beam width.
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8. Union directional and non -directional cell-grid datasets.
9. Convert cell-grid dataset schema to match the output data object schema and save to storage.
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1 Data flow diagram:
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1 Class diagram:

SignalStrengthModeling SilverNetworkDataObject
+ COMPONENT_ID : str +1D :str

+ cartesian_crs : object

+ SCHEMA : StructType

+ data_period_dates
- o + interface : Parquetinterface
+ data_period_end : date
+ data_period_start : date + partition_columns : Optional[list{str]]

+ default_cell_properties + write(path: str, partition_columns: list[str])
+ do_azimuth_angle_adjustments : object

+ do_elevation_angle_:
+ input_data_objects : dict
+ output_data_objects : dict

1ts © object

+ silver_signal_strength_path : object

+ use_elevation : object Reads

+add_z_to_point_geometry(sdf: DataFrame, geometry_col: str, use_elevation: bool) DataFrame
+ calculate_cartesian_distances(sdf: DataFrame) DataFrame

+ calculate_distance_power_loss(sdf: DataFrame) DataFrame

+ calculate_horizontal_angle_power_adjustment(sdf: DataFrame) DataFrame SilverSignalStrengthDataObject

+ calculate_vertical_angle_power_adjustment(sdf: DataFrame) DataFrame SiDia
- sf

+ MANDATORY_COLUMNS : list
+ OPTIONAL_COLUMNS : list
Writes® | + SCHEMA : StructType

+ create_cell_point_geometry(sdf: DataFrame, use_elevation: bool) DataFrame
+ create_default_properties_df() DataFrame
+ create_mapping(db_back: float, signal_front_back_difference_col) DataFrame

+ find_sd(beam_width: float, mapping: DataFrame) float

+ get_angular_adjustments_sd_mapping(cells_sdf: DataFrame, beam_width_col: str, signal_front_back_difference_col: str, angular_adjustment_type: str) [ +interface - Parquetinterface

+ get_min3db(sd: float, db_back: float) float + partition_columns : Optional[list[str]]

+ get_sd_to_signal_back_loss_mappings(cells_sdf: DataFrame, signal_front_back_difference_col: str) DataFrame + write(path: str, partition_columns: lisstr])

+ impute_default_cell_properties(sdf: DataFrame) DataFrame

+ initalize_data_objects()

+ join_sd_mapping(sdf: DataFrame, sd_mapping_sdf: DataFrame, beam_width_col: str, signal_front_back_difference_col: str) DataFrame
+ norm_dBloss(a: float, sd: float, db_back: float) float

+ norm_dBloss_udf(a, sd, db_back)

+ normal_distribution(x: float, mean: float, sd: float, return_type: str) Union[np.array, list]

+ normalize_angle(a: float) float

+ project_to_crs(sdf: DataFrame, crs_in: int, crs_out: int) DataFrame

+ spatial_join_within_distance(sdf_from: DataFrame, sdf_to: DataFrame, within_distance_col: str) DataFrame

+ transform()

+ watt_to_dbm(sdf: DataFrame) DataFrame
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9 Code Structure:

The code structure follows the format set by the core package, and the general repository structure.

The location of the module script in the repository is as follows:

multimno
Cbb components
Cbb execution
cbb signal strength
Cbb signal _stength_modeling. py

signal_stength_modeling.py contains one class namedSignalStrengthModeling which
is a subclass ofComponent .

The SignalStrengthModeling class overridestransform  method of base Component class
transform  method performs all necessary filtering and transformations of network topology data for
signal strengths modeling by sequentially calling other methods that perform the actual data
manipulation.

5.2.7 CELLFOOTPRINTESTIMATION
5.2.7.1 MODULE DESCRIPTION

Module Name: CellFootprintEstimation®

Objectives: The component models signal strength propagation based on physical properties of

cellular antennas on reference spatial grid and then converts signal strengths to signal dominance (cell

footprint).

9 Functionality: takes as input a configuration file and a set of data representing the network's cells and
their physical properties. The component then calculates the signal strength at various points of a
reference grid, taking into account factors such as the distanceto the cell, physical properties of the
cell, the azimuth and elevation angles of the cell, the directionality of the cell and physical environment.
Then component then calculates the signal dominance per grid tile and applies any combination out of
3 pruning methods depending on config parameters.

Functionality is outlined in the software requirement specifications : 3.2.4 CellFootprintEstimation
9 Data Inputs and Outputs:
0 Input:
A 1.8 Cell Locations with Physical Properties Cleaned
A 1.28 INSPIRE Grid

0 Outputs:
A 1.13 Cell Footprints

=A =9

5 For some MNOs, cell coverage area estimates may be available based on internal tools or methodologies. In such cases, this
component is not required, as the output (i.e., the cell footprint) is directly provided by the MNO. The |.13 Cell Footprints object
becomes an input to the process, and MNOs must follow the defined data specifications to ensure compatibility with the pipeli ne.
If the available data consists of best server estimates, it represents a particular case of a cell footprint: each grid tileis mapped to a
single dominant cell. In this case, the signal_dominance value can be set to 1, as only one cell serves each gridiéi.
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5.2.7.2 DEVELOPMENT DESIGN

1 Key Algorithms/Processes:

i

Initialization. Read all necessary config parameters, check the availability of input data, read itin data
objects

2. Prepare input datasets:

1.
2.

6.

Filter input network data to include only date range specified in config

add Z coordinate to grid centroids. If elevation is used Z coordinate is assigned based on a
grid elevation property. If elevation is not used assign Z = 0.

Check that all necessary cells' physical properties are present and impute missing properties.
Based on a cell type, missing properties are filled in by taking default values for this cell type
defined in config file. If cell type is not defined or not pre sent in config file default cell
properties are assigned.

Convert signal strength values from W to DBm

Create cell point geometries. If elevation is used, set Z coordinate as altitude + antenna
height. If elevation is not used, set Z coordinate as 0 + antenna height.

Project coordinate system of cell geometries to coordinate system of the reference grid

3. Spatial join of cells to grid centroids. Join is done based on spatial intersection of a buffer polygons
around cell points of a radius = maximum cell range with grid centroids.

4. Calculate planar and 3D cartesian distances between cell point and all joined grid centroids.

5. Calculate signal strength in grid tiles. Using power and Path Loss Exponent cell properties and
distances to joined grid tiles within cell range calculate signal strength in every grid tile with signal
strength propagation equation.

6. Perform horizontal beam width adjustments to signal strength for directional cells. Optional depending
on config parameter.

1.

N

Get mapping table with standard deviations in signal strength in all horizontal angles for all
combinations of horizontal beam widths and signal strength differences between front and
back of antennas.

Filter only directional cells from cell-grid dataset.

Join mapping table with standard deviations to cell -grid dataset.
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4. Calculate signal strength adjustments based on relative azimuth angle and the distance
between grid tiles and a cell using joined standard deviation value for a cell horizontal beam
width

7. Perform vertical beam width adjustments to signal strength for directional cells. Optional depending
on config parameter.

1. Get mapping table with standard deviations in signal strength in all vertical angles for all
combinations of vertical beam widths and signal strength differences between front and back
of antennas.

2. Filter only directional cells from cell-grid dataset.

3. Join mapping table with standard deviations to cell -grid dataset.

4. Calculate signal strength adjustments based on elevation angle and the distance between grid
tiles and a cell using joined standard deviation value for a cell vertical beam width.

8. Union directional and non-directional cell-grid datasets.
9. Calculate signal dominance (cell footprint) from signal strength values.
10. Apply set of pruning methods depending on configuration:

1. Maxi mum cell s per grid tile. Keep predefined numbe
dominance cells per grid tile. Optional step depending on configuration.

2. Percentage threshold of the best signal dominance. Always keep best signal dominance cell
per grid tile. Then calculate the percentage of this best signal dominance represented by of all
other cells in this tile and prune cells under predefined difference threshold. Optional step
depending on configuration.

3. Threshold signal dominance. Prune all cells with signal dominance value under threshold.
Optional step depending on configuration.

11. Convert output datasets schema to match the output data objects schemas and save to storage.
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1 Data flow diagram:

- (STARTHERE) |

- Initialise data objects and

Silver Network check configuration
opology data

For each date between data_period_start and data_period_end
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9 Class diagram:

b
=

CellFootprintEstimation
+ COMPONENT_ID : str
+ cartesian_crs : object
+ clear_destination_directory - object
+ coverage_range_line_buffer : object
+ current_cells_sdf : NoneType
+ current_date : NoneType
+ data_period_dates
+ data_period_end : date
+ data_period_start : date
+ default_cell_properties: dict
+ do_azimuth_angle_adjustments : object
+ percentage_best_sd_threshold - float
+ do_percentage_of best_sd_pruning : object
+ do_dynamic_coverage_range_calculation : object
+ do_elevation_angle_adjustments - object
+ do_max_cells_per_tile_pruning : object
+ do_sd_threshold_pruning : object
+input_data_objects - dict
+ logistic_function_midpoint : object
+ logistic_function_steepness : object
+max_cells_per_grid_tile - object
+ output_data_objects : dict
+ repartition_number - object
+ sd_azimuth_mapping_sdf - DataFrame, NoneType
+sd_elevation_mapping_sdf - DataFrame, NoneType
+ signal_dominance_threshold : object
+ use_elevation : object

+add_z_to_point_geometry(sdf- DataFrame, geometry_col: str, use_elevation: bool) : DataFrame
+ calculate_cartesian_distances(sdf: DataFrame) : DataFrame

+ calculate_distance_power_loss(sdf: DataFrame) : DataFrame

+ calculate_effective_coverage(cells_sdf: DataFrame, grid_sdf: DataFrame) : DataFrame

+ calculate_horizontal_angle_power_adjustment(sdf: DataFrame) : DataFrame

+ calculate_signal_dominance(cell_grid_gdf, do_elevation_angle_adjustments, do_azimuth_angle_adjustments)

+ calculate_vertical_angle_power_adjustment(sdf: DataFrame) : DataFrame

+ create_cell_point_geometry(sdf: DataFrame, use_elevation: bool) : DataFrame

+ create_default_properties_df() : DataFrame

+ create_mapping(db_back: float, signal_front_back_difference_col) : DataFrame

+ execute()

+ find_sd(beam_width: float, mapping: DataFrame) : float

+ get_angular_adjustments_sd_mapping(cells_sdf: DataFrame, beam_width_col: str, signal_front_back_difference_col: str, angular_adjustment_type: str) : DataFrame
+ get_min3db(sd: float, db_back: float) : float

+ get_sd_to_signal_back_loss_mappings(cells_sdf: DataFrame, signal_front_back_difference_col: str) : DataFrame

+ get_signal_dominance_threshold_point(cells_sdf, grid_sdf, point_type)

+impute_default_cell_properties(sdf: DataFrame) : DataFrame

+ initalize_data_objects()

+join_sd_mapping(sdf- DataFrame, sd_mapping_sdf. DataFrame, beam _width_col: str, signal_front_back_difference_col: str, sd_col: str) : DataFrame
+norm_dBloss(a: float, sd: float, db_back: float) - float

+ norm_dBloss_spark(sdf: DataFrame, angle_col: str, sd_col: str, db_back_col: str) : DataFrame

+ normal_distribution(x: float, mean: float, sd: float) : Union[np.array, list]

+ normal_distribution_col(x_col: Column, mean_col: Column, sd_col: Column) : Column

+ prune_max_cells_per_grid_tile(sdf: DataFrame, max_cells_per_grid_tile: int) : DataFrame

+ prune_signal_difference_from_best(sdf: DataFrame, difference_threshold: float) : DataFrame

+ prune_small_signal_dominance(sdf: DataFrame, signal_dominance_threshold: float) : DataFrame

+ signal_strength_to_signal_dominance(sdf: DataFrame, logistic_function_steepness: float, logistic_function_midpoint: float) : DataFrame

+ spatial_join_within_distance(sdf_from: DataFrame, sdf_to: DataFrame, geometry_col: str, within_distance_col: str) : DataFrame

+ transform()
+watt_to_dbm(sdf. DataFrame) - DataFrame
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SilverNetworkDataObject
[ +ID:str
+ MANDATORY_COLUMNS : list
+ OPTIONAL_COLUMNS : list
—> + SCHEMA: StructType
+ interface : Parquetinterface

+ pariition_columns - Optionalflist[str]]

+ write(path: str, partition_columns: list[str])

SilverGridDataObject
[ +ID:str -
f———> + SCHEMA - StructType
+interface : GeoParquetinterface

Reads + partition_columns : Optional[list[str]]

+ write(path: str, partition_columns: list[str])

Writes

SilverCellFootprintDataObject

+1D: str
+ MANDATORY_COLUMNS : list
+ SCHEMA : StructType

‘———> +interface : Parquetinterface

+ partition_columns - Optionalflistfstr]]

+ write(path: str, partition_columns: list[str])
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Code Structure:

The code structure follows the format set by the core package, and the general repository structure.

The location of the module script in the repository is as follows:

multimno
Cbb components
Cbb execution

cbb cell footprint
cbb cell _footprint_estimation. py
cell_footprint_estimation.py contains one class namedCellFootprintEstimation

which is a subclass ofComponent .

The CellFootprintEstimation which class overridestransform  method of base
Component class

transform  method performs all necessary filtering and transformation for Signal Strength data
modeling and its conversion to signal dominance (cell footprint) by sequentially calling other methods
that perform the actual data manipulation.

5.2.8 CELLCONNECTIONPROBABILITYESTIMATION

5.2.8.1

= =9

5.2.8.2

MODULE DESCRIPTION

Module Name: CellConnectionProbabilityEstimation
Obijectives: this module calculates cell connection probabilities based on the cell footprint values, and
optionally applies the land use prior probabilities, to get the posterior probabilities for each cell id and
gridid.
Functionality: the component reads in cell footprint data, calculates cell connection probabilities for
each grid, and then performs posterior calculation , using prior probability values from the reference
grid, when so specified in the configuration .
Functionality is outlined in the software requirement specifications:
3.2.5 CellConnectionProbabilityEstimation
Data Inputs and Outputs:
0 Input:
A 1.13 Cell Footprints
A 1.31 Enriched Grid(optional)
0 Outputs:
A 1.15 Cell Connection and Posterior Probabilities

DEVELOPMENT DESIGN

Key Algorithms/Processes:
The data is processed for the selected period. All of the following steps are run for each date in the
data:

0 Calculate sum of signal dominance in each grid tile

0 For each cell, calculate cell connection probability as ratio of cell signal dominance to sum of

all signal dominance in a tile.
0 If so setin configuration, calculate prior probabilities:
A Read Enriched Grid data object with landuse ratios.
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A Assign weights for prior probability to each landuse category based on configuration
parameter and calculate weighed sum of landuse categories per grid tile.

A Calculate total sum of weighed sums of landuse categories over all grid tiles.

A

Divide weighed sums of landuse categories in grid tiles by total sum to get landuse
prior probability values

PO _proDabeity

0 Calculate posterior probabilities by multiplying prior probabilities and cell connection
probabilities. Otherwise make posterior probabilities equal with cell connection probabilities.

0 Calculate sum of cellconnection probabilities for cell id.

0

Normalize posterior probabilities using sum of previous step.
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1 Data flow diagram:
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Class diagram:

CellConnectionProbabilityEstimation
+ COMPONENT_ID : str
+ clear_destination_directory : object
+ current_cell_footprint : NoneType
+ current_date : NoneType
+ data_period_dates
+ data_period_end : date
+ data_period_start : date
+input_data_objects : dict
+ landuse_prior_weights
+ output_data_objects : dict
+ partition_number : object
+ use_land_use_prior - object
+ calculate_landuse_prior_probabilities(enriched_grid_sdf, landuse_prior_weights)

+ execute()

+ initalize_data_objects()

+ transform()

[
Writes

v

SilverCeliConnectionProbabilitiesDataObject

+ID : str
+ MANDATORY_COLUMNS : list
+ PARTITION_COLUMNS : list

+ SCHEMA : StructType

Code Structure:

% B Istat

SilverEnrichedGridDataObject
+ 1D : sir

+ PARTITION_COLUMNS : list

«Reads

+ SCHEMA - StructType

SilverCellFootprintDataObject

+ID : sir

+ PARTITION_COLUMNS : list

+ SCHEMA : StructType

The code structure follows the format set by the core package, and the general repository structure.

The location of the module script in the repository is as follows:

/multimno_internal/

| h h multimno

| h h components

| h h execution

| h h cell_connection_probability

| h h cell_connection_probability.py

cell_connection_probability.py contains one class named CellConnectionProbabilityEstimation which is

a subclass of Component.

The CellConnectionProbabilityEstimation class overwrites __init__ andtransform in the Component class.
__init__ method initialises the data objects and reads the necessary values from config file.
transform performs all necessary transformations and calculation of cell probability estimation for the
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entire period. transformdoes not contain any calls to smaller functions, but holds the entire processing
flow.

5.2.9 SEMANTICCLEANING
5.2.9.1 MODULE DESCRIPTION

Module Name: SemanticCleaning

Obijectives: the objective of this module is to perform checks to identify and flag semantically erroneous
events of devices.

9 Functionality: the semantic checks include the following checks:

0 Valid reference to a cell identifier: whether an event makes a reference to an existent cell that is
operative at the eventds timestamp, and i f the ce
check does not apply to outbound data.

o0 lllogical change of location of the device based on time and distance difference between
consecutive events: some events are flagged as incorrect and others are flagged as suspicious.
This check does not apply to outbound data.

o0 Duplicates (record with identical timestamps for a user) that have different location information
in cell_id or longitude and latitude columns. For outbound data, the PLMN column is used.

Functionality is outlined in the software requirement specifications: 3.29 SemanticCleaning
At this moment in time, only the processing of cell locations with physical properties is implemented.
9 Data Inputs and Outputs:
0 Input:
A 1.1 MNO Event Data- Raw
A 1.8 Cell Locations with Physical Propertiesd Cleaned
0 Output:
A 1.16 MNO Event Datad Semantically Cleaned
A .17 MNO Device Semantic Quality Metrics

=a =4

5.2.9.2 DEVELOPMENT DESIGN
1 Key Algorithms/Processes:

0 Create the data objects: events and cells.

0 Read from the configuration file the minimum distance and speed for which an event might be
classified as semantically erroneous.

0 Mark outbound records. A record is outbound if the MCC component of the PLMN value differs
from the configuration -provided MCC value of the local country. Outbound records are omitted
from further error checks other than the different location duplicates ¢ heck.

0 Create a geometry column with the latitude -longitude point of each cell.

0 Perform a left join between events and cells by the cell ID field. In this way, non-existent cell IDs
appearing in the events data will be matched with null values.

0 Whenever the geometry column is null, flag these events with the flag corresponding to a non -
existent cell.

0 Then, flag different location duplicates. Different location duplicates are cases where timestamp
and user_id columns have identical values for more than two rows, but the combination of
values for longitude, latitude and cell_id is not identical for the same selection of rows. For
outbound records, PLMN values are compared instead.
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Then, flag events that make reference to an existent cell that was not operative when the event
was registered with the corresponding flag. The geometry column created above, which is just
an auxiliary column, is set to null for these flagged events for convenience later on.

Next, semantically erroneous events regarding location will be flagged. For this it is necessary
to compute the estimated distance and speed between two consecutive events which have not
been flagged. This is achieved as follows:

A

The

Create two windows, both partitioned by year, month, day, user_id_modulo (these four
are the partition variables of event data) and user_id, and ordered by timestamp. One
window will comprise all events following the current position (from the current
position plus one, to unbounded following), and the other will comprise all events
preceding the current position (from unbounded preceding, to the current position
minus one).

Using these two windows and Oskippingé
columns are created, containing the time difference to the next event, the time
difference from the previous event, the distance to the following event, and the
distance to the previous event, respectively.

Then, two additional columns are created with the estimated mean speed with respect
to next and previous events respectively.

With all the necessary information already computed, events are now flagged:

A Whenever the distance and speed to both the next and previous events
surpass their thresholds specified via configuration, the event is flagged as an
event with an incorrect location.

A Whenever the distance and speed to either, but not both, the next or previous
events surpass the thresholds specified via configuration, the event is flagged
as an event with a suspicious location.

A The first and last events of the day for a given device are compared with the
second and second-to-last events of the day respectively. If the distance and
speed thresholds are surpassed, they are flagged with a suspicious location.

rest of the events that have not been

All auxiliary columns are removed and only those fields in the output event data object are left.
The dataframe is cached or persisted into memory.

Semantic metrics are computed: the now flagged event data is grouped by error flag and the
number of occurrence of each flagged is counted.

The output event data and semantic metrics are saved.
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1 Data flow diagram:
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1 Class diagram:

SilverEventDataObject

+ |D: str = SilverEventDO

+ SCHEMA: StructType
Reads + interface: Parquetinterface
+ partition_columns: list{str]
+ first_write: bool

+ write(path: str = None, partition_columns: list[str] = None)

A4

SemanticCleaning
+ COMPONENT_ID: str = SemanticCleaning
+ date_of_study: datetime.date s SilverEventFlaggedDataObject
+ semantic_min_distance: float ey r
+ semantic_min_speed: float + |D: str = SilverEventFlaggedDO
+local _mcc: int 5| * SCHEMA: StructType
”| + interface: Parquetinterface
+ initialize_data_objects() + partition_columns: list{str]
+read()
+ transform()
+_flag_non_existent_cell_ids(df: DataFrame) -> +write(path: str = None, partition_columns: list[str] = None)
DataFrame
+ _flag_outbound(df. DataFrame) -> DataFrame —Writes
+ _flag_invalid_cell_ids(df: DataFrame) -= DataFrame
+ _flag_by_event_location(df: DataFrame) -= DataFrame SilverEventSemanticQualityMetrics
+ _compute_semantic_metrics(df: DataFrame) ->
DataFrame + ID: str = SilverEventSemanticQualityMetrics
+ _flag_different_location_duplicate(df: DataFrame) -= + SCHEMA: StructType
LPataFrame + interface: Parquetinterface
+ partition_columns: list{str]
+ write(path: str = None, partition_columns: list[str] = None)

9 Code Structure:

The code structure follows the format set by the core package, and the general repository structure.
The location of the module script in the repository is as follows:
multimno
Cbb components
Cbb execution
Cbb event_semantic_cl eaning
cbb event _semant i c_cleaning. py

0 event_semantic_cleaning.py contains one class namedSemanticCleaning  which
is a subclass ofComponent . It overrides the following methods
A The int. method first _ciat | methed, which sets updhs
Spark session, initialises data objects and reads the configuration file
A Thetransform  method handles all the logic behind the component .
0 The SemanticCleaning  component also has the following methods :
A _flag_non_existent_cell_ids handles the check and flagging of references
to non -existent cell IDs.
A _flag_outbound handles the flagging of outbound events .
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A _flag_invalid_cell_ids handles the check and flagging of references to
existent cell IDs that were not operative in the moment an event was registered.

A _flag_by_event_location handles the check and flagging of events with an
incorrect or suspicious location.

A _compute_semantic_metrics handles the counting of occurences of each flag
and formatting them as the quality metrics.

A _flag_different_location_duplicate handles the detection and flagging

of different location duplicates.

5.2.10 SEMANTICQUALITYWARNINGS
5.2.10.1 MODULE DESCRIPTION

Module Name: SemanticQualityWarnings
Objectives: this module analyses the semantic quality metrics produced in the event semantic checks
at device level process in order to identify anomalous situations that may need to be investigated
further.
9 Functionality: the module computes statistics on the semantic event quality metrics over a specified
lookback period and compares them with present values. When anomalous situations are identified,
warnings are produced, as well as data to easily create plots that summaise the evolution of metrics
over time and the frequency of each type of error.
Functionality is outlined in the software requirement specifications: 3.2.10 SemanticQualityWarnings
Data Inputs and Outputs:
0 Input:
A 1.17 MNO Device Semantic Quality Metrics
o0 Output:
A 1.18 MNO Event Data at device Level Semanti®uality Warnings & log table
A 1.25 Event Data at Device Level Semantic Quality Warnings Bar Plot Data

=A =9

E ]

5.2.10.2 DEVELOPMENT DESIGN
1 Key Algorithms/Processes:

0 Create the data objects.
0 The thresholds to be used for raising warnings that are specified via configuration file are read
and their types and values are validated. In the case that a specific threshold is not present, its
default value is used instead.
0 Since each metric might have a different lookback period, the date furthest into the past is
found, and data is read between this date and the study date.
0 If there are no metrics for the study date, an exception is raised.
O Compute the percentage of each type of flag error,
read.
o For each error flag (excluding o0no erroro6 flag) dc
A Check that the corresponding metric is present for all the lookback period dates of
this error:
A If one of them is missing, no warning is to be raised.
A Ifthey are all present, but the lookback period is lower tha 3, use the
omin_percentagedé parameter as the threshol
condition.

131



GOPA Prosiium % BN [stat

A If they are all present and the lookback period is equal or greater than 3,
compute the average and sample standard deviation of the percentage of
this flag error over its lookback period. Then, compute the threshold to raise
a warning as the upper control limit (i.e., average plus the standard deviation

multiplied by the Oomin_sddé parameter).
A If the percentage of the study date is greater than the threshold, raise a
warning.

A Log the percentage value of the present day. In the case that a threshold was
computed, log it as well. If a warning is to be raised, log a True value, or False
otherwise.

0 Format all logged data in the required format and write it to file.
0 Using the statistics computed previously, prepare the data needed to plot the required graphs:

A Bar plot showing the absolute count of each flag error type for each date over the

longest lookback period plus the study date considered in the process. Save the data
needed to make this graph into a parquet file.

A Bar plot showing the percentage of each flag error type for each date over the
longest lookback period plus the study date considered in the process. Save the data
needed to make this graph into a parquet file.
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1 Data flow diagram (full view) :
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i Data flow diagram (part]) :
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data

Bar Plot Data

For each flag error type

s there data for al

kback period dates”

the lookback period
or more days long?2

No

Yesﬁ

Compute average and
sample standard deviation of
percentage over lookback
period

Y

Set minimum

percentage Compute upper
parameter as control limit as
threshold

threshold

l

Set
display_warning to
False

Log the study date
percentage and
display_warning

Ll

Is the study date percentage
larger than the threshold?

NO—'L

Set
display_warning to
Ye False
Set
display_warning to
True
Log the study date

Warning Log

percentage, threshold and Table

display_warning

Event Data at Device
Level Semantic Quality
Warnings
Log Table
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1 Class diagram:

EE

= B Isiat

SilverEventSemanticQualityMetrics

A

Daad
~Reads

+ ID: str = SilverEventSemanticQualityMetrics
+ SCHEMA: StructType

+ interface: Parquetinterface

+ partition_columns: list[str]

+ write(path: str = None, partition_columns: list[str] = None)

SemanticQualityWarnings

+ COMPONENT_ID: str = SemanticQualityWarnings
+ MINMUM_STD_LOOKBACK_DAYS: int =3

+ timestamp: datetime.datetime

+ date_of_study: datetime.date

+ warnings_long_format: list

+ thresholds: dict

+ initialize_data_objects()

+ get_thresholds() -> dict

+ read()

+ transform()

+ quality_warnings_by_error(error_name: str, error_stats: dict)

+ register_warning(date: datetime.date, error_code: int, value: float, upper_control_limit: float, display_warning: bool)

+ set_output_log_table()
+ create_plots_data(error_stats: dict)
+ write()

SilverEventSemanticQualityWarningsLogTable

Writes

Y

+ ID: str = SilverEventSemanticQualityWarningsLogTable
+ SCHEMA: StructType

+ interface: Parquetinterface

+ partition_columns: list[str]

+ write(path: str = None, partition_columns: list[str] = None)

SilverEventSemanticQualityWarningBarPlotData

136

Y

+ ID: str = SilverEventSemanticQualityWarningBarPlotData
+ SCHEMA: StructType

+ interface: Parquetinterface

+ partition_columns: list[str]

+ write(path: str = None, partition_columns: list[str] = None)
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1 Code Structure: The code structure follows the format set by the core package, and the general
repository structure. The location of the module script in the repository is as follows:

multimno
Cbb component s
cCbb quality

Cbb semantic_quality_warnings
cCbb semantic_quality_warnings.py
1 semantic_quality_warnings.py contains one class named SemanticQualityWarnings

which is a subclass ofComponent . It overrides the following methods :

o The_init met hod first _ciatl | mdthed, which sets updhe Spark
session, initialises data objects and reads the configuration file.

o Thetransform  method handles all the logic behind the component .

0 Thewrite method writes the quality warnings log table containing the computed warnings.
It also writes into parquet files the data required to produce the defined plots.

1 The SemanticQualityWarnings also has the following methods:

o get_thresholds handles the logic of reading configuration -specified thresholds and the

usage of default threshold whenever a specific threshold value is not specified.

0 quality_warnings_by_error - method that handles the logic for computing the
necessary statistics and raising a warning for a specific error flag in the study date.

0 register_warning is a method that abstracts away the creation of a warning in the log
table, taking as arguments all necessary information and putting it in the correct format.

0 set output log_table formats the warnings into the expected table format.

0 create_plots_data gathers and formats the data required to produce the necessary

plots of the component.

5.2.11 DEVICEACTIVITYSTATISTICS
5.2.11.1 MODULE DESCRIPTION

9  Module Name: DeviceActivityStatistics
1 Objectives: This module uses data on individual devices after and produces metrics to assess the
usability of the devices for specific procedures or use cases based on the activity statistics.
1 Functionality:
9 Data Inputs and Outputs:
0 Input:
.16 MNO Event Datad Semantically Cleaned
1.8 Cell Locations with Physical Propertie® Cleaned
0 Outputs:
1.19 Device Activity Statistics

5.2.11.2 DEVELOPMENT DESIGN

1 Key Algorithms/Processes:
The data is processed in oneday chunks in the local timezone. As the data is saved in UTC, the first
step is to calculate the times in UTC that need to be read. All of the following steps are run for each

date in the data:
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(0]

Preprocess events data:

> > >

> >

A

Timestamp is converted to local time.

Year, month and day fields are updated according to new timestamp.

Events data is joined with topology data to get locations of cells where the events
happened.

The data is ordered by user and timestamp.

The time gaps between records are calculated per user

Geometry (point) columns are created for the current cell location and location of next
cell.

The distance between these two geometries is calculated

Calculate number of unique cells per user.

Calculate number of unique locations per user (based on cell locations or lat/lon of event if
cell_id not available).

Calculate distance between records per user (based on cell locations or lat/lon of event if cell_id
not available).

Calculate number of unique hours present in data per user.

Calculate mean and standard deviation of time gaps per user.
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local_timezone

Read event data

Configuration file

data_period_start
data_period_end

(START HERE) Silver Network
Initialise data objects Topology Data
and check
configuration

'

For each date between data_period_start and data_period_i

v

Read network

—— > Eventdata topology data for

for one date

one date
q Convert Processed event
—— timestamptic ——»
p data
local timezone
v
Update year,
month and day ——» Proces::‘ievenl
fields
¥
Join events with
topology data to Processed event
get location for data
each event
Gl Processed event
gaps between —— > data
records per user
v
Calml Processed event
distances =~ ——» d
ata
between records
I . }
Calculate number
Calculate number of unique Calculate sum of
of unique cells locations per distance travelled
user user per user
Calculate mean Celclials
of time gaps per _stgndardl
user deviation of time
gaps per user
¥
Device Activity
Statistics
Write Device
Activity Statistics

|

Device Activity Statistics
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1 Class diagram:

% B Istat

SilverEventDataObject

SilverNetworkDataObject

+ 1D str = SilverEventDO
+ SCHEMA: StructType
+ interface: Parquetinterface

+ partition_columns: list<str=

+ ID: str = SilverMNetworkDO
+ SCHEMA: StructType
+ interface: Parquetinterface

+ partition_columns: list<str>

+ write(path:str = None, partition_columns: list<str> = None)

+ write(path:str = None, partition_columns: list<str> = Nane)

Reads

|

Reads

|

DeviceActivityStatistics

+ COMPONENT_ID: str = DeviceActivityStatistics
+ clear_destination_directory: bool
+ data_period_start: str

+ data_period_end: str

+ initalize_data_objects()
+ read()

+ transform()

+ write()

+ execute()

+ preprocess_events(di_events: DataFrame, df_network): DataFrame

Writes

|

SilverDeviceActivityStatistics

+ SCHEMA: StructType
+ interface: Parguetinterface

+ partition_columns: list<str=

+ ID: str = SilverDevice ActivityStatisticsDO

+ write(path:str = Mone, partition_columns: list=str= = None)

I Code Structure:

The code structure follows the format set by the core package, and the general repository structure.

The location of the module script in the repository is as follows:
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1 /multimno_internal/

2 '— multimno

3 L— components

4 L— execution

5 L— device activity statistics

6 L— device activity statistics.py

device_activity_statistics.pycontains one class namedDeviceActivityStatisticswhich is a subclass of
Component.

The EventCleaningclass overwrites__init_, transform and execute in the Component class.

__init__method initialises the data objects and reads the necessary values from config file.
transform performs all necessary transformations and calculation of activity statistics for daily data.
transform contains calls to many other smaller functions that perform the actual data manipulation.
execute is responsible for calling read, write and transform for each unique date in the dataset. The
processing is done date-by-date. Only the data from one date is being processed at any given time.

5.2.12 CONTINUOUSTIMESEGMENTATION
5.2.12.1 MODULE DESCRIPTION

T Module Name: ContinuousTimeSegmentation

I Objectives: Aggregating event data for each user into continuous time segments based on certain
spatio-temporal conditions.

9 Functionality: Takes as input a configuration file, semantically cleaned event data, cell intersection
groups, first and last event per date data, and (optionally) previously calculated time segments. The
component processes user events for each date in the chosen data geriod and aggregates them into
continuous time segments based on their spatio-temporal properties. One time segment represents a
time period where the user is estimated to be in a specified state (stay, move, abroad, undetermined or
unknown) with specified spatial properties (within a set of cells, or within a country).

Functionality is outlined in the software requirement specification s:
3.2.12 ContinuousTimeSegmentation
9 Data Inputs and Outputs:
0 Inputs:
A 1.16 MNO Event Datad Semantically Cleaned
A 1.14 Cell Intersection Groups
A 1.60 Event Cache
A 1.20 Daily Continuous Time Segments(optional)
0 Outputs:
A 1.20 Daily Continuous Time Segments

5.2.12.2 DEVELOPMENT DESIGN
1 Key Algorithms/Processes:

1. Initialization. Read all necessary config parameters, check the availability of input data.
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2. If the clearing of output directory parameter is enabled, delete existing output directory. Note that
since the output directory is also one of the input sources, this will also delete results of previous
executions of this component and thus should be performed with care.

3. For each date in the configuration-specified data period:

1. Read input event data which is from the current date and has the error flag value as one of the
configuration -specified accepted values.
2. Read input event cache data from the following date to retrieve the first event of each user in
the next date (if any). Add it to input event data.

Read input cell intersection groups data corresponding to the current date.

4. |If previous CTS data exists, read input CTS data which is from the previous date or the current
date and has the flag is_last=True.This shall select for each user exactly one existing time
segment as the latest previous time segment, or no time segments if none are present for the
user.

5. If only the outbound domain is set in the config parameter domains_to_include, then for each
user in input event data and input CTS data where the user has stateABROAD additionally
read those users' input event data from the current date which has domain DOMESTIGnd has
the error flag value as one of the configuration -specified accepted values. Add it to input
event data.

6. Add overlapping cell ids to event data by joining event data to cell intersection groups data
on cell id.

7. If previous Daily CTS data does not exist, set event data CTS columns to null values.

8. If previous Daily CTS data does exist, attempt to enrich events with existing CTS. Outer join
event data to existing latest CTS data on user_id and set event data CTS columns to existing
values. Unmatched users are assigned null values.

9. Convert user_id column to String for Pandas processing.

10. For each userfd6s dat a, perform segments aggregatior

1. Retrieve user id, partition modulo, MCC and MNC values from data.
2. Determine date start and end timestamp boundaries.
3. If the user has no data for the current date, handle the entire date at once:

1. If the user has no previous time segments, then the user only has events in
the next date. Do not generate any time segments for the current date.

2. Else if the user has previous time segments, handle according to previous
latest time segment information:

1. If the previous segment state is ABROAD and the time gap between
the last event within the previous segment and the end of the
current date is below a configuration -specified maximum time
threshold, Then the ABROAD segment is allowed to be extended.
Create one time segment for the current date from date start
timestamp to date end timestamp with state ABROAD, keeping the
last event timestamp of the existing segment.

2. Otherwise no extension is allowed. Create one time segment for the
current date from date start timestamp to date end timestamp with
state UNKNOWN.

3. Set the created time segment property is_last=True.

4. |If the user has data for the current date, prepare and iterate over the events:

1. Cal cul ate adjusted time pad duration. The
segments with known locations over adjacent segments with unknown
locations. The time pad duration is the minimum between the configuration -
specified pad time value, and half of the time between start of the day and
the first eventds timestamp.

w
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2. Setinitial time segment:

1.

If the user has no previous time segments, resort to unknown state
with padding. Set the initial time segment from the date start

ti mestamp to the first eventds
duration with state UNKNOWN.

Else if the user has a previous time segment that is within the
current date, then the first segment has already been generated
while processing the previous date. Set the initial time segment to
have the properties of the existing time segment.

Else if the previous time segment is of state STAY, MOVE, or
ABROAD and the duration between the last event within the
previous time segment and the first event of the current date is
shorter than the state-appropriate configuration -specified maximum
time threshold, allow extension. Set the initial time segment from
date start timestamp to the fir
state, last event, cells, and PLMN values as the previous time
segment.

Otherwise resort to unknown state with padding. Set the initial time

% B Istat

ti mest a

st

even

segment from the date start ti mestamp

timestamp minus adjusted time pad duration with state UNKNOWN.

3. Starting with the initial time segment and time -ordered events, iterate over
the events to generate new time segments from events and latest time
segment:

1.

If the current event is abroad:

1. If the latest time segment is not state ABROAD, then state is

shifting to a new abroad segment. Add latest time segment
to output list. Create new latest time segment from the end

ti mestamp of the | atest segment
timestamp with state ABROAD, storing event PLMN and last

event timestamp.

2. Else if the latest time segment is state ABROAD and it
shares the MCC value with the current event and the time
gap between time segment end and current event
timestamp is below the configuration -specified max time
threshold for type abroad, then the existing segment is
extended. Set the latest time segment end to be the current
eventds timestamp, and set

t he

t o

as |

segment to be the current eventds

3. Else the latest time segment is state ABROAD and it does
not share the MCC value with the current event and the
time gap between time segment end and current event is
below the configuration -specified max time threshold for
type abroad, then the state is shifting from one abroad
country to another. Add latest time segment to output list.
Create new latest time segment from the end timestamp of

the | atest segment to the current

state ABROAD, storing event PLMN and last event
timestamp.

4. Otherwise resort to unknown state. Add latest time
segment to output list. Create new latest time segment
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from the end timestamp of the latest segment to the
current eventos timestamp with st a
2. Ifthe eventis local:
1. Determine spatial intersection. We consider the latest time
segment and the current event to be intersected if each of
the cells of the latest time segment are included in the
current eventoés overlapping celll i
2. Determine time gap. The time gap is the duration between
the end timestamp of the latest time segment and the
current eventos timestamp.
3. If the latest time segment state is UNKNOWN or ABROAD,
we transition to state UNDETERMINED. Add latest time
segment to output list. Create new latest time segment
from the end timestamp of the latest segment to the
current eventodos ti méeERMIAIBDY wi t h st a
storing event PLMN, event cell id, and last event timestamp.
4. Else if the event and latest segment are spatially intersected
and the time gap is below the configuration -specified
threshold for type stay and the latest time segment state is
UNDETERMINED or STAY, then we extend the existing time
segment. Set the latesttime segment end timestamp to the
current eventoés timestamp, add the
of segment cell ids, and set the last event timestamp of the
segment to the current eventos tim
additionally, if the duration of the latest time segment
exceeds the configuration-specified minimum stay duration,
set the latest time segment state to STAY.
5. Else if the event and latest segment are spatially intersected
and the time gap is below the configuration -specified
threshold and the latest time segment state is MOVE, we
shift states from movement to undetermined. Add latest
time segment to output list. Create new latest time segment
from the end timestamp of the latest time segment to the
current eventods timestamp with st a
storing event PLMN, event cell id, and last event timestamp.
6. Else if the current event and latest time segment are not
spatially intersected and the time gap is below the
configuration -specified threshold for type move, then
create two time segments with state MOVE: one from the
end timestamp of the latest time segm ent to the halfway
point of the time gap, storing latest time segment PLMN,
cells and last event timestamp, and the other from the
hal fway point to the current event i
current event PLMN, cell id, and last event timestamp. Add
the latest time segment and the first move segment to
output list. Set the second move segment as the latest time
segment.
7. Otherwise, resort to unknown and undetermined states.
Increase the the end timestamp of the latest time segment
by the pad time value. Create one new time segment from
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11. Convert

% B Istat

the updated end timestamp t curr e
minus pad time value, with state UNKNOWN. Add latest
time segment and the new segment to output list. Create
new | atest time segment from curr el
minus pad time value to currenteventd s t i mest amp, wi t}
state UNDETERMINED, storing current event PLMN, cell id,
and last event timestamp.

Add final latest time segment to output list.

After iteration it is possible that we have a time segment that is within both

the current and the next date. We split it into two separate time segments on

midnight, preserving other time segment parameters. The segment ending at

midnight is marked with is_last=True indicating it as the last time segment of

the given date.

If there is a time gap between the end of the latest time segment and the

current date end timestamp, then the user has no events in the next date.

Create a new time segment from latest time segment end timestamp to

current date end timestamp with state UN KNOWN. Mark it with is_last=True

Add it to output list.

output |ist data to expected schema and wr
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1 Data flow diagram:
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Iterative aggregation of time segments per user per date
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