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R é s u m é

Avec l'avènement du Cloud Computing et des Big Data, de nouveaux systèmes de gestion de bases de données sont apparus, connus en général sous le vocable systèmes NoSQL. Par rapport aux systèmes relationnels, ces systèmes se distinguent par leur absence de schéma, une spécialisation pour des types de données particuliers (documents, graphes, clé/valeur et colonne) et l'absence de langages de requêtes déclaratifs. L'ore est assez pléthorique et il n'y a pas de standard aujourd'hui comme peut l'être SQL pour les systèmes relationnels. De nombreuses applications peuvent avoir besoin de manipuler en même temps des données stockées dans des systèmes relationnels et dans des systèmes NoSQL. Le programmeur doit alors gérer deux (au moins) modèles de données diérents et deux (au moins) langages de requêtes diérents pour pouvoir écrire son application. De plus, il doit gérer explicitement tout son cycle de vie. En eet, il a à (1) coder son application, (2) découvrir les services de base de données déployés dans chaque environnement Cloud et choisir son environnement de déploiement, (3) déployer son application, (4) exécuter des requêtes multi-sources en les programmant explicitement dans son application, et enn le cas échéant (5) migrer son application d'un environnement Cloud à un autre. Toutes ces tâches sont lourdes et fastidieuses et le programmeur risque d'être perdu dans ce haut niveau d'hétérogénéité.

An de pallier ces problèmes et aider le programmeur tout au long du cycle de vie des applications utilisant des bases de données multiples, nous proposons un ensemble cohérent de modèles, d'algorithmes et d'outils. En eet, notre travail dans ce manuscrit de thèse se présente sous forme de quatre contributions. Tout d'abord, nous proposons un modèle de données unié pour couvrir l'hétérogénéité entre les modèles de données relationnelles et NoSQL. Ce modèle de données est enrichi avec un ensemble de règles de ranement. En se basant sur ce modèle, nous avons déni notre algèbre de requêtes. Ensuite, nous proposons une interface de programmation appelée ODBAPI basée sur notre modèle de données unié, qui nous permet de manipuler de manière uniforme n'importe quelle source de données qu'elle soit relationnelle ou NoSQL. ODBAPI permet de programmer des applications indépendamment des bases de données utilisées et d'exprimer des requêtes simples et complexes multi-sources. Puis, nous dénissons la notion de bases de données virtuelles qui interviennent comme des médiateurs et interagissent avec les bases de données intégrées via ODBAPI. Ce dernier joue alors le rôle d'adaptateur. Les bases de données virtuelles assurent l'exécution des requêtes d'une façon optimale grâce à un modèle de coût et un algorithme de génération de plan d'exécution optimal que nous dénis. Enn, nous proposons une approche automatique de découverte de bases de données dans des environnements Cloud. En eet, les programmeurs peuvent décrire leurs exigences en termes de bases de données dans des manifestes, et grâce à notre algorithme d'appariement, nous sélectionnons l'environnement le plus adéquat à notre application pour la ❞é
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• R 2 : Migrating application from a data store to another (i.e. migrating data and adapting the application source code to the new API).

In the third scenario S 3 , an application can use multiple data stores. For instance, an application can use a relational data store and a NoSQL data store at the same time or partition its data into multiple data stores. This scenario is illustrated by the dotted lines in Fig. 1.1. Moreover, these data stores may belong to dierent Clouds (e.g. a public and private Clouds). This ensures a high level of eciency and modularity. This case corresponds to what is popularly referred to as the polyglot persistence [START_REF] Sadalage | NoSQL Distilled: A Brief Guide to the Emerging World of Polyglot Persistence[END_REF]. Nevertheless, it represents some limits and diculties. Linking an application with multiple data stores is very complex due to the dierent APIs, data models, query languages or consistency models. If the application needs to query data coming from dierent data sources (e.g. joining data, aggregating data, etc.), it can not do it declaratively unless some kinds of mediation have been done before. Finally, the dierent data stores may use dierent transaction and consistency models (e.g. classical ACID and eventual consistency). It is not easy for programmers to understand these models and to properly code their applications to ensure desired properties. For this scenario, three new requirements are added:

• R 3 : Easy access to multiple data stores.

• R 4 : Transparent access to integrated data stores.

• R 5 : Easy programming of consistency guaranties with dierent data stores.

. 2 R e s e a r c h P r o b l e m

Spurred by the Cloud Computing popularity, researches are increasingly abundant and are focusing on various axes in this area. In this context, data management in the Cloud is an inherent research topic that recently received particular attention. A plethora of modern applications and researches, such as Bigtable [START_REF] Fay | Bigtable: A distributed storage system for structured data[END_REF], PNUTS [7], Dynamo [START_REF] Decandia | Dynamo: amazon's highly available key-value store[END_REF], take into account the data management in the Cloud (especially scenarios S 1 and S 2 presented in Section 1.1). Nevertheless, they are not sucient to address the requirements R 4 , R 5 , and R 6 of the scenario S 3 which is the case of multiple data stores based applications in Cloud environment. This lack of solutions implies that developers need to address these requirements by themselves and so they have to be aware of many technical details. In order to satisfy the dierent storage requirements, Cloud applications usually need to access and interact with dierent relational and NoSQL data stores having heterogeneous APIs, query languages, data models, consistency models, etc. The heterogeneity of the 

Introduction

In this work, we aim to provide an end-to-end solution for supporting developers of multiple data stores based applications in Cloud environments. For ease of understanding the remainder of this manuscript, one should have a basic knowledge on dierent paradigms and concepts. In addition, it is mandatory to provide an overview of the current stat of the art.

Hence, we dedicate this chapter to briey introduce these basics to the reader in Section 2.2. Then, we present an overview and a synthesis on the related work in Section 2. 
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Background 13 a combination of structured, semi-structured and unstructured data. To deal with this characteristic, we nd today several kind of data stores (e.g. relational data stores, NoSQL data stores, etc.) allowing to store those heterogeneous data. In addition, it exists a plenty of approaches and solutions allowing data integration based on either a mediator/ wrapper or a unique API, and data analysis without the heterogeneity burden.

In addition to these three characteristics, several people have also proposed to add more Vs to the basic denition. For example, we can cite the veracity which is widely proposed and represents the quality of data (accuracy, freshness, consistency etc.). There is also the data volatility representing how long is data valid and how long should it be stored. In our work, we mainly focus on the variety property and more precisely on multiple data stores based applications in a Cloud environment.

. . 3 U s i n g M u l t i p l e D a t a S t o r e s I n C l o u d E n v i r o n m e n t

In our work, we are interested in multiple data stores based applications in a Cloud environment. For ease of understanding of our approach, we propose to introduce the basic concepts. Indeed, we give a brief introduction of relational and NoSQL data stores which are the main data stores deployed in a Cloud environment (see Section 2.2.3.1 and Section 2.2.3.2) and we present a comparison between them (see Section 2.2.3.4). Then, we present the polyglot persistence concept (see Section 2.2.3.5). We nish this section by talking about the mediation approach (see Section 2.2.3.6).

Relational Data Stores

The relational model for databases had been invented by Edgar Frank Codd in 1969 [START_REF] Codd | Derivability, redundancy and consistency of relations stored in large data banks[END_REF]. In this model, data is represented in terms of tuples (or rows), and grouped into relations (or tables). This model enables users to specify and query data based on a declarative way. A constructed database with respect to a relational model is called a relational database. In [START_REF] Özsu | Principles of Distributed Database Systems[END_REF], özsu et al. dene a relational database as a table based structured collection of data related to some real-life that we are trying to model. Users directly dene what information the database contains and what information they desire from it, and let the database management system software take care of describing data structures for storing the data and retrieval procedures for answering queries. To do so, relational data stores use Structured Query Language (SQL), which is a standard user application that provides an easy programming interface for database interaction.

Operations across databases are grouped and managed based on transactions. A transaction is a unit of work performed by a database management system against a database and treated in a coherent and reliable way independent of other transactions. For example, a transfer of funds from one bank account to another, even involving multiple changes such as debiting one account and crediting another, is a single transaction. In a relational database management system, transactions •❛t✐♦♥❛• ❞❛t❛ st♦r❡ person "personId" : "1", "personFirstName": "Leslie", "personLastName": "Valiant", "personCountry": "United Kingdom", "Knows":["John Hopcroft"] "personId": "2", "personName": "John Hopcroft", "personCountry": "United States", "Co-author":["Jeffrey Ullman"] "personId": 3, "personName": "Jeffrey Ullman", "personCountry": "United States" 

❛♥❞ ♥❡✇ ♣r♦♣❡rt✐❡s ❛♣♣❡❛r ✇❤✐❝❤ ❛r❡ ❇❛s✐❝❛••② ❆✈❛✐•❛❜•❡✱ ❙♦❢t✲❙t❛t❡ ❛♥❞ ❊✈❡♥t✉❛••② ❈♦♥s✐st❡♥t✳ ❚❤❡s❡ ♣r♦♣❡rt✐❡s ❛r❡ ❢r♦♠ t❤❡ ❈❆P t❤❡♦r❡♠ st❛t✐♥❣ t❤❛t ❛ ❞✐str✐❜✉t❡❞ s②st❡♠ ❝♦♥ ♥♦t ❡♥s✉r❡ ❝♦♥s✐st❡♥❝②✱ ❛✈❛✐•❛❜✐•✐t② ❛♥❞ ♣❛rt✐t✐♦♥ t♦•❡r❛♥❝❡ ❛t t❤❡ s❛♠❡ t✐♠❡ ❬✶✺✕✶✼(✳ ■♥ ❣❡♥❡r❛•✱ t❤❡② ❛r❡ r❡❢❡rr❡❞ t♦ ❛s ❇❆❙❊ ♣r♦♣❡rt✐❡s ♦r ❡✈❡♥t✉❛• ❝♦♥s✐st❡♥❝② ❛♥❞ t❤❡② ❡♥❛❜•❡ t♦ ❡♥s✉r❡ ❛ ✇❡❛❦ ❝♦♥s✐st❡♥❝② ❛♥❞ ❛ ❤✐❣❤ ❆✈❛✐•❛❜✐•✐t② ❛♥❞ P❛rt✐t✐♦♥ ❚♦•❡r❛♥❝❡✳ ◆♦❙◗▲ ❞❛t❛ st♦r❡s ❛r❡ ❝•❛ss✐✜❡❞ ✐♥ ❢♦✉r ❢❛♠✐•✐❡s ♦❢ ❞❛t❛ st♦r❡s ❞❡♣❡♥❞✐♥❣ ♦❢ t❤❡✐r ✉♥❞❡r•②✐♥❣ ❞❛t❛ ♠♦❞❡• t❤❛t ✇❡ ♣r❡s❡♥t ❜❡•♦✇✿ • ❑❡②✲✈❛•✉❡ ❞❛t❛ st♦r❡s✿ ❉❛t❛ ❛r❡ st♦r❡❞ ❛s ❛ ❝♦✉♣•❡ ♦❢ ❛♥ ❛•♣❤❛ ♥✉♠❡r✐❝ ✐❞❡♥t✐✜❡rs ❝❛••❡❞ ❦❡②s ❛♥❞ ❛♥ ❛ss♦❝✐❛t❡❞ ✈❛•✉❡s✳ ❚❤❡s❡ ❞❛t❛ ❛r❡ ❣r♦✉♣❡❞ ✐♥ ❛ s✐♠♣•❡ ❛♥❞ st❛♥❞❛•♦♥❡ t❛❜•❡ r❡❢❡rr❡❞ t♦ ❛s ❤❛s❤ t❛❜•❡ ♦r ❞✐❝t✐♦♥❛r②✳ ■♥ ❦❡②✲ ✈❛•✉❡ ❞❛t❛ st♦r❡s✱ ❞❛t❛ ❛r❡ st♦r❡❞✱ r❡tr✐❡✈❡❞✱ ❛♥❞ ♠❛♥❛❣❡❞ ❜② ♦♥•② ❦❡②s✳ ❲❡ ❝❛♥ ✜♥❞ ♥♦✇❛❞❛②s ❞♦③❡♥s ♦❢ ❦❡②✲✈❛•✉❡ ❞❛t❛ st♦r❡s ❛s |❡❞✐s✱ |✐❛❦✱ ❇❡r❦❡•❡② ❉❇✱ ❡t❝✳ |❡❣❛r❞✐♥❣ ❞❛t❛ q✉❡r②✐♥❣✱ ✐t ♠❛② ❜❡ ❞♦♥❡ ♦♥•② t❤r♦✉❣❤ t❤❡ ❦❡②s s✐♥❝❡ ✈❛•✉❡s ❞♦ ♥♦t ❤❛✈❡ ❦♥♦✇♥ str✉❝t✉r❡s✳ ■♥❞❡❡❞✱ ✇❡ ❝❛♥ ❡①❡❝✉t❡ ❈|❯❉ ♦♣❡r❛t✐♦♥s ✉s✐♥❣ ❦❡②s ❛♥❞ •✐st ❛ s❡t ♦❢ ✈❛•✉❡s ❜② ❞❡✜♥✐♥❣ s♦♠❡ r❡str✐❝t✐♦♥ ♦♥ t❤❡ ❦❡②s✳ ❚❤❡s❡ ♦♣❡r❛t✐♦♥s ♠❛② ❜❡ ❡①❡❝✉t❡❞ ❜② ✉s✐♥❣ ❡✐t❤❡r ❛ ♣r♦♣r✐❡t❛r② ❆P■ ✭❡✳❣✳ |❡❞✐s✮ ♦r ❛ ❍❚❚P ❆P■ ✭❡✳❣✳ |✐❛❦✮✳ ❚❤❡s❡ ❞❛t❛ st♦r❡s ✇♦r❦ ❞✐✛❡r❡♥t•② ❝♦♠♣❛r❡❞ t♦ t❤❡ r❡•❛t✐♦♥❛• ❞❛t❛ st♦r❡s✳ ■♥ ❢❛❝t✱ t❤✐s •❛tt❡r ♣r❡✲ ❞❡✜♥❡ t❤❡ ❞❛t❛ str✉❝t✉r❡ ✐♥ t❤❡ ❞❛t❛❜❛s❡ ❛s ❛ s❡r✐❡s ♦❢ t❛❜•❡s ❝♦♥t❛✐♥✐♥❣ ✜❡•❞s ✇✐t❤ ✇❡•• ❞❡✜♥❡❞ ❞❛t❛ t②♣❡s✳ ❍♦✇❡✈❡r✱ ❦❡②✲✈❛•✉❡ s②st❡♠s tr❡❛t t❤❡ ❞❛t❛ ❛s ❛ s✐♥❣•❡ ♥♦♥tr❛♥s♣❛r❡♥t ❝♦••❡❝t✐♦♥ ✇❤✐❝❤ ♠❛② ❤❛✈❡ ❞✐✛❡r❡♥t ✜❡•❞s ❢♦r ❡✈❡r② r❡❝♦r❞✳ ❚❤✐s ♦✛❡rs ❝♦♥s✐❞❡r❛❜•❡ ✢❡①✐❜✐•✐t② ♠❛✐♥•② ❢♦r ❞②♥❛♠✐❝ ❞❛t❛ str✉❝t✉r❡s✳ • ❉♦❝✉♠❡♥t ❞❛t❛ st♦r❡s✿ ❉❛t❛ ❛r❡ st♦r❡❞ ✐♥ ❞♦❝✉♠❡♥ts ❛♥❞ ❣r♦✉♣❡❞ t♦✲ ❣❡t❤❡r ✐♥ ❝♦••❡❝t✐♦♥s✳ ❲❤✐•❡ ❡❛❝❤ ❞♦❝✉♠❡♥t ❞❛t❛ st♦r❡ ✐♠♣•❡♠❡♥t❛t✐♦♥ ❞✐✛❡rs ♦♥ t❤❡ ❞❡t❛✐•s ♦❢ t❤✐s ❞❡✜♥✐t✐♦♥✱ t❤❡② ❛•• st♦r❡ ❞❛t❛ ✐♥ s♦♠❡ st❛♥❞❛r❞ ❢♦r♠❛ts ♦r ❡♥❝♦❞✐♥❣s s✉❝❤ ❛s ❳▼▲✱ ❏❙❖◆✱ ❇❙❖◆✱ ❡t❝✳ Pr❛❝t✐❝❛• ✉s❛❜✐•✐t② ♦❢ t❤❡s❡ ❞❛t❛ st♦r❡s ❝❛♥ ❜❡ ❣✉❡ss❡❞ ❜② t❤❡ ❢❛❝t t❤❛t t❤❡r❡ ❛r❡ ❛ ♣•❡t❤♦r❛ ♦❢ ❞♦❝✉♠❡♥t ❞❛t❛ st♦r❡s ❛✈❛✐•❛❜•❡ ❛♥❞ ✇✐❞❡•② ✉s❡❞ s✉❝❤ ❛s ▼♦♥❣♦❉❇✱ ❈♦✉❝❤❉❇✱ ❡t❝✳ ❆s ✇❡ ♣r❡✈✐♦✉s•② s❛✐❞ t❤❡ q✉❡r②✐♥❣ ♠❡t❤♦❞ ❞✐✛❡rs ❢r♦♠ ♦♥❡ ◆♦❙◗▲ ❞❛t❛ st♦r❡ t♦ ❛♥♦t❤❡r✳ ❋♦r ✐♥st❛♥❝❡✱ ✐♥ ❈♦✉❝❤❉❇ ❞❛t❛ ❛r❡ ❛❝❝❡ss❡❞ ✉s✐♥❣ t❤❡✐r ✉♥✐q✉❡ ✐❞❡♥t✐✜❡r t❤r♦✉❣❤ ❛ ❍❚❚P |❊❙❚ ❆P■ ✉s✐♥❣ ❛ ❜r♦✇s❡r ✭✐✳❡✳ |❊❙❚ ❝•✐❡♥t✮ ♦r t❤❡ ❝✉r• ♠❡t❤♦❞✳ ■♥ ❛❞❞✐t✐♦♥✱ ✐t ✐s ♣♦ss✐❜•❡ t♦ q✉❡r② ❞❛t❛ ❜② ❛♥②t❤✐♥❣ ❡•s❡ t❤❛♥ ❛♥ ✐❞❡♥t✐✜❡r ✉s✐♥❣ ✈✐❡✇s✳ ❆ ✈✐❡✇ ✐s ❞❡✜♥❡❞ ❜❛s❡❞ ♦♥ ❛ ♠❛♣✲r❡❞✉❝❡ ❢✉♥❝t✐♦♥✳ ❲❤❡r❡❛s✱ ✐♥ ▼♦♥❣♦❉❇ ❞❛t❛ ❛r❡ ❛❝❝❡ss❡❞ ✉s✐♥❣ ❛ s❡t ♦❢ ♥♦♥ ❍❚❚P ♦♣❡r❛t✐♦♥s ♣r♦✈✐❞❡❞ ❜② ❛ ▼♦♥❣♦❉❇ ❈•✐❡♥t✳ ❚❤❡ ♦♣❡r❛t✐♦♥ ❛••♦✇✐♥❣ t❤❡ ❞❛t❛ q✉❡r②✐♥❣ ✐s ✜♥❞ ❛♥❞ ✐t ❝❛♥ ❜❡ ❝♦♠❜✐♥❡❞ ✇✐t❤ s♦♠❡ ❢✉♥❝t✐♦♥s ✐♥ ♦r❞❡r t♦ ✶✻ ❙t❛t❡ ❖❢ ❚❤❡ ❆rt ♠❛❦❡ ✐t ♠♦r❡ ❡✣❝✐❡♥t✳ ❈♦♠♣❛r❡❞ t♦ r❡•❛t✐♦♥❛• ❞❛t❛ st♦r❡s✱ ❝♦••❡❝t✐♦♥s ❝♦r✲ r❡s♣♦♥❞ t♦ t❛❜•❡s ❛♥❞ ❞♦❝✉♠❡♥ts t♦ r❡❝♦r❞s ♦r r♦✇s✳ ❍♦✇❡✈❡r✱ t❤❡r❡ ✐s ♦♥❡ ♠❛•♦r ❞✐✛❡r❡♥❝❡✱ ❡✈❡r② r❡❝♦r❞ ✐♥ ❛ t❛❜•❡ ❤❛s t❤❡ s❛♠❡ ♥✉♠❜❡r ♦❢ ✜❡•❞s✱ ✇❤✐•❡ ❞♦❝✉♠❡♥ts ✐♥ ❛ ❝♦••❡❝t✐♦♥ ❤❛✈❡ ❞✐✛❡r❡♥t ♥✉♠❜❡rs ♦❢ ✜❡•❞s✳ • •r❛♣❤ ❞❛t❛ st♦r❡s✿ ❆ ❣r❛♣❤ ❞❛t❛ st♦r❡ ✐s str✉❝t✉r❡❞ ❛s ❛ ♥❡t✇♦r❦ ❝♦♥t❛✐♥✲ ✐♥❣ ♥♦❞❡s ❛♥❞ ❡❞❣❡s r❡•❛t✐♥❣ t❤❡s❡ ♥♦❞❡s t♦ r❡♣r❡s❡♥t r❡•❛t✐♦♥s❤✐♣s ❛♠♦♥❣ t❤❡♠✳ ❚❤❡ ♥♦❞❡s ❛♥❞ t❤❡ ❡❞❣❡s ♠❛② ❛•s♦ ❝♦♥t❛✐♥ ♣r♦♣❡rt✐❡s t❤❛t ❞❡s❝r✐❜❡ s♦♠❡ ❞❛t❛ ❝♦♥t❛✐♥❡❞ ✇✐t❤✐♥ ❡❛❝❤ ♦❜•❡❝t✳ ❆ r❡•❛t✐♦♥s❤✐♣ ❝♦♥♥❡❝t✐♥❣ t✇♦ ♥♦❞❡s✱ ✐s ✐❞❡♥t✐✜❡❞ ❜② ✐ts ♥❛♠❡✱ ❛♥❞ ❝❛♥ ❜❡ tr❛✈❡rs❡❞ ✐♥ ❜♦t❤ ❞✐r❡❝t✐♦♥s✳ ▼❛♥② ❣r❛♣❤ ❞❛t❛ st♦r❡s ❛r❡ ❛✈❛✐•❛❜•❡ ◆❡♦✹• ✐s t❤❡ ♠♦st ♣♦♣✉•❛r ♦♥❡ ❛♠♦♥❣ t❤❡♠✳ ■♥ ❣❡♥❡r❛•✱ q✉❡r②✐♥❣ ♠❡❝❤❛♥✐s♠s ✐♥ ❣r❛♣❤ ❞❛t❛ st♦r❡s ❛r❡ ❞❡❝•❛r❛t✐✈❡✳ ■♥❞❡❡❞✱ t❤❡② ❛r❡ ❡✐t❤❡r ❙◗▲✲•✐❦❡ ♦r ❙P❆|◗▲✲•✐❦❡ q✉❡r② •❛♥❣✉❛❣❡✳ ❋♦r ✐♥✲ st❛♥❝❡ t❤❡ q✉❡r② •❛♥❣✉❛❣❡ ♦❢ ◆❡♦✹• ✐s ❝❛••❡❞ ❈②♣❤❡r✳ ❚❤✐s •❛tt❡r ♣r♦✈✐❞❡s ❛ ❢❛♠✐•✐❛r ✇❛② t♦ ❝r❡❛t❡ ❛♥❞ q✉❡r② ❞❛t❛✳ ❚❤✐s •❛♥❣✉❛❣❡ ❜♦rr♦✇s ❢r♦♠ ❙◗▲ t❤❡ ❝•❛✉s❡✲❜❛s❡❞ str✉❝t✉r❡ ♦❢ ✐ts q✉❡r✐❡s ❛♥❞ s♦♠❡ ❦❡②✇♦r❞s s✉❝❤ ❛s ✧✇❤❡r❡✧✱ ✧❣r♦✉♣ ❜②✧✱ ❡t❝✳ ❲❤❡r❡❛s t❤❡ ❆••❡❣r♦•r❛♣❤ ❞❛t❛ st♦r❡ ✉s❡s ❞✐r❡❝t•② ❙P❆|◗▲ q✉❡r② •❛♥❣✉❛❣❡✳ • ❈♦•✉♠♥❛r ❞❛t❛ st♦r❡s✿ ❚❤✐s ❦✐♥❞ ♦❢ ❞❛t❛ st♦r❡s ✐s ❛ ❞❛t❛❜❛s❡ ♠❛♥❛❣❡♠❡♥t s②st❡♠ t❤❛t st♦r❡s ❞❛t❛ t❛❜•❡s ❛s s❡❝t✐♦♥s ♦❢ ❝♦•✉♠♥s ♦❢ ❞❛t❛ r❛t❤❡r t❤❛♥ ❛s r♦✇s ♦❢ ❞❛t❛✳ ❚❤✐s st♦r❛❣❡ ♠♦❞❡• ✐s ✈❡r② ❡✣❝✐❡♥t ❜❡❝❛✉s❡ ♦❢ ✐ts ❝❛♣❛❜✐•✐t② t♦ ❛❝❤✐❡✈❡ ❤✐❣❤ •❡✈❡• ♦❢ ❝♦♠♣r❡ss✐♦♥✳ ❈♦♥s❡q✉❡♥t•② ❝♦•✉♠♥❛r ❞❛t❛ st♦r❡s ♦✛❡r ✈❡r② ❤✐❣❤ ♣❡r❢♦r♠❛♥❝❡ ❛♥❞ ❛ ❤✐❣❤•② s❝❛•❛❜•❡ ❛r❝❤✐t❡❝t✉r❡✳ ◆♦✇❛❞❛②s✱ ✇❡ ✜♥❞ ❛ ✈❛r✐❡t② ♦❢ ❝♦•✉♠♥❛r ❞❛t❛ st♦r❡s •✐❦❡ ❍❇❛s❡✱ ❇✐❣❚❛❜•❡ ❛♥❞ ❍②♣❡r❚❛❜•❡✱ ❱❡rt✐❝❛✱ ❡t❝✳ ▼♦st ♦❢ ♣❛r❛••❡• ♠❛ss✐✈❡•② r❡•❛t✐♦♥❛• s②st❡♠s ❛r❡ ❝♦•✉♠♥s ❜❛s❡❞ ❛♥❞ ❛r❡ ✉s❡❞ ✐♥ ❞❛t❛ ✇❛r❡❤♦✉s❡ ❡♥✈✐r♦♥♠❡♥ts✳ ❈♦•✉♠♥❛r ◆♦❙◗▲ ❞❛t❛ st♦r❡s ❛r❡ ❜❛s✐❝❛••② ❦❡②✴✈❛•✉❡ st♦r❡s ✭❢❛♠✐•② ♦❢ s♣❡❝✐✜❝ ♠❡❝❤❛♥✐s♠s t♦ ❝♦•✉♠♥s✮ ✇❤✐❝❤ ✐♠♣r♦✈❡ ❛❝❝❡ss t♦ ❞❛t❛✳ ✷✳✷✳✸✳✸ ❆♥ ■••✉str❛t✐✈❡ ❊①❛♠♣•❡ ■♥ t❤✐s s❡❝t✐♦♥✱ ✇❡ ♣r♦♣♦s❡ ❛♥ ❡①❛♠♣•❡ ♦❢ t❤❡ s❛♠❡ ❞❛t❛ ♠♦❞❡• r❡♣r❡s❡♥t❡❞ ✇✐t❤ ❛ r❡•❛t✐♦♥❛• ❞❛t❛ st♦r❡✱ ❛ ❣r❛♣❤ ❞❛t❛ st♦r❡ ❛♥❞ ❛ ❞♦❝✉♠❡♥t ❞❛t❛ st♦r❡✳ ❚❤r♦✉❣❤ t❤✐s ❡①❛♠♣•❡✱ ✇❡ ✇✐•• ❜r✐♥❣ ♦✉t t❤❡ ❤✐❣❤ •❡✈❡• ♦❢ ❤❡t❡r♦❣❡♥❡✐t② ❜❡t✇❡❡♥ r❡•❛t✐♦♥❛• ❛♥❞ ◆♦❙◗▲ ❞❛t❛ st♦r❡s✳ ❉♦✐♥❣ s♦✱ ✇❡ ❝❛♥ ♣r❡s❡♥t ❤♦✇ t❤❡ s❛♠❡ ❞❛t❛ st♦r❡ ❝❛♥ ❜❡ r❡♣r❡s❡♥t❡❞ ❛❝❝♦r❞✐♥❣ t♦ t❤❡ ❞❛t❛ ♠♦❞❡• ♦❢ ❡❛❝❤ ❞❛t❛ st♦r❡✳ ❚❤❡♥ ✇❡ ❝♦♥❝r❡t❡•② s❤♦✇ ❤♦✇ q✉❡r②✐♥❣ ♠❡❝❤❛♥✐s♠s ❞✐✛❡r ❢r♦♠ ♦♥❡ ❞❛t❛ st♦r❡ t♦ ❛♥♦t❤❡r✳ ❋♦r t❤✐s ♣✉r♣♦s❡✱ ✇❡ ❝❤♦♦s❡ ❛ ✈❡r② s✐♠♣•❡ ❡①❛♠♣•❡ ✇❤✐❝❤ ✐s t❤❡ ♣❡rs♦♥ ❞❛t❛ st♦r❡✳ ■♥ t❤✐s •❛tt❡r✱ ✇❡ ❛ss✉♠❡ t❤❛t ❛ ♣❡rs♦♥ ✐s ✐❞❡♥t✐✜❡❞ ❜② ✉♥✐q✉❡ ✐❞❡♥t✐✜❡r✱ ❛ ♥❛♠❡ ✭✐✳❡✳ ❛ ✜rst ♥❛♠❡ ❛♥❞ ❛ •❛st ♥❛♠❡✮✱ ❛♥❞ ❛ ❝♦✉♥tr② ✇❤❡r❡ ❤❡✴s❤❡ •✐✈❡s✳ ■♥ ❛❞❞✐t✐♦♥✱ ✇❡ ♣r♦♣♦s❡ t♦ ❞❡s❝r✐❜❡ ❛ r❡•❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ t✇♦ ♣❡rs♦♥s✳ ❋♦r ✐♥st❛♥❝❡✱ ❛ r❡•❛t✐♦♥s❤✐♣ ♠❛② ❜❡ ♦❢ t②♣❡ ❝♦✲❛✉t❤♦rs❤✐♣ ❜❡t✇❡❡♥ t✇♦ ♣❡rs♦♥s✱ ❛ ♣❡rs♦♥ t❤❛t ❦♥♦✇s ❛♥♦t❤❡r ♣❡rs♦♥✱ ❡t❝✳ ■♥ ❋✐❣✉r❡ ✷✳✸✱ ✇❡ ❣✐✈❡ t❤r❡❡ ❡①❛♠♣•❡s ♦❢ r❡♣r❡s❡♥t✐♥❣ t❤❡ ♣❡rs♦♥ ❞❛t❛ st♦r❡✳ ■♥❞❡❡❞✱ ✇❡ ♣r❡s❡♥t ✐t ❜② t✇♦ r❡•❛t✐♦♥❛• t❛❜•❡s✳ ❚❤❡ ✜rst t❛❜•❡ ✐s ❝❛••❡❞ ♣❡rs♦♥ ❛♥❞ ❤❛s t❤r❡❡ ❝♦•✉♠♥s ♣❡rs♦♥■❞✱ ♣❡rs♦♥◆❛♠❡✱ ❛♥❞ ♣❡rs♦♥❈♦✉♥tr② ❇❛❝❦❣r♦✉♥❞ ✶✼ ✭s❡❡ ❋✐❣✉r❡ ✷✳✸❛✮✳ ❚❤❡ s❡❝♦♥❞ t❛❜•❡ ✐s ❝❛••❡❞ r❡•❛t✐♦♥s❤✐♣ ❛♥❞ ❤❛s t❤r❡❡ ❝♦•✉♠♥s ❛•s♦ ✐♥✐t✐❛t♦r✱ r❡❝❡♣t♦r✱ ❛♥❞ r❡•❛t✐♦♥❛s❤✐♣✳ ❚❤❡s❡ ❝♦•✉♠♥s ❞❡♥♦t❡ t❤❡ ✐♥✐t✐❛t♦r ♦❢ ❛ r❡•❛t✐♦♥✱ t❤❡ r❡❝❡♣t♦r ♦❢ ❛ r❡•❛t✐♦♥ ❛♥❞ t❤❡ ♥❛♠❡ ♦❢ t❤❡ r❡•❛t✐♦♥ r❡s♣❡❝t✐✈❡•②✳ ❚❤❡♥ ✇❡ s❤♦✇❝❛s❡ ❤♦✇ ✇❡ r❡♣r❡s❡♥t t❤❡ ♣❡rs♦♥ ❞❛t❛ st♦r❡ ✇✐t❤ ❛ ❞♦❝✉♠❡♥t ❞❛t❛ st♦r❡ ✭s❡❡ ❋✐❣✉r❡ ✷✳✸❜✮✳ ■♥ ❢❛❝t✱ ✇❡ ♣r❡s❡♥t ❡❛❝❤ ♣❡rs♦♥ ❜② ❛ ❏❙❖◆ ✜•❡✳ |❡❛❞❡r s❤♦✉•❞ ♥♦t✐❝❡ t❤❛t t❤❡ ✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t ❛ ♣❡rs♦♥ ✐s ♥♦t r❡♣r❡s❡♥t❡❞ ✐♥ ❛ ✉♥✐q✉❡ ✇❛②✳ ❋♦r ✐♥st❛♥❝❡✱ t❤❡ ✜rst ♥❛♠❡ ❛♥❞ t❤❡ •❛st ♥❛♠❡ ♦❢ ❛ ♣❡rs♦♥ ✐s ❞❡♥♦t❡❞ ❜② ✉s✐♥❣ ❡✐t❤❡r ♦♥❡ ❛ttr✐❜✉t❡ ✇❤✐❝❤ ✐s ♣❡rs♦♥◆❛♠❡ ♦r t✇♦ ❛ttr✐❜✉t❡s t❤❛t ❛r❡ ♣❡rs♦♥❋✐rst◆❛♠❡ ❛♥❞ ♣❡rs♦♥▲❛st◆❛♠❡✳ ■♥ ❛❞❞✐t✐♦♥✱ ✇❡ ✉s❡ t❤❡ ♥❛♠❡ ♦❢ ❛ r❡•❛t✐♦♥s❤✐♣ t♦ ❞❡♥♦t❡ ❛ ♥❡✇ ❛ttr✐❜✉t❡ ❛s ❛ ❏❙❖◆ ❛rr❛② ❡•❡♠❡♥t ✭✐✳❡✳ t❤✐s ❡•❡♠❡♥t ♠❛② ❤❛✈❡ ♠✉•t✐♣•❡ ✈❛•✉❡s✮✳ ❋✐♥❛••②✱ ✇❡ ♣r♦♣♦s❡ t♦ r❡♣r❡s❡♥t t❤❡ ♣❡rs♦♥ ❞❛t❛ st♦r❡ ✇✐t❤ ❛ ❣r❛♣❤ ❞❛t❛ st♦r❡ ✭s❡❡ ❋✐❣✉r❡ ✷✳✸❝✮✳ ■♥❞❡❡❞✱ ❡❛❝❤ ♥♦❞❡ ✐♥ t❤✐s ❞❛t❛ st♦r❡ r❡♣r❡s❡♥ts ❛ ♣❡rs♦♥ ❛♥❞ ❡❛❝❤ r❡•❛t✐♦♥s❤✐♣ ❞❡♥♦t❡s ❡✐t❤❡r ❝♦✲❛✉t❤♦rs❤✐♣ ❜❡t✇❡❡♥ t✇♦ ♣❡rs♦♥s ♦r ❛ ♣❡rs♦♥ t❤❛t ❦♥♦✇s ❛♥♦t❤❡r ♣❡rs♦♥✳
✭❜✮ ❊①❛♠♣•❡ ✇✐t❤ ❛ ❞♦❝✉♠❡♥t ❞❛t❛ st♦r❡
✭❝✮ ❊①❛♠♣•❡ ✇✐t❤ ❛ ❣r❛♣❤ ❞❛t❛ st♦r❡ ❋✐❣✉r❡ ✷✳✸✿ ❊①❛♠♣•❡s ♦❢ ✐••✉str❛t✐♥❣ t❤❡ s❛♠❡ ❞❛t❛ ♠♦❞❡• ✇✐t❤ ❞✐✛❡r❡♥t t②♣❡s ♦❢ ❞❛t❛ st♦r❡s ■♥ t❤❡ r❡st ♦❢ t❤✐s s❡❝t✐♦♥✱ ✇❡ ♣r♦♣♦s❡ t♦ s❤♦✇ ❤♦✇ t❤❡ q✉❡r②✐♥❣ ♠❡❝❤❛♥✐s♠ ❞✐❢✲ ❢❡rs ❢r♦♠ ♦♥❡ ❞❛t❛ st♦r❡ t♦ ❛♥♦t❤❡r ❜② ❣✐✈✐♥❣ ❡①❛♠♣•❡s ♦❢ t❤❡ s❛♠❡ q✉❡r② ♣r♦❝❡ss❡❞ ❛❝r♦ss t❤❡ t❤r❡❡ ❞❛t❛ st♦r❡s✿ • ◗✉❡r② ✶✿ ❚❤❡ ✜rst q✉❡r② ✐s ❣❡t t❤❡ ♣❡rs♦♥ ❤❛✈✐♥❣ ✐❞ ❡q✉❛•s ✶✳ ■t ✐s ❡①✲ ♣r❡ss❡❞ ♦✈❡r ❛ r❡•❛t✐♦♥❛• ❞❛t❛ st♦r❡ ✉s✐♥❣ t❤❡ ❞❡❝•❛r❛t✐✈❡ q✉❡r② •❛♥❣✉❛❣❡ ❙◗▲ ❛s ❢♦••♦✇s✿ ❙❊▲❊❈❚ ✯ ❋|❖▼ ♣❡rs♦♥ ❲❍❊|❊ ✐❞❂✶✳ ■♥ t❤❡ ❣r❛♣❤ ❞❛t❛ st♦r❡✱ •❡t ✉s s✉♣♣♦s❡ t❤❛t ✇❡ ❛r❡ ✉s✐♥❣ t❤❡ ◆❡♦✹• ❞❛t❛ st♦r❡✱ t❤❡ q✉❡r② ✇✐•• ❜❡ ✇r✐t✲ t❡♥ ✉s✐♥❣ t❤❡ ❈②♣❤❡r q✉❡r② •❛♥❣✉❛❣❡ ❛s ❢♦••♦✇s✿ ▼❆❚❈❍ ♥ ❲❍❊|❊ ♥✳✐❞❂✶ |❊❚❯|◆ ♥✳ ❋✐♥❛••②✱ ✐♥ t❤❡ ❞♦❝✉♠❡♥t ❞❛t❛ st♦r❡✱ ✐❢ ✇❡ s✉♣♣♦s❡ t❤❛t ✇❡ ❛r❡ ✉s✐♥❣ t❤❡ ❈♦✉❝❤❉❇ ❞❛t❛ st♦r❡✱ t❤❡ q✉❡r② ✇✐•• ❜❡ ✇r✐tt❡♥ ❛s ❢♦••♦✇s✿ ❝✉r• ✲❳ •❊❚ ❤tt♣✿✴✴✶✷✼✳✵✳✵✳✶✿ ✺✾✽✹✴♣❡rs♦♥✴✶✳ • ◗✉❡r② ✷✿ ❚❤❡ s❡❝♦♥❞ q✉❡r② ✐s ❣❡t t❤❡ •✐st ♦❢ ♣❡rs♦♥s ❤❛✈✐♥❣ t❤❡ r❡•❛t✐✲ ♦♥s❤✐♣ ♦❢ ❛✉t❤♦rs❤✐♣✳ ❯s✐♥❣ ❙◗▲ s②♥t❛①✱ t❤❡ q✉❡r② ❝❛♥ ❜❡ ❡①♣r❡ss❡❞ ❛s ❢♦••♦✇s✿ ❙❊▲❊❈❚ P✶✳♣❡rs♦♥◆❛♠❡✱ P✷✳♣❡rs♦♥◆❛♠❡ ❋|❖▼ P❡rs♦♥ P✶✱ P❡rs♦♥ P✷✱ |❡•❛t✐♦♥s❤✐♣ | ❲❍❊|❊ |✳r❡•❛t✐♦♥s❤✐♣❂✧❝♦❛✉t❤♦r✧ ❆◆❉ P✶✳♣❡rs♦♥■❞❂|✳ ✶✽ ❙t❛t❡ ❖❢ ❚❤❡ ❆rt ✐♥✐t✐❛t♦r ❆◆❉ P✷✳♣❡rs♦♥■❞❂|✳r❡❝❡♣t♦r✳ ❇❛s❡❞ ♦♥ ❈②♣❤❡r q✉❡r② •❛♥✲ ❣✉❛❣❡✱ t❤❡ q✉❡r② ✐s ✇r✐tt❡♥ ❛s ❢♦••♦✇s✿ ▼❆❚❈❍ ✭♥✮✲❬✿❝♦✲❛✉t❤♦r(✲❃✭♠ ✮ |❊❚❯|◆ ♥✱ ♠✳ ❋✐♥❛••②✱ ✇❡ ❡①♣r❡ss t❤❡ s❛♠❡ q✉❡r② ✇✐t❤ t❤❡ ❈♦✉❝❤❉❇ s②♥t❛① ✉s✐♥❣ t❤❡ ✈✐❡✇ ♥♦t✐♦♥ s✐♥❝❡ t❤✐s q✉❡r② r❡q✉✐r❡s ✜•t❡r✐♥❣✳ ■t ❝❛♥ ❜❡ ✇r✐tt❡♥ ❛s ❢♦••♦✇s✿ ❢✉♥❝t✐♦♥✭❞♦❝✮ ④ ✐❢✭❞♦❝✳♣❡rs♦♥◆❛♠❡ ✫✫ ❞♦❝✳❝♦✲❛✉t❤♦r✳•❡♥❣t❤ ❃ ✵✮ ④ ❢♦r✭✈❛r ✐❞① ✐♥ ❞♦❝✳❝♦✲❛✉t❤♦r✮ ④ ❡♠✐t✭❞♦❝✳♣❡rs♦♥◆❛♠❡✱ ❞♦❝✳❝♦✲❛✉t❤♦r❬✐❞①(✮❀ ⑥ ⑥ ⑥ ✷✳✷✳✸✳✹ ◆♦❙◗▲ ✈s |❉❇▼❙ ◆♦❙◗▲ s②st❡♠s ❛r❡ ❣❛✐♥✐♥❣ ♣♦♣✉•❛r✐t② ❛s ❛ ♥❡✇ ❣❡♥❡r❛t✐♦♥ ♦❢ ❞❛t❛❜❛s❡ ♠❛♥❛❣❡✲ ♠❡♥t s②st❡♠s ❛❣❛✐♥st |❉❇▼❙✳ ◆❡✈❡rt❤❡•❡ss✱ ✇❡ ❞♦ ♥♦t ❞❡♥② t❤❛t ❡❛❝❤ s②st❡♠ str❡ss❡s str❡♥❣t❤s ❛♥❞ •✐♠✐t❛t✐♦♥s✳ ■♥ t❤❡ r❡♠❛✐♥❞❡r ♦❢ t❤✐s s❡❝t✐♦♥✱ ✇❡ tr② t♦ s❤♦✇ t❤❛t t❤❡ ◆♦❙◗▲ s②st❡♠s ❛r❡ ♥♦t ♠❡❛♥t ❛s t❤❡ s✐•✈❡r ❜✉••❡t t♦ ♦✈❡rt❛❦❡ |❉❇▼❙ ♣r♦❜•❡♠s s✐♥❝❡ t❤❡② ❛•s♦ s❤♦✇❝❛s❡ s♦♠❡ ♥♦t❛❜•❡ •✐♠✐t❛t✐♦♥s✿ • ❈♦♥s✐st❡♥❝②✿ ❈♦♥s✐st❡♥❝② ❤❛s ❜❡❡♥ ✇✐❞❡•② st✉❞✐❡❞ ✐♥ t❤❡ ❝♦♥t❡①t ♦❢ tr❛♥s✲ ❛❝t✐♦♥s ✭s❡❡ ❬✶✷( ❢♦r ❛ ❣❡♥❡r❛• ♣r❡s❡♥t❛t✐♦♥ ♦❢ ❞✐str✐❜✉t❡❞ tr❛♥s❛❝t✐♦♥ ♣r♦❝❡ss✲ ✐♥❣✮✳ ❆ str♦♥❣ ❝♦♥s✐st❡♥❝② ♠♦❞❡• ❤❛s ❡♠❡r❣❡❞ ❢♦r r❡•❛t✐♦♥❛• ❉❇▼❙s ♥❛♠❡❞ ❆❈■❉✳ ❚❤✐s ♠♦❞❡• ✐s ❞✐✣❝✉•t t♦ s❝❛•❡ t❤❛t ✐s t❤❡ r❡❛s♦♥ ✇❤② •❛r❣❡ s❝❛•❡ ✇❡❜ ❛♣♣•✐❝❛t✐♦♥s ❤❛✈❡ ♣♦♣✉•❛r✐③❡❞ ❛ ♥❡✇ ❦✐♥❞ ♦❢ ❝♦♥s✐st❡♥❝② ♠♦❞❡• ♥❛♠❡❞ t❤❡ ❇❆❙❊ ♠♦❞❡•✳ ❇❆❙❊ ❡♥s✉r❡s s❝❛•❛❜✐•✐t② ❜✉t ❛t t❤❡ ❝♦st ♦❢ ❛ ♠♦r❡ ❝♦♠♣•❡① ✇r✐t✐♥❣ ♦❢ ❛♣♣•✐❝❛t✐♦♥s✱ ❜❡❝❛✉s❡ ♣r♦❣r❛♠♠❡rs ❤❛✈❡ t♦ ♠❛♥✉❛••② ❡♥s✉r❡ ♣❛rt ♦❢ t❤❡ ❝♦♥s✐st❡♥❝②✳ ❋♦r ❡①❛♠♣•❡✱ ❛♣♣•✐❝❛t✐♦♥s ❤❛✈❡ t♦ ❛❝❝❡ss ♦♥•② ❞❛t❛ ✐♥ ❛ s✐♥❣•❡ ♥♦❞❡✱ ❛✈♦✐❞✐♥❣ t❤❡ ✉s❡ ♦❢ ❝♦st•② ❞✐str✐❜✉t❡❞ ♣r♦t♦❝♦•s t♦ s②♥❝❤r♦♥✐③❡ ♥♦❞❡s✳ • ❙❝❛•❛❜✐•✐t②✿ ❖♥ t❤❡ ♦♥❡ ❤❛♥❞✱ r❡•❛t✐♦♥❛• ❞❛t❛ st♦r❡s ❛r❡ s❝❛•❛❜•❡ ❛♥❞ ✇❡ ❝❛♥ ✜♥❞ ❛ •♦t ♦❢ ♣r♦❞✉❝ts ❞❡s✐❣♥❡❞ t♦ ❡♥s✉r❡ t❤✐s ♣r♦♣❡rt② ✭❡✳❣✳ ❖r❛❝•❡|❆❈✮✳ ❚❤✐s ❦✐♥❞ ♦❢ ♣r♦❞✉❝ts ✇♦r❦ ❡✣❝✐❡♥t•② ❞✉r✐♥❣ ❞❛t❛ q✉❡r②✐♥❣✳ ❍♦✇❡✈❡r✱ ✐t ♠❛② ❢❛✐• ✇❤❡♥ ✐t ❝♦♠❡s t♦ ❢✉♥❝t✐♦♥ ✇✐t❤ ❞✐str✐❜✉t❡❞ ❞❛t❛✱ t♦ ❡①❡❝✉t❡ •♦✐♥ q✉❡r✐❡s ❛❝r♦ss ❞✐str✐❜✉t❡❞ t❛❜•❡s✱ t♦ ✉♣❞❛t❡ ❞✐str✐❜✉t❡❞ ❞❛t❛✱ ❡t❝ ❬✶✽(✳ ❚❤✐s ✇✐•• •❡❛❞ t♦ ❛ ♣r♦❜•❡♠ ♦❢ ❝♦♥s✐st❡♥❝②✳ ■♥ ❛❞❞✐t✐♦♥✱ ✐t ✐s ✈❡r② ❡①♣❡♥s✐✈❡ s✐♥❝❡ t❤❡② ❛r❡ ♥♦t ❢r❡❡✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ ✇❡ ❝❛♥ s❝❛•❡ ◆♦❙◗▲ ❞❛t❛ st♦r❡s ❜② r❡♣•✐❝❛t✐♥❣ ❛♥❞ ❞✐str✐❜✉t✐♥❣ ❞❛t❛ ♦✈❡r ♠❛♥② s❡r✈❡rs✳ ❆s ◆♦❙◗▲ ❞❛t❛ st♦r❡s s✉♣♣♦rt t❤❡ ❡①❡❝✉t✐♦♥ ♦❢ s✐♠♣•❡ ♦♣❡r❛t✐♦♥s ✭✐✳❡✳ r❡❛❞ ❛♥s ✇r✐t❡ ♦♣❡r❛t✐♦♥s✮✱ t❤✐s ✇✐•• ❡✣❝✐❡♥t•② ✇♦r❦ ❛♥❞ ✐t ✇✐•• ✐♥❝r❡❛s❡ t❤❡ ♥✉♠❜❡r ♦❢ q✉❡r✐❡s ♣❡r s❡❝♦♥❞✳ • ❉❛t❛ ♠♦❞❡•✿ |❡•❛t✐♦♥❛• ❞❛t❛ st♦r❡s ❛r❡ ❜❛s❡❞ ♦♥ t❤❡ r❡•❛t✐♦♥❛• ❞❛t❛ ♠♦❞❡• ✇❤✐❝❤ ✐s ❛ ❣❡♥❡r✐❝ ♠♦❞❡• ❢♦r ❛•• ❞❛t❛ st♦r❡s t❤❛t ✇❡ ✜♥❞ ♥♦✇❛❞❛②s ✭❡✳❣✳ ❇❛❝❦❣r♦✉♥❞ ✶✾ ▼②❙◗▲✱ ❖r❛❝•❡✱ ❡t❝✳✮✳ ❚❤✐s ✐s ❛ ✈❡r② ✐♥t❡r❡st✐♥❣ ♣♦✐♥t s✐♥❝❡ ✐t ❛••♦✇s ✉s❡rs t♦ ♠♦❞❡• t❤❡✐r ❞❛t❛❜❛s❡s ✇❤❛t❡✈❡r t❤❡ ❝♦♠♣•❡①✐t② ♦❢ t❤❡✐r ♣r♦❜•❡♠s✳ ■♥ ❛❞❞✐t✐♦♥ ✐t ✐s ✈❡r② ✉s❡❢✉• ✐♥ s❡✈❡r❛• s✐t✉❛t✐♦♥ s✉❝❤ ❛s ✐♥t❡❣r❛t✐♥❣ s❡✈❡r❛• r❡•❛t✐♦♥❛• ❞❛t❛ st♦r❡s t❤❛t r❡q✉✐r❡s ♦♥•② t❤❡ ❞❡✜♥✐t✐♦♥ ♦❢ ❛ ❣•♦❜❛• s❝❤❡♠❛ ❣r♦✉♣✐♥❣ t❤❡ •♦❝❛• s❝❤❡♠❡s ♦❢ t❤❡ ✐♥t❡❣r❛t❡❞ ❞❛t❛ st♦r❡s✳ ❯♥•✐❦❡ ◆♦❙◗▲ ❞❛t❛ st♦r❡s t❤❛t ♣r♦✈✐❞❡ ❛ s♣❡❝✐✜❝ ❞❛t❛ ♠♦❞❡• ❢♦r ❡❛❝❤ ❞❛t❛ st♦r❡✳ ❚❤✐s ❞❛t❛ ♠♦❞❡• ✐s ✇❡•• t❛✐•♦r❡❞ t♦ ❛ s♣❡❝✐✜❝ ✉s❡ ❝❛s❡✳ ■♥❞❡❡❞✱ ❡❛❝❤ ◆♦❙◗▲ ❞❛t❛ st♦r❡ ❤❛s ❜❡❡♥ ❞❡✜♥❡❞ ❢♦r s♣❡❝✐✜❝ t❛s❦s ❛♥❞ ❣♦❛•s ❛♥❞ ✐t ❤❛s ❜❡❡♥ t❛✐•♦r❡❞ ♦♥❡ ♦r ❢❡✇ s♣❡❝✐✜❝ ✉s❛❣❡ ♣❛tt❡r♥s✳ ■♥ ❛❞❞✐t✐♦♥✱ ❡✈❡♥ ✐❢ ◆♦❙◗▲ ❞❛t❛ st♦r❡s ❡①♣♦s❡ ❛ ❞❛t❛ ♠♦❞❡•✱ t❤✐s •❛tt❡r r❡♠❛✐♥s ♣♦♦r ✐♥ ✐♥❢♦r♠❛t✐♦♥ ❝♦♠♣❛r❡❞ t♦ r❡•❛t✐♦♥❛• ♦♥❡✳ • ◗✉❡r✐❡s t②♣❡✿ ❚❤❛♥❦s t♦ t❤❡ ❝♦♥s✐st❡♥❝② ♦❢ t❤❡ r❡•❛t✐♦♥❛• ❞❛t❛ ♠♦❞❡•✱ ✉s❡rs ❝❛♥ ❡✣❝✐❡♥t•② ❡①❡❝✉t❡ ❝♦♠♣•❡① q✉❡r✐❡s ♦✈❡r t❤❡✐r ❞❛t❛✳ ❍❡♥❝❡✱ t❤❡② ♠❛①✐♠✐③❡ t❤❡ ❡①♣•♦✐t❛t✐♦♥ ♦❢ t❤❡✐r ❞❛t❛ ❛♥❞ ✐ts ❛♥❛•②s✐s✳ ◗✉❡r②✐♥❣ r❡•❛t✐♦♥❛• ❞❛t❛ ✐s ❡♥s✉r❡❞ t❤r♦✉❣❤ t❤❡ st❛♥❞❛r❞✐③❡❞ ❛♥❞ ❞❡❝•❛r❛t✐✈❡ q✉❡r② •❛♥❣✉❛❣❡ ❙◗▲✳ ❆•t❤♦✉❣❤ t❤✐s ❦✐♥❞ ♦❢ q✉❡r✐❡s ✐s ✐♠♣♦rt❛♥t✱ t❤❡✐r ❡①❡❝✉t✐♦♥ ♠❛② ❢❛✐• ✐♥ ❛ ❝♦♥t❡①t ♦❢ ❇✐❣ ❉❛t❛ ❛s r❡•❛t✐♦♥❛• ❞❛t❛ st♦r❡s ❛r❡ ♥♦t r❡❛••② s❝❛•❛❜•❡✳ |❡❣❛r❞✐♥❣ ◆♦❙◗▲ ❞❛t❛ st♦r❡s✱ t❤✐s ❦✐♥❞ ♦❢ ❞❛t❛ st♦r❡s s✉♣♣♦rts ♦♥•② ❈|❯❉ ♦♣❡r❛t✐♦♥s✳ ❚❤✐s ❝❛♥ ❜❡ s❡❡♥ ❛s ♦♥❡ ♦❢ t❤❡ s❤♦rt❝♦♠✐♥❣s ♦❢ ◆♦❙◗▲ ❞❛t❛ st♦r❡s✳ ■♥❞❡❡❞✱ t❤❡ ❢❛❝t t❤❛t ◆♦❙◗▲ ❞❛t❛ st♦r❡s ❞♦ ♥♦t ❡♥❛❜•❡ ❝♦♠♣•❡① ❡①❡❝✉t✐♦♥ ♠✐♥✐♠✐③❡ t❤❡ ✉s❡ ♦❢ ❞❛t❛✳ ❚♦ ❞❡❛• ✇✐t❤ t❤✐s✱ s✉❝❤ q✉❡r✐❡s ❝❛♥ ❜❡ ♣r♦❝❡ss❡❞ ✐♥ ❛ ♣r♦❣r❛♠♠❛t✐❝ ✇❛② ❜② ❝♦❞✐♥❣ ❡❛❝❤ ♦♣❡r❛t✐♦♥ ✐♥ s♦✉r❝❡ ❝♦❞❡ ♦❢ t❤❡ ❛♣♣•✐❝❛t✐♦♥✳ ❚❤✐s ❛•t❡r♥❛t✐✈❡ ✐s ♥♦t ♦♣t✐♠❛• ❢♦r ✉s❡rs ❛♥❞ r❡♠❛✐♥s ❛ tr♦✉❜•❡s❤♦♦t✐♥❣ s♦•✉t✐♦♥✳ ✷✳✷✳✸✳✺ P♦•②❣•♦t P❡rs✐st❡♥❝❡ ❆t ✜rst ❣•❛♥❝❡✱ r❡❛❞❡r ❝❛♥ t❤✐♥❦ t❤❛t ❡✐t❤❡r t②♣❡s ♦❢ ❉❇▼❙ ❝❛♥ s✉♣♣♦rt t❤❡ ❛♣♣•✐✲ ❝❛t✐♦♥ ♥❡❡❞s ❛♥❞ ❡♥s✉r❡ ❞❛t❛ st♦r❛❣❡ ❛♥❞ r❡tr✐❡✈❛• ♣r♦✈✐❞✐♥❣ ❤✐❣❤❡r s❝❛•❛❜✐•✐t② ❛♥❞ ❛✈❛✐•❛❜✐•✐t②❀ ❤♦✇❡✈❡r✱ ✇❡ ❝❛♥ ♥♦t ❞❡♥② t❤❛t ✐t ✐s ♠♦r❡ ♣♦✇❡r❢✉• ✇❤❡t❤❡r ◆♦❙◗▲✲ ❉❇▼❙ ✐s ❝♦✉♣•❡❞ t♦ ❛ |❉❇▼❙ ❛♥❞ ✈✐❝❡ ✈❡rs❛✳ ❚❤✐s ♣❤❡♥♦♠❡♥♦♥ ✐s ✇✐❞❡•② ❝❛••❡❞ ♣♦•②❣•♦t ♣❡rs✐st❡♥❝❡ ❬✷(✳ ❚❤✐s •❛tt❡r ❝♦♥s✐sts ♦❢ t❤❡ ✉s❡ ♦❢ ♠✉•t✐♣•❡ ❞❛t❛ st♦r❡s ❛♥❞ s❡✈❡r❛• ❛♣♣r♦❛❝❤❡s t♦ ❞❛t❛ ♣❡rs✐st❡♥❝❡ ✐♥ ♦r❞❡r t♦ s✉♣♣♦rt t❤❡ ✇❤♦•❡ ❛♣♣•✐❝❛t✐♦♥ ♥❡❡❞s✳ ❋♦r ❡❛s❡ ♦❢ ✉♥❞❡rst❛♥❞✐♥❣ t❤❡ ♣♦•②❣•♦t ♣❡rs✐st❡♥❝❡✱ ✇❡ ♣r❡s❡♥t t❤❡ ❝•❛ss✐❝❛• ❡①❛♠♣•❡ ♦❢ ❛♥ ❡✲❝♦♠♠❡r❝❡ ♣•❛t❢♦r♠ ❞❡♣✐❝t❡❞ ✐♥ ❋✐❣✳✷✳✹✳ ■♥ t❤✐s ❡①❛♠♣•❡✱ ✇❡ ✐••✉s✲ tr❛t❡ ✜✈❡ ❞❛t❛ st♦r❡s✳ ■♥ ❢❛❝t✱ t❤❡ ✉s❡rs✬ ✐♥❢♦r♠❛t✐♦♥ ✭❡✳❣✳ ❤✐s✴❤❡r ♥❛♠❡✱ ❤✐s✴❤❡r ❛❞❞r❡ss✱ ❤✐s✴❤❡r ❝r❡❞✐t ❝❛r❞✱ ❡t❝✳✮ ❛r❡ st♦r❡❞ ✐♥ ❛ ❦❡②✴✈❛•✉❡ st♦r❡ ❛♥❞ t❤❡ ♣r♦❞✉❝ts✬ ❝❛t❛•♦❣ ❛r❡ st♦r❡❞ ✐♥ ❛ ❞♦❝✉♠❡♥t st♦r❡✳ ❚❤❡ ✜♥❛♥❝✐❛• r❡❝♦r❞s ✭❡✳❣✳ ♣r♦❞✉❝ts✬ ♣r✐❝❡s✱ ❛♠♦✉♥t ♦❢ ❛♥ ♦r❞❡r✱ ❡t❝✳✮ ❛r❡ s❛✈❡❞ ✐♥ ❛ |❉▼❙✳ ❋✐♥❛••②✱ ❜✐♥❛r② ❞❛t❛ ✭❡✳❣✳ ✐♠❛❣❡s ♦❢ ♣r♦❞✉❝ts✱ ✈✐❞❡♦s✱ ❡t❝✳✮ ❛♥❞ ❝✉st♦♠❡r s♦❝✐❛• ❣r❛♣❤ ❛r❡ st♦r❡❞ r❡s♣❡❝t✐✈❡•② ✐♥ ❛ ❜•♦❜ st♦r❡ ❛♥❞ ❛ ❣r❛♣❤ st♦r❡✳ P♦•②❣•♦t ♣❡rs✐st❡♥❝❡ ✐♥tr♦❞✉❝❡s s❡✈❡r❛• ❛❞✈❛♥t❛❣❡s✳ ❋♦r ✐♥st❛♥❝❡✱ ✐t ❛••♦✇s ❛♥ ❛♣♣•✐❝❛t✐♦♥ t♦ ❝♦❡①✐st ✇✐t❤✐♥ ♠✉•t✐♣•❡ ❞❛t❛ st♦r❡s ✐♥ ♦r❞❡r t♦ ❝♦✈❡r ❛•• ✐ts ♥❡❡❞s✳ ❈♦♥s❡q✉❡♥t•②✱ ❛♣♣•✐❝❛t✐♦♥ ♣r♦❣r❛♠♠✐♥❣ ✇✐•• ❜❡ ♠♦r❡ ✢❡①✐❜•❡✳ ❋✉rt❤❡r♠♦r❡✱ ✐t ✐s t❤❡ s♦•✉t✐♦♥ ❢♦r ❞❛t❛ st♦r❛❣❡ ✇❤❡♥ ✐t ❝♦♥s✐sts ♦♥ s❝❛•✐♥❣ ❛♥ ❛♣♣•✐❝❛t✐♦♥✳ ■♥ ❢❛❝t✱ ❞❛t❛ q✉❛♥t✐t✐❡s ❛♥❞ t②♣❡s ✇✐•• ✐♥❝r❡❛s❡❀ t❤✉s t❤❡ ❝♦♠♣•❡①✐t② ♦❢ ❞❛t❛ ♠❛♥❛❣✐♥❣ ✇✐••

State Of The Art

In the next main part, we will go further in our investigations. We will give a detailed study of the state of the art related to our proposals in this manuscript.

. 3 R e l a t e d W o r k

Supporting the lifecycle of multiple data stores based applications in Cloud environments is not deeply explored. Indeed, it involves developing applications interacting with relational and NoSQL data stores, discovering the suitable Clouds data stores to the applications, deploying applications in Cloud environments, migrating applications from one Cloud environment to another, and running the applications. It is noteworthy that running applications includes complex queries execution over relational and NoSQL execution. Meanwhile, there is a plethora of work dealing with these aspects long before the apparition of Cloud paradigm and NoSQL data stores especially.

In this section, we present dierent work that focused on ensuring a transparent access to heterogeneous data stores as well as discovering multiple data stores. We start by presenting the work which are interested in unifying data models in Section 2.3.1. Afterwards, we present state of the art of approaches easing access to multiple data stores in Section 2.3.2. In Section 2.3.3, we present some data integration based solutions. Finally, we introduce some solutions interested in capturing application requirements in terms of data and cloud data stores capabilities in Section 2.3.4. We conclude each section by a synthesis of the presented solutions comparing them on the basis of the criteria that we dressed in our research objectives.

. 3 . 1 U n i f y i n g D a t a M o d e l s

The cornerstone of a solution supporting multiple data stores based application is a unied data model. This latter is invoked during the lifecycle of an application. Indeed, it is used by developers to express their queries in their applications source codes. Then, it is used to dene the resource model of REST-based APIs enabling the interaction with relational and NoSQL data stores in Cloud environments. Afterward, it helps developers to have a global view on data stores to well describe their requirements and deploy their applications in Cloud environments. Finally, it is used to evaluate and optimize the execution of complex queries over relational and NoSQL data stores. For this purpose, we present in this section some substantial work proposing dierent unied data models to manage data heterogeneity [2432].

Unifying relational and object-oriented database systems [24,25] Won Kim proposes a unied data model enabling the interaction with relational and object-oriented data stores. This data model contains the same components of a relational schema dened with an object-oriented syntax. Indeed, a table is a class, a row is an instance, a column is an attribute, a procedure is a method, a table hierarchy is a class hierarchy, a child table is a subclass and a parent table

|❡•❛t❡❞ ❲♦r❦ ✷✸ ✐s ❛ s✉♣❡r❝•❛ss✳ ❇❛s❡❞ ♦♥ t❤✐s ❞❛t❛ ♠♦❞❡•✱ t❤❡ ❛✉t❤♦r ♣r♦♣♦s❡s t❤❡ ❯◆■❙◗▲✴❳ ✇❤✐❝❤ ✐s ❛ ❝♦♠♠❡r❝✐❛• ✉♥✐✜❡❞ r❡•❛t✐♦♥❛• ❛♥❞ ♦❜•❡❝t✲♦r✐❡♥t❡❞ ❞❛t❛❜❛s❡ s②st❡♠ ❛♥❞ ✐♠♣•❡♠❡♥ts ❙◗▲✴❳ ❛s ❛ q✉❡r② •❛♥❣✉❛❣❡ ❬✷✹(✳ ❆•t❤♦✉❣❤ t❤✐s ♠♦❞❡• ✐s ✐♥t❡r❡st✐♥❣✱ ✐t st✐•• •❛❝❦s ♦❢ ❣❡♥❡r❛•✐③❛t✐♦♥ ❛s ✐t ❞♦❡s ♥♦t r❡♣r❡s❡♥t ❞❛t❛ st♦r❡s ❛♥❞ t❤❡ ❡♥✈✐r♦♥♠❡♥t ✇❤❡r❡ t❤❡② ❛r❡ ❞❡♣•♦②❡❞✳ ■♥ ❛❞❞✐t✐♦♥✱ ✐t ❞♦❡s ♥♦t t❛❦❡ ✐♥t♦ ❛❝❝♦✉♥t ◆♦❙◗▲ ❞❛t❛ st♦r❡s✳ ■♥ t❤✐s ❝♦♥t❡①t✱ ✇❡ ✇❛♥t t♦ str❡ss t❤❛t ❲♦♥ ❑✐♠ t❛❝❦•❡s t❤❡ ✐♠♣♦rt❛♥❝❡ ♦❢ ❤❛✈✐♥❣ ❛ ✉♥✐✜❡❞ ❞❛t❛ ♠♦❞❡• t♦ ✐♥t❡r❛❝t ✇✐t❤ ◆♦❙◗▲ ❞❛t❛ st♦r❡s✳ ❲❡ r❡❢❡r t❤❡ ✐♥t❡r❡st❡❞ r❡❛❞❡r t♦ ❬✸✸(✳ •❆|▲■❈ ❞❛t❛ ♠♦❞❡• ❬✷✻( ❚❤❡ •❆|▲■❈ ❞❛t❛ ♠♦❞❡• ✐s ❛♥ ❡①t❡♥s✐♦♥ ♦❢ t❤❡ ❖❉▼•✲✾✸ ♦❜•❡❝t ♠♦❞❡•✳ ❚❤❡ ♠❛✐♥ ❜✉✐•❞✐♥❣ ❜•♦❝❦s ♦❢ t❤✐s ♠♦❞❡• ❛r❡ ♦❜•❡❝ts ❛♥❞ ✈❛•✉❡s✳ ❊❛❝❤ ♦❜•❡❝t ✐s ✉♥✐q✉❡•② ✐❞❡♥t✐✜❡❞ ❛♥❞ ❤❛s ❛ t②♣❡ ❡①♣r❡ss❡❞ ✐♥ t❤❡ ❞❛t❛ ♠♦❞❡• t❤r♦✉❣❤ ❛♥ ♦❜•❡❝t ✐♥t❡r❢❛❝❡✳ ❚❤✐s •❛tt❡r ✐s ❝♦♠♣♦s❡❞ ♦❢ ❛ s❡t ♦❢ ❛ttr✐❜✉t❡s✱ r❡•❛t✐♦♥s❤✐♣s ❛♥❞ ♠❡t❤♦❞s✳ ❲❤❡r❡❛s ✈❛•✉❡s ❝❛♥ ❜❡ ❡✐t❤❡r ❜❛s❡ ✈❛•✉❡s ✭❡✳❣✳ ✐♥t❡✲ ❣❡rs✱ str✐♥❣s✱ ♦❜•❡❝t r❡❢❡r❡♥❝❡s✱ ❡t❝✳✮ ♦r str✉❝t✉r❡❞ ✈❛•✉❡s ✭✐✳❡✳ ✐♥t❡r❢❛❝❡s ✇✐t❤♦✉t ✐❞❡♥t✐t②✮✳ ❚❤❡ ❡①t❡♥s✐♦♥ ♦❢ t❤❡ ❖❉▼•✲✾✸ ❞❛t❛ ♠♦❞❡• ❡♥❛❜•❡s t♦ s✉♣♣♦rt t❤❡ ♠❛♥✲ ❛❣❡♠❡♥t ♦❢ ✐♥t❡❣r✐t② ❝♦♥str❛✐♥ts ❛♥❞ ♦❜•❡❝t r❡❢❡r❡♥❝❡s✳ ❍♦✇❡✈❡r✱ t❤✐s ❞❛t❛ ♠♦❞❡• ✉♥✐✜❡s ♦♥•② t❤❡ ❛❝❝❡ss t♦ r❡•❛t✐♦♥❛• ❛♥❞ ♦❜•❡❝t ♦r✐❡♥t❡❞ ❞❛t❛✳ ■♥ ❛❞❞✐t✐♦♥✱ ✐t ❞♦❡s ♥♦t t❛❦❡ ✐♥t♦ ❛❝❝♦✉♥t t❤❡ ♠♦❞❡•✐♥❣ ♦❢ ❞❛t❛ st♦r❡s ❛♥❞ t❤❡ ❡♥✈✐r♦♥♠❡♥t ✇❤❡r❡ t❤❡② ❛r❡ ❞❡♣•♦②❡❞✳ ❖❊▼✿ ❖❜•❡❝t ❊①❝❤❛♥❣❡ ▼♦❞❡• ❬✷✼✱✷✽( ❚❤❡ ▲✐❣❤t✇❡✐❣❤t ❖❜•❡❝t |❊♣♦s✐t♦r② ✭▲❖|❊✮ ✐s ❛ ❞❛t❛❜❛s❡ ♠❛♥❛❣❡♠❡♥t s②st❡♠ ❢♦r s❡♠✐✲str✉❝t✉r❡❞ ❞❛t❛✳ ■ts q✉❡r② •❛♥❣✉❛❣❡ ✐s r❡❢❡rr❡❞ t♦ ❛s ▲❖|❊▲ ✇❤✐❝❤ ❤❛s ❛ s②♥t❛① ❝•♦s❡r t♦ ❛ s❡•❡❝t✲❢r♦♠✲✇❤❡r❡ s②♥t❛① ❛♥❞ ✐ts ❞❛t❛ ♠♦❞❡• ✐s ❝❛••❡❞ ❖❜•❡❝t ❊①❝❤❛♥❣❡ ▼♦❞❡• ✭❖❊▼✮✳ ❚❤✐s •❛tt❡r ✐s ❛ s✐♠♣•❡ ♥❡st❡❞ ♦❜•❡❝t ♠♦❞❡• t❤❛t ✐s r❡♣r❡s❡♥t❡❞ ✉s✐♥❣ ❛ •❛❜❡•❡❞ ❛♥❞ ❞✐r❡❝t❡❞ ❣r❛♣❤✳ ■t ✐s ❛•s♦ ❛ s❡•❢✲❞❡s❝r✐❜✐♥❣ ♠♦❞❡• s✐♥❝❡ ✐t ✐s ❜❛s❡❞ ♦♥ •❛❜❡•✐♥❣ ✐♥ ♦r❞❡r t♦ ❞❡s❝r✐❜❡ ♦❜•❡❝ts✬ ♠❡❛♥✐♥❣✳ ❚❤✐s ❛✈♦✐❞s t♦ ❞❡✜♥❡ ❛ ✜①❡❞ s❝❤❡♠❛ ✐♥ ❛❞✈❛♥❝❡ ❛♥❞ ❡♥❛❜•❡s t♦ ❡♥s✉r❡ ♠♦r❡ ✢❡①✐❜✐•✐t② ❞✉r✐♥❣ ❞❛t❛ ♠♦❞❡•✐♥❣✳ ■♥ ♦t❤❡r ✇♦r❞✱ ✇❡ ❝❛♥ s❛② t❤❛t ❡❛❝❤ ♦❜•❡❝t r❡♣r❡s❡♥ts ✐ts ♦✇♥ s❝❤❡♠❛✳ ❊❛❝❤ ♦❜•❡❝t ✐♥ t❤❡ ❖❊▼ ♠♦❞❡• ✐s str✉❝t✉r❡❞ ❜② ❢♦✉r ✜❡•❞s t❤❛t ❛r❡ ❛ •❛❜❡•✱ ❛ t②♣❡✱ ❛ ✈❛•✉❡ ❛♥❞ ❛♥ ♦❜•❡❝t ■❞✳ ❚❤❡② ❞❡♥♦t❡ ❛ ✈❛r✐❛❜•❡✲•❡♥❣t❤ ❝❤❛r❛❝t❡r str✐♥❣ ❞❡s❝r✐❜✐♥❣ ❛♥ ♦❜•❡❝t✱ ❛ ❞❛t❛ t②♣❡ ♦❢ ❛♥ ♦❜•❡❝t✬s ✈❛•✉❡ ✭❛t♦♠✐❝ ❡✳❣✳ ✐♥t❡❣❡r✱ str✐♥❣✱ ❡t❝✳ ♦r ❝♦♠♣•❡① ❡✳❣✳ s❡t✱ •✐st✱ ❡t❝✳✮✱ ❛♥ ♦❜•❡❝t✬s ✈❛•✉❡✱ ❛♥❞ ❛ ✉♥✐q✉❡ ✐❞❡♥t✐✜❡r ♦❢ ❛♥ ♦❜•❡❝t r❡s♣❡❝t✐✈❡•②✳ ❆•t❤♦✉❣❤ ❛✉t❤♦rs ♣r♦♣♦s❡ ❛ ✈❡r② ✐♥t❡r❡st✐♥❣ ❞❛t❛ ♠♦❞❡•✐♥❣ ✐♥ ♦r❞❡r t♦ ❡♥s✉r❡ ❛ ✉♥✐q✉❡ ✈✐❡✇ ♦✈❡r ❤❡t❡r♦❣❡♥❡♦✉s ❞❛t❛ s♦✉r❝❡s✱ t❤❡ ❖❊▼ ✐s st✐•• •❛❝❦ ♦❢ s♦♠❡ ❛❜str❛❝t✐♦♥s✳ ■♥ ❢❛❝t✱ ✐♥ t❤❡✐r ♠♦❞❡•✐♥❣ t❤❡② t❛❦❡ ✐♥t♦ ❛❝❝♦✉♥t ♦♥•② ❝♦••❡❝t✐♦♥s ♦❢ ❞❛t❛ ❛♥❞ t❤❡✐r ✈❛•✉❡s✳ ❚❤❡② ❞♦ ♥♦t ❝♦♥s✐❞❡r ❞❛t❛ st♦r❡s r❡♣r❡s❡♥t❛t✐♦♥ ❛♥❞ ❡♥✈✐r♦♥♠❡♥ts ✐♥ ✇❤✐❝❤ t❤❡s❡ ❞❛t❛ st♦r❡s ❛r❡ ❞❡♣•♦②❡❞✳ ❚❤✐s ♠❛② ❜❡ ♥❡❝❡ss❛r② ❡s♣❡❝✐❛••② ✇❤❡♥ ✐t ❝♦♠❡s t♦ ❡✈❛•✉❛t❡ ❛♥❞ ♦♣t✐♠✐③❡ ❝♦♠♣•❡① q✉❡r✐❡s ❡①❡❝✉t✐♦♥ ❛❝r♦ss r❡•❛t✐♦♥❛• ❛♥❞ ◆♦❙◗▲ ❞❛t❛ st♦r❡s✳ ■♥ ❛❞❞✐t✐♦♥✱ r❡♣r❡s❡♥t✐♥❣ ✈❛•✉❡s ♦❢ ❞❛t❛ ✐♥ ❛ ✉♥✐✜❡❞ ❞❛t❛ ♠♦❞❡• ✐s ♥♦t ❛•✇❛②s ✉s❡❢✉• ❛♥❞ ✐t ✐s ❝♦st•② ✐♥ ❛ ❇✐❣ ❉❛t❛ ❝♦♥t❡①t✳ ❚❤❡ ❣❡♥❡r❛•✐③❡❞ ❞❛t❛ ♠♦❞❡• ♦❢ ❈•♦✉❞② ❬✷✾( ❈•♦✉❞② ✐s ❛ ♠♦❞✉•❛r ❈•♦✉❞ st♦r❛❣❡ s②st❡♠ ❜❛s❡❞ ♦♥ ❛ ❣❡♥❡r✐❝ ❞❛t❛ ♠♦❞❡•✳ ■t ❝❛♥ ❜❡ ❝✉st♦♠✐③❡❞ t♦ ♠❡❡t ❛♣✲ ✷✹ ❙t❛t❡ ❖❢ ❚❤❡ ❆rt ♣•✐❝❛t✐♦♥ r❡q✉✐r❡♠❡♥ts✳ ❈•♦✉❞② ♦✛❡rs t♦ ❛♥ ❛♣♣•✐❝❛t✐♦♥ s❡✈❡r❛• ❡①t❡r♥❛• ✐♥t❡r❢❛❝❡s ✭❦❡②✴✈❛•✉❡✱ ❙◗▲✱ ❳◗✉❡r②✱ ❡t❝✳✮ ✇❤✐•❡ s✉♣♣♦rt✐♥❣ ❞✐✛❡r❡♥t st♦r❛❣❡ ❡♥❣✐♥❡s ✭s✉❝❤ ❛s ❇❡r❦❡•❡②❉❇ ♦r ✐♥✲♠❡♠♦r② ❤❛s❤✲♠❛♣✮✳ ❊❛❝❤ ❈•♦✉❞② ♥♦❞❡ ✐♥ t❤❡ s②st❡♠ ✐s ❛♥ ❛✉t♦♥♦♠♦✉s r✉♥♥✐♥❣ ♣r♦❝❡ss ❡①❡❝✉t✐♥❣ t❤❡ ❡♥t✐r❡ ❈•♦✉❞② st❛❝❦✳ ■ts ❣❡♥❡r✐❝ ❞❛t❛ ♠♦❞❡• ✐s ❜❛s❡❞ ♦♥ t❤❡ ❉P■ ❞❛t❛ str✉❝t✉r❡✳ ❚❤✐s •❛tt❡r ✐s ❛ s❡t ♦❢ ✜❡•❞s t❤❛t ❛••♦✇s t♦ ✐❞❡♥t✐❢②✱ tr❛♥s❢❡r✱ ❛♥❞ q✉❡r② ❞❛t❛✳ ■t ❝♦♥t❛✐♥s ✭✶✮ ❛ ❦❡② t♦ ✉♥✐q✉❡•② ✐❞❡♥t✐❢② ❞❛t❛✱ ✭✷✮ ✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t t❤❡ ❞❛t❛ str✉❝t✉r❡✱ ✭✸✮ t❤❡ ❞❛t❛ ✐ts❡•❢✱ ❛♥❞ ✭✹✮ s♦♠❡ ♠❡t❛❞❛t❛✳ ❉❛t❛ ✐♥ t❤✐s ❞❛t❛ str✉❝t✉r❡ ❛r❡ ❤❛♥❞•❡❞ ✉s✐♥❣ t❤r❡❡ ❦✐♥❞ ♦❢ ♦♣❡r❛t✐♦♥s t♦ r❡❛❞✱ ✇r✐t❡ ❛♥❞ ❞❡•❡t❡✳ ❊✈❡♥ t❤♦✉❣❤ ❈•♦✉❞②✬s ❞❛t❛ ♠♦❞❡• ✐s ❣❡♥❡r✐❝✱ ✐t ✐s ♥♦t ❡♥♦✉❣❤✳ ■♥❞❡❡❞✱ ✐t ❞♦❡s ♥♦t s✉♣♣♦rt ♦t❤❡r t②♣❡s ♦❢ ◆♦❙◗▲ ❞❛t❛ st♦r❡s ❛♥❞ ✐t ❞♦❡s ♥♦t ❡♥❛❜•❡ ❝♦♠♣•❡① q✉❡r✐❡s ❡①❡❝✉t✐♦♥✳ ■♥ ❛❞❞✐t✐♦♥✱ t❤✐s ❞❛t❛ ♠♦❞❡• ❞♦❡s ♥♦t t❛❦❡ ✐♥t♦ ❛❝❝♦✉♥t t❤❡ ♠♦❞❡•✐♥❣ ♦❢ ❞❛t❛ st♦r❡s ✇❤❡r❡ ❞❛t❛ ❛r❡ st♦r❡❞ ❛♥❞ t❤❡ ❡♥✈✐r♦♥✲ ♠❡♥t ✇❤❡r❡ t❤❡② ❛r❡ ❞❡♣•♦②❡❞✳ ❚❤✐s ✐s ✈❡r② ✐♠♣♦rt❛♥t ✐♥ ♦r❞❡r t♦ ❡✈❛•✉❛t❡ ❛♥❞ ♦♣t✐♠✐③❡ q✉❡r✐❡s ❡①❡❝✉t✐♦♥ ✐♥ ♠✉•t✐♣•❡ ❞❛t❛ st♦r❡s ❜❛s❡❞ ❛♣♣•✐❝❛t✐♦♥s✳ ❙◗▲✰✰ ❞❛t❛ ♠♦❞❡• ❬✸✵( ❙◗▲✰✰ ✐s ❛ s❡♠✐✲str✉❝t✉r❡❞ q✉❡r② •❛♥❣✉❛❣❡ ❛♥❞ ❡♥❛❜•❡s t❤❡ ✐♥t❡r❛❝t✐♦♥ ✇✐t❤ r❡•❛t✐♦♥❛• ❛♥❞ ❏❙❖◆ ♥❛t✐✈❡ ❞❛t❛ st♦r❡s✳ ■t ✐s ❜❛s❡❞ ♦♥ ❛ s✐♠♣•❡ ❞❛t❛ ♠♦❞❡• ✇❤✐❝❤ ✐s ❛ s✉♣❡r✲s❡t ♦❢ ❏❙❖◆ ❢♦r♠❛t ❛♥❞ ❙◗▲ ❞❛t❛ ♠♦❞❡• ✭❡s♣❡❝✐❛••② r❡•❛t✐♦♥❛• t❛❜•❡s✮✳ ■♥❞❡❡❞✱ ❛ t✉♣•❡ ✐♥ t❤❡ r❡•❛t✐♦♥❛• ♠♦❞❡• ❝♦rr❡s♣♦♥❞s t♦ ❛ ❏❙❖◆ ♦❜•❡❝t✳ ❆ r❡•❛t✐♦♥❛• ❝♦•✉♠♥ ✭✐✳❡✳ str✐♥❣✱ ✐♥t❡❣❡r✱ ❜♦♦•❡❡♥✱ ❡t❝✳✮ ✐s s✐♠✐•❛r t♦ t❤❡ r❡s♣❡❝t✐✈❡ ❏❙❖◆ s❝❛•❛r✳ ❋✐♥❛••②✱ ❛ ❏❙❖◆ ❛rr❛② ✐s ❡q✉✐✈❛•❡♥t t♦ ❛ r❡•❛t✐♦♥❛• t❛❜•❡ ✇✐t❤ ♦r❞❡r✳ ◆❡✈❡rt❤❡•❡ss t❤✐s ❞❛t❛ ♠♦❞❡• ❞♦❡s ♥♦t r❡♣r❡s❡♥t ❛•• ❦✐♥❞ ♦❢ ◆♦❙◗▲ ❞❛t❛ st♦r❡s ✭♥❛♠❡•② ❦❡②✴✈❛•✉❡✱ ❝♦•✉♠♥✱ ❛♥❞ ❣r❛♣❤ ❞❛t❛ st♦r❡s✮✳ ■♥ ❛❞❞✐t✐♦♥✱ ✐t ❞♦❡s ♥♦t t❛❦❡ ✐♥t♦ ❛❝❝♦✉♥t t❤❡ r❡♣r❡s❡♥t❛t✐♦♥ ♦❢ ❞❛t❛❜❛s❡s ❛♥❞ t❤❡ ❡♥✈✐r♦♥♠❡♥t ✇❤❡r❡ t❤❡② ❛r❡ ❞❡♣•♦②❡❞✳ ❚❤✐s ♣r♦✈❡s t❤❛t t❤❡✐r ♠♦❞❡• •❛❝❦s ♦❢ ❛❜str❛❝t✐♦♥ ❛♥❞ ❞②♥❛♠✐❝✐t②✳ ❍❡t❡r♦❣❡♥❡♦✉s ❞❛t❛ r❡s♦✉r❝❡ ❝♦••❛❜♦r❛t✐✈❡ ♠❛♥❛❣❡♠❡♥t ♠♦❞❡• ❬✸✶( ❚❛♦ ❙✉♥ ❡t ❛•✳ ♣r♦♣♦s❡ ❛ ❤❡t❡r♦❣❡♥❡♦✉s ❞❛t❛ r❡s♦✉r❝❡ ❝♦••❛❜♦r❛t✐✈❡ ♠❛♥❛❣❡♠❡♥t ♠♦❞❡• ✐♥ ❈•♦✉❞ ❡♥✈✐r♦♥♠❡♥t✳ ❚❤✐s ♠♦❞❡• r❡♣r❡s❡♥ts ♠❛ss✐✈❡ r❡s♦✉r❝❡s st♦r❛❣❡ ❛♥❞ ♠❛s✲ s✐✈❡ st♦r❛❣❡ ♥❡t✇♦r❦s ❣❡♥❡r❛t✐♦♥✳ ■t ❡♥❛❜•❡s t❤❡ ✉♣❞❛t❡ ❛♥❞ ❜❛•❛♥❝✐♥❣ ♦❢ ✇♦r❦•♦❛❞s✱ t❤❡ s❡❝✉r✐t② ♠❛♥❛❣❡♠❡♥t ❛♥❞ s♦♠❡ ♠♦♥✐t♦r✐♥❣ ♠❡t❤♦❞s✳ ❚❤✐s ♠♦❞❡• ✐♥❝•✉❞❡s ❢♦✉r ♠❛✐♥ ❝♦♠♣♦♥❡♥ts✿ ✭✶✮ ❚❤❡ ♣❤②s✐❝❛• st♦r❛❣❡ •❛②❡r t❤❛t st♦r❡s t❤❡ ❤❡t❡r♦❣❡♥❡♦✉s ❞❛t❛ ✐♥ r❡•❛t✐♦♥❛•✱ ◆♦❙◗▲ ❛♥❞ ❛•• t②♣❡ ✜•❡s ❜❛s❡❞ ❞❛t❛ st♦r❡s✳ ✭✷✮ ❚❤❡ ❞❛t❛ r❡✲ s♦✉r❝❡ ♥❡t✇♦r❦ •❛②❡r ✇❤✐❝❤ ❛••♦✇s t❤❡ ♠❛♥❛❣❡♠❡♥t ❛♥❞ t❤❡ ✉s❡ ♦❢ ❈•♦✉❞ st♦r❛❣❡ s❡r✈✐❝❡s ❜② ❛❜str❛❝t✐♥❣ ❛•• t❤❡ ♣❤②s✐❝❛• ♥♦❞❡s ✭✐✳❡✳ ❞❛t❛ st♦r❡s✮ ✐♥t♦ •♦❣✐❝❛• ♥♦❞❡s ❛♥❞ ✐♥t❡r❝♦♥♥❡❝t✐♥❣ t❤❡s❡ ♥♦❞❡s ❜❡t✇❡❡♥ t❤❡♠✳ ■t ✐s ♥♦t❡✇♦rt❤② t❤❛t ❡❛❝❤ •♦❣✐❝❛• ♥♦❞❡ ♠❛② st♦r❡ ✈❛r✐♦✉s t②♣❡s ♦❢ ❞❛t❛✳ ✭✸✮ ❚❤❡ ❞❛t❛ ❝♦♥✈❡rs✐♦♥ •❛②❡r t❤❛t ✉♥✐✜❡s t❤❡ ❞❛t❛ r❡s♦✉r❝❡ ❢♦r♠❛ts ❜② tr❛♥s❢♦r♠✐♥❣ t❤❡♠ ✐♥t♦ •r♦✉♣❉❇ ❞❛t❛❜❛s❡ ❝❡♥t❡r✬s ❢♦r✲ ♠❛t✳ ✭✹✮ ❚❤❡ •r♦✉♣❉❇ ❞❛t❛ ♠❛♥❛❣❡♠❡♥t •❛②❡r ✇❤✐❝❤ ❡♥❛❜•❡s ❞❛t❛ ♠❛♥❛❣❡♠❡♥t ✭❡✳❣✳ ❞❛t❛ ✐♥t❡❣r❛t✐♦♥✱ ❞❛t❛ ❢✉s✐♦♥✱ ❡t❝✳✮✳ ◆❡✈❡rt❤❡•❡ss✱ ❛✉t❤♦rs r❡♠❛✐♥ s✉♣❡r✜❝✐❛• ✐♥ t❤❡✐r ♣r♦♣♦s❡❞ ♠♦❞❡• ❛♥❞ ❛❜str❛❝t t❤❡✐r ❞❛t❛ ✐♥ ❛ ❤✐❣❤ •❡✈❡• ✇❛②✳ ■♥❞❡❡❞✱ t❤❡② ✐❣♥♦r❡ t❤❡ r❡♣r❡s❡♥t❛t✐♦♥ ♦❢ ❞❛t❛ ❝♦••❡❝t✐♦♥s ✭❡✳❣✳ t❛❜•❡s✱ ❞♦❝✉♠❡♥t ❝♦••❡❝t✐♦♥s✱ ❡t❝✮ ❛♥❞ ❞❛t❛ ✭t✉♣•❡s✱ ❞♦❝✉♠❡♥ts✱ ❛ttr✐❜✉t❡s✱ ❡t❝✳✮✳ ❚❤❡s❡ ♦♠✐ss✐♦♥s ❝❛♥ ♣r❡✈❡♥t ✉s❡rs ❢r♦♠ ❝♦♥tr♦••✐♥❣ t❤❡✐r ❞❛t❛ ❛s ✇❡•• ❛s t♦ ❡①♣r❡ss ♠✉•t✐✲s♦✉r❝❡s q✉❡r✐❡s✳
Related Work 25 xR2RML: a non-relational databases to RDF mapping language [32] xR2RML is a language enabling the description of mappings of various types of data stores to RDF. It takes into account relational, XML, object-oriented and some NoSQL data stores. It is an extension of R2RML that belongs to the W3C Recommendation and is a language for expressing mappings from relational data stores to RDF datasets. Once the RDF data set is created, user can seamlessly query it using a declarative query language. Nevertheless, using their approach, users can not express complex queries especially when it comes to interact with NoSQL data stores. In addition, converting result sets (especially SQL result sets) into RDF is likely to be quite inecient. This can be justied by the absence of semantics during the construction of mappings.

Synthesis

In this section, we present an overview of the related work to unifying relational and NoSQL data models. Hereinafter, we emphasize the shortcomings of these works based on the synthesis showcased in Table 2.1. In this synthesis we consider six criteria. Indeed, we take into account if the data model has a dynamic aspect or not. We characterize a data model by dynamicity if it represents the data, the data stores where they are stored, and the environment where these data stores are deployed. In addition, we verify if the studied solutions enable to unify relational and NoSQL data models. Then, we check if they are understandable by the users and allow to express complex and multi sources queries. Finally, we verify if these data models are dened to represent Cloud data stores or not. In Table 2.1, we show for each work, whether it responds or not to our criteria. In this table, the + is used to say that the proposed work treats a given criteria. While, theis used to say that the related work does not propose a solution for a given criteria. It is worth noting that we use this notation throughout this the related work section to synthesis the studied works.

Based on this synthesis, we conclude that the majority of the studied works do not support NoSQL data stores. In addition, the studied unied data models lack of understandability and they are not closer to the user. This prevents users from expressing complex queries across heterogeneous data stores. Finally, authors in their modeling do not take into account Cloud environments.

. 3 . E a s y A c c e s s T o M u l t i p l e D a t a S t o r e s

In some cases, applications want to store and manipulate explicitly their data in multiple data stores. Applications know in advance the set of data stores to use and how to distribute their data on these stores. However, in order to simplify the development process, application developers do not want to manipulate dierent proprietary APIs especially when interacting with multiple relational and NoSQL data stores. Furthermore, it is impossible to write queries manipulating data coming from dierent data stores (such as a join between two data stores). Two classes of solutions can be used in this case. The rst one is based on the denition ✷✻ ❙t❛t❡ ❖❢ ❚❤❡ ❆rt 

❤ ❤ ❤ ❤ ❤ ❤ ❤ ❤ ❤ ❤ ❤ ❤ ❤ ❤ ❤ ❤ ❤ ❙t✉❞✐❡❞ ❙♦•✉t✐♦♥s ❈r✐t❡r✐❛ ❉②♥❛♠✐❝✐t② |❡•❛t✐♦♥❛• ❞❛t❛ st♦r❡s ◆♦❙◗▲ ❞❛t❛ st♦r❡s ◗✉❡r✐❡s ❡①♣r❡ss✐♦♥ ❯♥❞❡rst❛♥❞❛❜✐•✐t② ❈•♦✉❞ ❡♥✈✐r♦♥♠❡♥t ❲♦♥ ❑✐♠ ❬✷✹✱ ✷✺( -+ - + + - •❆|▲■❈ ❞❛t❛ ♠♦❞❡• ❬✷✻( -+ - + -- ❖❊▼ ❬✷✼✱ ✷✽( -+ - + + - ❈•♦✉❞② ❞❛t❛ ♠♦❞❡• ❬✷✾( -+ - -+ + ❙◗▲✰✰ ❞❛t❛ ♠♦❞❡• ❬✸✵( -+ - + -- ❚❛♦ ❙✉♥ ❡t ❛•✳ ❬✸✶( + + + --+ ①|✷|▼▲ ❬✸✷( + + +/---- ❚❛❜•❡ ✷✳✶✿ ❙②♥t❤❡s✐s ♦❢ t❤❡ r❡•❛t❡❞ ✇♦r❦s ✉♥✐❢②✐♥❣ ❞❛t❛ ♠♦❞❡•s ♦❢ ❛ ♥❡✉tr❛• ❆P■ ❝❛♣❛❜•❡ t♦ s✉♣♣♦rt ❛❝❝❡ss t♦ t❤❡ ❞✐✛❡r❡♥t ❞❛t❛ st♦r❡s✳ ❚❤❡ s❡❝♦♥❞ ❝•❛ss ✐s ❜❛s❡❞ ♦♥ t❤❡ ♠♦❞❡•✲❞r✐✈❡♥ ❛r❝❤✐t❡❝t✉r❡ ❛♥❞ ❡♥❣✐♥❡❡r✐♥❣ ♠❡t❤♦❞♦•♦❣② ❬✸✹(✳ ■♥ t❤✐s s❡❝t✐♦♥✱ ✇❡ ❢♦❝✉s ❡①❝•✉s✐✈❡•② ♦♥ t❤❡ ✜rst ❝•❛ss ♦❢ s♦•✉t✐♦♥s t♦ ❡❛s❡ ❛❝❝❡ss t♦ ♠✉•t✐♣•❡ ❞❛t❛ st♦r❡s ✭❡s♣❡❝✐❛••② ◆♦❙◗▲ ❛♥❞ r❡•❛t✐♦♥❛• ❞❛t❛ st♦r❡s✮✳ ❙t♦♥❡✲ ❜r❛❦❡r ❬✸✺( ❡①♣♦s❡s t❤❡ ♣r♦❜•❡♠s ❛♥❞ t❤❡ •✐♠✐ts t❤❛t ❛ ✉s❡r ♠❛② ❡♥❝♦✉♥t❡r ✇❤✐•❡ ✉s✐♥❣ ◆♦❙◗▲ ❞❛t❛ st♦r❡s ❡s♣❡❝✐❛••②✳ ❚❤❡s❡ ♣r♦❜•❡♠s ❞❡r✐✈❡ ❢r♦♠ t❤❡ •❛❝❦ ♦❢ st❛♥✲ ❞❛r❞✐③❛t✐♦♥ ❛♥❞ t❤❡ ❛❜s❡♥❝❡ ♦❢ ❛ ✉♥✐q✉❡ q✉❡r② •❛♥❣✉❛❣❡ ❛♥❞ ❆P■✱ ♥♦t ♦♥•② ❜❡✲ t✇❡❡♥ ◆♦❙◗▲ ❞❛t❛ st♦r❡s ❜✉t ❛•s♦ ❜❡t✇❡❡♥ r❡•❛t✐♦♥❛• ❞❛t❛ st♦r❡s ❛♥❞ ◆♦❙◗▲ ❞❛t❛ st♦r❡s✳ ❚♦ r✉•❡ ♦✉t t❤❡s❡ ♣r♦❜•❡♠s✱ t❤❡r❡ ❛r❡ ♥♦✇❛❞❛②s s♦♠❡ s✉❜st❛♥t✐❛• r❡s❡❛r❝❤ ✇♦r❦s ♣r♦♣♦s✐♥❣ s♦•✉t✐♦♥s t♦ ♣r♦✈✐❞❡ tr❛♥s♣❛r❡♥t ❛❝❝❡ss t♦ ❤❡t❡r♦❣❡♥❡♦✉s ❞❛t❛ st♦r❡s ❬✸✵✱ ✸✻✕✹✵(✳ ■♥ t❤✐s ❝♦♥t❡①t✱ s♦♠❡ ♦❢ t❤❡♠ ❛r❡ ❜❛s❡❞ ♦♥ t❤❡ ❞❡✜♥✐t✐♦♥ ♦❢ ❛ ♥❡✉tr❛• ❆P■❀ ♦t❤❡rs ❛r❡ ❜❛s❡❞ ♦♥ ❛ ❢r❛♠❡✇♦r❦ ❝❛♣❛❜•❡ t♦ s✉♣♣♦rt ❛❝❝❡ss t♦ ❞✐✛❡r❡♥t ❞❛t❛ st♦r❡s✳ ❏❉❇❈✿ ❏❛✈❛ ❉❛t❛❇❛s❡ ❈♦♥♥❡❝t✐✈✐t② ❬✸✻( ❉❡✈❡•♦♣❡rs ✉s❡❞ t♦ ✉s❡ ❏❉❇❈ ❢♦r •❛✈❛ ❛♣♣•✐❝❛t✐♦♥ ✐♥ ♦r❞❡r t♦ ✐♥t❡r❛❝t ✇✐t❤ ❞✐✛❡r❡♥t t②♣❡s ♦❢ r❡•❛t✐♦♥❛• ❞❛t❛ st♦r❡s ✭✐✳❡✳ ❖r❛❝•❡✱ ▼②❙◗▲✱ ❡t❝✳✮✳ ❍♦✇❡✈❡r✱ ✐♥t❡r❛❝t✐♥❣ ✇✐t❤ ❞✐✛❡r❡♥t t②♣❡s ♦❢ ❞❛t❛ st♦r❡s ✐s ♠♦r❡ ❝♦♠♣•❡① ✐♥ t❤❡ ❈•♦✉❞✬s ❝♦♥t❡①t ❜❡❝❛✉s❡ t❤❡r❡ ✐s ❛ •❛r❣❡ ♥✉♠❜❡r ♦❢ ♣♦s✲ s✐❜•❡ ❞❛t❛ st♦r❡s✱ ✇❤✐❝❤ ❛r❡ q✉✐t❡ ❤❡t❡r♦❣❡♥❡♦✉s ✐♥ ❛•• ❞✐♠❡♥s✐♦♥s✿ ❞❛t❛ ♠♦❞❡•s✱ q✉❡r② •❛♥❣✉❛❣❡s✱ tr❛♥s❛❝t✐♦♥ ♠♦❞❡•s✱ ❡t❝✳ ■♥ ♣❛rt✐❝✉•❛r✱ ◆♦❙◗▲ ❞❛t❛ st♦r❡s ❬✹✶( ❛r❡ ✇✐❞❡•② ✉s❡❞ ✐♥ ❈•♦✉❞ ❡♥✈✐r♦♥♠❡♥t ❛♥❞ ❛r❡ ♥♦t st❛♥❞❛r❞✐③❡❞ ❛t ❛••✿ t❤❡✐r ❞❛t❛ ♠♦❞❡•s ❛r❡ ❞✐✛❡r❡♥t ✭❦❡②✴✈❛•✉❡✱ ❞♦❝✉♠❡♥t✱ ❣r❛♣❤ ♦r ❝♦•✉♠♥✲♦r✐❡♥t❡❞✮✱ t❤❡✐r q✉❡r② •❛♥❣✉❛❣❡s ❛r❡ ♣r♦♣r✐❡t❛r② ❛♥❞ t❤❡② ✐♠♣•❡♠❡♥t ❝♦♥s✐st❡♥❝② ♠♦❞❡•s ❜❛s❡❞ ♦♥ ❡✈❡♥✲ t✉❛• ❝♦♥s✐st❡♥❝②✳ |❡•❛t❡❞ ❲♦r❦ ✷✼ ❆ |❊❙❚✲❜❛s❡❞ ❆P■ ❢♦r ❉❛t❛❜❛s❡✲❛s✲❛✲❙❡r✈✐❝❡ s②st❡♠s ❬✸✼( ❍❛s❡•♠❛♥♥ ❡t ❛•✳ ♣r❡s❡♥t ❛ ✉♥✐✈❡rs❛• |❊❙❚✲❜❛s❡❞ ❆P■ ❝♦♥❝❡♣t✳ ❚❤✐s ❆P■ ❛••♦✇s t♦ ✐♥t❡r❛❝t ✇✐t❤ ❞✐✛❡r❡♥t ❉❛t❛❜❛s❡✲❛s✲❛✲❙❡r✈✐❝❡s ✭❉❛❛❙s✮ ✇❤❡t❤❡r t❤❡② ❛r❡ ❜❛s❡❞ ♦♥ r❡•❛t✐♦♥❛• ♦r ◆♦❙◗▲ ❞❛t❛ st♦r❡s✳ ❚❤❡② ♣r♦♣♦s❡ ❛ ♥❡✇ t❡r♠✐♥♦•♦❣② ♦❢ ❞✐✛❡r❡♥t ❝♦♥❝❡♣ts ✐♥ ❡✐t❤❡r t②♣❡s ♦❢ ❞❛t❛ st♦r❡s✳ ■♥ ❢❛❝t✱ t❤❡② ✐♥tr♦❞✉❝❡ t❤❡ t❡r♠s ❡♥t✐t②✱ ❝♦♥t❛✐♥❡r✱ ❛♥❞ ❛ttr✐❜✉t❡ t♦ r❡♣r❡s❡♥t r❡s♣❡❝t✐✈❡•② ✭✐✮ ❛♥ ✐♥❢♦r♠❛t✐♦♥ ♦❜•❡❝t s✐♠✐•❛r t♦ ❛ t✉♣•❡ ✐♥ ❛ r❡•❛t✐♦♥❛• ❞❛t❛ st♦r❡✱ ✭✐✐✮ s❡t ♦❢ ✐♥❢♦r♠❛t✐♦♥ ♦❜•❡❝ts ❡q✉✐✈❛•❡♥t t♦ ❛ t❛❜•❡✱ ❛♥❞ ✭✐✐✐✮ t❤❡ ❝♦♥t❡♥t ♦❢ ❛♥ ✐♥❢♦r♠❛t✐♦♥ ♦❜•❡❝t✳ ❚❤❡s❡ t❡r♠s r❡♣r❡s❡♥t t❤❡ r❡s♦✉r❝❡s t❛r❣❡t❡❞ ❜② t❤❡✐r ❆P■✳ ❚❤✐s ❆P■ ❡♥❛❜•❡s ❡✐t❤❡r ❈|❯❉ ♦♣❡r❛t✐♦♥s ♦r ❝♦♠♣•❡① q✉❡r✐❡s ❡①❡❝✉t✐♦♥✳ ❍♦✇❡✈❡r✱ ❛✉t❤♦rs r❡♠❛✐♥ ♦♥•② t♦ t❤❡ ❝♦♥❝❡♣t✉❛• ♠♦❞❡• ❛♥❞ ❞♦ ♥♦t ❣✐✈❡ ❛♥② ❞❡t❛✐•s ❛❜♦✉t t❤❡ ✐♠♣•❡♠❡♥t❛t✐♦♥ •❡✈❡• ♦❢ t❤❡✐r ❆P■✳ ■♥ ❛❞❞✐t✐♦♥✱ t❤❡✐r r❡s♦✉r❝❡ ♠♦❞❡• ✐s ♥♦t ❣❡♥❡r✐❝ t♦ ❡❛❝❤ ❝❛t❡❣♦r② ♦❢ ❞❛t❛ st♦r❡✳ ❍❛s❡•♠❛♥♥ ❡t ❛•✳ ❞♦ ♥♦t ❞❡♥② t❤❛t ♣r♦♣♦s✐♥❣ s✉❝❤ ❛♥ ❆P■ ✐s ❛♥ ❛✇❦✇❛r❞ t❛s❦✳ ■♥❞❡❡❞✱ t❤❡② ♣♦✐♥t ♦✉t ✐♥ t❤❡✐r ♣❛♣❡r ❛ •✐st ♦❢ ♣r♦❜•❡♠s t❤❛t ❡♥❝♦✉♥t❡r t❤❡✐r ❆P■✳ ❖❉❛t❛✿ ❛♥ ❖♣❡♥ ❉❛t❛ Pr♦t♦❝♦• ❬✸✵( ❖❉❛t❛ ✐s ❛ |❊❙❚✲❜❛s❡❞ ✇❡❜ ♣r♦t♦❝♦• ❛••♦✇✐♥❣ ❞❛t❛ q✉❡r②✐♥❣ ❛♥❞ ✉♣❞❛t✐♥❣ ❜② ❜✉✐•❞✐♥❣ ❛♥❞ ❝♦♥s✉♠✐♥❣ |❊❙❚❢✉• ❆P■s✳ ❖♣❡r❛t✐♦♥s ♠❛② ❜❡ ❡✐t❤❡r ❈|❯❉ ♦♣❡r❛t✐♦♥s ♦r s♦♠❡ ❝♦♠♣•❡① q✉❡r✐❡s ❡①♣r❡ss❡❞ ✉s✐♥❣ t❤❡ ❖❉❛t❛✲❞❡✜♥❡❞ q✉❡r② •❛♥❣✉❛❣❡✳ ❖❉❛t❛ ❡♥❛❜•❡s t♦ ♣✉❜•✐s❤ ❛♥❞ ❡❞✐t r❡✲ s♦✉r❝❡s ✈✐❛ ✇❡❜ ❝•✐❡♥ts ✇✐t❤✐♥ ❝♦r♣♦r❛t❡ ♥❡t✇♦r❦ ❛♥❞ ❛❝r♦ss t❤❡ ✐♥t❡r♥❡t ✉s✐♥❣ s✐♠♣•❡ ❍❚❚P ♠❡ss❛❣❡s✳ |❡s♦✉r❝❡s ❛r❡ ✐❞❡♥t✐✜❡❞ ✉s✐♥❣ ❯|■s ❛♥❞ ❞❡✜♥❡❞ ❜❛s❡❞ ♦♥ ❛♥ ❛❜str❛❝t ❞❛t❛ ♠♦❞❡•✳ ❉❛t❛ ❛r❡ r❡♣r❡s❡♥t❡❞ ✉s✐♥❣ ❛ ❏❙❖◆✲❜❛s❡❞ ❢♦r♠❛t ♦r ❛ ❳▼▲✲❜❛s❡❞ ❢♦r♠❛t✳ ❊✈❡♥ ✐❢ t❤✐s ❛♣♣r♦❛❝❤ s❡❡♠s q✉✐t❡ ♣r♦♠✐s✐♥❣✱ ✐t ✐s ♠♦r❡ ❛ s♣❡❝✐✜❝❛t✐♦♥ t❤❛♥ ❛♥ ✐♠♣•❡♠❡♥t❛t✐♦♥ ❡s♣❡❝✐❛••② ❢♦r t❤❡ ♠❛♥❛❣❡♠❡♥t ♦❢ ❝♦♠♣•❡① q✉❡r✐❡s✳ ❚❤❡ q✉❡r② •❛♥❣✉❛❣❡ ✐s ❛•s♦ ♥♦t ✇❡•• ✈❡r② ❞❡✜♥❡❞ ❢♦r t❤❡ ♠♦♠❡♥t✳ ❙♣r✐♥❣ ❉❛t❛ ❋r❛♠❡✇♦r❦ ❬✸✽( ❚❤❡ ❙♣r✐♥❣ ❉❛t❛ ❋r❛♠❡✇♦r❦ ♣r♦✈✐❞❡s s♦♠❡ ❣❡♥❡r✐❝ ❛❜str❛❝t✐♦♥s t♦ ❤❛♥❞•❡ ❞✐✛❡r❡♥t t②♣❡s ♦❢ ◆♦❙◗▲ ❛♥❞ r❡•❛t✐♦♥❛• ❞❛t❛ st♦r❡s✳ ❚❤❡s❡ ❛❜str❛❝t✐♦♥s ❛r❡ r❡✜♥❡❞ ❢♦r ❡❛❝❤ ❞❛t❛ st♦r❡✳ ■♥ ❛❞❞✐t✐♦♥✱ t❤❡② ❛r❡ ❜❛s❡❞ ♦♥ ❛ ❝♦♥s✐st❡♥t ♣r♦❣r❛♠♠✐♥❣ ♠♦❞❡• ✉s✐♥❣ ❛ s❡t ♦❢ ♣❛tt❡r♥s ❛♥❞ ❛❜str❛❝t✐♦♥s ❞❡✜♥❡❞ ❜② t❤❡ ❙♣r✐♥❣ ❋r❛♠❡✇♦r❦✳ ◆❡✈❡rt❤❡•❡ss✱ ❛❞❞✐♥❣ ❛ ♥❡✇ ❞❛t❛ st♦r❡ ✐s ♥♦t s♦ ❡❛s② ❛♥❞ t❤❡ s♦•✉t✐♦♥ ✐s str♦♥❣•② •✐♥❦❡❞ t♦ t❤❡ ❏❛✈❛ ♣r♦❣r❛♠♠✐♥❣ ♠♦❞❡•✳ ❙❖❙✿ ❆ ✉♥✐❢♦r♠ ❛❝❝❡ss t♦ ♥♦♥✲r❡•❛t✐♦♥❛• ❞❛t❛ st♦r❡s ❬✸✾( ❆t③❡♥✐ ❡t ❛•✳ ♣r♦♣♦s❡ ❛ ❝♦♠♠♦♥ ♣r♦❣r❛♠♠✐♥❣ ✐♥t❡r❢❛❝❡ t♦ s❡❛♠•❡ss•② ❛❝❝❡ss t♦ ◆♦❙◗▲ ❛♥❞ r❡•❛t✐♦♥❛• ❞❛t❛ st♦r❡s r❡❢❡rr❡❞ t♦ ❛s ❙❛✈❡ ❖✉r ❙②st❡♠s ✭❙❖❙✮✳ ❙❖❙ ✐s ❛ ❞❛t❛❜❛s❡ ❛❝❝❡ss •❛②❡r ❜❡t✇❡❡♥ ❛♥ ❛♣♣•✐❝❛t✐♦♥ ❛♥❞ t❤❡ ❞✐✛❡r❡♥t ❞❛t❛ st♦r❡s✳ ❚♦ ❞♦ s♦✱ ❛✉t❤♦rs ❞❡✜♥❡ ❛ ❝♦♠♠♦♥ ✐♥t❡r❢❛❝❡ t♦ ❛❝❝❡ss ❞✐✛❡r❡♥t ◆♦❙◗▲ ❞❛t❛ st♦r❡s ❛♥❞ ❛ ❝♦♠♠♦♥ ❞❛t❛ ♠♦❞❡• t♦ ♠❛♣ ❛♣♣•✐❝❛t✐♦♥ r❡q✉❡sts t♦ t❤❡ t❛r❣❡t ❞❛t❛ st♦r❡✳ ❚❤❡② ❛r❣✉❡ t❤❛t ❙❖❙ ❝❛♥ ❜❡ ❡①t❡♥❞❡❞ t♦ ✐♥t❡❣r❛t❡ r❡•❛t✐♦♥❛• ❞❛t❛ st♦r❡❀ ♠❡❛♥✇❤✐•❡✱ t❤❡r❡ ✐s ♥♦ ♣r♦♦❢ ♦❢ t❤❡ ❡✣❝✐❡♥❝② ❛♥❞ t❤❡ ❡①t❡♥s✐❜✐•✐t② ♦❢ t❤❡✐r s②st❡♠✳ ❖◆❉▼✿ ❛♥ ♦❜•❡❝t ◆♦❙◗▲ ❉❛t❛st♦r❡ ▼❛♣♣❡r ❬✹✵( ❖❜•❡❝t✲◆♦❙◗▲ ❉❛t❛✲ st♦r❡ ▼❛♣♣❡r ✭❖◆❉▼✮ ✐s ❛ ❢r❛♠❡✇♦r❦ ❛✐♠✐♥❣ ❛t ❢❛❝✐•✐t❛t✐♥❣ ♣❡rs✐st❡♥t ♦❜•❡❝ts ✷✽ ❙t❛t❡ ❖❢ ❚❤❡ ❆rt st♦r❛❣❡ ❛♥❞ r❡tr✐❡✈❛• ✐♥ ◆♦❙◗▲ ❞❛t❛ st♦r❡s✳ ■♥ ❢❛❝t✱ ✐t ♦✛❡rs t♦ ◆♦❙◗▲✲❜❛s❡❞ ❛♣♣•✐❝❛t✐♦♥s ❞❡✈❡•♦♣❡rs ❛♥ ❖❜•❡❝t |❡•❛t✐♦♥❛• ▼❛♣♣✐♥❣✲•✐❦❡ ✭❖|▼✲•✐❦❡✮ ❆P■ ✭❡✳❣✳ ❏P❆ ❆P■✮✳ ❍♦✇❡✈❡r✱ ❖◆❉▼ ❞♦❡s ♥♦t t❛❦❡ ✐♥t♦ ❛❝❝♦✉♥t r❡•❛t✐♦♥❛• ❞❛t❛ st♦r❡s✳ ❙②♥t❤❡s✐s ■♥ t❤✐s s❡❝t✐♦♥✱ ✇❡ ✐♥tr♦❞✉❝❡❞ ❛♥ ♦✈❡r✈✐❡✇ ♦♥ ❡①✐st✐♥❣ ✇♦r❦s r❡•❛t❡❞ t♦ ❛❝❝❡ss✐♥❣ ♠✉•t✐♣•❡ ❞❛t❛ st♦r❡s ✐♥ ❛ ✉♥✐q✉❡ ✇❛②✳ ■♥ t❤❡ ❢♦••♦✇✐♥❣✱ ✇❡ ✇✐•• s❤♦✇ ❤♦✇ t❤❡ ♣r❡s❡♥t❡❞ ✇♦r❦s ❢❛✐•❡❞ t♦ ❝♦✈❡r s♦♠❡ ♦❢ t❤❡ ♦❜•❡❝t✐✈❡s t❤❛t ✇❡ ❞r❡ss❡❞ ✐♥ ❈❤❛♣t❡r ✶ ❡s♣❡❝✐❛••② ✇❤❡♥ ✐t ❝♦♥s✐sts ♦♥ ❛❝❝❡ss✐♥❣ ◆♦❙◗▲ ❞❛t❛ st♦r❡s✳ ◆♦✇❛❞❛②s✱ ◆♦❙◗▲ ❞❛t❛ st♦r❡s ❡♥t❡r t❤❡ st❛❣❡ ♦❢ ♣r♦✈✐❞✐♥❣ ♠♦r❡ s❝❛•❛❜✐•✐t② ❛♥❞ ✢❡①✐❜✐•✐t② ✐♥ t❡r♠s ♦❢ ❞❛t❛❜❛s❡s ✐♥ ❈•♦✉❞ ❡♥✈✐r♦♥♠❡♥t✳ ◆❡✈❡rt❤❡•❡ss✱ t❤❡r❡ ✐s ❛ ❣❛♣ t♦ ✜•• ✐♥ t❡r♠s ♦❢ ❞❡✈❡•♦♣❡r s✉♣♣♦rt✳ ■♥❞❡❡❞✱ ❡❛❝❤ t②♣❡ ♦❢ ◆♦❙◗▲ ❞❛t❛ st♦r❡s ❡①♣♦s❡s ❞✐✛❡r❡♥t tr❛✐ts✱ ❞r✐✈❡rs✱ ❆P■s✱ ❛♥❞ ❞❛t❛ ♠♦❞❡•s✳ ■♥ ♠♦st ♦❢ t❤❡ t✐♠❡✱ ❛♣♣•✐❝❛t✐♦♥ ❞❡✈❡•♦♣❡rs ❛r❡ •♦st ✐♥ t❤✐s ♣•❡t❤♦r❛ ♦❢ ❞❛t❛ st♦r❡s ❛♥❞ t❤❡② ❤❛✈❡ t♦ ♠❛♥❛❣❡ t❤❛t ❜② ❤♦♦❦ ♦r ❜② ❝r♦♦❦✳ ❆•• t❤❛t ✇✐•• ❞❡❣r❛❞❡ t❤❡ ❞❡✈❡•♦♣❡r ♣r♦❞✉❝t✐✈✐t②✳ ❲❡ ♣r♦♣♦s❡ ❛ s②♥t❤❡s✐s ♦❢ t❤❡ st✉❞✐❡❞ ✇♦r❦s ❜❛s❡❞ ♦♥ ❝r✐t❡r✐❛ ❞❡r✐✈❡❞ ❞✐r❡❝t•② ❢r♦♠ ♦✉r ♠❛✐♥ ♦❜•❡❝t✐✈❡ ✇❤✐❝❤ ✐s s✉♣♣♦rt✐♥❣ ♠✉•t✐♣•❡ ❞❛t❛ st♦r❡s ❜❛s❡❞ ❛♣♣•✐❝❛t✐♦♥s ❞❡✈❡•♦♣❡rs ✐♥ ❈•♦✉❞ ❡♥✈✐r♦♥♠❡♥t ✭s❡❡ ❚❛❜•❡ ✷✳✷✮✳ ❚❤✐s ❝❛♥ ❜❡ ♣r♦✈✐❞❡❞ ❜② ❡♥s✉r✐♥❣ ❛ ✉♥✐q✉❡ ❛❝❝❡ss ❢♦r r❡•❛t✐♦♥❛• ❛♥❞ ◆♦❙◗▲ ❞❛t❛ st♦r❡s✳ ❋♦r t❤✐s ♣✉r♣♦s❡ ✇❡ ✜① ❛ s❡t ♦❢ s✐① r❡q✉✐r❡♠❡♥ts✳ ■♥❞❡❡❞✱ ✇❡ ❝❤❡❝❦ ✐❢ t❤❡ ♣r♦♣♦s❡❞ ✇♦r❦s ❛r❡ ✉♥✐q✉❡ ❆P■ ❛♥❞ ❜❛s❡❞ ♦♥ |❊❙❚ ❛r❝❤✐t❡❝t✉r❡✳ ❚❤❡♥✱ ✇❡ ✈❡r✐❢② ✇❤❡t❤❡r t❤❡s❡ ✇♦r❦s t❛❦❡ ✐♥t♦ ❛❝❝♦✉♥t r❡•❛t✐♦♥❛• ❛♥❞ ◆♦❙◗▲ ❞❛t❛ st♦r❡s ♦r ♥♦t✳ ❆❢t❡r✇❛r❞✱ ✇❡ ♠❛❦❡ s✉r❡ t❤❛t t❤❡s❡ ✇♦r❦s ❛••♦✇ t❤❡ ♣♦rt❛❜✐•✐t② ♦❢ t❤❡ s♦✉r❝❡ ❝♦❞❡ ♦❢ t❤❡ ❛♣♣•✐❝❛t✐♦♥ ♦r ♥♦t✳ P♦rt❛❜✐•✐t② ♠❡❛♥s t❤❡ ♣♦ss✐❜✐•✐t② ♦❢ ✉s✐♥❣ ❞✐✛❡r❡♥t ♣r♦❣r❛♠♠✐♥❣ •❛♥❣✉❛❣❡s✳ ❋✐♥❛••②✱ ✇❡ ❝❤❡❝❦ t❤❡ ❡①t❡♥❞❛❜✐•✐t② ♦❢ t❤❡ ♣r♦♣♦s❡❞ ❆P■s✳ ❇② ❡①t❡♥❞❛❜✐•✐t② ✇❡ ♠❡❛♥ t❤❡ ♣♦ss✐❜✐•✐t② ♦❢ ❛❞❞✐♥❣ ❛ ♥❡✇ ❞❛t❛ st♦r❡ ✐♥ t❤❡ ❆P■✳ ✷✳✸✳✸ ❚r❛♥s♣❛r❡♥t ❆❝❝❡ss ❚♦ ■♥t❡❣r❛t❡❞ ❉❛t❛ ❙t♦r❡s ❊♥s✉r✐♥❣ tr❛♥s♣❛r❡♥t ❛❝❝❡ss t♦ ❤❡t❡r♦❣❡♥❡♦✉s ❞❛t❛ st♦r❡s ✐s ❛ ❝•❛ss✐❝❛• ♣r♦❜•❡♠ ✇❤✐❝❤ ❤❛s ❜❡❡♥ ✇✐❞❡•② ❛❞❞r❡ss❡❞ ❜② t❤❡ ♠❡❞✐❛t✐♦♥ ❝♦♠♠✉♥✐t② ❬✹✷(✳ ❚✇♦ ❝♦♠♣♦✲ ♥❡♥ts ❛r❡ ✉s❡❞ t♦ ❛••♦✇ ❞✐✛❡r❡♥t ❞❛t❛ s♦✉r❝❡s t♦ ❜❡ ✐♥t❡❣r❛t❡❞ ❛♥❞ ♠❛♥✐♣✉•❛t❡❞ ✐♥ ❛ tr❛♥s♣❛r❡♥t ✇❛②✿ ❛ ♠❡❞✐❛t♦r ❛♥❞ ❛❞❛♣t❡rs✳ ❚❤❡ ♠❡❞✐❛t♦r ❤✐❞❡s t❤❡ s♦✉r❝❡s t♦ ❛♣✲ ♣•✐❝❛t✐♦♥s✳ ■t ✐♠♣•❡♠❡♥ts ❛ ❣•♦❜❛• s❝❤❡♠❛ ❞❡s❝r✐❜❡❞ ✐♥ ❛ ♥❡✉tr❛• ❞❛t❛ ♠♦❞❡• ❛♥❞ ✐♥❝•✉❞✐♥❣ ❛•• t❤❡ ✐♥❢♦r♠❛t✐♦♥ t♦ s❤❛r❡✳ ❆♣♣•✐❝❛t✐♦♥s ✐ss✉❡ q✉❡r✐❡s ♦♥ t❤❡ ❣•♦❜❛• s❝❤❡♠❛ ✉s✐♥❣ t❤❡ q✉❡r② •❛♥❣✉❛❣❡ ❛ss♦❝✐❛t❡❞ t♦ t❤❡ ♥❡✉tr❛• ❞❛t❛ ♠♦❞❡• ❛♥❞ t❤❡ ♠❡❞✐❛t♦r r❡✇r✐t❡s t❤❡s❡ q✉❡r✐❡s ❛s s✉❜✲q✉❡r✐❡s ❛♥❞ s❡♥❞s t❤❡♠ t♦ t❤❡ t❛r❣❡t ❞❛t❛ s♦✉r❝❡s✳ ❊❛❝❤ ❞❛t❛ s♦✉r❝❡ ✐s ❡♥❝❛♣s✉•❛t❡❞ ❜② ❛♥ ❛❞❛♣t❡r tr❛♥s❢♦r♠✐♥❣ ❛ ♥❡✉tr❛• q✉❡r② ✐♥t♦ ❛ ✭s❡t ♦❢✮ ❞❛t❛ s♦✉r❝❡ q✉❡r②✳ ■♥ t❤✐s s❡❝t✐♦♥✱ ✇❡ ♣r❡s❡♥t s♦♠❡ s✉❜st❛♥t✐❛• ✇♦r❦s ♣r♦♣♦s✐♥❣ ❞✐✛❡r❡♥t ♠❡❞✐❛t✐♦♥✲ ❜❛s❡❞ ❛♣♣r♦❛❝❤❡s t♦ ❡♥s✉r❡ tr❛♥s♣❛r❡♥t ❛❝❝❡ss ❤❡t❡r♦❣❡♥❡♦✉s ❞❛t❛ st♦r❡s ❬✷✷✱ ✹✸✕ ✺✵(✳ |❡•❛t❡❞ ❲♦r❦ ✷✾ ❤ ❤ ❤ ❤ ❤ ❤ ❤ ❤ ❤ ❤ ❤ ❤ ❤ ❤ ❤ ❤ ❤ ❙t✉❞✐❡❞ ❙♦•✉t✐♦♥s ❈r✐t❡r✐❛ ❯♥✐q✉❡ ❆P■ |❊❙❚ ❜❛s❡❞ ❆P■ ◆♦❙◗▲ ❞❛t❛ st♦r❡s |❡•❛t✐♦♥❛• ❞❛t❛ st♦r❡s P♦rt❛❜✐•✐t② ❊①t❡♥❞❛❜✐•✐t② ❏❉❇❈ ❬✸✻( + --+ -+ ❍❛s❡•♠❛♥♥ + + + + -- ❡t ❛•✳ ❬✸✼( ❖❉❛t❛ ❬✸✵( + + + + + - ❙♣r✐♥❣ ❉❛t❛ + + + + -- ❋r❛♠❡✇♦r❦ ❬✸✽( ❙❖❙ ❬✸✾( + -+ --- ❖◆❉▼ ❬✹✵( + -+ --- ❚❛❜•❡ ✷✳✷✿ ❙②♥t❤❡s✐s ♦❢ t❤❡ r❡•❛t❡❞ ✇♦r❦s ❡♥s✉r✐♥❣ ❡❛s② ❛❝❝❡ss t♦ ♠✉•t✐♣•❡ ❞❛t❛ st♦r❡s ❚❙■▼▼■❙✿ ❛ ♠❡❞✐❛t✐♦♥✲❜❛s❡❞ s②st❡♠ ❬✷✷( ❚❤❡ ❙t❛♥❞❢♦r❞✲■❇▼ ▼❛♥❛❣❡r ♦❢ ▼✉•t✐♣•❡ ■♥❢♦r♠❛t✐♦♥ s♦✉r❝❡s ✭❚❙■▼▼■❙✮ ✐s ❛ ♠❡❞✐❛t✐♦♥✲❜❛s❡❞ s②st❡♠ t♦ ✐♥t❡❣r❛t❡ ❞❛t❛ st♦r❡s✳ ❚❤❡ ❦❡② ✐♥❣r❡❞✐❡♥ts ♦❢ t❤✐s s②st❡♠ ❛r❡✿ ✭✶✮ ❛ ✉♥✐✜❡❞ ❞❛t❛ ♠♦❞❡• ❝❛••❡❞ ❖❊▼ ✭s❡❡ ❙❡❝t✐♦♥ ✷✳✸✳✶✮✱ ✭✷✮ ❛ ♠❡❞✐❛t♦r✱ ✭✸✮ ✇r❛♣♣❡rs✱ ❛♥❞ ✭✹✮ t❤❡ ▲❖|❊▲ q✉❡r② •❛♥❣✉❛❣❡✳ ❆•t❤♦✉❣❤ t❤✐s ✇♦r❦ r❡♣r❡s❡♥ts ❛♥ ✐♠♣♦rt❛♥t r❡❢❡r❡♥❝❡ ✐♥ t❤❡ ✜❡•❞ ♦❢ ❞❛t❛ ✐♥t❡❣r❛t✐♦♥✱ ✐t ✐s ♥♦t ❛✈❛✐•❛❜•❡ t♦❞❛② t♦ ✐♥t❡❣r❛t❡ ◆♦❙◗▲ ❞❛t❛ st♦r❡s ❛♥❞ ♠❛♥❛❣❡ ❞❛t❛ ✇✐t❤ ❜✐❣ s✐③❡✳ •❆|▲■❈✿ ✐♥t❡❣r❛t✐♥❣ r❡•❛t✐♦♥❛• ❛♥❞ ♥♦♥✲r❡•❛t✐♦♥❛• ❞❛t❛ st♦r❡s ✐♥t♦ ❛ ❢❡❞❡r❛t✐♦♥ ❬✹✸( •❆|▲■❈ ✐s ❛ s♦•✉t✐♦♥ t♦ ❜✉✐•❞ ❛ ❢❡❞❡r❛t❡❞ ❞❛t❛❜❛s❡ s②st❡♠ t❤❛t ❡✛❡❝t✐✈❡•② ❡①♣•♦✐ts t❤❡ q✉❡r② ❝❛♣❛❜✐•✐t✐❡s ♦❢ t❤❡ ✉♥❞❡r•②✐♥❣ ❞❛t❛ st♦r❡s ♦❢ t②♣❡ ■❇▼ ❉❇✷✱ ✇❤✐•❡ ✉s✐♥❣ ❛ q✉❡r② ♣r♦❝❡ss♦r ❝♦♠♣♦♥❡♥t t♦ ❞❡✈❡•♦♣ ♦♣t✐♠✐③❡❞ ❡①❡❝✉t✐♦♥ ♣•❛♥s ❛♥❞ ❝♦♠♣❡♥s❛t❡ ❢♦r ❛♥② ❢✉♥❝t✐♦♥❛•✐t② t❤❛t t❤❡ ❞❛t❛ s♦✉r❝❡s ♠❛② •❛❝❦✳ ■❇▼ ❉❇✷ ❛r❡ ❞❛t❛❜❛s❡ ♠❛♥❛❣❡♠❡♥t s②st❡♠s t❤❛t ✐♥✈♦•✈❡ r❡•❛t✐♦♥❛• ❞❛t❛✱ ♦❜•❡❝t✲♦r✐❡♥t❡❞ ❞❛t❛✱ ❛♥❞ ♥♦♥✲r❡•❛t✐♦♥❛• ❞❛t❛ •✐❦❡ ❏❙❖◆ ❛♥❞ ❳▼▲✳ ■♥ •❆|▲■❈✱ ❛♣♣•✐❝❛t✐♦♥s ❡①♣r❡ss t❤❡✐r q✉❡r✐❡s ✉s✐♥❣ ❙◗▲ ❛♥❞ s❡♥❞ t❤❡♠ t♦ t❤❡ ❢❡❞❡r❛t❡❞ s❡r✈❡r✳ ❚❤✐s •❛tt❡r ❝♦♦♣❡r❛t❡s ✇✐t❤ ✇r❛♣♣❡rs ♦❢ t❤❡ ✐♥t❡❣r❛t❡❞ ❞❛t❛ st♦r❡s t♦ ❝♦♥str✉❝t ❛♥ ♦♣t✐♠❛• ❡①❡❝✉t✐♦♥ ♣•❛♥✳ ❚❤✐s ❡①❡❝✉t✐♦♥ ♣•❛♥ ❝♦♥t❛✐♥s t❤❡ ❞❡❝♦♠♣♦s✐t✐♦♥ ♦❢ t❤❡ q✉❡r② ✐♥t♦ s✉❜✲q✉❡r✐❡s ❛♥❞ t❤❡ ♦♣t✐♠❛• s❡q✉❡♥❝✐♥❣ ♦❢ t❤❡ ❡①❡❝✉t✐♦♥ ♦❢ t❤❡ s✉❜✲ q✉❡r✐❡s ✐♥ t❤❡ ✐♥t❡❣r❛t❡❞ ❞❛t❛ st♦r❡s✳ |❡s✉•t s❡ts ♦❢ t❤❡s❡ q✉❡r✐❡s ❛r❡ r❡t✉r♥❡❞ t♦ t❤❡ ❢❡❞❡r❛t❡❞ s❡r✈❡r ✐♥ ♦r❞❡r t♦ ❝♦♥str✉❝t t❤❡ ✜♥❛• r❡s✉•t s❡t ❛♥❞ r❡t✉r♥ ✐t t♦ t❤❡ ❛♣♣•✐❝❛t✐♦♥✳ ❉❡s♣✐t❡ ✐ts ✇✐❞❡s♣r❡❛❞♥❡ss✱ •❆|▲■❈ ♣r❡s❡♥ts s♦♠❡ s❤♦rt❝♦♠✐♥❣s✳ ❋♦r ✐♥st❛♥❝❡✱ ✐t ❞♦❡s ♥♦t s✉♣♣♦rt ◆♦❙◗▲ ❞❛t❛ st♦r❡s ✐♥t❡❣r❛t✐♦♥ ✇❤✐❝❤ ✐s ♥❡❝❡ss❛r② ✸✵ ❙t❛t❡ ❖❢ ❚❤❡ ❆rt ♥♦✇❛❞❛②s✳ ❉❛t❛ ✐♥t❡❣r❛t✐♦♥ ♦✈❡r ◆♦❙◗▲ st♦r❡s ✉s✐♥❣ ❛❝❝❡ss ♣❛t❤ ❜❛s❡❞ ♠❛♣♣✐♥❣s ❬✹✹✱ ✹✺( ❈✉ré ❡t ❛•✳ ❬✹✹( ♣r♦♣♦s❡ ❛ ❞❛t❛ ✐♥t❡❣r❛t✐♦♥ s②st❡♠ t♦ ❡♥❛❜•❡ q✉❡r②✐♥❣ ◆♦❙◗▲ ❛♥❞ r❡•❛t✐♦♥❛• ❞❛t❛ st♦r❡s✳ ❚❤❡✐r ❛♣♣r♦❛❝❤ ❝♦♥s✐❞❡rs t❤❡ ❢♦••♦✇✐♥❣ ❛s✲ s✉♠♣t✐♦♥s✿ ✭✶✮ t❤❡ ❣•♦❜❛• s❝❤❡♠❛ ✐s ❛ st❛♥❞❛r❞ r❡•❛t✐♦♥❛• ❞❛t❛ ♠♦❞❡• s✐♥❝❡ t❤❡ ♠❛•♦r✐t② ♦❢ ❡♥❞✲✉s❡rs ❛r❡ ❢❛♠✐•✐❛r ✇✐t❤ t❤✐s ♠♦❞❡• ❛♥❞ ✐ts q✉❡r② •❛♥❣✉❛❣❡✱ ❛♥❞ ✭✷✮ t❤❡ s♦✉r❝❡s ❝❛♥ ❜❡ ♦❢ t②♣❡ r❡•❛t✐♦♥❛• ♦r ◆♦❙◗▲✳ ❚♦ s✉♣♣♦rt t❤❡ ❡①❡❝✉t✐♦♥ q✉❡r✐❡s ♦✈❡r ◆♦❙◗▲ ❞❛t❛ st♦r❡s✱ t❤❡② ❞❡✜♥❡ ❛ ♠❛♣♣✐♥❣ •❛♥❣✉❛❣❡ t♦ ♠❛♣ ❛ttr✐❜✉t❡s ♦❢ t❤❡ ❞❛t❛ st♦r❡s t♦ t❤❡ ❣•♦❜❛• s❝❤❡♠❛ ❛♥❞ ❛ ❇r✐❞❣❡ ◗✉❡r② ▲❛♥❣✉❛❣❡ ✭❇◗▲✮ t♦ r❡✇r✐t❡ q✉❡r✐❡s✳ ■♥ ❛ s❡❝♦♥❞ st❡♣✱ ❈✉ré ❡t ❛•✳ ❬✹✺( ❡①t❡♥❞ t❤❡✐r s♦•✉t✐♦♥ ❜② ✉s✐♥❣ ❛♥ ❖♥t♦•✲ ♦❣② ❇❛s❡❞ ❉❛t❛ ❆❝❝❡ss ✭❖❇❉❆✮✳ ❆❞❞✐t✐♦♥❛••②✱ t❤❡② r❡♣•❛❝❡ ❇◗▲ ✇✐t❤ ❙P❆|◗▲ ✸ ✳ ❆•t❤♦✉❣❤ t❤❡✐r ♣r♦♣♦s❛• ✐s ♣r♦♠✐s✐♥❣✱ t❤❡r❡ ❛r❡ s♦♠❡ •❛❝❦✐♥❣ ❢✉♥❝t✐♦♥❛•✐t✐❡s ✭✐✳❡✳✱ ♥♦ q✉❡r② ♦♣t✐♠✐③❛t✐♦♥ ❛t t❤❡ ❣•♦❜❛• •❡✈❡•✱ ♥♦ ❝♦♠♣•❡① q✉❡r② ❡①❡❝✉t✐♦♥✱ ❡t❝✳✮✳ ■♥✲ ❞❡❡❞✱ ❛✉t❤♦rs ❞♦ ♥♦t ❞❡✜♥❡ ❛ ❝♦st ♠♦❞❡• t♦ ♦♣t✐♠✐③❡ t❤❡ ❡①❡❝✉t✐♦♥ ♦❢ t❤❡ q✉❡r✐❡s✳ ■♥ ❛❞❞✐t✐♦♥✱ t❤❡② ❞♦ ♥♦t s✉♣♣♦rt ❛•• ◆♦❙◗▲ ❞❛t❛ st♦r❡s ✭♦♥•② ❞♦❝✉♠❡♥t ♦♥❡✮✳ ❇✐❣■♥t❡❣r❛t♦r✿ ❛ ♠❡❞✐❛t✐♦♥ ❜❛s❡❞ r❡•❛t✐♦♥❛• ❛♥❞ ❈•♦✉❞s✬ ❞❛t❛ st♦r❡s ✐♥t❡❣r❛t✐♦♥ ❬✹✻( ❚❤❡ ❇✐❣■♥t❡❣r❛t♦r ✐s ❛ ♠❡❞✐❛t✐♦♥ ❜❛s❡❞ s②st❡♠ ❡♥❛❜•✐♥❣ t❤❡ ✐♥t❡❣r❛t✐♦♥ ♦❢ r❡•❛t✐♦♥❛• ❛♥❞ ❈•♦✉❞✲❜❛s❡❞ ✭✐✳❡✳ ❇✐❣t❛❜•❡✮ ❞❛t❛ st♦r❡s✳ ■♥ t❤✐s s②s✲ t❡♠✱ ❛✉t❤♦rs ♣r♦♣♦s❡ t♦ ✉s❡ ❙◗▲ ❛s ❛ q✉❡r② •❛♥❣✉❛❣❡ ✐♥ ♦r❞❡r t♦ •♦✐♥ ❞❛t❛ st♦r❡❞ ✐♥ ❇✐❣t❛❜•❡ ❛♥❞ r❡•❛t✐♦♥❛• ❞❛t❛ st♦r❡s ❛♥❞ t❤❡② ❞❡✜♥❡ ❛ |❉❇▼❙ ✇r❛♣♣❡r ❛♥❞ ❛ ❇✐❣t❛❜•❡ ✇r❛♣♣❡r ❢♦r ❡❛❝❤ ❦✐♥❞ ♦❢ t❤❡ ✐♥t❡❣r❛t❡❞ ❞❛t❛ st♦r❡✳ ■♥ ❛❞❞✐t✐♦♥✱ t❤❡② ♣r♦♣♦s❡ t❤❡ ❇✐❣■♥t❡❣r❛t♦r q✉❡r② ♣r♦❝❡ss♦r •❛②❡r t❤❛t ♣•❛②s t❤❡ r♦•❡ ♦❢ t❤❡ ♠❡❞✐❛✲ t♦r✳ ❚❤✐s •❛②❡r ❡♥❛❜•❡s q✉❡r✐❡s r❡✲✇r✐t✐♥❣ ✐♥t♦ tr❡❡s ❛♥❞ ❉❛t❛•♦❣ q✉❡r✐❡s✱ q✉❡r✐❡s ♦♣t✐♠✐③❛t✐♦♥ ❛♥❞ ❛•❣❡❜r❛ ♦♣❡r❛t✐♦♥s ❜❛s❡❞ ❡①❡❝✉t✐♦♥ ♣•❛♥ ❣❡♥❡r❛t✐♦♥✳ ❚❤❡ ❦❡② ✐♥✲ ❣r❡❞✐❡♥ts ♦❢ t❤✐s •❛②❡r ❛r❡ ✭✶✮ t❤❡ ❛❜s♦r❜❡r ♠❛♥❛❣❡r t❤❛t t❛❦❡s t❤❡ ❉❛t❛•♦❣ q✉❡r② ❛♥❞✱ ❢♦r ❡❛❝❤ s♦✉r❝❡ ♣r❡❞✐❝❛t❡ r❡❢❡r❡♥❝❡❞ ✐♥ t❤❡ q✉❡r②✱ ❝❛••s t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❛❜s♦r❜❡r ♦❢ ✐ts ✇r❛♣♣❡r✱ ❛♥❞ ✭✷✮ t❤❡ ✜♥❛•✐③❡r ♠❛♥❛❣❡r t❤❛t t❛❦❡s t❤❡ ❛•❣❡❜r❛ ❡①✲ ♣r❡ss✐♦♥ ❛♥❞✱ ❢♦r ❡❛❝❤ ❛❝❝❡ss ✜•t❡r ♦♣❡r❛t♦r r❡❢❡r❡♥❝❡❞ ✐♥ t❤❡ ❛•❣❡❜r❛ ❡①♣r❡ss✐♦♥✱ ❝❛••s t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ✜♥❛•✐③❡r ♦❢ ✐ts ✇r❛♣♣❡r✳ ❉❡s♣✐t❡ ✐ts ✐♠♣♦rt❛♥❝❡✱ t❤❡ ❇✐❣✲ ■♥t❡❣r❛t♦r s②st❡♠ str❡ss❡s s♦♠❡ •✐♠✐t❛t✐♦♥s✳ ■♥❞❡❡❞✱ ✐t s✉✛❡rs ❢r♦♠ t❤❡ •❛❝❦ ♦❢ ❣❡♥❡r❡❝✐t② s✐♥❝❡ ✐t s✉♣♣♦rts •✉st ♦♥❡ ♣❛rt✐❝✉•❛r ◆♦❙◗▲ ❞❛t❛ st♦r❡ ✭✐✳❡✳ ❇✐❣t❛❜•❡✮✳ ❇❡s✐❞❡s✱ ✐❢ ❛ ✉s❡r ✇❛♥ts t♦ ✐♥t❡❣r❛t❡ ❛ ♥❡✇ ❞❛t❛ st♦r❡✱ ❤❡✴s❤❡ ❤❛s t♦ ❞❡✜♥❡ ❛ ✇❡•• t❛✐•♦r❡❞ ✇r❛♣♣❡r t♦ t❤✐s ❞❛t❛ st♦r❡✱ ❛♥ ❛❜s♦r❜❡r ♠❛♥❛❣❡r✱ ❛♥❞ ❛ ✜♥❛•✐③❡r ♠❛♥❣❡r✳ ❇r✐❞❣✐♥❣ r❡•❛t✐♦♥❛• ❛♥❞ ❞♦❝✉♠❡♥t✲❝❡♥tr✐❝ ❞❛t❛ st♦r❡s ❬✹✼( |♦✐•❛❝❦❡rs ❡t ❛•✳ ♣r♦♣♦s❡ ❛ ❤②❜r✐❞ ♠❡❞✐❛t✐♦♥ ❛♣♣r♦❛❝❤ ✐♥ ✇❤✐❝❤ t❤❡② ✐♥t❡❣r❛t❡ r❡•❛t✐♦♥❛• ❛♥❞ ❞♦❝✉♠❡♥t ❞❛t❛ st♦r❡s✳ ❚♦ ❞♦ s♦✱ t❤❡② ❞❡✜♥❡ ❛ •♦❣✐❝❛• r❡♣r❡s❡♥t❛t✐♦♥ t♦ st♦r❡ ❞♦❝✉♠❡♥t ❞❛t❛ ✐♥ r❡•❛t✐♦♥❛• ❞❛t❛ st♦r❡s✱ ❛♥❞ t❤❡② ❡①t❡♥❞ t❤❡ ❙◗▲ q✉❡r② •❛♥❣✉❛❣❡ ✐♥ ♦r❞❡r t♦ s❡❛♠•❡ss•② q✉❡r② ❞❛t❛✳ ❚❤❡ ♣r♦♣♦s❡❞ ❡①t❡♥❞❡❞✲❙◗▲ •❛♥❣✉❛❣❡ ✐s ❝❛••❡❞ ◆♦❙◗▲ q✉❡r② ♣❛tt❡r♥ ✭◆◗P✮✳ ❇❛s❡❞ ♦♥ t❤❛t✱ t❤❡② ❞❡✈❡•♦♣ ❛ ❜❛s✐❝ ❛♣♣r♦❛❝❤ ❢♦r ✸ ❤tt♣✿✴✴✇✇✇✳✇✸✳♦r❣✴❚|✴r❞❢✲s♣❛rq•✲q✉❡r②✴ |❡•❛t❡❞ ❲♦r❦ ✸✶ ♣r♦❝❡ss✐♥❣ s✉❝❤ ❡①t❡♥❞❡❞ q✉❡r✐❡s✱ ❛♥❞ ♣r❡s❡♥t ❛ r❛♥❣❡ ♦❢ ♣r❛❝t✐❝❛• ♦♣t✐♠✐③❛t✐♦♥s✳ ◆❡✈❡rt❤❡•❡ss✱ t❤✐s ❛♣♣r♦❛❝❤ ❞♦❡s ♥♦t t❛❦❡ ✐♥t♦ ❛❝❝♦✉♥t ♦t❤❡r ◆♦❙◗▲ ❞❛t❛ st♦r❡s✳ ❈•♦✉❞▼❞s◗▲✿ q✉❡r②✐♥❣ ❤❡t❡r♦❣❡♥❡♦✉s ❈•♦✉❞ ❞❛t❛ st♦r❡s ✇✐t❤ ❛ ❝♦♠✲ ♠♦♥ •❛♥❣✉❛❣❡ ❬✹✽( ❱❛•❞✉r✐❡③ ❡t ❛•✳ ♣r♦♣♦s❡ t❤❡ ❈•♦✉❞ ♠✉•t✐❞❛t❛st♦r❡ q✉❡r② •❛♥❣✉❛❣❡ ✭❈•♦✉❞▼❞s◗▲✮ ✇❤✐❝❤ ✐s ❛ ❝♦♠♠♦♥ •❛♥❣✉❛❣❡ ❢♦r r❡•❛t✐♦♥❛• ❛♥❞ ◆♦❙◗▲ ❞❛t❛ st♦r❡s q✉❡r②✐♥❣✳ ■♥❞❡❡❞✱ ✐t ❡♥❛❜•❡s t♦ q✉❡r② ♠✉•t✐♣•❡ ❤❡t❡r♦❣❡♥❡♦✉s ❞❛t❛ st♦r❡s ✉s✐♥❣ ❛ s✐♥❣•❡ q✉❡r② ❝♦♥t❛✐♥✐♥❣ ♥❡st❡❞ s✉❜✲q✉❡r✐❡s✳ ❊❛❝❤ s✉❜✲q✉❡r② t❛r❣❡ts ❛ ♣❛rt✐❝✉•❛r ❞❛t❛ st♦r❡ ❛♥❞ ♠❛② ❝♦♥t❛✐♥ ❡♠❜❡❞❞❡❞ ✐♥✈♦❝❛t✐♦♥s t♦ t❤❡ ❞❛t❛ st♦r❡✬s ♥❛t✐✈❡ q✉❡r② ✐♥t❡r❢❛❝❡✳ ❉✉❡ t♦ t❤❡ ❛❜s❡♥❝❡ ♦❢ s❝❤❡♠❡s ✐♥ ◆♦❙◗▲ ❞❛t❛ st♦r❡s✱ ❛✉t❤♦rs ♣r♦♣♦s❡ t♦ ✉s❡ t❛❜•❡ ❡①♣r❡ss✐♦♥s ✇❤✐❝❤ ✐s ❣❡♥❡r❛••② ❛♥ ❡①♣r❡ss✐♦♥ t❤❛t r❡t✉r♥s ❛ t❛❜•❡✳ ❚❤✐s ♥♦t✐♦♥ ❛••♦✇s t♦ r❡♣r❡s❡♥t ❛ ♥❡st❡❞ q✉❡r② ❛♥❞ ❡s♣❡❝✐❛••② t❛r✲ ❣❡ts s❝❤❡♠❡•❡ss ❞❛t❛ st♦r❡s✳ ❚❤❡s❡ t❛❜•❡ ❡①♣r❡ss✐♦♥s ❛r❡ s❛✈❡❞ ✐♥ ❞❛t❛ st♦r❡s❀ ❤❡♥❝❡ t❤✐s ②✐❡•❞s ✐♠♣♦rt❛♥t ♦♣t✐♠✐③❛t✐♦♥ ♦♣♣♦rt✉♥✐t✐❡s ✭❡✳❣✳ ♠✐♥✐♠✐③✐♥❣ ❞❛t❛ tr❛♥s❢❡rs ❜❡t✇❡❡♥ ♥♦❞❡s✱ r❡✉s✐♥❣ q✉❡r✐❡s ❞❡❝♦♠♣♦s✐t✐♦♥ ❛♥❞ ♦♣t✐♠✐③❛t✐♦♥ t❡❝❤♥✐q✉❡s✱ ❡t❝✳✮✳ ❚❤❡② ❛•s♦ ♣r♦♣♦s❡ ❛ q✉❡r② ❡♥❣✐♥❡ t❤❛t ❢♦••♦✇s ❛ ❞✐str✐❜✉t❡❞ ♠❡❞✐❛t♦r✴✇r❛♣♣❡r ❜❛s❡❞ ❛r❝❤✐t❡❝t✉r❡ ✇❤❡r❡ t❤❡② r❡❢❡r t♦ t❤❡ ♠❡❞✐❛t♦r ❛s ♠❛st❡r ❛♥❞ t♦ t❤❡ ✇r❛♣✲ ♣❡rs ❛s ✇♦r❦❡rs✳ ❆•t❤♦✉❣❤ t❤❡✐r ♣r♦♣♦s❛• ✐s ♣r♦♠✐s✐♥❣✱ ❛✉t❤♦rs ❞♦ ♥♦t ♣r♦♣♦s❡ ❛ ❝♦st ♠♦❞❡• t♦ ♦♣t✐♠❛••② ❡①❡❝✉t❡ ❛ q✉❡r②✳ ■♥ ❛❞❞✐t✐♦♥✱ t❤❡② ❞♦ ♥♦t s♣❡❝✐❢② ✇❤❡t❤❡r ❈•♦✉❞▼❞s◗▲ ♠❛② ✇♦r❦ ✐♥ ❛ ❇✐❣ ❉❛t❛ ❝♦♥t❡①t ♦r ♥♦t✳ ❖♥t♦♣✿ ❛♥ ❖❇❉❆ ❜❛s❡❞ r❡•❛t✐♦♥❛• ❞❛t❛ ✐♥t❡❣r❛t✐♦♥ ❬✹✾✱✺✵( ❖♥t♦♣ ✐s ❛♥ ❖♥t♦•♦❣② ❇❛s❡❞ ❉❛t❛ ❆❝❝❡ss ✭❖❇❉❆✮ ❢♦r r❡•❛t✐♦♥❛• ❞❛t❛ ✐♥t❡❣r❛t✐♦♥✳ ■t ❡①♣♦s❡s r❡•❛t✐♦♥❛• ❞❛t❛ st♦r❡s ❛s ✈✐rt✉❛• |❉❋ ❣r❛♣❤s ❜② •✐♥❦✐♥❣ t❤❡ t❡r♠ ✐♥ t❤❡ ♦♥t♦•♦❣② t♦ t❤❡ ❞❛t❛ st♦r❡s t❤r♦✉❣❤ ♠❛♣♣✐♥❣s ❣♦t ✉s✐♥❣ t❤❡ ♠❛♣♣✐♥❣ •❛♥❣✉❛❣❡ |✷|▼▲✳ ❚❤❡♥ t❤❡ r❡s✉•t❡❞ |❉❋ ❣r❛♣❤ ✐s q✉❡r✐❡❞ ✉s✐♥❣ ❙P❆|◗▲✳ ❚❤❡ ♦♥t♦♣ ❢r❛♠❡✇♦r❦ ✐s ❝♦♠♣♦s❡❞ ♦❢ ❢♦✉r ✐♥♣✉ts t❤❛t ❛r❡✿ ✭✶✮ ❛♥ ♦♥t♦•♦❣② t♦ ✉♥✐q✉❡•② r❡♣r❡s❡♥t ❞❛t❛ st♦r❡s✱ ✭✷✮ ❛ s❡t ♦❢ ♠❛♣♣✐♥❣s t♦ •✐♥❦ ❞❛t❛ st♦r❡s t♦ t❤❡ ♦♥t♦•♦❣②✱ ✭✸✮ t❤❡ ✐♥t❡❣r❛t❡❞ ❞❛t❛ st♦r❡s✱ ❛♥❞ ✭✹✮ t❤❡ q✉❡r✐❡s ✇r✐tt❡♥ ✐♥ ❙P❆|◗▲✳ ❆•t❤♦✉❣❤ t❤❡ ♦♥t♦♣ r❡♣r❡s❡♥ts ❛ ♥❡✇ ✢❛✈♦r t♦ ✐♥t❡❣r❛t❡ ❞❛t❛✱ ✐t s❤♦✇❝❛s❡s s♦♠❡ •✐♠✐ts✳ ■♥❞❡❡❞✱ ✐t ❞♦❡s ♥♦t ❡♥❛❜•❡ ◆♦❙◗▲ ❞❛t❛ st♦r❡s ✐♥t❡❣r❛t✐♦♥✳ ■♥ ❛❞❞✐t✐♦♥✱ ✐t ❞♦❡s ♥♦t s✉♣♣♦rt ❝♦♠♣•❡① q✉❡r✐❡s ❡①❡❝✉t✐♦♥ s✉❝❤ •♦✐♥ q✉❡r✐❡s ♦✈❡r r❡•❛t✐♦♥❛• ❛♥❞ ◆♦❙◗▲ ❞❛t❛ st♦r❡s✳ ❋✐♥❛••②✱ ✐t ✐s ♥♦t ♠❡❛♥t t♦ ❜❡ ❞❡♣•♦②❡❞ ✐♥ ❛ ❈•♦✉❞ ❡♥✈✐r♦♥♠❡♥t✳ ❙②♥t❤❡s✐s ■♥ t❤✐s s❡❝t✐♦♥✱ ✇❡ ♣r❡s❡♥t ❛ s②♥t❤❡s✐s ♦❢ t❤❡ ✇♦r❦s t❤❛t ✇❡ ❤❛✈❡ ❛♥❛•②③❡❞ ❛❜♦✈❡ ✐♥ ❚❛❜•❡ ✷✳✸✳ ■♥❞❡❡❞✱ ✇❡ ✐♥✈❡st✐❣❛t❡ ✇❤❡t❤❡r t❤❡s❡ s♦•✉t✐♦♥s ❡♥❛❜•❡ t❤❡ ✐♥t❡❣r❛t✐♦♥ ♦❢ r❡•❛t✐♦♥❛• ❛♥❞ ◆♦❙◗▲ ❞❛t❛ st♦r❡s ✐♥ ❈•♦✉❞ ❡♥✈✐r♦♥♠❡♥t✳ ■♥ ❛❞❞✐t✐♦♥✱ ✇❡ t❛❦❡ ✐♥t♦ ❛❝❝♦✉♥t ❛♣♣•✐❝❛t✐♦♥ ✉s✐♥❣ ❛ ❜✐❣ s✐③❡ ♦❢ ❞❛t❛✳ ❉✉r✐♥❣ ♦✉r st✉❞②✱ ✇❡ ❝❤❡❝❦ ❛•s♦ ✐❢ t❤❡s❡ ❛♣♣r♦❛❝❤❡s ❡♥❛❜•❡ t❤❡ ❡①❡❝✉t✐♦♥ ♦❢ ❝♦♠♣•❡① q✉❡r✐❡s ❛❝r♦ss r❡•❛t✐♦♥❛• ❛♥❞ ◆♦❙◗▲ ❞❛t❛ st♦r❡s ♦r ♥♦t✳ ❋✐♥❛••②✱ ✇❡ ❛r❡ ✐♥t❡r❡st❡❞ ✐♥ t❤❡ ✇♦r❦s t❤❛t ✐♥✈♦❦❡ ❝♦st ♠♦❞❡•s t♦ ♦♣t✐♠✐③❡ q✉❡r✐❡s ❡①❡❝✉t✐♦♥✳ ■♥ t❤✐s ❝♦♥t❡①t✱ t❤❡ s♦✉r❝❡ ♦❢ ❛•• t❤❡s❡ ❝❤❛••❡♥❣❡s ✐s t❤❡ ❛♣♣❡❛r❛♥❝❡ ♦❢ ◆♦❙◗▲ ❞❛t❛ st♦r❡s✳ ❚❤✐s ♥❡✇ ❦✐♥❞ ♦❢ ❞❛t❛ st♦r❡s r❡♣r❡s❡♥ts ❛ ♣•❡t❤♦r❛ ♦❢ ❝❛t❡❣♦r✐❡s ❛♥❞ ✸✷ ❙t❛t❡ ❖❢ ❚❤❡ ❆rt ❤ ❤ ❤ ❤ ❤ ❤ ❤ ❤ ❤ ❤ ❤ ❤ ❤ ❤ ❤ ❤ ❤ ❙t✉❞✐❡❞ ❙♦•✉t✐♦♥s ❈r✐t❡r✐❛ ❇✐❣ ❞❛t❛ s✉♣♣♦rt |❡•❛t✐♦♥❛• ❞❛t❛ st♦r❡s ◆♦❙◗▲ ❞❛t❛ st♦r❡s ❈♦♠♣•❡① q✉❡r✐❡s ❡①❡❝✉t✐♦♥ ❈♦st ▼♦❞❡• ❜❛s❡❞ ♦♣t✐♠✐③❛t✐♦♥ ❈•♦✉❞ ❡♥✈✐r♦♥♠❡♥t ❚❙■▼▼■❙ ❬✷✷( -+ - + + - •❆|▲■❈ ❬✹✸( -+ - + + - ❈✉ré ❡t ❛•✳ ❬✹✹✱ ✹✺( -+ +/-- - - ❇✐❣■♥t❡❣r❛t♦r ❬✹✻( -+ +/-- - + |♦✐•❛❝❦❡rs ❡t ❛•✳ ❬✹✼( -+ +/-- - - ❈•♦✉❞▼❞s◗▲ ❬✹✽( -+ + + - + ❖♥t♦♣ ❬✹✾✱ ✺✵( + + - -+/-- ❚❛❜•❡ ✷✳✸✿ ❙②♥t❤❡s✐s ♦❢ t❤❡ r❡•❛t❡❞ ✇♦r❦s ❡♥s✉r✐♥❣ tr❛♥s♣❛r❡♥t ❛❝❝❡ss t♦ ✐♥t❡❣r❛t❡❞ ❞❛t❛ st♦r❡s ✈❛r✐❛♥ts ❝❛✉s✐♥❣ ❛ ❤✐❣❤ •❡✈❡• ♦❢ ❤❡t❡r♦❣❡♥❡✐t②✳ ❆❞❞✐t✐♦♥❛••②✱ ◆♦❙◗▲ ❞❛t❛ st♦r❡s ❛r❡ s❝❤❡♠❛•❡ss ✐✳❡✳✱ t❤❡r❡ ✐s ♥♦ •♦❝❛• s❝❤❡♠❛s t♦ r❡♣r❡s❡♥t t❤❡ ✐♥t❡❣r❛t❡❞ ❞❛t❛ st♦r❡s✳ ❙✉❜s❡q✉❡♥t•②✱ ✐t ✇✐•• ❜❡ ❝♦♠♣•✐❝❛t❡❞ t♦ ❝♦♥str✉❝t ❛ ❣•♦❜❛• s❝❤❡♠❛ ✐♥ t❤❡ ♠❡❞✐❛t♦r✳ ❆❞❞❡❞ t♦ t❤❛t✱ t❤❡ st✉❞✐❡❞ ✇♦r❦s ❞♦ ♥♦t ✐♥✈♦•✈❡ ❈•♦✉❞ ❝♦♠♣✉t✐♥❣ ❛♥❞ ❇✐❣ ❉❛t❛ ❛r❡❛s✳ ❋✐♥❛••②✱ ❢❡✇ ♦❢ t❤❡♠ ♣r♦♣♦s❡ ❛ ❝♦st ♠♦❞❡• t♦ ♦♣t✐♠✐③❡ t❤❡ ❡①❡❝✉t✐♦♥ ♦❢ q✉❡r✐❡s✳ ✷✳✸✳✹ ❈❛♣t✉r✐♥❣ ❉❛t❛ |❡q✉✐r❡♠❡♥ts ❆♥❞ ❈•♦✉❞ ❉❛t❛ ❙t♦r❡ ❈❛✲ ♣❛❜✐•✐t✐❡s ❈❤♦♦s✐♥❣ ♦♥❡ ♦r ♠✉•t✐♣•❡ ❞❛t❛ st♦r❡s ❜❛s❡❞ ♦♥ ❞❛t❛ r❡q✉✐r❡♠❡♥ts ✐s ❛ ✈❡r② ✐♠♣♦r✲ t❛♥t st❡♣ ❜❡❢♦r❡ ❞❡♣•♦②✐♥❣ ❛♥❞ r✉♥♥✐♥❣ ❛♣♣•✐❝❛t✐♦♥s ✐♥ ❈•♦✉❞ ❡♥✈✐r♦♥♠❡♥ts✳ ■♥ t❤✐s ❝♦♥t❡①t✱ ✇❡ ❤❛✈❡ t♦ ✭✶✮ ❞❡✜♥❡ ❛♣♣•✐❝❛t✐♦♥ ♥❡❡❞s ❛♥❞ r❡q✉✐r❡♠❡♥ts t♦✇❛r❞s ❞❛t❛✱ ✭✷✮ ❡①♣♦s❡ ❞❛t❛ st♦r❡s ❝❛♣❛❜✐•✐t✐❡s✱ ❛♥❞ ✭✸✮ ❞❡✜♥❡ ❛ ♠❛t❝❤✐♥❣ ❛•❣♦r✐t❤♠ ❜❡t✇❡❡♥ ❛♣♣•✐❝❛t✐♦♥ ♥❡❡❞s ❛♥❞ ❞❛t❛ st♦r❡s ❝❛♣❛❜✐•✐t✐❡s✳ ❋♦r t❤✐s ♣✉r♣♦s❡✱ ✇❡ ♣r❡s❡♥t ❛♥❞ ❞✐s❝✉ss s♦♠❡ ♣r❡✈✐♦✉s ✇♦r❦s t❤❛t ♣r♦✈✐❞❡ t❤❡ r❡q✉✐r❡♠❡♥ts ❝✐t❡❞ ❛❜♦✈❡✳ ❲❡ ✐♥tr♦❞✉❝❡ ✜rst t❤❡ ❈❆▼P st❛♥❞❛r❞ ✐♥ ♦r❞❡r t♦ ❞✐s❝♦✈❡r t❤❡ ❛♣♣•✐❝❛t✐♦♥ ♥❡❡❞s ❛♥❞ t❤❡ ❞❛t❛ st♦r❡s r❡q✉✐r❡♠❡♥ts ❬✺✶(✳ ❚❤❡♥✱ ✇❡ ❣✐✈❡ ❛ s❤♦rt ♦✈❡r✈✐❡✇ ♦❢ t❤❡ ❈❉▼■ st❛♥❞❛r❞ t❤❛t ❛••♦✇s t♦ ❞❡s❝r✐❜❡ ❛♥❞ ❞✐s❝♦✈❡r ❞❛t❛ st♦r❛❣❡ ❝❛♣❛❜✐•✐t✐❡s ❬✺✷(✳ ❲❡ ✇❛♥t t♦ ❡♠♣❤❛s✐③❡ t❤❛t ✐t ✐s ❛•s♦ ♣♦ss✐❜•❡ t♦ ♦❜t❛✐♥ |❡•❛t❡❞ ❲♦r❦ ✸✸ ❞❛t❛ st♦r❡s ❝❛♣❛❜✐•✐t✐❡s ✉s✐♥❣ t❤❡ ❞❛t❛ st♦r❡s ♣r♦♣r✐❡t❛r② ❆P■✳ ❋✐♥❛••②✱ ✇❡ ❞✐s❝✉ss s♦♠❡ ✇♦r❦s t❤❛t ❡♥❛❜•❡ ❛♥ ❛♣♣•✐❝❛t✐♦♥ t♦ ♥❡❣♦t✐❛t❡ ✐ts r❡q✉✐r❡♠❡♥ts ✇✐t❤ ❈•♦✉❞ ❞❛t❛ st♦r❡s ❛♥❞ t♦ ❡①♣r❡ss t❤❡s❡ r❡q✉✐r❡♠❡♥ts ✐♥ ❞❛t❛ ❝♦♥tr❛❝ts ✭♦r ♠❛♥✐❢❡sts✮ ❬✺✸✕✺✽(✳ ❚❤✐s •❛tt❡r ✐s ❛♥ ❛❣r❡❡♠❡♥t ❜❡t✇❡❡♥ t❤❡ ❛♣♣•✐❝❛t✐♦♥ ❛♥❞ t❤❡ ❈•♦✉❞ ❞❛t❛ st♦r❡s✳ ❈•♦✉❞ ❆♣♣•✐❝❛t✐♦♥ ▼❛♥❛❣❡♠❡♥t ❢♦r P•❛t❢♦r♠s ❬✺✶( ❈•♦✉❞ ❛♣♣•✐❝❛t✐♦♥ ♠❛♥✲ ❛❣❡♠❡♥t ❢♦r ♣•❛t❢♦r♠s ✭❈❆▼P✮ ✐s ❛ s♣❡❝✐✜❝❛t✐♦♥ ❞❡✜♥❡❞ ❢♦r ❛♣♣•✐❝❛t✐♦♥s ♠❛♥❛❣❡✲ ♠❡♥t✱ ✐♥❝•✉❞✐♥❣ ♣❛❝❦❛❣✐♥❣ ❛♥❞ ❞❡♣•♦②♠❡♥t✱ ✐♥ t❤❡ P❛❛❙✳ ■♥❞❡❡❞✱ ❈❆▼P ♣r♦✈✐❞❡s t♦ t❤❡ ❛♣♣•✐❝❛t✐♦♥ ❞❡✈❡•♦♣❡rs ❛ s❡t ♦❢ ✐♥t❡r❢❛❝❡s ❛♥❞ ❛rt✐❢❛❝ts ❜❛s❡❞ ♦♥ t❤❡ |❊❙❚ ❛r❝❤✐t❡❝t✉r❡ ✐♥ ♦r❞❡r t♦ ♠❛♥❛❣❡ t❤❡ ❛♣♣•✐❝❛t✐♦♥ ❞❡♣•♦②♠❡♥t ❛♥❞ t❤❡✐r ✉s❡ ♦❢ t❤❡ P❛❛❙ r❡s♦✉r❝❡s✳ ❆♥ ❛♣♣•✐❝❛t✐♦♥ ♠❛② ❜❡ t❤❡r❡❛❢t❡r ❞❡♣•♦②❡❞✱ r✉♥✱ st♦♣♣❡❞✱ s✉s✲ ♣❡♥❞❡❞✱ s♥❛♣s❤♦tt❡❞✱ ❛♥❞ ♣❛t❝❤❡❞ ✐♥ t❤❡ P❛❛❙✳ ❈♦♥❝❡r♥✐♥❣ t❤❡ r❡•❛t✐♦♥s❤✐♣ ❞❛t❛ st♦r❛❣❡✴❛♣♣•✐❝❛t✐♦♥✱ ❈❆▼P ❛••♦✇s ❛♥ ❛♣♣•✐❝❛t✐♦♥ t♦ ❞❡✜♥❡ ✐ts ♥❡❡❞s ❡s♣❡❝✐❛••② ✐♥ t❡r♠s ♦❢ ❞❛t❛ st♦r❛❣❡✳ ❈❆▼P ♣r♦♣♦s❡s ❛ P❛❛❙ r❡s♦✉r❝❡ ♠♦❞❡•✳ ❚❤✐s ♠♦❞❡• ❛••♦✇s t❤❡ ❞❡✈❡•♦♣❡r t♦ ❝♦♥tr♦• t❤❡ ✇❤♦•❡ •✐❢❡ ❝②❝•❡ ♦❢ ❤✐s✴❤❡r ❛♣♣•✐❝❛t✐♦♥ ❛♥❞ ✐ts ❞❡♣•♦②♠❡♥t ❡♥✈✐r♦♥♠❡♥t✳ ❚❤✐s ♠♦❞❡• ❝♦♥t❛✐♥s t❤❡ ❢♦✉r ❢♦••♦✇✐♥❣ r❡s♦✉r❝❡s✿ • P•❛t❢♦r♠✿ ❚❤✐s r❡s♦✉r❝❡ ♣r♦✈✐❞❡s ❛♥ ♦✈❡r✈✐❡✇ ♦♥ t❤❡ P❛❛❙ ❛♥❞ ❛••♦✇s t♦ ❞✐s❝♦✈❡r ✇❤✐❝❤ ❛♣♣•✐❝❛t✐♦♥ ✐s r✉♥♥✐♥❣✳ ■♥❞❡❡❞✱ t❤✐s r❡s♦✉r❝❡ r❡❢❡r❡♥❝❡s t❤❡ ❞❡♣•♦②❡❞ ❛♣♣•✐❝❛t✐♦♥s✱ t❤❡ r✉♥♥✐♥❣ ❛♣♣•✐❝❛t✐♦♥s ❛♥❞ t❤❡ P❛❛❙ ❝❛♣❛❜✐•✐t✐❡s ✇❤✐❝❤ ❛r❡ ❝❛••❡❞ r❡s♣❡❝t✐✈❡•② ❆ss❡♠❜•② ❚❡♠♣•❛t❡s✱ ❆ss❡♠❜•✐❡s✱ ❛♥❞ ❈♦♠♣♦✲ ♥❡♥ts✳ ■t ❛•s♦ ❡♥❛❜•❡s t❤❡ P❛❛❙ ❝❛♣❛❜✐•✐t✐❡s ❛♥❞ r❡q✉✐r❡♠❡♥ts ❞✐s❝♦✈❡r②✳ ■♥ ♦✉r ❝❛s❡ ✐t ❛••♦✇s t♦ ❣❡t ❛ ♣r✐♠❛r② ✈✐❡✇ ♦♥ t❤❡ ❛♣♣•✐❝❛t✐♦♥ ❛♥❞ t❤❡ ❞❛t❛ st♦r❛❣❡ ♣•❛t❢♦r♠✳ • ❆ss❡♠❜•✐❡s✿ ❚❤✐s r❡s♦✉r❝❡ ❡①✐sts ✉♥❞❡r t✇♦ ♣♦ss✐❜•❡ ❢♦r♠s✳ ❚❤❡ ✜rst ♦♥❡ ✐s t❤❡ ❆ss❡♠❜•② ❚❡♠♣•❛t❡ ❛♥❞ ✐t ❞❡✜♥❡s ❛ ❞❡♣•♦②❡❞ ❛♣♣•✐❝❛t✐♦♥ ❛♥❞ ✐ts ❞❡♣❡♥✲ ❞❡♥❝✐❡s✳ ❲❤❡r❡❛s✱ t❤❡ s❡❝♦♥❞ ✐s t❤❡ ❆ss❡♠❜•② ❛♥❞ ✐t r❡♣r❡s❡♥ts ❛♥ ❛♣♣•✐❝❛t✐♦♥ ✐♥st❛♥❝❡✳ • ❈♦♠♣♦♥❡♥ts✿ ❚❤✐s r❡s♦✉r❝❡ ♠❛② ❡①✐st ✐♥ t✇♦ ❦✐♥❞s t❤❛t ❛r❡ ❆♣♣•✐❝❛t✐♦♥ ❈♦♠✲ ♣♦♥❡♥t ❛♥❞ P•❛t❢♦r♠ ❈♦♠♣♦♥❡♥t✳ ❊❛❝❤ ❦✐♥❞ ♠❛② ❜❡ ✉♥❞❡r t✇♦ ❢♦r♠s ❛•s♦✳ ❖♥ t❤❡ ♦♥❡ ❤❛♥❞✱ t❤❡ ❆♣♣•✐❝❛t✐♦♥ ❈♦♠♣♦♥❡♥t ❛♥❞ ❆♣♣•✐❝❛t✐♦♥ ❈♦♠♣♦♥❡♥t ❚❡♠♣•❛t❡ ❞❡✜♥❡ r❡s♣❡❝t✐✈❡•② ❛♥ ✐♥st❛♥t✐❛t❡❞ ✐♥st❛♥❝❡ ♦❢ ❛♥ ❛♣♣•✐❝❛t✐♦♥ ❝♦♠✲ ♣♦♥❡♥t ❛♥❞ ❛ ❞✐s❝r❡t❡ ❝♦♥✜❣✉r❛t✐♦♥ ♦❢ ❛ ❞❡♣•♦②❡❞ ❛♣♣•✐❝❛t✐♦♥ ❝♦♠♣♦♥❡♥t✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ ✇❡ ❤❛✈❡ P•❛t❢♦r♠ ❈♦♠♣♦♥❡♥t ❛♥❞ P•❛t❢♦r♠ ❈♦♠♣♦♥❡♥t ❚❡♠♣•❛t❡ t❤❛t r❡♣r❡s❡♥t ❛♥ ✐♥st❛♥t✐❛t❡❞ ✐♥st❛♥❝❡ ♦❢ ❛ ♣•❛t❢♦r♠ ❝♦♠♣♦♥❡♥t ❛♥❞ ❛ ❞✐s❝r❡t❡ ❝♦♥✜❣✉r❛t✐♦♥ ♦❢ ❛ ♣•❛t❢♦r♠ ❝♦♠♣♦♥❡♥t✳ • ❈❛♣❛❜✐•✐t✐❡s ❛♥❞ |❡q✉✐r❡♠❡♥ts✿ ❆ ❝❛♣❛❜✐•✐t② ❞❡✜♥❡s t❤❡ ❝♦♥✜❣✉r❛t✐♦♥ ♦❢ ❆♣✲ ♣•✐❝❛t✐♦♥ ❈♦♠♣♦♥❡♥ts ♦r P•❛t❢♦r♠ ❈♦♠♣♦♥❡♥ts✳ ❲❤❡r❡❛s ❛ r❡q✉✐r❡♠❡♥t ❡①✲ ♣r❡ss❡s t❤❡ ❞❡♣❡♥❞❡♥❝② ♦❢ ❛♥ ❛♣♣•✐❝❛t✐♦♥ ♦♥ ❛♥ ❆♣♣•✐❝❛t✐♦♥ ❈♦♠♣♦♥❡♥t ♦r P•❛t❢♦r♠ ❈♦♠♣♦♥❡♥t ❛♥❞ ✐t ✐s ❝r❡❛t❡❞ ❜② t❤❡ ❛♣♣•✐❝❛t✐♦♥ ❞❡✈❡•♦♣❡r ♦r ❛❞✲ ♠✐♥✐str❛t♦r✳ ✸✹ ❙t❛t❡ ❖❢ ❚❤❡ ❆rt ❆s ✇❡ s❡❡ t❤r♦✉❣❤ t❤❡ P❛❛❙ r❡s♦✉r❝❡ ♠♦❞❡• ♦❢ ❈❆▼P✱ t❤❡r❡ ❛r❡ ✈❛r✐♦✉s r❡✲ s♦✉r❝❡s t❤❛t ❛r❡ ❢♦❝✉s✐♥❣ ♦♥ ❞❡✜♥✐♥❣ t❤❡ ❝❛♣❛❜✐•✐t✐❡s ♦❢ ❡✐t❤❡r ❛♣♣•✐❝❛t✐♦♥ ♦r ❞❛t❛ st♦r❛❣❡ ♣•❛t❢♦r♠✳ ❚❤❡s❡ r❡s♦✉r❝❡s ❛r❡ P•❛t❢♦r♠✱ ❆ss❡♠❜•② ❚❡♠♣•❛t❡✱ ❆♣♣•✐❝❛t✐♦♥ ❈♦♠♣♦♥❡♥t ❚❡♠♣•❛t❡✱ P•❛t❢♦r♠ ❈♦♠♣♦♥❡♥t ❚❡♠♣•❛t❡✱ ❛♥❞ ❈❛♣❛❜✐•✐t✐❡s ❛♥❞ |❡✲ q✉✐r❡♠❡♥ts✳ ❍❡♥❝❡✱ ✐t ❡♥❛❜•❡s t❤❡ ❞✐s❝♦✈❡r② ❛♥❞ t❤❡ ♣✉❜•✐❝❛t✐♦♥ ♦❢ ❛♣♣•✐❝❛t✐♦♥ ♥❡❡❞s ✐♥ t❡r♠s ♦❢ ❞❛t❛ st♦r❛❣❡✳ ▼♦r❡♦✈❡r✱ ✐t ❛••♦✇s t♦ ❞❡✜♥❡ t❤❡ ❞❛t❛ st♦r❡s ❝❛♣❛✲ ❜✐•✐t✐❡s✳ ❈•♦✉❞ ❉❛t❛ ▼❛♥❛❣❡♠❡♥t ■♥t❡r❢❛❝❡ ❬✺✷( ❚❤❡ ❙t♦r❛❣❡ ◆❡t✇♦r❦✐♥❣ ■♥❞✉str② ❆ss♦❝✐❛t✐♦♥ ✭❙◆■❆✮✱ ❛♥ ❛ss♦❝✐❛t✐♦♥ ♦❢ ♣r♦❞✉❝❡rs ❛♥❞ ❝♦♥s✉♠❡rs ♦❢ st♦r❛❣❡ ♥❡t✲ ✇♦r❦✐♥❣ ♣r♦❞✉❝ts✱ ❤❛s ❞❡✜♥❡❞ ❛ st❛♥❞❛r❞ ❢♦r ■♥❢r❛str✉❝t✉r❡ ❛s ❛ ❙❡r✈✐❝❡ ✭■❛❛❙✮ ✐♥ t❤❡ ❝•♦✉❞✳ ❚❤✐s st❛♥❞❛r❞ ✐s r❡❢❡rr❡❞ t♦ ❛s ❈•♦✉❞ ❉❛t❛ ▼❛♥❛❣❡♠❡♥t ■♥t❡r❢❛❝❡ ✭❈❉▼■✮✳ ❇❛s❡❞ ♦♥ t❤❡ |❊❙❚ ❛r❝❤✐t❡❝t✉r❡✱ ❈❉▼■ ❛••♦✇s t♦ ❝r❡❛t❡✱ r❡tr✐❡✈❡✱ ✉♣✲ ❞❛t❡✱ ❛♥❞ ❞❡•❡t❡ ❞❛t❛ ✐♥ t❤❡ ❝•♦✉❞✳ ■t ♣r♦✈✐❞❡s ❛♥ ♦❜•❡❝t ♠♦❞❡• ✐♥ ✇❤✐❝❤ t❤❡ r♦♦t ❡•❡♠❡♥t ✐s ❝❛••❡❞ |♦♦t ❈♦♥t❛✐♥❡r✳ ❚❤✐s •❛tt❡r r❡♣r❡s❡♥ts t❤❡ ♠❛✐♥ ❝♦♥t❛✐♥❡r t❤❛t ✇✐•• ❝♦♥t❛✐♥ ❛•• t❤❡ ♥❡❡❞❡❞ ❞❛t❛ ❜② ❛♥ ❛♣♣•✐❝❛t✐♦♥✳ ❚❤✐s ❡•❡♠❡♥t ✐s r❡•❛t❡❞ t♦ t❤❡ ❢♦••♦✇✐♥❣ ❡•❡♠❡♥ts✿ • ❈♦♥t❛✐♥❡r✿ ❚❤❡ |♦♦t ❈♦♥t❛✐♥❡r ❡•❡♠❡♥t ♠❛② ❝♦♥t❛✐♥ ③❡r♦ ♦r ♠♦r❡ s✉❜✲ ❝♦♥t❛✐♥❡rs✳ ❊❛❝❤ ❝♦♥t❛✐♥❡r ✐s ❝❤❛r❛❝t❡r✐③❡❞ ❜② ❛ s❡t ♦❢ ❝❛♣❛❜✐•✐t✐❡s t❤❛t ✇✐•• ❜❡ ✐♥❤❡r✐t❡❞ ❜② t❤❡ ❞❛t❛ ♦❜•❡❝ts t❤❛t ✐t ❝♦♥t❛✐♥s✳ • ❉❛t❛ ♦❜•❡❝t✿ ❊❛❝❤ ❝♦♥t❛✐♥❡r ♠❛② st♦r❡ ③❡r♦ ♦r ♠♦r❡ ❞❛t❛ ♦❜•❡❝ts✳ ❚❤❡s❡ ❛r❡ ✉s❡❞ t♦ st♦r❡ ❞❛t❛ ❜❛s❡❞ ♦♥ t❤❡ ❝♦♥t❛✐♥❡r ❝❛♣❛❜✐•✐t✐❡s✳ • ◗✉❡✉❡ ♦❜•❡❝t✿ ❚❤❡ ◗✉❡✉❡ ♦❜•❡❝ts st♦r❡s ③❡r♦ ♦r ♠♦r❡ ✈❛•✉❡s✳ ❚❤❡s❡ ✈❛•✉❡s ❛r❡ ❝r❡❛t❡❞ ❛♥❞ ❢❡t❝❤❡❞ ✐♥ ❛ ✜rst✲✐♥ ✜rst✲♦✉t ♠❛♥♥❡r✳ ❚❤❡ q✉❡✉❡ ♠❡❝❤❛♥✐s♠ ♦r❣❛♥✐③❡s t❤❡ ❞❛t❛ ❛❝❝❡ss ❜② ❛••♦✇✐♥❣ ♦♥❡ ♦r ♠♦r❡ ✇r✐t❡rs t♦ s❡♥❞ ❞❛t❛ t♦ ❛ s✐♥❣•❡ r❡❛❞❡r ✐♥ ❛ r❡•✐❛❜•❡ ✇❛②✳ • ❉♦♠❛✐♥ ♦❜•❡❝t✿ ❚❤✐s ❡•❡♠❡♥t ❛••♦✇s t♦ ❛ss♦❝✐❛t❡ t❤❡ ❝•✐❡♥t✬s ♦✇♥❡rs❤✐♣ ✇✐t❤ st♦r❡❞ ♦❜•❡❝ts✳ • ❈❛♣❛❜✐•✐t② ♦❜•❡❝t✿ ❚❤❡ ❝❛♣❛❜✐•✐t② ♦❜•❡❝ts ❞❡s❝r✐❜❡ t❤❡ ❝♦♥t❛✐♥❡r✬s ❝❛♣❛❜✐•✐t✐❡s ✐♥ ♦r❞❡r t♦ ❞✐s❝♦✈❡r t❤❡ ❝•♦✉❞ ❝❛♣❛❜✐•✐t✐❡s ✐♥ t❡r♠s ♦❢ ❞❛t❛ st♦r❛❣❡✳ ❚❤✐s ✐♥t❡r♥❛t✐♦♥❛• st❛♥❞❛r❞ s✉♣♣♦rts s❡✈❡r❛• ❢❡❛t✉r❡s✳ ■♥❞❡❡❞✱ ✐t ❡♥❛❜•❡s t❤❡ ❛✈❛✐•❛❜•❡ ❝❛♣❛❜✐•✐t✐❡s ❞✐s❝♦✈❡r② ✐♥ t❤❡ ❝•♦✉❞ st♦r❛❣❡ ♦✛❡r✐♥❣✳ ■♥ ❛❞❞✐t✐♦♥✱ ✐t s✉♣✲ ♣♦rts t❤❡ ❝♦♥t❛✐♥❡rs ❛♥❞ t❤❡✐r ❝♦♥t❡♥ts ♠❛♥❛❣❡♠❡♥t✳ ■t ❞❡✜♥❡s ❛•s♦ ♠❡t❛✲❞❛t❛ t♦ ❜❡ ❛ss♦❝✐❛t❡❞ ✇✐t❤ ❝♦♥t❛✐♥❡rs ❛♥❞ t❤❡ ♦❜•❡❝ts t❤❡② ❝♦♥t❛✐♥✳ ❙♦✱ ❈❉▼■ ❛••♦✇s t♦ ❞❡✜♥❡ t❤❡ ❞❛t❛ st♦r❡s r❡q✉✐r❡♠❡♥ts ❜✉t ❛t ❛ •♦✇❡r •❡✈❡• ✭✐t ✐s ♠♦r❡ ✐♥❢r❛str✉❝t✉r❡ ♦r✐❡♥t❡❞ t❤❛♥ ♣•❛t❢♦r♠ ♦r✐❡♥t❡❞✮✳ ❉❛t❛ ❝♦♥tr❛❝ts ❢♦r ❈•♦✉❞✲❜❛s❡❞ ❞❛t❛ ♠❛r❦❡t♣•❛❝❡s ❬✺✸✕✺✺( ❚r✉♦♥❣ ❡t ❛•✳ ♣r♦♣♦s❡ t♦ ♠♦❞❡• ❛♥❞ s♣❡❝✐❢② ❞❛t❛ ❝♦♥❝❡r♥s ✐♥ ❞❛t❛ ❝♦♥tr❛❝ts t♦ s✉♣♣♦rt ❝♦♥❝❡r♥✲ ❛✇❛r❡ ❞❛t❛ s❡•❡❝t✐♦♥ ❛♥❞ ✉t✐•✐③❛t✐♦♥✳ ❋♦r t❤✐s ♣✉r♣♦s❡✱ t❤❡② ❞❡✜♥❡ ❛♥ ❛❜str❛❝t |❡•❛t❡❞ ❲♦r❦ ✸✺ ♠♦❞❡• t♦ s♣❡❝✐❢② ❛ ❞❛t❛ ❝♦♥tr❛❝t ❛♥❞ t❤❡ ♠❛✐♥ ❞❛t❛ ❝♦♥tr❛❝t t❡r♠s✳ ▼♦r❡♦✈❡r✱ t❤❡② ♣r♦♣♦s❡ s♦♠❡ ❛•❣♦r✐t❤♠s ❛♥❞ t❡❝❤♥✐q✉❡s ✐♥ ♦r❞❡r t♦ ❡♥❢♦r❝❡ t❤❡ ❞❛t❛ ❝♦♥tr❛❝t ✉s❛❣❡✳ ■♥ ❢❛❝t✱ t❤❡② ♣r❡s❡♥t ❛ ❞❛t❛ ❝♦♥tr❛❝ts ❝♦♠♣❛t✐❜✐•✐t② ❡✈❛•✉❛t✐♦♥ ❛•❣♦r✐t❤♠ ❛♥❞ t❤❡② ❞❡✜♥❡ ❤♦✇ t♦ ❝♦♥str✉❝t✱ ❝♦♠♣♦s❡ ❛♥❞ ❡①❝❤❛♥❣❡ ❛ ❞❛t❛ ❝♦♥tr❛❝t✳ ■♥ ❬✺✹(✱ t❤❡② ✐♥tr♦❞✉❝❡ t❤❡✐r ♠♦❞❡• ❢♦r ❡①❝❤❛♥❣✐♥❣ ❞❛t❛ ❛❣r❡❡♠❡♥ts ✐♥ t❤❡ ❉❛t❛✲❛s✲❛✲ ❙❡r✈✐❝❡ ✭❉❛❛❙✮ ❜❛s❡❞ ♦♥ ❛ ♥❡✇ t②♣❡ ♦❢ s❡r✈✐❝❡s ✇❤✐❝❤ ✐s ❝❛••❡❞ ❉❛t❛ ❆❣r❡❡♠❡♥t ❊①❝❤❛♥❣❡ ❛s ❛ ❙❡r✈✐❝❡ ✭❉❆❊❙✮✳ ❚❤✐s ♠♦❞❡• ✐s ❝❛••❡❞ ❉❊s❝r✐♣t✐♦♥ ▼❖❞❡• ❢♦r ❉❛❛❙ ✭❉❊▼❖❉❙✮ ❬✺✺(✳ ❍♦✇❡✈❡r✱ ❚r✉♦♥❣ ❡t ❛•✳ ♣r♦♣♦s❡ t❤✐s ❞❛t❛ ❝♦♥tr❛❝t ❢♦r ❞❛t❛ ❛♥❞ ♥♦t t♦ st♦r❡ ❞❛t❛ ♦r t♦ ❤❡•♣ t❤❡ ❞❡✈❡•♦♣❡r t♦ ❝❤♦♦s❡ t❤❡ ❛♣♣r♦♣r✐❛t❡ ❞❛t❛ st♦r❡s ❢♦r ❤✐s✴❤❡r ❛♣♣•✐❝❛t✐♦♥✳ ❆♥ ❛♣♣r♦❛❝❤ t♦ ✐❞❡♥t✐❢② ❛♥❞ ♠♦♥✐t♦r ❙▲❆ ♣❛r❛♠❡t❡rs ❢♦r st♦r❛❣❡✲❛s✲❛✲ s❡r✈✐❝❡ ❝•♦✉❞ ❞❡•✐✈❡r② ♠♦❞❡• ❬✺✻( •❤♦s❤ ❡t ❛•✳ ✐❞❡♥t✐❢② ♥♦♥✲tr✐✈✐❛• ♣❛r❛♠❡✲ t❡rs ♦❢ t❤❡ ❙❡r✈✐❝❡ ▲❡✈❡• ❆❣r❡❡♠❡♥t ✭❙▲❆✮ ❢♦r ❙t♦r❛❣❡✲❛s✲❛✲❙❡r✈✐❝❡ ❈•♦✉❞ ✇❤✐❝❤ ❛r❡ ♥♦t ♦✛❡r❡❞ ❜② t❤❡ ♣r❡s❡♥t ❞❛② ❈•♦✉❞ ✈❡♥❞♦rs✳ ▼♦r❡♦✈❡r✱ t❤❡② ♣r♦♣♦s❡ ❛ ♥♦✈❡• ❙▲❆ ♠♦♥✐t♦r✐♥❣ ❢r❛♠❡✇♦r❦ t♦ ❢❛❝✐•✐t❛t❡ ❝♦♠♣•✐❛♥❝❡ ❝❤❡❝❦✐♥❣ ♦❢ ❙❡r✈✐❝❡ ▲❡✈❡• ❖❜•❡❝t✐✈❡s ❜② ❛ tr✉st❡❞ t❤✐r❞ ♣❛rt✳ ❆•t❤♦✉❣❤ •❤♦s❤ ❡t ❛•✳ tr② t♦ ❡♥r✐❝❤ t❤❡ ❙▲❆ ♣❛r❛♠❡t❡rs t♦ s✉♣♣♦rt t❤❡ ❙t♦r❛❣❡✲❛s✲❛✲❙❡r✈✐❝❡✱ t❤✐s ✐s st✐•• ✐♥❛❞❡q✉❛t❡ ❢♦r ♦✉r ♣✉r♣♦s❡ ✐♥ t❤✐s ♣❛♣❡r ✇❤✐❝❤ ✐s ❞✐s❝♦✈❡r✐♥❣ ❞❛t❛ st♦r❡s ❜❛s❡❞ ♦♥ ❛♣♣•✐❝❛t✐♦♥ r❡q✉✐r❡♠❡♥ts ❛♥❞ ❞❛t❛ st♦r❡s ❝❛♣❛❜✐•✐t✐❡s✳ ❆♥ ❛✉t♦♠❛t❡❞ ❛♣♣r♦❛❝❤ t♦ ❈•♦✉❞ st♦r❛❣❡ s❡r✈✐❝❡ s❡•❡❝t✐♦♥ ❬✺✼✱✺✽( |✉✐③✲ ❆•✈❛r❡③ ❡t ❛•✳ ♣r♦♣♦s❡ ❛♥ ❛✉t♦♠❛t❡❞ ❛♣♣r♦❛❝❤ t♦ s❡•❡❝t ❛ P❛❛❙ st♦r❛❣❡ s❡r✈✐❝❡ ❛❝❝♦r❞✐♥❣ t♦ ❛♥ ❛♣♣•✐❝❛t✐♦♥ r❡q✉✐r❡♠❡♥ts✳ ❋♦r t❤✐s ♣✉r♣♦s❡✱ t❤❡② ❞❡✜♥❡ ❛ ❳▼▲ s❝❤❡♠❛ ❜❛s❡❞ ♦♥ ❛ ♠❛❝❤✐♥❡ r❡❛❞❛❜•❡ ❞❡s❝r✐♣t✐♦♥ ♦❢ t❤❡ ❝❛♣❛❜✐•✐t✐❡s ♦❢ ❡❛❝❤ st♦r❛❣❡ s②st❡♠✳ ❚❤❡ ❣♦❛• ♦❢ t❤✐s ❳▼▲ s❝❤❡♠❛ ✐s t✇♦❢♦•❞✿ ✭✐✮ ❡①♣r❡ss✐♥❣ t❤❡ st♦r❛❣❡ ♥❡❡❞s ♦❢ ❝♦♥s✉♠❡rs ✉s✐♥❣ ❤✐❣❤✲•❡✈❡• ❝♦♥❝❡♣ts✱ ❛♥❞ ✭✐✐✮ ❡♥❛❜•✐♥❣ t❤❡ ♠❛t❝❤✐♥❣ ❜❡t✇❡❡♥ ❝♦♥s✉♠❡rs r❡q✉✐r❡♠❡♥ts ❛♥❞ ❞❛t❛ st♦r❛❣❡ s②st❡♠s ♦✛❡r✐♥❣s✳ ◆❡✈❡rt❤❡•❡ss✱ t❤❡② ❝♦♥s✐❞❡r ✐♥ t❤❡✐r ✇♦r❦ t❤❛t ❛♥ ❛♣♣•✐❝❛t✐♦♥ ♠❛② ✐♥t❡r❛❝t ✇✐t❤ ♦♥•② ♦♥❡ ❞❛t❛ st♦r❡ ❛♥❞ t❤❡② ❞✐❞ ♥♦t ✐♥✈♦❦❡ t❤❡ ♣♦•②❣•♦t ♣❡rs✐st❡♥❝❡ ❛s♣❡❝t✳ ❆♥ ♦♥t♦•♦❣②✲❜❛s❡❞ s②st❡♠ ❢♦r ❈•♦✉❞ ✐♥❢r❛str✉❝t✉r❡ s❡r✈✐❝❡s ❞✐s❝♦✈❡r② ❬✺✾( )❤❛♥❣ ❡t ❛•✳ ♣r♦♣♦s❡ t❤❡ ❈•♦✉❞ ❈♦♠♣✉t✐♥❣ ❖♥t♦•♦❣② ✭❈♦❈♦❖♥✮ t❤❛t ❡♥✲ ❛❜•❡s t♦ ❞❡♥♦t❡ ❢✉♥❝t✐♦♥❛• ❛♥❞ ♥♦♥ ❢✉♥❝t✐♦♥❛• ❝♦♥❝❡♣ts✱ ❛ttr✐❜✉t❡s ❛♥❞ r❡•❛t✐♦♥s ♦❢ ✐♥❢r❛str✉❝t✉r❡s s❡r✈✐❝❡s ✐♥ ❈•♦✉❞ ❡♥✈✐r♦♥♠❡♥ts✳ ❯s✐♥❣ t❤❡ ❈♦❈♦❖♥ ♦♥t♦•♦❣②✱ ❈•♦✉❞ ♣r♦✈✐❞❡rs ❡①♣♦s❡ ❛ ❞❡s❝r✐♣t✐♦♥ ♦❢ t❤❡✐r s❡r✈✐❝❡s✳ ■♥ ❛❞❞✐t✐♦♥✱ t❤❡② ♣r♦♣♦s❡ ❈•♦✉❞|❡❝♦♠♠❡♥❞❡r ✇❤✐❝❤ ✐s ❛ s②st❡♠ ✐♠♣•❡♠❡♥t✐♥❣ t❤❡✐r ♦♥t♦•♦❣② ✐♥ ❛ r❡•❛t✐♦♥❛• ♠♦❞❡•✳ ❚❤✐s s②st❡♠ ❡♥❛❜•❡s t❤❡ s❡•❡❝t✐♦♥ ♦❢ ✐♥❢r❛str✉❝t✉r❡ s❡r✈✐❝❡s ✉s✐♥❣ ❙◗▲ q✉❡r✐❡s t♦ ♠❛t❝❤ ✉s❡r r❡q✉❡sts t♦ t❤❡ s❡r✈✐❝❡s ❞❡s❝r✐♣t✐♦♥s✳ ❍♦✇❡✈❡r✱ t❤✐s ❛♣✲ ♣r♦❛❝❤ ✐s ✐♥t❡♥❞❡❞ t♦ ✇♦r❦ ✐♥ t❤❡ ■❛❛❙ ❛♥❞ ♥♦t ✐♥ t❤❡ P❛❛❙✳ ■♥ ❛❞❞✐t✐♦♥✱ ✉s❡rs ❝❛♥ ♥♦t ❞✐s❝♦✈❡r ♠✉•t✐♣•❡ r❡s♦✉r❝❡s ✐♥ ♦♥❡ q✉❡r②✳ ❈•♦✉❞ s❡r✈✐❝❡ s❡•❡❝t✐♦♥ ❜❛s❡❞ ♦♥ ✈❛r✐❛❜✐•✐t② ♠♦❞❡•✐♥❣ ❬✻✵( ❲✐tt❡r♥ ❡t ❛•✳ ♣r♦♣♦s❡ t♦ ✉s❡ ❈•♦✉❞ ❢❡❛t✉r❡ ♠♦❞❡•✐♥❣ ❜❛s❡❞ ♦♥ ✈❛r✐❛❜✐•✐t② ♠♦❞❡•✐♥❣ ✐♥ ♦r❞❡r ✸✻ ❙t❛t❡ ❖❢ ❚❤❡ ❆rt t♦ ♣r❡s❡♥t ✉s❡rs r❡q✉✐r❡♠❡♥ts ❛♥❞ ❈•♦✉❞ s❡r✈✐❝❡s ❝❛♣❛❜✐•✐t✐❡s✳ ❇❛s❡❞ ♦♥ t❤❛t✱ t❤❡② ❞❡✜♥❡ ❛•s♦ ❛ ❈•♦✉❞ s❡r✈✐❝❡ s❡•❡❝t✐♦♥ ♣r♦❝❡ss ❛s ❛ ♠❡t❤♦❞♦•♦❣② ❢♦r ❞❡❝✐s✐♦♥ ♠❛❦✐♥❣✳ ❆•t❤♦✉❣❤ t❤✐s ❛♣♣r♦❛❝❤ ✐s ❛✉t♦♠❛t✐❝ ❛♥❞ ❞②♥❛♠✐❝✱ ✐t ❞♦❡s ♥♦t s✉♣♣♦rt t❤❡ ❞✐s❝♦✈❡r② ❛♥❞ t❤❡ s❡•❡❝t✐♦♥ ♦❢ ♠✉•t✐♣•❡ s❡r✈✐❝❡s✳ ❙②♥t❤❡s✐s ■♥ t❤✐s s❡❝t✐♦♥✱ ✇❡ ♣r❡s❡♥t ❛ s②♥t❤❡s✐s ❛❜♦✉t t❤❡ ♣r❡s❡♥t❡❞ ✇♦r❦s ❛❜♦✈❡✳ ❚♦ ❞♦ s♦✱ ✇❡ ✜① ❛ s❡t ♦❢ s✐① ❝r✐t❡r✐❛ ♦♥ ✇❤✐❝❤ ✇❡ r❡•② t♦ ❡✈❛•✉❛t❡ t❤❡s❡ ✇♦r❦s✳ ❲❡ ❝❤❡❝❦ ✇❤❡t❤❡r t❤❡s❡ ✇♦r❦s ♣r♦♣♦s❡ ❛ s♦•✉t✐♦♥ t♦ ✭✶✮ ❞❡s❝r✐❜❡ ♠✉•t✐♣•❡ ❞❛t❛ st♦r❡s ❜❛s❡❞ ❛♣♣•✐❝❛t✐♦♥ r❡q✉✐r❡♠❡♥ts✱ ✭✷✮ ❡①♣♦s❡ ❞❛t❛ st♦r❡s ❝❛♣❛❜✐•✐t✐❡s ❛♥❞ ✭✸✮ ❛♣♣•② ♠❛t❝❤✐♥❣ t❡❝❤♥✐q✉❡s t♦ ❡•❡❝t t❤❡ ♠♦st s✉✐t❛❜•❡ ❈•♦✉❞ ♣r♦✈✐❞❡r t♦ ❛♥ ❛♣♣•✐❝❛t✐♦♥✳ ❲❡ ❛•s♦ ✈❡r✐❢② ✐❢ t❤❡s❡ ✇♦r❦s ✉s❡ ♠❛♥✐❢❡sts t♦ ❞❡s❝r✐❜❡ r❡q✉✐r❡♠❡♥ts ❛♥❞ ❝❛♣❛❜✐•✐t✐❡s ✐♥ t❡r♠s ♦❢ ❞❛t❛ st♦r❡s✳ ❋✐♥❛••②✱ ✇❡ ♣♦✐♥t ♦✉t t❤❛t ✇❡ t❛r❣❡t ❛♣♣•✐❝❛t✐♦♥s ✐♥ P❛❛❙✳ ❚❤✐s ❛♥❛•②s✐s ✐s s❤♦✇❝❛s❡❞ ✐♥ ❚❛❜•❡ ✷✳✹✳ ❤ ❤ ❤ ❤ ❤ ❤ ❤ ❤ ❤ ❤ ❤ ❤ ❤ ❤ ❤ ❤ ❤ ❙t✉❞✐❡❞ ❙♦•✉t✐♦♥s ❈r✐t❡r✐❛ ▼✉•t✐♣•❡ ❞❛t❛ st♦r❡s P❛❛❙ ▼❛♥✐❢❡st✲❜❛s❡❞ ♠♦❞❡•✐♥❣ ❈❛♣t✉r✐♥❣ ✉s❡rs r❡q✉✐r❡♠❡♥ts ❉❛t❛ st♦r❡ ❝❛♣❛❜✐•✐t✐❡s ▼❛t❝❤✐♥❣ t❡❝❤♥✐q✉❡s ❈❆▼P ❬✺✶( -+ -+ + - ❈❉▼■ ❬✺✷( ---+ - - ❚r✉♦♥❣ ❡t ❛•✳ ❬✺✸✕✺✺( --+ + -+/- •❤♦s❤ ❡t ❛•✳ ❬✺✻( ----- - |✉✐③✲❆•✈❛r❡③ ❡t ❛•✳ ❬✺✼✱ ✺✽( -+ + + + + )❤❛♥❣ ❡t ❛•✳ ❬✺✾( ---+ + - ❲✐tt❡r♥ ❡t ❛•✳ ❬✻✵( ---+ + + ❚❛❜•❡ ✷✳✹✿ ❙②♥t❤❡s✐s ♦❢ t❤❡ r❡•❛t❡❞ ✇♦r❦s ❝❛♣t✉r✐♥❣ ❉❛t❛ |❡q✉✐r❡♠❡♥ts ❆♥❞ ❈•♦✉❞ ❉❛t❛ ❙t♦r❡ ❈❛♣❛❜✐•✐t✐❡s ❆❣❛✐♥st t❤✐s ❛♥❛•②s✐s✱ ✇❡ ❝♦♥❝•✉❞❡ t❤❛t ❛•• t❤❡ st✉❞✐❡❞ ✇♦r❦s ❞♦ ♥♦t s✉♣♣♦rt ♠✉•t✐♣•❡ ❞❛t❛ st♦r❡s ❜❛s❡❞ ❛♣♣•✐❝❛t✐♦♥s ❞✐s❝♦✈❡r②✳ ■♥ ❛❞❞✐t✐♦♥✱ ❢❡✇ ♦❢ t❤❡♠ ❛r❡ ✐♥t❡♥❞❡❞ t♦ s✉♣♣♦rt ❞❛t❛ st♦r❡s ✐♥ t❤❡ P❛❛❙ •❛②❡r ♦❢ ❛ ❈•♦✉❞ ❡♥✈✐r♦♥♠❡♥t✳ ❋✐♥❛••②✱ t❤❡s❡ ✇♦r❦s ❞♦ ♥♦t ♣r♦♣♦s❡ t♦ ❞❡s❝r✐❜❡ ❛♣♣•✐❝❛t✐♦♥s r❡q✉✐r❡♠❡♥ts ❛♥❞ ❞❛t❛ st♦r❡s ❝❛♣❛❜✐•✐t✐❡s ✐♥ ♠❛♥✐❢❡st ❡✈❡♥ ✐❢ t❤✐s ♠♦❞❡•✐♥❣ ❡♥s✉r❡s ♠♦r❡ ❛✉t♦♠❛t✐❝✐t② ✐♥ ❞❛t❛ st♦r❡s ❞✐s❝♦✈❡r②✳ ❈♦♥❝•✉s✐♦♥ ✸✼ ✷✳✹ ❈♦♥❝•✉s✐♦♥ ❆♣♣r♦❛❝❤❡s ❛❜♦✉t ✉♥✐❢②✐♥❣ ❞❛t❛ ♠♦❞❡•s✱ ❡❛s✐♥❣ ❛❝❝❡ss t♦ ❤❡t❡r♦❣❡♥❡♦✉s ❞❛t❛ st♦r❡s✱ ✐♥t❡❣r❛t✐♥❣ ❞❛t❛✱ ❛♥❞ ❈•♦✉❞ s❡r✈✐❝❡s ❞✐s❝♦✈❡r② ❡①✐st ✇❛② ❜❡❢♦r❡ t❤❡ ❛♣♣❡❛r❛♥❝❡ ♦❢ ◆♦❙◗▲ ❞❛t❛ st♦r❡s ❛♥❞ t❤❡ ♥♦t✐♦♥ ♦❢ ♣♦•②❣•♦t ♣❡rs✐st❡♥❝❡✳ ❙♦✱ t❤❡r❡ ✐s ❛ ♣•❡t❤♦r❛ ♦❢ ✇♦r❦s ❞❡❛•✐♥❣ ✇✐t❤ t❤❡♠✳ ■♥ t❤✐s ❝❤❛♣t❡r✱ ✇❡ ✜rst ✐♥tr♦❞✉❝❡❞ t❤❡ ❜❛s✐❝ ❝♦♥❝❡♣ts t❤❛t ❛r❡ str❛✐❣❤t❢♦r✇❛r❞•② r❡•❛t❡❞ t♦ ♦✉r ✇♦r❦✳ ❚❤❡♥✱ ✇❡ ♣r♦✈✐❞❡ ❛♥ ♦✈❡r✈✐❡✇ ♦❢ t❤❡ ❡①✐st✐♥❣ ✇♦r❦ ✐♥ ❡❛❝❤ ❛r❡❛✳ ❚❛❜•❡s ✷✳✶✱ ✷✳✷✱ ✷✳✸✱ ❛♥❞ ✷✳✹ ♣r❡s❡♥t ✐••✉str❛t✐✈❡ ♣✐❝t✉r❡s t♦ s❤♦✇ ❤♦✇ ❡❛❝❤ ✇♦r❦ r❡s♣♦♥❞s t♦ t❤❡ ♦❜•❡❝t✐✈❡s •✐st❡❞ ✐♥ ❈❤❛♣t❡r ✶✳ ❉❡s♣✐t❡ ❛•• t❤❡s❡ ♣r♦♣♦s❛•s✱ ❝❤❛••❡♥❣❡s ✐♥tr♦❞✉❝❡❞ ❜② ❈•♦✉❞ ❡♥✈✐r♦♥♠❡♥ts ❛♥❞ ◆♦❙◗▲ ❞❛t❛ st♦r❡s ❛r❡ ♥♦t ❢✉••② ❛❞❞r❡ss❡❞✳ ■♥ ❣❡♥❡r❛•✱ t❤❡s❡ ♣r♦♣♦s❛•s ❞♦ ♥♦t s✉♣♣♦rt ◆♦❙◗▲ ❞❛t❛ st♦r❡s ❛♥❞ ❛r❡ ♥♦t ✇❡•• ✐♥t❡❣r❛t❡❞ ✐♥ ❈•♦✉❞ ❛♣♣•✐❝❛t✐♦♥s •✐❢❡❝②❝•❡✳ ■♥ ♦✉r ✇♦r❦✱ ✇❡ ✇✐•• ♣r♦♣♦s❡ ❢♦✉r s♦•✉t✐♦♥s t❤❛t r❡s♣♦♥❞ t♦ ❛•• t❤❡ ❞r❡ss❡❞ ♦❜✲ •❡❝t✐✈❡s✳ ■♥❞❡❡❞✱ t❤❡s❡ s♦•✉t✐♦♥s ❝♦♥❝❡r♥ t❤❡ s✉♣♣♦rt ♦❢ ♠✉•t✐♣•❡ ❞❛t❛ st♦r❡s ❜❛s❡❞ ❛♣♣•✐❝❛t✐♦♥s ✐♥ ❈•♦✉❞ ❡♥✈✐r♦♥♠❡♥ts✳ ❲❡ ♣r♦♣♦s❡ ❛♥ ✐♥t❡❣r❛t❡❞ s❡t ♦❢ ♠♦❞❡•s✱ ❛•✲ ❣♦r✐t❤♠s ❛♥❞ t♦♦•s ❛✐♠✐♥❣ ❛t ❛••❡✈✐❛t✐♥❣ ❞❡✈❡•♦♣❡rs t❛s❦ ❢♦r ❞❡✈❡•♦♣✐♥❣✱ ❞❡♣•♦②✐♥❣✱ ❡①❡❝✉t✐♥❣ ❝♦♠♣•❡① q✉❡r✐❡s ❛♥❞ ♠✐❣r❛t✐♥❣ ♠✉•t✐♣•❡ ❞❛t❛ st♦r❡s ❜❛s❡❞ ❛♣♣•✐❝❛t✐♦♥s ✐♥ ❈•♦✉❞ ❡♥✈✐r♦♥♠❡♥ts✳ ■t ✐s ✇♦rt❤② t♦ s❛② t❤❛t ✇❡ t❛❦❡ ✐♥t♦ ❛❝❝♦✉♥t r❡•❛t✐♦♥❛• ❛♥❞ ◆♦❙◗▲ ❞❛t❛ st♦r❡s✳ ■♥ t❤❡ ♥❡①t ❝❤❛♣t❡r✱ ✇❡ ✇✐•• ✐♥tr♦❞✉❝❡ ♦✉r ✜rst t✇♦ ❝♦♥tr✐❜✉t✐♦♥s✳ ■♥❞❡❡❞✱ ✇❡ ✇✐•• ♣r❡s❡♥t ♦✉r ✉♥✐✜❡❞ ❞❛t❛ ♠♦❞❡• ❝♦✈❡r✐♥❣ t❤❡ ❤❡t❡r♦❣❡♥❡✐t② ❜❡t✇❡❡♥ r❡•❛t✐♦♥❛• ❛♥❞ ◆♦❙◗▲ ❞❛t❛ st♦r❡s✳ ❆❢t❡r✇❛r❞s✱ ✇❡ ✇✐•• ♣r❡s❡♥t ❖❉❇❆P■ ✇❤✐❝❤ ✐s ❛ |❊❙❚ ❜❛s❡❞ ❆P■ t❤❛t ❛••♦✇s t❤❡ ❡①❡❝✉t✐♦♥ ♦❢ q✉❡r✐❡s ❛❝r♦ss r❡•❛t✐♦♥❛• ❛♥❞ ◆♦❙◗▲ ❞❛t❛ st♦r❡s ✐♥ ❛ ✉♥✐q✉❡ ✇❛②✳ ❚❤✐s ❆P■ ❤❛s ❜❡❡♥ ❞❡✜♥❡❞ ❜❛s❡❞ ♦♥ ❛ r❡s♦✉r❝❡ ♠♦❞❡• ♠❛♣♣✐♥❣ t❤❡ ❞✐✛❡r❡♥t ❝♦♥❝❡♣ts ✐♥ ♦✉r ✉♥✐✜❡❞ ❞❛t❛ ♠♦❞❡•✳ ✸✽ ❙t❛t❡ ❖❢ ❚❤❡ ❆rt
❯♥✐❢②✐♥❣ ❚❤❡ ❆❝❝❡ss ❚♦ |❡•❛t✐♦♥❛• ❆♥❞ ◆♦❙◗▲ ❉❛t❛ ❙t♦r❡s ■♥ ❈•♦✉❞ ❊♥✈✐r♦♥♠❡♥ts ✸✳✶ ■♥tr♦❞✉❝t✐♦♥ ❙t♦r✐♥❣ ❛♥❞ ♠❛♥✐♣✉•❛t✐♥❣ ❞❛t❛ ❢r♦♠ ♠✉•t✐♣•❡ ❞❛t❛ st♦r❡s ✐♥ ❈•♦✉❞ ❡♥✈✐r♦♥♠❡♥ts ✐s ❣❛✐♥✐♥❣ ♠♦♠❡♥t✉♠✳ ❍♦✇❡✈❡r✱ ❛♣♣•✐❝❛t✐♦♥s ❞❡✈❡•♦♣❡rs ❛r❡ ❝❡♥tr❛• t♦ t❤❛t✳ ■♥❞❡❡❞✱ t❤❡② s✉♣♣♦s❡❞ t♦ ❞❡✈❡•♦♣ t❤✐s ❦✐♥❞ ♦❢ ❛♣♣•✐❝❛t✐♦♥s✱ t♦ ❞❡♣•♦② ✐t✱ t♦ ❡①❡❝✉t❡ t❤❡✐r q✉❡r✐❡s✱ t♦ ♠❛♥❛❣❡ ✐ts ♠✐❣r❛t✐♦♥ ❢r♦♠ ♦♥❡ ❈•♦✉❞ ❡♥✈✐r♦♥♠❡♥t t♦ ❛♥♦t❤❡r✱ ❡t❝✳ ❚♦ ❝♦♣❡ ✇✐t❤ t❤✐s✱ ❞❡✈❡•♦♣❡rs ♠✉st ❜❡ ❢❛♠✐•✐❛r ✇✐t❤ ❞❛t❛ ♠♦❞❡•s ❛♥❞ ❆P■s ♦❢ ❡❛❝❤ ❞❛t❛ st♦r❡s ✐♥❝•✉❞✐♥❣ ♥❡✇ ❞❛t❛ st♦r❡s ✐♥ ❝❛s❡ ♦❢ ♠✐❣r❛t✐♦♥✳ ❖✉r ♠❛✐♥ ♣✉r♣♦s❡ ✐♥ t❤✐s ✇♦r❦ ✐s t♦ r✐❞ ❞❡✈❡•♦♣❡rs ❢r♦♠ t❤❡s❡ ❤❡❛✈② ❛♥❞ ❝✉♠❜❡rs♦♠❡ t❛s❦s✳ ■♥❞❡❡❞✱ ✇❡ ♣r♦✈✐❞❡ t❤❡♠ ❛ s❡t ♦❢ t♦♦•s✱ t❡❝❤♥✐q✉❡s✱ ❛♥❞ ❛•❣♦r✐t❤♠s ❛✐♠✐♥❣ ❛t ❞❡✈❡•♦♣✐♥❣✱ ❞❡♣•♦②✐♥❣ ❛♥❞ ♠✐❣r❛t✐♥❣ ♠✉•t✐♣•❡ ❞❛t❛ st♦r❡s ❜❛s❡❞ ❛♣♣•✐❝❛t✐♦♥s ✐♥ ❈•♦✉❞ ❡♥✈✐r♦♥✲ ♠❡♥ts✳ ■♥ t❤✐s ❝❤❛♣t❡r✱ ✇❡ st❛rt ❜② ❣✐✈✐♥❣ ❛♥ ♦✈❡r✈✐❡✇ ♦❢ ♦✉r ❝♦♥tr✐❜✉t✐♦♥s t❤❛t ✇❡ ✇✐•• ❞❡t❛✐• ✐♥ ♥❡①t ❝❤❛♣t❡rs ✭s❡❡ ❙❡❝t✐♦♥ ✸✳✷✮✳ ❚❤❡♥✱ ✇❡ ♣r❡s❡♥t ♦✉r ✉♥✐✜❡❞ ❞❛t❛ ♠♦❞❡• t❤❛t ✇❡ ✉s❡ t♦ ❝♦✈❡r t❤❡ ❤❡t❡r♦❣❡♥❡✐t② ❜❡t✇❡❡♥ r❡•❛t✐♦♥❛• ❛♥❞ ◆♦❙◗▲ ❞❛t❛ st♦r❡s ❜② ❡♥s✉r✐♥❣ ❛ ✉♥✐q✉❡ ✈✐❡✇ ♦♥ t❤❡s❡ ❞❛t❛ st♦r❡s ✭s❡❡ ❙❡❝t✐♦♥ ✸✳✸✮✳ ❋✐♥❛••②✱ ✇❡ ✐♥tr♦❞✉❝❡ ♦✉r |❊❙❚ ❜❛s❡❞ ❆P■✱ ❖❉❇❆P■ t❤❛t ❡♥❛❜•❡ t♦ ✉♥✐❢♦r♠•② ❡①❡❝✉t❡ q✉❡r✐❡s ❛❝r♦ss r❡•❛t✐♦♥❛• ❛♥❞ ◆♦❙◗▲ ❞❛t❛ st♦r❡s ✭s❡❡ ❙❡❝t✐♦♥ ✸✳✹✮✳ ✸✳✷ ❖✈❡r✈✐❡✇ ❖❢ ❖✉r ❆♣♣r♦❛❝❤ ❋♦r ❡❛s❡ ♦❢ ♣r❡s❡♥t❛t✐♦♥ ♦❢ ♦✉r ✇♦r❦✱ ✇❡ ♣r♦♣♦s❡ t♦ ✐♥tr♦❞✉❝❡ t❤❡ ♠❛✐♥ ❝♦♥st✐t✉❡♥ts ♦❢ ♦✉r ❛♣♣r♦❛❝❤ t❤❛t ✇❡ ❞❡t❛✐• ✐♥ ♥❡①t ❝❤❛♣t❡rs✳ ❲❡ s❤♦✇ ✐♥ ♣❛rt✐❝✉•❛r ❤♦✇ t❤❡s❡ ❡•❡♠❡♥ts ❡♥❛❜•❡ ♦✈❡r❝♦♠✐♥❣ t❤❡ ♣r♦❜•❡♠s ✭P b 1 ✲ P b 4 ✮ •✐st❡❞ ✐♥ t❤❡ ✜rst ❝❤❛♣t❡r ♦❢ t❤✐s ♠❛♥✉s❝r✐♣t ✭s❡❡ ❈❤❛♣t❡r ✶✮✳ ❋✐❣✉r❡ ✸✳✶ ❞❡♣✐❝ts ❤♦✇ t❤❡s❡ ❝♦♥st✐t✉❡♥ts ✐♥t❡r✈❡♥❡ ❞✉r✐♥❣ t❤❡ ❞❡✈❡•♦♣♠❡♥t✱ ❞✐s❝♦✈❡r②✱ ❞❡♣•♦②♠❡♥t ❛♥❞ ❡①❡❝✉t✐♦♥ st❡♣s✳ ❖✉r ❛♣♣r♦❛❝❤ r❡•✐❡s ♦♥ t❤❡ ❢♦••♦✇✐♥❣ ✹ ❡•❡♠❡♥ts✿ ❋✐❣✉r❡ ✸✳✶✿ ❆♥ ❡♥❞✲t♦✲❡♥❞ ♦✈❡r✈✐❡✇ ♦❢ ♦✉r s♦•✉t✐♦♥ • ❯♥✐❢②✐♥❣ ❞❛t❛ ♠♦❞❡•s✿ ❲❡ ❞❡✜♥❡ ❛ ❞❛t❛ ♠♦❞❡• ✇❤✐❝❤ ❛❜str❛❝ts t❤❡ ✉♥✲ ❞❡r•②✐♥❣ ✭❡①♣•✐❝✐t✴✐♠♣•✐❝✐t✮ ✐♥t❡❣r❛t❡❞ ❞❛t❛ st♦r❡s ♠♦❞❡•s✱ ❛♥❞ ✇❡ ♣r♦✈✐❞❡ ❛ ❝♦♠♠♦♥ ❛♥❞ ✉♥✐✜❡❞ ✈✐❡✇ s♦ t❤❛t ❞❡✈❡•♦♣❡rs ❝❛♥ ❞❡✜♥❡ ❛♥❞ ❡①❡❝✉t❡ t❤❡✐r q✉❡r✐❡s ♦✈❡r ❤❡t❡r♦❣❡♥❡♦✉s ❞❛t❛ st♦r❡s✳ ❲❡ ♣r♦♣♦s❡ t♦ r❡✜♥❡ t❤✐s ❞❛t❛ ♠♦❞❡• ❖✈❡r✈✐❡✇ ❖❢ ❖✉r ❆♣♣r♦❛❝❤ ✹✶ ❜② t❤❡ r❡✜♥❡♠❡♥t r✉•❡s ✐♥ ♦r❞❡r t♦ ♣r♦✈✐❞❡ ♠♦r❡ ✐♥❢♦r♠❛t✐♦♥ t♦ t❤❡ ❞❡✈❡•✲ ♦♣❡rs✳ ❉✉r✐♥❣ t❤❡ ❞❡✈❡•♦♣♠❡♥t st❡♣✱ t❤❡ ❞❡✈❡•♦♣❡rs ❞✐s♣♦s❡ ♦❢ ❛ ❣•♦❜❛• ❞❛t❛ ♠♦❞❡• ❡①♣r❡ss❡❞ ❛❝❝♦r❞✐♥❣ t♦ ♦✉r ✉♥✐✜❡❞ ♠♦❞❡• ❛♥❞ ✇❤✐❝❤ ✐♥t❡❣r❛t❡s •♦❝❛• ❞❛t❛ st♦r❡ ♠♦❞❡•s✳ ❖✉r ✉♥✐✜❡❞ ❞❛t❛ ♠♦❞❡• ❞❡❝♦✉♣•❡s q✉❡r② ❞❡✜♥✐t✐♦♥s ❢r♦♠ t❤❡ ❞❛t❛ st♦r❡s s♣❡❝✐✜❝ •❛♥❣✉❛❣❡s✳ ❉✉r✐♥❣ t❤❡ ❡①❡❝✉t✐♦♥ st❡♣✱ t❤❡ ✉♥✐✜❡❞ ❞❛t❛ ♠♦❞❡• ✐s ✉s❡❞ ❜② t❤❡ ✈✐rt✉❛• ❞❛t❛ st♦r❡s ✐♥ ♦r❞❡r t♦ ♣r♦❝❡ss ❝♦♠♣•❡① q✉❡r✐❡s ❛♥❞ t♦ ♦♣t✐♠❛••② ❡①❡❝✉t❡ ✐t ✭❝♦♥tr✐❜✉t✐♥❣ t♦ r❡s♦•✈✐♥❣ t❤❡r❡❛❢t❡r✳ • ❖❉❇❆P■✱ ❛ |❊❙❚✲❜❛s❡❞ ❆P■✿ ❇❛s❡❞ ♦♥ ♦✉r ✉♥✐✜❡❞ ❞❛t❛ ♠♦❞❡•✱ ✇❡ ❞❡✜♥❡ ❛ r❡s♦✉r❝❡ ♠♦❞❡• ✉♣♦♥ ✇❤✐❝❤ ✇❡ ❞❡✈❡•♦♣ ❛ str❡❛♠•✐♥❡❞ ❛♥❞ ❛ ✉♥✐✲ ✜❡❞ |❊❙❚ ❆P■✳ ❲❡ ❝❛••❡❞ ✐t ❖❉❇❆P■ t❤❛t st❛♥❞s ❢♦r ❖♣❡♥P❛❛s ❉❛t❛❇❛s❡ ❆P■✳ ❚❤✐s ❆P■ ❡♥❛❜•❡s t♦ ✐♥t❡r❛❝t ✇✐t❤ r❡•❛t✐♦♥❛• ❛♥❞ ◆♦❙◗▲ ❞❛t❛ st♦r❡s ✐♥ ❛ ✉♥✐q✉❡ ❛♥❞ ✉♥✐❢♦r♠ ✇❛②✳ ❖✉r ❆P■ ❞❡❝♦✉♣•❡s t❤❡ ✐♥t❡r❛❝t✐♦♥s ✇✐t❤ ❞❛t❛ st♦r❡s ❢r♦♠ t❤❡✐r s♣❡❝✐✜❝ ❞r✐✈❡rs✳ ❚❤❡ ♣r♦♣♦s❡❞ ✉♥✐✜❡❞ ❞❛t❛ ♠♦❞❡• ❡♥❛❜•❡s t♦ ❡①♣r❡ss q✉❡r✐❡s ❛♥❞ t♦ ✐♥t❡r❛❝t ✇✐t❤ ❤❡t❡r♦❣❡♥❡♦✉s ❞❛t❛ st♦r❡s ✉s✐♥❣ ❖❉❇❆P■✳ ❍❡♥❝❡✱ ❞❡✈❡•♦♣❡rs ❞♦ ♥♦t ❤❛✈❡ t♦ ❞❡❛• ✇✐t❤ ✈❛r✐♦✉s q✉❡r② •❛♥❣✉❛❣❡s ❛♥❞ ❆P■s✳ ■♥ ❛❞❞✐t✐♦♥✱ t❤❡② ❞♦ ♥♦t ❤❛✈❡ t♦ ❛❞❛♣t t❤❡✐r ❝♦❞❡ ✇❤❡♥ ♠✐❣r❛t✐♥❣ t❤❡✐r ❛♣♣•✐❝❛t✐♦♥s✳ ❖❉❇❆P■ ✐s ❛•s♦ ✉s❡❞ ✐♥ ♦✉r s♦•✉t✐♦♥ ✐♥t❡❣r❛t✲ ✐♥❣ ◆♦❙◗▲ ❛♥❞ r❡•❛t✐♦♥❛• ❞❛t❛ st♦r❡s t♦ ❡①❡❝✉t❡ ❝♦♠♣•❡① q✉❡r✐❡s✳ ■♥❞❡❡❞✱ ✐t ♣•❛②s t❤❡ r♦•❡ ♦❢ ✇r❛♣♣❡rs ✐♥ ♦r❞❡r t♦ ❝♦♥✈❡rt q✉❡r✐❡s ❛♥❞ r❡s✉•t s❡ts ❢r♦♠ t❤❡ s♦✉r❝❡s ❢♦r♠❛t t♦ t❤❡ ✈✐rt✉❛• ❞❛t❛ st♦r❡s ✭❱❉❙ ❢♦r s❤♦rt✮ ❢♦r♠❛t ❛♥❞ ✈✐❝❡ ✈❡rs❛✳ • ❱✐rt✉❛• ❞❛t❛ st♦r❡s✿ ❲r❛♣♣❡r |❊❙❚ s❡r✈✐❝❡s ✭✐✳❡✳ ❖❉❇❆P■ s❡r✈✐❝❡s✮ ❡♥✲ ❛❜•❡ ❡①❡❝✉t✐♥❣ s✐♠♣•❡ q✉❡r✐❡s ♦✈❡r t❤❡ ✐♥✈♦•✈❡❞ ❞❛t❛ st♦r❡s✳ ❍♦✇❡✈❡r✱ t❤❡② ❛r❡ ♥♦t ♠❡❛♥t t♦ ❡①❡❝✉t❡ ❝♦♠♣•❡① q✉❡r✐❡s ✭s✉❝❤ ❛s •♦✐♥✱ ✉♥✐♦♥✱ ❡t❝✳✮ ♦♥ ♠✉•✲ t✐♣•❡ ❞❛t❛ st♦r❡s ♦r ❡♥t✐t② s❡ts✳ ■♥ ♦✉r ❛♣♣r♦❛❝❤✱ ✇❡ ❝♦♥s✐❞❡r ❱❉❙ ❛ s♣❡❝✐✜❝ ❝♦♠♣♦♥❡♥t r❡s♣♦♥s✐❜•❡ ❢♦r ❡①❡❝✉t✐♥❣ q✉❡r✐❡s s✉❜♠✐tt❡❞ ❜② ❛ ♠✉•t✐♣•❡ ❞❛t❛ st♦r❡ ❛♣♣•✐❝❛t✐♦♥✳ ❆ ❱❉❙ ❤♦•❞s t❤❡ ❣•♦❜❛• ❞❛t❛ ♠♦❞❡• ✐♥t❡❣r❛t✐♥❣ t❤❡ ❞✐✛❡r✲ ❡♥t ❞❛t❛ st♦r❡s ❛♥❞ ✇❤✐❝❤ ✐s s♣❡❝✐✜❡❞ ❛❝❝♦r❞✐♥❣ t♦ ♦✉r ✉♥✐✜❡❞ ❞❛t❛ ♠♦❞❡• ❛♥❞ ❛ s❡t ♦❢ t❤❡ r❡✜♥❡♠❡♥t r✉•❡s✳ ❇❡s✐❞❡s✱ ✐t ✐s ❛❝❝❡ss✐❜•❡ ❛s ❛ |❊❙❚ s❡r✲ ✈✐❝❡ ❝♦♠♣•②✐♥❣ t♦ t❤❡ ❖❉❇❆P■ ❛♥❞ ♠❛✐♥t❛✐♥s t❤❡ ❡♥❞✲♣♦✐♥ts ♦❢ t❤❡ ✇r❛♣♣❡r |❊❙❚ s❡r✈✐❝❡s ✭✐♥ ♦t❤❡r ✇♦r❞ t❤❡ ✐♥t❡❣r❛t❡❞ ❞❛t❛ st♦r❡s✮✳ ❆ ♠✉•t✐♣•❡ ❞❛t❛ st♦r❡ ❛♣♣•✐❝❛t✐♦♥ s✉❜♠✐ts ❈|❯❉ ❛♥❞ ❝♦♠♣•❡① q✉❡r✐❡s t♦ t❤❡ ❱❉❙ ✇❤✐❝❤ ✐s r❡s♣♦♥s✐❜•❡ ♦❢ t❤❡✐r ❡①❡❝✉t✐♦♥ ❜② ✐♥t❡r❛❝t✐♥❣ ✇✐t❤ ❛♣♣r♦♣r✐❛t❡ ❞❛t❛ st♦r❡s ✈✐❛ t❤❡✐r |❊❙❚ s❡r✈✐❝❡s✳ ❱❉❙s ❡♥❛❜•❡ ❞❡✈❡•♦♣❡rs t♦ ❡①♣r❡ss t❤❡✐r ❝♦♠♣•❡① q✉❡r✐❡s ♦✈❡r ♠✉•t✐♣•❡ ❞❛t❛ st♦r❡s ✐♥ ❛ ❞❡❝•❛r❛t✐✈❡ ✇❛② ❛♥❞ t❛❦❡ ✐♥ ❝❤❛r❣❡ t❤❡ ❜✉r❞❡♥ ♦❢ t❤❡✐r ❡①❡❝✉t✐♦♥s✳ • ❉❡❞✐❝❛t❡❞ ❝♦♠♣♦♥❡♥ts ❢♦r ❞✐s❝♦✈❡r② ❛♥❞ ❞❡♣•♦②♠❡♥t✿ ■♥ ♦✉r ❛♣✲ ♣r♦❛❝❤✱ ✇❡ ❝♦♥s✐❞❡r t✇♦ ❝♦♠♣♦♥❡♥ts✿ t❤❡ ❞✐s❝♦✈❡r② ❛♥❞ ❞❡♣•♦②♠❡♥t ♠♦❞✲ ✉•❡s✳ ❚❤❡② ❛r❡ r❡s♣♦♥s✐❜•❡ ♦❢ ✜♥❞✐♥❣ ❛♣♣r♦♣r✐❛t❡ ❝•♦✉❞ ❡♥✈✐r♦♥♠❡♥ts ❛♥❞ ❞❡♣•♦②✐♥❣ ♠✉•t✐♣•❡ ❞❛t❛ st♦r❡ ❛♣♣•✐❝❛t✐♦♥s ♦♥ t❤❡♠ r❡s♣❡❝t✐✈❡•②✳ ❆s ❞❡♣✐❝t❡❞ ✐♥ ❋✐❣✳ ✸✳✶✱ ❞❡✈❡•♦♣❡rs ✜rst ❡①♣r❡ss t❤❡✐r r❡q✉✐r❡♠❡♥ts ❛❜♦✉t t❤❡ ✉s❡❞ ❞❛t❛ st♦r❡s ❛s ✇❡•• ❛s t❤❡ ❝♦♠♣✉t❛t✐♦♥ ❡♥✈✐r♦♥♠❡♥t ✈✐❛ ❛♥ ❛❜str❛❝t ❛♣♣•✐❝❛t✐♦♥ ♠❛♥✐❢❡st✳ ❇❛s❡❞ ♦♥ t❤❛t ♠❛♥✐❢❡st✱ t❤❡ ❞✐s❝♦✈❡r② ❝♦♠♣♦♥❡♥t ✜♥❞s ❛♥❞ ❡•❡❝ts
Unifying The Access To Relational And NoSQL Data Stores In Cloud Environments the appropriate cloud environment and produces an oer manifest. This manifest will be in turn used by the deployment component to deploy the application on that selected environment. The discovery and deployment modules relieves the application developers from the burden of dealing with dierent APIs and discovery/deployment procedures.

. U n i f y i n g D a t a M o d e l s

In this section, we present our integrative and unied data model used by application programmers to express their access to the dierent data stores they use and by virtual data stores to execute complex queries. In order to abstract the dierent data models of the data stores, we dene a unied data model capable to express all data constructions. We present the dierent concepts needed to dene the unied data model (see Section 3.3.1) and we formally dene them (see Section 3.3.2). The unied data model is used to express the "global" schema of an application, that is the description of all entity sets used in the application together with their the renement rules (see Section 3.3.3). Finally, a query algebra is presented, allowing to express complex queries as algebraic trees in order to optimize and evaluate their execution (see Section 3.3.4).

. . 1 I n f o r m a l D e s c r i p t i o n O f T h e U n i e d D a t a M o d e l

Our proposed data model unies the dierent concepts coming from existing data stores nowadays. As a rst step of this work, we propose to do a comparison between the dierent data stores and their concepts. In Table 3 

❯♥✐❢②✐♥❣ ❉❛t❛ ▼♦❞❡•s ✹✸ |❡•❛t✐♦♥❛• ▼♦♥❣♦❉❇ |✐❛❦ ❈❛ss❛♥❞r❛ ❯♥✐✜❡❞ ❞❛t❛ ❝♦♥❝❡♣ts ❝♦♥❝❡♣ts ❝♦♥❝❡♣ts ❝♦♥❝❡♣ts ♠♦❞❡• ❝♦♥❝❡♣ts ❉❛t❛❜❛s❡ ❉❛t❛❜❛s❡ ❊♥✈✐r♦♥♠❡♥t ❑❡②s♣❛❝❡ ❉❛t❛❜❛s❡ ❚❛❜•❡ ❈♦••❡❝t✐♦♥ ❉❛t❛❜❛s❡ ❈♦•✉♠♥ ❢❛♠✐•② ❊♥t✐t② ❙❡t |♦✇ ❉♦❝✉♠❡♥t ❑❡②✴✈❛•✉❡ ❈♦•✉♠♥ ❦❡②✴ ❊♥t✐t② ❈♦•✉♠♥ ✈❛•✉❡ ❈♦•✉♠♥ ❋✐❡•❞ ❦❡② ❈♦•✉♠♥ ❦❡② ❆ttr✐❜✉t❡ ❚❛❜•❡ ✸✳✶✿ ❈♦♠♣❛r✐s♦♥ ❝❤❛rt ♦❢ ❝♦♥❝❡♣ts ✉s❡❞ ✐♥ ❞✐✛❡r❡♥t ❞❛t❛ st♦r❡s • ❚❤❡ ❆ttr✐❜✉t❡ ❝♦♥❝❡♣t✿ ■t r❡♣r❡s❡♥ts ❛♥ ❛ttr✐❜✉t❡ ✐♥ ❛ ❞❛t❛ st♦r❡✳ ■♥ ❋✐❣✲ ✉r❡ ✸✳✸✱ t❤❡ ❡•❡♠❡♥ts ♣❡rs♦♥◆❛♠❡✱ |❛♥❦✱ ❛♥❞ ②❡❛r ❛r❡ ❝♦♥❝❡♣ts ♦❢
❋✐❣✉r❡ ✸✳✸✿ ❊①❡♠♣•❡s ♦❢ ❊♥t✐t②❙❡t ❝♦♥❝❡♣ts ♦❢ t②♣❡ ▼♦♥❣♦❉❇✱ |✐❛❦✱ ❛♥❞ ▼②❙◗▲ ❢r♦♠ r✐❣❤t t♦ •❡❢t • ❚❤❡ ❊♥t✐t② ❝♦♥❝❡♣t✿ ❆♥ ❊♥t✐t② ✐s ❛ s❡t ♦❢ ♦♥❡ ♦r ♠✉•t✐♣•❡ ❆ttr✐❜✉t❡s✳ ■♥ ❋✐❣✉r❡ ✸✳✸✱ ✇❡ s❤♦✇ ❊♥t✐t✐❡s ✐♥ t❤❡ ❊♥t✐t②❙❡t ❝❛••❡❞ ❈♦♥❢❡r❡♥❝❡ r❛♥❦✐♥❣ ✐❞❡♥t✐✜❡❞ ❜② t❤❡ ❆ttr✐❜✉t❡s ❈♦♥❢❡r❡♥❝❡✳ • ❚❤❡ ❊♥t✐t②❙❡t ❝♦♥❝❡♣t✿ ❆♥ ❊♥t✐t②❙❡t ✐s ❛ s❡t ♦❢ ♦♥❡ ♦r ♠✉•t✐♣•❡ ❝♦♥❝❡♣ts ♦❢ t②♣❡ ❊♥t✐t②✳ ■♥ ❋✐❣✉r❡ ✸✳✸✱ ❞❜•♣✱ ❈♦♥❢❡r❡♥❝❡ r❛♥❦✐♥❣ ❛♥❞ P❡rs♦♥ r❡♣r❡s❡♥t ❊♥t✐t②❙❡ts ♦❢ t②♣❡ r❡s♣❡❝t✐✈❡•② ❞♦❝✉♠❡♥t ❝♦••❡❝t✐♦♥✱ ❑❡②✴❱❛•✉❡ ❞❛t❛❜❛s❡✱ ❛♥❞ r❡•❛t✐♦♥❛• t❛❜•❡✳ • ❚❤❡ ❉❛t❛❜❛s❡ ❝♦♥❝❡♣t✿ ❆ ❉❛t❛❜❛s❡ ❝♦♥t❛✐♥s ♦♥❡ ♦r ♠✉•t✐♣•❡ ❝♦♥❝❡♣ts ♦❢ t②♣❡ ❊♥t✐t②❙❡t✳ ■♥ ❋✐❣✉r❡ ✸✳✹✱ ✇❡ s❤♦✇❝❛s❡ ❛♥ ❛♣♣•✐❝❛t✐♦♥ ❆ ✐♥t❡r❛❝t✐♥❣ ✇✐t❤ t❤r❡❡ ❉❛t❛❜❛s❡s ❝❛••❡❞ ❞❜•♣❉❇ ♦❢ t②♣❡ ▼♦♥❣♦❉❇ ❞❛t❛ st♦r❡✱ ♣❡rs♦♥❉❇ ♦❢ t②♣❡ r❡•❛t✐♦♥❛• ❞❛t❛ st♦r❡✱ ❛♥❞ |❛♥❦❉❇ ♦❢ t②♣❡ |✐❛❦ ❞❛t❛ st♦r❡✳ ❚❤❡s❡ ❉❛t❛❜❛s❡s ❝♦♥t❛✐♥ r❡s♣❡❝t✐✈❡•② t❤❡ ❊♥t✐t②❙❡ts ❞❜•♣✱ P❡rs♦♥✱ ❛♥❞ ❈♦♥❢❡r❡♥❝❡ r❛♥❦✐♥❣ ✐••✉str❛t❡❞ ✐♥ ❋✐❣✉r❡ ✸✳✸✳ • ❚❤❡ ❊♥✈✐r♦♥♠❡♥t ❝♦♥❝❡♣t✿ ❚❤❡ r♦♦t ❝♦♥❝❡♣t ✐♥ ♦✉r ♠♦❞❡• ✐s ❊♥✈✐r♦♥♠❡♥t✳ ❚❤✐s ❝♦♥❝❡♣t r❡♣r❡s❡♥ts ❛ ♣♦♦• ♦❢ ❞❛t❛ st♦r❡s ❛♥❞ ❛♥ ❛♣♣•✐❝❛t✐♦♥ ❝❛♥ ❝❤♦♦s❡ s♦♠❡ ♦❢ t❤❡♠ t♦ ✐♥t❡r❛❝t ✇✐t❤✳ ❆s ❛ ❝♦♥❝r❡t❡ ❡①❛♠♣•❡✱ ✇❡ ❝❛♥ ❣✐✈❡ t❤❡ ❡①❛♠♣•❡ ♦❢ t❤❡ ❈•♦✉❞ ❡♥✈✐r♦♥♠❡♥t ✐♥ ✇❤✐❝❤ t❤❡ ❛♣♣•✐❝❛t✐♦♥ ❆ ✐♥
• d d = {es 1 , .., es n } es i|i∈{1..n} ∈ ES D • env env = {d 1 , .., d n } d i|i∈{1..n} ∈ D ENV ❯♥✐❢②✐♥❣ ❉❛t❛ ▼♦❞❡•s ✹✺ • OurEnvironment ∈ ENV, OurEnvironment = {dblpDB} ✇❤❡r❡ dblpDB ∈ D✱ • dblpDB ∈ D, dblpDB = {dblp} ✇❤❡r❡ dblp ∈ ES✱ • dblp ∈ ES, dblp = {e} ✇❤❡r❡ e ∈ E✱ • e ∈ E,
✸✳✸✳✸ ••♦❜❛• ❙❝❤❡♠❛ ■♥t❡❣r❛t✐♥❣ r❡•❛t✐♦♥❛• ❛♥❞ ◆♦❙◗▲ ❞❛t❛ st♦r❡s ✐s ✈❡r② ✐♠♣♦rt❛♥t s✐♥❝❡ ✐t ❛••♦✇s ❝♦♠✲ ❜✐♥✐♥❣ ❞❛t❛ r❡s✐❞✐♥❣ ✐♥ ❞✐✛❡r❡♥t s♦✉r❝❡s ❛♥❞ ♣r♦✈✐❞✐♥❣ ✉s❡rs ✇✐t❤ ❛ ✉♥✐✜❡❞ ✈✐❡✇ ♦❢ t❤❡s❡ ❞❛t❛✳ ❚❤✐s ✐s ✐♥❞❡❡❞ ✉♥r❡❛•✐③❛❜•❡ s✐♥❝❡ ◆♦❙◗▲ ❞❛t❛ st♦r❡s ❛r❡ s❝❤❡♠❛✲•❡ss✱ ❜✉t s♦♠❡ ❦✐♥❞ ♦❢ ❣•♦❜❛• s❝❤❡♠❛ ✐s ♥❡❡❞❡❞ t♦ ❛••♦✇ ✉s❡rs t♦ ❡①♣r❡ss ❛♥❞ ❡①❡❝✉t❡ t❤❡✐r q✉❡r✐❡s✳ ❋♦r t❤✐s s❛❦❡✱ ✇❡ ♣r♦♣♦s❡ ✐♥ t❤✐s s❡❝t✐♦♥ t♦ ❞❡✜♥❡ ❛ s✐♠♣•❡ ❛♥❞ ♠✐♥✲ ✐♠❛•✐st ❣•♦❜❛• s❝❤❡♠❛ ❞❡s❝r✐❜✐♥❣ ❛•• t❤❡ ❊♥t✐t②❙❡ts ❛❝❝❡ss✐❜•❡ ❜② ❛♥ ❛♣♣•✐❝❛t✐♦♥✳ ■t ✐s ♥♦t❡✇♦rt❤② t❤❛t ♦✉r ❣•♦❜❛• s❝❤❡♠❛ ♣r♦✈✐❞❡s ✉s❡rs ❜② t❤❡ ♠✐♥✐♠✉♠ ✐♥❢♦r♠❛✲ t✐♦♥ r❡q✉✐r❡❞ t♦ ❡①♣r❡ss t❤❡✐r q✉❡r✐❡s ❜✉t ✐t ❞♦❡s ♥♦t ❞❡✜♥❡ ❛♥② ❦✐♥❞ ♦❢ s❝❤❡♠❛ ✐♥t❡❣r❛t✐♦♥ •✐❦❡ ✐♥ ❝•❛ss✐❝❛• ♠❡❞✐❛t✐♦♥ s②st❡♠s✳ ❚❤❡ ❣•♦❜❛• s❝❤❡♠❛ t❤❛t ✇❡ ♣r♦♣♦s❡ ✐s ♦✉r ✉♥✐✜❡❞ ❞❛t❛ ♠♦❞❡• ❡♥r✐❝❤❡❞ ❜② ❛ s❡t ♦❢ r❡✜♥❡♠❡♥t r✉•❡s✳ ❚❤❡ r❡✜♥❡♠❡♥t r✉•❡s ❤❡•♣ ❛♣♣•✐❝❛t✐♦♥s ♣r♦❣r❛♠♠❡rs t♦ ❝♦rr❡❝t•② ❡①♣r❡ss t❤❡✐r q✉❡r✐❡s✳ ❋♦r ✐♥st❛♥❝❡✱ ✇❡ ❞❡✜♥❡ t❤❡ ❈♦rr❡s♣♦♥❞❡♥❝❡ r✉•❡s t♦ ❡①♣r❡ss t❤❡ •♦❣✐❝ ❡①♣r❡ss✐♦♥ ✐♥ ❛ •♦✐♥ q✉❡r② ❛♥❞ t♦ r❡♠♦✈❡ s❡♠❛♥t✐❝ ❛♠❜✐❣✉✐t✐❡s ❜❡t✇❡❡♥ ❛ttr✐❜✉t❡s✳ ■♥ t❤❡ ❢♦••♦✇✐♥❣✱ ✇❡ ♣r♦♣♦s❡ t♦ ❞❡✜♥❡ s♦♠❡ ❦✐♥❞s ♦❢ t❤❡ r❡✜♥❡♠❡♥t r✉•❡s✳ ❉❡✜♥✐t✐♦♥ ✸✳✸✳✶ ✭❈♦rr❡s♣♦♥❞❡♥❝❡ r✉•❡s✮ ❆ ❝♦rr❡s♣♦♥❞❡♥❝❡ r✉•❡ ✐s ❞❡✜♥❡❞ ❛s ❢♦••♦✇s✿ ▲❡t ✉s ❝♦♥s✐❞❡r A 1 < t 1 , q 1 >, A 2 < t 2 , q 2 >∈ A✳ A 1 ✐s ❡q✉✐✈❛•❡♥t t♦ A 2 ✐❢ ❛♥❞ ♦♥•② ✐❢ t 1 ❛♥❞ t 2 ❛r❡ ❝♦♠♣❛t✐❜•❡✱ ❛♥❞ A 1 ❛♥❞ A 2 ❞❡♥♦t❡ t❤❡ s❛♠❡ ✐♥❢♦r♠❛t✐♦♥ ✭t❤❡② ❤❛✈❡ t❤❡ s❛♠❡ s❡♠❛♥t✐❝✮✳ ❚♦ r❡♣r❡s❡♥t s✉❝❤ r❡•❛t✐♦♥✱ ✇❡ ✉s❡ t❤❡ ❜✐♥❛r② ♦♣❡r❛t♦r ≡ t♦ ❞❡♥♦t❡ q 1 ≡ q 2 ✳ ❲❡ ❞❡♥♦t❡ ❜② CR t❤❡ s❡t ♦❢ t❤❡ ❝♦rr❡s♣♦♥❞❡♥❝❡ r✉•❡s✳ ■♥ ❋✐❣✳ ✸✳✺✱ ✇❡ ✐••✉str❛t❡ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❞❛t❛ ♠♦❞❡• t♦ t❤❡ ❞❜•♣✱ ♣❡rs♦♥✱ ❛♥❞ ❝♦♥❢❡r❡♥❝❡|❛♥❦✐♥❣ ❊♥t✐t②❙❡ts✳ ■♥ t❤✐s s❝❤❡♠❛✱ ✇❡ ♣r❡❝✐s❡ t❤❡ ❞❛t❛❜❛s❡ ♥❛♠❡ ❛♥❞ t❤❡ ❡♥✈✐r♦♥♠❡♥t ✇❤❡r❡ ✇❡ ❝❛♥ ✜♥❞ t❤❡s❡ ❊♥t✐t②❙❡ts✳ ■♥ ❛❞❞✐t✐♦♥✱ ✇❡ s❤♦✇❝❛s❡ t✇♦ ❝♦rr❡s♣♦♥❞❡♥❝❡ r✉•❡s ✉s✐♥❣ ❞❛s❤❡❞ •✐♥❡s✳ ❚❤❡ ✜rst ✐s ❜❡t✇❡❡♥ t❤❡ ❆ttr✐❜✉t❡s ♣❡rs♦♥◆❛♠❡ ❛♥❞ ❛✉t❤♦r ✐♥ t❤❡ ♣❡rs♦♥ ❛♥❞ ❞❜•♣ ❊♥t✐t②❙❡ts r❡s♣❡❝t✐✈❡•②✳ ❲❤❡r❡❛s ✹✻ ❯♥✐❢②✐♥❣ ❚❤❡ ❆❝❝❡ss ❚♦ |❡•❛t✐♦♥❛• ❆♥❞ ◆♦❙◗▲ ❉❛t❛ ❙t♦r❡s ■♥ ❈•♦✉❞ ❊♥✈✐r♦♥♠❡♥ts
❋✐❣✉r❡ ✸✳✺✿ ❚❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❞❛t❛ ♠♦❞❡• t♦ t❤❡ ❞❜•♣✱ ♣❡rs♦♥✱ ❛♥❞ ❝♦♥❢❡r❡♥❝❡|✲ ❛♥❦✐♥❣ ❡♥t✐t② s❡ts t❤❡ s❡❝♦♥❞ r✉•❡ ✐s ❜❡t✇❡❡♥ t❤❡ t✇♦ ❆ttr✐❜✉t❡s ❝♦♥❢❡r❡♥❝❡ ✐♥ ❜♦t❤ ❝♦♥❢❡r❡♥❝❡|❛♥❦✐♥❣ ❛♥❞ ❞❜•♣ ❊♥t✐t②❙❡ts✳ ❇❛s❡❞ ♦♥ t❤✐s✱ ✇❡ ❝❛♥ ✇r✐t❡ ✭❋♦r ❡❛s❡ ♦❢ ♣r❡s❡♥t❛t✐♦♥✱ ✇❡ ❞♦ ♥♦t ♥♦t❡ t❤❡ ✇❤♦•❡ q✉❛•✐✜❡❞ ♥❛♠❡ ♦❢ ❡❛❝❤ ❆ttr✐❜✉t❡✳ ❲❡ r❡♠♦✈❡ t❤❡ ♥❛♠❡ ♦❢ ❛♥ ❡♥✈✐r♦♥♠❡♥t ❛♥❞ ❛ ❞❛t❛❜❛s❡ ❛♥❞ ✇❡ st❛rt ❢r♦♠ t❤❡ ♥❛♠❡ ♦❢ ❛♥ ❊♥t✐t②❙❡t✮✿ cr 1 conf erenceRanking.conf erence ≡ dblp.conf erence✳ cr 2 person.personN ame ≡ elementOf (dblp.author)✳ ❲❡ ✉s❡ t❤❡ ❢✉♥❝t✐♦♥ elementOf ✐♥ ♦r❞❡r t♦ ❡①♣r❡ss t❤❡ ❡q✉✐✈❛•❡♥❝❡ ❜❡t✇❡❡♥ ❛ person.personN ame ❛♥❞ ♦♥❡ ❡•❡♠❡♥t ♦❢ t❤❡ ♠✉•t✐✲✈❛•✉❛t❡❞ ❛ttr✐❜✉t❡ dblp.author✳ ❉❡✜♥✐t✐♦♥ ✸✳✸✳✷ ✭❈♦♥❝❛t❡♥❛t✐♦♥ r✉•❡s✮ ❆ ❝♦♥❝❛t❡♥❛t✐♦♥ r✉•❡ ✐s ❞❡✜♥❡❞ ❛s ❢♦•✲ •♦✇s✿ ▲❡t ✉s ❝♦♥s✐❞❡r A 1 < t 1 , q 1 >, A 2 < t 2 , q 2 >, A 3 < t 3 , q 3 >∈ A✳ t❤❡ ❝♦♥❝❛t❡✲ ♥❛t✐♦♥ ♦❢ A 1 t♦ A 2 ✐s ❡q✉✐✈❛•❡♥t t♦ A 3 ✐❢ ❛♥❞ ♦♥•② ✐❢ t 1 ✱ t 2 ❛♥❞ t 3 ❛r❡ ❝♦♠♣❛t✐❜•❡✱ ❛♥❞ (A 1 , A 2 ) ❛♥❞ A 3 ❞❡♥♦t❡ t❤❡ s❛♠❡ ✐♥❢♦r♠❛t✐♦♥ ✭t❤❡② ❤❛✈❡ t❤❡ s❛♠❡ s❡♠❛♥t✐❝✮✳ ❚♦ r❡♣r❡s❡♥t s✉❝❤ r❡•❛t✐♦♥✱ ✇❡ ✉s❡ t❤❡ ❜✐♥❛r② ♦♣❡r❛t♦r ≡ ❛♥❞ t❤❡ ❝♦♥❝❛t❡♥❛t✐♦♥ s②♠❜♦• • t♦ ❞❡♥♦t❡ q 1 • q 2 ≡ q 3 ✳ ❲❡ ❞❡♥♦t❡ ❜② COR t❤❡ s❡t ♦❢ t❤❡ ❝♦♥❝❛t❡♥❛t✐♦♥ r✉•❡s✳ ❇❛s❡❞ ♦♥ t❤❡ ❉❡✜♥✐t✐♦♥ ✸✳✸✳✷✱ ✇❡ ❣✐✈❡ t❤❡ ❢♦••♦✇✐♥❣ ❡①❛♠♣•❡✿ ▲❡t ✉s s✉♣♣♦s❡ t❤❛t ✇❡ ❤❛✈❡ t✇♦ ❞❛t❛ st♦r❡s ✇✐t❤ t❤❡ ❛❞❞r❡ss ❞♦♠❛✐♥✳ ■♥ t❤❡ ✜rst ♦♥❡✱ t❤❡r❡ ✐s ♦♥•② ♦♥❡ ❛ttr✐❜✉t❡ ❝❛••❡❞ ❢✉••❆❞❞r❡ss✳ ❲❤❡r❡❛s t❤❡ s❡❝♦♥❞ ♦♥❡ ❝♦♥t❛✐♥s ❢♦✉r ❛ttr✐❜✉t❡s t❤❛t ❛r❡ ❆❞❞r❡ss✱ ❈✐t②✱ ❈♦✉♥tr②✱ ❛♥❞ )■P✳ ❆❝❝♦r❞✐♥❣ t♦ t❤✐s✱ ✇❡ ❝❛♥ ✇r✐t❡ t❤❡ ❢♦••♦✇✐♥❣ ❝♦♥❝❛t❡♥❛t✐♦♥ r✉•❡✿ cor 1 Address • City • Country • ZIP ≡ f ullAddress✳ ❲✐t❤ t❤❡ s❛♠❡ ✐❞❡❛✱ ✐t ✐s ♣♦ss✐❜•❡ t♦ ❛❞❞ ♥❡✇ t②♣❡s ♦❢ ❛♥♥♦t❛t✐♦♥s ♦♥ t❤❡ ❣•♦❜❛• s❝❤❡♠❛✳ ❋♦r ✐♥st❛♥❝❡✱ ✐t ✇♦✉•❞ ❜❡ ✐♥t❡r❡st✐♥❣ t♦ ❛❞❞ ✈✐❡✇s ✭r❡♣r❡s❡♥t❡❞ ❛s ✈✐rt✉❛• ❡♥t✐t② s❡ts✮ ❛♥❞ r✉•❡s ❞❡✜♥✐♥❣ ✈✐❡✇s ❛s ♦♣❡r❛t✐♦♥s ♦♥ ❛❝t✉❛• ❡♥t✐t② s❡ts✳ ■♥ t❤✐s ✇❛②✱ ♦✉r ❣•♦❜❛• s❝❤❡♠❛ ♠❛② ❜❡ ❝•♦s❡r t♦ ❛♥ ✐♥t❡❣r❛t❡❞ s❝❤❡♠❛✳ ❲❡ ✇♦✉•❞ ✐♥✈❡st✐❣❛t❡ t❤✐s ❛s ❛ ❢✉t✉r❡ ✇♦r❦✳ ❯♥✐❢②✐♥❣ ❉❛t❛ ▼♦❞❡•s ✹✼ ✸✳✸✳✹ ◗✉❡r② ❆•❣❡❜r❛ ❈♦❞❞ ❬✻✶( ❞❡✜♥❡❞ t❤❡ q✉❡r② ❛•❣❡❜r❛ ❛s ❛ ❢❛♠✐•② ♦❢ ❛•❣❡❜r❛ ✇✐t❤ ❛ ✇❡••✲❢♦✉♥❞❡❞ s❡♠❛♥t✐❝s ✉s❡❞ ❢♦r ♠♦❞❡•✐♥❣ t❤❡ ❞❛t❛ st♦r❡❞ ✐♥ r❡•❛t✐♦♥❛• ❞❛t❛❜❛s❡s✱ ❛♥❞ ❞❡✜♥✐♥❣ q✉❡r✐❡s ♦♥ ✐t✳ ■♥❞❡❡❞✱ ✐t ✐s ❛ t❤❡♦r② ✐♥ ✇❤✐❝❤ ✇❡ ❞❡✜♥❡ ❛ s❡t ♦❢ ♦♣❡r❛t✐♦♥s t❤❛t ❝❛♥ ❜❡ ❡①❡❝✉t❡❞ ♦♥ r❡•❛t✐♦♥s ❝♦♥t❛✐♥✐♥❣ ❛ s❡t ♦❢ t✉♣•❡s✳ ❚❤❡ q✉❡r② •❛♥❣✉❛❣❡ t❤❛t ✇❡ ♣r♦♣♦s❡ ✐s ❜❛s❡❞ ♦♥ ❛ q✉❡r② ❛•❣❡❜r❛ ❞❡✜♥❡❞ ♦♥ ❊♥t✐t②❙❡ts✴❊♥t✐t✐❡s ❛♥❞ ♥♦t ♦♥ r❡•❛t✐♦♥s✴t✉♣•❡s✳ ❚❤✐s q✉❡r② ❛•❣❡❜r❛ ✐s s✐♠♣•❡ ❛♥❞ ✐s ❝♦♠♣♦s❡❞ ❜② t❤❡ ❝•❛ss✐✲ ❝❛• ✉♥❛r② ♦♣❡r❛t✐♦♥s ✭❡✳❣✳ s❡•❡❝t✐♦♥ ❛♥❞ ♣r♦•❡❝t✐♦♥✮ ❛♥❞ ❜✐♥❛r② ♦♣❡r❛t✐♦♥s ✭❡✳❣✳ ❈❛rt❡s✐❛♥ ♣r♦❞✉❝t✱ •♦✐♥✱ ✉♥✐♦♥✱ ❡t❝✳✮✳ ❋♦r ♠❛♥✐♣✉•❛t✐♥❣ ❝♦♠♣•❡① ❛ttr✐❜✉t❡s •✐❦❡ t❤♦s❡ ❞❡✜♥❡❞ ✐♥ ♦✉r ✉♥✐❢②✐♥❣ ♠♦❞❡•✱ ♠♦r❡ ❝♦♠♣•❡① ❛•❣❡❜r❛ ❝❛♥ ❜❡ ✉s❡❞✱ ♥♦t❛❜•② ◆✶◆❋ ❛•❣❡❜r❛ ❬✻✷(✳ ■♥ ♦✉r ✇♦r❦✱ ✇❡ ❞❡✜♥❡ t✇♦ ❦✐♥❞ ♦❢ ♦♣❡r❛t✐♦♥s ❝♦♠✐♥❣ ❢r♦♠ t❤❡ ◆✶◆❋ ❛•❣❡❜r❛ t❤❛t ❛r❡ t❤❡ ♥❡st ❛♥❞ ✉♥♥❡st ♦♣❡r❛t✐♦♥s✳ ■♥ t❤❡ r❡st ♦❢ t❤✐s s❡❝t✐♦♥✱ ✇❡ ❞❡✜♥❡ t❤❡ ♣r♦•❡❝t✐♦♥✱ t❤❡ s❡•❡❝t✐♦♥✱ t❤❡ ❈❛rt❡s✐❛♥ ♣r♦❞✉❝t✱ t❤❡ •♦✐♥✱ t❤❡ ✉♥✐♦♥✱ ❡♥❞ t❤❡ ✐♥t❡rs❡❝t✐♦♥✳ ❇❡s✐❞❡s✱ ✇❡ ♣r❡s❡♥t t❤❡ ♥❡st ❛♥❞ ✉♥♥❡st ♦♣❡r❛t✐♦♥s✳ |❡❛❞❡rs ♠✉st ♥♦t✐❝❡ t❤❛t ❢♦r ❡❛s❡ ♦❢ ♣r❡s❡♥t❛t✐♦♥ ♦❢ t❤❡ ❡①❛♠♣•❡s ✐♥ t❤✐s s❡❝t✐♦♥✱ ✇❡ ♣r♦♣♦s❡ t♦ ❞❡♥♦t❡ ❊♥t✐t②❙❡ts ❜② t❛❜•❡s ❛s t❤❡ r❡•❛t✐♦♥❛• ♠♦❞❡•✳ ■♥ ❛❞❞✐t✐♦♥✱ ✇❡ ✇✐•• ✉s❡ t❤❡ ♣❡rs♦♥ ❛♥❞ ❞❜•♣ ❊♥t✐t②❙❡ts t♦ ✐••✉str❛t❡ t❤❡ ❡①❛♠♣•❡s ✭s❡❡ ❚❛❜•❡✸✳✷ ❛♥❞ ❚❛❜•❡ ✸✳✸✮✳ ♣❡rs♦♥■❞ ♣❡rs♦♥◆❛♠❡ ♣❡rs♦♥❈♦✉♥tr② ♣❡rs♦♥❆✣•✐❛t✐♦♥ ✶ ▲❡s•✐❡ ❱❛•✐❡♥t ❯♥✐t❡❞ ❑✐♥❣❞♦♠ ❍❛r✈❛r❞ ❯♥✐✈❡rs✐t② ✷ ❏♦❤♥ ❍♦♣❝r♦❢t ❯♥✐t❡❞ ❙t❛t❡s ❈♦r♥❡•• ❯♥✐✈❡rs✐t② ✸ ❙❡r❣❡ ❆❜✐t❡❜♦✉• ❋r❛♥❝❡ ■◆|■❆ ❙❛❝•❛② ❚❛❜•❡ ✸✳✷✿ ❙❛♠♣•❡ ♦❢ t❤r❡❡ ❊♥t✐t✐❡s ❢r♦♠ t❤❡ ♣❡rs♦♥ ❊♥t✐t②❙❡t ❛✉t❤♦r t✐t•❡ ②❡❛r ❈♦♥❢❡r❡♥❝❡ ▲❡s•✐❡ ❱❛•✐❡♥t |♦❜✉st ▲♦❣✐❝s ✶✾✾✾ ❙❚❖❈ ❙❡r❣❡ ❆❜✐t❡❜♦✉• ■ss✉❡s ✐♥ ▼♦♥✐t♦r✐♥❣ ❲❡❜ ❉❛t❛ ✷✵✵✷ ❉❊❳❆ ❚❛❜•❡ ✸✳✸✿ ❙❛♠♣•❡ ♦❢ t✇♦ ❊♥t✐t✐❡s ❢r♦♠ t❤❡ ❞❜•♣ ❊♥t✐t②❙❡t ✸✳✸✳✹✳✶ Pr♦•❡❝t✐♦♥ ❖♣❡r❛t✐♦♥ ❆ ♣r♦•❡❝t✐♦♥ ✐s ❛ ✉♥❛r② ❛♥❞ ♠❛t❤❡♠❛t✐❝❛• ♦♣❡r❛t✐♦♥ t❤❛t t❛❦❡s ❛s ✐♥♣✉t ❛♥ ❊♥t✐t②✲ ❙❡t ❛♥❞ r❡t✉r♥s ❛s ♦✉t♣✉t ❛♥ ❊♥t✐t②❙❡t✳ ❚❤❡ r❡s✉•t❡❞ ❊♥t✐t②❙❡t ❝♦♥t❛✐♥s ❊♥t✐t✐❡s r❡str✐❝t❡❞ t♦ ❛ s❡t ♦❢ ❆ttr✐❜✉t❡s✳ ❉✉r✐♥❣ t❤❡ ♣r♦•❡❝t✐♦♥✱ ✇❤❡t❤❡r ❛♥ ❊♥t✐t② ❞♦❡s ♥♦t ❝♦♥t❛✐♥ ♦♥❡ ♦r ♠✉•t✐♣•❡ t❛r❣❡t ❆ttr✐❜✉t❡s✱ t❤✐s ❊♥t✐t② ✇✐•• ❜❡ ❞✐s❝❛r❞❡❞ ♦❢ t❤❡ ♦✉t✲ ♣✉t✳ ❚❤✐s ♣r♦❜•❡♠ ❝❛♥ ❜❡ ❡♥❝♦✉♥t❡r❡❞ ✐♥ t❤❡ ❝❛s❡ ♦❢ ❛♥ ❊♥t✐t②❙❡t ♦❢ t②♣❡ ◆♦❙◗▲ ❜❡❝❛✉s❡ t❤✐s ❦✐♥❞ ♦❢ ❞❛t❛ st♦r❡s ✐s s❝❤❡♠❛✲•❡ss✳ ❋♦r♠❛••②✱ ✇❡ ❞❡✜♥❡ t❤❡ ♣r♦•❡❝t✐♦♥ ♦♣❡r❛t✐♦♥ ❛s ❢♦••♦✇s✿ ❉❡✜♥✐t✐♦♥ ✸✳✸✳✸ ✭Pr♦•❡❝t✐♦♥ ♦♣❡r❛t✐♦♥✮ π attributes : ES → ES ▲❡t E = {e 1 , ..., e n } ⊂ ES ❛♥❞ R = {r 1 , ..., r l } ⊂ ES✳ ✹✽ ❯♥✐❢②✐♥❣ ❚❤❡ ❆❝❝❡ss ❚♦ |❡•❛t✐♦♥❛• ❆♥❞ ◆♦❙◗▲ ❉❛t❛ ❙t♦r❡s ■♥ ❈•♦✉❞ ❊♥✈✐r♦♥♠❡♥ts ❚❤❡ ♣r♦•❡❝t✐♦♥ ❢r♦♠ E ✐s ❞❡✜♥❡❞ ❛s ❢♦••♦✇s✿ R = π attributes (E) = {r|r ❢♦r♠❡❞ ♦♥•② ❜② ❛ttr✐❜✉t❡s ♦❢ t❤❡ ♣r♦•❡❝t✐♦♥ } ❲❡ ❣r❛♣❤✐❝❛••② r❡♣r❡s❡♥t t❤❡ ♣r♦•❡❝t✐♦♥ ❛s ❞❡♣✐❝t❡❞ ✐♥ ❋✐❣✉r❡ ✸✳✻✳ ❋♦r ✐♥✲ st❛♥❝❡✱ ✐❢ ✇❡ ❛♣♣•② t❤❡ ♣r♦•❡❝t✐♦♥ ♦♥ t❤❡ ♣❡rs♦♥ ❊♥t✐t②❙❡t t❛❦✐♥❣ ✐♥t♦ ❛❝❝♦✉♥t t❤❡ ❛ttr✐❜✉t❡s ♣❡rs♦♥■❞ ❛♥❞ ♣❡rs♦♥◆❛♠❡✳ ❲❡ ❝❛♥ ❞❡♥♦t❡ t❤❡ ♣r♦•❡❝t✐♦♥ ❛s Result = π personId, personN ame (person) ❛♥❞ t❤❡ ❊♥t✐t②❙❡t |❡s✉•t ✐s ✐••✉str❛t❡❞ ✐♥ ❚❛❜•❡ ✸✳✹✳ Set of attributes R E ❋✐❣✉r❡ ✸✳✻✿ ❚❤❡ ❣r❛♣❤✐❝ ♥♦t❛t✐♦♥ ♦❢ t❤❡ ♣r♦•❡❝t✐♦♥ ♦♣❡r❛t✐♦♥ ♣❡rs♦♥■❞ ♣❡rs♦♥◆❛♠❡ ✶ ▲❡s•✐❡ ❱❛•✐❡♥t ✷ ❏♦❤♥ ❍♦♣❝r♦❢t ✸ ❙❡r❣❡ ❆❜✐t❡❜♦✉• ❚❛❜•❡ ✸✳✹✿ |❡s✉•t ♦❢ t❤❡ ♣r♦•❡❝t✐♦♥ ♦❢ t❤❡ ♣❡rs♦♥ ❊♥t✐t②❙❡t ✉s✐♥❣ t❤❡ ❛ttr✐❜✉t❡s ♣❡rs♦♥■❞ ❛♥❞ ♣❡rs♦♥◆❛♠❡ ✸✳✸✳✹✳✷ ❙❡•❡❝t✐♦♥ ❖♣❡r❛t✐♦♥ ❆ s❡•❡❝t✐♦♥ ✐s ❛ ✉♥❛r② ❛♥❞ ♠❛t❤❡♠❛t✐❝❛• ♦♣❡r❛t✐♦♥ t❤❛t t❛❦❡s ❛s ✐♥♣✉t ❛♥ ❊♥t✐t②✲ ❙❡t ❛♥❞ r❡t✉r♥s ❛s ♦✉t♣✉t ❛♥ ❊♥t✐t②❙❡t✳ ❚❤❡ r❡s✉•t❡❞ ❊♥t✐t②❙❡t ❝♦♥t❛✐♥s t❤❡ s❡t ♦❢ ❊♥t✐t✐❡s s❛t✐s❢②✐♥❣ ❛ ❣✐✈❡♥ ♣r❡♣♦s✐t✐♦♥❛• •♦❣✐❝ ❡①♣r❡ss✐♦♥ t❤❛t ✇❡ ♥❛♠❡ ♣r❡❞✐❝❛t❡s✳ ❉✉r✐♥❣ t❤❡ s❡•❡❝t✐♦♥✱ ✐❢ ❛ ♣r❡❞✐❝❛t❡ ❝♦♥t❛✐♥s ❛♥ ❆ttr✐❜✉t❡ t❤❛t ✐s ♠✐ss✐♥❣✱ t❤❡ ❛♣✲ ♣r♦♣r✐❛t❡ ❊♥t✐t② ✇✐•• ❜❡ ✐❣♥♦r❡❞✳ ❋♦r♠❛••②✱ ✇❡ ❞❡✜♥❡ t❤❡ s❡•❡❝t✐♦♥ ♦♣❡r❛t✐♦♥ ❛s ❢♦••♦✇s✿ ❉❡✜♥✐t✐♦♥ ✸✳✸✳✹ ✭❙❡•❡❝t✐♦♥ ♦♣❡r❛t✐♦♥✮ σ predicates : ES → ES ▲❡t E = {e 1 , ..., e n } ⊂ ES ❛♥❞ R = {r 1 , ..., r l } ⊂ E✳ ❚❤❡ s❡•❡❝t✐♦♥ ❢r♦♠ E ✐s ❞❡✜♥❡❞ ❛s ❢♦••♦✇s✿ R = σ predicates (E) = {r|r ∈ E ∧ predicates(r)} ❲❡ ❣r❛♣❤✐❝❛••② r❡♣r❡s❡♥t t❤❡ s❡•❡❝t✐♦♥ ❛s ❞❡♣✐❝t❡❞ ✐♥ ❋✐❣✉r❡ ✸✳✼✳ ❋♦r ✐♥st❛♥❝❡✱ ✐❢ ✇❡ ❛♣♣•② t❤❡ s❡•❡❝t✐♦♥ ♦♥ t❤❡ ♣❡rs♦♥ ❊♥t✐t②❙❡t t❛❦✐♥❣ ✐♥t♦ ❛❝❝♦✉♥t t❤❡ ♣r❡❞✐❝❛t❡ personId = 1✱ ✇❡ ❝❛♥ ❞❡♥♦t❡ t❤❡ s❡•❡❝t✐♦♥ ❛s Result = σ personId=1 (person) ❛♥❞ t❤❡ ❊♥t✐t②❙❡t |❡s✉•t ✐s ✐••✉str❛t❡❞ ✐♥ ❚❛❜•❡ ✸✳✺✳ R E Set of predicates ❋✐❣✉r❡ ✸✳✼✿ ❚❤❡ ❣r❛♣❤✐❝ ♥♦t❛t✐♦♥ ♦❢ t❤❡ s❡•❡❝t✐♦♥ ♦♣❡r❛t✐♦♥ ♣❡rs♦♥■❞ ♣❡rs♦♥◆❛♠❡ ♣❡rs♦♥❈♦✉♥tr② ♣❡rs♦♥❆✣•✐❛t✐♦♥ ✶ ▲❡s•✐❡ ❱❛•✐❡♥t ❯♥✐t❡❞ ❑✐♥❣❞♦♠ ❍❛r✈❛r❞ ❯♥✐✈❡rs✐t② ❚❛❜•❡ ✸✳✺✿ |❡s✉•t ♦❢ t❤❡ s❡•❡❝t✐♦♥ ♦❢ t❤❡ ♣❡rs♦♥ ❊♥t✐t②❙❡t t❛❦✐♥❣ ✐♥t♦ ❛❝❝♦✉♥t t❤❡ ♣r❡❞✐❝❛t❡ personId = 1 ✸✳✸✳✹✳✸ ❈❛rt❡s✐❛♥ Pr♦❞✉❝t ❆ ❈❛rt❡s✐❛♥ ♣r♦❞✉❝t ✐s ❛ ❜✐♥❛r② ❛♥❞ ♠❛t❤❡♠❛t✐❝❛• ♦♣❡r❛t✐♦♥ t❤❛t t❛❦❡s ❛s ✐♥♣✉t t✇♦ ❊♥t✐t②❙❡ts ❛♥❞ r❡t✉r♥s ❛s ♦✉t♣✉t ❛♥ ❊♥t✐t②❙❡t✳ ❚❤❡ r❡s✉•t❡❞ ❊♥t✐t②❙❡t ❝♦♥t❛✐♥s ❯♥✐❢②✐♥❣ ❉❛t❛ ▼♦❞❡•s ✹✾ t❤❡ s❡t ♦❢ ❛•• ✉♥✐♦♥s ❝♦♠❜✐♥✐♥❣ t✇♦ ❊♥t✐t✐❡s ❜❡•♦♥❣✐♥❣ t♦ t❤❡ ❡❛❝❤ ✐♥♣✉t ❊♥t✐t②❙❡t✳ ❋♦r♠❛••②✱ ✇❡ ❞❡✜♥❡ t❤❡ ❈❛rt❡s✐❛♥ ♣r♦❞✉❝t ❢✉♥❝t✐♦♥ ❛s ❢♦••♦✇s✿ ❉❡✜♥✐t✐♦♥ ✸✳✸✳✺ ✭❈❛rt❡s✐❛♥ ♣r♦❞✉❝t ♦♣❡r❛t✐♦♥✮ × : ES * ES → ES ▲❡t E = {e 1 , ..., e n } ⊂ ES✱ F = {f 1 , ..., f m } ⊂ ES ❛♥❞ R = {r 1 , ..., r l } ⊂ ES✳ ❚❤❡ ❈❛rt❡s✐❛♥ ♣r♦❞✉❝t ♦❢ E ❛♥❞ F ✐s ❞❡✜♥❡❞ ❛s ❢♦••♦✇s✿ R = E ×F = {(e 1 •f 1 )✱ (e 1 • f 2 )✱ ✳✳✳✱ (e 1 • f m )✱ ✳✳✳✱ (e i • f j )✱ ✳✳✳✱ (e n • f m )} ❲❡ ❣r❛♣❤✐❝❛••② r❡♣r❡s❡♥t t❤❡ ❈❛rt❡s✐❛♥ ♣r♦❞✉❝t ❛s ❞❡♣✐❝t❡❞ ✐♥ ❋✐❣✉r❡ ✸✳✽✳ ❋♦r ✐♥st❛♥❝❡✱ ✐❢ ✇❡ ❛♣♣•② t❤❡ ❈❛rt❡s✐❛♥ ♣r♦❞✉❝t ♦❢ ❞❜•♣ ❛♥❞ ♣❡rs♦♥ ❊♥t✐t②❙❡ts✱ ✇❡ ❝❛♥ ❞❡♥♦t❡ Result = dblp × person ❛♥❞ ✇❡ ♦❜t❛✐♥ t❤❡ r❡s✉•t❡❞ ❊♥t✐t②❙❡t r❡♣r❡s❡♥t❡❞ ✐♥ ❚❛❜•❡ ✸✳✻✳ R E F ❋✐❣✉r❡ ✸✳✽✿ ❚❤❡ ❣r❛♣❤✐❝ ♥♦t❛t✐♦♥ ♦❢ t❤❡ ❈❛rt❡s✐❛♥ ♣r♦❞✉❝t ♦♣❡r❛t✐♦♥ ❛✉t❤♦r t✐t•❡ ②❡❛r ❈♦♥❢❡r❡♥❝❡ ♣❡rs♦♥■❞ ♣❡rs♦♥◆❛♠❡ ♣❡rs♦♥❈♦✉♥tr② ♣❡rs♦♥❆✣•✐❛t✐♦♥ ▲❡s•✐❡ |♦❜✉st ✶✾✾✾ ❙❚❖❈ ✶ ▲❡s•✐❡ ❯♥✐t❡❞ ❍❛r✈❛r❞ ❱❛•✐❡♥t ▲♦❣✐❝s ❱❛•✐❡♥t ❑✐♥❣❞♦♠ ❯♥✐✈❡rs✐t② ▲❡s•✐❡ |♦❜✉st ✶✾✾✾ ❙❚❖❈ ✷ ❏♦❤♥ ❯♥✐t❡❞ ❈♦r♥❡•• ❱❛•✐❡♥t ▲♦❣✐❝s ❍♦♣❝r♦❢t ❙t❛t❡s ❯♥✐✈❡rs✐t② ▲❡s•✐❡ |♦❜✉st ✶✾✾✾ ❙❚❖❈ ✸ ❙❡r❣❡ ❋r❛♥❝❡ ■◆|■❆ ❱❛•✐❡♥t ▲♦❣✐❝s ❆❜✐t❡❜♦✉• ❙❛❝•❛② ❙❡r❣❡ ■ss✉❡s ✐♥ ✷✵✵✷ ❉❊❳❆ ✶ ▲❡s•✐❡ ❯♥✐t❡❞ ❍❛r✈❛r❞ ❆❜✐t❡❜♦✉• ▼♦♥✐t♦r✐♥❣ ❱❛•✐❡♥t ❑✐♥❣❞♦♠ ❯♥✐✈❡rs✐t② ❲❡❜ ❉❛t❛ ❙❡r❣❡ ■ss✉❡s ✐♥ ✷✵✵✷ ❉❊❳❆ ✷ ❏♦❤♥ ❯♥✐t❡❞ ❈♦r♥❡•• ❆❜✐t❡❜♦✉• ▼♦♥✐t♦r✐♥❣ ❍♦♣❝r♦❢t ❙t❛t❡s ❯♥✐✈❡rs✐t② ❲❡❜ ❉❛t❛ ❙❡r❣❡ ■ss✉❡s ✐♥ ✷✵✵✷ ❉❊❳❆ ✸ ❙❡r❣❡ ❋r❛♥❝❡ ■◆|■❆ ❆❜✐t❡❜♦✉• ▼♦♥✐t♦r✐♥❣ ❆❜✐t❡❜♦✉• ❙❛❝•❛② ❲❡❜ ❉❛t❛ ❚❛❜•❡ ✸✳✻✿ |❡s✉•t ♦❢ t❤❡ ❈❛rt❡s✐❛♥ ♣r♦❞✉❝t ♦❢ t❤❡ ❞❜•♣ ❛♥❞ ♣❡rs♦♥ ❊♥t✐t②❙❡ts ✺✵ ❯♥✐❢②✐♥❣ ❚❤❡ ❆❝❝❡ss ❚♦ |❡•❛t✐♦♥❛• ❆♥❞ ◆♦❙◗▲ ❉❛t❛ ❙t♦r❡s ■♥ ❈•♦✉❞ ❊♥✈✐r♦♥♠❡♥ts ✸✳✸✳✹✳✹ ❏♦✐♥ ❖♣❡r❛t✐♦♥ ❆ •♦✐♥ ♦♣❡r❛t✐♦♥ ❝❛♥ ❜❡ s❡❡♥ ❛s ❛ ❝♦♥❞✐t✐♦♥❛• ❈❛rt❡s✐❛♥ ♣r♦❞✉❝t ✇❤❡r❡ ❛♥ ❡•❡♠❡♥t ♦❢ t❤❡ •♦✐♥ r❡s✉•t ❤❛s t♦ s❛t✐s❢② t❤❡ •♦✐♥ ❝♦♥❞✐t✐♦♥✳ ❚❤❡ ❊♥t✐t②❙❡t r❡s✉•t❡❞ ❢r♦♠ ❛ •♦✐♥ ♦♣❡r❛t✐♦♥ ❝♦♥t❛✐♥s t❤❡ s❡t ♦❢ ❛•• ❝♦♠❜✐♥❛t✐♦♥s ♦❢ ❊♥t✐t✐❡s ✐♥ t❤❡ ✐♥♣✉t ❊♥t✐t②❙❡ts t❤❛t ❛r❡ ❡q✉❛• ♦♥ ❛ ❣✐✈❡♥ ❝♦♠♠♦♥ ❛ttr✐❜✉t❡s ❞❡♥♦t❡❞ ❜② ❛ •♦❣✐❝❛• ❡①♣r❡ss✐♦♥ cond✳ ❋♦r♠❛••②✱ ✇❡ ❞❡✜♥❡ t❤❡ •♦✐♥ ♦♣❡r❛t✐♦♥ ❛s t❤❡ ❢♦••♦✇✐♥❣ ❢✉♥❝t✐♦♥✿ ❉❡✜♥✐t✐♦♥ ✸✳✸✳✻ ✭❏♦✐♥ ♦♣❡r❛t✐♦♥✮ × cond : ES * ES → ES ▲❡t E = {e 1 , ..., e n } ⊂ ES✱ F = {f 1 , ..., f m } ⊂ ES ❛♥❞ R = {r 1 , ..., r l } ⊂ ES✱ t❤❡ •♦✐♥ ♦♣❡r❛t✐♦♥ ♦❢ E ❛♥❞ F ✐s ❞❡✜♥❡❞ ❛s ❢♦••♦✇s✿ R = E × cond F = {r|r ∈ E × F ∧ cond(r)} ❲❡ ❣r❛♣❤✐❝❛••② r❡♣r❡s❡♥t t❤❡ •♦✐♥ ♦♣❡r❛t✐♦♥ ❛s ❞❡♣✐❝t❡❞ ✐♥ ❋✐❣✉r❡ ✸✳✶✷✳ ❋♦r ✐♥st❛♥❝❡✱ ✐❢ ✇❡ ❛♣♣•② t❤❡ •♦✐♥ ❜❡t✇❡❡♥ ❞❜•♣ ❛♥❞ ♣❡rs♦♥ ❊♥t✐t②❙❡ts ❜❛s❡❞ ♦♥ t❤❡ •♦❣✐❝❛• ❡①♣r❡ss✐♦♥ person.personN ame in dblp.author✱ ✇❡ ❝❛♥ ❞❡♥♦t❡ Result = person× person .personN ame in dblp.author dblp ❛♥❞ ✇❡ ♦❜t❛✐♥ t❤❡ r❡s✉•t❡❞ ❊♥t✐t②❙❡t r❡♣r❡s❡♥t❡❞ ✐♥ ❚❛❜•❡ ✸✳✼✳ ■t ✐s ✇♦rt❤ ♥♦t✐♥❣ t❤❛t t❤❡ •♦❣✐❝❛• ❡①♣r❡ss✐♦♥ ✐s ❞❡✜♥❡❞ ❜❛s❡❞ ♦♥ t❤❡ ❣•♦❜❛• s❝❤❡♠❛ t❤❛♥❦s t♦ t❤❡ ❝♦rr❡s♣♦♥❞❡♥❝❡ r✉•❡s ✭s❡❡ ❙❡❝t✐♦♥ ✸✳✸✳✸✮✳ R E F cond ❋✐❣✉r❡ ✸✳✾✿ ❚❤❡ ❣r❛♣❤✐❝ ♥♦t❛t✐♦♥ ♦❢ t❤❡ •♦✐♥ ♦♣❡r❛t✐♦♥ ❛✉t❤♦r t✐t•❡ ②❡❛r ❈♦♥❢❡r❡♥❝❡ ♣❡rs♦♥■❞ ♣❡rs♦♥◆❛♠❡ ♣❡rs♦♥❈♦✉♥tr② ♣❡rs♦♥❆✣•✐❛t✐♦♥ ▲❡s•✐❡ |♦❜✉st ✶✾✾✾ ❙❚❖❈ ✶ ▲❡s•✐❡ ❯♥✐t❡❞ ❍❛r✈❛r❞ ❱❛•✐❡♥t ▲♦❣✐❝s ❱❛•✐❡♥t ❑✐♥❣❞♦♠ ❯♥✐✈❡rs✐t② ❙❡r❣❡ ■ss✉❡s ✐♥ ✷✵✵✷ ❉❊❳❆ ✸ ❙❡r❣❡ ❋r❛♥❝❡ ■◆|■❆ ❆❜✐t❡❜♦✉• ▼♦♥✐t♦r✐♥❣ ❆❜✐t❡❜♦✉• ❙❛❝•❛② ❲❡❜ ❉❛t❛ ❚❛❜•❡ ✸✳✼✿ |❡s✉•t ♦❢ t❤❡ •♦✐♥ ❜❡t✇❡❡♥ t❤❡ ❞❜•♣ ❛♥❞ ♣❡rs♦♥ ❊♥t✐t②❙❡ts ❯♥✐❢②✐♥❣ ❉❛t❛ ▼♦❞❡•s ✺✶ ✸✳✸✳✹✳✺ ❯♥✐♦♥ ❖♣❡r❛t✐♦♥ ❆ ✉♥✐♦♥ ✐s ❛ ❜✐♥❛r② ❛♥❞ ♠❛t❤❡♠❛t✐❝❛• s❡t ♦♣❡r❛t✐♦♥ t❤❛t t❛❦❡s ❛s ✐♥♣✉t t✇♦ ❊♥✲ t✐t②❙❡ts ❛♥❞ r❡t✉r♥s ❛s ♦✉t♣✉t ❛♥ ❊♥t✐t②❙❡t✳ ❚❤❡ r❡s✉•t❡❞ ❊♥t✐t②❙❡t ❝♦♥t❛✐♥s t❤❡ s❡t ♦❢ ❛•• ❞✐st✐♥❝t ❊♥t✐t✐❡s ❜❡•♦♥❣✐♥❣ t♦ t❤❡ ♦♥❡ ♦❢ t❤❡ ❊♥t✐t②❙❡ts ✐♥ ❡♥tr②✳ ■t ✐s ♥♦t❡✇♦rt❤② t❤❛t t❤❡ ✐♥✈♦•✈❡❞ ❊♥t✐t②❙❡ts ♠✉st ❜❡ ✉♥✐♦♥✲❝♦♠♣❛t✐❜•❡ ✭✐✳❡✳ t❤❡ t✇♦ ❊♥t✐t②❙❡ts ♠✉st ❤❛✈❡ t❤❡ s❛♠❡ s❡t ♦❢ ❛ttr✐❜✉t❡s✮✳ ❋♦r♠❛••②✱ ✇❡ ❞❡✜♥❡ t❤❡ ✉♥✐♦♥ ❢✉♥❝t✐♦♥ ❛s ❢♦••♦✇s✿ ❉❡✜♥✐t✐♦♥ ✸✳✸✳✼ ✭❯♥✐♦♥ ♦♣❡r❛t✐♦♥✮ ∪ : ES * ES → ES ▲❡t E = {e 1 , ..., e n } ⊂ ES✱ F = {f 1 , ..., f m } ⊂ ES ❛♥❞ R = {r 1 , ..., r l } ⊂ ES✳ ❚❤❡ ✉♥✐♦♥ ♦❢ E ❛♥❞ F ✐s ❞❡✜♥❡❞ ❛s ❢♦••♦✇s✿ R = E ∪ F = {r|r ∈ E ∨ r ∈ F } ❲❡ ❣r❛♣❤✐❝❛••② r❡♣r❡s❡♥t t❤❡ ✉♥✐♦♥ ❛s ❞❡♣✐❝t❡❞ ✐♥ ❋✐❣✉r❡ ✸✳✶✵✳ ❚♦ ❣✐✈❡ ❛♥ ❡①❛♠♣•❡ ♦❢ t❤❡ ✉♥✐♦♥ ♦♣❡r❛t✐♦♥ ❜❡t✇❡❡♥ t✇♦ ❊♥t✐t②❙❡ts✱ •❡t ✉s ❝♦♥s✐❞❡r t❤❛t t❤❡ ♣❡rs♦♥ ❊♥t✐t②❙❡t ✐s ❝♦♥str✉❝t❡❞ ❢r♦♠ t✇♦ ❊♥t✐t②❙❡ts ❝❛••❡❞ P✶ ❛♥❞ P✷ r❡s♣❡❝t✐✈❡•② ✭s❡❡ ❚❛❜•❡ ✸✳✽ ❛♥❞ ❚❛❜•❡ ✸✳✾✮✳ ❋♦r ✐♥st❛♥❝❡✱ ✐❢ ✇❡ ❛♣♣•② t❤❡ ✉♥✐♦♥ ♦❢ P✶ ❛♥❞ P✷ ❊♥t✐t②❙❡ts✱ ✇❡ ❝❛♥ ❞❡♥♦t❡ person = P 1 ∪ P 2 ❛♥❞ ✇❡ ♦❜t❛✐♥ t❤❡ r❡s✉•t❡❞ ❊♥t✐t②❙❡t r❡♣r❡s❡♥t❡❞ ✐♥ ❚❛❜•❡ ✸✳✷✳ ■t ✐s ✇♦rt❤ ♥♦t✐♥❣ t❤❛t t❤❡ ❡♥t✐t② ❤❛✈✐♥❣ ♣❡rs♦♥■❞ ❡q✉❛•s t♦ ✷ ❛♣♣❡❛rs ✐♥ ❜♦t❤ ❊♥t✐t②❙❡ts P✶ ❛♥❞ P✷ ❛♥❞ ❛♣♣❡❛rs ✐♥ t❤❡ ❊♥t✐t②❙❡t ♣❡rs♦♥ •✉st ♦♥❡ t✐♠❡ s✐♥❝❡ t❤❡ r❡s✉•t❡❞ ❊♥t✐t②❙❡t r❡♣r❡s❡♥ts t❤❡ s❡t ♦❢ ❛•• ❞✐st✐♥❝t ❊♥t✐t✐❡s ❜❡•♦♥❣✐♥❣ t♦ t❤❡ ♦♥❡ ♦❢ t❤❡ ❊♥t✐t②❙❡ts ✐♥ ❡♥tr②✳ R E F ❋✐❣✉r❡ ✸✳✶✵✿ ❚❤❡ ❣r❛♣❤✐❝ ♥♦t❛t✐♦♥ ♦❢ t❤❡ ✉♥✐♦♥ ♦♣❡r❛t✐♦♥ ♣❡rs♦♥■❞ ♣❡rs♦♥◆❛♠❡ ♣❡rs♦♥❈♦✉♥tr② ♣❡rs♦♥❆✣•✐❛t✐♦♥ ✶ ▲❡s•✐❡ ❱❛•✐❡♥t ❯♥✐t❡❞ ❑✐♥❣❞♦♠ ❍❛r✈❛r❞ ❯♥✐✈❡rs✐t② ✷ ❏♦❤♥ ❍♦♣❝r♦❢t ❯♥✐t❡❞ ❙t❛t❡s ❈♦r♥❡•• ❯♥✐✈❡rs✐t② ❚❛❜•❡ ✸✳✽✿ ❙❛♠♣•❡ ♦❢ t✇♦ ❊♥t✐t✐❡s ❢r♦♠ t❤❡ P✶ ❊♥t✐t②❙❡t ✸✳✸✳✹✳✻ ■♥t❡rs❡❝t✐♦♥ ❖♣❡r❛t✐♦♥ ❆♥ ✐♥t❡rs❡❝t✐♦♥ ✐s ❛ ❜✐♥❛r② ❛♥❞ ♠❛t❤❡♠❛t✐❝❛• s❡t ♦♣❡r❛t✐♦♥ t❤❛t t❛❦❡s ❛s ✐♥♣✉t t✇♦ ❊♥t✐t②❙❡ts ❛♥❞ r❡t✉r♥s ❛s ♦✉t♣✉t ❛♥ ❊♥t✐t②❙❡t✳ ❚❤❡ r❡s✉•t❡❞ ❊♥t✐t②❙❡t ❝♦♥t❛✐♥s ❛•• ❊♥t✐t✐❡s ❜❡•♦♥❣✐♥❣ t♦ ❜♦t❤ ❊♥t✐t②❙❡ts ✐♥ ❡♥tr②✳ ■t ✐s ♥♦t❡✇♦rt❤② t❤❛t t❤❡ ✐♥✈♦•✈❡❞ ✺✷ ❯♥✐❢②✐♥❣ ❚❤❡ ❆❝❝❡ss ❚♦ |❡•❛t✐♦♥❛• ❆♥❞ ◆♦❙◗▲ ❉❛t❛ ❙t♦r❡s ■♥ ❈•♦✉❞ ❊♥✈✐r♦♥♠❡♥ts ♣❡rs♦♥■❞ ♣❡rs♦♥◆❛♠❡ ♣❡rs♦♥❈♦✉♥tr② ♣❡rs♦♥❆✣•✐❛t✐♦♥ ✷ ❏♦❤♥ ❍♦♣❝r♦❢t ❯♥✐t❡❞ ❙t❛t❡s ❈♦r♥❡•• ❯♥✐✈❡rs✐t② ✸ ❙❡r❣❡ ❆❜✐t❡❜♦✉• ❋r❛♥❝❡ ■◆|■❆ ❙❛❝•❛② ❚❛❜•❡ ✸✳✾✿ ❙❛♠♣•❡ ♦❢ t✇♦ ❊♥t✐t✐❡s ❢r♦♠ t❤❡ P✷ ❊♥t✐t②❙❡t ❊♥t✐t②❙❡ts ♠✉st ❜❡ ✐♥t❡rs❡❝t✐♦♥✲❝♦♠♣❛t✐❜•❡ ✭✐✳❡✳ t❤❡ t✇♦ ❊♥t✐t②❙❡ts ♠✉st ❤❛✈❡ t❤❡ s❛♠❡ s❡t ♦❢ ❛ttr✐❜✉t❡s✮✳ ❋♦r♠❛••②✱ ✇❡ ❞❡✜♥❡ t❤❡ ✐♥t❡rs❡❝t✐♦♥ ❢✉♥❝t✐♦♥ ❛s ❢♦••♦✇s✿ ❉❡✜♥✐t✐♦♥ ✸✳✸✳✽ ✭■♥t❡rs❡❝t✐♦♥ ♦♣❡r❛t✐♦♥✮ ∩ : ES * ES → ES ▲❡t E = {e 1 , ..., e n } ⊂ ES✱ F = {f 1 , ..., f m } ⊂ ES ❛♥❞ R = {r 1 , ..., r l } ⊂ ES✳ ❚❤❡ ✐♥t❡rs❡❝t✐♦♥ ♦❢ E ❛♥❞ F ✐s ❞❡✜♥❡❞ ❛s ❢♦••♦✇s✿ R = E ∩ F = {r|r ∈ E ∧ r ∈ F } ❲❡ ❣r❛♣❤✐❝❛••② r❡♣r❡s❡♥t t❤❡ ✐♥t❡rs❡❝t✐♦♥ ❛s ❞❡♣✐❝t❡❞ ✐♥ ❋✐❣✉r❡ ✸✳✶✶✳ ❚♦ ❣✐✈❡ ❛♥ ❡①❛♠♣•❡ ♦❢ t❤❡ ✐♥t❡rs❡❝t✐♦♥ ♦♣❡r❛t✐♦♥ ❜❡t✇❡❡♥ t✇♦ ❊♥t✐t②❙❡ts✱ •❡t ✉s ❝♦♥s✐❞❡r t❤❛t t❤❡ ♣❡rs♦♥ ❊♥t✐t②❙❡t ✐s ❝♦♥str✉❝t❡❞ ❢r♦♠ t✇♦ ❊♥t✐t②❙❡ts ❝❛••❡❞ P✸ ❛♥❞ P✹ r❡s♣❡❝t✐✈❡•② ✭s❡❡ ❚❛❜•❡ ✸✳✶✵ ❛♥❞ ❚❛❜•❡ ✸✳✶✶✮✳ ❋♦r ✐♥st❛♥❝❡✱ ✐❢ ✇❡ ❛♣♣•② t❤❡ ✐♥t❡r✲ s❡❝t✐♦♥ ♦❢ P✸ ❛♥❞ P✹ ❊♥t✐t②❙❡ts✱ ✇❡ ❝❛♥ ❞❡♥♦t❡ person = P 1 ∩ P 2 ❛♥❞ ✇❡ ♦❜t❛✐♥ t❤❡ r❡s✉•t❡❞ ❊♥t✐t②❙❡t r❡♣r❡s❡♥t❡❞ ✐♥ ❚❛❜•❡ ✸✳✷✳ R E F ❋✐❣✉r❡ ✸✳✶✶✿ ❚❤❡ ❣r❛♣❤✐❝ ♥♦t❛t✐♦♥ ♦❢ t❤❡ ✐♥t❡rs❡❝t✐♦♥ ♦♣❡r❛t✐♦♥ ♣❡rs♦♥■❞ ♣❡rs♦♥◆❛♠❡ ♣❡rs♦♥❈♦✉♥tr② ♣❡rs♦♥❆✣•✐❛t✐♦♥ ✶ ▲❡s•✐❡ ❱❛•✐❡♥t ❯♥✐t❡❞ ❑✐♥❣❞♦♠ ❍❛r✈❛r❞ ❯♥✐✈❡rs✐t② ✷ ❏♦❤♥ ❍♦♣❝r♦❢t ❯♥✐t❡❞ ❙t❛t❡s ❈♦r♥❡•• ❯♥✐✈❡rs✐t② ✸ ❙❡r❣❡ ❆❜✐t❡❜♦✉• ❋r❛♥❝❡ ■◆|■❆ ❙❛❝•❛② ✺ ▼❛rt✐♥s ❑r✐❦✐s ❯♥✐t❡❞ ❙t❛t❡s (❛•❡ ❯♥✐✈❡rs✐t② ❚❛❜•❡ ✸✳✶✵✿ ❙❛♠♣•❡ ♦❢ t✇♦ ❊♥t✐t✐❡s ❢r♦♠ t❤❡ P✶ ❊♥t✐t②❙❡t ✸✳✸✳✹✳✼ ◆❡st ❛♥❞ ❯♥♥❡st ❖♣❡r❛t✐♦♥s ❚❤❡ ♦♣❡r❛t✐♦♥s ✇❡ ❤❛✈❡ ✐♥tr♦❞✉❝❡❞ s♦ ❢❛r ❛r❡ ✉s❡❞ t♦ ❤❛♥❞•❡ s✐♠♣•❡ ❛ttr✐❜✉t❡s✳ ■♥ t❤✐s s❡❝t✐♦♥✱ ✇❡ ❣✐✈❡ ♠♦r❡ ✐♠♣♦rt❛♥❝❡ t♦ t❤❡ ❝♦♠♣•❡① ❛ttr✐❜✉t❡s ✭❡✳❣✳ ❛♥ ❛ttr✐❜✉t❡ ❯♥✐❢②✐♥❣ ❉❛t❛ ▼♦❞❡•s ✺✸ ♣❡rs♦♥■❞ ♣❡rs♦♥◆❛♠❡ ♣❡rs♦♥❈♦✉♥tr② ♣❡rs♦♥❆✣•✐❛t✐♦♥ ✶ ▲❡s•✐❡ ❱❛•✐❡♥t ❯♥✐t❡❞ ❑✐♥❣❞♦♠ ❍❛r✈❛r❞ ❯♥✐✈❡rs✐t② ✷ ❏♦❤♥ ❍♦♣❝r♦❢t ❯♥✐t❡❞ ❙t❛t❡s ❈♦r♥❡•• ❯♥✐✈❡rs✐t② ✸ ❙❡r❣❡ ❆❜✐t❡❜♦✉• ❋r❛♥❝❡ ■◆|■❆ ❙❛❝•❛② ✹ ❉❛♥❛ ❋♥❣•✉✐♥ ❯♥✐t❡❞ ❙t❛t❡s (❛•❡ ❯♥✐✈❡rs✐t② ❚❛❜•❡ ✸✳✶✶✿ ❙❛♠♣•❡ ♦❢ t✇♦ ❊♥t✐t✐❡s ❢r♦♠ t❤❡ P✷ ❊♥t✐t②❙❡t ❝♦♠♣♦s❡❞ ❜② ♠✉•t✐♣•❡ ❛ttr✐❜✉t❡s✱ ❛ ♠✉•t✐✈❛•✉❡❞ ❛ttr✐❜✉t❡✱ ❡t❝✳✮✳ ■♥ ♣❛rt✐❝✉•❛r✱ ✇❡ ❢♦❝✉s ♦♥ t❤❡ ♥❡st ❛♥❞ ✉♥♥❡st ♦♣❡r❛t✐♦♥s t❤❛t ❛••♦✇ t♦ ❝r❡❛t❡ ❛ ❝♦♠♣•❡① str✉❝t✉r❡ ❛♥❞ t♦ ✢❛tt❡♥ ✐t r❡s♣❡❝t✐✈❡•②✳ ❚❤❡ ✉♥♥❡st ♦♣❡r❛t✐♦♥ t❛❦❡s ❛s ✐♥♣✉t ❛♥ ❊♥t✐t②❙❡t E ❤❛✈✐♥❣ ❛t •❡❛st t✇♦ ❛t✲ tr✐❜✉t❡s ✐♥❝•✉❞✐♥❣ ♦♥❡ ❝♦♠♣•❡① ❛ttr✐❜✉t❡ ❝❛••❡❞ a ✭✐✳❡✳ ❛ ✐s ❝♦♠♣♦s❡❞ ♦❢ ❛ s❡t ♦❢ ❛ttr✐❜✉t❡s✮ ❛♥❞ F t❤❡ s❡t ♦❢ t❤❡ ♦t❤❡r ❛ttr✐❜✉t❡s✳ ❚❤✐s ♦♣❡r❛t✐♦♥ ♦✉t♣✉ts t❤❡ ❊♥✲ t✐t②❙❡t E ✇✐t❤ t❤❡ ❛ttr✐❜✉t❡ a ✢❛tt❡♥ ✐♥t♦ ❛ s❡t ♦❢ s✉❜✲❛ttr✐❜✉t❡s✳ ❇❡•♦✇ ✇❡ ❞❡✜♥❡ t❤❡ ✉♥♥❡st ♦♣❡r❛t✐♦♥ ✭s❡❡ ❉❡✜♥✐t✐♦♥ ✸✳✸✳✾✮✳ ❉❡✜♥✐t✐♦♥ ✸✳✸✳✾ ✭❯♥♥❡st ♦♣❡r❛t✐♦♥✮ unnest : ES * A → ES ▲❡t E = {e 1 , ..., e n , a} ⊂ ES✱ a = {a 1 , ..., a m } ⊂ A|∃a k|k∈{1..m} , a k = {v k1 ..v kp } ❛ ❝♦♠♣•❡① ❛ttr✐❜✉t❡ ✭✐✳❡✳ E = {e 1 , ..., e n , {a 1 , ..., a m }}✮ ❛♥❞ R = {r 1 , ..., r l } ⊂ ES✳ ❚❤❡ ✉♥♥❡st ♦♣❡r❛t✐♦♥ ✐s ❞❡✜♥❡❞ ❛s ❢♦••♦✇s✿ R = unnest(E, a k ) = {r j|j∈{1..l} | ∃t ∈ {1..p}, r j = {a i|i∈{1..m}\{k} } • {v kt }} ■♥ ❚❛❜•❡ ✸✳✶✷✱ ✇❡ s❤♦✇❝❛s❡ ❛♥ ❡①❛♠♣•❡ ♦❢ ❛ ❝♦♠♣•❡① ❛ttr✐❜✉t❡ ✇❤✐❝❤ ✐s t❤❡ ❛✉t❤♦r ❛ttr✐❜✉t❡✳ ❚❤✐s •❛tt❡r ✐s ♠✉•t✐✈❛•✉❡❞ ❛♥❞ ❤❛s t✇♦ ✈❛•✉❡s✿ ❏♦❤♥ ❍♦♣❝r♦❢t ❛♥❞ ❏❡✛r❡② ❯••♠❛♥✳ ❇② ❛♣♣•②✐♥❣ t❤❡ ✉♥♥❡st ♦♣❡r❛t✐♦♥✱ ✇❡ ❞❡♥♦t❡ ✐t ❛s ❢♦••♦✇s✿ unnest(dblp, author) ❛♥❞ ✇❡ ♦❜t❛✐♥ t✇♦ ♥❡✇ ❡♥t✐t✐❡s ❛♥❞ ❡❛❝❤ ♦♥❡ ❝♦♥t❛✐♥s ♠♦♥♦✲ ✈❛•✉❡❞ ❛ttr✐❜✉t❡ ❝❛••❡❞ ❛✉t❤♦r ✭s❡❡ ❚❛❜•❡ ✸✳✶✸✮✳ ❛✉t❤♦r t✐t•❡ ②❡❛r ❈♦♥❢❡r❡♥❝❡ ❏♦❤♥ ❍♦♣❝r♦❢t ▼❛♥✐♣✉•❛t✐♦♥ r❡s✐st❛♥t r❡♣✉t❛t✐♦♥s ✷✵✵✼ ❲❆❲ ❏❡✛r❡② ❯••♠❛♥ ✉s✐♥❣ ❤✐tt✐♥❣ t✐♠❡ ❚❛❜•❡ ✸✳✶✷✿ ❙❛♠♣•❡ ♦❢ ❝♦♠♣•❡① ❛ttr✐❜✉t❡s ❢r♦♠ t❤❡ ❞❜•♣ ❊♥t✐t②❙❡t ❛✉t❤♦r t✐t•❡ ②❡❛r ❈♦♥❢❡r❡♥❝❡ ❏♦❤♥ ❍♦♣❝r♦❢t ▼❛♥✐♣✉•❛t✐♦♥ r❡s✐st❛♥t r❡♣✉t❛t✐♦♥s ✷✵✵✼ ❲❆❲ ✉s✐♥❣ ❤✐tt✐♥❣ t✐♠❡ ❏❡✛r❡② ❯••♠❛♥ ▼❛♥✐♣✉•❛t✐♦♥ r❡s✐st❛♥t r❡♣✉t❛t✐♦♥s ✷✵✵✼ ❲❆❲ ✉s✐♥❣ ❤✐tt✐♥❣ t✐♠❡ ❚❛❜•❡ ✸✳✶✸✿ |❡s✉•t ♦❢ t❤❡ ✉♥♥❡st ♦♣❡r❛t✐♦♥ ❚❤❡ ♥❡st ♦♣❡r❛t✐♦♥ t❛❦❡s ❛s ✐♥♣✉t ❛♥ ❊♥t✐t②❙❡t E ❛♥❞ ❛ ♥♦♥✲❡♠♣t② s❡t ♦❢ ❛ttr✐❜✉t❡s a ❛♥❞ r❡t✉r♥s ❛s ♦✉t♣✉t ❛♥ ❊♥t✐t②❙❡t R ❝♦♥t❛✐♥✐♥❣ ❛ ❝♦♠♣•❡① ❛ttr✐❜✉t❡ ✺✹ ❯♥✐❢②✐♥❣ ❚❤❡ ❆❝❝❡ss ❚♦ |❡•❛t✐♦♥❛• ❆♥❞ ◆♦❙◗▲ ❉❛t❛ ❙t♦r❡s ■♥ ❈•♦✉❞ ❊♥✈✐r♦♥♠❡♥ts ❝♦♠♣♦s❡❞ ❢r♦♠ t❤❡ ❛ttr✐❜✉t❡s ♦❢ a✳ ❚❤✐s ♦♣❡r❛t✐♦♥ ✐s ❞❡✜♥❡❞ ❛s ❢♦••♦✇s ✐♥ ❉❡✜♥✐t✐♦♥ ✸✳✸✳✶✵✳ ❉❡✜♥✐t✐♦♥ ✸✳✸✳✶✵ ✭◆❡st ♦♣❡r❛t✐♦♥✮ N est : ES * A → ES ▲❡t E = {e 1 , ..., e n } ⊂ ES✱ a = {a 1 , ..., a m } ⊂ A|∃a k|k∈{1..m} , a k ∈ {v k1 ..v kp } ❛♥ ❛ttr✐❜✉t❡ t♦ ♥❡st ❛♥❞ R = {r 1 , ..., r l } ⊂ ES✳ ❚❤❡ ♥❡st ♦♣❡r❛t✐♦♥ ✐s ❞❡✜♥❡❞ ❛s ❢♦••♦✇s✿ R = nest(E, a k ) = {r j|j∈{1..l} | r j = {a i|i∈{1..m}\{k} } • {v k1 ..v kp }} ■♥ ❚❛❜•❡ ✸✳✶✹✱ ✇❡ s❤♦✇❝❛s❡ ❛♥ ❡①❛♠♣•❡ ♦❢ ❛♥ ❡♥t✐t② s❡t ❝♦♥t❛✐♥✐♥❣ s✐♠♣•❡ ❛t✲ tr✐❜✉t❡s✳ ❚❤❡ t✇♦ •❛st ❡♥t✐t✐❡s ❝♦♥t❛✐♥ t❤❡ s❛♠❡ ✈❛•✉❡s ♦❢ t❤❡ ❛ttr✐❜✉t❡s t✐t•❡✱ ②❡❛r✱ ❛♥❞ ❈♦♥❢❡r❡♥❝❡✳ ❍♦✇❡✈❡r✱ t❤❡ ✈❛•✉❡ ♦❢ t❤❡ ❛✉t❤♦r ❛ttr✐❜✉t❡ ✐s ❞✐✛❡r❡♥t✳ ❍❡♥❝❡✱ ✇❡ ♣r♦♣♦s❡ t♦ ❛♣♣•② t❤❡ ♥❡st ♦♣❡r❛t✐♦♥ ❜❛s❡❞ ♦♥ t❤❡ ❛✉t❤♦r ❛ttr✐❜✉t❡✳ ❲❡ ❝❛♥ ❞❡♥♦t❡ t❤❡ ❢♦••♦✇✐♥❣ ♦♣❡r❛t✐♦♥✿ nest(dblp, author)✳ ❲❡ s❤♦✇❝❛s❡ t❤❡ r❡s✉•t ♦❢ t❤✐s ♦♣❡r❛t✐♦♥ ✐♥ t❤❡ ❚❛❜•❡ ✸✳✶✺✳ ❛✉t❤♦r t✐t•❡ ②❡❛r ❈♦♥❢❡r❡♥❝❡ ▲❡s•✐❡ ❱❛•✐❡♥t |♦❜✉st ▲♦❣✐❝s ✶✾✾✾ ❙❚❖❈ ❏♦❤♥ ❍♦♣❝r♦❢t ▼❛♥✐♣✉•❛t✐♦♥ r❡s✐st❛♥t r❡♣✉t❛t✐♦♥s ✷✵✵✼ ❲❆❲ ✉s✐♥❣ ❤✐tt✐♥❣ t✐♠❡ ❏❡✛r❡② ❯••♠❛♥ ▼❛♥✐♣✉•❛t✐♦♥ r❡s✐st❛♥t r❡♣✉t❛t✐♦♥s ✷✵✵✼ ❲❆❲ ✉s✐♥❣ ❤✐tt✐♥❣ t✐♠❡ ❚❛❜•❡ ✸✳✶✹✿ ❙❛♠♣•❡ ♦❢ t❤❡ ❞❜•♣ ❊♥t✐t②❙❡t ❛✉t❤♦r t✐t•❡ ②❡❛r ❈♦♥❢❡r❡♥❝❡ ▲❡s•✐❡ ❱❛•✐❡♥t |♦❜✉st ▲♦❣✐❝s ✶✾✾✾ ❙❚❖❈ ❏♦❤♥ ❍♦♣❝r♦❢t ▼❛♥✐♣✉•❛t✐♦♥ r❡s✐st❛♥t r❡♣✉t❛t✐♦♥s ✷✵✵✼ ❲❆❲ ❏❡✛r❡② ❯••♠❛♥ ✉s✐♥❣ ❤✐tt✐♥❣ t✐♠❡ ❚❛❜•❡ ✸✳✶✺✿ |❡s✉•t ♦❢ t❤❡ ♥❡st ♦♣❡r❛t✐♦♥ ✸✳✸✳✹✳✽ ❆•❣❡❜r❛✐❝ ❚r❡❡ ❆•• t❤❡s❡ ♦♣❡r❛t✐♦♥s t❤❛t ✇❡ ❞❡✜♥❡❞ ✐♥ t❤❡ ♣r❡✈✐♦✉s s❡❝t✐♦♥s ✇✐•• ❜❡ ✉s❡❞ ❜② t❤❡ ✈✐rt✉❛• ❞❛t❛ st♦r❡s ✐♥ ♦r❞❡r t♦ ❡✈❛•✉❛t❡ ❛♥❞ ♦♣t✐♠✐③❡ q✉❡r② ❡①❡❝✉t✐♦♥ ✭s❡❡ ❈❤❛♣t❡r ✹✮✳ ■♥❞❡❡❞✱ ♦♥❝❡ t❤❡ ✈✐rt✉❛• ❞❛t❛ st♦r❡ r❡❝❡✐✈❡s ❛ q✉❡r②✱ ✐t r❡✇r✐t❡s ✐t ❛s ❛♥ ❛•❣❡❜r❛✐❝ tr❡❡ ✐♥ ♦r❞❡r t♦ r❡❞✉❝❡ t❤❡ s✐③❡ ♦❢ ❞❛t❛ ❛♥❞ t❤❡ t✐♠❡ ♦❢ t❤❡ q✉❡r② ❡①❡❝✉t✐♦♥✳ ❆♥ ❛•❣❡❜r❛✐❝ tr❡❡ ❝♦♥t❛✐♥s t✇♦ ❦✐♥❞s ♦❢ ♥♦❞❡s t❤❛t ❛r❡ ❡✐t❤❡r r♦♦ts ❛♥❞ ❛ •❡❛❢ r❡♣r❡s❡♥t✐♥❣ ❊♥t✐t②❙❡ts ♦r ✐♥t❡r♥❛• ♥♦❞❡s r❡♣r❡s❡♥t✐♥❣ t❤❡ ❡•❡♠❡♥t❛r② ♦♣❡r❛t✐♦♥s✳ ❚❤❡s❡ ♥♦❞❡s ❛r❡ •✐♥❦❡❞ ❜❡t✇❡❡♥ ❡❛❝❤ ♦t❤❡rs ✉s✐♥❣ ✐♥❝♦♠✐♥❣ ❡❞❣❡s r❡♣r❡s❡♥t✐♥❣ t❤❡ ♦♣❡r❛♥❞s ❛♥❞ ♦✉t❝♦♠✐♥❣ ❡❞❣❡s r❡♣r❡s❡♥t✐♥❣ r❡s✉•t❡❞ ❊♥t✐t②❙❡t ♦❢ ❛♥ ♦♣❡r❛t✐♦♥✳ ■♥ ❋✐❣✉r❡ ✸✳✶✷✱ ✇❡ ❣✐✈❡ ❛♥ ❡①❛♠♣•❡ ♦❢ r❡✇r✐t✐♥❣ ❛ q✉❡r② ✐♥ ❛♥ ❛•❣❡❜r❛✐❝ tr❡❡ ✐♥❝•✉❞✐♥❣ ❛•• t❤❡ ♦♣❡r❛t✐♦♥s ❞❡✜♥❡❞ ❛❜♦✈❡✳ ❋♦r ✐♥st❛♥❝❡✱ •❡t ✉s ❝♦♥s✐❞❡r t❤❡ q✉❡r② ❛••♦✇✐♥❣ t♦ •♦✐♥ ❞❜•♣ ❛♥❞ ♣❡rs♦♥ ❊♥t✐t②❙❡ts ✐♥ ♦r❞❡r t♦ ❣❡t t❤❡ ❛✣•✐❛t✐♦♥ ♦❢ ❛✉t❤♦rs ♦❢
ODBAPI: a unied REST API for relational and NoSQL data stores 55 the paper entitled "Robust Logics". To answer this query, we have to do (1) a selection based on "dblp.title=Robust Logics", (2) a join using the logic expression person.personN ame in dblp.author, and (3) a projection to get the aliation of authors and their names.

Figure 3.12: Exeple of an algebraic tree

In the next section, we will present our second contribution in this manuscript which is ODBAPI. This latter is a REST based API that allows the execution of queries across relational and NoSQL data stores in a unique way. This API has been dened based on a resource model mapping the dierent concepts in our unied data model.

. 4 O D B A P I : a u n i e d R E S T A P I f o r r e l a t i o n a l a n d N o S Q L d a t a s t o r e s

In order to satisfy dierent storage requirements, cloud applications usually need to access and interact with dierent relational and NoSQL data stores having heterogeneous proprietary APIs. This APIs heterogeneity induces two main problems. First it ties cloud applications to specic data stores hampering therefore their migration. Second, it requires developers to be familiar with dierent APIs.

In this section, we introduce the OpenPaaS Project in which we propose ODBAPI and two possible use cases (see Section 3.4.1). Then, we present a generic resource model dening the dierent concept used in each type of data store (see Section 3.4.2). This resources model is dened based on the unied data model presented in the previous Section 3.3. These resources are managed by ODBAPI a streamlined and a unied REST API enabling to execute CRUD and complex operations on dierent NoSQL and relational databases (see Section Unifying The Access To Relational And NoSQL Data Stores In Cloud Environments 3.4.2). ODBAPI decouples Cloud applications from data stores alleviating therefore their migration. Moreover it relieves developers task by removing the burden of managing dierent APIs.

. 4 . 1 U s e C a s e s A n d M o t i v a t i o n

In this section, we propose to present two use cases in order to motivate the utility of our API. Indeed, we introduce two possible scenarios of the use of our API: application migration from one data store to another (see Section 3.4.1.1), and multiple data store use in one cloud environment (see Section 3.4.1.2).

First scenario: Application migration from one data store to another

Cloud environment usually provides one data store for the deployed applications. However, in some situations, this data store model does not support the whole applications requirements. Subsequently, an application needs to migrate from one data store to another in order to nd a more convenient data store to its requirements (in the same Cloud provider or another one). It is worth noting that an application may migrate to another cloud environment to nd the most suitable data store according to some new requirements.

In Figure 3.13, we exemplify a migration scenario where the Application A needs to migrate from Cloud provider 1 where it interacts with the document data store CouchDB to Cloud provider 2 in order to meet new data requirements. In the new Cloud environment, the application connects to another document data store Mongo DB. In this case, developers need (1) to discover another environment that can support new storage requirements, (2)to re-adapt the code so that application A can interact with MongoDB API, (3)to migrate data from the old data store to the new one, and (4) to deploy their application on the new environment. At rst glance, application migration seems simple and automatic; but behind this scenario there are onerous responsibilities to be ensured by applications' developers. In the rest of this section, we will only focus on the rst task of the developer which is the re-adaption of the application source code in order to in- 

❯♥✐❢②✐♥❣ ❚❤❡ ❆❝❝❡ss ❚♦ |❡•❛t✐♦♥❛• ❆♥❞ ◆♦❙◗▲ ❉❛t❛ ❙t♦r❡s ■♥ ❈•♦✉❞ ❊♥✈✐r♦♥♠❡♥ts ❞❛t❛❜❛s❡s✳ ❚❤✐s ❆P■ ✐s ❝❛••❡❞ ❖❉❇❆P■ ❛♥❞ ✐ts ❣♦❛• ✐s t✇♦❢♦•❞✿ ❋✐rst✱ ✐t s✐♠♣•✐✜❡s t❤❡ ❞❡✈❡•♦♣❡r✬s t❛s❦ ❞✉r✐♥❣ t❤❡ ❛♣♣•✐❝❛t✐♦♥ ♠✐❣r❛t✐♦♥ ❢r♦♠ ♦♥❡ ❞❛t❛ st♦r❡ t♦ ❛♥✲ ♦t❤❡r✳ ❇② ✉s✐♥❣ ❛ ✉♥✐q✉❡ ❆P■✱ t❤❡ ❛❞❛♣t❛t✐♦♥ ♦❢ t❤❡ s♦✉r❝❡ ❝♦❞❡ ♦❢ ❛♥ ❛♣♣•✐❝❛t✐♦♥ ❜❡❝♦♠❡s ❡❛s✐❡r✳ ❙❡❝♦♥❞✱ ✐t ❛••❡✈✐❛t❡s t❤❡ ❜✉r❞❡♥ ♦❢ ✐♥t❡r❛❝t✐♥❣ ✇✐t❤ ✈❛r✐♦✉s ❞❛t❛ st♦r❡s ❛t t❤❡ s❛♠❡ t✐♠❡ ❜② ✉s✐♥❣ •✉st ❖❉❇❆P■✳ ✸✳✹✳✷ ❖❉❇❆P■✿ ❖♣❡♥P❛❛❙ ❉❛t❛❇❛s❡ ❆P■ ❇❛s❡❞ ♦♥ ♦✉r ✉♥✐✜❡❞ ❞❛t❛ ♠♦❞❡•✱ ✇❡ ❞❡✜♥❡ ❛ ❣❡♥❡r✐❝ r❡s♦✉r❝❡ ♠♦❞❡• ❞❡✜♥✐♥❣ t❤❡ ❞✐✛❡r❡♥t ❝♦♥❝❡♣ts ✉s❡❞ ✐♥ ❡❛❝❤ ❝❛t❡❣♦r② ♦❢ ❞❛t❛ st♦r❡✳ ❚❤❡s❡ r❡s♦✉r❝❡s ❛r❡ ♠❛♥❛❣❡❞ ❜② ❖❉❇❆P■✳ ❚❤✐s ❆P■ ❡♥❛❜•❡s t❤❡ ❡①❡❝✉t✐♦♥ ♦❢ ❈|❯❉ ♦♣❡r❛t✐♦♥s ♦♥ ❞✐✛❡r❡♥t t②♣❡s ♦❢ ❞❛t❛ st♦r❡s✳ ❉♦✐♥❣ s♦✱ ✇❡ ❣✐✈❡ ❛♥ ♦✈❡r✈✐❡✇ ♦❢ ❖❉❇❆P■ ✭s❡❡ ❙❡❝t✐♦♥ ✸✳✹✳✷✳✶✮✳ ❚❤❡♥✱ ✇❡ ✐♥tr♦❞✉❝❡ t❤❡ ❞✐✛❡r❡♥t ♦♣❡r❛t✐♦♥s ❡♥s✉r❡❞ ❜② ❖❉❇❆P■ ✭s❡❡ ❙❡❝t✐♦♥ ✸✳✹✳✷✳✷✮✳ ✸✳✹✳✷✳✶ P❛♥♦r❛♠❛ ❖❢ ❖❉❇❆P■ ■♥ t❤✐s s❡❝t✐♦♥✱ ✇❡ t✉r♥ t❤❡ ❢♦❝✉s ♦♥ ❖❉❇❆P■✳ ❚❤✐s •❛tt❡r ✐s ❞❡s✐❣♥❡❞ t♦ ♣r♦✈✐❞❡ ❛♥ ❛❜str❛❝t✐♦♥ •❛②❡r ❛♥❞ s❡❛♠•❡ss ✐♥t❡r❛❝t✐♦♥ ✇✐t❤ ❞❛t❛ st♦r❡s ❞❡♣•♦②❡❞ ✐♥ ❈•♦✉❞ ❡♥✈✐r♦♥♠❡♥ts✳ ❉❡✈❡•♦♣❡rs ❝❛♥ ❡①❡❝✉t❡ ❈|❯❉ ❛♥❞ ❝♦♠♣•❡① q✉❡r✐❡s ✐♥ ❛ ✉♥✐❢♦r♠ ✇❛② r❡❣❛r❞•❡ss ♦❢ t❤❡ t②♣❡ ♦❢ t❤❡ ❞❛t❛ st♦r❡ ✇❤❡t❤❡r ✐t ✐s r❡•❛t✐♦♥❛• ♦r ◆♦❙◗▲✳ ❲❡ ✇❛♥t t♦ s✉♣♣♦rt t❤r❡❡ t②♣❡s ♦❢ q✉❡r✐❡s ✇✐t❤✐♥ ❖❉❇❆P■✿ • ❙✐♠♣•❡ ❈|❯❉ q✉❡r✐❡s ♦♥ ❛ s✐♥❣•❡ ❞❛t❛ st♦r❡✿ ❖❉❇❆P■ ❛••♦✇s t♦
❡①♣r❡ss t❤❡s❡ q✉❡r✐❡s ✐♥ ❛ ✉♥✐❢♦r♠ ✇❛② ❢r♦♠ t❤❡ t❛r❣❡t ❞❛t❛ st♦r❡✳ 

• ❈♦♠♣•❡① q✉❡r✐❡s ♦♥ ❛ s✐♥❣•❡ ❞❛t❛ st♦r❡✿ ❙♦♠❡ ❞❛t❛ st♦r❡s ♠❛② s✉♣♣♦rt ❛ ❤✐❣❤•② ❡①♣r❡ss✐✈❡ q✉❡r② •❛♥❣✉❛❣❡✳ ❲❡ ✇❛♥t t♦ •❡t ❞❡✈❡•♦♣❡rs ✉s❡❞ t❤✐s •❛♥❣✉❛❣❡ ❡✈❡♥ ✐❢ ✐t ✐s ♥♦t ❝♦♠♣❛t✐❜•❡ ✇✐t❤ ♦✉r q✉❡r② ❛•❣❡❜r❛ ✭s❡❡ ❙❡❝t✐♦♥ ✸✳✸✮✳ ■♥ t❤✐s ❝❛s❡✱ ❖❉❇❆P■ ❡♥❝❛♣s✉•❛t❡s q✉❡r✐❡s ✐♥ t❤❡ ❜♦❞② ♦❢ t❤❡ q✉❡r② ✉s✐♥❣ ❏❙❖◆ ❢♦r♠❛t✳ • ❈♦♠♣•❡① q✉❡r✐❡s ♦♥ ♠✉•t✐♣•❡ ❞❛t❛ st♦r❡s✿ ❯s✐♥❣ ✈✐rt✉❛• ❞❛t❛ st♦r❡s✱ s❡✈❡r❛• ❞❛t❛ st♦r❡s ❝❛♥ ❜❡ ❛❜str❛❝t❡❞ ✐♥ ❛ ✉♥✐❢♦r♠ ✇❛②✳ ■♥ t❤✐s ❝❛s❡✱ ❝♦♠♣•❡① q✉❡r✐❡s ❝❛♥ ❜❡ ❡①♣r❡ss❡❞ ✉s✐♥❣ ♦✉r q✉❡r② ❛•❣❡❜r❛ ✭✇❡ ✉s❡ ❙◗▲✲•✐❦❡ st❛t❡♠❡♥t ❢♦r t❤❛t✮✳ ❆♥ ♦✈❡r✈✐❡✇ ♦❢ ❖❉❇❆P■ ✐s ❣✐✈❡♥ ✐♥ ❋✐❣✉r❡ ✸✳✶✺✳ ❚❤❡ ✜❣✉r❡ ✐s ❞✐✈✐❞❡❞ ✐♥ ❢♦✉r ♣❛rts t❤❛t ✇❡ ✐♥tr♦❞✉❝❡ ✐♥ t❤❡ ❢♦••♦✇✐♥❣ st❛rt✐♥❣ ❢r♦♠ t❤❡ r✐❣❤t t♦ t❤❡ •❡❢t s✐❞❡✿ • ❉❛t❛ st♦r❡s✿ ❲❡ ❤❛✈❡ ✜rst ♦❢ ❛•• t❤❡ ❞❡♣•♦②❡❞ ❞❛t❛ st♦r❡s t❤❛t ❛ ❞❡✈❡•♦♣❡r ♠❛② ✐♥t❡r❛❝t ✇✐t❤ ❞✉r✐♥❣ ❤✐s✴❤❡r ❛♣♣•✐❝❛t✐♦♥ ❝♦❞✐♥❣✳ ■♥ t❤❡ ✜❣✉r❡✱ ✇❡ s❤♦✇✲ ❝❛s❡ t❤❛t ❛ ❞❡✈❡•♦♣❡r ♠❛② ✉s❡ ❛ r❡•❛t✐♦♥❛• ❞❛t❛ st♦r❡✱ ❛ ❞♦❝✉♠❡♥t ❞❛t❛ st♦r❡ t❤❛t ✐s ❈♦✉❝❤❉❇ ❛♥❞ ❛ ❦❡②✴✈❛•✉❡ ❞❛t❛ st♦r❡ t❤❛t ✐s |✐❛❦✳ • Pr♦♣r✐❡t❛r② ❆P■s ❛♥❞ ❞r✐✈❡rs✿ ❙❡❝♦♥❞✱ ✇❡ ✜♥❞ t❤❡ ♣r♦♣r✐❡t❛r② ❆P■ ❛♥❞ ❞r✐✈❡r ♦❢ ❡❛❝❤ ❞❛t❛ st♦r❡ ✐♠♣•❡♠❡♥t❡❞ ❜② ❖❉❇❆P■✳ ❋♦r ✐♥st❛♥❝❡✱ ✇❡ ✉s❡ ✐♥ ❖❉❇❆P■✿ ❛ ✉♥✐✜❡❞ |❊❙❚ ❆P■ ❢♦r r❡•❛t✐♦♥❛• ❛♥❞ ◆♦❙◗▲ ❞❛t❛ st♦r❡s ✺✾ ♦✉r ❆P■ ✐♠♣•❡♠❡♥t❛t✐♦♥ t❤❡ ❏❉❇❈ ❆P■ ❛♥❞ ▼②❙◗▲ ❞r✐✈❡r t♦ ✐♥t❡r❛❝t ✇✐t❤ ❛ r❡•❛t✐♦♥❛• ❉❇▼❙✳ • ❖❉❇❆P■ ✐♥t❡r❢❛❝❡✿ ❚❤❡ t❤✐r❞ ♣❛rt ♦❢ ❋✐❣✉r❡ ✸✳✶✺ r❡♣r❡s❡♥ts t❤❡ ❖❉❇❆P■ ✐♥t❡r❢❛❝❡ ❛♥❞ t❤❡ ❞✐✛❡r❡♥t ✐♠♣•❡♠❡♥t❛t✐♦♥s ♦❢ ❡❛❝❤ ❞❛t❛ st♦r❡s✳ ■♥ ❢❛❝t✱ ✐t r❡♣✲ r❡s❡♥ts t❤❡ s❤❛r❡❞ ♣❛rt ❜❡t✇❡❡♥ ❛•• t❤❡ ✐♥t❡❣r❛t❡❞ ❞❛t❛ st♦r❡s ❛♥❞ ✐t ♣r♦✈✐❞❡s ❛ ✉♥✐q✉❡ ✈✐❡✇ t♦ t❤❡ ❛♣♣•✐❝❛t✐♦♥ s✐❞❡✳ ■t ❝♦♥t❛✐♥s s♣❡❝✐✜❝ ✐♠♣•❡♠❡♥t❛t✐♦♥s ♦❢ ❡❛❝❤ ❞❛t❛ st♦r❡✳ ❚❤❡ ❝✉rr❡♥t ✈❡rs✐♦♥ ♦❢ ❖❉❇❆P■ ✐♠♣•❡♠❡♥t❛t✐♦♥ ✐♥❝•✉❞❡s ❢♦✉r ❞❛t❛ st♦r❡s✿ ✭✶✮ r❡•❛t✐♦♥❛• ❉❇▼❙✱ ✭✷✮ ❈♦✉❝❤❉❇✱ ✭✸✮ ▼♦♥❣♦❉❇ ❛♥❞ ✭✹✮ |✐❛❦✳ ■t ✐s ♥♦t❡ ✇♦rt❤② t❤❛t ✐❢ ❛ ✉s❡r ✇❛♥ts t♦ ✐♥t❡❣r❛t❡ ❛ ♥❡✇ ❞❛t❛ st♦r❡ ❛♥❞ ❞❡✜♥❡ ✐♥t❡r❛❝t✐♦♥s ✇✐t❤ ✐t ✐♥ ❖❉❇❆P■✱ ❤❡✴s❤❡ ❤❛s s✐♠♣•② t♦ ❛❞❞ t❤❡ s♣❡❝✐✜❝ ✐♠♣•❡♠❡♥t❛t✐♦♥ ♦❢ t❤❛t ❞❛t❛ st♦r❡ ❜② ✐♥❝•✉❞✐♥❣ ✐ts ❞r✐✈❡r ❛♥❞ ✐ts ❆P■✳ • ❖❉❇❆P■ ♦♣❡r❛t✐♦♥s✿ ❋✐♥❛••②✱ ✇❡ s❤♦✇ t❤❡ ❞✐✛❡r❡♥t ♦♣❡r❛t✐♦♥s t❤❛t ❖❉❇❆P■ ♦✛❡rs t♦ t❤❡ ✉s❡r✳ ❚❤❡s❡ ♦♣❡r❛t✐♦♥s ❛r❡ ✐♥tr♦❞✉❝❡❞ ✐♥ t❤❡ ♥❡①t s❡❝t✐♦♥✳

Get Environment information

Get Access right

Get Database information

Get an Entity Set information

Query 

❋✐❣✉r❡ ✸✳✶✺✿ ❆♥ ♦✈❡r✈✐❡✇ ♦❢ ❖❉❇❆P■ ✸✳✹✳✷✳✷ ❖♣❡r❛t✐♦♥s ♦❢ ❖❉❇❆P■ ■♥ t❤✐s s❡❝t✐♦♥✱ ✇❡ ✐♥tr♦❞✉❝❡ t❤❡ •✐st ♦❢ ♦♣❡r❛t✐♦♥s ♣r♦✈✐❞❡❞ ❜② ❖❉❇❆P■✳ ■♥ ❋✐❣✉r❡ ✸✳✶✻✱ ✇❡ ♣r♦♣♦s❡ ❛ ❜♦① ❜❛s❡❞ r❡♣r❡s❡♥t❛t✐♦♥ ♦❢ t❤❡ ❞✐✛❡r❡♥t ♦♣❡r❛t✐♦♥s ❡♥s✉r❡❞ ❜② ❖❉❇❆P■✳ ❊❛❝❤ ❜♦① ❝♦♥t❛✐♥s t❤❡ ♥❛♠❡ ♦❢ ❛ r❡s♦✉r❝❡ ✭❡✳❣✳ ✴♦❞❜❛♣✐✴❡♥t✐t②s❡t✴❡s✲ ◆❛♠❡✱ ✴♦❞❜❛♣✐✴❡♥t✐t②s❡t✴❡s◆❛♠❡✴❡♥t✐t②✴❡♥t✐t②■❉✱ ❡t❝✮ ❛♥❞ t❤❡ ❞✐✛❡r❡♥t ♦♣❡r❛✲ ✻✵ ❯♥✐❢②✐♥❣ ❚❤❡ ❆❝❝❡ss ❚♦ |❡•❛t✐♦♥❛• ❆♥❞ ◆♦❙◗▲ ❉❛t❛ ❙t♦r❡s ■♥ ❈•♦✉❞ ❊♥✈✐r♦♥♠❡♥
❋✐❣✉r❡ ✸✳✶✻✿ ❖❉❇❆P■ ♦♣❡r❛t✐♦♥s ■♥ ♦✉r s♣❡❝✐✜❝❛t✐♦♥✱ ✇❡ ❝♦♥s✐❞❡r t✇♦ ❢❛♠✐•✐❡s ♦❢ ♦♣❡r❛t✐♦♥s ✇❤✐❝❤ ✐♥♣✉ts ❛♥❞ ♦✉t♣✉ts ❛r❡ ❏❙❖◆✲❜❛s❡❞ ❞❛t❛✳ ■♥ t❤❡ ♦♥❡ ❤❛♥❞✱ ✇❡ ❤❛✈❡ t❤❡ ❢❛♠✐•② ♦❢ ♦♣❡r❛t✐♦♥s t❤❛t ✐s ❞❡❞✐❝❛t❡❞ t♦ ❣❡t ♠❡t❛✲✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t t❤❡ r❡s♦✉r❝❡s ✉s✐♥❣ t❤❡ •❊❚ |❊❙❚ ♠❡t❤♦❞✳ ■♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ ✇❡ ❤❛✈❡ t❤❡ ❢❛♠✐•② ♦❢ ♦♣❡r❛t✐♦♥s t❤❛t ❛••♦✇s t♦ ❡①❡❝✉t❡ q✉❡r✐❡s ♦♥ r❡s♦✉r❝❡s ♦❢ t②♣❡ ❉❛t❛❜❛s❡✱ ❊♥t✐t②❙❡t ♦r ❊♥t✐t②✳ ❲❡ st❛rt ✜rst ❜② ✐♥tr♦❞✉❝✐♥❣ ❢♦✉r ♦♣❡r❛t✐♦♥s t♦ ♠❛♥❛❣❡ ♠❡t❛✲❞❛t❛ ❛❜♦✉t ❖❉❇❆P■ r❡s♦✉r❝❡s✿ • •❡t ✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t t❤❡ ✉s❡r✬s ❛❝❝❡ss r✐❣❤t✿ ❚❤✐s ♦♣❡r❛t✐♦♥ ✐s ♣r♦✲ ✈✐❞❡❞ ❜② ❣❡t❆❝❝❡ss|✐❣❤t ❛♥❞ ❛••♦✇s ❛ ✉s❡r t♦ ❞✐s❝♦✈❡r ❤✐s✴❤❡r ❛❝❝❡ss r✐❣❤ts ❝♦♥❝❡r♥✐♥❣ t❤❡ ❞❡♣•♦②❡❞ ❞❛t❛ st♦r❡s ✐♥ ❛ ❈•♦✉❞ ❡♥✈✐r♦♥♠❡♥t✳ ❚♦ ❞♦ s♦✱ t❤❡ ✉s❡r ♠✉st ❛♣♣❡♥❞ t❤❡ ❦❡②✇♦r❞ ❛❝❝❡ssr✐❣❤t t♦ ❤✐s✴❤❡r r❡q✉❡st✳ • •❡t ✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t ❛ r❡s♦✉r❝❡ ♦❢ t②♣❡ ❊♥✈✐r♦♥♠❡♥t✿ ❚❤✐s ♦♣❡r❛✲ t✐♦♥ ✐s ❡♥s✉r❡❞ ❜② ❣❡t❊♥✈▼❡t❛❉❛t❛ ❛♥❞ •✐sts t❤❡ ✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t ❛ r❡s♦✉r❝❡ ♦❢ t②♣❡ ❊♥✈✐r♦♥♠❡♥t✳ ❚♦ ❡①❡❝✉t❡ t❤✐s ❦✐♥❞ ♦❢ ♦♣❡r❛t✐♦♥✱ ❛ ✉s❡r ♠✉st ♣r♦✲ ✈✐❞❡ t❤❡ ❦❡②✇♦r❞ ♠❡t❛❞❛t❛ ✐♥ ❤✐s✴❤❡r r❡q✉❡st✳ ❚❤✐s ❦❡②✇♦r❞ s❤♦✉•❞ ❜❡ ❛•s♦ ♣r❡s❡♥t ✐♥ t❤❡ ❢♦••♦✇✐♥❣ t✇♦ ♦♣❡r❛t✐♦♥s✳ • •❡t ✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t ❛ r❡s♦✉r❝❡ ♦❢ t②♣❡ ❉❛t❛❜❛s❡✿ ❆ ✉s❡r ❝❛♥ r❡✲ tr✐❡✈❡ t❤❡ ✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t ❛ r❡s♦✉r❝❡ ♦❢ t②♣❡ ❉❛t❛❜❛s❡ ❜② ❡①❡❝✉t✐♥❣ t❤❡ ♦♣❡r❛t✐♦♥ ❣❡t❉❇▼❡t❛❉❛t❛ ❛♥❞ ♣r♦✈✐❞✐♥❣ t❤❡ ♥❛♠❡ ❞❜◆❛♠❡ ♦❢ t❤❡ t❛r❣❡t ❉❛t❛❜❛s❡✳ ❚❤✐s ♦♣❡r❛t✐♦♥ ♦✉t♣✉ts ✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t ❛ ❉❛t❛❜❛s❡ ✭❡✳❣✳ ❞✉♣•✐✲ ❝❛t✐♦♥✱ r❡♣•✐❝❛t✐♦♥✱ ❡t❝✮ ❛♥❞ t❤❡ ❊♥t✐t②❙❡ts t❤❛t ✐t ❝♦♥t❛✐♥s✳ • •❡t ✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t ❛ r❡s♦✉r❝❡ ♦❢ t②♣❡ ❊♥t✐t②❙❡t✿ ❚❤✐s ♦♣❡r❛t✐♦♥ ✐s ♣r♦✈✐❞❡❞ ❜② ❣❡t❊❙▼❡t❛❉❛t❛ ❛♥❞ ❡♥❛❜•❡s t♦ ❞✐s❝♦✈❡r t❤❡ ✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t ❛ r❡s♦✉r❝❡ ♦❢ t②♣❡ ❊♥t✐t②❙❡t ❜② ❣✐✈✐♥❣ ✐ts ♥❛♠❡ ❡s◆❛♠❡✳ ❋♦r ✐♥st❛♥❝❡✱ ✐t ❤❡•♣s t❤❡ ✉s❡r t♦ ❦♥♦✇ t❤❡ ♥✉♠❜❡r ♦❢ ❊♥t✐t✐❡s t❤❛t ❛♥ ❊♥t✐t②❙❡t ❝♦♥t❛✐♥s✳ ❖❉❇❆P■✿ ❛ ✉♥✐✜❡❞ |❊❙❚ ❆P■ ❢♦r r❡•❛t✐♦♥❛• ❛♥❞ ◆♦❙◗▲ ❞❛t❛ st♦r❡s ✻✶ ❚❤❡ s❡❝♦♥❞ ♦♣❡r❛t✐♦♥s ❢❛♠✐•② r❡♣r❡s❡♥ts t❤❡ ❈|❯❉ ❛♥❞ ❝♦♠♣•❡① q✉❡r✐❡s ❡①✲ ❡❝✉t❡❞ ♦♥ r❡s♦✉r❝❡s ♦❢ t②♣❡ ❉❛t❛❜❛s❡✱ ❊♥t✐t②❙❡t ❛♥❞ ❊♥t✐t②✳ ■♥ t❤✐s ❝♦♥t❡①t✱ ❖❉❇❆P■ ♣r♦✈✐❞❡s t❤❡ ❢♦••♦✇✐♥❣ ♦♣❡r❛t✐♦♥s✿ • •❡t ❛♥ ❊♥t✐t②❙❡t ❜② ✐ts ❡s◆❛♠❡✿ ❇② ❡①❡❝✉t✐♥❣ t❤❡ ♦♣❡r❛t✐♦♥ ❣❡t❊♥t✐✲ t②❙❡t❇②◆❛♠❡✱ ❛ ✉s❡r ❝❛♥ r❡tr✐❡✈❡ ❛♥ ❊♥t✐t②❙❡t ❜② ❣✐✈✐♥❣ ✐ts ♥❛♠❡ ❡s◆❛♠❡✳ ■t ✐s ❡♥s✉r❡❞ ❜② t❤❡ •❊❚ ♠❡t❤♦❞✳ • ❈r❡❛t❡ ❛♥ ❊♥t✐t②❙❡t✿ ❚❤❡ ♦♣❡r❛t✐♦♥ ❝r❡❛t❡❊♥t✐t②❙❡t ❛••♦✇s ❛ ✉s❡r t♦ ❝r❡❛t❡ ❛♥ ❊♥t✐t②❙❡t ❜② ❣✐✈✐♥❣ ✐ts ♥❛♠❡ ❡s◆❛♠❡✳ ❚❤✐s ♦♣❡r❛t✐♦♥ ✐s ♣r♦✈✐❞❡❞ ❜② t❤❡ |❊❙❚ ♠❡t❤♦❞ P❯❚✳ • ❉❡•❡t❡ ❛♥ ❊♥t✐t②❙❡t✿ ❆♥ ❊♥t✐t②❙❡t ❝❛♥ ❜❡ ❞❡•❡t❡❞ ❜② ✉s✐♥❣ t❤❡ ♦♣❡r❛t✐♦♥ ❞❡•❡t❡❊♥t✐t②❙❡t ❛♥❞ ❣✐✈✐♥❣ ❛s ✐♥♣✉t ✐ts ♥❛♠❡ ❡s◆❛♠❡✳ ■t ✐s ❡♥s✉r❡❞ ❜② t❤❡ ❉❊▲❊❚❊ |❊❙❚ ♠❡t❤♦❞✳ • •❡t •✐st ♦❢ ❛•• ❊♥t✐t②❙❡t✿ ❆ ✉s❡r ❝❛♥ r❡tr✐❡✈❡ t❤❡ •✐st ♦❢ ❛•• ❊♥t✐t②❙❡t ❜② ❡①❡❝✉t✐♥❣ t❤❡ ♦♣❡r❛t✐♦♥ ❣❡t❆••❊♥t✐t②❙❡t ❛♥❞ ✉s✐♥❣ t❤❡ ❦❡②✇♦r❞ ❛••❊❙✳ ■t r❡t✉r♥s t❤❡ ♥❛♠❡s ♦❢ t❤❡ ❊♥t✐t②❙❡ts ❛♥❞ s❡✈❡r❛• ✐♥❢♦r♠❛t✐♦♥ ✭❡✳❣✳ ♥✉♠❜❡r ♦❢ ❡♥t✐t✐❡s ✐♥ ❡❛❝❤ ❡♥t✐t② s❡t✱ t❤❡ t②♣❡ ♦❢ ❞❛t❛❜❛s❡ ❝♦♥t❛✐♥✐♥❣ ✐t✱ ❡t❝✳✮✳ • •❡t ❛♥ ❊♥t✐t② ❜② ✐ts ❡♥t✐t②■❉✿ ❇② ❡①❡❝✉t✐♥❣ t❤❡ ♦♣❡r❛t✐♦♥ ❣❡t❊♥t✐t②❇②■❞✱ ❛ ✉s❡r ❝❛♥ r❡tr✐❡✈❡ ❛♥ ❊♥t✐t② ❜② ❣✐✈✐♥❣ ✐ts ✐❞❡♥t✐✜❡r ❡♥t✐t②■❉✳ ■t ✐s ❡♥s✉r❡❞ ❜② t❤❡ •❊❚ ♠❡t❤♦❞✳ • ❯♣❞❛t❡ ❛♥ ❊♥t✐t②✿ ❆♥ ❊♥t✐t② ❝❛♥ ❜❡ ✉♣❞❛t❡❞ ❜② ✉s✐♥❣ t❤❡ ♦♣❡r❛t✐♦♥ ✉♣❞❛t❡❊♥t✐t② ❛♥❞ ✐ts ✐❞❡♥t✐✜❡r ❡♥t✐t②■❉✳ ■t ✐s ❡♥s✉r❡❞ ❜② t❤❡ P❯❚ ♠❡t❤♦❞✳ • ❈r❡❛t❡ ❛♥ ❊♥t✐t②✿ ❚❤❡ ♦♣❡r❛t✐♦♥ ❝r❡❛t❡❊♥t✐t②❙❡t ❛••♦✇s ❛ ✉s❡r t♦ ❝r❡❛t❡ ❛♥ ❊♥t✐t② ❜② ❣✐✈✐♥❣ ✐ts ✐❞❡♥t✐✜❡r ❡♥t✐t②■❉✳ ❚❤✐s ♦♣❡r❛t✐♦♥ ✐s ♣r♦✈✐❞❡❞ ❜② t❤❡ |❊❙❚ ♠❡t❤♦❞ P❖❙❚✳ • ❉❡•❡t❡ ❛♥ ❊♥t✐t②✿ ❆♥ ❊♥t✐t② ❝❛♥ ❜❡ ❞❡•❡t❡❞ ❜② ✉s✐♥❣ t❤❡ ♦♣❡r❛t✐♦♥ ❞❡•❡✲ t❡❊♥t✐t② ❛♥❞ ❣✐✈✐♥❣ ❛s ✐♥♣✉t ✐ts ✐❞❡♥t✐✜❡r ❡♥t✐t②■❉✳ ■t ✐s ❡♥s✉r❡❞ ❜② t❤❡ ❉❊▲❊❚❊ ♠❡t❤♦❞✳ • •❡t •✐st ♦❢ ❛•• ❊♥t✐t✐❡s✿ ❆ ✉s❡r ❝❛♥ r❡tr✐❡✈❡ t❤❡ •✐st ♦❢ ❛•• ❊♥t✐t✐❡s ♦❢ ❛♥ ❊♥t✐t②❙❡t ❜② ❡①❡❝✉t✐♥❣ t❤❡ ♦♣❡r❛t✐♦♥ ❣❡t❆••❊♥t✐t② ❛♥❞ ✉s✐♥❣ t❤❡ ❦❡②✇♦r❞ ❛••❊✳ ■t ♦✉t♣✉ts t❤❡ ✐❞❡♥t✐✜❡rs ♦❢ t❤❡ ❊♥t✐t✐❡s ❛♥❞ t❤❡✐r ❝♦♥t❡♥ts✳ • ◗✉❡r② ♦♥❡ ♦r ♠✉•t✐♣•❡ ❊♥t✐t②❙❡ts✿ ❆ ✉s❡r ❝❛♥ r✉♥ ❛ q✉❡r② ❛❝r♦ss ♦♥❡ ♦r ♠✉•t✐♣•❡ ❤❡t❡r♦❣❡♥❡♦✉s ❊♥t✐t②❙❡ts ❜② ❡①❡❝✉t✐♥❣ t❤❡ ♦♣❡r❛t✐♦♥ P❖❙❚ ❛♥❞ ✉s✐♥❣ t❤❡ ❦❡②✇♦r❞ q✉❡r②✳ ■t ♦✉t♣✉ts ❛ ♥❡✇ ❊♥t✐t②❙❡t✳ ❲❤❡♥ ❡①❡❝✉t✐♥❣ t❤✐s ❦✐♥❞ ♦❢ q✉❡r②✱ ♦♥❡ ❤❛s t♦ ✇r✐t❡ ❤✐s✴❤❡r q✉❡r② ✐♥ ❛ ❏❙❖◆ ❢♦r♠❛t ✉s✐♥❣ ❛ ❙◗▲✲•✐❦❡ s②♥t❛①✳ ■♥❞❡❡❞✱ t❤❡ ✐♥♣✉t ❏❙❖◆✲❜❛s❡❞ ✜•❡ ❝♦♥t❛✐♥s t❤r❡❡ ❡•❡♠❡♥ts t❤❛t ❛r❡ s❡•❡❝t✱ ❢r♦♠ ❛♥❞ ✇❤❡r❡ ❛♥❞ t❤❡s❡ ❡•❡♠❡♥ts ❛r❡ ❏❙❖◆ ❆rr❛②s ♦❢ t②♣❡ ❙tr✐♥❣✳ ❆ ✉s❡r ❝❛♥ ❡①❡❝✉t❡ ✜•t❡r✐♥❣ q✉❡r✐❡s ❛❝r♦ss ♦♥❡ ❊♥t✐t②❙❡t ❛♥❞ ❝♦♠♣•❡① q✉❡r✐❡s ❛❝r♦ss ♦♥❡ ♦r ♠✉•t✐♣•❡ ❊♥t✐t②❙❡ts✳ ❆ ❝♦♠♣•❡① q✉❡r② ❝❛♥ ❜❡ ❛ •♦✐♥✱ ✻✷ ❯♥✐❢②✐♥❣ ❚❤❡ ❆❝❝❡ss ❚♦ |❡•❛t✐♦♥❛• ❆♥❞ ◆♦❙◗▲ ❉❛t❛ ❙t♦r❡s ■♥ ❈•♦✉❞ ❊♥✈✐r♦♥♠❡♥ts ✉♥✐♦♥✱
■♥ t❤✐s s❡❝t✐♦♥✱ ✇❡ ❣✐✈❡ s♦♠❡ ❡①❛♠♣•❡s ♦❢ q✉❡r✐❡s ❡①♣r❡ss❡❞ ✉s✐♥❣ ❖❉❇❆P■ s②♥t❛①✳ ■♥❞❡❡❞✱ ✇❡ ❣✐✈❡ ✜rst ❛♥ ❡①❛♠♣•❡ ♦❢ ✉♥✐❢②✐♥❣ q✉❡r② ❡①❡❝✉t✐♦♥✳ ❚❤❡♥ ✇❡ ♣r❡s❡♥t ❛♥ ❡①❛♠♣•❡ ♦❢ ❛ ✜•t❡r✐♥❣ q✉❡r② ❛♥❞ ❛♥ ❡①❛♠♣•❡ ♦❢ ❛ •♦✐♥ q✉❡r②✳ ❯♥✐❢②✐♥❣ q✉❡r② ❡①❡❝✉t✐♦♥ ❲❡ ♣r❡s❡♥t ✐♥ t❤✐s s❡❝t✐♦♥ t❤r❡❡ ❡①❛♠♣•❡s ♦❢ t❤❡ s❛♠❡ ♦♣❡r❛t✐♦♥ t❛r❣❡t✐♥❣ t❤❡ t❤r❡❡ ❞❛t❛ st♦r❡s ♦❢ t②♣❡ ❈♦✉❝❤❉❇✱ ▼②❙◗▲ ❛♥❞ |✐❛❦ ♥❛♠❡❞ r❡s♣❡❝t✐✈❡•② ❞❜•♣✱ P❡rs♦♥✱ ❛♥❞ ❈♦♥❢❡r❡♥❝❡|❛♥❦✐♥❣ ❛♥❞ ❞❡✜♥❡❞ ✐♥ t❤❡ ♣r❡✈✐♦✉s s❡❝t✐♦♥ ✭s❡❡ ❋✐❣✉r❡ ✸✳✸✮✳ ❚❤✐s ♦♣❡r❛t✐♦♥ ❝♦♥s✐sts ✐♥ r❡tr✐❡✈✐♥❣ ❛♥ ❊♥t✐t② ❜② ✐ts ❡♥t✐t②■❉✳ ❍❡♥❝❡✱ ✇❡ s❤♦✇ ❤♦✇ ❖❉❇❆P■ ✉♥✐✜❡s t❤❡ ❛❝❝❡ss t♦ ❤❡t❡r♦❣❡♥❡♦✉s ❞❛t❛ st♦r❡s t♦ ❡①❡❝✉t❡ ❈|❯❉ ♦♣❡r❛t✐♦♥s✳ ❲❡ ❣✐✈❡ t❤❡ ✜rst ❡①❛♠♣•❡ ✇❤✐❝❤ ✐s ❛ ❍❚❚P r❡q✉❡st ❛♥❞ r❡s♣♦♥s❡ ♦❢ r❡tr✐❡✈✐♥❣ ❛♥ ❊♥t✐t② ♦❢ t②♣❡ ❞♦❝✉♠❡♥t ✐••✉str❛t❡❞ ❜❡•♦✇✳
•❡♠❡♥t ❞❛t❛✳ ❃ •❊❚ ✴♦❞❜❛♣✐✴❡♥t✐t②s❡t✴❞❜•♣✴❡♥t✐t②✴✶✶✶ ❃ ❉❛t❛❜❛s❡✲❚②♣❡✿ ❞❛t❛❜❛s❡✴❝♦✉❝❤❉❇ ❃ ❆❝❝❡♣t✿ ❛♣♣•✐❝❛t✐♦♥✴•s♦♥ ❁ ❍❚❚P✴✶✳✶ ✷✵✵ ❖❑ ❁ ❈♦♥t❡♥t✲❚②♣❡✿ ❛♣♣•✐❝❛t✐♦♥✴•s♦♥ ❁ ④ ❁ ✧❞❛t❛✧✿ ❁ ❬ ❁ ④ ❁ ✧❡♥t✐t②■❉✧✿ ✧✶✶✶✧✱ ❁ ✧❛✉t❤♦r✧✿ ❬✧▲❡s•✐❡ ❱❛•✐❛♥t✧(✱ ❁ ✧②❡❛r✧✿ ✧✶✾✾✾✧✱ ❁ ✧t✐t•❡✧✿ ✧|♦❜✉st ▲♦❣✐❝s✧✱ ❖❉❇❆P■✿ ❛ ✉♥✐✜❡❞ |❊❙❚ ❆P■ ❢♦r r❡•❛t✐♦♥❛• ❛♥❞ ◆♦❙◗▲ ❞❛t❛ st♦r❡s ✻✸ ❁ ✧❝♦♥❢❡r❡♥❝❡✧✿ ✧❙❚❖❈✧ ❁ ⑥ ❁ ( ❁ ⑥ ❲❡ ✐••✉str❛t❡ ❜❡••♦✇ t❤❡ ❡①❛♠♣•❡ t❤❛t ✐s ❛ ❍❚❚P r❡q✉❡st ❛♥❞ r❡s♣♦♥s❡ ♦❢ r❡tr✐❡✈✐♥❣ ❛♥ ❊♥t✐t② ♦❢ t②♣❡ ✈❛•✉❡✳ ■♥ t❤✐s r❡q✉❡st✱ t❤❡ ✉s❡r s❤♦✉•❞ s♣❡❝✐❢② t❤❡ ❦❡② ✴♦❞❜❛♣✐✴❡♥t✐t②s❡t✴❈♦♥❢❡r❡♥❝❡|❛♥❦✐♥❣✴❡♥t✐t②✴✶ ♦❢ t❤❡ t❛r❣❡t ✈❛•✉❡ ❛♥❞ t❤❡ t②♣❡ ♦❢ t❤❡ t❛r❣❡t ❞❛t❛ st♦r❡ ❞❛t❛❜❛s❡✴|✐❛❦ t❤❛t ✐s t❤❡ ❦❡② ✈❛•✉❡ ❉❇▼❙ |✐❛❦✳ ❚❤✐s r❡q✉❡st s❤♦✉•❞ r❡t✉r♥ t❤❡ st❛t✉s ❝♦❞❡ ✷✵✵ ❖❑ ❛♥❞ t❤❡ ❛s❦❡❞ r❡s♦✉r❝❡ ✇r✐tt❡♥ ✐♥ t❤❡ ❏❙❖◆ ❢♦r♠❛t✳ ❃ •❊❚ ✴♦❞❜❛♣✐✴❡♥t✐t②s❡t✴❈♦♥❢❡r❡♥❝❡|❛♥❦✐♥❣✴❡♥t✐t②✴❙❚❖❈ ❃ ❉❛t❛❜❛s❡✲❚②♣❡✿ ❞❛t❛❜❛s❡✴|✐❛❦ ❃ ❆❝❝❡♣t✿ ❛♣♣•✐❝❛t✐♦♥✴•s♦♥ ❁ ❍❚❚P✴✶✳✶ ✷✵✵ ❖❑ ❁ ❈♦♥t❡♥t✲❚②♣❡✿ ❛♣♣•✐❝❛t✐♦♥✴•s♦♥ ❁ ④ ❁ ✧❞❛t❛✧✿ ❁ ❬ ❁ ④ ❁ ✧❝♦♥❢❡r❡♥❝❡✧✿ ✧❙❚❖❈✧✱ ❁ ✧|❛♥❦✧✿ ✧❆✯✧ ❁ ⑥ ❁ ( ❁ ⑥ ❚❤❡ •❛st ❡①❛♠♣•❡ ✐s ♣r❡s❡♥t❡❞ ❜❡•♦✇ ❛♥❞ ❝♦♥s✐sts ✐♥ ❛ ❍❚❚P r❡q✉❡st ❛♥❞ r❡✲ s♣♦♥s❡ ♦❢ r❡tr✐❡✈✐♥❣ ❛♥ ❊♥t✐t② ♦❢ t②♣❡ r❡•❛t✐♦♥❛• t✉♣•❡✳ ■♥ ❢❛❝t✱ ✉s❡r s❤♦✉•❞ ♣r❡❝✐s❡ t❤❡ ❍❚❚P ♠❡t❤♦❞ •❊❚ ❢♦••♦✇❡❞ ❜② t❤❡ r❡s♦✉r❝❡ ✴♦❞❜❛♣✐✴❡♥t✐t②s❡t✴♣❡rs♦♥✴❡♥t✐t②✴✶ t❤❛t ❤❡✴s❤❡ ✇❛♥ts t♦ r❡tr✐❡✈❡✳ ■♥ ❛❞❞✐t✐♦♥✱ ❤❡✴s❤❡ s❤♦✉•❞ s♣❡❝✐❢② t❤❡ t②♣❡ ♦❢ t❤❡ t❛r❣❡t ❞❛t❛ st♦r❡ ❉❛t❛❜❛s❡✲❚②♣❡✿ ❞❛t❛❜❛s❡✴▼②❙◗▲ t❤❛t ✐s t❤❡ r❡•❛t✐♦♥❛• ❉❇▼❙ ▼②❙◗▲ ❛♥❞ t❤❡ ❝♦♥t❡♥t t②♣❡ ❛♣♣•✐❝❛t✐♦♥✴•s♦♥✳ ■♥ t❤✐s ❡①❛♠♣•❡✱ t❤❡ r❡s♣♦♥s❡ ♦❢ t❤✐s r❡q✉❡st ✐s t❤❡ st❛t✉s ❝♦❞❡ ✷✵✵ ❖❑ ❛♥❞ t❤❡ r❡q✉❡st❡❞ r❡s♦✉r❝❡ ✇r✐tt❡♥ ✐♥ t❤❡ ❏❙❖◆ ❢♦r♠❛t✳ ❃ •❊❚ ✴♦❞❜❛♣✐✴❡♥t✐t②s❡t✴♣❡rs♦♥✴❡♥t✐t②✴✶✵✵ ❃ ❉❛t❛❜❛s❡✲❚②♣❡✿ ❞❛t❛❜❛s❡✴▼②❙◗▲ ❃ ❆❝❝❡♣t✿ ❛♣♣•✐❝❛t✐♦♥✴•s♦♥ ❁ ❍❚❚P✴✶✳✶ ✷✵✵ ❖❑ ❁ ❈♦♥t❡♥t✲❚②♣❡✿ ❛♣♣•✐❝❛t✐♦♥✴•s♦♥ ✻✹ ❯♥✐❢②✐♥❣ ❚❤❡ ❆❝❝❡ss ❚♦ |❡•❛t✐♦♥❛• ❆♥❞ ◆♦❙◗▲ ❉❛t❛ ❙t♦r❡s ■♥ ❈•♦✉❞ ❊♥✈✐r♦♥♠❡♥ts ❁ ④ ❁ ✧❞❛t❛✧✿ ❁ ❬ ❁ ④ ❁ ✧♣❡rs♦♥■❞✧✿ ✧✶✧✱ ❁ ✧♣❡rs♦♥◆❛♠❡✧✿ ✧▲❡s•✐❡ ❱❛•✐❛♥t✧✱ ❁ ✧♣❡rs♦♥❈♦✉♥tr②✧✿✧❯♥✐t❡❞ ❑✐♥❣❞♦♠✧✱ ❁ ✧♣❡rs♦♥❆❢❢✐•✐❛t✐♦♥✧✿ ✧❍❛✈❛r❞ ❯♥✐✈❡rs✐t②✧ ❁ ⑥ ❁ ( ❁ ⑥ ❊①❛♠♣•❡ ♦❢ ✜•t❡r✐♥❣ q✉❡r② ■♥ t❤✐s s❡❝t✐♦♥ ✇❡ ❣✐✈❡ t❤❡ ❡①❛♠♣•❡ ♦❢ ❛ ✜•t❡r✲ ✐♥❣ q✉❡r②✳ ■♥ t❤✐s ❦✐♥❞ ♦❢ q✉❡r② ✇❡ ✐♥✈♦❦❡ t❤❡ s❡•❡❝t✐♦♥ ❛♥❞ ♣r♦•❡❝t✐♦♥ ♦♣❡r✲ ❛t✐♦♥s ✐♥ ♦r❞❡r t♦ ✜•t❡r ❆ttr✐❜✉t❡s ✐♥ ❛♥ ❊♥t✐t②❙❡t✳ ■♥ t❤❡ ❡①❛♠♣•❡ ❜❡•♦✇ ✉s❡r ♣r❡❝✐s❡s t❤❡ ❍❚❚P ♠❡t❤♦❞ P❖❙❚ ❢♦••♦✇❡❞ ❜② t❤❡ ❯|▲ ✴♦❞❜❛♣✐✴q✉❡r②✳ ■♥ ❛❞✲ ❞✐t✐♦♥✱ ❤❡✴s❤❡ s❤♦✉•❞ s♣❡❝✐❢② t❤❡ t②♣❡ ♦❢ t❤❡ t❛r❣❡t ❞❛t❛ st♦r❡ ❉❛t❛❜❛s❡✲❚②♣❡✿ ❞❛t❛❜❛s❡✴❱✐rt✉❛•❉❛t❛❙t♦r❡ t❤❛t ✐s t❤❡ ❱❉❙ ❛♥❞ t❤❡ ❝♦♥t❡♥t t②♣❡ ❛♣♣•✐❝❛t✐♦♥✴ •s♦♥✳ ■♥ t❤❡ ❜♦❞② ♦❢ ❤✐s✴❤❡r q✉❡r②✱ t❤❡ ✉s❡r s♣❡❝✐✜❡s ✭✶✮ ✐♥ t❤❡ ❡•❡♠❡♥t s❡•❡❝t t❤❡ ❛ttr✐❜✉t❡s ♣❡rs♦♥◆❛♠❡ ❛♥❞ ♣❡rs♦♥❈♦✉♥tr② t❤❛t ❤❡✴s❤❡ ✇❛♥ts t♦ ♣r♦•❡❝t✱ ✭✷✮ ✐♥ t❤❡ ❡•❡♠❡♥t ❢r♦♠ t❤❡ ♥❛♠❡ ♦❢ t❤❡ t❛r❣❡t ❊♥t✐t②❙❡t ♣❡rs♦♥ ❛♥❞ ✭✸✮ ✐♥ t❤❡ ❡•❡♠❡♥t ✇❤❡r❡ t❤❡ ♣r❡❞✐❝❛t❡ ♦❢ t❤❡ s❡•❡❝t✐♦♥ t❤❛t ✐s ♣❡rs♦♥■❞ ❂ ✶✳ ❚❤❡ r❡s♣♦♥s❡ ♦❢ t❤✐s r❡q✉❡st ✐s t❤❡ st❛t✉s ❝♦❞❡ ✷✵✵ ❖❑ ❛♥❞ t❤❡ ❛♥s✇❡r ✐s ✇r✐tt❡♥ ✐♥ t❤❡ ❏❙❖◆ ❢♦r♠❛t✳ ❃ P❖❙❚ ✴♦❞❜❛♣✐✴q✉❡r② ❃ ❉❛t❛❜❛s❡✲❚②♣❡✿ ❞❛t❛❜❛s❡✴❱✐rt✉❛•❉❛t❛❙t♦r❡ ❃ ❆❝❝❡♣t✿ ❛♣♣•✐❝❛t✐♦♥✴•s♦♥ ❃ ④ ❃ ✧s❡•❡❝t✧✿ ❬✧♣❡rs♦♥◆❛♠❡✧✱ ✧♣❡rs♦♥❈♦✉♥tr②✧(✱ ❃ ✧❢r♦♠✧✿ ❬✧♣❡rs♦♥✧(✱ ❃ ✧✇❤❡r❡✧✿ ❬✧♣❡rs♦♥■❞ ❂ ✶✧( ❃ ⑥ ❁ ❍❚❚P✴✶✳✶ ✷✵✵ ❖❑ ❁ ❈♦♥t❡♥t✲❚②♣❡✿ ❛♣♣•✐❝❛t✐♦♥✴•s♦♥ ❁ ④ ❁ ✧❞❛t❛✧✿ ❁ ❬ ❁ ④ ❁ ✧♣❡rs♦♥◆❛♠❡✧✿ ✧▲❡s•✐❡ ❱❛•✐❛♥t✧✱ ❁ ✧♣❡rs♦♥❈♦✉♥tr②✧✿✧❯♥✐t❡❞ ❑✐♥❣❞♦♠✧ ❁ ⑥ ❁ ( ❁ ⑥ ❖❉❇❆P■✿ ❛ ✉♥✐✜❡❞ |❊❙❚ ❆P■ ❢♦r r❡•❛t✐♦♥❛• ❛♥❞ ◆♦❙◗▲ ❞❛t❛ st♦r❡s ✻✺ ❊①❛♠♣•❡ ♦❢ ❛ •♦✐♥ q✉❡r② ■♥ t❤✐s s❡❝t✐♦♥ ✇❡ ❣✐✈❡ t❤❡ ❡①❛♠♣•❡ ♦❢ ❛ •♦✐♥ q✉❡r② ❜❡t✇❡❡♥ ♣❡rs♦♥ ❛♥❞ ❞❜•♣ ❊♥t✐t②❙❡ts✳ ❚❤❡ ✉s❡r ♣r❡❝✐s❡s t❤❡ ❍❚❚P ♠❡t❤♦❞ P❖❙❚✱ t❤❡ ❯|▲ ✴♦❞❜❛♣✐✴q✉❡r② t♦ ✐♥❢♦r♠ t❤❡ ❱❉❙ ❛❜♦✉t t❤❡ t②♣❡ ♦❢ q✉❡r②✱ ❛♥❞ t❤❡ t②♣❡ ♦❢ t❤❡ t❛r❣❡t ❞❛t❛ st♦r❡ ❉❛t❛❜❛s❡✲❚②♣❡✿ ❞❛t❛❜❛s❡✴❱✐rt✉❛•❉❛t❛❙t♦r❡ t❤❛t ✐s t❤❡ ❱❉❙✳ ■♥ t❤❡ ❜♦❞② ♦❢ ❤✐s✴❤❡r q✉❡r②✱ t❤❡ ✉s❡r ❡①♣r❡ss❡s ❤✐s✴❤❡r q✉❡r②✳ ■♥❞❡❡❞✱ ❤❡✴s❤❡ s♣❡❝✐✜❡s ✐♥ t❤❡ ❡•❡♠❡♥t s❡•❡❝t t❤❡ ❛ttr✐❜✉t❡s ♣❡rs♦♥◆❛♠❡✱ ♣❡rs♦♥❈♦✉♥tr②✱ ❛♥❞ t✐t•❡ t❤❛t ❤❡✴s❤❡ ✇❛♥ts t♦ ♣r♦•❡❝t ❛s ❛ r❡s✉•t t♦ ❤✐s✴❤❡r q✉❡r②✳ ❚❤❡♥✱ ❤❡✴s❤❡ ❡①♣r❡ss❡s ✐♥ t❤❡ ❡•❡♠❡♥t ❢r♦♠ t❤❡ ♥❛♠❡ ♦❢ t❤❡ ♣❡rs♦♥ ❛♥❞ ❞❜•♣ ❊♥t✐t②❙❡ts t♦ •♦✐♥✳ ❋✐♥❛••②✱ ❤❡✴s❤❡ ❞❡✜♥❡s ✐♥ t❤❡ ❡•❡♠❡♥t ✇❤❡r❡ t❤❡ ♣r❡❞✐❝❛t❡ ♦❢ t❤❡ s❡•❡❝t✐♦♥ t❤❛t ✐s ♣❡rs♦♥■❞ < ✸ ❛♥❞ t❤❡ •♦❣✐❝❛• ❡①♣r❡ss✐♦♥ ♦❢ •♦✐♥ ♣❡rs♦♥◆❛♠❡ ✐♥ ❛✉t❤♦r✳ ❚❤❡ r❡s♣♦♥s❡ ♦❢ t❤✐s r❡q✉❡st ✐s t❤❡ st❛t✉s ❝♦❞❡ ✷✵✵ ❖❑ ❛♥❞ t❤❡ ❛♥s✇❡r ✐s ✇r✐tt❡♥ ✐♥ t❤❡ ❏❙❖◆ ❢♦r♠❛t ❜❡•♦✇✳ ❆♥s✇❡r✐♥❣ t❤✐s ❦✐♥❞ ♦❢ q✉❡r✐❡s ✇✐•• ❜❡ t❛❝❦•❡❞ ✐♥ t❤❡ ♥❡①t ❝❤❛♣t❡r✳ ❃ P❖❙❚ ✴♦❞❜❛♣✐✴q✉❡r② ❃ ❉❛t❛❜❛s❡✲❚②♣❡✿ ❞❛t❛❜❛s❡✴❱✐rt✉❛•❉❛t❛❙t♦r❡ ❃ ❆❝❝❡♣t✿ ❛♣♣•✐❝❛t✐♦♥✴•s♦♥ ❃ ④ ❃ ✧s❡•❡❝t✧✿ ❬✧♣❡rs♦♥◆❛♠❡✧✱ ✧♣❡rs♦♥❈♦✉♥tr②✧✱ t✐t•❡(✱ ❃ ✧❢r♦♠✧✿ ❬✧♣❡rs♦♥✧✱ ✧❞❜•♣✧(✱ ❃ ✧✇❤❡r❡✧✿ ❬✧♣❡rs♦♥■❞ ❁✸✧✱ ✧♣❡rs♦♥◆❛♠❡ ✐♥ ❛✉t❤♦r✧( ❃ ⑥ ❁ ❍❚❚P✴✶✳✶ ✷✵✵ ❖❑ ❁ ❈♦♥t❡♥t✲❚②♣❡✿ ❛♣♣•✐❝❛t✐♦♥✴•s♦♥ ❁ ④ ❁ ✧❞❛t❛✧✿ ❁ ❬ ❁ ④ ❁ ✧♣❡rs♦♥◆❛♠❡✧✿ ✧▲❡s•✐❡ ❱❛•✐❛♥t✧✱ ❁ ✧♣❡rs♦♥❈♦✉♥tr②✧✿✧❯♥✐t❡❞ ❑✐♥❣❞♦♠✧✱ ❁ ✧t✐t•❡✧✿ ✧|♦❜✉st •♦❣✐❝s✧ ❁ ⑥✱ ❁ ④ ❁ ✧♣❡rs♦♥◆❛♠❡✧✿ ✧❏♦❤♥ ❍♦♣❝r♦❢t✧✱ ❁ ✧♣❡rs♦♥❈♦✉♥tr②✧✿✧❯♥✐t❡❞ ❙t❛t❡s✧ ❁ ✧t✐t•❡✧✿ ✧▼❛♥✐♣✉•❛t✐♦♥✲|❡s✐st❛♥t ❁ |❡♣✉t❛t✐♦♥s ❯s✐♥❣ ❍✐tt✐♥❣ ❚✐♠❡✧ ❁ ⑥ ❁ ( ❁ ⑥

Introduction

Although ODBAPI solves the problem of heterogeneity between relational and NoSQL data stores by proposing a unique layer to execute dierent operations, it is unable to support complex queries execution (i.e. multi-data store queries). As a remedy to this, we propose in this chapter the virtual data store (VDS) component which supports the evaluation and optimization of complex queries execution across NoSQL and relational data stores. The VDS implements a dynamic programming based algorithm to generate optimal execution plan using a cost model.

In the upcoming sections, we introduce rst a motivating example of a join query across three heterogeneous data store (see Section 4.2). Then, we present the principles of our solution to evaluate queries execution (see Section 4.3). Finally, we describe our solution to optimize complex queries execution using a cost model and the algorithm to generate an optimal execution plan (see Section 4.4).

4 . 2 U s e C a s e s A n d M o t i v a t i o n

In this section, we motivate our solution to evaluate and optimize queries execution across relational and NoSQL data stores. Doing so, we propose to use the second use case presented in the previous chapter in Section 3.4.1.2 which is the case of the polyglot persistence. Indeed, we gave the example of the application A that interacts with a document data store called dblpDB, a relational data store called personDB, and a key/value data store called RankDB (see Figure 3.3 and Figure 3.5). Suppose now that application A needs at some point to retrieve the aliation and the name of authors having at least a paper published in a conference ranked "A". This query may be expressed using ODBAPI syntax as follows: Answering such query is, nowadays, challenging since it involves a relational and two NoSQL data stores. In fact, since dblpDB, ConferenceRanking, and per-sonDB use dierent data models, the developers have to identify the sub-queries by hand, interact with each data store separately and implement the join operation by themselves. This remains (1) purely programmatic, (2) not optimal and naif, and (3) time consuming. For this sake, we propose in this chapter a solution allowing the execution of complex queries expressed using ODBAPI syntax. The main component of this solution is the virtual data store (VDS). The key ingredients of this latter are the global schema (i.e. the unied data model and the correspondence rules), a catalog and a cost model. All these components are well introduced in the upcoming sections and represent the basis of our algorithm to generate the optimal execution plan of a complex query.

> POST /odbapi

RDBMS MySQL, join 10 GO host3

RDBMS MySQL, join host3

Person Pushdown Pushdown Pushdown 4.4, we can see that the same join can not be done on the same data store because these inputs came from two dierent data stores (a Riak DBMS and a MongoDB DBMS).
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This annotated tree will be transformed into an optimized query execution plan in two steps. The rst step will extract the sub-queries that can be evaluated on a single data store. The principle here is to maximize the work done by the integrated data stores. This extraction is done based on the annotations dening the location of the entity sets. At the end of this step, two situations are possible that we present below:

• There is a single extracted sub-query. It corresponds to the case of a query involving just one entity set, or a query involving two or multiple entity sets located in the same data store (if this data store supports the execution of complex operations i.e. join, union, etc.). The VDS automatically routes the query to the target wrapper and it will be executed by the target store itself. Then, the wrapper returns the nal result to the VDS in order to answer the application. If the data store does not support complex operations, the complex operations will be executed by the VDS before sending back the results to the application.

• There are several extracted sub-queries. It corresponds to the case of a query involving two or multiple entity sets in two or multiple data stores. In this situation, we have to determine where and how to recombine the partial results. Both scenario 1 and 2 correspond to this situation.

The second step consists in constructing the optimal query execution plan able to recombine the partial results and to determine on which node evaluating each recombining operation (the VDS or the specic node storing a very large entity set). In addition to the algebraic operations, a query execution plan can use an other ETSL operation that enables the transfer of result set and the conversion of the result set. In fact, when we have binary operations with inputs coming from dierent data stores, we have to move and possibly convert at least one input set.

In Fig. 6.8, we showcase the optimal execution plan for the scenario 2. The size of the relational data store is very large (8 Gbytes). In this case, the VDS is not the best candidate to recombine partial results. It is better to maximize the work done by the relational data store, including recombining partial results using join operations, even if it will pay the cost of conversion. In fact, this cost is negligible compared to the cost of join query execution and large data transfer. Once the optimal query execution plan is constructed, it can be evaluated. For the moment we just consider synchronous evaluation of this plan, that is an operator can not be evaluated until all its inputs are present (we do not support on the y evaluation). The evaluation consists in the query execution plan traversal.

. Q u e r y O p t i m i s a t i o n

In order to optimize queries execution, we x the following list of principles: 

❋✐❣✉r❡ ✹✳✺✿ ❊①❡❝✉t✐♦♥ ♣•❛♥ ❢♦r t❤❡ ❙❝❡♥❛r✐♦ ✷ • Pr❡s❡r✈✐♥❣ t❤❡ ❛✉t♦♥♦♠② ♦❢ t❤❡ ✐♥t❡❣r❛t❡❞ ❞❛t❛ st♦r❡s✱ • ▼❛①✐♠✐③✐♥❣ t❤❡ ✇♦r❦ ❞♦♥❡ ❜② t❤❡ ✐♥t❡❣r❛t❡❞ ❞❛t❛ st♦r❡s✱ • ❖♣t✐♠✐③✐♥❣ ❛ q✉❡r② ❡①❡❝✉t✐♦♥ ♣•❛♥ ❢♦••♦✇✐♥❣ t✇♦ ♣♦ss✐❜•❡ str❛t❡❣✐❡s✿ ✭✐✮ ✉s✐♥❣ t❤❡ ❱❉❙ ♦♥•② t♦ ❡✈❛•✉❛t❡ s✉❜✲q✉❡r✐❡s ❛❝r♦ss ♠✉•t✐♣•❡ ❞❛t❛ st♦r❡s✱ ❛♥❞ ✭✐✐✮ ✉s✐♥❣ t❤❡ ❱❉❙ ❛♥❞ ♣♦✇❡r❢✉• ❞❛t❛ st♦r❡s ✭✐✳❡✳ ❛ ❞❛t❛ st♦r❡ ✐s ❝♦♥s✐❞❡r❡❞ ♣♦✇❡r❢✉• ✐❢ ✐t ✐s ❛❜•❡ t♦ ❡✈❛•✉❛t❡ ❝♦♠♣•❡① q✉❡r✐❡s✮ ✐♥ ♦r❞❡r t♦ ❛✈♦✐❞ s❤✐♣♣✐♥❣ ❞❛t❛ ❤❛✈✐♥❣ ❜✐❣ s✐③❡✱ • ❉❡✜♥✐♥❣ ❛ ❝♦st ❢✉♥❝t✐♦♥ t♦ ❝❛♣t✉r❡ t❤❡ t✇♦ ♣♦ss✐❜•❡ str❛t❡❣✐❡s✱ • ❯s✐♥❣ ❞②♥❛♠✐❝ ♣r♦❣r❛♠♠✐♥❣ ❛♣♣r♦❛❝❤ ❜❛s❡❞ ♦♣t✐♠✐③❛t✐♦♥✱ • ❆♣♣•②✐♥❣ ♥♦ ♣❛r❛••❡•✐s♠ ❛t ❛♥ ✐♥t❡❣r❛t❡❞ ❞❛t❛ st♦r❡ ✭✐✳❡✳ ✇❡ s✉♣♣♦s❡ t❤❛t ❛ ❞❛t❛ st♦r❡ ❡①❡❝✉t❡s ♦♥❡ q✉❡r② ❛t t❤❡ s❛♠❡ t✐♠❡✮✳ • ❆♣♣•②✐♥❣ ♣✐♣❡•✐♥❡ ❡①❡❝✉t✐♦♥ ✭✐✳❡✳ ❛♥ ♦♣❡r❛t✐♦♥ ❝❛♥ st❛rt ✐ts ❡①❡❝✉t✐♦♥ ✇❤❡♥ ✐ts ♦♣❡r❛♥❞s ❛r❡ ❝♦♠♣•❡t❡•② ❝♦♠♣✉t❡❞✮ ■♥ t❤❡ ✉♣❝♦♠✐♥❣ s❡❝t✐♦♥s✱ ✇❡ ♣r❡s❡♥t ♦✉r ❛♣♣r♦❛❝❤ t♦ ♦♣t✐♠✐③❡ •♦✐♥ q✉❡r✐❡s ❡①❡❝✉t✐♦♥ ❛❝r♦ss r❡•❛t✐♦♥❛• ❛♥❞ ◆♦❙◗▲ ❞❛t❛ st♦r❡s✳ ❚❤❡ ❦❡② ✐♥❣r❡❞✐❡♥ts ♦❢ t❤✐s ✼✻ ❱✐rt✉❛• ❉❛t❛ ❙t♦r❡s ❋♦r ◗✉❡r② ❊✈❛•✉❛t✐♦♥ ❛♥❞ ❖♣t✐♠✐③❛t✐♦♥ s♦•✉t✐♦♥ ❛r❡ t❤❡ ❝❛t❛•♦❣ t❤❛t ✇❡ ❞❡✜♥❡ ✐♥ ❙❡❝t✐♦♥ ✹✳✹✳✶ ❛♥❞ t❤❡ ❝♦st ♠♦❞❡• t❤❛t ✇❡ ✐♥tr♦❞✉❝❡ ✐♥ ❙❡❝t✐♦♥ ✹✳✹✳✷✳ ❯s✐♥❣ t❤❡s❡ t✇♦ ❝♦♠♣♦♥❡♥ts✱ ✇❡ ♣r❡s❡♥t ✐♥ ❙❡❝t✐♦♥ ✹✳✹✳✸ ♦✉r ❛•❣♦r✐t❤♠ t♦ ❣❡♥❡r❛t❡ t❤❡ ♦♣t✐♠❛• ❡①❡❝✉t✐♦♥ ♣•❛♥✳ ✹✳✹✳✶ ❈❛t❛•♦❣ ■♥ t❤✐s s❡❝t✐♦♥✱ ✇❡ ✐♥tr♦❞✉❝❡ t❤❡ ♣❛r❛♠❡t❡rs ♦❢ ♦✉r ❝❛t❛•♦❣✳ ❚❤❡② ✐♥❝•✉❞❡ t❤❡ t②♣❡ ✭✐✳❡✳ r❡•❛t✐♦♥❛•✱ ❞♦❝✉♠❡♥t✱ ❡t❝✳✮ ❛♥❞ t❤❡ ♥❛♠❡ ♦❢ ❛ ❞❛t❛ st♦r❡✱ ✐ts •♦❝❛t✐♦♥✱ ✐ts ❝❛♣❛❜✐•✐t✐❡s ✭s✉♣♣♦rt ♦❢ •♦✐♥ q✉❡r✐❡s ❢♦r ❡①❛♠♣•❡✮✱ t❤❡ s✐③❡ ♦❢ t❤❡ ❡♥t✐t② s❡ts✱ ❡t❝✳ ❙♦♠❡ ♦❢ t❤❡s❡ ✐♥❢♦r♠❛t✐♦♥ ❛r❡ ❡✐t❤❡r ❡①♣♦rt❡❞ ❜② t❤❡ ✐♥t❡❣r❛t❡❞ ❞❛t❛ st♦r❡s ✉s✐♥❣ t❤❡✐r ♣r♦♣r✐❡t❛r② ❆P■s ♦r ❡st✐♠❛t❡❞ ✉s✐♥❣ s♦♠❡ ♣r♦❜✐♥❣ q✉❡r✐❡s✳ ■♥ ❛❞❞✐t✐♦♥✱ ✇❡ ❝❛♥ ✜♥❞ s♦♠❡ ❝♦♠♣✉t❡❞ ♣❛r❛♠❡t❡rs t❤❛t ❛r❡ ❝❛•❝✉•❛t❡❞ ❜❛s❡❞ ♦♥ t❤❡ ❝♦••❡❝t❡❞ ✐♥❢♦r♠❛t✐♦♥✳ ■♥ ❚❛❜•❡ ✹✳✶✱ ✇❡ ✐♥tr♦❞✉❝❡ t❤❡ ♠❛✐♥ ♣❛r❛♠❡t❡rs t❤❛t ✇❡ ✉s❡ t♦ ❞❡✜♥❡ ♦✉r ❝♦st ♠♦❞❡•✳ ❚❤❡ s❤♦✇❝❛s❡❞ ♣❛r❛♠❡t❡rs r❡♣r❡s❡♥ts ✐♥ ❣❡♥❡r❛• t❤❡ ❝♦st ♦❢ ❛♥ ♦♣❡r❛t✐♦♥✳ ■t ✐s ♥♦t❡✇♦rt❤② t❤❛t ❛ ♣❛r❛♠❡t❡r ❞❡♣❡♥❞s ❛t •❡❛st ♦♥ ♦♥❡ ♦❢ t❤❡ ❢♦••♦✇✐♥❣ t❤r❡❡ ❝♦sts t❤❛t ❛r❡ t❤❡ ❝♦st ♦❢ t❤❡ ❈P❯✱ t❤❡ ❝♦st ♦❢ t❤❡ ✐♥♣✉t✴♦✉t♣✉t✱ ❛♥❞ t❤❡ ❝♦st ♦❢ t❤❡ ❝♦♠♠✉♥✐❝❛t✐♦♥✳ ■❢ ✐t ❞❡♣❡♥❞s ♦♥ t✇♦ ♦r ♠♦r❡ ❝♦sts✱ ✐t ✐s r❡♣r❡s❡♥t❡❞ ❜② ❛ ✈❡❝t♦r❀ ♦t❤❡r✇✐s❡ ✐t ✐s r❡♣r❡s❡♥t❡❞ ❜② ❛ s❝❛•❛r✳ ❈❛t❛•♦❣✬s ❙♣❡❝✐✜❝❛t✐♦♥ ♣❛r❛♠❡t❡rs ✐♥✐tPr♦•❡❝t✐♦♥ ❚❤✐s ♣❛r❛♠❡t❡r ❞❡✜♥❡s t❤❡ ✐♥✐t✐❛•✐③❛t✐♦♥ ❝♦st ♦❢ t❤❡ ✭r❡s♣✳ s♦✉r❝❡s t♦ ❡①❡❝✉t❡ ❛ ♣r♦•❡❝t✐♦♥ ✭r❡s♣✳ ❛ s❡•❡❝t✐♦♥✮✳ ✐♥✐t❙❡•❡❝t✐♦♥✮ ■t ✐s ❛ s❝❛•❛r✳ ✐♥✐t❏♦✐♥ ❚❤✐s ♣❛r❛♠❡t❡r ❞❡✜♥❡s t❤❡ ✐♥✐t✐❛•✐③❛t✐♦♥ ❝♦st ♦❢ t❤❡ s♦✉r❝❡s t♦ ❡①❡❝✉t❡ ❛ •♦✐♥ q✉❡r②✳ ■t ✐s ❛ s❝❛•❛r✳ ✐♥✐t❯♥✐♦♥ ❚❤✐s ♣❛r❛♠❡t❡r ❞❡✜♥❡s t❤❡ ✐♥✐t✐❛•✐③❛t✐♦♥ ❝♦st ♦❢ t❤❡ ✭r❡s♣✳ s♦✉r❝❡s t♦ ❡①❡❝✉t❡ ❛ ✉♥✐♦♥ ✭r❡s♣✳ ❛♥ ✐♥t❡rs❡❝t✐♦♥✮✳ ✐♥✐t■♥t❡rs❡❝t✐♦♥✮ ■t ✐s ❛ s❝❛•❛r✳ ✐♥✐t❊❚❙▲ ❚❤✐s ♣❛r❛♠❡t❡r ❞❡✜♥❡s t❤❡ ✐♥✐t✐❛•✐③❛t✐♦♥ ❝♦st ♦❢ t❤❡ s♦✉r❝❡s t♦ ❡①❡❝✉t❡ ❛♥ ♦♣❡r❛t✐♦♥ ♦❢ t②♣❡ ❊❚❙▲✳ ■t ✐s ❛ s❝❛•❛r✳ ❝❛♥❏♦✐♥ ❚❤✐s ♣❛r❛♠❡t❡r ❡♥❛❜•❡s t♦ ❞❡♥♦t❡ ✐❢ ❛ ❞❛t❛ st♦r❡ s✉♣♣♦rts t❤❡ •♦✐♥ q✉❡r✐❡s ❡①❡❝✉t✐♦♥ ♦r ♥♦t✳ ■t ✐s ❛ ❜♦♦•❡❛♥ ♣❛r❛♠❡t❡r✳ ■t ✐s ❡①❝•✉s✐✈❡•② ❞❡✜♥❡❞ ❢♦r t❤❡ ✐♥t❡❣r❛t❡❞ s♦✉r❝❡s s✐♥❝❡ t❤❡ ❱❉❙s ❛r❡ ❞❡✜♥❡❞ t♦ t❛❦❡ ✐♥ ❝❤❛r❣❡ •♦✐♥ q✉❡r✐❡s ❡①❡❝✉t✐♦♥✳ •♦❛❞ ❚❤✐s ♣❛r❛♠❡t❡r ❞❡✜♥❡s t❤❡ ❝♦st ♦❢ ❞❛t❛ •♦❛❞✐♥❣✳ ■t ❞✐✛❡rs ❢r♦♠ ♦♥❡ ❞❛t❛ st♦r❡ t♦ ❛♥♦t❤❡r s✐♥❝❡ ✐t ❞❡♣❡♥❞s ♦♥ t❤❡ ❞❛t❛ st♦r❡✬s ♠❡❝❤❛♥✐s♠ t♦ •♦❛❞ ❞❛t❛✳ ❚❤✐s ♣❛r❛♠❡t❡r ✐s ❛ s❝❛•❛r s✐♥❝❡ ✐t ♦♥•② ✐♥✈♦•✈❡s t❤❡ ❝♦st ♦❢ t❤❡ ■♥♣✉t✴❖✉t♣✉t t♦ t❤❡ ❞✐s❝✳ s❝❛♥ ❚❤✐s ♣❛r❛♠❡t❡r ❞❡♥♦t❡s t❤❡ ❝♦st t♦ s❝❛♥ ❞❛t❛ ✐♥ ❛♥ ❡♥t✐t② s❡t✳ ❚❤✐s ♣❛r❛♠❡t❡r ❞❡♣❡♥❞s ♦♥ t❤❡ t②♣❡ ♦❢ t❤❡ ❞❛t❛ st♦r❡ t❤❛t ❝♦♥t❛✐♥s t❤❡ ✐♥✈♦•✈❡❞ ❡♥t✐t② s❡t ✐♥ ◗✉❡r② ❖♣t✐♠✐s❛t✐♦♥ ✼✼ ❈❛t❛•♦❣✬s ❙♣❡❝✐✜❝❛t✐♦♥ ♣❛r❛♠❡t❡rs ❛♥ ♦♣❡r❛t✐♦♥✳ ■t ✐s ❛ s❝❛•❛r s✐♥❝❡ ✐t ♦♥•② ✐♥✈♦•✈❡s t❤❡ ❝♦st ♦❢ t❤❡ ■♥♣✉t✴❖✉t♣✉t t♦ t❤❡ ❞✐s❝✳ s❤✐♣ ❚❤✐s ♣❛r❛♠❡t❡r r❡♣r❡s❡♥ts t❤❡ ❝♦st ♦❢ ❞❛t❛ s❤✐♣♣✐♥❣✳ ■t ❝♦♥❝❡r♥s tr❛♥s❢❡rr✐♥❣ ❞❛t❛ ❢r♦♠ ❛ ❞❛t❛ st♦r❡ t♦ t❤❡ ❱❉❙✱ ❢r♦♠ t❤❡ ❱❉❙ t♦ ❛ ❞❛t❛ st♦r❡✱ ❛♥❞ ❢r♦♠ ❛ ❞❛t❛ st♦r❡ t♦ ❛♥♦t❤❡r✳ ■t ✐s ❝♦♥s✐❞❡r❡❞ ❛s ❛ s❝❛•❛r s✐♥❝❡ ✐t ♦♥•② ✐♥✈♦•✈❡s t❤❡ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❝♦st✳ ❝♦♥✈❡rt ❚❤✐s ♣❛r❛♠❡t❡r r❡♣r❡s❡♥ts t❤❡ ❝♦st ♦❢ ❝♦♥✈❡rt✐♥❣ ❞❛t❛✳ ■t ❝♦♥s✐sts ✐♥ tr❛♥s❢♦r♠✐♥❣ ❞❛t❛ ❢r♦♠ ❏❙❖◆ ❢♦r♠❛t t♦ t❤❡ ♣r♦♣r✐❡t❛r② ❢♦r♠❛t ♦❢ ❞❛t❛ st♦r❡s ❛♥❞ ✈✐❝❡ ✈❡rs❛✳ ■t ✐s ❝♦♥s✐❞❡r❡❞ ❛s ❛ s❝❛•❛r s✐♥❝❡ ✐t ♦♥•② ✐♥✈♦•✈❡s t❤❡ ❈P❯ ❝♦st✳ ♣r♦•❡❝t✐♦♥ ❚❤✐s ♣❛r❛♠❡t❡r r❡♣r❡s❡♥ts t❤❡ ❝♦st ♦❢ ❛ ♣r♦•❡❝t✐♦♥ ✭r❡s♣✳ s❡•❡❝t✐♦♥✮ ✭r❡s♣✳ s❡•❡❝t✐♦♥✮✳ ❚❤❡ ♣r♦•❡❝t✐♦♥ ✭r❡s♣✳ s❡•❡❝t✐♦♥✮ ♠❛② ✐♥s✐❞❡✴♦✉ts✐❞❡ t❤❡ ❱❉❙✳ ■t ✐s ❛ ✈❡❝t♦r ✐♥❝•✉❞✐♥❣ t❤❡ ❝♦sts ♦❢ t❤❡ ■♥♣✉t✴❖✉t♣✉t ❛♥❞ t❤❡ ❈P❯✳ ✉♥✐♦♥ ❚❤✐s ♣❛r❛♠❡t❡r r❡♣r❡s❡♥ts t❤❡ ❝♦st ♦❢ ❛ ✉♥✐♦♥ ✭r❡s♣✳ ✭r❡s♣✳ ✐♥t❡rs❡❝t✐♦♥✮ ✐♥t❡rs❡❝t✐♦♥✮✳ ❚❤❡ ✉♥✐♦♥ ✭r❡s♣✳ ✐♥t❡rs❡❝t✐♦♥✮ ♠❛② ✐♥s✐❞❡✴♦✉ts✐❞❡ t❤❡ ❱❉❙✳ ■t ✐s ❛ ✈❡❝t♦r ✐♥❝•✉❞✐♥❣ t❤❡ ❝♦sts ♦❢ t❤❡ ■♥♣✉t✴❖✉t♣✉t ❛♥❞ t❤❡ ❈P❯✳ •♦✐♥ ❚❤✐s ♣❛r❛♠❡t❡r r❡♣r❡s❡♥ts t❤❡ ❝♦st✳ ❚❤❡ •♦✐♥ ♦♣❡r❛t✐♦♥ ♠❛② ❜❡ ❛♥ ❡①t❡r♥❛• •♦✐♥ ♦r ❛ ❱❉❙ •♦✐♥✳ ■t ✐s ❛ ✈❡❝t♦r ✐♥❝•✉❞✐♥❣ ❛ ❝♦st ♦❢ t❤❡ ■♥♣✉t✴❖✉t♣✉t ❛♥❞ t❤❡ ❈P❯✳ ❝❛r❞✐♥❛•✐t② ❚❤✐s ♣❛r❛♠❡t❡r ❞❡♥♦t❡s t❤❡ ♥✉♠❜❡r ♦❢ ❡♥t✐t✐❡s ✐♥ ❛♥ ❡♥t✐t② s❡t✳ ■t ✐s ❛ s❝❛•❛r✳ s❡•❡❝t✐✈✐t② ❚❤✐s ♣❛r❛♠❡t❡r ❞❡✜♥❡s t❤❡ s❡•❡❝t✐✈✐t② ♦❢ ❛ttr✐❜✉t❡s ❛♥❞ ✐t ❞❡♣❡♥❞s ♦♥ ❛♥ ♦♣❡r❛t✐♦♥✳ ■t ✐s ❜♦✉♥❞ ❜❡t✇❡❡♥ 0 ❛♥❞ 1✳ ❲❤❡♥ t❤❡ ♦♣❡r❛t✐♦♥ ✐s ❛ s❡•❡❝t✐♦♥✱ ✐t ❞❡♥♦t❡s ❛♥ ❛ttr✐❜✉t❡✳ ❍♦✇❡✈❡r ✇❤❡♥ ✐t ❝♦♥s✐sts ✐♥ ❛ •♦✐♥ ♦♣❡r❛t✐♦♥✱ ✐t ✐♥✈♦•✈❡s t✇♦ ❛ttr✐❜✉t❡s t❤❛t ❛r❡ ❞❡✜♥❡❞ ❜② t❤❡ ❝♦rr❡s♣♦♥❞❡♥❝❡ r✉•❡s✳ ■t ✐s ❛ s❝❛•❛r✳ ❛✈❡r❛❣❡▲❡♥❣t❤❆ttr✐❜✉t❡ ❚❤✐s ♣❛r❛♠❡t❡r r❡♣r❡s❡♥ts t❤❡ ❛✈❡r❛❣❡ •❡♥❣t❤ ♦❢ ❛♥ ❛ttr✐❜✉t❡ ✐♥ ❛•• ❡♥t✐t✐❡s ✐♥ ❛♥ ❡♥t✐t② s❡t✳ ■t ✐s ❛ s❝❛•❛r✳ ❛✈❡r❛❣❡▲❡♥❣t❤❊♥t✐t② ❚❤✐s ♣❛r❛♠❡t❡r r❡♣r❡s❡♥ts t❤❡ ❛✈❡r❛❣❡ •❡♥❣t❤ ♦❢ ❛♥ ❡♥t✐t② ✐♥ ❛♥ ❡♥t✐t② s❡t✳ ■t ✐s ❝♦♠♣✉t❡❞ ❜② s✉♠♠✐♥❣ t❤❡ ❛✈❡r❛❣❡ •❡♥❣t❤ ♦❢ ❡❛❝❤ ❛ttr✐❜✉t❡ ❝♦♥st✐t✉t✐♥❣ t❤✐s ❡♥t✐t②✳ ■t ✐s ❛ s❝❛•❛r✳ α✱ β✱ γ ❚❤❡s❡ ♣❛r❛♠❡t❡rs r❡♣r❡s❡♥t t❤❡ ❝♦❡✣❝✐❡♥ts t❤❛t ✇❡ ❝♦♥s✐❞❡r ✐♥ ♦✉r ❝♦st ♠♦❞❡• t♦ ❡✈❛•✉❛t❡ t❤❡ ❝♦st ♦❢ t❤❡ ❈P❯✱ t❤❡ ❝♦st t❤❡ ✐♥♣✉t✴♦✉t♣✉t✱ ❛♥❞ t❤❡ ❝♦♠♠✉♥✐❝❛✲ t✐♦♥
Virtual Data Stores For Query Evaluation and Optimization Catalog's Specication parameters cost. These of parameters are separately dened for each data store. 

. . 2 C o s t M o d e l

Based on our catalog's parameters, we dene a set of cost formulas constituting our cost model. These formulas are tailored for each operation dened in Section 4.3.2. Then, they are implemented by the algorithm of optimal execution plan generation that we present in the next section.

The cost of an execution plan is the sum of the cost of each operation (i.e. node in the execution plan) composing an execution plan. It is worth noting that a cost does not directly represent the time. Of course, a larger cost implies a larger time. It is used to compare two query execution plans but not to directly estimate a response time. To evaluate a cost formulas, we compute the matrix multiplication between a row vector containing the coecients α, β, and γ, a column vector containing the values of the parameters dened in the catalog, and a constant variable called const which is a scalar and can be a cardinality, selectivity, etc. In addition, if a parameter does not depend on a given metric (CPU cost, Input/Output cost, or Communication cost), this latter will take a null value in the column vector. The matrix multiplication is computed as follows:

const α β γ ⎛ ⎜ ⎝ t CP U t I/O t COM ⎞ ⎟ ⎠ = const * (α * t CP U + β * t I/O + γ * t COM )
Let us start by the cost formulas of the projection and selection operations that we denote by costProjection and costRestriction respectively (see Formula 4.1 and Formula 4.2). The projection (resp. selection) operation is the linear combination of the parameters initProjection (resp. initSelection), scan, and projection (resp. selection). The costProjection (resp. costRestriction) takes as input the parameter S to denote either an integrated data store or a VDS where the join will be executed, the variable L to denote the total size of the entity sets in entry, and an estimation function that we call estimate. This function enables to compute how many time the projection (resp. selection) will be executed elementary. It invokes the selectivity and the cardinality parameters. 
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Query Optimisation 81 up in the execution plan by adding a new operation (which is a root in the new optimal sub-plan). We proceed like that until obtaining the optimal execution plan of a query. Second, we introduce parallelism between nodes but not inside a node. Two operations which are planned on distinct nodes can be parallelized but if they are planned on the same node they cannot. Indeed, the fact of parallelizing operations in one data store is very resource hungry and it may hamper the node functioning.

In order to evaluate the total cost of an operation without scanning the whole sub-plan, we dene three parameters to calculate the cost of its creation. This enables us to avoid doing the same work every time we add a new operation. These parameter are:

• N o d e C o s t : It represents the total time of allocating the a node to execute queries in a sub-plan. The value of the NodeCost of an operation is the sum of the NodeCost of the children operations in the execution plan and the cost of the operation itself. The nodeCost of a push down operation is null.

• W a i t B e g i n : It denotes the waiting time of a VDS before executing the rst operation in a sub-plan, that is at the level of the push down operations.

• W a i t L a t e : It denes the total waiting time of a VDS between the rst operation execution and the last one.

These parameters are implemented in our algorithm and they are also used to annotate each node in the execution plan. In Figure 4.6, we showcase an example of two children operations referred to as Left operation and Right operation and a parent node called Parent operation. Each operation is annotated with NodeCost, WaitBegin, WaitLate, and TotalCost. This latter contains the sum of the three other parameters. To compute the value of the NodeCost of an operation, we have two possible cases (i.e. parallelization of operations execution or not). Hence, we can note (Reader should notice that the NodeCost is null when the operation is of type push down): ... In this contribution, we consider two components, the discovery and deployment modules, responsible of nding appropriate Cloud environments and deploying multiple data stores based applications on them respectively. Developers rst express their requirements about the used data stores as well as the computation environment via an abstract application manifest. Based on this manifest, the discovery component implements our matching algorithm to produce an oer manifest, and select the appropriate cloud environment. A deployment manifest is constructed as a result to that. This manifest will be in turn used by the 88 Automating Resources Discovery And Deployment For Multiple Data Stores Applications In Cloud Environment deployment component to deploy the application on that selected environment. The deployment process is ensured by COAPS API that we extended to support multiple data stores based applications. The discovery and deployment modules relieves the application developers from the burden of dealing with dierent APIs and discovery/deployment procedures.
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■♥ ❆•❣♦r✐t❤♠✶✱ ✇❡ ✐♥tr♦❞✉❝❡ ♦✉r ❛•❣♦r✐t❤♠ t♦ ❣❡♥❡r❛t❡ t❤❡ ♦♣t✐♠❛• ❡①❡❝✉t✐♦♥ ♣•❛♥✳ ❚❤✐s ❛•❣♦r✐t❤♠ t❛❦❡s ❛s ✐♥♣✉t ❛ q✉❡r② ✭✐♥ ♦✉r ❝❛s❡ ❛ •♦✐♥ q✉❡r②✮ ❛♥❞ ✐t r❡t✉r♥s ❛s ♦✉t♣✉t t❤❡ ♦♣t✐♠❛• ❡①❡❝✉t✐♦♥ ♣•❛♥ ♦❢ t❤✐s q✉❡r②✳ ❋♦r ❡❛s❡ ♦❢ ♣r❡s❡♥t❛t✐♦♥✱ ✇❡ ♣r♦♣♦s❡ t♦ ❞❡✜♥❡ t✇♦ ♠❛✐♥ st❡♣s ✐♥ t❤❡ ❛•❣♦r✐t❤♠ t❤❛t ✇❡ ✐♥tr♦❞✉❝❡ ✐♥ t❤❡ ❢♦••♦✇✐♥❣✿ • ■♥✐t✐❛•✐③❛t✐♦♥ st❡♣✭•✐♥❡s ✸✲✷✹✮✿ ■♥ t❤✐s st❡♣✱ ✇❡ ♣❛rs❡ t❤❡ q✉❡r② ❛♥❞ ✇❡ ❡①tr❛❝t ❛•• t❤❡ r❡q✉✐r❡❞ ✐♥❢♦r♠❛t✐♦♥ t♦ ❣❡♥❡r❛t❡ t❤❡ ♦♣t✐♠❛• ❡①❡❝✉t✐♦♥ ♣•❛♥✳ ❲❡ st❛rt ❜② ❢♦❝✉s✐♥❣ ♦♥ t❤❡ ❝•❛✉s❡ ❙❊▲❊❈❚ ✐♥ ♦r❞❡r t♦ ❡①tr❛❝t ❡❛❝❤ ❛ttr✐❜✉t❡ ✐s t❤✐s ❝•❛✉s❡ ❛♥❞ ✐❞❡♥t✐❢② t❤❡ ❡♥t✐t② s❡t ❝♦♥t❛✐♥✐♥❣ ✐t ✭•✐♥❡s ✸✲✻✮✳ ❚❤❡♥✱ ❢♦r ❡❛❝❤ ❡♥t✐t② s❡t ✐♥ t❤❡ ❝•❛✉s❡ ❋|❖▼✱ ✇❡ ❝r❡❛t❡ ❛ ♥❡✇ ♥♦❞❡ ✐♥ t❤❡ ❡①❡❝✉t✐♦♥ ♣•❛♥ ✭•✐♥❡s ✼✲✶✵✮✳ ❚❤✐s ♥♦❞❡ r❡♣r❡s❡♥ts ❛ •❡❛❢ ✐♥ t❤❡ ♣•❛♥ ❛♥❞ ✐t ❞❡♥♦t❡s ❛♥ ♦♣❡r❛t✐♦♥ ♦❢ t②♣❡ ♣✉s❤✲❞♦✇♥✳ ■t ✐s ✇♦rt❤ ♥♦t✐♥❣ t❤❛t ✇❡ ❝r❡❛t❡ ❛ ♥♦❞❡ ♦❢ t②♣❡ ♣✉s❤✲❞♦✇♥ ❢♦r ❡❛❝❤ ❡♥t✐t② s❡t ❡✈❡♥ t❤♦✉❣❤ t❤❡r❡ ✐s ♥♦ ✉♥❛r② ♦♣❡r❛t✐♦♥ t♦ ❡①❡❝✉t❡ ♦♥ ✐t✳ ❋✐♥❛••②✱ ✇❡ ❢♦❝✉s ♦♥ t❤❡ ❝•❛✉s❡ ❲❍❊|❊ ✭•✐♥❡s ✶✶✲✷✸✮✳ ❋♦r ❡❛❝❤ ❝♦♥❞✐t✐♦♥ ✐♥ t❤✐s ❝•❛✉s❡✱ ✇❡ ❝❤❡❝❦ ✐ts ❦✐♥❞ ❛♥❞ ✇❡ ❞❡❝✐❞❡ ❛❜♦✉t t❤❡ ✇♦r❦ t❤❛t ◗✉❡r② ❖♣t✐♠✐s❛t✐♦♥ ✽✸ ✇❡ ✇✐•• ❛♣♣•② t♦ ✐t✳ ■♥❞❡❡❞✱ ✇❡ ❤❛✈❡ t❤r❡❡ ♣♦ss✐❜•❡ ❦✐♥❞s ♦❢ ❝♦♥❞✐t✐♦♥s✳ ❋✐rst✱ t❤❡ ❝♦♥❞✐t✐♦♥ ♠❛② ❜❡ ❛ •♦✐♥ ❝♦♥❞✐t✐♦♥ ❜❡t✇❡❡♥ t✇♦ ❡♥t✐t② s❡ts ❝♦✲•♦❝❛t❡❞ ✐♥ t❤❡ s❛♠❡ ❞❛t❛ st♦r❡ ❛♥❞ t❤✐s •❛tt❡r s✉♣♣♦rts •♦✐♥ q✉❡r✐❡s ❡①❡❝✉t✐♦♥✱ ❤❡♥❝❡ ✇❡ ♠❡r❣❡ t❤❡ t✇♦ ♣✉s❤✲❞♦✇♥ ♥♦❞❡s ♦❢ t❤❡ ❛♣♣r♦♣r✐❛t❡ ❡♥t✐t② s❡ts ✐♥ ♦♥❡ ♣✉s❤✲❞♦✇♥ ♥♦❞❡ ❛♥❞ ✇❡ ❛❞❞ t❤❡ •♦✐♥ ♦♣❡r❛t✐♦♥ t♦ ✐t✳ ❙❡❝♦♥❞✱ t❤❡ ❝♦♥❞✐t✐♦♥ ♠❛② ❜❡ ❛ •♦✐♥ q✉❡r② ✐♥ ❣❡♥❡r❛• ✭✐✳❡✳ ❛ ❱❉❙ •♦✐♥ ♦r ❛♥ ❡①t❡r♥❛• •♦✐♥ ✐♥ t❤❡ ❝❛s❡ ♦❢ ❛ ❜✐❣ ❞❛t❛ s❝❡♥❛r✐♦✮✱ s♦ ✇❡ s❛✈❡ ✐t ❛s ❛ •♦✐♥ ❝♦♥❞✐t✐♦♥ ❛♥❞ ✇❡ ✇✐•• ✉s❡ ✐t ❛❢t❡r✇❛r❞ ❞✉r✐♥❣ t❤❡ ♣•❛♥ ❣❡♥❡r❛t✐♦♥✳ ❚❤✐r❞✱ t❤❡ ❝♦♥❞✐t✐♦♥ ♠❛② ❜❡ ❛ s❡•❡❝t✐♦♥ ♦♥ ❛♥ ❡♥t✐t② s❡t✱ ❤❡♥❝❡ ✇❡ ♠♦❞✐❢② t❤❡ ♥♦❞❡ ♣✉s❤✲❞♦✇♥ ❛ss✐❣♥❡❞ t♦ t❤✐s ❡♥t✐t② s❡t ❜② ❞❡•❡❣❛t✐♥❣ t❤❡ ❡①❡❝✉t✐♦♥ ♦❢ t❤❡ s❡•❡❝t✐♦♥ ♦♣❡r❛t✐♦♥ t♦ ✐t✳ • ❖♣t✐♠❛• ❡①❡❝✉t✐♦♥ ♣•❛♥ ❣❡♥❡r❛t✐♦♥ ✭•✐♥❡s ✷✹✲✹✺✮✿ ■♥ t❤✐s st❡♣✱ ✇❡ ❝♦♥str✉❝t t❤❡ ♦♣t✐♠❛• ❡①❡❝✉t✐♦♥ ♣•❛♥ ❢♦••♦✇✐♥❣ t❤❡ ❞②♥❛♠✐❝ ♣r♦❣r❛♠♠✐♥❣ ♠❡t❤♦❞✳ ❲❡ st❛rt ❜② s✉❜✲♣•❛♥s ❝♦♥str✉❝t❡❞ ✐♥ t❤❡ ✐♥✐t✐❛•✐③❛t✐♦♥ st❡♣ ✇❤✐❝❤ ❛r❡ st♦r❡❞ ✐♥ t❤❡ ✈❛r✐❛❜•❡ ✐♥✐t◆♦❞❡s ✭•✐♥❡ ✷✹✮✳ ❚❤❡♥✱ ✇❡ ❝♦♥str✉❝t t❤❡ s✉❜✲ ♣•❛♥s ❝♦♥t❛✐♥✐♥❣ i •♦✐♥ ❝♦♥❞✐t✐♦♥s ✭•✐♥❡ ✷✺✮✳ ❚♦ ❞♦ s♦✱ ❢♦r ❡❛❝❤ •♦✐♥ ❝♦♥❞✐t✐♦♥ ✭•✐♥❡ ✷✻✮✱ ✇❡ t❛❦❡ t✇♦ s✉❜✲♣•❛♥s p1 ❛♥❞ p2 ✭•✐♥❡s ✷✼✲✷✽✮ ❛♥❞ ✇❡ ❝❤❡❝❦ ✐❢ ✇❡ ❝❛♥ •♦✐♥ t❤❡♠ t❤r♦✉❣❤ t❤❡ ❝♦♥❞✐t✐♦♥ ✭•✐♥❡ ✷✾✮✳ ■❢ ✐t ✐s t❤❡ ❝❛s❡✱ ✇❡ ❛❞❞ t❤✐s ❝♦♥❞✐t✐♦♥ t♦ t❤❡ ♥❡✇ s✉❜✲♣•❛♥ •♦✐♥✐♥❣ p1 ❛♥❞ p2 ✭•✐♥❡ ✸✵✮ ❛♥❞ ✇❡ ❝r❡❛t❡ t❤❡ r♦♦t ♥♦❞❡ ♦❢ t❤✐s ♣•❛♥✳ ■♥❞❡❡❞✱ t❤❡ r♦♦t ♠❛② r❡♣r❡s❡♥t ❡✐t❤❡r ❛ ❱❉❙ •♦✐♥ ♦♣❡r❛t✐♦♥ ✭•✐♥❡s ✸✶✲✸✷✮ ♦r ❛♥ ❡①t❡r♥❛• •♦✐♥ ♦♣❡r❛t✐♦♥ ✭•✐♥❡s ✸✸✲✹✵✮✳ ❚❤❡ s❡❝♦♥❞ ❝❛s❡ ❞❡♣❡♥❞s ♦♥ ✇❤❡t❤❡r t❤❡ ❞❛t❛ st♦r❡ ✭✐✳❡✳ ❛ ❱❉❙ ♦r ❛♥ ✐♥t❡❣r❛t❡❞ ❞❛t❛ st♦r❡✮ ❝♦♥t❛✐♥✐♥❣ t❤❡ ❡♥t✐t② s❡t s✉♣♣♦rts •♦✐♥ q✉❡r✐❡s ❡①❡❝✉t✐♦♥ ♦r ♥♦t✳ ■t ✐s ✇♦rt❤ ♥♦t✐♥❣ t❤❛t ❡✈❡r② t✐♠❡ ✇❡ ❛❞❞ ❛ ♥❡✇ ♥♦❞❡ ✐♥ t❤❡ ♣•❛♥✱ t❤✐s ♥♦❞❡ ✐s ❛✉t♦♠❛t✐❝❛••② ❛♥♥♦t❛t❡❞ ✇✐t❤ ✐♥❢♦r♠❛t✐♦♥ ❢r♦♠ t❤❡ ❝❛t❛•♦❣ ❛♥❞ t❤❡ ✈❛•✉❡s ♦❢ t❤❡ ♣❛r❛♠❡t❡rs ◆♦❞❡❈♦st✱ ❲❛✐t❇❡❣✐♥✱ ❲❛✐t▲❛t❡✱ ❛♥❞ ❚♦t❛•❈♦st✳ ■♥ ❛❞❞✐t✐♦♥✱ ❛ ♥♦❞❡ ♦❢ t②♣❡ ❊❚❙▲ ✐s ❛❞❞❡❞ ❛❢t❡r ❡❛❝❤ ♦♣❡r❛t✐♦♥ ♦❢ t②♣❡ ❱❉❙ •♦✐♥✱ ❡①t❡r♥❛• •♦✐♥ ❛♥❞ ♣✉s❤✲❞♦✇♥✳ ❇❛s❡❞ ♦♥ t❤❡s❡ ❛♥♥♦t❛t✐♦♥s✱ ✇❡ ♣r✉♥❡ ♥♦♥ ♦♣t✐♠❛• s✉❜✲♣•❛♥s✱ ❛♥❞ s✉❜✲♣•❛♥s ❝♦✲❡①✐st✐♥❣ ✐♥ t❤❡ s❛♠❡ ❞❛t❛ st♦r❡ t❤❛t ❤❛✈❡ t❤❡ s❛♠❡ ❝♦st ♦r ❛r❡ s✐♠✐•❛r ✐♥ t❡r♠ ♦❢ ❡①❡❝✉t✐♦♥ s❝❡♥❛r✐♦✳ ❆ ♣•❛♥ ✐s ❝♦♥s✐❞❡r❡❞ ♦♣t✐♠❛•✱ ✐❢ ✐t ❤❛s t❤❡ s♠❛••❡st ❝♦st ✇❤❡♥ ✇❡ ❛♣♣•② ♦✉r ❝♦st ♠♦❞❡•✳ ■♥ t❤❡ r❡st ♦❢ t❤✐s s❡❝t✐♦♥✱ ✇❡ ♣r♦♣♦s❡ t♦ r✉♥ t❤❡ ❆•❣♦r✐t❤♠✶ ♦♥ t❤❡ •♦✐♥ q✉❡r② ✐♥tr♦❞✉❝❡❞ ✐♥ ❙❡❝t✐♦♥ ✹✳✷✳ ❚❤❡ ✜rst st❡♣ ✐♥ ♦✉r ❛•❣♦r✐t❤♠ ✐s t❤❡ ✐♥✐t✐❛•✐③❛t✐♦♥✳ ■♥❞❡❡❞✱ ✇❡ ❝r❡❛t❡ t❤r❡❡ ♥♦❞❡s ♦❢ t②♣❡ ♣✉s❤✲❞♦✇♥ ✭s❡❡ ❋✐❣✉r❡ ✹✳✼✮✳ ❚❤❡ ✜rst ♦♥❡ ✐s ❢♦r t❤❡ ❡♥t✐t② s❡t ♣❡rs♦♥ ✇❤✐❝❤ ✐s st♦r❡❞ ✐♥ t❤❡ ❞❛t❛❜❛s❡ ♣❡rs♦♥❉❇✳ ❲❡ ♣r❡❝✐s❡ ❛•s♦ t❤❡ ❛ttr✐❜✉t❡s t❤❛t ✇❡ ♥❡❡❞ t♦ ❛♥s✇❡r t❤❡ q✉❡r② t❤❛t ❛r❡ ♣❡rs♦♥◆❛♠❡ ❛♥❞ ♣❡rs♦♥❆✣•✐❛t✐♦♥✳ ❚❤❡ s❡❝♦♥❞ ♦♥❡ ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ❡♥t✐t② s❡t ❞❜•♣✳ ❚❤❡ t❤✐r❞ ♦♥❡ ❞❡♥♦t❡s t❤❡ ❡♥t✐t② s❡t ❝♦♥❢❡r❡♥❝❡|❛♥❦✐♥❣✳ ■t ✐s ♥♦t❡✇♦rt❤② t❤❛t ✐♥ t❤✐s ♥♦❞❡ ✇❡ ✜•• t❤❡ ♣❛r❛♠❡t❡r ✇❤❡r❡ ✇✐t❤ ❛ s❡•❡❝t✐♦♥ ❝♦♥❞✐t✐♦♥ ✇❤✐❝❤ ✐s Rank = A✳ ❚❤✐s ❡♥❛❜•❡s ✉s t♦ ♠❛①✐♠✐③❡ t❤❡ ✇♦r❦ ❞♦♥❡ ❜② t❤❡ ✐♥t❡❣r❛t❡❞ ❞❛t❛ st♦r❡s ❜❡❢♦r❡ ❡①❡❝✉t✐♥❣ ❱❉❙ •♦✐♥s ♦♣❡r❛t✐♦♥✳ ❆s ✇❡ ❤❛✈❡ t✇♦ •♦✐♥ ❝♦♥❞✐t✐♦♥s ✐♥ ♦✉r •♦✐♥ q✉❡r②✱ ✇❡ ✇✐•• ❝♦♥str✉❝t t❤❡ s✉❜✲ ♣•❛♥s ✐♥ t✇♦ t✐♠❡s✳ ■♥ ❋✐❣✉r❡ ✹✳✽✱ ✇❡ ✐♥tr♦❞✉❝❡ t❤❡ ✜rst ✐t❡r❛t✐♦♥ ♦❢ t❤❡ s❡❝♦♥❞ st❡♣ ♦❢ ♦✉r ❛•❣♦r✐t❤♠ ✇❤✐❝❤ ✐s t❤❡ ❣❡♥❡r❛t✐♦♥ ♦❢ t❤❡ ♦♣t✐♠❛• ❡①❡❝✉t✐♦♥ ♣•❛♥✳ ■♥❞❡❡❞✱ ✇❡ ❝♦♥str✉❝t t❤r❡❡ s✉❜✲♣•❛♥s✳ ❚❤❡ ✜rst ♦♥❡ ❛••♦✇s t♦ ❡①❡❝✉t❡ ❛ ❱❉❙ •♦✐♥ ♦♣❡r❛t✐♦♥ ✽✹ ❱✐rt✉❛• ❉❛t❛ ❙t♦r❡s ❋♦r ◗✉❡r② ❊✈❛•✉❛t✐♦♥ ❛♥❞ ❖♣t✐♠✐③❛t✐♦♥ ❆•❣♦r✐t❤♠ ✶ •❡♥❡r❛t✐♦♥ ♦❢ t❤❡ ♦♣t✐♠❛• ❡①❡❝✉t✐♦♥ ♣•❛♥ ✶✿ ✐♥♣✉t q✿ ❆ q✉❡r② ✷✿ ♦✉t♣✉t ♣•❛♥✿ ❚❤❡ ♦♣t✐♠❛• ❡①❡❝✉t✐♦♥ ♣•❛♥ ♦❢ t❤❡ q✉❡r② q ✸✿ selectAttributes ← ∅ ✹✿ ✇❤✐•❡ ✭❡①✐st✭❛ttr✐❜✉t❡ A ✐♥ t❤❡ ❝•❛✉s❡ ❙❊▲❊❈❚✮✮ ❞♦ ✺✿ selectAttributes.add(entitySetOf (A), A) ✻✿ ❡♥❞ ✇❤✐•❡ ✼✿ initN odes ← ∅ ✽✿ ✇❤✐•❡ ✭❡①✐st✭❡♥t✐t②❙❡t ES ✐♥ t❤❡ ❝•❛✉s❡ ❋|❖▼✮✮ ❞♦ ✾✿ initN odes.createP ushdown(ES, selectAttributes.get(ES)) ✶✵✿ ❡♥❞ ✇❤✐•❡ ✶✶✿ JoinConditions ← ∅ ✶✷✿ ✇❤✐•❡ ✭❡①✐st✭❝♦♥❞✐t✐♦♥ C ✐♥ t❤❡ ❝•❛✉s❡ ❲❍❊|❊✮✮ ❞♦ ✶✸✿ entitySetLef t ← siteOf Lef tEntitySet(C) ✶✹✿ site ← siteOf (entitySetLef t) ✶✺✿ ✐❢ isJoinCondition(C) t❤❡♥ ✶✻✿ ✐❢ site == siteOf (RightEntitySet(C)) ❛♥❞ canJoin(site) t❤❡♥ ✶✼✿ initN odes.merge(entitySetLef t, RightEntitySet(C)) ✶✽✿ ❡•s❡ ✶✾✿ JoinConditions.add(C) ✷✵✿ ❡♥❞ ✐❢ ✷✶✿ ❡•s❡ ✷✷✿ initN odes.addRestrictionCondition(entitySetLef t, C) ✷✸✿ ❡♥❞ ✐❢ ✷✹✿ ❡♥❞ ✇❤✐•❡ ✷✺✿ plans ← initN odes ✷✻✿ ❢♦r i = 1 t♦ ♥✉♠❜❡r ♦❢ •♦✐♥ ❝♦♥❞✐t✐♦♥s ❞♦ ✷✼✿ ❢♦r ❡❛❝❤ ❝♦♥❞✐t✐♦♥ C ✐♥ JoinConditions ❞♦ ✷✽✿ ❢♦r ❡❛❝❤ ♣•❛♥ p1 ✐♥ plans ❞♦ ✷✾✿ ❢♦r ❡❛❝❤ ♣•❛♥ p2 ✐♥ plans ❞♦ ✸✵✿ ✐❢ match(p1, p2, C) t❤❡♥
✹✶✿ ❡♥❞ ✐❢ ✹✷✿ ❡♥❞ ✐❢ ✹✸✿ ❡♥❞ ❢♦r ✹✹✿ ❡♥❞ ❢♦r ✹✺✿ ❡♥❞ ❢♦r ✹✻✿ prune(plans) ✹✼✿ ❡♥❞ ❢♦
❋✐❣✉r❡ ✹✳✼✿ ❚❤❡ ✐♥✐t✐❛•✐③❛t✐♦♥ st❡♣ ◗✉❡r② ❖♣t✐♠✐s❛t✐♦♥ ✽✺ ❜❡t✇❡❡♥ t❤❡ ❡♥t✐t② s❡ts ♣❡rs♦♥ ❛♥❞ ❞❜•♣ ✉s✐♥❣ t❤❡ •♦✐♥ ❝♦♥❞✐t✐♦♥ personN ame in authors ✭s❡❡ t❤❡ ❛rr♦✇s •❛❜❡•❡❞ ✇✐t❤ t❤❡ ♥✉♠❜❡r 1✮✳ ❚❤❡ t✇♦ ♦t❤❡r s✉❜✲♣•❛♥s ❡♥❛❜•❡s t❤❡ ❡①❡❝✉t✐♦♥ ♦❢ •♦✐♥ q✉❡r② ❜❡t✇❡❡♥ t❤❡ ❡♥t✐t② s❡ts ❞❜•♣ ❛♥❞ ❝♦♥❢❡r❡♥❝❡|✲ ❛♥❦✐♥❣ ✉s✐♥❣ t❤❡ ❝♦♥❞✐t✐♦♥ dblp.conf erence = Conf erenceRanking.conf erence ✭s❡❡ t❤❡ ❛rr♦✇s •❛❜❡•❡❞ ✇✐t❤ t❤❡ ♥✉♠❜❡r 2✮✳ ■♥ ❢❛❝t✱ ✇❡ ❝❛♥ ❡①❡❝✉t❡ ❡✐t❤❡r ❛♥ ❡①t❡r♥❛• •♦✐♥ ✐♥ t❤❡ ❞❛t❛ st♦r❡ r❛♥❦❉❇ ♦r ❛ ❱❉❙ •♦✐♥✳ PushDown PushDown
❋✐❣✉r❡ ✹✳✾✿ ❚❤❡ s❡❝♦♥❞ ✐t❡r❛t✐♦♥ ❖♥❝❡ ✇❡ ❤❛✈❡ ❝♦✈❡r❡❞ ❛•• t❤❡ •♦✐♥ ❝♦♥❞✐t✐♦♥s✱ ✇❡ ♠♦✈❡ t♦ t❤❡ s❡❝♦♥❞ ❛♥❞ •❛st ✐t❡r❛t✐♦♥ t♦ ✜♥❛•✐③❡ ❛♥❞ ❡•❡❝t t❤❡ ♦♣t✐♠❛• ❡①❡❝✉t✐♦♥ ♣•❛♥✳ ■♥ ❋✐❣✉r❡ ✹✳✾✱ ✇❡ s❤♦✇❝❛s❡ t❤✐s st❡♣ ✉s✐♥❣ t❤❡ ❛rr♦✇s •❛❜❡•❡❞ ✇✐t❤ t❤❡ ♥✉♠❜❡r 3✳ ■♥❞❡❡❞✱ ✇❡ ❣✐✈❡ •✉st ✽✻ ❱✐rt✉❛• ❉❛t❛ ❙t♦r❡s ❋♦r ◗✉❡r② ❊✈❛•✉❛t✐♦♥ ❛♥❞ ❖♣t✐♠✐③❛t✐♦♥ t❤❡ ❡①❛♠♣•❡ ♦❢ t✇♦ ♣•❛♥s ✐♥ ✇❤✐❝❤ ✇❡ ✐••✉str❛t❡ t❤❡ ❡①❡❝✉t✐♦♥ ♦❢ ❛ •♦✐♥ ♦♣❡r❛t✐♦♥ ✉s✐♥❣ t❤❡ •♦✐♥ ❝♦♥❞✐t✐♦♥ personN ame in authors ❛❢t❡r ❤❛✈✐♥❣ ❡①❡❝✉t❡❞ t❤❡ •♦✐♥ ❜❡t✇❡❡♥ t❤❡ ❡♥t✐t② s❡ts ❞❜•♣ ❛♥❞ ❝♦♥❢❡r❡♥❝❡|❛♥❦✐♥❣✳ ❲❡ ♣r❡s❡♥t t❤❛t ✇❡ ❝❛♥ ❡①❡❝✉t❡ ✐t ✉s✐♥❣ ❡✐t❤❡r ❛♥ ❡①t❡r♥❛• •♦✐♥ ✐♥ t❤❡ r❛♥❦❉❇ ♦r ❛ ❱❉❙ •♦✐♥✳ ✹✳✺ ❈♦♥❝•✉s✐♦♥ ■♥ t❤✐s ❝❤❛♣t❡r✱ ✇❡ ♣r♦♣♦s❡❞ t❤❡ ❱❉❙ ❝♦♠♣♦♥❡♥t t♦ ❡①❡❝✉t❡ ❝♦♠♣•❡① q✉❡r✐❡s ✭❡s♣❡❝✐❛••② •♦✐♥s✮ ❛❝r♦ss ◆♦❙◗▲ ❛♥❞ r❡•❛t✐♦♥❛• ❞❛t❛ st♦r❡s✳ ❋♦r t❤✐s ♣✉r♣♦s❡✱ ✇❡ ❞❡✜♥❡❞ ❛ ✉♥✐✜❡❞ ❞❛t❛ ♠♦❞❡• ❛❜•❡ t♦ ❞❡s❝r✐❜❡ t❤❡ ❤❡t❡r♦❣❡♥❡♦✉s ❞❛t❛ ♠♦❞❡•s ♦❢ ❞❛t❛ st♦r❡s✳ ■t ✐s ✉s❡❞ ❜② t❤❡ ✉s❡r t♦ ❡①♣r❡ss ❤✐s✴❤❡r ❝♦♠♣•❡① q✉❡r② ❛♥❞ ❜② t❤❡ ❱❉❙ t♦ ♣r♦❝❡ss ✐t✳ ❖♥❝❡ ❛ ❱❉❙ r❡❝❡✐✈❡s ❛ ❝♦♠♣•❡① q✉❡r②✱ ✐t ❡✈❛•✉❛t❡s t❤❡ q✉❡r✐❡s ❜❛s❡❞ ♦♥ ❛ s❡t ♦❢ str❛t❡❣✐❡s ❛♥❞ ✐t ♦♣t✐♠✐③❡s t❤❡ q✉❡r✐❡s ❡①❡❝✉t✐♦♥ ✉s✐♥❣ ❛ ❝♦st ♠♦❞❡•✳ ❚❤✐s •❛tt❡r ✐s ✐♠♣•❡♠❡♥t❡❞ ✐♥ t❤❡ ♦♣t✐♠❛• ❡①❡❝✉t✐♦♥ ♣•❛♥ ❣❡♥❡r❛t✐♦♥ ❛•❣♦r✐t❤♠✳ ■♥ t❤❡ ♥❡①t ❝❤❛♣t❡r✱ ✇❡ ✇✐•• ✐♥tr♦❞✉❝❡ ♦✉r •❛st ❝♦♥tr✐❜✉t✐♦♥✳ ■♥ t❤✐s ✇♦r❦✱ ✇❡ ❞❡✜♥❡ ❛ ♠❛♥✐❢❡st ❜❛s❡❞ ❛•❣♦r✐t❤♠ t♦ ❞✐s❝♦✈❡r ❈•♦✉❞s✬ ❞❛t❛ st♦r❡s ❛♥❞ ❞❡♣•♦② ❛ ♠✉•t✐♣•❡ ❞❛t❛ st♦r❡s✲❜❛s❡❞ ❛♣♣•✐❝❛t✐♦♥ ✐♥ ❛♥ ❡•❡❝t❡❞ ❈•♦✉❞ ❡♥✈✐r♦♥♠❡♥t✳
In this chapter, we motivate our contribution in Section 5.2. Then, we present in Section 5.3 our solution to automate Clouds data stores discovery. Afterward, we introduce in Section 5.4 our approach to automate multiple data stores-based applications in cloud environment. Finally, we give in Section 5.5 two examples of manifests.

. 2 U s e C a s e s A n d M o t i v a t i o n

In this section, we rely on the previous motivating examples presented in Section 3.4.1 of Chapter 3 to motivate our contribution in this chapter. Indeed, in both cases (in the case of either the application migration or the polyglot persistence), the developer should discover all data stores capabilities of the available Cloud providers and should choose the most suitable cloud provider to his/her application's requirements. Then, the developer deploys his/her application in the elected Cloud provider.

At rst glance, this seems trivial and easy; however the developer must support the discovery and the deployment of his/her application since it is manually done without any automation. Against a plethora of cloud providers, developer may fail or omit to take into account a cloud provider or one of its services during the discovery process. In addition, developers should rst deploy the environment of their applications (i.e. the required data stores allocation, an application container allocation, etc.) prior to its application deployment. However this is actually a tedious task because even if we nd some automated solutions for that, it is rather intended to deploy single data store based applications.

In this chapter, we tackle these problems and we propose a declarative approach for discovering appropriate cloud environments and deploying multiple data stores based applications on them while letting developers simply focus on specifying their storage and computing requirements. One can note that even if all these steps are automated, some of them can be done manually if unnecessary.

. 3 A u t o m a t i c D i s c o v e r y O f C l o u d D a t a S t o r e s

In this section, we present our logic to automatically discover the capabilities of Cloud providers' data stores while meeting the application requirements. The key ingredient of this solution is the use of manifests enabling the description of user requirements and data stores capabilities. In the remainder of this section, we dene our discovery principles (see Section 5.3.1). Then we introduce the abstract application manifest and the oer manifest structure (see Section 5.3.2 and Section 5.3.3). Finally, we present our matching algorithm (see Section 5.3.4).

Once the developer nishes his/her application coding using ODBAPI, he/she should deploy it in a Cloud environment in order to run it. However, prior to that he/she must discover Clouds' resources. To do so, we propose in this work a manifest based discovery process. In Figure 5.1, we showcase an overview of our approach. First, the developer describes his/her application's requirements in the abstract application manifest in terms of storage and computing. Second, he/she gives it as an input to the matching algorithm. This algorithm interacts with the data stores directory in order to obtain the data stores capabilities of each cloud provider stored in the oer manifest. This manifest represents the second input of the matching algorithm which allows for obtaining the deployment manifest. This latter is used to deploy the application in the elected Cloud provider. It is worth noting that the data stores directory is automatically updated by interacting with the Cloud providers (e.g. Cloud Foundry, OpenShift, etc.) using their proprietary APIs. 

. 3 . 2 A b s t r a c t A p p l i c a t i o n M a n i f e s t

Using a dedicated manifest, developers express what kind of data stores and execution environment their application requires. Indeed, this manifest contains two categories of requirements. First, we have requirements in terms of data stores. The developer provides four information about the required data stores: its type, its name, its version, and its size. In addition, it is worth noting that when the developer lls this manifest, he/she has the freedom to specify one or multiple information. For each information, he/she gives a constraint expressed by a constant value, a joker (denoting any values) or some conditions (expressed as inequalities). Hence, we will ensure more exibility in our model and in the discovery step. For instance, one developer precises that he/she wants a data store having the name
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Automatic Discovery Of Cloud Data Stores 91 and storage resources. For each node and when a content_type is equal to a database, developers may specify the required type (e.g. a document or a key-value data store), the name of a specic component (e.g. MongoDB or CouchDB), any specic version, and the required size. Otherwise, if a content_type is equal to a container, users specify only the name and the version elements.

• The application element: This element contains information on the tobe-deployed application itself. It is characterized by a unique name attribute and the environment attribute where the application will be deployed. Developers may specify several versions of the same application. And for each version, they need to precise on the one hand information related to the deployable artefacts and on the other hand information related to the tobe-run instances. A version element is identied by a name and a label and contains a set of deployable and instance elements. The deployable element represents the application executable le. It is identied by a unique id attribute, a content_type attribute dening the executable le type, a name attribute denoting its name, a location attribute containing the URL where such element can be found and retrieved, and a multitenancy_level attribute indicating the application tenancy degree. Whereas the instance element represents the running application instances required by the user.

This element is identied by a unique id, a name, initial_state dening the state of the application (e.g. running, stopped, etc.) and default_instance representing the running instances by default.

. 3 . 3 O e r M a n i f e s t

The oer manifest contains information about the capabilities of data stores of each discovered Cloud provider considering the abstract application manifest. Indeed, each Cloud provider may return one or multiple oers in terms of their data stores capabilities. These oers represent all possible combinations that an environment can propose to the application. In Figure 5.3, we present a modeling of the oer manifest based on a class diagram. The root element is oer manifest and it is identied by the name attribute. It contains one or multiple cloud provider element. This element represents a discovered cloud provider and it is identied by a unique id. It contains (1) the name element dening the Cloud provider name and (2) the oers element representing the capabilities that a Cloud provider exposes with respect to the application requirements described in the abstract application manifest. The oers element is composed by one or multiple oer elements that contains one or multiple node element. This latter is similar to the node element in the abstract application manifest.

. 3 . 4 M a t c h i n g A l g o r i t h m

In this section, we introduce the matching algorithm enabling the election of the Cloud provider that best supports the application's requirements in terms of data Add all names of this type to the tree of the current CP In this section, we introduce our solution to deploy multiple data stores based applications in any Cloud provider. To do so, our starting point is COAPS API [65] ❆✉t♦♠❛t✐❝ ❉❡♣ The deployment manifest's structure is closest to the abstract application manifest (see Section 5.3.2) and it is dened based on the COAPS API's manifest [65] (see Figure 5.7). Hence, in order to avoid the repetition, we do not describe this manifest structure in details. However, we present how we extended the manifest compared to that of COAPS API. This extension is two-fold. In the one hand, we increase the number of node elements having a content_type equal to database from one to multiple. Thus, we can now support the multiple data stores based application deployment. In the other hand, we propose to enrich each node element having a content_type equal to database with additional information. In fact, we add new attributes about data stores services in the node element. These attributes are the size attribute, the type attribute and the version attribute to respectively denote the size of a data store, its type and its version. In this section, we present examples of manifests implemented in XML format. We give below an example of an abstract application manifest (see Listing 5.1). Indeed, the developer provides user1 as a login and pswd as a password. Then, he/she describes the environment where he/she wants to deploy his/her ODBAPI based application. Indeed, he/she chooses as name for the environment ODBAPI-Env and for the environment template ODBAPIEnvTemp. In this template, the user requires tomcat as an application container, a document data store without precising any name by lling the element name with the character * and MySQL as a relational data store. Regarding the application conguration, the user names his/her application ODBAPIApplication. He/She precises that the application is a <type> document </ type> <name> mongoDB </name> <v e r s i o n > 1.0 </v e r s i o n > <s i z e> l a r g e </ s i z e> </ node> <node i d="3" content_type = " database "> <type> r e l a t i o n a l </ type> <name> mysql </name> <v e r s i o n > 2.0 </v e r s i o n > <s i z e> small </ s i z e> </ node> </ o f f e r> </ o f f e r s> </ cloud_provider> <cloud_provider i d ="2"> <name> Cloud p r o v i d e r 2 </name> <o f f e r s> < o f f e r i d ="1"> <node i d="1" content_type = " c o n t a i n e r "> <name> tomcat </name> <v e r s i o n > 1 </v e r s i o n > </ node> <node i d="2" content_type = " database "> <type> document </ type> <name> couchDB </name> <v e r s i o n > 1.0 </v e r s i o n > <s i z e> small </ s i z e> </ node> <node i d="3" content_type = " database "> <type> r e l a t i o n a l </ type> <name> o r a c l e </name> <v e r s i o n > 2.0 </v e r s i o n > <s i z e> small </ s i z e> </ node> </ o f f e r> </ o f f e r s> </ cloud_provider> 66</ o f f e r _ m a n i f e s t> Listing 5.2: XML based representation of the oer manifest Based on these two manifests, we present an execution scenario example of the matching algorithm. We suppose that the user's threshold is equal to 2 and the user's preferences regarding the penalties are: (1) P enality T ype = 4, (2) P enality Name = 2, (3) P enality Size = 1, and (4) P enality V ersion = 1. We start by comparing the type of data stores. Indeed, the user requires a relational and document data store. In Figure 5.8, we illustrate the abstract graph according to the abstract application manifest showcased in Listing 5.1. Then, we compare each oer to the application's requirements and we gradually compute the distance between the oer and the abstract application manifest. By applying our matching algorithm, we obtain the distances illustrated in Table 5.1. In fact, we show that the oer 2 of the Cloud provide 1 has a null distance. Hence, we elect this oer since it meets exactly the application's requirements. We point out that the Cloud provider 2 is discarded since it has a distance equals to 3 (it is computed as follows: P enality Size + P enality Name ) which is greater than the threshold. This is due to the absence of a relational data store having the name MySQL and the size of the proposed document data store is not large. Against this, we construct the deployment manifest presented in Listing 5.3 using the oer 2 of the Cloud provider 1. 1m u l t i t e n a n c y _ l e v e l = " S h a r e d I n s t a n c e " / > 2< i n s t a n c e i d = " 1 " n a m e = " I n s t a n c e 1 " 3i n i t i a l _ s t a t e = " 1 " d e f a u l t _ i n s t a n c e = " t r u e " / > 4< i n s t a n c e i d = " 2 " n a m e = " I n s t a n c e 2 " 5i n i t i a l _ s t a t e = " 1 " d e f a u l t _ i n s t a n c e = " f a l s e " / > 6 < / v e r s i o n > 7 < / a p p l i c a t i o n > 8 < / a b s t r a c t _ a p p l i c a t i o n _ m a n i f e s t > Listing 5.4: XML based representation of an abstract application manifest containing only the type of data stores

✾✷ ❆✉t♦♠❛t✐♥❣ |❡s♦✉r❝❡s ❉✐s❝♦✈❡r② ❆♥❞ ❉❡♣•♦②♠❡♥t ❋♦r ▼✉•t✐♣•❡ ❉❛t❛ ❙t♦r❡s ❆♣♣•✐❝❛t✐♦♥s ■♥ ❈•♦✉❞ ❊♥✈✐r♦♥♠❡♥t ❋✐❣✉r❡ ✺✳✸✿ ❖✛❡r ♠❛♥✐❢❡st ♠♦❞❡• st♦r❡s ✭s❡❡ ❆•❣♦r✐t❤♠ ✷✮✳ ❲❡ ♣r♦♣♦s❡ ❛ ✢❡①✐❜•❡ ♠❛t❝❤✐♥❣ ❛••♦✇✐♥❣ t♦ ❡•❡❝t ❛ ❈•♦✉❞ ♣r♦✈✐❞❡r ✇❤✐❝❤ ❞♦❡s ♥♦t ❛•✇❛②s ❢✉•✜•• ❛•• t❤❡ ❛♣♣•✐❝❛t✐♦♥✬s r❡q✉✐r❡♠❡♥ts ❜✉t ✐t ✐s ❝•♦s❡❞ t♦ t❤❡♠ ✭✇❤✐❝❤ ✐s t❤❡ r♦•❡ ♦❢ t❤❡ ❝♦♠♣✉t❡❞ ❞✐st❛♥❝❡ ✐♥ t❤❡ ❛•❣♦r✐t❤♠✮✳ ❲❡ ✉s❡ ❛•s♦ ❛ t❤r❡s❤♦•❞ ✜①❡❞ ❜② ❛ ❞❡✈❡•♦♣❡r ♦r ❛♥ ❛❞♠✐♥✐str❛t♦r ✐♥ ♦r❞❡r t♦ ❝♦♠♣✉t❡ ❛ ❜♦✉♥❞❡❞ ❞✐st❛♥❝❡ ❜❡t✇❡❡♥ ③❡r♦ ❛♥❞ ✐ts ✈❛•✉❡✳ ❋✉rt❤❡r♠♦r❡✱ ✇❡ ✐♠♣♦s❡ t❤❛t t❤❡ r❡s✉•t ✐s ❛ s✐♥❣•❡ ❈•♦✉❞ ♣r♦✈✐❞❡r ✭✇❡ ❞♦ ♥♦t ❝♦♥s✐❞❡r ❞❡♣•♦②♠❡♥t ✐♥ ♠✉•t✐♣•❡ ❈•♦✉❞ ♣r♦✈✐❞❡rs✮✳ ❚❤❡ ❛•❣♦r✐t❤♠ t❛❦❡s ❛s ✐♥♣✉t t❤❡ ❛❜str❛❝t ❛♣♣•✐❝❛t✐♦♥ ♠❛♥✐❢❡st ❛♥❞ t❤❡ t❤r❡s❤♦•❞ ❛♥❞ r❡t✉r♥s ❛s ♦✉t♣✉t t❤❡ ❞❡♣•♦②♠❡♥t ♠❛♥✐❢❡st t❤❛t ✇❡ ✐♥tr♦❞✉❝❡ ✐♥ ❙❡❝t✐♦♥ ✺✳✹✳✷✳ ■♥ t❤❡ ❢♦••♦✇✐♥❣✱ ✇❡ ❞❡s❝r✐❜❡ t❤❡ ❞✐✛❡r❡♥t st❡♣s ♦❢ t❤❡ ♠❛t❝❤✐♥❣ ❛•❣♦r✐t❤♠✿ ❆•❣♦r✐t❤♠ ✷ ▼❛t❝❤✐♥❣ ❛•❣♦r✐t❤♠ ✶✿ ✐♥♣✉t AAM ✿ t❤❡ ❛❜str❛❝t ❛♣♣•✐❝❛t✐♦♥ ♠❛♥✐❢❡st ✷✿ ✐♥♣✉t threshold✿ t❤❡ t❤r❡s❤♦•❞ t♦ •✐♠✐t t❤❡ ♥✉♠❜❡r ♦❢ ❞✐✛❡r❡♥❝❡s ✸✿ ♦✉t♣✉t DM ✿ t❤❡ ❞❡♣•♦②♠❡♥t ♠❛♥✐❢❡st ✹✿ OM ←q✉❡r②❉❛t❛❙t♦r❡s|❡♣♦s✐t♦r②✭AAM ✮ ★ s❡❡ ❆•❣♦r✐t❤♠ ✸★ ✺✿ i ← 0 ✻✿ ✇❤✐•❡ ✭❡①✐st✭❈•♦✉❞ Pr♦✈✐❞❡r CP ✐♥ OM ✮✮ ❞♦ ✼✿ ✇❤✐•❡ ✭❡①✐st✭❖✛❡r O ✐♥ OM ✮✮ ❞♦ ✽✿ distance[i] ← 0 ✾✿ ❢♦r ❡❛❝❤ ♥♦❞❡ N ✐♥ AAM ❞♦ ✶✵✿ ❢♦r ❡❛❝❤ ♣r♦♣❡rt② prop ✐♥ N ❞♦ ✶✶✿ ✐❢ ✭✦✈❛•✐❞✭prop✱ OM.CP.O.node.prop✮✮ t❤❡♥ ✶✷✿ distance[i] ← distance[i]+ ✉♣❞❛t❡❉✐st❛♥❝❡✭prop✱ OM.CP.O.node.prop✮ ✶✸✿ ❡♥❞ ✐❢ ✶✹✿ ❡♥❞ ❢♦r ✶✺✿ ❡♥❞ ❢♦r ✶✻✿ i ← i + 1 ✶✼✿ ❡♥❞ ✇❤✐•❡ ✶✽✿ ❡♥❞ ✇❤✐•❡ ✶✾✿ electedCP ←❡•❡❝t❈P✭distance✱ threshold✮ ✷✵✿ r❡t✉r♥ ❝r❡❛t❡❉▼✭AAM ✱ OM ✱ electedCP ✮ ✶✳ ❖✛❡r ♠❛♥✐❢❡st ❝♦♥str✉❝t✐♦♥ ✭•✐♥❡ ✹✮✿ ❚❤❡ ❛•❣♦r✐t❤♠ ❝♦♥str✉❝ts t❤❡ ♦✛❡r ❆✉t♦♠❛t✐❝ ❉✐s❝♦✈❡r② ❖❢ ❈•♦✉❞ ❉❛t❛ ❙t♦r❡s ✾✸ ♠❛♥✐❢❡st ✉s✐♥❣ t❤❡ ♦♣❡r❛t✐♦♥ q✉❡r②❉❛t❛❙t♦r❡s|❡♣♦s✐t♦r② ❜② ✐♥t❡r❛❝t✐♥❣ ✇✐t❤ t❤❡ ❞❛t❛ st♦r❡s r❡♣♦s✐t♦r②✳ ❲❡ ❣✐✈❡ ♠♦r❡ ❞❡t❛✐•s ❛❜♦✉t t❤✐s ♦♣❡r❛t✐♦♥ ✐♥ ❆•❣♦r✐t❤♠ ✸✳ ✷✳ ❉✐st❛♥❝❡s✬ ❝❛•❝✉•❛t✐♦♥ ✭•✐♥❡s ✻✲✶✽✮✿ ❆•❣♦r✐t❤♠ ✷ ❝❛•❝✉•❛t❡s ❢♦r ❡❛❝❤ ❈•♦✉❞ ♣r♦✈✐❞❡r t❤❡ ♥✉♠❜❡r ♦❢ ❞✐✛❡r❡♥❝❡s ❜❡t✇❡❡♥ ✐ts ❝❛♣❛❜✐•✐t✐❡s ❛♥❞ t❤❡ ✉s❡r r❡q✉✐r❡♠❡♥ts ❞❡s❝r✐❜❡❞ ✐♥ t❤❡ ❛❜str❛❝t ❛♣♣•✐❝❛t✐♦♥ ♠❛♥✐❢❡st✳ ❲❡ ❡st✐✲ ♠❛t❡ t❤❡ ❞✐st❛♥❝❡ ❜❡t✇❡❡♥ t❤❡ ❛❜str❛❝t ❛♣♣•✐❝❛t✐♦♥ ♠❛♥✐❢❡st ❛♥❞ t❤❡ ♦✛❡r ♠❛♥✐❢❡st ❜② t❤❡ ♥✉♠❜❡r ♦❢ ❞✐✛❡r❡♥❝❡s✳ ❚❤❡s❡ ♥✉♠❜❡rs ❛r❡ st♦r❡❞ ✐♥ t❤❡ ❞❛t❛ str✉❝t✉r❡ distance✳ ❚❤❡s❡ ✈❛•✉❡s ❛r❡ ❝❛•❝✉•❛t❡❞ ❛s ❢♦••♦✇s✿ ❋♦r ❡❛❝❤ ♣r♦♣✲ ❡rt② ✐♥ t❤❡ t✇♦ ♠❛♥✐❢❡sts✱ ✐❢ t❤❡② ❛r❡ ♥♦t ❝♦rr❡s♣♦♥❞✐♥❣ t❤❡♥ ✇❡ ✉♣❞❛t❡ t❤❡ ❞✐st❛♥❝❡ ❜② ❛❞❞✐♥❣ t❤❡ ❛♣♣r♦♣r✐❛t❡ ♣❡♥❛•t② t♦ t❤❡ ♣r♦♣❡rt②✳ ❚❤❡ t✇♦ ♣r♦♣✲ ❡rt✐❡s ❝♦rr❡s♣♦♥❞ ✐❢ t❤❡ ❛❝t✉❛• ✈❛•✉❡ ♦❢ t❤❡ ♦✛❡r ♠❛♥✐❢❡st ♣r♦♣❡rt② ❢✉•✜•• t❤❡ r❡q✉✐r❡♠❡♥t ❡①♣r❡ss❡❞ ❜② t❤❡ ❛❜str❛❝t ❛♣♣•✐❝❛t✐♦♥ ♠❛♥✐❢❡st ♣r♦♣❡rt② ✭✇❤✐❝❤ ✐s ❡✐t❤❡r ❛ ❝♦♥st❛♥t✱ ❛ •♦❦❡r ♦r ❛ ❝♦♥❞✐t✐♦♥✮✳ ❚❤❡s❡ ♣❡♥❛•t✐❡s ❛r❡ ❝✉st♦♠✐③❡❞ ❛❝❝♦r❞✐♥❣ t♦ t❤❡ ♣r♦♣❡rt② ✐♠♣♦rt❛♥❝❡✳ ❇② ❞❡❢❛✉•t✱ ❛•• ♣❡♥❛•t✐❡s ❛r❡ ✜①❡❞ ❛t 1❀ ❤♦✇❡✈❡r t❤❡ ✉s❡r ❝❛♥ ❝♦♥✜❣✉r❡ t❤❡s❡ ♣❡♥❛•t✐❡s ❛❝❝♦r❞✐♥❣ t♦ t❤❡ ✐♠♣♦rt❛♥❝❡ t❤❛t ❤❡✴s❤❡ ❣✐✈❡s t♦ t❤❡ ♣r♦♣❡rt✐❡s✳ ✸✳ ❈•♦✉❞ ♣r♦✈✐❞❡r ❡•❡❝t✐♦♥ ✭•✐♥❡s ✶✾✲✷✵✮✿ ❋✐♥❛••②✱ ✇❡ ❡•❡❝t ❛ ❈•♦✉❞ ♣r♦✈✐❞❡r ❛♥❞ ❝♦♥str✉❝t t❤❡ ❞❡♣•♦②♠❡♥t ♠❛♥
❢♦r ❡❛❝❤ ❈•♦✉❞ ♣r♦✈✐❞❡r✱ ✇❡ ❡①tr❛❝t ❛•• ❞❛t❛ st♦r❡s ❝♦rr❡s♣♦♥❞✐♥❣ t♦ t❤❡ ❞❛t❛ t②♣❡s ♦❢ t❤❡ ❛❜str❛❝t ❛♣♣•✐❝❛t✐♦♥ ♠❛♥✐❢❡st✳ ■❢ t❤❡r❡ ❛r❡ ♥♦ ❝♦rr❡s♣♦♥❞✐♥❣ ❞❛t❛ st♦r❡s✱ t❤❡ ❈•♦✉❞ ♣r♦✈✐❞❡r ✐s r❡•❡❝t❡❞ ✭•✐♥❡s ✶✵✲✶✽✮✳ ❋♦r ❡❛s❡ ♦❢ ♣r❡s❡♥t❛t✐♦♥ ♦❢ t❤✐s ❛•❣♦r✐t❤♠✱ ✇❡ ❜✉✐•❞ ♦✉rs❡•✈❡s ♦♥ t❤❡ ❋✐❣✉r❡ ✺✳✹✳ ■♥❞❡❡❞✱ ✐♥ t❤❡ •❡❢t s✐❞❡ ♦❢ t❤✐s ✜❣✉r❡✱ ✇❡ ❝♦♥str✉❝t ❢r♦♠ t❤❡ ❛❜str❛❝t ❛♣♣•✐❝❛t✐♦♥ ♠❛♥✐❢❡st ❛ s✐♠♣•❡ ❣r❛♣❤ ✐♥ ✇❤✐❝❤ ♥♦❞❡s r❡♣r❡s❡♥t t❤❡ t②♣❡ ❡•❡♠❡♥ts ✐♥ t❤❡ ♥♦❞❡ ❡•❡♠❡♥ts✳ ❚❤✐s ❣r❛♣❤ ✐s ❛ ❦✐♥❞ ♦❢ ❛ s❛♠♣•❡ t❤❛t ✇✐•• ❜❡ ✉s❡❞ t♦ ❝♦♥str✉❝t t❤❡ ♦✛❡r ♠❛♥✐❢❡st✳ ■♥ t❤❡ r✐❣❤t s✐❞❡ ♦❢ ❋✐❣✉r❡ ✺✳✹✱ ✇❡ ✐••✉str❛t❡ ❛ ❞❛t❛ st♦r❡s r❡♣♦s✐t♦r② ♦❢ ❛ ❈•♦✉❞ ♣r♦✈✐❞❡r ❤❛✈✐♥❣ ❢♦✉r t②♣❡s ♦❢ ❞❛t❛ st♦r❡s✳ ❇❛s❡❞ ♦♥ t❤✐s r❡♣♦s✐t♦r② ❛♥❞ t❤❡ ❣r❛♣❤ ❜❛s❡❞ s❛♠♣•❡✱ ✇❡ ❡①tr❛❝t t❤❡ •✐st ♦❢ t❤❡ ❈•♦✉❞ ♣r♦✈✐❞❡r✬s ♦✛❡rs t❤❛t ✇❡ r❡♣r❡s❡♥t ✐♥ t❤❡ ❢♦r♠ ♦❢ ❛ ❣r❛♣❤✳ ❖♥❝❡ ✇❡ ❝❤❡❝❦ ❛•• ❈•♦✉❞ ♣r♦✈✐❞❡rs✱ ✇❡ ❣r♦✉♣ ❛•• t❤❡ ♦✛❡rs ✐♥ t❤❡ ♦✛❡r ♠❛♥✐❢❡st ✭•✐♥❡ ✶✾✮✳ ■♥ t❤❡ ❝❛s❡ ♦❢ t❤❡ s❡•❡❝t✐♦♥ ♦❢ ❛ ♥❡✇ ❞❛t❛ st♦r❡ ❜② t❤❡ ❞✐s❝♦✈❡r② ♣r♦❝❡ss✱ ♦✉r ❛♣♣r♦❛❝❤ ❞♦❡s ♥♦t s✉♣♣♦rt ♥❡✐t❤❡r t❤❡ ❝r❡❛t✐♦♥ ♦❢ t❤❡ t❛r❣❡t s❝❤❡♠❛ ♦♥ t❤❡ s❡•❡❝t❡❞ ❞❛t❛ st♦r❡s✱ ♥♦r t❤❡ ♠✐❣r❛t✐♦♥ ♦❢ ❡①✐st✐♥❣ ✐♥st❛♥❝❡s✳ ❚❤✐s ❤❛s t♦ ❜❡ ❞♦♥❡ ♦✉ts✐❞❡ ♦✉r ♣r♦❝❡ss✳ ❋♦r ✐♥st❛♥❝❡✱ ✇❡ ❝❛♥ ✉s❡ ❊①❙❝❤❡♠❛ ✇❤✐❝❤ ✐s ❛ t♦♦• ❡♥❛❜•✐♥❣ t❤❡ ❛✉t♦♠❛t✐❝ ❞✐s❝♦✈❡r② ♦❢ ❡①t❡r♥❛• ❞❛t❛ s❝❤❡♠❡s ❢r♦♠ t❤❡ s♦✉r❝❡ ❝♦❞❡ ♦❢ ♠✉•t✐♣•❡ ❞❛t❛ st♦r❡s ❜❛s❡❞ ❛♣♣•✐❝❛t✐♦♥s ❬✻✹(✳
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Conclusion

In this chapter, we introduced our approach to discover data stores and to deploy multiple data stores based application in Cloud environments. Indeed, we presented rst our matching algorithm that enable the discovery of the most suitable Cloud provider to an ODBAPI-based application requirements. It is based on the abstract application manifest and the oer manifest and it ouputs a deployment manifest. This latter is used by COAPS API to deploy the application in the elected Cloud provider. We extended COAPS API in order to support multiple data stores based application deployment.

In the next chapter, we will validate through dierent use cases for our four contributions. We also performed dierent experiments to test the eciency and accuracy our proposals. All along this manuscript, we proposed an end-to-end approach enabling the support of developers during the lifecycle of multiple data stores based applications. This approach involves four main components that we try to validate and evaluate in this chapter. For this purpose, we present (i) the implementations we have done as a proof of concepts to realize our four components (see Section 6.2), and (ii) the experiments we have conducted to evaluate the eciency of our solutions. Indeed, we evaluate the overhead of ODBAPI compared to proprietary API (see Section 6.3). Then, we assess the gain in terms of implementation time and the number of lines in a source code of an application implemented using ODBAPI and an other one implemented using proprietary APIs (see Section 6.4). Finally, we evaluate our cost model and the algorithm for generating optimal execution plan (see Section 6.5). Our goal is (i) to prove that our approach is feasible and accurate in real use-cases and (ii) to analyze the parameters that impact our results' quality.
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Proofs Of Concept

In this section, we present the proofs of concept that we have developed to realize our approach. We rstly present the OpenPaaS project in which we have integrated the proofs of concept (see Section 6.2.1). Second, we present a state of progress about the implementation of ODBAPI and the data stores that we take
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we prove that it is portable and can be implemented by any REST-based programming language. In addition, we proved that adding a new driver to ODBAPI is not a tedious task.

. 2 . 3 S e l e c t i n g M u l t i p l e D a t a S t o r e s A n d D e p l o y i n g O D B A P I C l i e n t s

In this section, we present a tool ensuring the discovery of Cloud providers and the automatic deployment of an ODBAPI-based application. This tool implements our matching algorithm to create the deployment manifest and the extension of the COAPS API to deploy a multiple data stores based application. In order to show the feasibility of this component in our work, we propose to discover data stores of Cloud Foundry and OpenShift as Cloud providers to deploy an ODBAPI-based application. This application is intended to interact with a relational data store of type MySQL and a document data store in a Cloud environment. Indeed, the application developer describes his/her requirements in the abstract application manifest and he/she uploads it through the interface that we illustrate in Fig. 6.4.

Then, this tool executes the matching algorithm to elect the Cloud provider that supports the ODBAPI client requirements and returns the deployment manifest.

Based on this latter, we deploy the ODBAPI client by the mean of COAPS API. We wish to emphasize that we provide this tools and some demonstration videos at http://www-inf.int-evry.fr/~sellam_r/Tools/ODBAPI/index.html for more details. Using ODBAPI facilitates the developer's task greatly; however, it comes with the cost of an overhead. In fact, ODBAPI is based on the proprietary APIs of relational and NoSQL data stores. In this section, we propose to evaluate the overhead related to ODBAPI. Doing so, we propose to answer the following question:

• Question 1 : Does this overhead decrease ODBAPI performance?

For this purpose, we implemented two applications doing the same CRUD operations: one is using ODBAPI and the other is using JDBC. These two applications are deployed and run in the same environment. The data store, the ODBC driver and the application run on the same server. We are aware that we are doing extra works compared to these proprietary APIs. Indeed, for each query, our API rewrites it into the proprietary query language of the integrated data store. Then, it converts the result to JSON format before answering the application. In addition, since ODBAPI is a REST-based architecture API, this also may generate an overhead due to the REST protocol and the data shipping.

The overhead Δ is obtained by calculating the ratio between the dierence between the response time of ODBAPI and the response time of the proprietary API, and the response time of the proprietary API. We use the following formula :

Δ = t ODBAP I -t proprietaryAP I t proprietaryAP I * 100.
In the rest of this section, we limit ourselves to present only the overhead of ODBAPI when application interacts with relational data store using JDBC. We have started also evaluating the overhead of our API compared with MongoDB API and the rst result obtained with this API are in line with a light overhead as well.

We start by calculating the evolution of the response time according to the number of the created entities using ODBAPI and JDBC. In TABLE 6 To sum up, the overhead that we obtained is quite acceptable for all type of operations (Answering therefore Question 1 ). However, we can enhance the response time of our API by decreasing the conversion time that is big especially when it comes to convert big volume of data.

. 4 E a s e O f O D B A P I U s e

ODBAPI is intended to ease the developers life and alleviate the burden on them while implementing multiple data stores based applications. However, it would be certainly worthwhile to concretely evaluate this and try to answer this question:

• Question 2 : Does ODBAPI really alleviates the burden on developers?

To tackle Question 2 , we evaluate the gain for developers of using ODBAPI compared to proprietary APIs. The gain is measured in terms of implementation time and of source code lines number. Doing so, we want to show how ODBAPI alleviates the burden on developers of multiple data stores based application.

For this purpose, we asked four developers (two trainees, a researcher, and an engineer) to implement two versions of an application interacting with MySQL as a relational data store and MongoDB as a document data store. In this application, developers should create an entity set, and create, retrieve and delete an entity in both data stores. The rst version of the application is coded using ODBAPI to interact with both data stores and is referred to as Version 1 . Whereas the second version is implemented using proprietary APIs of each data store and it is called
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Evaluation & Validation

In Listing 6.1, we present an example of an application programmed using ODBAPI. This application interacts with a MongoDB and a MySQL data stores.

In fact, it enables the creation of an entity set called person of type MongoDB (see lines [START_REF] Sellami | The Compatible One Application and Platform Service (COAPS) API specication[END_REF][4][5][START_REF] Fay | Bigtable: A distributed storage system for structured data[END_REF]. Then it creates a document having an id equals to 1 (see lines [START_REF] Kraska | Consistency rationing in the cloud: Pay only when it matters[END_REF][START_REF]Final version of nist cloud computing denition[END_REF][START_REF] Codd | Derivability, redundancy and consistency of relations stored in large data banks[END_REF][START_REF] Özsu | Principles of Distributed Database Systems[END_REF], it retrieves it (see lines 15-17) and it deletes it (see lines 20-22). In addition, this sample of code source allows the creation of an entity set of type MySQL (see lines 25-27). This entity set is referred to as city. It also enables to create (see lines 30-32), retrieve (see lines 35-36) and delete an entity (see lines 39-40). In Listing 6.2, we present the same application implemented using the proprietary APIs of MySQL (see lines 3-41) and MongoDB (see lines 43-52). Listing 6.2: Sample of a code source of a proprietary APIs-based application interacting with a MySQL and MongoDB data stores To sum up, in this section we answer the Question 2 . Indeed, it is not costly in terms of time and manpower. Then, we conducted some experiments to demonstrate that ODBAPI really facilitates developers tasks. It increases their productivity. In addition, it encourages them to adopt it in their applications.

. 5 C o m p l e x Q u e r i e s O p t i m i z a t i o n

In order to validate our approach for optimal execution plans generation and the proposed cost model, we rst veried that their behaviors are similar to what we have intuitively expected. In fact, to check the reliability of Algorithm 1, we tested it with dierent scenarios that either are trivial or allow us to intuitively predict the optimal execution plan.

Afterwards, we propose to perform some experiments in order to evaluate the cost of an optimal execution plan. In parallel with this, we evaluate the running time our algorithm (i.e. the optimization time) and the size of the research area in terms of number of nodes in all execution plans. These experiments will enable us to answer the following questions:

• Question 3 : Does the parallelism of operations execution reduces the total cost of a query?

• Question 4 : Does the external joins reduce the total cost of a query? • Question 5 : Does the parallelism and the external joins are complementary and reduce the total cost of a query? The production of a huge amount of data and the emergence of Cloud computing have introduced new requirements for data management. Many applications need to interact with several heterogeneous data stores depending on the type of data they have to manage: traditional data types, documents, graph data from social networks, simple key-value data, etc. Interacting with heterogeneous data models via dierent APIs, and multiple data stores based applications imposes challenging tasks to their developers. Indeed, programmers have to be familiar with dierent APIs. In addition, the execution of complex queries over heterogeneous data models cannot, currently, be achieved in a declarative way as it is used to be with mono-data store application, and therefore requires extra implementation eorts. Moreover, developers need to master and deal with the complex processes of Cloud discovery, and application deployment and execution.

✶✶✹ ❊✈❛•✉❛t✐♦♥ ✫ ❱❛•✐❞❛t✐♦♥ ❚♦ ♣❡r❢♦r♠ t❤❡s❡ ❡①♣❡r✐♠❡♥ts✱ ✇❡ ♣r♦♣♦s❡ t♦ ✉s❡ t✇♦ ✈❛r✐❛♥ts ♦❢ •♦✐♥ q✉❡r✐❡s t❤❛t ✇❡ ✐••✉str❛t❡ ❜② ❛ ❞✐r❡❝t❡❞ ❣r❛♣❤✳ ■♥ t❤✐s •❛tt❡r✱ t❤❡ ♥♦❞❡s r❡♣r❡s❡♥t t❤❡ ❡♥t✐t② s❡ts ❛♥❞ t❤❡ ❡❞❣❡s r❡♣r❡s❡♥t t❤❡ •♦✐♥ ❜❡t✇❡❡♥ t✇♦ ❣✐✈❡♥ ❡♥t✐t② s❡ts✳ ❚❤❡ ✜rst ✈❛r✐❛♥t ❤❛s ❛ •✐♥❡❛r ❢♦r♠ ✐♥ ✇❤✐❝❤ ❡❛❝❤ ❡♥t✐t② s❡t ♠❛② •♦✐♥ ❛t •❡❛st ♦♥❡ ❡♥t✐t② s❡t ❛♥❞ ❛t ♠♦st t✇♦ ❡♥t✐t② s❡ts ✭s❡❡ ❋✐❣✉r❡ ✻✳✺❛✮✳ ❚❤✐s ❦✐♥❞ ♦❢ q✉❡r✐❡s ✐s ✉s✉❛••② ✉s❡❞ ✐♥ r❡•❛t✐♦♥❛• ❞❛t❛ st♦r❡s✳ ❲❤❡r❡❛s t❤❡ s❡❝♦♥❞ ✈❛r✐❛♥t ❤❛s ❛ st❛r ❢♦r♠ ✐♥ ✇❤✐❝❤ ❛•• ❡♥t✐t② s❡ts ✐♥✈♦❦❡❞ ✐♥ ❛ q✉❡r② •♦✐♥ ♦♥•② t❤❡ s❛♠❡ ❡♥t✐t② s❡t ✭s❡❡ ❋✐❣✉r❡ ✻✳✺❜✮✳ ❚❤✐s ❦✐♥❞ ♦❢ q✉❡r✐❡s ✐s ❣❡♥❡r❛••② ✉s❡❞ t♦ ✐♥t❡r❛❝t ✇✐t❤ ❞❛t❛ ✇❛r❡❤♦✉s❡s✳ ❚❤❡s❡ t✇♦ ✈❛r✐❛♥ts ♦❢ q✉❡r✐❡s ❛r❡ ❡①❡❝✉t❡❞ ✐♥ ❢♦✉r ❞✐✛❡r❡♥t s❝❡♥❛r✐♦s ✐♥ ✇❤✐❝❤ ✇❡ ♣❛r❛••❡•✐③❡ s✉❜q✉❡r✐❡s ❡①❡❝✉t✐♦♥ ✭♦r ♥♦t✮ ❛♥❞ ✇❡ ❡♥❛❜•❡ ❡①t❡r♥❛• •♦✐♥s ❡①❡❝✉t✐♦♥ ✭♦r ♥♦t✮✳ ❚❤❡s❡ s❝❡♥❛r✐♦s ❛r❡ ❛s ❢♦••♦✇s ✿ A B C D E F H I G ✭❛✮ ❊①❛♠♣•❡ ♦❢ ❛ •✐♥❡❛r •♦✐♥ q✉❡r② A B C D E F H I G ✭❜✮ ❊①❛♠♣•❡ ♦❢ ❛ •♦✐♥ q✉❡r② ❛s ❛ st❛r ❋✐❣✉r❡ ✻✳✺✿ ❊①❛♠♣•❡ ♦❢ ❛ •♦✐♥ q✉❡r✐❡s • ❙❝❡♥❛r✐♦ ✶✿ ■t ❝♦♥s✐sts ✐♥ s❡q✉❡♥t✐❛••② r✉♥♥✐♥❣ ❛ •♦✐♥ q✉❡r② ✇❤✐•❡ ♦♥•② ✉s✐♥❣ t❤❡ ❱❉❙ ❛♥❞ ✐♥t❡❣r❛t❡❞ ❞❛t❛ st♦r❡s ❢♦r t❤❡ ♣✉s❤✲❞♦✇♥ ♦♣❡r❛t✐♦♥s✳ ■t ✐s ♥♦t❡✇♦rt❤② t❤❛t t❤✐s s❝❡♥❛r✐♦ ✐s t❤❡ ♠♦st ♥❛✐✈❡ ♦♥❡✳ • ❙❝❡♥❛r✐♦ ✷✿ ■t ❝♦♥s✐sts ✐♥ s❡q✉❡♥t✐❛••② r✉♥♥✐♥❣ ❛ •♦✐♥ q✉❡r② ✉s✐♥❣ t❤❡ ❱❉❙ ❛♥❞ t❤❡ ✐♥t❡❣r❛t❡❞ ❞❛t❛ st♦r❡s ❢♦r t❤❡ ❡①t❡r♥❛• •♦✐♥s ❛♥❞ t❤❡ ♣✉s❤✲❞♦✇♥ ♦♣❡r❛t✐♦♥s✳ • ❙❝❡♥❛r✐♦ ✸✿ ■t ❝♦♥s✐sts ✐♥ r✉♥♥✐♥❣ ❛ •♦✐♥ q✉❡r② ✐♥ ♣❛r❛••❡• ✇❤✐•❡ ♦♥•② ✉s✐♥❣ t❤❡ ❱❉❙✳ ■t ✐s ✇♦rt❤② t♦ s❛② t❤❛t t❤❡ ♣❛r❛••❡•✐s♠✱ ✐♥ t❤✐s ❝❛s❡✱ ✐s ❞♦♥❡ ❛t t❤❛t ✐♥t❡❣r❛t❡❞ ❞❛t❛ st♦r❡s t♦ ❡①❡❝✉t❡ ♣✉s❤✲❞♦✇♥ ♦♣❡r❛t✐♦♥s✳ • ❙❝❡♥❛r✐♦ ✹✿ ■t ❝♦♥s✐sts ✐♥ r✉♥♥✐♥❣ ❛ •♦✐♥ q✉❡r② ✐♥ ♣❛r❛••❡• ✉s✐♥❣ t❤❡ ❱❉❙ ❛♥❞ t❤❡ ✐♥t❡❣r❛t❡❞ ❞❛t❛ st♦r❡s✳ ❲❡ ♣❛r❛••❡•✐③❡ t❤❡ ❡①❡❝✉t✐♦♥ ♦❢ t❤❡ ❡①t❡r♥❛• •♦✐♥s ❛♥❞ t❤❡ ♣✉s❤✲❞♦✇♥ ♦♣❡r❛t✐♦♥s✳ ❚♦ ❝♦♥❞✉❝t t❤❡s❡ ❡①♣❡r✐♠❡♥ts✱ ✇❡ ♣r♦♣♦s❡ t♦ ✉s❡ ❢♦✉r q✉❡r✐❡s ❢♦r ❡❛❝❤ ✈❛r✐❛♥t ♦❢ •♦✐♥ q✉❡r✐❡s ✭✐✳❡✳ •✐♥❡❛r ♦r st❛r✮ ❛♥❞ t♦ ✐♥❝r❡♠❡♥t t❤❡ ♥✉♠❜❡r ♦❢ •♦✐♥s ❜② t✇♦ st❛rt✐♥❣ ❜② t❤r❡❡ •♦✐♥s✳ ■♥ t❤❡ ❢♦••♦✇✐♥❣✱ ✇❡ ♣r❡s❡♥t ❛♥ ❡①❛♠♣•❡ ♦❢ ❛ •✐♥❡❛r •♦✐♥ q✉❡r② ❛♥❞ ❛ •♦✐♥ q✉❡r② ❛s ❛ st❛r✳ ❇♦t❤ ♦❢ t❤❡s❡ q✉❡r✐❡s ❝♦♥t❛✐♥ ✜✈❡ •♦✐♥s ❛♥❞ ✐♥✈♦•✈❡ s✐① ❡♥t✐t② s❡ts ✭✐✳❡✳ ❆✱ ❇✱ ❈✱ ❉✱ ❊ ❛♥❞ ❋✮✳ ❊❛❝❤ ❡♥t✐t② s❡t ❝♦♥t❛✐♥s ❛t •❡❛st ❛ •♦✐♥ ❛ttr✐❜✉t❡ ❛♥❞ ♠❛② ❝♦♥t❛✐♥ s♦♠❡ ♦t❤❡r ❛ttr✐❜✉t❡s ♦✈❡r ✇❤✐❝❤ ✇❡ ❛♣♣•② ♣r♦•❡❝t✐♦♥ ❛♥❞ s❡•❡❝t✐♦♥ ♦♣❡r❛t✐♦♥s✳ ❈♦♠♣•❡① ◗✉❡r✐❡s ❖♣t✐♠✐③❛t✐♦♥ ✶✶✺ ▲■◆❊❆| ❏❖■◆ ◗❯❊|( ❃ P❖❙❚ ✴♦❞❜❛♣✐✴q✉❡r② ❃ ❉❛t❛❜❛s❡✲❚②♣❡✿ ❞❛t❛❜❛s❡✴❱✐rt✉❛•❉❛t❛❙t♦r❡ ❃ ❆❝❝❡♣t✿ ❛♣♣•✐❝❛t✐♦♥✴•s♦♥ ❃ ④ ❃ ✧s❡•❡❝t✧ ✿ ❬✧❉✳t❛❣✧✱ ✧✐❞❆✧✱ ✧❈✳❞❛t❛❈✧✱ ✧❋✳t❛❣✧(✱ ❃ ✧❢r♦♠✧ ✿ ❬✧❆✧✱ ✧❇✧✱ ✧❈✧✱ ✧❉✧✱ ✧❊✧✱ ✧❋✧(✱ ❃ ✧✇❤❡r❡✧ ✿ ❃ ❬ ❃ ✧r❛♥❦❂✸✧✱ ❃ ✧❆✳✐❞❆❂❇✳❢❦❡②❇❆✧✱ ❃ ✧❇✳✐❞❇❂❈✳❢❦❡②❈❇✧✱ ❃ ✧❉✳❢❦❡②❉❆❂❆✳✐❞❆✧✱ ❃ ✧❊✳❢❦❡②❊❉❂❉✳✐❞❉✧✱ ❃ ✧❋✳❢❦❡②❋❊❂❊✳✐❞❊✧ ❃ ( ❃ ⑥ ❏❖■◆ ◗❯❊|( ❆❙ ❆ ❙❚❆| ❃ P❖❙❚ ✴♦❞❜❛♣✐✴q✉❡r② ❃ ❉❛t❛❜❛s❡✲❚②♣❡✿ ❞❛t❛❜❛s❡✴❱✐rt✉❛•❉❛t❛❙t♦r❡ ❃ ❆❝❝❡♣t✿ ❛♣♣•✐❝❛t✐♦♥✴•s♦♥ ❃ ④ ❃ ✧s❡•❡❝t✧ ✿ ❬✧❉✳t❛❣✧✱ ✧✐❞❆✧✱ ✧❈✳❞❛t❛❈✧✱ ✧❋✳t❛❣✧(✱ ❃ ✧❢r♦♠✧ ✿ ❬✧❆✧✱ ✧❇✧✱ ✧❈✧✱ ✧❉✧✱ ✧❊✧✱ ✧❋✧(✱ ❃ ✧✇❤❡r❡✧ ✿ ❃ ❬ ❃ ✧r❛♥❦❂✸✧✱ ❃ ✧❆✳✐❞❆❂❇✳❢❦❡②❇❆✧✱ ❃ ✧❆✳✐❞❆❂❈✳❢❦❡②❈❆✧✱ ❃ ✧❆✳✐❞❆❂❉✳❢❦❡②❉❆✧✱ ❃ ✧❆✳✐❞❆❂❊✳❢❦❡②❊❆✧✱ ❃ ✧❆✳✐❞❆❂❋✳❢❦❡②❋❆✧✱ ❃ ( ❃ ⑥ ❉✉r✐♥❣ ♦✉r ❡①♣❡r✐♠❡♥ts✱ ✇❡ ❝♦♥s✐❞❡r t❤❡ ❢♦••♦✇✐♥❣ ❝♦♥str❛✐♥t ♦♥ t❤❡ ❝❛t❛•♦❣✬s ♣❛r❛♠❡t❡rs✳ ■♥❞❡❡❞✱ ✇❡ s❡t t❤❡ ♣❛r❛♠❡t❡rs α✱ β✱ ❛♥❞ γ t♦ t❤❡ s❛♠❡ ✈❛•✉❡ s✐♥❝❡ ✇❡ ❛ss✐❣♥ t❤❡ s❛♠❡ ✐♠♣♦rt❛♥❝❡ t♦ t❤❡ ❝♦st ♦❢ t❤❡ ❈P❯✱ t❤❡ ✐♥♣✉t✴♦✉t♣✉t✱ ❛♥❞ t❤❡ ❝♦♠♠✉♥✐❝❛t✐♦♥ r❡s♣❡❝t✐✈❡•②✳ ❚❤❡♥✱ ✇❡ s❡t t❤❡ ♣❛r❛♠❡t❡rs ❝♦♥✈❡rt✱ s❤✐♣✱ s❝❛♥✱ •♦❛❞✱ ❛♥❞ ✐♥✐t❊❚❙▲ t♦ t❤❡ s❛♠❡ ✈❛•✉❡ ❛t t❤❡ ❱❉❙ ❛♥❞ t❤❡ ✐♥t❡❣r❛t❡❞ ❞❛t❛ st♦r❡s✳ ❲❡ s✉♣♣♦s❡ t❤❛t t❤❡ ✐♥t❡❣r❛t❡❞ ❞❛t❛ st♦r❡s ❛r❡ ♠♦r❡ ❡✣❝✐❡♥t ✐♥ ❡①❡❝✉t✐♥❣ •♦✐♥ q✉❡r✐❡s t❤❛♥ t❤❡ ❱❉❙ ✭❡s♣❡❝✐❛••② ✇❤❡♥ ✐t ❝♦♠❡s t♦ ❤❛♥❞•❡ ❛ ✈❡r② •❛r❣❡ s✐③❡ ♦❢ ❞❛t❛✮✳ ❍❡♥❝❡✱ t❤❡ ✈❛•✉❡s ♦❢ ✐♥✐t❏♦✐♥ ❛♥❞ •♦✐♥ ♣❛r❛♠❡t❡rs ❛r❡ •❛r❣❡r ❛t t❤❡ ❱❉❙✳ ❋✐♥❛••②✱ ✇❡ ❛♣♣r♦①✐♠❛t❡•② s❡t t❤❡ s❛♠❡ ❝❛r❞✐♥❛•✐t② ❛♥❞ t❤❡ s❡•❡❝t✐✈✐t② ♣❛r❛♠❡t❡rs ✶✶✻ ❊✈❛•✉❛t✐♦♥ ✫ ❱❛•✐❞❛t✐♦♥ ❢♦r t❤❡ ✐♥✈♦•✈❡❞ ❡♥t✐t② s❡ts✳ ■♥ ❚❛❜•❡ ✻✳✻ ❛♥❞ ❚❛❜•❡ ✻✳✼✱ ✇❡ s❤♦✇❝❛s❡ t❤❡ r❡s✉•ts ♦❢ ❡①❡❝✉t✐♥❣ ❛ •✐♥❡❛r •♦✐♥ q✉❡r② ❛♥❞ ❛ •♦✐♥ q✉❡r② ❛s ❛ st❛r ✇❤✐•❡ ❝❤❛♥❣✐♥❣ t❤❡ ♥✉♠❜❡r ♦❢ •♦✐♥s ❛♥❞ t❤❡ s❝❡♥❛r✐♦s✳ ❲❡ ❛•s♦ ♣r❡s❡♥t ✐♥ ❋✐❣✉r❡ ✻✳✻ ❛♥❞ ❋✐❣✉r❡ ✻✳✼ t❤❡ t♦t❛• ❝♦st ❡✈❛•✉❛t✐♦♥ ❛❝❝♦r❞✐♥❣ t♦ t❤❡ s❝❡♥❛r✐♦s ✶ t♦ ✹ ❛♥❞ t❤❡ •♦✐♥s ♥✉♠❜❡r✳ ❚❤❛♥❦s t♦ t❤❡s❡ r❡s✉•ts✱ ✇❡ ✈❛•✐❞❛t❡ t❤❡ ❦❡② ✐♥❣r❡❞✐❡♥ts ♦❢ ♦✉r ❛♣♣r♦❛❝❤ t♦ ❣❡♥❡r❛t❡ ❛♥ ♦♣t✐♠❛• ❡①❡❝✉t✐♦♥ ♣•❛♥ ✭✐♥❞❡♣❡♥❞❡♥t•② ♦❢ t❤❡ ✈❛r✐❛♥t ♦❢ t❤❡ •♦✐♥ q✉❡r②✮✳ ❆❣❛✐♥st t❤✐s✱ ✇❡ ❝♦♠♣✉t❡ t❤❡ ❛✈❡r❛❣❡ ❣❛✐♥ ✐♥ t❤❡ ❢♦✉r s❝❡♥❛r✐♦s✳ ❲❡ ♣r♦✈✐❞❡ ❛♥ ♦✈❡r✈✐❡✇ ♦❢ t❤❡ ❣❛✐♥s ❜❡t✇❡❡♥ t❤❡ ❞✐✛❡r❡♥t s❝❡♥❛r✐♦s ✐♥ ❚❛❜•❡ ✻✳✽✳ ❚❤❡ ❣❛✐♥ ✐s ♦❜t❛✐♥❡❞ ❜② ❝❛•❝✉•❛t✐♥❣ t❤❡ r❛t✐♦ ❜❡t✇❡❡♥ t❤❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ t♦t❛• ❝♦st ♦❢ t❤❡ ✇♦rst s❝❡♥❛r✐♦ ❛♥❞ t❤❡ t♦t❛• ❝♦st ♦❢ t❤❡ ❜❡st s❝❡♥❛r✐♦✱ ❛♥❞ t❤❡ t♦t❛• ❝♦st ♦❢ t❤❡ ✇♦rst s❝❡♥❛r✐♦✳ ❲❡ ✉s❡ t❤❡ ❢♦••♦✇✐♥❣ ❢♦r♠✉•❛ ✿ gain = totalCost naiveScenario -totalCost bestScenario totalCost naiveScenario * 100 ✿ • ■♠♣♦rt❛♥❝❡ ♦❢ t❤❡ ❡①t❡r♥❛• •♦✐♥s✿ ■♥ ❜♦t❤ s❝❡♥❛r✐♦s ✷ ❛♥❞ ✹ ✇❡ s❤♦✇ t❤❛t ✐♥✈♦•✈✐♥❣ t❤❡ ✐♥t❡❣r❛t❡❞ ❞❛t❛ st♦r❡s ✐♥ t❤❡ ❡①❡❝✉t✐♦♥ ♦❢ •♦✐♥ q✉❡r✐❡s ✐s ✐♠♣♦rt❛♥t✳ ■♥❞❡❡❞✱ ✇❡ ♦❜t❛✐♥ ❛ ❜❡tt❡r t♦t❛• ❝♦st ❝♦♠♣❛r❡❞ t♦ s❝❡♥❛r✐♦s t❤❛t ❛r❡ ❡①❝•✉s✐✈❡•② ✉s✐♥❣ t❤❡ ❱❉❙✳ ❲❡ ❝♦♠♣✉t❡ t❤❡ ❛✈❡r❛❣❡ ❣❛✐♥ ❜❡t✇❡❡♥ t❤❡ ❣❛✐♥ ✐♥ s❝❡♥❛r✐♦s ✶ ❛♥❞ ✷✱ ❛♥❞ ✐♥ s❝❡♥❛r✐♦s ✸ ❛♥❞ ✹✳ ❲❡ ❤❛✈❡ ❛♥ ❛✈❡r❛❣❡ ❣❛✐♥ ❡q✉❛•s t♦ 89, 23✪✳ • ■♠♣♦rt❛♥❝❡ ♦❢ t❤❡ ♣❛r❛••❡•✐s♠✿ ■♥ ❜♦t❤ s❝❡♥❛r✐♦s ✸ ❛♥❞ ✹ ✇❡ ♣r♦✈❡ t❤❛t ♣❛r❛••❡•✐③✐♥❣ t❤❡ ❡①❡❝✉t✐♦♥ ♦❢ ❡①t❡r♥❛• •♦✐♥s ❛♥❞ ♣✉s❤❞♦✇♥ ♦♣❡r❛t✐♦♥s ✐s ❜❡♥✲ ❡✜❝✐❛• ❛♥❞ ❣❡♥❡r❛t❡s ❛♥ ✐♠♣♦rt❛♥t ❣❛✐♥ ❝♦♠♣❛r❡❞ t♦ t❤❡ t✇♦ ♦t❤❡r s❝❡♥❛r✐♦s ✭✐♥ ✇❤✐❝❤ t❤❡ ❡①❡❝✉t✐♦♥ ✐s s❡q✉❡♥t✐❛•✮✳ ❚❤❡ ❛✈❡r❛❣❡ ❣❛✐♥ ♦❢ t❤✐s t✇♦ s❝❡♥❛r✐♦s ❝♦♠♣❛r❡❞ t♦ t❤❡ t✇♦ ♦t❤❡rs ✐s ❡q✉❛• t♦ 83, 61✪✳ • ■♠♣♦rt❛♥❝❡ ♦❢ ❝♦♠❜✐♥✐♥❣ ❞✐✛❡r❡♥t ♦♣t✐♠✐③❛t✐♦♥ str❛t❡❣✐❡s✿ ■♥ t❤❡ s❝❡♥❛r✐♦ ✹✱ ✇❡ ♠❛①✐♠✐③❡ t❤❡ ✇♦r❦ ❞♦♥❡ ❜② t❤❡ ✐♥t❡❣r❛t❡❞ ❞❛t❛ st♦r❡s ❛♥❞ ✇❡ ❡①❡❝✉t❡ q✉❡r✐❡s ✐♥ ♣❛r❛••❡•✳ ❚❤✐s s❝❡♥❛r✐♦ ❤❛s t❤❡ ❜❡st t♦t❛• ❝♦st ❝♦♠♣❛r❡❞ t♦ t❤❡ ♥❛✐✈❡ s❝❡♥❛r✐♦ ✇❤✐❝❤ ✐s t❤❡ s❝❡♥❛r✐♦ ✶✳ ■♥❞❡❡❞✱ t❤❡ ❛✈❡r❛❣❡ ❣❛✐♥ ✐s ❡q✉❛• t♦ 99, 97✪✳ • ❆ s♠❛•• ♦♣t✐♠✐③❛t✐♦♥ t✐♠❡✿ ❆•t❤♦✉❣❤ ✇❡ ♣r♦♣♦s❡ ❛ ❞②♥❛♠✐❝ ♣r♦❣r❛♠✲ ♠✐♥❣ ❜❛s❡❞ ❛•❣♦r✐t❤♠✱ t❤❡ ♦♣t✐♠✐③❛t✐♦♥ t✐♠❡ ✐s s♠❛•• ❛♥❞ r❡❛s♦♥❛❜•❡ ❡s♣❡✲ ❝✐❛••② ✇❤❡♥ ✇❡ t❛❦❡ ✐♥t♦ ❛❝❝♦✉♥t t❤❡ s✐③❡ ♦❢ t❤❡ r❡s❡❛r❝❤ ❛r❡❛✳ ❆t t❤✐s st❛❣❡✱ ✇❡ ❛♥s✇❡r t❤❡ ◗✉❡st✐♦♥ 3 ❛♥❞ ◗✉❡st✐♦♥ 4 ✳ ■♥❞❡❡❞✱ ✇❡ ♣r♦✈❡ t❤❡ ✐♠♣♦rt❛♥❝❡ ♦❢ t❤❡ ❡①t❡r♥❛• •♦✐♥s ❛♥❞ t❤❡ ♣❛r❛••❡•✐s♠ t♦ ♦❜t❛✐♥ ❛♥ ♦♣t✐♠❛• t♦t❛• ❝♦st✳ ■♥ ❋✐❣✉r❡ ✻✳✽✱ ✇❡ s❤♦✇❝❛s❡ ❛♥ ❡①❛♠♣•❡ ♦❢ ❛♥ ♦♣t✐♠❛• ❡①❡❝✉t✐♦♥ ♣•❛♥ ♦❢ ❛ •✐♥❡❛r •♦✐♥ q✉❡r②✳ ❚❤✐s q✉❡r② ✐♥✈♦•✈❡s ❡•❡✈❡♥ ❡♥t✐t② s❡ts✳ ❋✐rst ✇❡ r❡♠❛r❦ t❤❛t ✇❡ ♦♥•② ❤❛✈❡ ♥✐♥❡ ♥♦❞❡s ♦❢ t②♣❡ ♣✉s❤✲❞♦✇♥✳ ■♥❞❡❡❞✱ ✇❡ ❤❛✈❡ ❞❡✜♥❡❞ ✐♥ t❤❡ ❝❛t❛•♦❣ t❤❛t t❤❡ ❡♥t✐t② s❡ts B ❛♥❞ C ❜❡•♦♥❣s t♦ t❤❡ ❞❛t❛ st♦r❡ S2 ❛♥❞ t❤✐s ❞❛t❛ st♦r❡ s✉♣♣♦rts ❈♦♠♣•❡① ◗✉❡r✐❡s ❖♣t✐♠✐③❛t✐♦♥ ✶✶✼ ✸ •♦✐♥s ✺ •♦✐♥s ✼ •♦✐♥s ✾ •♦✐♥s ❚♦t❛• ❝♦st ✭10 4 ✮ ✶✻✾✵✵✱✻✶ ✶✶✸✻✵✺✱✾ ✽✼✹✺✼✾✱✹ ✶✵✾✷✺✼✻✱✸✼ ❙❝❡♥❛r✐♦ ✶ ❖♣t✐♠✐③❛t✐♦♥ t✐♠❡✭♠s✮ ✻ ✶✹ ✸✶ ✶✶✻ |❡s❡❛r❝❤ ❆r❡❛ ✭♥♦❞❡s✮ ✽ ✷✻ ✹✸ ✾✹ ❚♦t❛• ❝♦st ✭10 4 ✮ ✶✷✶✺✱✷✹ ✾✵✽✽✱✶✶ ✸✼✵✹✻✱✻✺ ✺✶✻✽✷✱✸✸ ❙❝❡♥❛r✐♦ ✷ ❖♣t✐♠✐③❛t✐♦♥ t✐♠❡ ✭♠s✮ ✶✵ ✸✻ ✻✵ ✶✹✾ |❡s❡❛r❝❤ ❆r❡❛ ✭♥♦❞❡s✮ ✸✻ ✷✽✺ ✻✵✺ ✷✵✺✵ ❚♦t❛• ❝♦st ✭10 4 ✮ ✷✼✱✼✸ ✷✹✾✱✻✷ ✸✶✻✼✱✸✹ ✹✷✵✹✱✺✸ ❙❝❡♥❛r✐♦ ✸ ❖♣t✐♠✐③❛t✐♦♥ t✐♠❡ ✭♠s✮ ✼ ✶✺ ✸✷ ✶✶✾ |❡s❡❛r❝❤ ❆r❡❛ ✭♥♦❞❡s✮ ✽ ✷✻ ✹✸ ✾✹ ❚♦t❛• ❝♦st ✭10 4 ✮ ✻✱✵✻ ✹✷✱✺✶ ✺✸✺✱✶✷ ✻✾✸✱✼✻ ❙❝❡♥❛r✐♦ ✹ ❖♣t✐♠✐③❛t✐♦♥ t✐♠❡ ✭♠s✮ ✶✶ ✹✹ ✼✷ ✶✻✼ |❡s❡❛r❝❤ ❆r❡❛ ✭♥♦❞❡s✮ ✸✻ ✷✽✺ ✻✵✺ ✷✵✵✺ ❚❛❜•❡ ✻✳✻✿ |❡s✉•ts ♦❜t❛✐♥❡❞ ❢♦r t❤❡ ❝❛s❡ ♦❢ •✐♥❡❛r q✉❡r✐❡s ✸ •♦✐♥s ✺ •♦✐♥s ✼ •♦✐♥s ✾ •♦✐♥s ❚♦t❛• ❝♦st ✭10 4 ✮ ✷✸✶✽✵✱✼✶ ✹✻✽✾✼✱✾✼ ✶✶✾✽✾✾✱✶✸ ✸✵✺✹✺✺✱✵✷ ❙❝❡♥❛r✐♦ ✶ ❖♣t✐♠✐③❛t✐♦♥ t✐♠❡✭♠s✮ ✽ ✸✸ ✶✷✻ ✶✵✾✵ |❡s❡❛r❝❤ ❆r❡❛ ✭♥♦❞❡s✮ ✶✻ ✽✻ ✹✺✻ ✷✸✶✹ ❚♦t❛• ❝♦st ✭10 4 ✮ ✶✵✽✵✱✹✻ ✸✵✸✾✱✾✸ ✹✽✺✸✱✺✽ ✽✶✺✽✱✼✺ ❙❝❡♥❛r✐♦ ✷ ❖♣t✐♠✐③❛t✐♦♥ t✐♠❡ ✭♠s✮ ✶✾ ✻✼ ✶✾✻ ✽✺✾ |❡s❡❛r❝❤ ❆r❡❛ ✭♥♦❞❡s✮ ✶✶✵ ✽✷✶ ✺✹✼✺ ✸✹✹✽✼ ❚♦t❛• ❝♦st ✭10 4 ✮ ✸✵✱✵✻ ✺✼✱✺✽ ✶✶✸✱✶✶ ✷✶✾✱✽✽ ❙❝❡♥❛r✐♦ ✸ ❖♣t✐♠✐③❛t✐♦♥ t✐♠❡ ✭♠s✮ ✾ ✹✵ ✶✸✻ ✶✶✶✸ |❡s❡❛r❝❤ ❆r❡❛ ✭♥♦❞❡s✮ ✶✻ ✽✻ ✹✺✻ ✷✸✶✹ ❚♦t❛• ❝♦st ✭10 4 ✮ ✺✱✽✺ ✶✵✱✷✸ ✶✻✱✹✸ ✷✹✱✽✺ ❙❝❡♥❛r✐♦ ✹ ❖♣t✐♠✐③❛t✐♦♥ t✐♠❡ ✭♠s✮ ✷✷ ✽✻ ✷✷✽ ✾✺✽ |❡s❡❛r❝❤ ❆r❡❛ ✭♥♦❞❡s✮ ✶✶✵ ✽✷✶ ✺✹✼✺ ✸✹✹✽✼ ❚❛❜•❡ ✻✳✼✿ |❡s✉•ts ♦❜t❛✐♥❡❞ ❢♦r t❤❡ ❝❛s❡ ♦❢ q✉❡r✐❡s ❛s st❛r ❋✐❣✉r❡ ✻✳✻✿ ❚♦t❛• ❝♦st ❡✈❛•✉❛t✐♦♥ ❛❝❝♦r❞✐♥❣ t♦ t❤❡ s❝❡♥❛r✐♦s ✶ t♦ ✹ ❛♥❞ t❤❡ •♦✐♥s ♥✉♠❜❡r✲ ❈❛s❡ ♦❢ •✐♥❡❛r •♦✐♥ q✉❡r✐❡s ✭▲♦❣❛r✐t❤♠✐❝ ❙❝❛•❡✮ t❤❡ ❡①❡❝✉t✐♦♥ ♦❢ •♦✐♥ q✉❡r✐❡s✳ ❍❡♥❝❡✱ ✇❡ ♠❡r❣❡ t❤❡s❡ t✇♦ ♥♦❞❡s ✐♥t♦ ❛ s✐♥❣•❡ ♥♦❞❡✳ ❆❞❞❡❞ t♦ t❤❛t✱ ✇❡ ❞❡•❡❣❛t❡ t❤❡ ❡①❡❝✉t✐♦♥ ♦❢ t❤❡ •♦✐♥ ❜❡t✇❡❡♥ t❤❡ ❡♥t✐t② s❡ts B ❛♥❞ C t♦ t❤❡✐r ♣r♦♣r✐❡t❛r② ❞❛t❛ st♦r❡✳ ■t ✐s t❤❡ s❛♠❡ ❝❛s❡ ♦❢ t❤❡ ❡♥t✐t② s❡ts G ❛♥❞ ✶✶✽ ❊✈❛•✉❛t✐♦♥ ✫ ❱❛•✐❞❛t✐♦♥ ❋✐❣✉r❡ ✻✳✼✿ ❚♦t❛• ❝♦st ❡✈❛•✉❛t✐♦♥ ❛❝❝♦r❞✐♥❣ t♦ t❤❡ s❝❡♥❛r✐♦s ✶ t♦ ✹ ❛♥❞ t❤❡ •♦✐♥s ♥✉♠❜❡r✲ ❈❛s❡ ♦❢ •♦✐♥ q✉❡r✐❡s ❛s ❛ st❛r ✭▲♦❣❛r✐t❤♠✐❝ ❙❝❛•❡✮ ▲✐♥❡❛r •♦✐♥ q✉❡r② ❏♦✐♥ q✉❡r② ❛s ❛ st❛r ❆✈❡r❛❣❡ ✸ •♦✐♥s ✺ •♦✐♥s ✼ •♦✐♥s ✾ •♦✐♥s ✸ •♦✐♥s ✺ •♦✐♥s ✼ •♦✐♥s ✾ •♦✐♥s ❣❛✐♥
H t❤❛t ❜❡•♦♥❣ t♦ t❤❡ ❞❛t❛ st♦r❡ S5✳ ❙❡❝♦♥❞✱ t❤❡r❡ ✐s ❛ ♣❛rt ♦❢ t❤❡ ✇♦r❦ ❞♦♥❡ ❜② t❤❡ ✐♥t❡❣r❛t❡❞ ❞❛t❛ st♦r❡s✳ ❋♦r ✐♥st❛♥❝❡✱ t❤❡ ❡①t❡r♥❛• •♦✐♥ ❜❡t✇❡❡♥ t❤❡ ❡♥t✐t② s❡ts J ❛♥❞ K ✐♥ t❤❡ ❞❛t❛ st♦r❡ S7 ❛♥❞ t❤❡ ❡①t❡r♥❛• •♦✐♥ ❜❡t✇❡❡♥ ❛ r❡s✉•t✐♥❣ ❡♥t✐t② s❡t ❢r♦♠ ❛♥ ❡①t❡r♥❛• •♦✐♥ ❛♥❞ ❛ r❡s✉•t✐♥❣ ♦♥❡ ❢r♦♠ ❛ ❱❉❙ •♦✐♥✳ ❚❤✐r❞✱ ✇❡ ✐♥✈♦❦❡ ✐♥ s♦♠❡ ♦t❤❡r ❝❛s❡s t❤❡ ❱❉❙ t♦ ❡①❡❝✉t❡ •♦✐♥ ✇❤❡♥ ✐t ✐s ❝♦st•② ✐❢ ❛♥ ✐♥t❡❣r❛t❡❞ ❞❛t❛ st♦r❡ ❡①❡❝✉t❡s ✐t✳ ■♥ ❚❛❜•❡ ✻✳✾ ❛♥❞ ❚❛❜•❡ ✻✳✶✵✱ ✇❡ ✐••✉str❛t❡ t❤❡ r❡s✉•ts ♦❜t❛✐♥❡❞ ❛❢t❡r ❡①❡❝✉t✐♥❣ q✉❡r✐❡s ❛❝r♦ss ❛ ✈❡r② •❛r❣❡ s✐③❡ ♦❢ ❞❛t❛ ✭s❡❡ t❤❡ t♦t❛• ❝♦st ❡✈❛•✉❛t✐♦♥ ❛❝❝♦r❞✐♥❣ t♦ t❤❡ •♦✐♥s ♥✉♠❜❡r ✐♥ ❋✐❣✉r❡ ✻✳✾ ❛♥❞ ❋✐❣✉r❡ ✻✳✶✵✮✳ ■t ✐s ♥♦t❡✇♦rt❤② t❤❛t ✈❛•✉❡s ♦❢ t❤❡ t♦t❛• ❝♦st ✐♥ t❤❡s❡ ✜❣✉r❡s ❛r❡ ❞✐✈✐❞❡❞ ❜② 10 11 ✐♥ ♦r❞❡r t♦ ❝•❡❛r•② s❤♦✇ t❤❡ ❣❛✐♥ ❜❡t✇❡❡♥ ❞✐✛❡r❡♥t s❝❡♥❛r✐♦s✳ ❚♦ ❝♦♥❞✉❝t t❤❡s❡ ❡①♣❡r✐♠❡♥ts✱ ✇❡ ♣r♦♣♦s❡ t♦ ✉s❡ t❤❡ s❛♠❡ ❢♦✉r q✉❡r✐❡s ✉s❡❞ ❜❡•♦✇ ❛♥❞ t❤❡ s❛♠❡ s❝❡♥❛r✐♦s✳ ❲❡ •✉st ♠♦❞✐❢② t❤❡ ❝❛t❛•♦❣ ❜② ✐♥❝r❡❛s✐♥❣ t❤❡ ❝❛r❞✐♥❛•✐t② ♦❢ ❡♥t✐t② s❡ts✳ ■♥❞❡❡❞ ✇❡ ♠✉•t✐♣•② ❡❛❝❤ ❝❛r❞✐♥❛•✐t② ❜② ✶✵✵✳ ❚❤❡s❡ ❡①♣❡r✐♠❡♥ts s❤♦✇ t❤❛t ✇❡ ❛•s♦ ♦❜t❛✐♥ ❛♥ ♦♣t✐♠❛• t♦t❛• ❝♦st ✐♥ t❤❡ ❝❛s❡ ♦❢ s❝❡♥❛r✐♦ ✹✳ ❲❡ ♣r♦✈✐❞❡ ❛♥ ♦✈❡r✈✐❡✇ ♦❢ t❤❡ ❣❛✐♥s ❜❡t✇❡❡♥ t❤❡ ❞✐✛❡r❡♥t s❝❡♥❛r✐♦s ✐♥ ❚❛❜•❡ ✻✳✶✶✳ ❚❤❡ ❛✈❡r❛❣❡ ❣❛✐♥ ❜❡t✇❡❡♥ t❤❡ s❝❡♥❛r✐♦s ✶ ❛♥❞ ✹ ✐s ❡q✉❛•s t♦ 100✪✳ ❚❤❡ ❣❛✐♥ ❜❡❝♦♠❡s ♠♦r❡ ✐♠♣♦rt❛♥t ❝♦♠♣❛r❡❞ t♦ t❤❡ ♣r❡✈✐♦✉s r❡s✉•ts✳ ❍❡♥❝❡✱ ✇❡ ❝♦♥❝•✉❞❡ t❤❛t ♠❛①✐♠✐③✐♥❣ t❤❡ ✇♦r❦ ♦❢ ✐♥t❡❣r❛t❡❞ ❞❛t❛ st♦r❡s ✐s ✈❡r② ✐♠♣♦rt❛♥t ❡s♣❡❝✐❛••② ✇❤❡♥ ✐t ❝♦♠❡s t♦ q✉❡r② ❛ ✈❡r② •❛r❣❡ ❛♠♦✉♥t ♦❢ ❞❛t❛✳ ✶✷✵ ❊✈❛•✉❛t✐♦♥ ✫ ❱❛•✐❞❛t✐♦♥ ✸ •♦✐♥s ✺ •♦✐♥s ✼ •♦✐♥s ❚♦t❛• ❝♦st ✭10
In this manuscript, we proposed an integrated set of models, algorithms and tools aiming at alleviating developers task for developing, and deploying multiple data stores applications in Cloud environments. Indeed, we introduced four main contributions:

• Unifying relational and NoSQL data models: The main key ingredient of data stores integration is to ensure a unied view of the heterogeneous integrated data stores. In the light of this, we proposed a unied data model that allows to provide a unique view on relational and NoSQL data stores. Then we presented a global schema as the set of collections used in the application and expressed with the unied data model enriched with a set of the renement rules. Finally, we proposed our query algebra dened based on a formal denition of the unied data model and allowing complex queries expression and execution. data stores, relational data stores, join queries optimization and evaluation, polyglot persistence, manifest based matching. relational and NoSQL data stores. Based on evelopers express queries using OPEN-DataBase API (ODBAPI) which is a g developers to code eir applications independently of the target we propose virtual data which act as a mediator and interact with integrated data stores wrapped by ODBAPI. This component supports the execution of single and complex queries over heterogeneous data stores. It implements a cost model to optimally execute queries and a dynamic programming based algorithm to generate an optimal query execution plan. Finally, we and automatic approach that enables relevant Cloud providers' deployment.

  ♠② ♣❛r❡♥ts ❋♦r ♠② ♣❛r❡♥ts ✐♥ •❛✇ ❋♦r ♠② ✇✐❢❡ ❛♥❞ ♠② s♦♥ ❋♦r ♠② ❜r♦t❤❡rs ❋♦r ♠② s✐st❡r ❛♥❞ ♠② ❜r♦t❤❡r ✐♥ •❛✇ ❋♦r ♠② ❢r✐❡♥❞sL i s to fT a b l e s

  ❢t✇❛r❡ ❛s s❡r✈✐❝❡s✳ ❈•♦✉❞ ❝♦♠♣✉t✐♥❣ ✐s ♦❢t❡♥ ♣r❡s❡♥t❡❞ ❛t t❤r❡❡ •❡✈❡•s ❬✹(✿ t❤❡ ■♥❢r❛str✉❝t✉r❡ ❛s ❛ ❙❡r✈✐❝❡ ✭■❛❛❙✮ ❣✐✈✐♥❣ ❛❝❝❡ss t♦ ❛❜str❛❝t❡❞ ✈✐❡✇ ♦♥ t❤❡ ❤❛r❞✇❛r❡✱ t❤❡ P•❛t❢♦r♠ ❛s ❛ ❙❡r✈✐❝❡ ✭P❛❛❙✮ ♣r♦✈✐❞✐♥❣ ♣r♦❣r❛♠♠✐♥❣ ❛♥❞ ❡①❡❝✉t✐♦♥ ❡♥✈✐r♦♥♠❡♥ts t♦ t❤❡ ❞❡✈❡•♦♣❡rs✱ ❛♥❞ t❤❡ ❙♦❢✇t❛r❡ ❛s ❛ ❙❡r✈✐❝❡ ✭❙❛❛❙✮ ❡♥❛❜•✐♥❣ s♦❢t✇❛r❡ ❛♣♣•✐❝❛t✐♦♥s t♦ ❜❡ ✉s❡❞ ❜② ❈•♦✉❞✬s ❡♥❞ ✉s❡rs✳ ❉✉❡ t♦ ✐ts ❡•❛st✐❝✐t② ♣r♦♣❡rt②✱ ❈•♦✉❞ ❝♦♠♣✉t✐♥❣ ♣r♦✈✐❞❡s ✐♥t❡r❡st✐♥❣ ❡①❡❝✉t✐♦♥ ❡♥✈✐r♦♥♠❡♥ts ❢♦r s❡✈❡r❛• ❡♠❡r❣✐♥❣ ❛♣♣•✐❝❛t✐♦♥s s✉❝❤ ❛s ❜✐❣ ❞❛t❛ ♠❛♥❛❣❡♠❡♥t✳ ❆❝✲ ❝♦r❞✐♥❣ t♦ t❤❡ ◆❛t✐♦♥❛• ■♥st✐t✉t❡ ♦❢ ❙t❛♥❞❛r❞s ❛♥❞ ❚❡❝❤♥♦•♦❣② ✶ ✭◆■❙❚✮✱ ❇✐❣ ❉❛t❛ ✐s ❞❛t❛ ✇❤✐❝❤ ❡①❝❡❡❞ t❤❡ ❝❛♣❛❝✐t② ♦r ❝❛♣❛❜✐•✐t② ♦❢ ❝✉rr❡♥t ♦r ❝♦♥✈❡♥t✐♦♥❛• ♠❡t❤♦❞s ❛♥❞ s②st❡♠s✳ ■t ✐s ♠❛✐♥•② ❜❛s❡❞ ♦♥ t❤❡ ✸✲❱s ♠♦❞❡• ✇❤❡r❡ t❤❡ t❤r❡❡ ❱s r❡❢❡r t♦ ✈♦•✉♠❡✱ ✈❡•♦❝✐t② ❛♥❞ ✈❛r✐❡t② ♣r♦♣❡rt✐❡s ❬✺(✳ ❱♦•✉♠❡ ♠❡❛♥s t❤❡ ♣r♦❝❡ss✐♥❣ ♦❢ •❛r❣❡ ❛♠♦✉♥ts ♦❢ ✐♥❢♦r♠❛t✐♦♥✳ ❱❡•♦❝✐t② s✐❣♥✐✜❡s t❤❡ ✐♥❝r❡❛s✐♥❣ r❛t❡ ❛t ✇❤✐❝❤ ❞❛t❛ ✢♦✇s✳ ❋✐♥❛••②✱ ✈❛r✐❡t② r❡❢❡rs t♦ t❤❡ ❞✐✈❡rs✐t② ♦❢ ❞❛t❛ s♦✉r❝❡s✳ ❙❡✈❡r❛• r❡s❡❛r❝❤❡rs ❤❛✈❡ ❛•s♦ ♣r♦♣♦s❡❞ t♦ ❛❞❞ ♠♦r❡ ❱s t♦ t❤✐s ❞❡✜♥✐t✐♦♥✳ ❱❡r❛❝✐t② ✐s ✇✐❞❡•② ♣r♦♣♦s❡❞ ❛♥❞ r❡♣r❡s❡♥ts t❤❡ q✉❛•✐t② ♦❢ ❞❛t❛ ✭❛❝❝✉r❛❝②✱ ❢r❡s❤♥❡ss✱ ❝♦♥s✐st❡♥❝② ❡t❝✳✮✳ ❆❣❛✐♥st t❤✐s ❜❛❝❦❣r♦✉♥❞✱ t❤❡ ❝❤❛••❡♥❣❡s ♦❢ ❜✐❣ ❞❛t❛ ♠❛♥❛❣❡♠❡♥t r❡s✉•t ❢r♦♠ t❤❡ ❡①♣❛♥s✐♦♥ ♦❢ t❤❡ ✸❱s ♣r♦♣❡rt✐❡s✳ ■♥ ♦✉r ✇♦r❦✱ ✇❡ ♠❛✐♥•② ❢♦❝✉s ♦♥ t❤❡ ✈❛r✐❡t② ♣r♦♣❡rt② ❛♥❞ ♠♦r❡ ♣r❡❝✐s❡•② ♦♥ ♠✉•t✐♣•❡ ❞❛t❛ st♦r❡ ❜❛s❡❞ ❛♣♣•✐❝❛t✐♦♥s ✐♥ t❤❡ ❈•♦✉❞✳ ❉✐✛❡r❡♥t ✐♥t❡r❛❝t✐♦♥ ❢♦r♠s ❜❡t✇❡❡♥ ❛♣♣•✐❝❛t✐♦♥s ❛♥❞ ❞❛t❛ st♦r❡s ❛r❡ ♣♦ss✐❜•❡ ✐♥ ❛ ❈•♦✉❞ ❡♥✈✐r♦♥♠❡♥t✳ ■♥ ♦r❞❡r t♦ ❞❡✜♥❡ t❤❡ ❛♣♣•✐❝❛t✐♦♥ r❡q✉✐r❡♠❡♥ts ✐♥ t❡r♠ ♦❢ ❞❛t❛ st♦r❛❣❡✱ ✇❡ ❛♥❛•②③❡ t❤r❡❡ ♣♦ss✐❜•❡ s❝❡♥❛r✐♦s ✭s❡❡ ❋✐❣✳✶✳✶✮✳ |❡❣❛r❞•❡ss t❤❡ ✶ ❤tt♣✿✴✴✇✇✇✳♥✐st✳❣♦✈✴ ✶

  ✉❞ r❡s♦✉r❝❡s ✉s❛❣❡ ❝❛♥ ❜❡ ♠♦♥✐t♦r❡❞ ❛♥❞ ❝♦♥tr♦••❡❞ ✐♥ ♦r❞❡r t♦ r❡s♣❡❝t t❤❡ ✧♣❛②✲❛s✲②♦✉✲❣♦✧ ♠♦❞❡•✳ ❙❡r✈✐❝❡s ✐♥ t❤❡ ❈•♦✉❞ ❛r❡ ❜❛s✐❝❛••② ❞❡•✐✈❡r❡❞ ✉♥❞❡r t❤r❡❡ ✇❡•• ❞✐s❝✉ss❡❞ •❛②❡rs ♥❛♠❡•② t❤❡ ■♥❢r❛str✉❝t✉r❡ ❛s ❛ ❙❡r✈✐❝❡ ✭■❛❛❙✮✱ t❤❡ P•❛t❢♦r♠ ❛s ❛ ❙❡r✈✐❝❡ ✭P❛❛❙✮ ❛♥❞ t❤❡ ❙♦❢t✇❛r❡ ❛s ❛ ❙❡r✈✐❝❡ ✭❙❛❛❙✮✳ ❲❡ ♣r❡s❡♥t t❤❡s❡ •❛②❡rs ❜❡•♦✇✿ • ■❛❛❙✿ ❈♦♥s✉♠❡rs ❛r❡ ❛❜•❡ t♦ ❛❝❝❡ss ❈•♦✉❞ r❡s♦✉r❝❡s ♦♥ ❞❡♠❛♥❞✳ ❚❤❡s❡ r❡s♦✉r❝❡s ❝❛♥ ❜❡ ✈✐rt✉❛• ♠❛❝❤✐♥❡s✱ st♦r❛❣❡ r❡s♦✉r❝❡s ❛♥❞ ♥❡t✇♦r❦s✳ ❚❤❡ ♣r♦✈✐❞❡r t❛❦❡s t❤❡ r❡s♣♦♥s✐❜✐•✐t② ♦❢ ✐♥st❛••✐♥❣✱ tr❛♥s♣❛r❡♥t•② ♠❛♥❛❣✐♥❣ ❛♥❞ ♠❛✐♥t❛✐♥✐♥❣ t❤❡s❡ r❡s♦✉r❝❡s✳ • P❛❛❙✿ ❈♦♥s✉♠❡rs ❛r❡ ❛❜•❡ t♦ ❞❡✈❡•♦♣✱ ❞❡♣•♦② ❛♥❞ ♠❛♥❛❣❡ t❤❡✐r ❛♣♣•✐❝❛✲ t✐♦♥s ♦♥t♦ t❤❡ ❈•♦✉❞ ✉s✐♥❣t❤❡ •✐❜r❛r✐❡s✱ ❡❞✐t♦rs ❛♥❞ s❡r✈✐❝❡s ♦✛❡r❡❞ ❜② t❤❡ ♣r♦✈✐❞❡r✳ ❚❤❡ ♣r♦✈✐❞❡r t❛❦❡s t❤❡ r❡s♣♦♥s✐❜✐•✐t② t♦ ♣r♦✈✐s✐♦♥✱ ♠❛♥❛❣❡ ❛♥❞ ♠❛✐♥t❛✐♥ t❤❡ ■♥❢r❛str✉❝t✉r❡ r❡s♦✉r❝❡s✳
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  3.2) based on ve concepts. For ease of understanding our data model, we based ourselves on Figure3.3 in which we depict three EntitySets of type MongoDB, Riak, and MySQL from right to left.
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 32 Figure 3.2: Unied data model

Figure 3 . 13 :

 313 Figure 3.13: Application migration from one cloud environment to another scenario
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  : a node, L: length of an entity set, att: projection attributes costP rojection(S, L, estimate(att, L)) = initP rojection(S) + scan(S) * L+ projection(S) * estimate(att, L) (4.1) ◗✉❡r② ❖♣t✐♠✐s❛t✐♦♥ ✼✾ ❙✿ ❛ ♥♦❞❡✱ ▲✿ •❡♥❣t❤ ♦❢ ❛♥ ❡♥t✐t② s❡t✱ ❝♦♥❞✿ r❡str✐❝t✐♦♥ ❝♦♥❞✐t✐♦♥ costRestriction(S, L, estimate(con, L)) = initRestriction(S) + scan(S) * L+ restriction(S) * estimate(con, L)

  costET SL(S, V DS, N ) = initET SL(S) + N * (scan(S) + convert(S) + ship(S) + load(V DS)) ✭✹✳✻✮ ❱❉❙✿ ❛ ❱❉❙✱ ❙✿ ❛♥ ✐♥t❡❣r❛t❡❞ ❞❛t❛ st♦r❡✱ ◆✿ ❱♦•✉♠❡ ♦❢ ❞❛t❛ costET SL(V DS, S, N ) = initET SL(V DS) + N * (scan(V DS) + convert(S) + Ship(S)+ load(V DS)) ✭✹✳✼✮ S f orwarding,addressee ✿ ✐♥t❡❣r❛t❡❞ ❞❛t❛ st♦r❡s✱ ◆✿ ❱♦•✉♠❡ ♦❢ ❞❛t❛ costET SL(S f orwarding , S addressee , N ) = initET SL(S f orwarding ) + N * (scan(S f orwarding ) +convert(S f orwarding ) + ship(S f orwarding ) + convert(S addressee ) + ship(S addressee ) +load(S addressee ))
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 46 Figure 4.6: Example of computing an operation cost

  ✸✶✿ newConditions.add(conditionsOf (p1), conditionsOf (p2), C) ✸✷✿ node ← createV DSJoin(p1, p2, C) ✸✸✿ plans.add(node) ✸✹✿ ✐❢ canJoin(siteOf (p1) t❤❡♥ ✸✺✿ node ← createExternalJoin(p1, p2, C) ✸✻✿ plans.add(node) ✸✼✿ ❡♥❞ ✐❢ ✸✽✿ ✐❢ canJoin(siteOf (p2) t❤❡♥ ✸✾✿ node ← createExternalJoin(p2, p1, C) ✹✵✿ plans.add(node)
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 51 Figure 5.1: Zoom-in on the discovery component

  ✐❢❡st✳ ❚❤✐s ✐s ❞♦♥❡ t❤r♦✉❣❤ t❤❡ ♦♣❡r❛t✐♦♥ ❡•❡❝t❈P t❤❛t t❛❦❡s ❛s ✐♥♣✉ts t❤❡ ❞❛t❛ str✉❝t✉r❡ distance ❛♥❞ t❤❡ threshold ❛♥❞ r❡t✉r♥s t❤❡ ✐❞❡♥t✐✜❡r ♦❢ t❤❡ ❡•❡❝t❡❞ ❈•♦✉❞ ♣r♦✈✐❞❡r ✐❢ ❛♥②✳ ❚❤✐s ✐❞❡♥t✐✜❡r ✐s t❤❡ s♠❛••❡st ✈❛•✉❡ ❜♦✉♥❞❡❞ ❜❡t✇❡❡♥ 0 ❛♥❞ t❤❡ threshold✳ ■♥ ❛•❣♦r✐t❤♠ ✸✱ ✇❡ ♣r❡s❡♥t ✐♥ ♠♦r❡ ❞❡t❛✐•s t❤❡ ♦♣❡r❛t✐♦♥ q✉❡r②❉❛t❛❙t♦r❡s|❡♣♦s✲ ✐t♦r② t❤❛t r❡t✉r♥s ❛ s✉♣❡r✲s❡t ♦❢ t❤❡ r❡s✉•t ❢r♦♠ t❤❡ ❞❛t❛ st♦r❡s r❡♣♦s✐t♦r②✳ ■♥ ❢❛❝t✱
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 57 Figure 5.7: Deployment manifest model 5 . 5 X M L -B a s e d M a n i f e s t E x a m p l e s

  p p l i c a t i o n n a m e = " O D B A P I A p p l i c a t i o n " e n v i r o n e m e n t = 7 " O D B A P I E n v " > 8 < v e r s i o n n a m e = " v e r s i o n 1 . 0 " l a b e l = " 1 . 0 " > 9< d e p l o y a b l e i d = " 1 " c o n t e n t _ t y p e = " a r t i f a c t " 0n a m e = " O D B A P I A p p l i c a t i o n . w a r " l o c a t i o n = " 1 4 4 4 d 7 "
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 64 Figure 6.4: Screenshot of the interface allowing to import the abstract application manifest and generate the deployment manifest
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  ❝•✉s✐♦♥ ✫ ❋✉t✉r❡ ❲♦r❦s • ❖❉❇❆P■ t♦ ✉♥✐q✉❡•② ✐♥t❡r❛❝t ✇✐t❤ r❡•❛t✐♦♥❛• ❛♥❞ ◆♦❙◗▲ ❞❛t❛ st♦r❡s✿ ❇❛s❡❞ ♦♥ ♦✉r ✉♥✐✜❡❞ ❞❛t❛ ♠♦❞❡•✱ ✇❡ ❞❡✜♥❡❞ ❛ ❣❡♥❡r✐❝ r❡s♦✉r❝❡ ♠♦❞❡• t♦ r❡♣r❡s❡♥t t❤❡ ❞✐✛❡r❡♥t ❡•❡♠❡♥ts ♦❢ ❤❡t❡r♦❣❡♥❡♦✉s ❞❛t❛ st♦r❡s ✐♥ ❛ ❈•♦✉❞ ❡♥✈✐r♦♥♠❡♥t✳ ❚❤❡♥✱ ✇❡ ♣r♦♣♦s❡❞ ❛ ✉♥✐q✉❡ |❊❙❚ ❆P■ t❤❛t ❡♥❛❜•❡s t❤❡ ♠❛♥❛❣❡♠❡♥t ♦❢ t❤❡ ❞❡s❝r✐❜❡❞ r❡s♦✉r❝❡s ✐♥ ❛ ✉♥✐❢♦r♠ ♠❛♥♥❡r✳ ❚❤✐s ❆P■ ✐s ❝❛••❡❞ ❖❉❇❆P■ ❛♥❞ ❛••♦✇s t❤❡ ❡①❡❝✉t✐♦♥ ♦❢ ❈|❯❉ ❛♥❞ ❝♦♠♣•❡① ♦♣❡r❛✲ t✐♦♥s ♦♥ r❡•❛t✐♦♥❛• ❛♥❞ ◆♦❙◗▲ ❞❛t❛ st♦r❡s✳ ❚❤❡ ❤✐❣❤•✐❣❤ts ♦❢ ❖❉❇❆P■ ❛r❡ t✇♦❢♦•❞✿ ✭✐✮ ❞❡❝♦✉♣•✐♥❣ ❝•♦✉❞ ❛♣♣•✐❝❛t✐♦♥s ❢r♦♠ ❞❛t❛ st♦r❡s ✐♥ ♦r❞❡r t♦ ❢❛❝✐•✲ ✐t❛t❡ t❤❡✐r ❞❡✈❡•♦♣♠❡♥t ❛♥❞ t❤❡✐r ♠✐❣r❛t✐♦♥✱ ❛♥❞ ✭✐✐✮ ❡❛s✐♥❣ t❤❡ ❞❡✈❡•♦♣❡rs t❛s❦ ❜② •✐❣❤t❡♥✐♥❣ t❤❡ ❜✉r❞❡♥ ♦❢ ♠❛♥❛❣✐♥❣ ❞✐✛❡r❡♥t ❆P■s✳ ■t ✐s ♥♦t❡✇♦rt❤② t❤❛t ✐♥ t❤❡ ❝✉rr❡♥t ✈❡rs✐♦♥ ♦❢ ❖❉❇❆P■ s❡r✈❡r✱ ✇❡ t♦♦❦ ✐♥t♦ ❛❝❝♦✉♥t ❢♦✉r ❞❛t❛ st♦r❡s✿ ▼②❙◗▲✱ |✐❛❦✱ ❈♦✉❝❤❉❇✱ ❛♥❞ ▼♦♥❣♦❉❇✳ • ❱✐rt✉❛• ❞❛t❛ st♦r❡s ❢♦r ❝♦♠♣•❡① q✉❡r✐❡s ❡①❡❝✉t✐♦♥✿ ❆•t❤♦✉❣❤ ❖❉❇❆P■ ❡♥❛❜•❡s t❤❡ ❡①❡❝✉t✐♦♥ ♦❢ q✉❡r✐❡s ❛❝r♦ss r❡•❛t✐♦♥❛• ❛♥❞ ◆♦❙◗▲ ❞❛t❛ st♦r❡s✱ ✐t ❞♦❡s ♥♦t s✉♣♣♦rt ♠✉•t✐✲s♦✉r❝❡s q✉❡r✐❡s ❡①❡❝✉t✐♦♥✳ ❚♦ ❝♦✈❡r t❤✐s ❣❛♣✱ ✇❡ ♣r♦✲ ♣♦s❡❞ t❤❡ ❱❉❙ t❤❛t ✐s ❛ ♠❡❞✐❛t♦r ❜❛s❡❞ ❝♦♠♣♦♥❡♥t ✐♥t❡❣r❛t✐♥❣ r❡•❛t✐♦♥❛• ❛♥❞ ◆♦❙◗▲ ❞❛t❛ st♦r❡s✳ ❚❤❡ r♦•❡ ♦❢ t❤❡ ❱❉❙ ✐s ✜✈❡❢♦•❞✿ ✭✶✮ ✐t ♣❛rs❡s t❤❡ q✉❡r② ✐♥ ♦r❞❡r t♦ ❝r❡❛t❡ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❛•❣❡❜r❛✐❝ tr❡❡✱ ✭✷✮ ✐t ♣❡r❢♦r♠s ❛•✲ ❣❡❜r❛✐❝ ♦♣t✐♠✐③❛t✐♦♥ ❜② ♣✉s❤✐♥❣ ❞♦✇♥ ✉♥❛r② ♦♣❡r❛t✐♦♥s✱ ✭✸✮ ✐t ❛♥♥♦t❛t❡s t❤❡ ❛•❣❡❜r❛✐❝ tr❡❡ ✇✐t❤ ✐♥❢♦r♠❛t✐♦♥ ❢r♦♠ t❤❡ ❝❛t❛•♦❣✱ ✭✹✮ ✐t ❣❡♥❡r❛t❡s ❛♥ ♦♣t✐♠❛• ❡①❡❝✉t✐♦♥ ♣•❛♥✱ ❛♥❞ ✭✺✮ ✐t ❡✈❛•✉❛t❡s t❤❡ q✉❡r②✳ ■♥ ♦r❞❡r t♦ ❡♥s✉r❡ t❤✐s✱ ✇❡ ♣r♦♣♦s❡❞ ❛ ❝♦st ♠♦❞❡• ❝♦♠♣♦s❡❞ ♦❢ ❛ s❡t ♦❢ ❝♦st ❢♦r♠✉•❛s ❢♦r ❡❛❝❤ ❡•❡♠❡♥t❛r② ♦♣❡r❛t✐♦♥✳ ❚❤✐s ❝♦st ♠♦❞❡• ✐s ✐♠♣•❡♠❡♥t❡❞ ✐♥ ♦✉r ❛•❣♦r✐t❤♠ ❣❡♥❡r❛t✐♥❣ t❤❡ ♦♣t✐♠❛• ❡①❡❝✉t✐♦♥ ♣•❛♥ t❤❛t ✐s ❜❛s❡❞ ♦♥ ❛ ❞②♥❛♠✐❝ ♣r♦❣r❛♠♠✐♥❣ ❛♣♣r♦❛❝❤✳ • ❉❛t❛ st♦r❡s ❞✐s❝♦✈❡r② ❛♥❞ ❛✉t♦♠❛t✐❝ ❛♣♣•✐❝❛t✐♦♥ ❞❡♣•♦②♠❡♥t✿ ❖♥❝❡ t❤❡ ❞❡✈❡•♦♣❡r ❤❛s ❝♦♠♣•❡t❡❞ t❤❡ ❞❡✈❡•♦♣♠❡♥t ♦❢ ❤✐s✴❤❡r ❛♣♣•✐❝❛t✐♦♥✱ ✇❡ ♣r♦✲ ✈✐❞❡❞ ❤✐♠ t❤❡ ♣♦ss✐❜✐•✐t② t♦ ❡①♣r❡ss ❤✐s✴❤❡r ❛♣♣•✐❝❛t✐♦♥ r❡q✉✐r❡♠❡♥ts ✭♠❛✐♥•② ❞❛t❛ st♦r❡s✮ ✐♥ t❤❡ ❛❜str❛❝t ❛♣♣•✐❝❛t✐♦♥ ♠❛♥✐❢❡st✳ ❚❤❡♥✱ ❤❡✴s❤❡ s❡♥❞s ✐t t♦ t❤❡ ❈•♦✉❞ ♣r♦✈✐❞❡rs ❞✐s❝♦✈❡r② ❝♦♠♣♦♥❡♥t t♦ ❡•❡❝t t❤❡ ❛♣♣r♦♣r✐❛t❡ ❈•♦✉❞ ♣r♦✈✐❞❡r t♦ t❤❡ ❛♣♣•✐❝❛t✐♦♥ r❡q✉✐r❡♠❡♥ts✳ ■♥❞❡❡❞✱ t❤✐s ❝♦♠♣♦♥❡♥t ❞✐s❝♦✈❡rs t❤❡ ❝❛♣❛❜✐•✐t✐❡s ♦❢ ❈•♦✉❞s ❞❛t❛ st♦r❡s ❛♥❞ r❡t✉r♥s t❤❡s❡ ❝❛♣❛❜✐•✐t✐❡s ✐♥ t❤❡ ♦✛❡r ♠❛♥✐❢❡st✳ ❇❛s❡❞ ♦♥ t❤❛t✱ ✇❡ r✉♥ ♦✉r ♠❛t❝❤✐♥❣ ❛•❣♦r✐t❤♠ t♦ ❡•❡❝t t❤❡ ♠♦st s✉✐t❛❜•❡ ❈•♦✉❞ ♣r♦✈✐❞❡r t♦ t❤❡ ❛♣♣•✐❝❛t✐♦♥ r❡q✉✐r❡♠❡♥ts ❛♥❞ ❣❡♥❡r❛t❡ t❤❡ ❞❡♣•♦②♠❡♥t ♠❛♥✐❢❡st ♦❢ t❤❡ ❛♣♣•✐❝❛t✐♦♥✳ ❋✐♥❛••②✱ ✇❡ ❞❡♣•♦② t❤❡ ❛♣♣•✐❝❛✲ t✐♦♥ ✉s✐♥❣ t❤❡ ❈❖❆P❙ ❆P■ t❤❛t t❛❦❡s ❛s ✐♥♣✉t t❤❡ ❞❡♣•♦②♠❡♥t ♠❛♥✐❢❡st✳ ❲❡ ❡①t❡♥❞❡❞ ❈❖❆P❙ ✐♥ ♦r❞❡r t♦ s✉♣♣♦rt ♠✉•t✐♣•❡ ❞❛t❛ st♦r❡s ❜❛s❡❞ ❛♣♣•✐❝❛t✐♦♥s ❞❡♣•♦②♠❡♥t ✐♥ ❈•♦✉❞ ❡♥✈✐r♦♥♠❡♥ts✳ ❚❤❡ ❝♦♥tr✐❜✉t✐♦♥s t❤❛t ✇❡ ♣r❡s❡♥t❡❞ ✐♥ t❤✐s ♠❛♥✉s❝r✐♣t ❤❛✈❡ ❜❡❡♥ ✈❛•✐❞❛t❡❞ ❜② ❞❡✈❡•♦♣✐♥❣ ❛ ♣r♦t♦t②♣❡ ♦❢ t❤❡ ♣r♦♣♦s❡❞ s♦•✉t✐♦♥s t❤❛t ✐s ✉s❡❞ t♦ ✐♠♣•❡♠❡♥t ✉s❡ ❝❛s❡s ❢r♦♠ t❤❡ ❖♣❡♥P❛❛❙ ♣r♦•❡❝t✳ ■♥ ❛❞❞✐t✐♦♥✱ s❡✈❡r❛• ❡①♣❡r✐♠❡♥ts ❤❛✈❡ ❜❡❡♥ ♣❡r❢♦r♠❡❞ ✐♥ ♦r❞❡r t♦ ❡✈❛•✉❛t❡ t❤❡ ♦✈❡r❤❡❛❞ ♦❢ ❖❉❇❆P■ ❛♥❞ ♦✉r ❛•❣♦r✐t❤♠ t♦ ♦♣t✐♠✐③❡ ❛♥❞ ❡✈❛•✉❛t❡ ❝♦♠♣•❡① q✉❡r✐❡s✳ P❡rs♣❡❝t✐✈❡s ✶✷✺ ❚♦ s✉♠ ✉♣✱ t❤❡s❡ ❝♦♥tr✐❜✉t✐♦♥s r❡s♣❡❝t t❤❡ r❡s❡❛r❝❤ ♦❜•❡❝t✐✈❡s t❤❛t ✇❡ ❞r❡ss❡❞ ❛t t❤❡ ❜❡❣✐♥♥✐♥❣ ♦❢ t❤✐s t❤❡s✐s ❛s ❢♦••♦✇s ✭s❡❡ ❙❡❝t✐♦♥ ✶✳✸✮✿ • ❈•♦✉❞ ❈♦♠♣✉t✐♥❣ ❛♥❞ ❇✐❣ ❉❛t❛✿ ❚❤❡ ❞✐✛❡r❡♥t ❝♦♠♣♦♥❡♥ts t❤❛t ✇❡ ♣r♦✲ ♣♦s❡❞ ✐♥ t❤✐s ♠❛♥✉s❝r✐♣t ❛r❡ ✐♥t❡♥❞❡❞ t♦ ✇♦r❦ ✐♥ ❛ ❈•♦✉❞ ❝♦♠♣✉t✐♥❣ ❛r❡❛✳ ❲❡ s✉♣♣♦rt ❛•• t❤❡ •✐❢❡❝②❝•❡ ♦❢ ❛♥ ❛♣♣•✐❝❛t✐♦♥ ❢r♦♠ t❤❡ ❞✐s❝♦✈❡r② ♦❢ ❈•♦✉❞ ♣r♦✈✐❞❡rs t♦ t❤❡ ❈•♦✉❞ ❞❡♣•♦②♠❡♥t✱ ✐♥❝•✉❞✐♥❣ t❤❡ ❝♦❞✐♥❣ ♦❢ t❤❡ ❛♣♣•✐❝❛t✐♦♥ ✉s✐♥❣ ❖❉❇❆P■ ✇❤✐❝❤ ✐s ❛ |❊❙❚✲❜❛s❡ ❆P■✳ ■♥ ❛❞❞✐t✐♦♥✱ t❤❡s❡ ❞✐✛❡r❡♥t ❝♦♥✲ tr✐❜✉t✐♦♥s t❛❦❡ ✐♥t♦ ❛❝❝♦✉♥t t❤❡ ✈❡r② •❛r❣❡ ✈♦•✉♠❡ ♦❢ ❞❛t❛ ❛♥❞ t❤❡ ✈❛r✐❡t② ♦❢ ❞❛t❛ st♦r❡s r❡❣❛r❞✐♥❣ t❤❡ ❇✐❣ ❉❛t❛ ❛r❡❛✳ ■♥ ❢❛❝t✱ ♦✉r ❱❉❙✲❜❛s❡❞ s♦•✉t✐♦♥ s✉♣♣♦rts t❤❡ ♦♣t✐♠✐③❛t✐♦♥ ❛♥❞ ❡✈❛•✉❛t✐♦♥ ♦❢ ❝♦♠♣•❡① q✉❡r✐❡s ♦✈❡r ✈♦•✉♠✐✲ ♥♦✉s ❞❛t❛✳ ❇❡s✐❞❡s✱ ✇❡ ❝♦♥s✐❞❡r ♠✉•t✐♣•❡ ❞❛t❛ st♦r❡s ❜❛s❡❞ ❛♣♣•✐❝❛t✐♦♥s ✐♥ t❤❡ ❞✐✛❡r❡♥t ❝♦♠♣♦♥❡♥ts✳ • ◆♦❙◗▲ ❞❛t❛ st♦r❡s s✉♣♣♦rt✿ ❚❤❡ ❞✐✛❡r❡♥t ♣r♦♣♦s❡❞ s♦•✉t✐♦♥s t❛❦❡ ✐♥t♦ ❛❝❝♦✉♥t r❡•❛t✐♦♥❛• ❛♥❞ ◆♦❙◗▲ ❞❛t❛ st♦r❡s✳ • ▼✉•t✐♣•❡ ❞❛t❛ st♦r❡s ❜❛s❡❞ ❛♣♣•✐❝❛t✐♦♥s✿ ❚❤❛♥❦s t♦ ♦✉r ❡♥❞✲t♦✲❡♥❞ s♦•✉t✐♦♥✱ ✇❡ s✉♣♣♦rt s✉♣♣♦rt ♠✉•t✐♣•❡ ❞❛t❛ st♦r❡s ❜❛s❡❞ ❛♣♣•✐❝❛t✐♦♥s •✐❢❡❝②❝•❡ ✐♥ ❛ ❈•♦✉❞ ❡♥✈✐r♦♥♠❡♥t✳ • ❊❛s② ❛❝❝❡ss t♦ ❤❡t❡r♦❣❡♥❡♦✉s ❞❛t❛ st♦r❡s✿ ■♥ t❤✐s t❤❡s✐s✱ ✇❡ ❢❛❝✐•✐t❛t❡ t❤❡ ❛❝❝❡ss t♦ r❡•❛t✐♦♥❛• ❞❛t❛ st♦r❡s t❤❛♥❦s t♦ ♦✉r ✉♥✐✜❡❞ ❞❛t❛ ♠♦❞❡•✳ ❯s✐♥❣ t❤✐s •❛tt❡r✱ ❞❡✈❡•♦♣❡rs ❝❛♥ ❡❛s✐•② ❡①♣r❡ss ❝♦♠♣•❡① q✉❡r✐❡s ❛♥❞ t❤❡ ❱❉❙ ✐s ❛❜•❡ t♦ ❡✈❛•✉❛t❡ ❛♥❞ ♦♣t✐♠✐③❡ t❤❡✐r ❡①❡❝✉t✐♦♥✳ • ❆✉t♦♠❛t✐♦♥✿ ■♥ ♦r❞❡r t♦ r❡•✐❡✈❡ ✉t♠♦st ❞❡✈❡•♦♣❡rs t❛s❦ ❜② r❡♠♦✈✐♥❣ t❤❡ ❜✉r❞❡♥ ♦❢ ♠❛♥❛❣✐♥❣ t❤❡ ❤✐❣❤ ❤❡t❡r♦❣❡♥❡✐t② ♦❢ ❞❛t❛ st♦r❡s ✐♥ ❈•♦✉❞ ❡♥✈✐r♦♥✲ ♠❡♥ts✱ t❤❡ ❞✐✛❡r❡♥t ❝♦♠♣♦♥❡♥ts ♦❢ ♦✉r ✇♦r❦ ❛✉t♦♠❛t✐❝❛••② ❢✉♥❝t✐♦♥✳ ✼✳✷ P❡rs♣❡❝t✐✈❡s ❉✉r✐♥❣ ♦✉r ✇♦r❦✱ ✇❡ ❢❛❝❡❞ ❞✐✛❡r❡♥t ❝♦♠♣•❡① ♣r♦❜•❡♠s✳ ❲❡ s♦•✈❡❞ ✈❛r✐♦✉s ♦❢ t❤❡♠ ❛♥❞ ✇❡ ✐♥❝•✉❞❡❞ ♦t❤❡rs ✐♥ ♦✉r ❢✉t✉r❡ ✇♦r❦✳ ❚❤❡ ❡✈❛•✉❛t✐♦♥ ❛•s♦ ♦♣❡♥❡❞ ♥❡✇ r❡s❡❛r❝❤ ♣❡rs♣❡❝t✐✈❡s t♦ ❢♦••♦✇ ✐♥ s❤♦rt✱ ♠❡❞✐✉♠ ❛♥❞ •♦♥❣ t❡r♠✳ ❆s s❤♦rt t❡r♠ ✇♦r❦✱ ✇❡ ❛✐♠ t♦ ❣♦ ❢✉rt❤❡r ✐♥ ❛♣♣•②✐♥❣ ❖❉❇❆P■ ❛♥❞ t❤❡ ❱❉❙ t♦ ♦t❤❡r q✉❛•✐t❛t✐✈❡•② ❛♥❞ q✉❛♥t✐t❛t✐✈❡•② ✈❛r✐♦✉s s❝❡♥❛r✐♦s ❛♥❞ r❡❛• ✉s❡ ❝❛s❡s✳ ❚❤✐s ❛••♦✇s ✉s t♦ ✐❞❡♥t✐❢② ♣♦ss✐❜•❡ ❞✐s❝r❡♣❛♥❝✐❡s ❛♥❞ t♦ ♠❛❦❡ ♦✉r ✇♦r❦ ♠♦r❡ r❡•✐❛❜•❡ ❢♦r ♣✉❜•✐❝ ✉s❡✳ ■♥ ❛❞❞✐t✐♦♥✱ ✇❡ ❛r❡ ❛✇❛r❡ t❤❛t t❤❡ ❱❉❙ ❝♦♠♣♦♥❡♥t ✐s st✐•• ✐♥ ❡❛r•② st❛❣❡ ❛♥❞ ✇❡ ✇♦✉•❞ •✐❦❡ t♦ ❡♥❤❛♥❝❡ ✐t ❛♥❞ ❡✈❛•✉❛t❡ ✐ts ❡✣❝✐❡♥❝② ❛♥❞ ❛❝❝✉r❛❝② ❜② ❛❞❞✐♥❣ ♥❡✇ ❦✐♥❞ ♦❢ ♦♣❡r❛t✐♦♥s ✭❡✳❣✳ ❛❣❣r❡❣❛t❡s✮✳ ■♥❞❡❡❞✱ ✐t ♦♥•② ❡♥❛❜•❡s t❤❡ ♦♣t✐♠✐③❛t✐♦♥ ❛♥❞ ❡✈❛•✉❛t✐♦♥ ♦❢ ❛ r❡str✐❝t❡❞ s❡t ♦❢ ❝♦♠♣•❡① q✉❡r✐❡s r❡❣❛r❞✐♥❣ t❤❡ ❡①♣r❡ss✐✈❡♥❡ss ♦❢ ♦✉r q✉❡r② ❛•❣❡❜r❛✳ ▼♦r❡♦✈❡r✱ ♦✉r ❡①❡❝✉t✐♦♥ ♠♦❞❡• ♥❡❡❞s t♦ ❜❡ ❡♥❤❛♥❝❡❞ ✐♥❝•✉❞✐♥❣ ♥♦♥ ❜•♦❝❦✐♥❣ ❡①❡❝✉t✐♦♥s✳ ❋✐♥❛••②✱ ✇❡ ❢♦❝✉s t♦ ❡♥❤❛♥❝❡ ♦✉r ❈•♦✉❞ ❞❛t❛ st♦r❡s ❞✐s❝♦✈❡r② ❝♦♠♣♦♥❡♥t ❜② s✉♣♣♦rt✐♥❣ ♦t❤❡r ❞❡♣•♦②♠❡♥t ❆P■s ✭❡✳❣✳ |❖❇❖❈❖◆❋ ✻ ✮✳ ❚❤✐s ✇✐•• ❡♥❛❜•❡ ✉s t♦ r❡♥❞❡r ♦✉r ♠❛♥✐❢❡st✲❜❛s❡❞ ❛♣♣r♦❛❝❤ ♠♦r❡ ✻ ❍♦♠❡ ♣❛❣❡ ♦❢ |❖❇❖❈❖◆❋✿ ❤tt♣✿✴✴r♦❜♦❝♦♥❢✳♥❡t✴❢r✴✐♥❞❡①✳❤t♠• ✶✷✻ ❈♦♥❝•✉s✐♦♥ ✫ ❋✉t✉r❡ ❲♦r❦s ❣❡♥❡r✐❝ ❛♥❞ t♦ t❡st ✐t ✇✐t❤ ♥❡✇ s♦•✉t✐♦♥s✳ ❚♦ ❞♦ s♦✱ ✇❡ ❤❛✈❡ ✜rst t♦ ❞✐s❝♦✈❡r t❤✐s ❆P■ ❛♥❞ tr② t♦ ❡①♣r❡ss ✐ts r❡q✉✐r❡❞ ✐♥♣✉ts ✐♥ t❤❡ ❞❡♣•♦②♠❡♥t ♠❛♥✐❢❡st✳ ❆s ♠❡❞✐✉♠ t❡r♠ ❢✉t✉r❡ ✇♦r❦✱ ✇❡ ✇✐•• ❢♦❝✉s ♦♥ t✇♦ ♠❛•♦r r❡•❛t❡❞ ❝❤❛••❡♥❣❡s✳ ❋✐rst✱ ✇❡ ❛✐♠ t♦ ❡♥❤❛♥❝❡ ♦✉r ✉♥✐✜❡❞ ❞❛t❛ ♠♦❞❡• ❛♥❞ ❛ss♦❝✐❛t❡❞ q✉❡r② ❛•❣❡❜r❛✳ ■♥ ❢❛❝t✱ ✐♥ t❤❡ ♣r♦♣♦s❡❞ ✉♥✐✜❡❞ ❞❛t❛ ♠♦❞❡•✱ ✇❡ ❡♥❛❜•❡ t❤❡ r❡♣r❡s❡♥t❛t✐♦♥ ♦❢ ❝♦♠♣•❡① ❛ttr✐❜✉t❡s ✭❡✳❣✳ ❛♥ ❛ttr✐❜✉t❡ ❝♦♠♣♦s❡❞ ❜② ♠✉•t✐♣•❡ ❛ttr✐❜✉t❡s✱ ❛ ♠✉•t✐✈❛•✉❡❞ ❛t✲ tr✐❜✉t❡✱ ❡t❝✳✮✳ ❍♦✇❡✈❡r t❤✐s ❢❛♠✐••② ♦❢ ❛ttr✐❜✉t❡s ✐s ♥♦t ♦♣t✐♠❛••② ✉s❡❞✳ ❊✈❡♥ ✐❢✱ ✇❡ ❞❡✜♥❡❞ t❤❡ ♥❡st ❛♥❞ ✉♥♥❡st ♦♣❡r❛t✐♦♥s✱ ✇❡ ❞♦ ♥♦t s✉♣♣♦rt t❤❡♠ ✐♥ t❤❡ ❱❉❙ ❝♦♠✲ ♣♦♥❡♥t ❛♥❞ ❡s♣❡❝✐❛••② ✐♥ ♦♣t✐♠✐③❛t✐♦♥ ♣r♦❝❡ss✳ ❋♦r t❤❛t✱ ✇❡ ✇♦✉•❞ •✐❦❡ t♦ ❡①t❡♥❞ ♦✉r ❝♦st ♠♦❞❡• t♦ ♦♣t✐♠❛••② ❡①❡❝✉t❡ q✉❡r✐❡s t❛r❣❡t✐♥❣ ❝♦♠♣•❡① ♦❜•❡❝ts ✐♥ ❛ ❞❛t❛ ♠♦❞❡• ✐♥ t❤❡ ❱❉❙✳ ❙❡❝♦♥❞✱ ♦✉r ✉♥✐✜❡❞ ❞❛t❛ ♠♦❞❡• s✉✛❡rs ❢r♦♠ ❛ •❛❝❦ ♦❢ s❡♠❛♥t✐❝s ❛♥❞ ❡①♣♦s❡s s♦♠❡ ❛♠❜✐❣✉✐t✐❡s✳ ❊✈❡♥ ✐❢ ✇❡ ❛❝❝♦♠♣•✐s❤ ✐t ❜② ❛ s❡t ♦❢ r❡✜♥❡♠❡♥t r✉•❡s✱ t❤❡s❡ •❛tt❡r ❛r❡ ♥♦t s✉✣❝✐❡♥t✳ ❋♦r ✐♥st❛♥❝❡✱ ✇❡ ♠❛② ❡♥❝♦✉♥t❡r t✇♦ ❛ttr✐❜✉t❡s t❤❛t ❛r❡ s②♥t❛❝t✐❝❛••② ✇r✐tt❡♥ ✐♥ t❤❡ s❛♠❡ ♠❛♥♥❡r❀ ❜✉t t❤❡② ❞♦ ♥♦t s❡♠❛♥t✐❝❛••② ❞❡♥♦t❡ t❤❡ s❛♠❡ ♠❡❛♥✐♥❣ ✭❡✳❣✳ ♥❛♠❡ ♠❛② ❞❡♥♦t❡ t❤❡ ❢✉•• ♥❛♠❡ ♦❢ ❛ ♣❡rs♦♥ ♦r ❤✐s✴❤❡r ✜rst ♥❛♠❡✮✳ ■♥ ❛❞❞✐t✐♦♥✱ ♦♥❡ ❛ttr✐❜✉t❡ ♠❛② ❤❛✈❡ ❞✐✛❡r❡♥t ♠❡❛♥✐♥❣ ✭❡✳❣✳ t❤❡ ❛ttr✐❜✉t❡ ❝♦♥❢❡r❡♥❝❡|❛♥❦✐♥❣✳❝♦♥❢❡r❡♥❝❡ ♠❛② ❞❡♥♦t❡ ❛ r❛♥❦✐♥❣ ♦❢ ❛ ❝♦♥❢❡r❡♥❝❡ ♦r ❛ •♦✉r♥❛•✮✳ ❚♦ ❝♦✈❡r t❤✐s ❣❛♣✱ ✇❡ ♣r♦♣♦s❡ t♦ ❞❡✜♥❡ ❛♥ ♦♥t♦•♦❣② t♦ s❡♠❛♥t✐❝❛••② ❡♥r✐❝❤ ♦✉r ✉♥✐✜❡❞ ❞❛t❛ ♠♦❞❡• ❛♥❞ r❡♠♦✈❡ t❤❡s❡ ❛♠❜✐❣✉✐t✐❡s ✭❡✳❣✳ ❬✹✺✱ ✻✻(✮✳ ❚❤✐s ✇✐•• ❡♥❛❜•❡ ✉s t♦ ♠♦r❡ ❛✉t♦♠❛t❡ ♦✉r ❛♣♣r♦❛❝❤ ❛♥❞ ❡✣❝✐❡♥t•② q✉❡r② ❞❛t❛✳ ■♥ ❛❞❞✐t✐♦♥✱ ✇❡ ❝❛♥ ❡♥r✐❝❤ ♦✉r ✉♥✐✜❡❞ ❞❛t❛ ♠♦❞❡• ✉s✐♥❣ ✈✐rt✉❛• ❡♥t✐t② s❡ts •✐❦❡ r❡•❛t✐♦♥❛• ✈✐❡✇s✳ ❚❤❡s❡ ✈✐❡✇s ♠❛② ❜❡ ♠♦❞❡•❡❞ ❛s ♥❡✇ ✈✐rt✉❛• ❡♥t✐t② s❡ts ✐♥ t❤❡ ❣•♦❜❛• s❝❤❡♠❛ ❞❡✜♥❡❞ ❛s q✉❡r② ❡①♣r❡ss✐♦♥s ♦♥ ❛❝t✉❛• ❡♥t✐t② s❡ts✳ ❋✐♥❛••②✱ ❛s •♦♥❣ t❡r♠ ✇♦r❦✱ ✇❡ ✇✐•• t❛❦❡ ✐♥t♦ ❛❝❝♦✉♥t ❣r❛♣❤ ❞❛t❛ st♦r❡s✳ ■♥❞❡❡❞✱ t❤✐s t②♣❡ ♦❢ ❞❛t❛ st♦r❡s ❡①♣♦s❡s ❛ ✈❡r② s♣❡❝✐✜❝ ❞❛t❛ ♠♦❞❡• s✐♥❝❡ ❞❛t❛ ❜❡•♦♥❣ ❡✐t❤❡r t♦ t❤❡ ♥♦❞❡s ♦r t♦ t❤❡ ❡❞❣❡s✳ ▼❛♣♣✐♥❣ s✉❝❤ ❞❛t❛ st♦r❡s ♠♦❞❡•s ✐♥ ♦✉r ✉♥✐✜❡❞ ❞❛t❛ ♠♦❞❡• ✐s ♥♦t ♣♦ss✐❜•❡ t♦❞❛②✳ ❲❡ ❜❡•✐❡✈❡ t❤❛t ❝♦♥s✐❞❡r✐♥❣ t❤✐s ❦✐♥❞ ♦❢ ❞❛t❛ st♦r❡s ✐♥ ♦✉r ✉♥✐✜❡❞ ❞❛t❛ ♠♦❞❡• ✐s ♠❛♥❞❛t♦r② ❜❡❝❛✉s❡ ✐t ✐s ❛ ❢❛♠✐•② ♦❢ ◆♦❙◗▲ ❞❛t❛ st♦r❡s ❛♥❞ ✐t ✐s ✇✐❞❡•② ✉s❡❞ ♥♦✇❛❞❛②s✳ ❚♦ ❝♦♣❡ ✇✐t❤ t❤✐s ❝❤❛••❡♥❣❡✱ ✇❡ ♠❛② ❝♦♥s✐❞❡r ♦♥❡ ✐♥t✉✐t✐✈❡ s♦•✉t✐♦♥ t❤❛t ❝♦♥s✐sts ✐♥ r❡♣r❡s❡♥t✐♥❣ t❤❡ ♥♦❞❡s s❡t ✭r❡s♣✳ ❡❞❣❡s s❡t✮ ❜② ❛♥ ❡♥t✐t② s❡t✳ ❍❡♥❝❡✱ ✇❡ ✐••✉str❛t❡ ❛ ❣r❛♣❤ ❞❛t❛ st♦r❡ ❜② t✇♦ ❡♥t✐t② s❡ts ✐♥ ♦✉r ✉♥✐✜❡❞ ❞❛t❛ ♠♦❞❡•✳ ❖♥❝❡ ✇❡ ❛❝❤✐❡✈❡ t❤❛t✱ ✇❡ ✇✐•• ♣r♦♣♦s❡ ❛ ❣r❛♣❤ ❞❛t❛ st♦r❡ ❜❛s❡❞ ✐♠♣•❡♠❡♥t❛t✐♦♥ ♦❢❖❉❇❆P■✳ ❆❢t❡r✇❛r❞s✱ ✇❡ ❛✐♠ t♦ ❤❛✈❡ ❛ ❜❡tt❡r s✉♣♣♦rt ❢♦r t❤❡ ❡①❡❝✉t✐♦♥ ♦❢ q✉❡r✐❡s ♦✈❡r ✈❡r② •❛r❣❡ ✈♦•✉♠❡s ♦❢ ❞❛t❛✳ ❆•t❤♦✉❣❤ ✇❡ s✉♣♣♦rt s♦♠❡ ♦♣t✐♠✐③❛t✐♦♥ ❛♥❞ ❡✈❛•✉❛✲ t✐♦♥ ♦❢ q✉❡r✐❡s ❛❝r♦ss ✈♦•✉♠✐♥♦✉s ❞❛t❛✱ ✇❡ ❛r❡ ❛✇❛r❡ t❤❛t ✇❡ ❝❛♥ ❢✉rt❤❡r ✐♠♣r♦✈❡ t❤❡✐r ❡①❡❝✉t✐♦♥✳ ❚♦ ❞♦ s♦✱ ✇❡ ♣•❛♥ t♦ ✐♥✈❡st✐❣❛t❡ t❤❡ ✐♥t❡❣r❛t✐♦♥ ♦❢ ♣❛r❛••❡• ❞❛t❛ ❡①❡❝✉t✐♦♥ ♠♦❞❡•s s✉❝❤ ❛s ❍❛❞♦♦♣ ▼❛♣|❡❞✉❝❡ ❬✻✼✱ ✻✽( ♦r ❆♣❛❝❤❡ ❙♣❛r❦ ❬✻✾( ✐♥ ♦✉r ❡①❡❝✉t✐♦♥ ♣r♦❝❡ss✳ ❖♥❡ ♣♦ss✐❜•❡ s♦•✉t✐♦♥ ❢♦r t❤❛t ✐s t♦ ❡♥❝❛♣s✉•❛t❡ ❜✐❣ ❞❛t❛ s♦✉r❝❡s ❜② ❖❉❇❆P■ ✇r❛♣♣❡rs ✐♠♣•❡♠❡♥t❡❞ ♦♥ t♦♣ ♦❢ ▼❛♣✴|❡❞✉❝❡ ❛♥❞✴♦r ❙♣❛r❦✳ ❚❤❡s❡ ✇r❛♣♣❡rs ❤❛✈❡ t♦ tr❛♥s❢♦r♠ ♦✉r q✉❡r✐❡s ✐♥ t❡r♠s ♦❢ ❍✐✈❡◗▲ ❬✼✵( ♦r ❙◗▲❙♣❛r❦ ❬✼✶(✳ Université Paris-Saclay Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint
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  Column family in Cassandra and to a database in Riak. We propose to refer to this concept by Entity Set in our unied data model. In addition, a row in MySQL, a document in MongoDB, a Column key/Column value pair in Cassandra and a key/value pair in Riak are represented by the Entity concept. In order to organize elements of type databases belonging to one Cloud environment, we dene a new concept that we call Environment that includes all resources.Based on Table3.1, we dene the unied data model (see Figure.

.1, we represent a comparison chart between the dierent concepts used in four categories of data stores which are commonly used in Cloud environments: MySQL a relational data store, Riak a key/value data store, Cassandra a column data store, and MongoDB a document data store. For instance, a table in MySQL is equivalent to a collection in MongoDB, to a

  e = {author, year, title, Conf erence} ✇❤❡r❡ author, year, title, Conf erence ∈ A✱ • author, year, title, Conf erence ∈ A, author = {set of String, OurEnvironment.dblpDB.dblp.author }, year = {String, OurEnvironment.dblpDB.dblp.year},

title = {String, OurEnvironment.dblpDB.dblp.title}, Conf erence = {String, OurEnvironment.dblpDB.dblp. Conf erence}✳
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Table 6 .

 6 .2, we showcase the response time of this operations and the overhead. The average of this overhead is about 6.71 %. 2: Response time of the operation create entities with ODBAPI and JDBC We use the same principle to evaluate the overhead of deletion of a relational entities. In TABLE6.3, we present the obtained results and the overhead. The average of this overhead is about 4.35 %.We calculate also the overhead of retrieving all entities in one query with ODBAPI and JDBC. For this, we illustrate in TABLE 6.4 the evolution of the

	Entities number	10	50	100	500
	ODBAPI (ms)	715 2399 4219 19115
	JDBC (ms)	700 2250 3883 17463
	Δ (%)	2.14 6.62 8.65	9.46

Table 6 .

 6 3: Response time of the operation delete entities with ODBAPI and JDBC response time according to the number of retrieved entities using ODBAPI and JDBC. The average of this overhead is about 8.06 %. The performance of ODBAPI degrades for 4000 entities which is probably due to a problem of memory management.

	Entities number 100 500 1000 2000 3000 4000
	ODBAPI (ms)	215 269	305	349	416	543
	JDBC (ms)	213 263	288	347	408	422
	Δ (%)	0.93 2.28 5.90 0.57 1.96 28.67

Table 6 . 4
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: Response time of the operation retrieve all entities with ODBAPI and JDBC
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  Soutenir les applications utilisant des bases de données multiples dans un environnement Cloud Computing Mots clés : Nuages des données, Données volumineuses, Bases de données NoSQL, Bases de données relationnelles, Optimisation et évaluation des requêtes Découverte à base de manifestes Résumé : Avec l'avènement du computing » et des « big data », de nouveaux systèmes de gestion de bases de données sont apparus, appelés les systèmes NoSQL rapport aux systèmes relationnels, distinguent par une variété des types de données et l'absence de schéma et de langages de requêtes. De nombreuses applications peuvent avoir besoin de manipuler en même temps des données stockées dans des relationnels et/ou NoSQL. Le développeur alors gérer au moins deux modèles de données / langages de requêtes différents pour son application. De plus, il doit gérer tout cycle de vie de son application. Cette tâche est lourde et fast Afin d'aider le programmeur tout au long du cycle de vie de son application, nous proposons Title: Supporting multi data stores applications in cloud environments Keywords: Cloud Computing, Big Data, REST stores, join queries optimization and evaluation, polyglot persistence, manifest based matching Abstract: The production of huge amount of data and the emergence of Cloud computing have introduced new requirements for data management. Many applications need to interact at the same time with several heterogeneous relational and NoSQL stores depending. This kind of applications imposes challenging tasks to the developers. In addition, the execution of complex queries over heterogeneous data models cannot, currently, be declaratively, and therefore requires extra implementation In this thesis, we propose developers' task during the lifecycle of multiple data stores applications in cloud environments. First, we provide a unified model used by developers to interact Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France Soutenir les applications utilisant des bases de données multiples dans un environnement Nuages des données, Données volumineuses, Bases de données NoSQL, Bases de données relationnelles, Optimisation et évaluation des requêtes de jointure, Persistance polyglotte, Avec l'avènement du « cloud , de nouveaux systèmes de gestion de bases de données sont systèmes NoSQL. Par rapport aux systèmes relationnels, ils se des types de et de langages . De nombreuses applications peuvent avoir besoin de manipuler en même temps des données stockées dans des systèmes développeur doit odèles de données langages de requêtes différents pour coder son application. De plus, il doit gérer tout le interagir de manière uniforme les bases de données relationnelles NoSQL. Puis, nous définissons la notion de bases de données virtuelles qui interviennen comme des médiateurs et interagissent avec les bases de données intégrées via ODBAPI. assurent l'exécution des requêtes d'une façon optimale grâce à notre coût. Enfin, nous proposons une approche automatique de découverte de bas données et de déploiement des applications dans des environnements « Cloud Supporting multi data stores applications in cloud environments Cloud Computing, Big Data, REST-based API, NoSQL data stores, relational data stores, join queries optimization and evaluation, polyglot persistence, manifest based matching DataBase API (ODBAPI) which is unique REST API allowing developers their applications independently of the target data stores. Second, we propose virtual data stores which act as a mediator and interact with integrated data stores wrapped by ODBAPI. This component supports the execution of single and complex queries over he data stores. It implements a cost model to optimally execute queries and a dynamic programming based algorithm to generate an optimal query execution plan. Finally, we present a declarative and automatic that enables relevant Cloud discovery and applications deployment Soutenir les applications utilisant des bases de données multiples dans un environnement Nuages des données, Données volumineuses, Bases de données NoSQL, Bases de de jointure, Persistance polyglotte, données unifié pour couvrir l'hétérogénéité entre les modèles de données relationnelles et NoSQL. Ensuite, nous proposons une interface de appelée ODBAPI, qui nous de manière uniforme avec les bases de données relationnelles et/ou Puis, nous définissons la notion de bases de données virtuelles qui interviennent comme des médiateurs et interagissent avec les bases de données intégrées via ODBAPI. Elles assurent l'exécution des requêtes complexes notre modèle de coût. Enfin, nous proposons une approche automatique de découverte de bases de et de déploiement des applications Cloud ».
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. 3 . 1 A u t o m a t i c D i s c o v e r y P r i n c i p l e s

Automating Resources Discovery And Deployment For Multiple Data Stores

Applications In Cloud Environment runnable le and he/she requires to have two application instances: one is running by default and the other is stopped. 1m u l t i t e n a n c y _ l e v e l = " S h a r e d I n s t a n c e " / > 2< i n s t a n c e i d = " 1 " n a m e = " I n s t a n c e 1 " 3i n i t i a l _ s t a t e = " 1 " d e f a u l t _ i n s t a n c e = " t r u e " / > 4< i n s t a n c e i d = " 2 " n a m e = " I n s t a n c e 2 " 5i n i t i a l _ s t a t e = " 1 " d e f a u l t _ i n s t a n c e = " f a l s e " / > Based on this example of abstract application manifest, we give below an example of the oer manifest got during the matching algorithm execution. We illustrate this manifest by a XML-based presentation (see Listing 5.2). In fact, in this example we take into account two cloud providers named Cloud provider 1 and Cloud provider 2. The rst one proposes two oers with respect to abstract application manifest. Whereas the second one proposes just one oer. 1i n i t i a l _ s t a t e = " 1 " d e f a u l t _ i n s t a n c e = " t r u e " / > 2< i n s t a n c e i d = " 2 " n a m e = " I n s t a n c e 2 " 3i n i t i a l _ s t a t e = " 1 " d e f a u l t _ i n s t a n c e = " f a l s e " / > 4 < / a p p l i c a t i o n _ v e r s i o n > 5 < / p a a s _ a p p l i c a t i o n > 6 < / a b s t r a c t _ a p p l i c a t i o n _ m a n i f e s t > Listing 5.3: XML based representation of the deployment manifest Now, we propose to give an example of an abstract application manifest where the developer knows what he/she desires in advance and lls the abstract application manifest without using wildcards(see Listing 5.4). Indeed, he/she species that he/she wants a MySQL relational data store and a MongoDB document one.

In this case, our discovery component will only focus on Cloud providers having the same data stores services with the required size and version. One possible deployment manifest is the manifest represented above in Listing 5.3. 

< a b s t r a c t _ a p p l i c a t i o n _ m a n i f e s t n a m e = "