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Abstract

La complexité et la dynamique de I'environnement dans lequel évolue chaque entreprise
requiert de la part de ses managers la capacité de prendre des décisions pertinentes
dans un laps de temps tres court afin de maintenir ou accroitre son activité. Pour cela,
I’analyse des données générées par ’activité de ’entreprise peut étre une précieuse source

d’information.

Ces dernieres années, une nouvelle classe de systemes d’aide a la décision est apparue
pour relever ce défi: L’ Intelligence Opérationnelle (I0) [1]. Son objectif est de permet-
tre aux managers opérationels d’avoir une treés bonne compréhension de la situation de
I’entreprise, a travers 'analyse de 'activité passée et présente.

Dans ce contexte, les notions de temps et de tragabilité sont primordiales dans la

compréhension de I'évolution de l'activité de I'entreprise a travers le temps.

Dans cette these, nous présentons Azway Decision Insight (ADI), une solution d’I0
développée par I'éditeur de logiciels Axway. Le composant clé de cette solution est
un SGBD orienté colonnes et bi-temporel développé en interne par l’entreprise pour
répondre aux besoins spécifiques de I'lO. Ses capacités bi-temporelles lui permettent de
gérer nativement aussi bien ’évolution des données dans la réalité modélisée (temps de

validité) que I'évolution des donnés dans la base de données (temps de transaction).

Nous commencerons par présenter la solution ADI en nous focalisant sur deux éléments
importants: 1) 'interface graphique qui permet la conception et 'utilisation d’ADI sans
écrire la moindre ligne de code. 2) L’approche adoptée pour modéliser les données bi-
temporelles.

Ensuite, nous présentons un benchmark pour ADI qui se base sur le benchmark pour
bases de données bi-temporelles TPC-BiH [2].

Apres cela, nous présentons deux optimisations pour ADI. La premiere redéfinit une
requéte bi-temporelle en: 1) un ensemble de requétes continues pour calculer des aggrégations
et dont les résultats sont matérialisés, et 2) une requéte qui accede aux résultats maté
rialisés. La deuxieme optimisation ordonne 'exécution des opérateurs de jointure des
plans de requétes en utilisant un modele cotit basé sur des statistiques des données bi-
temporelles.

Pour évaluer ces optimisations, nous avons effectué des expérimentations en utilisant

notre benchmark, et qui ont démontré leurs intéréts.
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Chapter 1

Introduction

1.1 Context

Companies are operating in very dynamic and complex environments that require from
their managers agility and ability to make proactive decisions, in order to maintain or
improve their business. The available information generated by company’s activities
is exploding due to the increasing use of various technologies such as automated data
collection, machine logs, emails, RFID, GPS, .... The ”data deluge” represents a gold
mine on which companies are sitting on. In consequence, there is a variety of decision
support systems for decision-makers. The choice of the adapted one depends on several
factors such as the nature of the activity or the range of the decision, e.g strategic or
operational decisions.

Decision-makers may rely on Business Activity Monitoring (BAM) [3] to take opera-
tional decisions. BAM aims to provide real-time access to critical business performance
indicators. Thus managers can have a deep insight of what is currently happening in
their business and then take rapid and effective decisions. BAM gathers its information
in real-time by analyzing data streams from multiple sources. BAM systems often relies
on technologies such as Complex Event Processing (CEP) [4], Data Stream Management
System (DSMS) or traditional Database Management System (DBMS). CEP aims to
detect interesting patterns of events, e.g. if events A and B happen simultaneously, then
C happens too. DSMS are intended to manage data streams and perform SQL-likree

queries on them. Nevertheless the BAM is limited because they only focus on real time

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2016LYSEI046/these.pdf
© [A. Ait Ouassarah], [2016], INSA Lyon, tous droits réservés



Chapter 1 - Introduction 2

information rather than using existing historical data and temporal data in their vari-
ous forms. They do not give managers the necessary hindsight to compare the current
organization activity behavior with its history. In consequence, it can be hard to detect
threats and opportunities.

Exploiting historical data is traditionally covered by tools and systems from the Business
Intelligence (BI) domain [5]. They enable managers to understand what happened in the
past and help them to prevent the mistakes in the future by taking relevant long term
and strategic decisions. A BI system accesses to historical and structured data sources
in a batch-loaded approach and compute performance indicators that are usually stored
in relational databases called data warehouses. This process is referred to as Extract,
Transform and Load (ETL). It appears that BI is not intended to real-time use-cases
since analyses can not be delivered in real-time. Besides, it does not offer enough agility
to meet manager’s needs to take operational decisions in very dynamic environments.
This information is not always well-exploited due to the lack of adapted Decision Sup-
port Systems (DSS). In this setting, a new class of systems has emerged in the decision
support system galaxy called Operational Intelligence (OI) [1] to meet the challenge of
capturing, storing, analyzing and visualizing efficiently historical and real-time data.
This class of systems is intended to help manager to take operational decisions and is

situated at the crossroads of

BI and BAM (Figure 1.1), aiming to answer questions that no one of them can easily
answer. This new DSS class does not intend to compete with existing systems, but

rather complete them. Thus OI enables organizations to:

e Handle both historical and real-time data within the same system which enables
managers to understand what happened and what is happening in their organiza-

tion.

e Benefit from both BAM’s agility to adapt to business evolution and BI’s analytical

capabilities.

e Farly events detection to take immediate actions to address threats and opportu-

nities

e Higher operational performance: The improvement of the business decisions leads

to operational cost optimization, higher revenues.

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2016LYSEI046/these.pdf
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Ficure 1.1: OI at the crossroads of disciplines

e Better communication: Managers knows exactly what has happened and what is
happening in their business, and thus can better communicate and justify their

actions.

Splunk', Vitria®> Axway® are examples of companies that position theirself in OI.

All these functional features require to handle in an efficient way 2 temporal dimensions

which are the history of data as well as the evolution of the DB modifications.

1.2 Bi-temporal Capabilities: Interest For OI

Databases are intended to store organization’s knowledge concerning the real world.
Most of these databases are considered as static [6] because they only store a snapshot
of the world at a given time. As an example, let us consider the relation customers
(Table 1.1a). Let us suppose that the customer OneTwech’s balance has been updated
(Table 1.1b) from 400 to 300. From Table 1.1b, we do not know whether or not a change

has occurred and when (if any).

http://www.splunk.com/
Zhttp://www.vitria.com/
Shttps://www.axway.com/en/enterprise-solutions/operational-intelligence
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TABLE 1.1: Customer relation

(A) Before (B) After
customer_Name | balance customer_Name | balance
AxTech 100 AxTech 100
OneTwech 400 OneTwech 300

Azeco 150 Azeco 150

Classical databases systems are not intended to handle natively temporal data, but
rather data at a certain time, usually the most recent one. In consequence, temporal DBs
have been studied in the database community for more than three decades. Christian
Jensen has identified around 2000 scientific productions over the 80t and 90" [7]. This
includes among other things an encyclopedia [8], some books addressing the temporal
databases topic [9-11], etc. These works have been referenced by several bibliographies

such as [12].

Two main time aspects have been defined in the literature. They are orthogonal, which

means that there is no clear relationship between them.

e The wvalid time "vt”, also called application time, of a fact is the time when it
is true in the modeled reality [13]. This time is intended to capture the history

evolution of the modeled reality.

e The transaction time ”tt”, also called system time, of a database fact is the time
when it is stored in the database [13]. It is intended to capture the history of
database changes. It is consistent with the serialization order of transactions and
is always provided by the DBMS. In consequence, the transaction times can not
be later than the DB’s current transaction time and can not be changed once a

fact is timestamped in the database as for vt.

OT’s capabilities that we have just detailed require to handle the history of business
data. Such DMBS are known as a bi-temporal DBMS (2TDBMS), i.e a DBMS that

natively supports both valid time and the transaction time.

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2016LYSEI046/these.pdf
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1.2.1 Motivating Example For Bi-temporality

As a toy example, let us consider the relation customers (Table 1.1a). Let us suppose
that the customer Webtech’s balance has been updated (Table 1.1b) from 200 to 300.

From Table 1.1b, we do not know if a change has occured and when (if any).

Suppose that its balance is equal to 400€ at 14:00 the 1% of January, 2016. The day
will be omitted for clarity in the sequel. This information is stored in the DB as shown
in Figure 1.2a where the balance evolution through an one dimension diagram.

At 15:00, OneTwech places a new order costing 100€, and we assume that the balance
value in the DB is updated instantaneously to 300€ (Figure 1.2b).

At 16:30, OneTwech places a new order costing 500€ but it is rejected because its
balance is too low (300€).

Let us say that OneTwech refunded its balance with 200€ at 16:00. We suppose that
the balance update process on the DB is instantaneous but for some reasons, it took 2

hours and the attribute is updated at 18:00 (Figure 1.2b).

FIGURE 1.2: OneTwech’s balance evolution

+400€
-100€

400€

R R N X . 4008 F0s
T T T T Ll 3 3 1 1 [y
14:00 15:00 16:00 17.00 WT N N N ' gl
1400 15:00 1600 17:00 wT
(B) at tt=vt=15:00: 100€
(A) at tt=vt=14:00: 400€
fmg +200€
4008 3noe 4o0e 300€ 5008
Il Il Il Il | .
! y ' ' » : = + t >
14:00 15:00 16:00 17:00 VT 14:00 15:00 16:00 17:00 vT

(¢) new order rejected at 15:00 (D) At 18:00, balance= 500€ from 16:00

When the manager analyzes its business activity sometimes later, he will notice that
OneTwech’s order was rejected. From her point of view, this rejection is invalid because
the balance account allows this order: Indeed 500€ are available at this moment (Figure

1.2d). However she can not know the reason because of the lack of information.

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2016LYSEI046/these.pdf
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FIGURE 1.3: OneTwech’s balance bi-temporal evolution
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14:00 15:00 16:00 17:00

(A) tt=15: 00 (B) tt=16: 00
A
T S00E
18:00 4
17:00 o
300E
16:00 o
15:00 4=
400€
i t t P
1400 1500 1600 1700 WT

(C) tt=18:00

This example motivates the need of handling bi-temporal data to take rapid and relevant

decisions.

Let us suppose now that we use a bi-temporal DB system and play the scenario again.
Figures 1.3 summarizes the same information with a 2-dimensional diagrams (for tt
and vt). Clearly, the manager can now access to all history of the balance and then

understands why the order has been rejected at 16:50.

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2016LYSEI046/these.pdf
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1.2.2 Temporal Queries

The support of bi-temporal data, and more generally temporal data, enables new classes

of queries [14]. We briefly discuss two of them:

e Time travel: One fixes both the valid time and the transaction to an instant. The
query in Figure 1.3c is an example of such class which returns the balance’s value

at vt=16:30 considering the DB at the tt=16:30.

e Time range: one fixes a temporal dimension to a particular instant, let us say the
transaction time, while the other can either be fixed to an interval or vary over all
the time domain. As an example let us consider Figure 1.4. The red line means
that we want to get the history of OneTwech’s balance considering the state of DB
at tt=18:30. The result is: {[14:00, 15:00] — 400€, [15:00, 16:00[— 200€, [16:00,
oo[— 300€ }.

T R S
A00£
17:00 e
16:00 < 200E
15:00 4=
400E
t t t >
1400 1500 1600 1700 WT

FIGURE 1.4: Graphical representation of a time range query

1.2.3 Temporal Aggregation

The temporal extension of DBMS raises the issue of defining the temporal aggregation
computing contexts. As an example, let us consider Figure 1.5 that represents bal-

ance evolution of three customers according to the vt (tt is not considered to keep the

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2016LYSEI046/these.pdf
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presentation simple). Answering the following query can be complex:

What is the customer’s average balance value during the interval [14:00,

17:00[ ?

Should we compute the average for each instant of that period or at some given instants?

How should we handle data unavailability concerning AzTech?

AxTech 250€ A00E

OneTwech 400# 200 300

seco  INMSOSINN 008 sue 1o peRmEEOSNN I
[ [ [ [ h_
L] L] L] L]

14:00 15:00 16:00 17:00 WT

FiGUrE 1.5: The temporal aggregation range

In order to overcome some of these issues, we introduce the concept of Rhythm which
derives from the concept of granularity [15] and is similar to some concepts such as time
sequence attributes [13], time-series [16] or periodic attribute [17]. It is a partition of the
valid time domain into contiguous and equal-length time intervals. A rhythm is defined
by a couple (begin, duration) where begin is the reference time instant to be used for
partitioning the valid time domain and duration is the length of each interval.

As an example, the rhythm (00:00,1 hour) corresponds to the following partition:

(00 : 00,01 : 00[U[01 : 00,02 : 00U .. .

If we use this rhythm for the previous query, then one possible approach would be to
compute the aggregation at each hour during the interval [14:00, 17:00]. We assume
that customers with unavailability data are not considered for the aggregation. In con-
sequence the result of the query is: {14:00— 275€, 15:00— 200€, 16:00— 195€, 17:00—
333,33€ }

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2016LYSEI046/these.pdf
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1.3 Axway Decision Insight

1.3.1 The Project Genesis

The genesis of Axway Decision Insight takes place in 2008 (Figure 1.6) when a French
software editor Systar® launched a new project under the name of Tornado [18]. This
latter was designed to be the company’s next generation product and positions the
company in the domain of OI. The project required more than 150.000 hours of R&D
up to 2013 and was released in early 2013. In 2014, Systar was acquired by Axway,
a top-5 French software editor®, that claims to be a leader in data government flow.
Tornado has been renamed to Azway Decision Insight (ADI) and became its spearhead

in OI market.

Tomado birth First clients  Awway buys
Systar

R&D investment Phd thesis

1 [l 1 [ [ 1 1
1 I 1 1 1 1 1 h
2008 zZoog o 2000 2011 2012 o3 2014 205 20M6 0 2017

F1GURE 1.6: ADI project’s chronology

1.3.2 Capabilities

ADI provides consolidated views of traditional real-time analyses with complete tem-
poral historical analyses which help managers to have a deep understanding of what
happened and what is happening in their organization. This leads to a higher op-
erational performance allowing for example a revenue increase or an operational cost

reduction.

ADI’s 2TDBMS enables to support scenarii such as:

“http://www.systar.fr/
"http://www.truff1e100.fr/2014/palmares . php

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2016LYSEI046/these.pdf
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e Replaying past situations with exactly the same information as when they occurred

live.
e Investigation for audit and traceability to provide:

— In-depth analysis of a situation that occurred in the past, which could include
answers to questions such as what happened, when, why and where specific
actions are taken.

— On demand simulations of the evolution of past situations;

— Parallel comparison of the evolution in time of two situations, such as a

present time process and the behaviour of the same process yesterday;

e Risk assessment evaluations, based on past of forecasted events and data.

1.3.3 Objectives

Since organization evolves in highly dynamic environments, decision-makers have to be

agile. In consequence ADI has been designed to meet that requirement, by enabling:

e Rapid time to value: Applications should be implemented in significantly shorter

time than traditional development cycles, typically under one month.

e Low total cost of ownership: ADI should achieve real-time monitoring with just
one single platform running on commodity hardware and without using any other

software.

o Adaptability to changing business environment: The ADI platform should easily
be adapted in production applications as long as business evolves, thanks to a
”code-free” approach. This means that a manager with limited technical skills in
computer science can easily adapt its applications using a convenient graphical

user interface (GUI) (Figure 1.7).

1.3.4 A Plug-and-Play Platform

ADI is a plug-and-play platform covering all the life-cycle of a monitoring application
(Figure 1.8) that does not require any additional software. The main steps to implement

an application are the following:

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2016LYSEI046/these.pdf
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F1GURE 1.7: Example of an ADI’'s GUI
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FIGURE 1.8: Application life cycle implementation

Designing a data model: Decision Insight provides managers the possibility to
model the data of their business using the Entity-relationship formalism. This
formalism has the advantage of ignoring technical issues which corresponds to a

no-technical manager’s profil.

Implementing data integration routes: Decision Insight provides several ready-to-
use connectors to access to a wide range of data sources such as databases or web

services.

Implementing analyses: Managers may define their analyses thanks to a GUI tool
on the top of the data model. Besides they can add or update an analysis while

the application is in production.

Designing dashboards: ADI provides managers with an interactive GUI that en-
ables them to monitor their business by exploring both real-time and historical
data (Figure 1.7). A dashboard is made up of one or more graphical elements
(diagrams, charts, datagrids, ...) referred to as pagelets in the sequel. Each
graphical element displays data returned by an underlying query. Managers can
design themselves their dashboards using graphical tools. The dashboards can be

updated while the application is running and see their modification instantly.

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2016LYSEI046/these.pdf
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1.3.5 Architecture

The ADI Architecture (Figure 1.9) is based on a service oriented, event-driven imple-
mentation using Jawva. It is structured into three loosely coupled functional layers:

Absorption Layer, Logical Layer and User Interface Layer.

The Absorption Layer: ADI uses unobtrusive, agentless technology to collect, process
and analyse real-time data as well as historical data. It is based on the Apache Camel

engine % that offers a wide range of possibilities to pull data from various types of sources.

User Interface Layer: The user interface layer allows any web browsers using Adobe
Flash technology to display information from the logical layer. This layer is fully inte-
grated to offer seamless and rich interaction with the analysts with visual data manip-

ulation, navigation, as well as analyses based on its needs.

Logical Layer: Decision Insight is based on a proprietary DBMS, implemented by Axway,
that is specifically designed to handle both real-time and historical data. This DBMS is
bi-temporal and column-oriented. The bi-temporality means that it supports the valid
time dimension to maintain the reality evolution and the transaction time dimension
to maintain the database evolution. The column-oriented property means that data is

stored according to columns, suitable for analytical use cases.

1.4 Thesis Challenges

When I started the thesis in December 2012, ADI was already implemented and started
to be marketed. The product was internally implemented without any academic support,
and this CIFRE contract was the first collaboration between Systar and a research
laboratory. One of the thesis challenges was to compare and eventually align the concepts
and vocabulary used in ADI with the state of art approaches at the international level.
This includes the temporal data modeling approach as well as the query representation
and processing. Beside there were also a concern about the positioning of ADI’s DBMS

compared with big software editors’ products such as Microsoft, Oracle, SAP, etc.

Another challenge was related to ADI’s DBMS performance issues. Supporting temporal

features requires storing the whole history of data and not only its last version. Besides,

Shttp://camel.apache.org/
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FIGURE 1.9: ADI’s architecture

ADI provides users with an interactive GUI to monitor their business. It requires from

the system to guarantee fast response time in order to avoid any GUI display lag which

would make the platform unpractical, and thus reduces its interest. In this thesis, we

mainly focus on the query engine part of ADI. Queries in ADI are specified through

a declarative interface, implemented as an API instead of implementing a SQL-like

language. This choice is mainly motivated by the fact that the DBMS is only intended

to be used within ADI platform and for some particular, well-defined use cases.

Last but not least, the development of a piece of code within ADI is not an easy task.

It has to deal with the code complexity induced by the platform complexity on which

more than 20 engineers work every days. A simple modification of the code requires a

wide variety of tests before to be pushed in the production platform.

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2016LYSEI046/these.pdf
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1.5 Thesis Contribution

We can summarize the thesis’s contribution in four points: The alignment of ADI with
respect to the state of art, the valorisation of ADI in the international academic com-

munity, the ADI benchmarking and finally query optimization.

ADI’s Alignment: This contribution consists in formalizing the existing product using
the state of art in the column-oriented database field as well as in the temporal database
field. Our studies concern the temporal extension of the entity-relationship model, the

relational model and temporal functional dependencies [19].

ADI’s Academic Valorisation: Despite the inherent difficulties to publish at the best
international level in the database community, we published a demo at ICDE 2015
conference [18], a A* conference in the field. We also have presented a demo and a full

paper at BDA 2015 conference’.

Bi-temporal DB Benchmark: We have proposed a Bi-temporal DB benchmark adapted
to OI use-cases to assess ADI performances. It is based on TPC-BiH [2], a bi-temporal

extension of the well-known TPC-H benchmark.

Query Plan Optimization: The main academic contribution of this thesis is the opti-
mization of bi-temporal queries. Up to now, ADI does not embed any cost-model based
query optimizer. In consequence, we have proposed an optimizer that estimates the size

of intermediate results generated by query plan’s operator.

We also have explained how the ADI’s bi-temporal query optimization module was
working. It implements an optimization that consists in redefining complex bi-temporal
queries into: 1) a set of continuous queries in charge of handling real time data streams
(whose results are materialized) and 2) a query that accesses materialized results of
the previous continuous queries. Thus, ADI can provide analysts with timely answers

through a convenient GUI [18].

1.6 Document Organization

The remainder of this thesis is structured as follows:

"http://bda2015.univ-tln.fr/
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e In Chapter 2, we introduce ADI. We first present its GUI that provides advanced
features saving users from using writing a piece of code. We focus on two of them
which are the ER editor used to design data models and the query editor used
to design bi-temporal queries. Then we introduce modeling approaches used to
handles bi-temporality and align it with the state of art. Then, we detail how data
is physically handled. Finally we present some alternative modeling approaches,

including conceptual and relational ones, that exist in the state of art.

e In Chapter 3, an adapted version of the TPC-BiH benchmark to OI use case is
presented. We first address existing proposals of temporal DB benchmarks. Then

we detail how we adapt the benchmark to meet ADI’s requirements.

e In Chapter 4, we present a query optimization that limits GUI display lag by
continuously precomputing queries’ aggregation operations as data is collected.

The experiments are conducted using the adapted TPC-BiH.

e In Chapter 5, we present a query plan cost-based optimizer for ADI. We first
describe ADI’s architecture to process data and queries. Then, we detail the
statistics about data we collect and formulas to estimate the result size of query

plan operators. Finally we detail the results of the experiments.

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2016LYSEI046/these.pdf
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Chapter 2

Axway Decision Insight

2.1 Context

Axway Decision Insight (ADI) is an OI solution that provides consolidated views of
traditional real-time analyses with complete temporal historical analyses. This product
helps managers to have a deep understanding of what happened and what is happening
in their organization and take relevant operational decisions. ADI’s main innovation is

a bi-temporal DBMS that has been specifically designed to meet OI requirements.

In this chapter, we introduce ADI’s GUI that helps users to easily design their appli-
cation. This includes the ER formalism to model applications as well as how to design
bi-temporal queries. Then we present the logical model behind the ADI and how it phys-
ically stores temporal data. Finally, we present some alternative approaches to model

temporal data at the conceptual level as well as at the logical one.

2.2 ADI: A Code-Free Platform

2.2.1 Conceptual Modeling

ADI provides managers with an ER graphical editor with bi-temporal capabilities to
implement their application (Figure 2.1). The choice of both a graphical editor and a
conceptual model is justified by the fact that managers have usually limited technical
skills need to quickly implement applications.

16
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The approach adopted to model temporal aspects is based on the usage of the classical
ER model. It is motivated by the fact that all implemented databases on ADI are fully
bi-temporal, and in consequence it is unnecessary to overload diagrams with additional
annotations or constructs. It also avoids users from mastering additional constructs that

are not contained in the original ER model.

Dec 22,2015 - 10:25 8 ~ |E\ LIVE

Home > Madel Configuration

MODEL CONFIGURATION

MODEL DIAGRAM T i 8EHE

Entities
Attributes
Diagram
Rhythms

Classifiers =

IMAGES

Library

i
Fongs Ta_

| Include classifiers

FIGURE 2.1: ADI’s graphical user interface (GUI) to implement an ER diagram

2.2.2 Query Design in Decision Insight

Implementing queries using a SQL-based language can be a very difficult task, partic-
ularly for business managers with limited technical skills. ADI provides an advanced
graphical interface for rapid design of the complex queries related to OI. As an example

of such feature, let us consider the following query:

”What is the total revenue achieved by the company every day during the
current month (May 2015 in the example) considering the database at the

most recent state?”
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This query implementation is done in two steps. In the first step, the user implements

the temporal aggregation through the GUI shown in Figure 2.2:

(A) indicates which rhythm (temporal granularity used to compute the aggrega-
tion) we want to link to the attribute. In our case we choose an one-day rhythm

as we want to know the company’s total revenue per day.

e (B) indicates the aggregation operation used to generate the analysis.

(C) indicates the time-range to consider for the aggregation. In our example we

fix at the last day.

e (D) represents data sources used to compute the analysis, which is the attribute

?extendedPrice” of the Lineltem.

In the second step, the user chooses the form and the content that will be displayed on
the "pagelet”. Figure 2.4 is an example of ADI’s GUI to define the pagelet to display
the query result:

e (A) indicates graphical element type that the manager wants to display, namely a
historical curve.

e (B) indicates the time range of information to display on the pagelet. According

to the query, we choose to display the whole current month.
e (C) indicates the information to be displayed. Based on the provided information.

ADI creates a pagelet and an underlying on-demand query in charge of updating the

pagelet content (Figure 2.3).

2.3 ADTI’s Physical Storage

ADI’'s DBMS is a bi-temporal and column-oriented DBMS [20] which has the particu-
larity of being attribute timestamped oriented and state-based. In this section, we detail
the reasons for choosing a column-oriented approach and we also define the attribute-

timestamping and state-based approaches.
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FIGURE 2.3: Snapshot of a pagelet displaying the daily evolution of revenues

2.3.1 Motivations for a column-oriented DBMS

Column-oriented DBMS appeared in 90s as a response of an increasing need for storing

and analyzing very large volumes of data. The main difference between the classical

(row-oriented) DBMS and the column-oriented ones is how data is physically stored in

the system. A row-oriented DBMS stores data as rows of tuples. In a column-oriented,
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F1GURE 2.4: ADI’s GUI to implement a pagelet

data is stored by columns. We outline below three main reasons motivating the column-

oriented choice:

e The column-oriented databases are intended to perform analytical queries that
analyze data and give an insight into the business activity, e.g the number of
orders in pending status. The column-oriented database systems outperform row-
oriented database systems on analytical workloads such as those found in business

intelligence and decision support applications [21].

e The frequent evolution of OI applications, e.g GUI evolution, induces adding and
removing attributes dynamically. The row-oriented approach is not suitable in
this case because addition or deletion of an attribute affects the whole relation,
with performance impacts on the modified relation. However the column-oriented
approach does not suffer from this issue since each attribute is stored independently

of each other.

e The will to handle in an independent way the temporal evolution of attributes. In
the row-oriented approach, the update of an attribute value requires adding a new
tuple with the new value. This behavior causes both a storage overhead and an

increase in query execution time due to data duplication.

2.3.2 Attribute-Timestamping Approach

ADI’'s DBMS adopts an attribute-timestamping approach, also known as the non first
normal form model. It consists in extending attributes from simple values to complex

values that incorporate temporal dimensions. Among the models of this approach, we
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can quote Gadia’s model [22], McKenzie’s model [23, 24] and Tansel’s one [25]. To il-
lustrate this approach, let us consider Gadia’s model. A bi-temporal relation scheme R

is defined as follows:

R = ({([TS7T€] X [V&Ve]Al)}v'"{([Ts;Te] X [V&Ve]An)} (2'1)

Each tuple is composed of n sets. Each set element e is a triple of a transaction time
interval [Ty, T¢], a valid time interval [Vs, V| and an attribute value e.A;. An example

of such relation is depicted in (Figure 2.5). The attribute-value timestamping approach

Customer Balance Nation
[1,00]x[1,00] Axtech [1, 4]x[1,00] 10 [1,5]x[1,00] Spain
[5,00]x[1,2] 10 [6,00]x[1,2] Spain
[5,00]x[3,00] 30 | [6,00]x[3,00] France

[2,00]x[1,6] WebTech [4,2] x[1,6] 9 | [2,00]x[1,6] Germany
[3,00] x[1,1] 9
[3,00] x[2,6] 12
[3,4]x[1,6] Azco [3,4]x[1,6] 9 [3,4]x[1,6] France

[8,00]x[4,00] Jean Martin | [8,00]x[4,00] 9 | [8,00]x[4,00] France

FIGURE 2.5: Example of Gadia’s model relation

avoids any data redundancy because each attribute is handled separately. However this
approach induces a storage overhead because each attribute is overloaded with additional
temporal attributes. Besides, the models implemented using this approach may not be
adaptable to the existing relational structures or to query evaluation techniques that
suits for atomic values [26]. The choice of using either events or states to represent data
in temporal relations depends on its expected use in applications. In the conventional
relations, i.e relations with non temporal support, the reality is modeled as a single state
that represents the most recent data. It is then natural to consider the states as the
adapted approach to represent temporal relations. Yet, the event-based approach can be
adapted to some particular use cases. One of them is when the database is append-only,
i.e that once data is inserted in the DB, it can not be changed. In this case, data can be
stored as events. In consequence it might be interesting to use the event-based approach

to represent data as it is stored.
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2.3.3 State-based Modeling Appproach

The support of time-varying data leads to a representation dilemma due to the existence
of two opposite concepts: states and events [27, 28]. A state is something that lasts over
time. It corresponds for example to a fact that is true during a time interval, but is not
true before or after. An event however is instantaneous [13], i.e that occurs at a certain
instant and does not last. A state is delimited by events. It starts when an event occurs
and makes a fact true, and it ends when another event makes it false. In consequence a
state can be represented by its delimiting events Figure 2.6.

Snodgrass’ tuple timestamped representation scheme [29] is an example of state-based

Update of the balance to 200E Update of the balance to J00E

balance = 400 \ balance = 200E Aalance = 300

14:00 15:00 16:00 1700 T

FIGURE 2.6: The duality of states and events

relational model approach. The relation schema R is defined as follows:

R = (A17A27 seey A'ru T87 T67 ‘/:97 ‘/:3)

Aq, Ao, ..., A, are non temporal attributes. T and T, are the bounds of the transaction
time interval while Vi and V, are the bounds of the valid time interval. Figure 2.7 is an

example of a Snodgrass’s proposal which adopts a state-based modeling approach.

The first tuple indicates that AxtTech’s balance is 10 starting with the timestamp 1
and is still true, and this information is recorded at 1 and logically deleted at 5. The
second tuple indicates that the balance is 10 from 1 to 3, fact known starting with the
timestamp 5 and is still current in the DB.

In the conventional relations, i.e relations with non temporal support, the reality is mod-
eled as a single state that represents the most recent data. It is then natural to consider

the states as the adapted approach to represent temporal relations. This approach is the
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Customer Balance | Nation Ve | Vo | Ts | T,
AxTech 10 Spain 1 o] 1] 5
AxTech 10 Spain 113 ] 5|
AxTech 30 Spain 3 |loco| 5|6
AxTech 30 France 3 |0 | 6 |

WebTech 9 Germany | 1 | 6 | 2 | 3

WebTech 9 Germany | 1 | 6 | 2 | 3

WebTech 9 Germany | 1 | 2 | 3 | ©

WebTech 12 Germany | 3 | 6 | 3 | ©

Azeco 9 France 116 |3 ] 4
Jean Martin 9 France 4 oo | 8 | x©

FI1GURE 2.7: Example of Snodgrass’s modeling approach

most common approach and is also adopted by Oracle’s historical versionning module:

Workspace Manager'.

2.3.4 Translating an ER Diagram to a Column-store

In ADI, a column can either be an FEntity-column, attribute-column or relationship-

column.

e FEntity-column: This column stores the instances of an entity type of the ER model.
A record of this column is in the form of < key, intervaly:, instanty >. key is a
surrogate attribute that uniquely identifies an instance of an entity type. The
attribute interval,; is the lifetime of the instance and instants is the time when

the record is inserted into the DB.

o Attribute-column: It stores the values of an attribute of the ER model. A record of
this column is in the form of < keyy, keyo, ..., keyy, intervaly:, instantsy, value >.
The attributes key; with i € {1,...,n} are the surrogate attributes that refer to
entity-columns to which the attribute belongs. The attribute interval,, is the time
during which the record is valid, instanty is the time when the record was inserted
in the DB. An attribute is monodimensional if n = 1, and is multidimensional if

n > 1.

e Relationship-column: It stores the value of a relationship of the ER model. A

record of this column is in the form of < keyi, keys, intervaly:, instanty >. key;

"http://www.oracle.com/technetwork/documentation/index-087067 . html
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and keys refer to the entity-types involved in the relationship while interval,; and
instanty are respectively the time during which the record is valid and the instant

the record is inserted in the DB.

2.3.5 Column Access API

The column store provides a catalog to get access to the desired column. For each
column, there is an API to manipulate them. It mainly consists of the four following

methods:

e create(surlDy, ... surlD,, instanty, intervaly, value): It inserts a new record
to the column. ”surlD;” with i € 1..n is a surrogate attribute [30] that uniquely
identifies real word entities. The number of surrogate attributes depends on the
column type, e.g an entity-column will only contain one surrogate attribute while a
relationship column will contain at least two of them. ”instant;” is the tt instant

b

when data hold by the record was acquired by ADI and "interval,;” is the time

during which it is valid. The attribute "value” concerns only attribute-columns.

] get(instantvt, surlD, instanttt): It returns at most one record r, such that, its
surlD matches the method parameter’s surlD, r.interval,: intersects instant,;
and it is the most recent with r.instant; < instant;. As an example let consider
(Figure 2.8) which represents the stored entries of an attribute column for a given
surrogate id, e.g surlD = 1. A right arrow means that vt. = co. The execution

of get(8,7,1) returns the result {(1,[1,00[,1)}

o scan(intervaly, intervalg,,rp, instanty ): it returns all records, such that each
record r, r.surlD € {surlDx, ..., surl Dy}, r.intervalNintervaly, # 0}, rinstanty <
instant. As an example, let us consider the example in Figure 2.8 that represents
an entity-column’s records. A segment means that the vt is a closed interval while a
right arrow means that it is a left-bounded one. The number on segments and right
arrows represent the record’s surID. If we consider the call ”scan([3,9], [4, 8],8)”,
then the predicate "vt = [3,9]” returns records that intersect the surface between
the two green vertical lines. The predicate ”tt=8" returns records below the orange

line. The surrogate predicate returns records whose surlD € [4,8]. The result is
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a set of records in the form of (surlD, intervaly, instanty) and is equal to { (5,

[1,5], 1), (6,[3,7],3), (7, [2,6], 6), (2, [8,12], 7) }.

TT &
7 —_—2—Pp
RIS -
5 ——Pp
2 — i
1 — i
P
1 3 5 7 g 1 13 MT

FIGURE 2.8: An attribute-column’s entries

2.3.6 Physical Data Structures

ADD’s physical structure is inspired by the Cassandra system [31]: data from each col-
umn is stored in three distinct data structures: Alive Structure, memtable and SSTable

(Figure 2.9).

2.3.6.1 Alive

It is an in-memory data structure that contains live data, i.e newly added data with
vt = oo that is likely to be modified. Once this data is closed, i.e the vt. is set to a
finite value, it is supposed that it will not be modified anymore, and is moved to the

memtable.

2.3.6.2 Memtable

It is an in-memory structure that contains data that have been recently closed. Once the
current memtable reaches a size threshold, it does no longer receive new data. A new
current memtable is created and starts to receive data. The former current memtable

becomes a pending memtable, and is asynchronously flushed as SSTables on disk.
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2.3.6.3 Sorted String Table (SSTable)

It is an immutable file stored on disk that contains serialized columns. Since an instance
can be modified and a SSTable is immutable, then information related to one instance
can be spread over several SSTables.

Some queries can require the access to several SSTables to build this result. The frag-
mentation of column data over several disk files can badly impact their execution time.
In order to avoid that, the column-store periodically merges SSTables into bigger size
ones and rebuilds the indexes. If this approach induces a CPU overhead, it enables
to reduce query execution time. The tasks of flushing memtables on disk and merging

SSTables are asynchronous to data insertion task in order to avoid to slow it down.

Column Catalog

Memory \
b 4
T ey P e | [ e s e |
i | i
V Colurmn 1 i | Column 2 (| Column 3 i
.......... - | il i
' 1 i i ]
! - i i |
! Alive data | Alive data b Alive data I Alive data :
T L i i 1
: L{*ﬁy ' \Ckﬁy B \Cwy .
i I e i
i I i
pooooooos = s = =
| | Current 15 Current 1o Current |
| Memtahle | Memtable [ temtable [ temtable 1
! ! column 1 column 1 column 1
N | oo - - | It s || _:_I ____________ _:_I __________ ___:_
Femaah Eoiiiocoaioc hidaaaaaaaayis i heasuaasaazis -
| [ —| [ —| | —|
i Pending | ! it il |
: Memtahle i meamtable : : memtable : : memtable :
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FIGURE 2.9: Physical data structure used by ADI

2.4 Alternative Temporal Modeling Approaches

In addition to the different temporal modeling approaches adopted in ADI, there are

alternative approaches that we detail in this section, e.g the temporal enhancement of
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FI1GURE 2.10: STEER diagram FIGURE 2.11: timeER Plus diagram

the ER model.

2.4.1 ER Model Enhancement With New Constructs/Annotations

There is another approach to handle temporality in the ER model. It consists in en-
hancing the ER model with new syntactical constructs or annotations that catch the
temporal semantics. STEER [32], TERM [33] are examples of models that enhance
the ER model with additional constructs based on two approaches to extend the ER.
1) One approach consists in adding new annotations to ER constructs that catch time
semantics.2) The other approach consists in adding new constructs to the model that
catch time semantics. In order to exemplify these two approaches, let us consider that
the entity-type customer is bi-temporal as well as the attributes phone, address and
balance. We suppose that the attributes custld and name are not temporal. This can
be for example justified by the fact that it is not relevant to keep the history of these
attributes or that they are not supposed to evolve through the two dimensions. Figure
2.10 is an example of using the STEER model to represent the entity-type customer.
The approach consists in adding an additional construct (in grey) that is linked to the
entity-type’s temporal attributes. Figure 2.11 is an example of using the TimeER Plus
model [34] to represent the same entity-time, by adding the annotations ”V